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Interpretation of Hydrogeologic Data to Support
Groundwater Management, Bazile Groundwater
Management Area, Northeast Nebraska, 2019—A Case
Demonstration of the Nebraska Geocloud

By Christopher M. Hobza and Gregory V. Steele

Abstract

Nitrate, age tracer, and continuous groundwater-level data
were interpreted in conjunction with airborne electromagnetic
(AEM) survey data to understand the movement of nitrate
within the Bazile Groundwater Management Area (BGMA) in
northeastern Nebraska. Previously published age tracer data
and nitrate data indicated vertical stratification of groundwater
quality. Younger groundwater sampled within shallow parts
of the aquifer had higher concentrations of nitrate, with 70
percent exceeding the U.S. Environmental Protection Agency
maximum contaminant level of 10 milligrams per liter. In
contrast, groundwater sampled from deeper parts of the aqui-
fer indicated that nitrate concentrations were less than 2 mil-
ligrams per liter and that groundwater likely recharged prior to
widespread use of commercial fertilizer.

The hydrostratigraphic interpretation of AEM pro-
files indicated that shallow and deep monitoring wells were
often screened within the same homogenous zone of aquifer
material. In contrast, test-hole logs indicated that there often
are fine-grained layers within these homogenous zones that
separate the shallow and deep monitoring well screens, but
these fine-grained layers are not detected by the AEM tech-
nique because of decreased resolution of the AEM technique
with depth.

The stratification of groundwater ages and nitrate concen-
trations likely was caused by groundwater-flow paths of differ-
ent length, location and time of recharge, and denitrification.
Within paleochannels interpreted from AEM and test-hole
data, pesticides detected in groundwater generally coincide
with elevated nitrate concentrations. Continuous groundwater-
level data from four monitoring well nests indicated that
groundwater pumping can impose or increase downward
hydraulic gradients and facilitate the downward movement
of nitrate into deeper parts of the High Plains aquifer. Given
the density of irrigation wells within the BGMA, this effect
on the hydraulic gradient is likely prevalent in other areas of
the BGMA. Understanding seasonal water-level changes can

allow water managers to better predict and assess the hydrau-
lic gradient and the vulnerability of groundwater in deeper
parts of the High Plains aquifer.

Nitrate, age tracer, and continuous groundwater-level data
within the BGMA were interpreted in conjunction with AEM
data as a case demonstration of the Nebraska Geocloud. The
Nebraska Geocloud was initiated to protect taxpayer invest-
ments in AEM data collection and realize maximum benefit
of these data by creating a publicly available, online digital
database for long-term data storage. The Lower Platte North,
Lower Platte South, Papio-Missouri River, Nemaha, Lower
Loup, Central Platte, Upper Elkhorn, Lower Elkhorn, Lower
Niobrara, and Lewis and Clark Natural Resources Districts;
the University of Nebraska-Lincoln Conservation and Survey
Division, Nebraska Natural Resources Commission, Nebraska
Department of Natural Resources; and the U.S. Geological
Survey entered a cooperative agreement to begin a program of
data management and research aimed at understanding the best
use of AEM for groundwater sustainability and management.
Resulting case-study interpretations are provided to guide use
of the Nebraska Geocloud to assess water-quality conditions
and can be used by water managers and staff to address appli-
cable water resource problems.

Introduction

Airborne electromagnetic (AEM) geophysical sur-
veys have greatly advanced hydrogeologic mapping and
groundwater management efforts in Nebraska by provid-
ing cost-effective, high-resolution subsurface information.
From 2007 to 2019, 13 Nebraska Natural Resources Districts
(NRDs), the University of Nebraska-Lincoln’s Conservation
and Survey Division (CSD), and the U.S. Geological Survey
(USGS) invested nearly $18 million to acquire more than
32,000 line-kilometers (20,000 line-miles) of AEM data in
Nebraska (Katie Cameron, Eastern Nebraska Water Resources
Assessment, written commun., 2019). Despite the large
investments in data collection, there has been no coordinated
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effort to assemble, inventory, and manage the AEM data and
their interpretation for long-term preservation in a centralized
digital network. Furthermore, data reporting requirements
have not been standardized for AEM surveys not contracted
by the USGS, and the effectiveness of various AEM hydro-
geologic mapping methods has not been evaluated. For a
given area, AEM data from different surveys may be stored in
different places and maintained by more than one entity. As

a result, water managers or researchers may miss key oppor-
tunities to use all the available information. To date (2020),
much scientific work is needed to understand how AEM data
can be effectively used to map hydrogeologic units in various
geologic settings within Nebraska. To protect taxpayer invest-
ments in AEM and realize maximum benefit of these data,

the Lower Platte North, Lower Platte South, Papio-Missouri
River, Nemaha, Lower Loup, Central Platte, Upper Elkhorn,
Lower Elkhorn, Lower Niobrara, and Lewis and Clark NRDs;
the CSD; the Nebraska Natural Resources Commission; the
Nebraska Department of Natural Resources; and the USGS
entered a cooperative agreement to begin a program of data
management and research aimed at understanding the best use
of AEM for groundwater sustainability and management. The
USGS and CSD are working jointly to provide technical sup-
port to cooperating NRDs to implement an AEM data preser-
vation and research program titled the “Nebraska Geocloud.”
The Nebraska Geocloud project (Richter-Ryerson, 2017) will
facilitate data archiving and public access to information and
provide guidelines that will maximize cost-effectiveness of
future AEM studies within the State of Nebraska.

As a case demonstration of the Nebraska Geocloud and
as part of the AEM data preservation and research program,
this report demonstrates how publicly available hydrogeo-
logic data including water-quality, water-level, and AEM
data covering the Bazile Groundwater Management Area
(BGMA; fig. 1) can be assembled and jointly interpreted to
assist managers in making future water resource decisions.
The BGMA (Upper Elkhorn Natural Resources District, 2016)
was created in response to water-quality concerns in parts of
Knox, Antelope, and Pierce Counties (Upper Elkhorn Natural
Resources District, 2016; fig. 1) that were first documented in
1990 (Gosselin, 1991). In addition to water-quality concerns,
groundwater pumping has reduced groundwater discharge
to cool water streams, including the East Branch of Verdigre
Creek (fig. 1), which is a valuable recreational resource for the
State of Nebraska (Hendee, 2015).

Recent AEM surveys (Cannia and others, 2017a, b;
Carney and others, 2015a) mapped portions of the BGMA to
improve the understanding of aquifer properties, estimate the
volume of available water in storage, and assess the vulner-
ability of the aquifer from surface contamination. The current
study interpreted additional high-density geophysical data
(Cannia and others, 2017a, b; Carney and others, 2015a), in
combination with previously published water-quality and
water-level data, to improve the understanding of aquifer
properties and helped assess the vulnerability of aquifer con-
tamination within the BGMA. Needs for future data collection

and monitoring were also identified to assist water managers
within the Upper Elkhorn, Lower Elkhorn, Lower Niobrara,
and Lewis and Clark NRDs (fig. 1) in reducing nitrate con-
centrations in groundwater and surface water and addressing
water-supply concerns within the BGMA.

Purpose and Scope

The purpose of this report is to present analyses of hydro-
geologic data to support groundwater management within the
BGMA in northeastern Nebraska. The hydrogeologic data
were assembled from publicly available sources and analyzed
within a three-dimensional (3D) environment for a compre-
hensive interpretation that demonstrates the utility of the
Nebraska Geocloud (Richter-Ryerson, 2017). The Nebraska
Geocloud is a cloud-based online geodatabase that allows
the user to select and download hydrogeologic data to the
Geoscene3D software package (I-GIS, 2019). The Nebraska
Geocloud uses Geoscene3D, which provides an integrated,
3D geological modeling environment by combining water-
quality and water-level data in geographic information system
(GIS) format, lithologic and borehole geophysical logs from
test holes, and AEM or other geophysical data (I-GIS, 2019).
Resulting case-study interpretations are provided to guide use
of the Nebraska Geocloud to assess water-quality conditions
that can be used by water managers and staff and research-
ers to assess water-quality and hydrogeologic characteristics
to better understand and address applicable water resource
problems.

Study Area Description

The study area for this report is the BGMA in northeast
Nebraska, which is approximately 1,950 square kilometers
(km?2) in size and covers parts of Knox, Antelope, and Pierce
Counties and four NRDs (Upper Elkhorn, Lower Elkhorn,
Lower Niobrara, and Lewis and Clark; fig. 1). Precipitation
and groundwater contribute to three stream systems in the
BGMA, including Bazile Creek, which is a tributary to the
Missouri River (not shown on any maps); Verdigre Creek,
which is a tributary to the Niobrara River (not shown on any
maps); and North Fork of the Elkhorn River, which is a tribu-
tary to the Elkhorn River (fig. 1). The BGMA is a geologically
complex area along the western edge of incised glacial till
area in Nebraska and the northern margin of the nationally
important High Plains aquifer (fig. 1; Qi, 2010; Conservation
and Survey Division, University of Nebraska-Lincoln, 2019b).
Topography varies across the BGMA; however, much of the
area is nearly flat and characterized as plains (Conservation
and Survey Division, University of Nebraska-Lincoln, 2019c).
The topography in the eastern and northeastern parts of the
BGMA are characterized as rolling hills (Conservation and
Survey Division, University of Nebraska-Lincoln, 2019¢c). In
the northwestern part of the BGMA, near Verdigre Creek and
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its tributaries, the topography is characterized as dissected
plains, bluffs, and escarpments (Conservation and Survey
Division, University of Nebraska-Lincoln, 2019c).

The climate in the study area is typical of continental
midlatitude locations, characterized by cold winters and warm
summers (National Center for Environmental Information,
2019). From 1981 to 2010, at Creighton, Nebraska, the aver-
age annual low temperature for the winter was —10.9 degrees
Celsius (°C) and the average annual high temperature was
28.9 °C (National Center for Environmental Information,
2019; fig. 1). During that same period, the average annual
precipitation was 70.1 centimeters per year (National Center
for Environmental Information, 2019). In the BGMA area,
nearly 75 percent of the annual precipitation falls within the
growing season for row crops, which is considered to be from
April through September (Stanton and others, 2011). Potential
evaporation in this area is greatest during the crop-growing
season of April through September (Stanton and others, 2011).

In the BGMA, much of the land is used for agricul-
tural purposes (Center for Advanced Land Management
Information Technologies, 2007). Approximately 32 percent
of the study area is classified as irrigated cropland, 27 percent
dryland crops, 37 percent pasture, and all other land uses
combine to approximately 4 percent based on 2005 land use
data (Center for Advanced Land Management Information
Technologies, 2007).

Within the study area, groundwater primarily is used
for domestic, irrigation, and public water supply (Dieter and
others, 2018). As of 2013, approximately 75 percent of all
registered wells were irrigation wells (Upper Elkhorn Natural
Resources District, 2016). Because water-use data are reported
on a countywide level, numbers specific to the study area were
not available. Countywide water-use estimates for 2010 and
2015 indicate that water use has been increasing within the
three counties containing the BGMA, which is most likely
in response to increases in groundwater-irrigated acres for
each of the three counties (Maupin and others, 2014; Dieter
and others, 2018). Groundwater use for domestic and public
supply purposes had decreased slightly from 2010 to 2015
for each of the three counties, which corresponds with slight
decreases in population (Maupin and others, 2014; Dieter and
others, 2018). The BGMA contains nine public water-supply
systems serving approximately 5,000 people (Upper Elkhorn
Natural Resources District, 2016).

Geologic Setting

The BGMA is at the northeastern edge of the High Plains
aquifer system, which is the primary aquifer for the study area
(fig. 1). The High Plains aquifer is inclusive of all hydro-
logically connected Tertiary-age and Quaternary-age units
(table 1). Within the BGMA, these units include the Miocene-
age Ogallala Formation, Pliocene-age Broadwater Formation,
and undifferentiated Pleistocene- and Quaternary-age deposits.
The Late Cretaceous-age Niobrara Formation of the Colorado

Group (hereafter referred to as the “Niobrara Formation”), and
Late Cretaceous-age Pierre Shale and Eocene-age Chadron
Formation of the White River Group (hereafter referred to as
the “Chadron Formation”) unconformably underlie the hydro-
stratigraphic units of the High Plains aquifer (table 1; Burchett
and others, 1988; Diffendal and others, 2008; McGuire and
Peterson, 2008; Korus and Joeckel, 2011).

The geologic history relevant to this study begins roughly
70 million years ago with the deposition of Cretaceous-age
sediments (Gutentag and others, 1984). During the Cretaceous
period, much of the study area was covered by a shallow
inland sea, where marine sediments were deposited to form
the Niobrara Formation and the Pierre Shale. The Niobrara
Formation is locally described as a shaly chalk or limestone
(Korus and Joeckel, 2011) and typically is not used as a water
source where younger, more permeable units are present.

In some locations, where fractures are present, such as in
Pierce and Madison Counties (fig. 1), saturated deposits in
the Niobrara Formation can yield water to domestic, stock,
and municipal wells (Gutentag and others, 1984). The Pierre
Shale is described as a shale with minor shaly chalk, siltstone,
and sandstone intervals (Korus and Joeckel, 2011). The Pierre
Shale is thickest in the western part of the BGMA and pinches
out in the southeast corner (Burchett and others, 1988; Cannia
and others, 2017a, b). The top of the Cretaceous units forms
the base of the principal aquifer for most of the BGMA area
(Gutentag and others, 1984; McGuire and Peterson, 2008;
Cannia and others, 2017a).

The oldest Tertiary-age unit within the BGMA is the
Chadron Formation, which is also known as the Chamberlain
Pass Formation by the CSD, University of Nebraska-Lincoln
(Diffendal and others, 2008). The Chadron Formation is
locally described as a sandy silt valley-fill deposit and occurs
in isolated pockets within the BGMA (Diffendal and others,
2008). Using primarily test-hole data, McGuire and Peterson
(2008) determined that the top of the Chadron Formation or
other formations within the White River Group formed the
base of the aquifer within parts of the BGMA area. Cannia and
others (2017b) reported that the Chadron Formation exists in
isolated pockets throughout the BGMA; however, the Chadron
Formation was not interpreted in the AEM data by Cannia and
others (2017b).

The Ogallala Formation is the principal geologic unit
in the High Plains aquifer system and is thickest in Antelope
County (Souders and Shaffer, 1969). The Ogallala Formation
consists of a poorly sorted mixture of sand, silt, clay, and
gravel (Condra and Reed, 1943) and is generally unconsoli-
dated or weakly consolidated but can contain layers of sand-
stone cemented by calcium carbonate or limestone. Within
the BGMA, the Ogallala Formation has not been subdivided
into stratigraphic units recognized in other areas because of
the difficulty correlating these units in the subsurface with
available test-hole data. The Ogallala Formation was depos-
ited by aggrading streams that filled paleovalleys, which
were eroded into pre-Ogallala Formation rocks (Swinehart
and others, 1985). The base of the Ogallala Formation is



Table 1.

[Ma, millions of years ago; BGMA, Bazile Groundwater Management Area; m, meter]

Geologic and hydrostratigraphic units and descriptions, Bazile Groundwater Management Area, northeastern Nebraska.

System Series Age (Ma) Geologic unit Geologic description? Hydrostratigraphic unit Hydrogeologic description!
Can provide low yield wells,
. . . . unconfined, fine-grained
Holocene Present to 0.01 Undifferentiated Loess, till, gollan saqd, Alluvial aquifer glacial till caps more perme-
Quaternary Quaterngry de- and alluvial deposits able units in northeast part of
posits BGMA
Pleistocene 001 t0 2.6 Sand, gravel, interbed- High Pliocene-Pleistocene sand and Up to >0 m thick, used as
Pliocens 561053 BroadwaFer ded silt Plains aravel primary water source when
Formation aquifer present
Poorly sorted mixture system
of sand, silt, clay, Unconfined to semi-confined,
and gravel. Generally generally moderate- to high-
. Miocene 53t0 19 Ogallala Formation unconsolidated to Ogallala Formation yielding water-bearing yields
Tertiary . .
weakly consolidated. depend on locality and vary
Maximum thickness of greatly.
100 m in test holes
Chadron Formation | Sandy silt valley-fill . .
Eocene 34 to 38 of the White River deI})losit, occu}r/s in Chadron Formation? Top O.f unit fgrms base of High
. Plains aquifer where present
Group? isolated pockets
Pierre Shale Gray to black marine Pierre Shale confining unit Confining unit, not a source of
Upper shale water
Cretaceous Creﬁgc cous 65to ?? Niobrara Formation Not a water source within the
of the Colorado | Shaly chalk, limestone Niobrara Formation BGMA but can yield water
Group when fractured

1Geologic and hydrogeologic descriptions modified from Gosselin (1991), Diffendal and others (2008), Cannia and others (2017b); ages from Diffendal and others (2008) and Korus and Joeckel (2011).

2Recognized as the Chamberlain Pass Formation by the University of Nebraska Conservation and Survey Division (Korus and Joeckel, 2011).
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6 Interpretation of Hydrogeologic Data to Support Groundwater Management, Bazile Groundwater Management Area, 2019

a complex surface formed from multiple episodes of ero-
sion. The Ogallala Formation reaches a maximum thick-
ness of 100 meters (m) in Antelope County (Souders and
Shaffer, 1969) and pinches out in northeast Antelope County,
northwest Pierce County, and southeast Knox County. The
Ogallala Formation has been eroded away along Verdigre
Creek in Knox County (Burchett and others, 1988; Cannia
and others, 2017b; Diffendal and others, 2008). The Ogallala
Formation is the primary water source for parts of the
BGMA where younger, more permeable units are not present
(Gosselin, 1991).

An unconformity of at least 1.5 million years separates
the Ogallala Formation from the Pliocene-age Broadwater
Formation (Swinehart and Diffendal, 1989). The Broadwater
Formation is mapped in outcrops and in test holes from
western Nebraska to the BGMA and is all part of one large
fluvial deposit from an ancestral version of the Platte River
(not shown on any maps; Diffendal and others, 2008).

The Broadwater Formation sediments, eroded from cen-

tral Wyoming and northern Colorado (not shown on any
maps; Stanley and Wayne, 1972), are unevenly deposited
and preserved, contain coarse sand and gravel separated by
finer-grained deposits, and cover the Ogallala Formation
through much of the study area. In the BGMA, Pleistocene-
age fluvial deposits often overlie Pliocene-age Broadwater
Formation deposits (Hobza and others, 2012; Stanton, 2013).
Distinguishing the age of some of these deposits is difficult,
if not impossible (Condon, 2005); as such, these deposits

are referred to as Plio-Pleistocene in age by some research-
ers (Gosselin, 1991; Hobza and others, 2012; Stanton, 2013;
Flynn and Stanton, 2018), but are called Pliocene-Pleistocene
sand and gravel in this study. These fluvial deposits can be as
much as 50 m thick and are hydrologically connected with
the underlying Ogallala Formation (Gosselin, 1991; Hobza
and others, 2012). Where present, Pliocene-Pleistocene sand
and gravel are the primary source of irrigation water for

the BGMA.

The BGMA is mantled with a complex arrangement of
Quaternary deposits, consisting of loess, till, eolian sand, and
alluvial deposits (Miller and Appel, 1997; Korus and others,
2012; Cannia and others, 2017a). In the northeast and eastern
parts of the study area, glacial outwash deposits of sand and
gravel deposited within paleovalleys are capped by glacial till
and Pleistocene-age loess deposits (Korus and others, 2012;
Cannia and others, 2017a; Conservation and Survey Division,
University of Nebraska-Lincoln, 2019a). The distribution and
thickness of glacial outwash and till deposits are important in
this study because overlying till deposits can form a confining
cap to underlying sand and gravel glacial outwash, preventing
surface contamination into the High Plains aquifer and limit-
ing groundwater/surface-water interaction (Cannia and others,
2017a). Modern-day streams have incised into loess and till
deposits to form the landscape visible today.

Groundwater Conditions

Within the BGMA, groundwater-flow direction in the
primary aquifer is variable and generally follows surface
topography. In the west and northwest part of the BGMA,
groundwater flows towards Verdigre Creek, Bazile Creek, and
their tributaries (fig. 2). In the east and southeast, groundwa-
ter flows towards the North Fork of the Elkhorn River and
its tributaries (fig. 2; Gosselin, 1991). The depth to ground-
water is less than 60 m for the entire BGMA and the depth
to groundwater is less than 30 m for approximately one-half
of the BGMA, primarily near stream valleys (Upper Elkhorn
Natural Resources District, 2016).

The streams within the BGMA are well connected with
the groundwater system (Conservation and Survey Division,
University of Nebraska-Lincoln, 2008) because of the sandy
soils and flat topography (Upper Elkhorn Natural Resources
District, 2016). The exception to this is the far northeast corner
of the BGMA, which is covered with a thick cap of imperme-
able glacial till (fig. 1). In this far northeast corner, much of
the precipitation and applied irrigation water runs off to local
streams (Upper Elkhorn Natural Resources District, 2016).
Verdigre Creek (fig. 1) is included with the major rivers shown
in the University of Nebraska-Lincoln map (Conservation
and Survey Division, University of Nebraska-Lincoln, 2008);
however, Bazile Creek was omitted. The base flow patterns of
Bazile Creek and other streams were simulated and analyzed
by Flynn and Stanton (2018). Results indicated that Bazile
Creek is a gaining stream through much of its length nearly
doubling base flow from the Bazile Creek at Center, Nebr.
(USGS station number 06466400) streamgage (fig. 1) to
the Bazile Creek near Niobrara, Nebr. (USGS station num-
ber 06466500; not shown on any maps) streamgage, which
is near the confluence of the Bazile Creek with the Niobrara
River (Flynn and Stanton, 2018).

Unlike some intensely irrigated areas within Nebraska,
groundwater levels in the High Plains aquifer within the
BGMA have shown very little change since pre-development
(McGuire, 2017; Young and others, 2016). Within the High
Plains aquifer in the BGMA there are roughly three registered
irrigation wells per square mile (Young and others, 2016;
Upper Elkhorn Natural Resources District, 2016). Because
BGMA groundwater levels have not declined despite the
numerous irrigation wells, irrigation well discharge must
be offset by another source of water, such as recharge.
Groundwater recharge has been estimated on a regional or
statewide basis for parts of the BGMA (Stanton and others,
2011; Szilagyi and Jozsa, 2013). Stanton and others (2011)
reported that recharge rates for the BGMA area ranged from
0.88 to 42 centimeters per year (cm/yr) and averaged 16 cm/
yr for 2000 to 2009. The reported rates are some of the highest
for the High Plains aquifer (Stanton and others, 2011). These
rates are high in part because the BGMA, which is in the
northeast corner of the High Plains aquifer area, receives more
precipitation and has less potential evapotranspiration than
locations to the west and south (Stanton and others, 2011),
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8 Interpretation of Hydrogeologic Data to Support Groundwater Management, Bazile Groundwater Management Area, 2019

and has relatively permeable soils (Upper Elkhorn Natural
Resources District, 2016), which reduces the loss of precipita-
tion to surface runoff.

Previous Studies

This section of the report discusses previous studies that
have documented the water-quality conditions and the geol-
ogy and groundwater resources of the BGMA. Many of the
data collected from these studies were used as inputs for the
Geoscene3D project and are described in the “Source Data
Description and Processing” subsection of this report.

Water-Quality Studies

Nitrate contamination in groundwater, which is the most
common water-quality concern and drinking water impairment
in Nebraska (Exner and others, 2014), has been extensively
documented within the BGMA. Gosselin (1991) described the
extent of nitrate contamination within the BGMA by sampling
117 irrigation wells screened in Pliocene-Pleistocene sand and
gravel and in the Ogallala Formation and eight domestic wells
from undifferentiated hydrostratigraphic units. At the time of
sampling (summer 1989), water from approximately 25 per-
cent of all irrigation wells exceeded the U.S. Environmental
Protection Agency maximum contaminant level of 10 milli-
grams per liter (mg/L; U.S Environmental Protection Agency,
2018) and water from 45 percent of the wells had nitrate con-
centrations of between 5 and 10 mg/L (Gosselin, 1991). The
lowest concentrations of nitrate were in the glaciated parts of
the BGMA to the northeast. Gosselin (1991) suggested that the
nitrate contamination was the result of the application of com-
mercial fertilizers and intensive groundwater irrigation onto
predominantly sandy soils that overlie a shallow water table.

A study focusing on nitrate contaminated groundwater
near Creighton, Nebr., included age tracer sampling using
chlorofluorocarbons (Plummer and Busenberg, 1999) and
nitrogen isotopes to identify sources of nitrate contamination
(Burbach and Spalding, 2000). The study identified a “plume”
of nitrate contaminated groundwater that exceeded 30 mg/L,
which was roughly 320 hectares (800 acres) in size and within
the 20-year travel period to the Creighton municipal wells.
Isotopic analyses confirmed that the main source of nitrate was
the application of commercial fertilizer to support row-crop
production (Burbach and Spalding, 2000). Because groundwa-
ter samples for this study were collected from nested monitor-
ing wells screened at various depths within the High Plains
aquifer, the authors were able to document the stratification
of nitrate concentration and groundwater age (Burbach and
Spalding, 2000). In general, younger (shallow) groundwater
had higher concentrations of nitrate. Burbach and Spalding
(2000) reported that deeper parts of the High Plains aquifer
were affected by upgradient sources. Vadose zone sam-
pling indicated that nitrate is continuing to move downward
beneath irrigated crop land and it was anticipated that nitrate

concentrations would continue to increase or remain steady
in future years (Burbach and Spalding, 2000). Detectable
concentrations of deethylatrazine, the primary degradation
product of atrazine (Adams and Thurman, 1991), were noted
in a few monitoring wells screened in the High Plains aquifer,
indicating the susceptibility of groundwater to surface con-
tamination (Burbach and Spalding, 2000).

Groundwater was sampled more recently from the High
Plains aquifer at 52 locations across the BGMA to evaluate
the effectiveness of groundwater management plans and best
management practices (Snow and Miller, 2018). Wells were
sampled in fall of 2015 and summer of 2016 for nitrogen
concentration and nitrate isotopes. Of the 52 wells sampled,
26 were wells that Burbach and Spalding (2000) sampled for
nitrate and nitrate isotopes. An additional 11 samples were
collected in 2017 for dissolved gases, age tracers, and isotope
analyses (Snow and Miller, 2018). Interpreted groundwater
ages and nitrate concentrations indicated that even if a sub-
stantial reduction in nitrate loading were to immediately occur,
it would still require 15 to 30 years for nitrate concentrations
in groundwater to decrease. Insights gained from previous
work have provided valuable information to enable managers
to communicate the concept of lag time between groundwater
management decisions and decreases of nitrate in groundwater
or other expected positive outcomes (Snow and Miller, 2018).

Additional groundwater-quality studies have been com-
pleted that have focused on characterizing water quality for
larger areas that have included part of the BGMA. In 2003 and
2007, the USGS completed two separate data collection efforts
to determine vertical gradients in nitrate and groundwater age.
Nested monitoring wells were screened at different depths and
hydrostratigraphic units were sampled for the Upper Elkhorn
NRD in 2003 and the Lower Elkhorn NRD in 2007. Within the
Upper Elkhorn NRD, 11 wells were sampled at four locations
within the BGMA, and within the Lower Elkhorn NRD, four
wells were sampled at two locations within the BGMA. Water-
quality and age tracer data are stored in the USGS National
Water Information System (NWIS) database (U.S. Geological
Survey, 2018a). For most aquifers, nitrate concentrations
decrease, and groundwater ages increase with depth (Kazemi
and others, 2006). Groundwater in the deepest well in each
well nest was found to be pre-modern. The nitrate concentra-
tion of pre-modern groundwater was less than background
concentrations of 2 mg/L (Mueller and Helsel, 1996). For
this report, pre-modern is defined as water that has recharged
before 1950, which is roughly the time that commercially
available fertilizers were first applied within the BGMA.

One study, which was part of the USGS National Water-
Quality Assessment program, was designed to determine the
effect of row-crop production on water quality in shallow
groundwater beneath glacial till by sampling a network of 28
monitoring wells in 2003 (Stanton and others, 2007b). Age
tracer and nutrient sampling results indicated that shallow
groundwater was recharged less than 30 years ago, and three
samples collected within the BGMA indicated that water was
20 years old or less (Hinkle and others, 2010; Stanton and



others, 2007b). The median nitrate concentration for wells
within the glacial till network was 9.53 mg/L and the median
nitrate concentration for the three wells within the BGMA was
8.9 mg/L (Stanton and others, 2007b).

The lithologic controls on groundwater recharge were
studied by Gates and others (2014) for incised glacial ter-
rain in eastern Nebraska. Although Gates and others (2014)
focused on groundwater recharge rates from the perspective of
water quantity, the main points of the paper can be evaluated
in terms of solute and contaminant movement and ground-
water vulnerability. Modern streams have incised glacial till
deposits in eastern Nebraska, resulting in the current topog-
raphy, where till thicknesses can range up to 30 m (Gates and
others, 2014). Gates and others (2014) stated that lower rates
of groundwater recharge are associated with the thickest sec-
tions of clay-rich till in the unsaturated zone. As such, areas
covered with a thick cap of glacial till have slower rates of
infiltration through the unsaturated zone (less than 1 cm/yr)
and are less susceptible to groundwater contamination (Gates
and others, 2014).

Geologic and Groundwater Studies

Many geologic and groundwater studies have included
all or parts of the BGMA, including Condra and Reed (1943),
Souders and Shaffer (1969), Stanley and Wayne (1972),
Gutentag and others (1984), Helgesen and others (1993),
Miller and Appel (1997), McGuire and Peterson (2008),
Hobza and others (2012), Houston and others (2013), Korus
and others (2013), and Stanton (2013). Geologic bedrock maps
covering the BGMA have been published by Burchett and
others (1988) and Diffendal and others (2008) at the 1:250,000
scale. In addition to surficial geology, Diffendal and others
(2008) mapped subcropping geologic units and provided a
thorough discussion of the geologic history for the western
part of the BGMA. Test-hole drilling with mud-rotary drilling
equipment has been an integral part of groundwater and geo-
logic studies in Nebraska for many years (Hobza and others,
2012). Countywide test-hole log books have been published
for the BGMA; however, the most comprehensive dataset can
be found in Conservation and Survey Division, University
of Nebraska-Lincoln (2019a). Using primarily test-hole data,
Korus and others (2012) published cross-sections traversing
part of the BGMA.

Starting in 2006, the Eastern Nebraska Water Resources
Assessment (ENWRA) began hydrogeological studies in
coordination with six NRDs, including the Lower Elkhorn
NRD and Lewis and Clark NRD, to develop a geologic
framework and water budget for the glaciated parts of east-
ern Nebraska (Divine and others, 2009). Since 2007, AEM
geophysical surveys have been a focus of the ENWRA group
to map aquifers and to aid in the assessment of groundwater
resources. AEM surveys began in the BGMA in 2014 when
a large reconnaissance survey mapped much of the northern
portion of the glaciated area to create a regional hydrogeo-
logic framework (Carney and others, 2015a). Additional AEM
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surveys were completed in 2014 and 2016 (Carney and others,
2015a; Exploration Resources International, 2015; Cannia and
others, 2017a, b) and are described in detail in the “Airborne
Electromagnetic Surveys” subsection of this report.

Hydrologic Data Compilation and
Analysis

This section of the report describes the procedures used
to assemble geologic, geophysical, water-quality, and water-
level data for the BGMA from publicly available, quality-
assured sources. These data were incorporated for use within
the Geoscene3D software package where users can download
hydrogeologic data from the Nebraska Geocloud, which is
a cloud-based online geodatabase. Geoscene3D provides an
integrated, 3D geological modeling environment, which com-
bines spatial data in GIS format, lithologic and stratigraphic
data from test holes, and AEM or other geophysical data.

Source Data Description and Processing

This section of the report describes the procedures
and steps taken to assemble and process publicly avail-
able, quality-assured hydrogeologic data for use within the
Geoscene3D software package. Within the Geoscene3D
program, all datasets are required to be in the same horizontal
and vertical spatial reference system. A projected coordinate
system was selected as the horizontal spatial reference system
to minimize scale distortions (Esri, 2019). Minimizing scale
distortions is particularly important if the user wishes to calcu-
late aquifer or formation volumes from regional 3D geologic
models. The native or original coordinate systems for datasets
described herein were typically given in latitude and longi-
tude. All data served on the Nebraska Geocloud were pro-
jected to the Nebraska State Plane meters coordinate system
referenced to the North American Datum of 1983 (European
Petroleum Survey Group [EPSG 32104). The selected verti-
cal spatial reference system was the North American Vertical
Datum of 1988 (NAVD 88).

For any given project, Geoscene3D uses a terrain surface
as its primary vertical datum from which subsurface data
will be fixed to. A digital elevation model was created for the
study area by downloading an Esri raster (Esri, 2019) from
the National Elevation Dataset USGS National Map web page
(U.S. Geological Survey, 2018b). The grid cell size of the
raster was 1 arcsecond, which is approximately 30 m. Finer-
resolution elevation datasets are available for the BGMA but
considering the low relief of the area and the coarse vertical
resolution of some datasets, the 1-arcsecond raster was ade-
quate. The raster file was clipped to the study area boundary
and converted to an ascii file using the ArcGIS clip and raster
conversion tools (Esri, 2019) for use in Geoscene3D.
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Most datasets added to the Geoscene3D project were
characterized as point data with unique horizontal coordinates,
including test-hole, water-level, or water-quality data. The
horizontal coordinates were used to extract a surface elevation
for each point from the project terrain surface using ArcGIS
(Esri, 2019). Other basic data changes, such as converting
well screen depths from feet to meters below land surface or
removing unnecessary columns from native datasets, were
completed in Microsoft Excel. Datasets were saved as comma
delimited text files for import into Geoscene3D.

Airborne Electromagnetic Surveys

The use of AEM geophysical surveys to map aquifers
and aid in the assessment of groundwater resources is an
increasingly common approach used by water managers and
scientists (Smith and others, 2008, 2011; Hobza and others,
2014; Carney and others, 2015a, b; Exploration Resources
International, 2015; Korus and others, 2016; Cannia and oth-
ers, 2017a, b). AEM surveys characterize variations in the
electrical properties of earth materials—in particular, electrical
resistivity in units of ohm-meters, or its reciprocal, electrical
conductivity in units of siemens per meter. Electrical resistiv-
ity measurements are sensitive to water content and qual-
ity, and changes in lithology. In the absence of clay or other
conductive material (such as dissolved solids in pore water),
lower electrical resistivity corresponds to higher porosity,
smaller grain size, or both because of the greater surface area
associated with fine particles that promotes the transmission
of electrical current (Biella and others, 1983; Kwader, 1985);
higher resistivity is associated with coarse-grained depos-
its, such as alluvial sand and gravel or sandstone. As such,
changes in electrical resistivity can be correlated with geologic
units at depth using lithologic logs to provide verification of
subsurface geology. More information regarding the electrical
properties of differing types of rocks can be found in Keller
(1987) and Palacky (1987).

AEM systems provide a measure of the subsurface
resistivity by transmitting electromagnetic signals into the
earth using two types of systems: time-domain electro-
magnetic (TDEM) and frequency-domain electromagnetic.
Comparatively, TDEM systems can image deeper within the
subsurface, but at the cost of decreased near-surface resolu-
tion (Abraham and others, 2012; Korus and others, 2016). All
AEM data collected within the BGMA were collected with
TDEM systems. To collect resistivity data, TDEM systems
pass a current through a wire loop, which, as explained by
Ampere’s law, generates a primary magnetic field (Fitterman
and Labson, 2005). The primary current is rapidly turned off,
thereby causing a time-varying change in magnetic flux, which
induces voltages, and hence eddy currents, in conductive
bodies, according to Faraday’s law of induction (Fitterman
and Labson, 2005). Secondary magnetic fields are produced
by the decay of these subsurface eddy currents and typically
are measured with a receiver loop. An apparent resistivity
for a sounding is calculated from the measured voltage at

the receiver coil and the time elapsed after primary current
was turned off (Hobza and others, 2012). The sounding is
numerically inverted to produce a depth-dependent model of
the subsurface resistivity (Carney and others, 2015a). More
information regarding the TDEM method, data collection,
and numerical inversion is available in Fitterman and Labson
(2005) and Cannia and others (2017a).

AEM surveys began in the BGMA in 2014 when a large
reconnaissance survey mapped much of the northern portion
of the ENWRA, including parts of the Lewis and Clark and
Lower Elkhorn NRDs (fig. 34; table 2; Carney and others,
2015a). The primary goal of the reconnaissance AEM survey
was to develop a regional hydrogeologic framework. The Sky-
TEM 508 system, which can collect data to a depth of nearly
500 m below land surface, was chosen for this reconnaissance
survey to primarily map water-bearing Cretaceous-age units
and identify possible secondary water sources (Carney and
others, 2015a). In a separate but related effort, additional AEM
survey lines were collected in 2014 along north-south and
east-west gridlines approximately 5 kilometers (km; 3 miles
[mi]) apart in the southeastern part of the BGMA within the
Lower Elkhorn NRD (fig. 34; table 2; Exploration Resources
International, 2015).

The remainder of the BGMA was surveyed in July 2016
when 1,036 line-kilometers (644 line-miles) of data (Cannia
and others, 2017a) were collected west of the ENWRA area
including parts of the Lower Niobrara and Upper Elkhorn
NRDs (fig. 34). AEM data were collected along north-south
and east-west gridlines approximately 5 km (3 mi) apart and
two “block” flights (fig. 34) near the Creighton Water System
(fig. 3B) and the West Knox Rural Water System (fig. 3C).
The densely spaced flight lines within the block flight areas
were collected to provide sufficient information to estimate the
volume of water in storage (Cannia and others, 2017b). The
Lower Elkhorn NRD contracted a portion of the 5-km (3-mi)
grid AEM survey lines (Cannia and others, 2017b) covering
the eastern part of the BGMA (fig. 34). For these surveys, the
SkyTEM 304M system was used. The SkyTEM 304M system
is only able to collect data to a depth of about 300 m but with
better vertical resolution compared to the SkyTEM 508 sys-
tem (Cannia and others, 2017a). Flight and survey planning,
AEM survey instrumentation, calibration and data collection
procedures, data processing, and inversion are described in
further detail in Carney and others (2015a) and Cannia and
others (2017a).

Cannia and others (2017a) included interpretations of
all AEM data collected within the BGMA. Cannia and others
(2017a) also included resistivity data from all inverted AEM
profiles, elevation of interpreted geologic surfaces, and other
supporting information. An inverted AEM profile consists
of many soundings collected approximately 3 m apart, each
with 29 resistivity values corresponding to a depth interval of
increasing thickness. In addition to resistivity value, an inter-
preted sediment category (nonaquifer, marginal aquifer, aqui-
fer, and coarse aquifer material) is given to resistivity ranges.
Carney and others (2015a) developed a relation between



Table 2. Data sources and supporting information used in Geoscene3D project.

[USGS, U.S. Geological Survey; NA, not applicable; NWIS, National Water Information System; CSD, University of Nebraska-Lincoln Conservation and Survey Division; NDNR, Nebraska Department of
Natural Resources; ENWRA, Eastern Nebraska Water Resources Assessment; LENRD, Lower Elkhorn Natural Resources District; BGMA, Bazile Groundwater Management Area]

Number of
samples,
Dataset category Data source or publication Dfﬂa col!ec water levels, Dat_a collected or Online source (if available)
tion period . interpreted
logs, or line-
miles
Water quality
nutrients, field prop-
erties, major ions,
USGS historical water quality USGS, 2018a 1953-2015 59 others https://doi.org/10.5066/F7P55KIN
University of Nebraska-
Agrichemical Clearinghouse Lincoln, 2019 2016 409 nitrate https://clearinghouse.nebraska.gov/Clearinghouse.aspx
Agrichemical Clearinghouse results ~ University of Nebraska-
for LENRD irrigation wells Lincoln, 2019 2015 246 nitrate https://clearinghouse.nebraska.gov/Clearinghouse.aspx
Burbach and Spalding, 2000 1997-2000 14 age tracers, nitrate NA
Snow and Miller, 2018 2017 6 age tracers, nitrate NA
USGS, 2018a 2003 11 age tracers, nitrate https://doi.org/10.5066/F7P55KIN
Age tracers
USGS, 2018a 2007 4 age tracers, nitrate https://doi.org/10.5066/F7P55KIN
Stanton and others, 2007b;
USGS, 2018a 2003 3 age tracers, nitrate https://doi.org/10.5066/F7P55KIN
USGS, 2018a 2002-05 3 pesticides https://doi.org/10.5066/F7P55KIJN
Pesticides University of Nebraska-
Lincoln, 2019 1991-97 14 pesticides https://clearinghouse.nebraska.gov/Clearinghouse.aspx
Groundwater level
February to https://doi.org/10.5066/F7P55KIN (see table 3 for site
Water-levels in USGS NWIS USGS, 2018a June 2017 158 groundwater level numbers)
Summerside and others,
CSD 1995 water-level map 2001 1995 NA groundwater level NA
Continuous ground-  https://doi.org/10.5066/F7P55KIJN (see table 4 for site
Water levels from recorder wells USGS, 2018a 2013-18 27 water level numbers)
Geologic
Conservation and Survey
Division, University of http://snr.unl.edu/data/geologysoils/NebraskaTestHole/
CSD test holes (lithology) Nebraska-Lincoln, 2019a  multiple years 59 lithology NebraskaTestHolelntro.aspx
Conservation and Survey
Division, University of http://snr.unl.edu/data/geologysoils/NebraskaTestHole/
CSD test holes (stratigraphy) Nebraska-Lincoln, 2019a  multiple years 51 stratigraphy NebraskaTestHolelntro.aspx
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Table 2. Data sources and supporting information used in Geoscene3D project.—Continued

[USGS, U.S. Geological Survey; NA, not applicable; NWIS, National Water Information System; CSD, University of Nebraska-Lincoln Conservation and Survey Division; NDNR, Nebraska Department of

Natural Resources; ENWRA, Eastern Nebraska Water Resources Assessment; LENRD, Lower Elkhorn Natural Resources District; BGMA, Bazile Groundwater Management Area]

Number of
i samples,
Dataset category Data source or publication D?ta col!ec water levels, Dat_a collected or Online source (if available)
tion period . interpreted
logs, or line-
miles

Nebraska Department of
NDNR drillers logs Natural Resources, 2019 multiple years 2,934 lithology http://nednr.nebraska.gov/Dynamic/Wells/Wells
West Knox County Rural Water

System driller logs? Cannia and others, 2017a 2012 13 lithology NA
Airborne electromagnetic surveys

ENWRA Reconnaissance Carney and others, 2015a 2014 resistivity NA

Exploration Resources 173
LENRD 5-kilometer grid International, 2015 2014 resistivity NA
BGMA Cannia and others, 2017a 2016 1,036 resistivity NA

10f the 61 water levels available in USGS (2018a), 58 were used.
20f the 15 continuous groundwater level records examined, seven are stored in USGS (2018a).

3Cannia and others (2017a) provided contractor furnished logs from West Knox Rural Water system.
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C, West Knox Rural Water System flight block.—Continued

the resistivity value (given in ohm-meters) and the qualita-
tive characterization of the sediment for the Quaternary- and
Tertiary-age sediments. This system was adopted by Cannia
and others (2017a) for describing the Quaternary- and
Tertiary-age sediments underlying the BGMA. The four major
categories and their resistivity ranges are nonaquifer (less than
12 ohm-meters [ohm-m]), marginal aquifer (12 to 20 ohm-m),
aquifer (20 to 50 ohm-m), and coarse aquifer material (greater
than 50 ohm-m).

AEM data from surveys within the BGMA, which were
imported into a Geoscene3D project, were quality assured
by examining the intersection of AEM profiles to ensure
consistent resistivity patterns. Because two different AEM
systems (SkyTEM 508 and SkyTEM 304M) were used and the
databases were merged rather than reinverted, the intersection
of those profiles varies slightly because the depth of investi-
gation and the variable thickness of resistivity rows for each
sounding.
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C, West Knox Rural Water System flight block.—Continued

Other quality-assurance checks were performed after
the AEM data were imported into Geoscene3D. The depth
of investigation (DOI) for each sounding in an AEM profile,
calculated using the approach presented in Christiansen and
Auken (2012), was provided by Cannia and others (2017a) as
part of the supplemental data released with their report. The
DOI provides an estimate of the maximum model depth as was
constrained by the measured data (Cannia and others, 2017a).
These DOI estimates are based on a specified sensitivity

threshold and are viewed as relative, rather than absolute. Sim-
ply stated, less confidence is placed on inverted resistivity data
below the DOLI. In general, the DOI was well below the base
of the High Plains aquifer (top of the Pierre Shale or Niobrara
Formation); however, the DOI was near or above the base of
the aquifer in areas covered with a thick cap of glacial till.
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Test-Hole Logs and Well Drillers’ Logs

Ground-truth information, in the form of test-hole logs
and drillers’ logs, is essential to constraining geophysical
models and interpreting AEM data. All geophysical methods,
including TDEM, exhibit a degree of nonuniqueness where, in
the absence of ground-truth information, multiple models or
interpretations can fit or honor the measured geophysical data.
Available test-hole logs and drillers’ logs are needed during
modeling and inversion of AEM data to provide guidance dur-
ing interpretation (Cannia and others, 2017a).

Ground-truth information was assembled from several
sources. A total of 59 CSD test holes were drilled within and
near the BGMA, of which 51 contain interpreted stratigraphic
contacts (fig. 4; table 2; Conservation and Survey Division,
University of Nebraska-Lincoln, 2019a). CSD test holes
contain detailed lithologic information and are regarded as
the most reliable and consistent source for geologic informa-
tion (fig. 4). Cannia and others (2017a) also utilized lithologic
information from 2,934 drillers’ logs from the Nebraska
Department of Natural Resources registered well database
to supplement the test-hole logs (fig. 4; table 2; Nebraska
Department of Natural Resources, 2019). The locations of
the registered wells were verified, and lithologic descriptions
were summarized into 23 generalized lithologic categories by
a licensed professional geologist (Cannia and others, 2017a).
Driller’s logs from the Nebraska Department of Natural
Resources database provide valuable information but are
generally considered to be a less reliable source of lithologic
information compared to CSD test-hole logs, in part because
the drillers, who describe the lithology, typically are not pro-
fessional geologists and accurate lithologic description is often
secondary to drilling and well installation. For this report, no
further quality-control checks were performed on the test-hole
and drillers’ logs, and all logs were imported as reported from
Cannia and others (2017a).

Water-Quality Data

Water-quality data are routinely collected by several
Federal, State, and local agencies within the BGMA. Routine
groundwater sampling is part of current groundwater monitor-
ing programs for the four NRDs within the BGMA; however,
there is a lack of uniformity in the timing and location of
groundwater samples. Groundwater sample results collected
by NRDs are submitted to the quality-assessed agrichemical
contaminant database for Nebraska groundwater (University
of Nebraska-Lincoln, 2019; hereafter referred to as the
“agrichemical clearinghouse”). The agrichemical clear-
inghouse is focused on providing sampling results for the
nutrients and pesticides, which are the primary agricultural
contaminants. Supporting geochemical information, such as
dissolved oxygen, water temperature, specific conductance,
and water levels, is not reported with the sample result in the

BGMA area. Currently (2020), approximately 8,000 nitrate
results have been reported in the BGMA area, and the latest
sampling results were from 2017.

The USGS and University of Nebraska-Lincoln also have
collected water-quality data in focused studies that included
the BGMA area. The results from these previous studies
were typically uploaded into the agrichemical clearinghouse
(University of Nebraska-Lincoln, 2019). These wells gener-
ally are not resampled and, therefore, the sample results only
represent groundwater-quality conditions at a single point in
time; however, supporting information such as field properties,
including dissolved oxygen, provide a more complete charac-
terization of the geochemical conditions. A total of 59 samples
collected by the USGS, dating back to 1953, were assembled
from the NWIS database (U.S. Geological Survey, 2018a).

Of the USGS samples included, 35 have been collected since
2000. One sample was collected before 1960, which is close to
when use of widespread commercial fertilizers began (Mueller
and Helsel, 1996).

As highlighted in the “Previous Studies” subsection,
groundwater-quality studies by the USGS and University
of Nebraska-Lincoln have objectives beyond characterizing
nitrate concentrations in groundwater. Age tracer studies
completed by Burbach and Spalding (2000), Stanton and
others (2007b), and Snow and Miller (2018) were assembled
for inclusion in Geoscene3D. Although nitrate is the primary
agricultural contaminant of concern, some groundwater
samples also have been analyzed for pesticides and their
degradants. All available pesticide data were examined from
the USGS NWIS database (U.S. Geological Survey, 2018a)
and the agrichemical clearinghouse (University of Nebraska-
Lincoln, 2019). Pesticide data were available for 122 wells
in the agrichemical clearinghouse and 6 wells in the USGS
NWIS database. Detectable concentrations of pesticides were
found in a total of 28 samples from 17 wells (table 2; fig. 4);
14 wells from the agrichemical clearinghouse and 3 from the
USGS NWIS database.

Pesticide sampling data can provide additional infor-
mation about the time scales of recharge processes and the
residence time within the vadose zone. Using the sampling
date and the pesticide registration year, an apparent ground-
water age can be inferred. For example, if a sample collected
in 1995 had a detectable concentration of deethylatrazine, and
atrazine was registered for commercial use in 1958, then it can
be inferred that the sampled groundwater is less than 38 years
old. Although the calculated apparent age using this method is
not as precise as the age determined with environmental trac-
ers, the vulnerability of aquifers to surface contamination and
the time scales of recharge processes can be assessed. Some
wells within the BGMA had multiple detections of pesti-
cides from a single sample or multiple detections of the same
pesticide from repeated sampling. For each well, the youngest
calculated apparent groundwater age was chosen for inclusion
in Geoscene3D.
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Discrete and Continuous Water-Level Data

Discrete and continuous water-level data have been an
integral part of groundwater monitoring activities for the
several local, State, and Federal agencies operating within the
BGMA. Much of the available data are collected by the CSD,
USGS, and four NRDs. The NRDs typically collect discrete
(or single) water levels from many wells one time during the
spring and fall each year (where spring is considered to be
February to early June, and fall is considered to be September
to December). These water levels are reported to the USGS for
inclusion into the NWIS database for wells (U.S. Geological
Survey, 2018a). The USGS further relays all these water levels
to the CSD, University of Nebraska-Lincoln, for inclusion
in a CSD database (Aaron Young, Conservation and Survey
Division, University of Nebraska-Lincoln, written commun.,
January 2020). Discrete water levels from the spring are col-
lected to assess the change in water level from year to year
prior to the start of groundwater irrigation each year. Discrete
water levels from the fall are used to assess water levels after
groundwater irrigation pumping has ceased.

Discrete water levels collected from the High Plains aqui-
fer by the four NRDs, the CSD, and the USGS were down-
loaded from the NWIS database (U.S. Geological Survey,
2018a). Currently (2020), the most recent, complete data
available were the spring 2017 water levels. There were water
levels from 61 wells from spring 2017; these wells are gener-
ally evenly distributed across the BGMA. However, there
were insufficient water-level data available to characterize the
spring 2017 water-table elevation in the northwest part of the
BGMA, where Verdigre Creek and its tributaries have incised
steep drainages into the Pierre Shale.

Often, water-level maps, presented as water-level eleva-
tion contours, are derived from discrete water-level data.
Supporting data, such as stream elevations, and hydrologic
intuition are used to modify these contours over the area
of interest. Geoscene3D uses an interpolated user-defined
water-level surface over the entire study area to draw or
display the water level along AEM profiles, which are not
adjacent to wells. Published maps of the water-table eleva-
tion surface from 1995 (Summerside and others, 2001) were
used by Cannia and others (2017a) for their hydrogeologic
interpretation. Published maps of 1995 water-level eleva-
tion contours had been available in a digital format but are
no longer publicly available, in part because of inconsisten-
cies that stem from an assumption that all streams were well
connected hydrologically with the principal aquifer, which
is not always the case, particularly in glaciated areas within
eastern Nebraska (A.R. Young, University of Nebraska-
Lincoln Conservation and Survey Division, oral commun.,
December 2019). However, because groundwater and surface
water are well connected within the BGMA, particularly along
Verdigre Creek (Conservation and Survey Division, University
of Nebraska-Lincoln, 2008), for this study, it is assumed that
the 1995 water-table elevation surface map is a reasonable
estimate of this surface.

In an effort to create an updated water-level elevation
surface map, which is representative of the entire BGMA,
the 1995 water-level elevation contours first were compared
to discreet spring 2017 water levels by importing the contour
and point datasets into ArcGIS as shapefiles (Esri, 2019). In
general, water levels from both datasets were similar; how-
ever, three water levels from shallow wells located within the
glaciated part of the BGMA were excluded from the spring
2017 discrete water-level measurements (table 3). The water
levels measured in each of these three wells were much shal-
lower when compared to the 1995 statewide water-level eleva-
tion contours, most likely because these wells are screened
in a perched aquifer; therefore, these three water levels most
likely represent localized conditions, and not the regional
groundwater-flow system. The 58 discrete water levels used
to create the water-level elevation surface are listed in table 3
and shown in figure 2. Using the editor tool in ArcGIS, the
1995 water-level elevation contours were modified to be
consistent with the spring 2017 water-level data. The contours
only required minor modifications, primarily in the glaciated,
northeastern part of the BGMA. The 1995 water-level eleva-
tion contours were the only source of water-level elevation
information in the areas with high topographic relief near the
northwest part of the BGMA along Verdigre Creek and near
the northern border of the BGMA along Bazile Creek. Using
the modified water-level elevation contours and the 2017
discrete water-level measurements, the Topo2Raster tool (Esri,
2019) was used to create water-level elevation surface raster,
in feet above NAVD 88. The raster calculator (Esri, 2019) was
used to convert the water-level elevation surface to meters
above NAVD 88. The raster to ascii tool (Esri, 2019) was used
to create a water-level elevation surface raster compatible for
use in Geoscene3D. The water-level elevation surface raster
also is available as a USGS data release (Hobza, 2020).

Continuous water levels are collected as part of routine
groundwater monitoring plans of the USGS and the four
NRDs within the BGMA. The Lower Elkhorn, Upper Elkhorn,
and Lewis and Clark NRDs have collected continuous water-
level data for years to assess the effectiveness of their own
groundwater management plans. Groundwater-level recorder
data are typically recorded with self-logging transducers where
NRD staff can move the transducer from one monitoring well
to another, which gives NRDs the ability to monitor areas of
concern with limited resources. Periodically, NRD staff and
the USGS also manually measure water levels in these wells
using either a steel or electric tape to verify the accuracy of
the recorded data. For this report, 15 continuous water-level
records were examined and evaluated (table 4; available at
https://doi.org/10.3133/sir20205113). Geoscene3D is not
a tool used to interpret water-level hydrographs; however,
interpreting water-level patterns in response to precipitation,
pumping, and interaction with surface water has offered clues
in this study to the connectivity of groundwater to surface
water, vulnerability of groundwater to surface contamination,
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Table 3. Measured water levels in wells completed in the High Plains aquifer within the Bazile Groundwater Management Area, spring 2017.

[Data are available in U.S. Geological Survey (2018a) using the site numbers. USGS, U.S. Geological Survey; NAVD 88, North American Vertical Datum of 1988]

Northing, in Easting, in Used or

Land-surface Water level Water-level ~ Water-level el- not used in

USGS site number Station name! S':I:tl;r:;s::e S':I:tl;r;f::e elevation (meters (meters below measurement evation (meters V\(Iﬁ:li (::;h spring 2017

meters meters above NAVD 88) land surface) date above NAVD 88) water-level

surface map
421236097273600 26N IW20CCAA1 266,956.1 709,606.5 490.94 10.99 3/20/2017 479.95 50.60 Used
421241097313500 26N 2W22DACB1 266,951.5 704,123.3 482.98 1.52 3/20/2017 481.46 28.35 Used
421256098021001 26N 6W20ACB 1 266,335.2 662,045.5 572.56 19.52 3/20/2017 553.03 96.62 Used
421257098141401 26N 8W22BAC 1 266,008.4 645,446.4 558.19 5.67 3/20/2017 552.53 89.31 Used
421304097335400 26N 2W20AACC1 267,570.3 700,917.0 497.58 4.58 3/20/2017 492.99 46.25 Used
421418097483000 26N 4W 8CDBBI1 269,315.4 680,779.4 532.66 8.91 4/3/2017 523.75 96.12 Used
421421097433700 26N 4W12CADD1 269,581.1 687,491.1 537.86 17.45 4/3/2017 520.42 99.36  Used
421500097404800 26N 3W 4CCCC1 270,886.5 691,331.4 516.48 14.93 3/21/2017 501.55 67.56 Used
421512098145201 27N 8W33DBA 1 270,154.1 644,490.8 588.48 30.29 3/17/2017 558.18 79.86 Used
421534097572301 26N 6W 1ABD 1 271,360.0 668,509.7 573.86 23.53 3/16/2017 550.33 43.28 Used
421539097453500 26N 4W 3AACC1 271,915.8 684,724.8 527.22 6.46 4/3/2017 520.77 88.39 Used
421541097343300 26N 2W 5BBDD1 272,386.2 699,887.2 488.77 2.41 4/3/2017 486.36 33.53 Used
421602097520501 27N SW35CAC 1 272,399.3 675,773.4 555.15 17.82 3/16/2017 537.33 53.34 Used
421621098050401 27N 7TW36BC 1 272,567.7 657,916.3 588.80 25.53 3/20/2017 563.27 119.79 Used
421701098022201 27N 6W29CA 1 273,884.5 661,599.0 591.19 31.75 4/13/2017 559.44 59.44 Used
421708097364100 27N 3W25DBBBI1 274,987.4 696,881.1 506.77 13.72 3/21/2017 493.05 45.72 Used
421721097593601 27N 6W27A0 1 274,588.4 665,386.2 585.43 33.79 3/16/2017 551.64 67.36 Used
421745097383801 27N 3W22DDBC1 276,054.9 694,171.0 518.07 19.29 3/21/2017 498.78 51.82 Used
421751097295100 27N 2W24CACCl1 276,578.6 706,230.4 534.04 36.20 3/20/2017 497.84 82.30 Used
421909097291600 27N 2W13AACC1 279,006.9 706,961.7 521.36 20.32 3/20/2017 501.04 67.37 Used
421927098102501 27N 7W 7DBC 1 278,144.9 650,442.3 582.69 24.41 3/17/2017 558.29 48.46 Used
422023097424300 27N 3W 6CDBBI1 280,776.6 688,432.9 524.69 19.53 4/3/2017 505.16 50.29 Used
422024097343300 27N 2W 5CCAA1 281,112.7 699,642.4 525.67 26.19 4/3/2017 499.48 5791 Used
422026097490500 27N 4W 6DACCI1 280,643.3 679,690.8 531.17 9.58 4/3/2017 521.58 22.56 Used
422028097295100 27N 2W 1CACC1 281,419.7 706,090.2 544.27 46.95 3/20/2017 497.32 73.15 Used
422038098150701 27N 8W 4ACC 1 280,201.2 643,943.7 589.36 33.16 3/10/2017 556.21 69.80 Used
422039098005901 27N 6W 4ACD 1 280,650.8 663,345.5 554.85 6.42 3/16/2017 548.43 42.67 Used
422049097410500 27N 3W 5ADBB1 281,638.0 690,653.5 508.68 3.68 4/3/2017 505.00 38.10 Used
422049097414500 27N 3W 5BCAA1 281,613.5 689,738.5 516.21 7.71 4/3/2017 508.49 32.00 Used
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Table 3. Measured water levels in wells completed in the High Plains aquifer within the Bazile Groundwater Management Area, spring 2017.—Continued

[Data are available in U.S. Geological Survey (2018a) using the site numbers. USGS, U.S. Geological Survey; NAVD 88, North American Vertical Datum of 1988]

Northing, in Easting, in Used or

Land-surface Water level Water-level ~ Water-level el- not used in

USGS site number Station name! s':;?:f::e sl:l;l;r:;s::e elevation (meters (meters below measurement evation (meters V\(I::Li ‘:z;h spring 2017

meters meters above NAVD 88) land surface) date above NAVD 88) water-level

surface map
422116097522401 28N 5W34DDA 1 282,071.8 675,099.9 543.03 11.70 3/15/2017 531.33 28.96 Used
422117097343300 28N 2W32CCAA1 282,747.0 699,596.5 515.68 14.04 3/20/2017 501.64 35.66 Used
422118097461000 28N 4W34CACCl1 282,349.0 683,653.2 520.78 9.82 4/3/2017 510.97 49.38 Used

28N 3W33BA 1
422150097402401 OSMOND 283,696.3 691,704.4 509.81 8.42 2/7/2017 501.39 36.88 Used
422205098145101 28N 8W28D 1 282,891.8 644,255.4 564.45 14.33 3/10/2017 550.12 89.16 Used
422224097450500 28N 4W26BCDD1 284,422.8 685,087.0 513.52 5.32 3/20/2017 508.20 39.62 Used
422325097472400 28N 4W21BCAA1 286,222.0 681,860.4 544.35 34.05 3/20/2017 510.30 67.97 Used
422329097370300 28N 3W24BBDD1 286,722.1 696,053.4 539.00 40.07 3/20/2017 498.92 6.66 Used
422433098042401 28N 7W12DCD 1 287,761.4 658,494.3 529.95 8.44 3/16/2017 521.51 67.67 Used
422436098144501 28N 8W9DD 1 287,551.7 644,298.1 520.98 0.32 4/12/2017 520.66 436 Used
28N 3W 8DDAD1
CNBRLUSCRI1

422441097404601 P-04 288,798.0 690,919.7 523.16 14.40 6/6/2017 508.75 18.29 Used
422444097362300 28N 3W12DDBB1 289,060.1 696,903.7 535.28 33.97 3/20/2017 501.31 77.42 Used
422533097512901 28N 5W 2ADB 1 290,920.0 676,025.2 506.17 5.84 3/16/2017 500.33 29.87 Used
422600097590601 28N 6W 2BAC 1 290,610.2 665,700.1 537.21 17.24 3/16/2017 519.97 77.72 Used
422605097474200 28N 4W SAADDI1 291,145.7 681,323.0 534.17 33.20 3/20/2017 500.97 64.62 Used
422616097531101 29N 5W34DCCCl1 291,297.2 673,798.5 494.59 1.87 4/5/2017 492.72 17.98 Used
422618097451100 29N 4W35CDCCl1 291,635.4 684,762.2 526.90 20.93 3/20/2017 505.97 56.39 Used
422619097331600 29N 2W33CDDC1 292,109.2 701,094.1 524.74 26.57 3/20/2017 498.18 45.72 Used
422628097481201 29N 4W32DCAAL1 291,837.6 680,619.6 543.32 38.70 4/5/2017 504.62 74.37 Used
422735098181501 29N 8W30BCCC1 292,976.8 639,389.6 576.04 25.09 5/12/2017 550.95 97.54 Used
422849098110401 29N 7TW19BB 1 295,459.1 649,185.6 524.49 12.86 5/12/2017 511.63 62.18 Used
422853097512601 29N 5W13CCCC1 296,198.2 676,077.2 509.03 12.98 4/5/2017 496.06 25.30 Used
422907098104801 29N 7W18CDBB1 296,021.9 649,539.2 525.64 6.95 5/12/2017 518.69 57.30 Used
422911097283101 29N 1W18CADD1 297,600.1 707,449.1 562.23 87.61 4/17/2017 474.62 97.54 Used
422955097433201 29N 4W12DCA 1 298,386.6 686,847.6 534.83 39.82 4/5/2017 495.01 64.80 Used
423027097340000 29N 2W 8AACCI1 299,728.6 699,873.6 553.55 77.06 3/20/2017 476.49 93.57 Used
423041097402600 29N 3W 4CDDD1 299,918.0 691,054.3 534.31 48.34 3/20/2017 485.98 75.29 Used
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Table 3. Measured water levels in wells completed in the High Plains aquifer within the Bazile Groundwater Management Area, spring 2017.—Continued

[Data are available in U.S. Geological Survey (2018a) using the site numbers. USGS, U.S. Geological Survey; NAVD 88, North American Vertical Datum of 1988]

Northing, in Easting, in Used or
9 g Land-surface Water level Water-level ~ Water-level el- not used in
. . Nebraska Nebraska . . Well depth .
USGS site number Station name! State Plane State Plane elevation (meters (meters below measurement evation (meters (meters) spring 2017
above NAVD 88)  land surface) date above NAVD 88) water-level
meters meters
surface map
423208097355901 30N 2W31BCABI1 302,767.4 697,071.8 542.67 53.16 4/5/2017 489.51 72.85 Used
423303097280901 30N IW30ADBBI 304,768.9 707,741.7 510.43 31.96 4/17/2017 478.47 52.43 Used
421738097342900 27N 2W20CDCC1 275,996.5 699.,877.5 505.54 4.09 4/3/2017 501.44 35.66 Not used
28N 2W34ABAA1
CNBRLUSCRI1
422156097314301 P-03 284,060.0 703,475.9 537.68 8.70 6/6/2017 528.98 11.89 Not used
29N 2W28BBCBI1
CNBRLUSCRI1
422756097334901 K-05 295,086.0 700,292.8 527.32 6.23 6/6/2017 521.08 13.72 Not used

Legal description: T., township; N, north; R., range; W, west; S., section. ABCD, codes for the quarter section, as A, B, C, and D, respectively from largest to smallest quarter, where A is northeast, B is
northwest, C is southwest, and D is southeast quarter of the next larger unit, and (optional) field name for the well.
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22 Interpretation of Hydrogeologic Data to Support Groundwater Management, Bazile Groundwater Management Area, 2019

and influence of pumping on groundwater levels. The continu-
ous water-level data are interpreted within the context of an
improved hydrogeologic framework.

Interpretation of Hydrogeologic Data

This section of the report describes the joint interpreta-
tion of water-quality and water-level data within an improved
hydrostratigraphic and geologic framework. This section is
broken out into two different sections. The “Interpretation of
Water-Quality and Age Tracer Data” subsection describes the
results of age tracer studies, the vulnerability of groundwater
resources to surface contamination, and estimated rates of
groundwater recharge across the BGMA. The “Interpretation
of Continuous Water-Level Data” subsection describes the
interpretation of continuous groundwater-level data collected
within the BGMA to assess the degree of confinement and
hydraulic connectivity between upper and lower parts of
the aquifer.

Within this section, water-quality and water-level data
collected from wells near AEM profiles and interpretations
are described. Geoscene3D is a data exploration and commu-
nication tool that allows the user to simultaneously examine
AEM, test-hole, and water-quality data in a 3D environment;
however, data are presented here in two-dimensional space.
Because test holes and monitoring wells are often located
some distance away from the AEM profile, it is difficult or
nearly impossible for the user to determine the depth of the
monitoring wells while viewing the monitoring wells and
AEM profiles in 3D space. An example of this is shown in
figure 54, where a pair of monitoring wells are plotted near
an AEM profile, and the same profile presented as a two-
dimensional profile is shown in figure 5B. The pair of monitor-
ing wells shown in figure 54 appear to be much shallower than
depicted in figure 5B, which is a result of forced perspective
because the wells are more distant than the AEM profile.

Interpretation of Water-Quality and Age Tracer
Data

Groundwater age tracer sampling results from several
studies (Burbach and Spalding, 2000; Stanton and others,
2007b; Snow and Miller, 2018; U.S. Geological Survey,
2018a) that included all or parts of the BGMA were assembled
and jointly interpreted with AEM data within a 3D environ-
ment. The combined age tracer dataset was examined to deter-
mine groundwater residence time, understand historical nitrate
loading to groundwater, and estimate groundwater recharge
rates. Nitrate concentration results from samples collected at
the time of the age tracer sampling, along with more recent
nitrate concentration data from the agrichemical clearinghouse
(University of Nebraska-Lincoln, 2019), were examined to
assess the vulnerability of groundwater resources to surface

contamination. Recharge rates were estimated to assess the
effect of irrigation and other land uses on the rates of water
movement from the land surface to the aquifer.

Age tracer and nitrate data indicate that recent recharge or
“modern” groundwater has nitrate concentrations that exceed
a background concentration of 2 mg/L (Mueller and Helsel,
1996). For the purposes of this report, modern groundwater
is considered to have recharged less than 50 years from the
time of sampling. In the BGMA area, nitrate concentrations
for modern groundwater collected at the time of age tracer
sampling ranged from 1.96 to 35.3 mg/L with more than 70
percent of the samples exceeding the 10 mg/L maximum
contaminant level (table 5; available at https://doi.org/10.3133/
sir20205113). Burbach and Spalding (2000) focused much
of their work near Creighton, Nebr., (fig. 1) in an area that
Cannia and others (2017a) characterized as having a relatively
thin unsaturated zone consisting of primarily coarse sedi-
ments overlying a thin aquifer composed of coarse sediment.
Within the Creighton Water System block flight area (fig. 34),
elevated concentrations of nitrate are reported for shallow and
deep monitoring wells (table 5; ML-6D, ML-6M, and ML-6S).
Fine-grained materials are discontinuous and largely limited to
the southern part of the Creighton Water System block flight
area (fig. 34; Cannia and others, 2017a). Profile L128701 and
wells ML-6D, ML-6M, and ML-6S, which are approximately
4 km northeast of Creighton (fig. 6), are in an area where the
unsaturated zone is relatively thin, and the aquifer is less than
20 m thick. At the location of these wells, groundwater is
considered modern and elevated levels of nitrate are present
throughout the entire thickness of the aquifer.

In contrast, some samples collected from wells in BGMA
areas with thicker unsaturated zones and thicker aquifers
indicate that groundwater was recharged more than 50 years
ago, which for the purposes of this report is considered “pre-
modern” groundwater. Nitrate concentrations of pre-modern
groundwater collected at the time of sampling were generally
less than the background concentration of 2 mg/L (table 5;
Mueller and Helsel, 1996). This low nitrate concentration
indicates that groundwater sampled in deeper wells followed
a longer flow path from a distant recharge area and that the
deeper, pre-modern groundwater was not subjected to the
same sources of nitrate as the shallow groundwater, or that
the aquifer is locally confined or semiconfined. Except for
the work done by Snow and Miller (2018), many of the age
tracer studies were completed more than a decade ago. Many
of the wells sampled in age tracer studies continue to be
sampled repeatedly as part of routine groundwater monitor-
ing for nitrate. Examining the most recent nitrate concentra-
tions reported in the agrichemical clearinghouse (University
of Nebraska-Lincoln, 2019) from the deeper wells indicates
that the water quality has not changed in the lower of the High
Plains aquifer because nitrate concentrations in these wells
have remained less than 1 mg/L. One example is well 2D,
where nitrate concentration has remained steady from 2007 to
2016, whereas nitrate concentration in well 2M was 15.7 mg/L
at the time of age tracer sampling and was 21.2 mg/L in the
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Figure 5. Example airborne electromagnetic (AEM) and water-quality data displayed within the Geoscene3D program. A, A portion of AEM profile L125900301 and monitoring
wells 2M and 2D shown in three-dimensional space. View is looking 11 degrees east of north. B, A portion of AEM profile L125900301 and monitoring wells 2M and 2D shown in
two-dimensional space. Monitoring wells 2D and 2M are approximately 585 meters north of AEM profile L125900301. The location of AEM profile L125900301 is shown in figure 3A.
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24 Interpretation of Hydrogeologic Data to Support Groundwater Management, Bazile Groundwater Management Area, 2019

latest sampling results (table 5). The interpreted hydrostrati-
graphic profiles from AEM data and test-hole data in the

area including well 2D were visualized in 3D space (fig. 7).
An examination of test-hole log 14-A-98 (Conservation and
Survey Division, University of Nebraska-Lincoln, 2019a)
near monitoring wells 2D and 2M determined there are no
fine-grained layers that would restrict the vertical movement
of water between wells 2M and 2D. The lack of fine-grained
layers is consistent with AEM profile L125900301, which
indicates that nonaquifer material is not present, though the
data near wells 2M and 2D were removed because the data
were likely affected by cultural noise, such as powerlines or
buried pipelines. As a result, continued sampling of well 2D is
needed to monitor and track any movement of nitrate through
the deeper parts of the aquifer.

In the western part of the BGMA, monitoring wells 158,
15M, and 15D are screened in different parts of the High
Plains aquifer and are near test hole 8-UE-01 and AEM profile
L125900401 (fig. 8). Nitrate and age tracer data indicate that
well 15S can be characterized as modern water with elevated
levels of nitrate (table 5), whereas, monitoring wells 15M
and 15D, which are screened in deeper parts of the aquifer,
are considered pre-modern with low concentrations of nitrate
(table 5). An examination of the hydrostratigraphic interpre-
tation of AEM profile L125900401 and test hole 8-UE-01
indicate that at the location of the wells, there are three
intervals described in the test hole as silt/loess approximately
6 m in total thickness (Conservation and Survey Division,
University of Nebraska-Lincoln, 2019a), but the AEM profile
L125900401 indicates that there is no nonaquifer or marginal
aquifer material overlying the screens of wells 15M and 15D.
The lack of nonaquifer or marginal aquifer material indicates
that the AEM method is not detecting fine-grained layers at
a depth because of decreased resolution. These fine-grained
layers could have substantial effect on the water quality of
the lower part of the High Plains aquifer. With the informa-
tion available, it is not known if the fine-grained layers above
wells 15M and 15D, and reported in the test hole, will prevent
groundwater with higher concentrations of nitrate from reach-
ing the lower part of the High Plains aquifer.

These comparisons highlight the importance of examin-
ing not only the hydrostratigraphic interpretation of AEM
profiles, but also any test-hole logs or drillers’ logs when
assessing the vulnerability of the deeper parts of the High
Plains aquifer to surface contamination. Visualization of the
area within Geoscene3D aids in this process. In general, AEM
surveying is best suited for mapping regional geologic units
(Carney and others, 2015a, b), but researchers have reported
the ability to map and detect local confining layers (Korus,
2018). Within the BGMA, we have presented an example
(fig. 8) where thin or interbedded fine-grained layers, which
may reduce the hydrologic connectivity and restrict the down-
ward movement of contaminants, were not mappable with
AEM because of the decreased vertical resolution with depth.
We have also presented an example (fig. 7) where saturated
thickness was an important factor to consider when evaluating

water-quality data. Nitrate results from monitoring wells
sampling deeper groundwater may be dissimilar to results in
shallower wells at this location because the water in the deeper
well likely was recharged at distant sources prior to the wide-
spread use of chemical fertilizers.

Age Tracer Based Recharge Estimates

Estimates of groundwater recharge were used to evaluate
the rates of contaminant movement and assess the vulner-
ability of groundwater resources to surface contamination.
Groundwater recharge rates were calculated by estimating
the vertical groundwater velocity at the water table using age
tracer data and well depth information. Recharge rates were
not calculated for wells considered to be pre-modern. This
approach described in Delin and others (2000, 2007) and
Steele and others (2014) assumes unconfined conditions and
an exponential age distribution of groundwater with depth and
allows for the calculation of the vertical groundwater velocity
(¥) using equation 1:

_ _z z
V = e Inz=50 €]

where
V' is the vertical groundwater velocity, in
centimeters per year;
Z is the thickness of the saturated zone, in
centimeters;
is the age of the groundwater sample, in years
before sample date; and
z(i) is the depth of the middle of the well screen,
in centimeters below the top of the
water table.
Groundwater recharge (in centimeters per year) is calcu-
lated by multiplying the mean saturated zone porosity (¢) by V'
using equation 2:

age(i)

Recharge = @ V 2)

Groundwater recharge rates were also calculated using a linear
groundwater age distribution using equation 3:

v = 3)

where
V- is the vertical groundwater velocity, in
centimeters per year;

z(i) is the depth of the middle of the well screen,
in centimeters below the top of the water
table; and

age is the age of the groundwater sample, in years
before sample date.

As with the exponential age distribution approach,
recharge is determined by multiplying V' by the mean saturated
porosity using equation 2.
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28 Interpretation of Hydrogeologic Data to Support Groundwater Management, Bazile Groundwater Management Area, 2019

The thickness of the saturated zone was determined
by using the measured water levels collected at the time of
sampling and the revised base of aquifer (top of the Pierre
Shale or Niobrara Formation) elevation from Cannia and
others (2017a). Water levels from sampling in spring of 2000
(Burbach and Spalding, 2000) were not available; however,
water-level data were available for the following summer for
the deepest well within each well cluster (Myles Lammers,
Lewis and Clark NRD, written commun., 2019). The depth
below the top of the water table, z(i), was calculated by sub-
tracting the depth to water from the depth of the midpoint of
the screen. In a few instances, the upper portion of the screen
was above the water surface; in these cases, the midpoint
depth between water table and the bottom of the well screen
was used to determine z(7).

Porosity values were estimated using values from gen-
eralized lithologic categories reported in Johnson (1967). For
lithologic categories that are common aquifer materials within
the BGMA (for example, medium or coarse sand), the porosity
is about twice the specific yield (Johnson, 1967). Delin and
others (2007) reported that specific yield numbers were about
30 to 50 percent less than porosity based on laboratory analy-
ses. Specific yield values ranged from 0.125 to 0.175 for the
High Plains aquifer within the BGMA (McGuire and others,
2012). Doubling the specific yield would result in porosities
that range from 0.25 to 0.35, which falls within the expected
range (Johnson, 1967). Porosity values are given in table 5 for
each well sampled.

Recharge calculated using equations 1, 2, and 3 for loga-
rithmic and linear age distributions are presented in table 5.
Linear age distributions assume piston flow, where an uncon-
fined aquifer receives uniform areal recharge and monitor-
ing well screens are short and within the shallow part of the
aquifer (Steele and others, 2014). Conversely, exponential
groundwater age distributions assume uniform recharge occurs
over an unconfined aquifer (Jurgens and others, 2012) and age
distribution lines converge exponentially from the water table
to the base of the aquifer (Jurgens and others, 2012; Steele
and others, 2014). Because of the proximity of the shallow
monitoring wells to the water table, groundwater ages from the
shallowest monitoring wells were used to determine recharge
rates at the water table. Groundwater ages from the deeper
wells likely represented recharge rates from distant locations
or regional flow systems (Jurgens and others, 2012; Steele and
others, 2014).

The calculated recharge rates (table 5) were comparable
to regional estimates (Stanton and others, 2011; Szilagyi
and Jozsa, 2013). The recharge rates (table 5) are presented
with one of three generalized land use categories (Center
for Advanced Land Management Information Technologies,
2007): pasture/rangeland, dryland, or irrigated. Excluding
deeper wells from well nests, the recharge rates calculated do
not vary appreciably for the various land uses, which differs
from the results of previous studies (Steele and others, 2014).
A Kruskal-Wallis test (Helsel and Hirsch, 2002) determined
that the difference in distributions of recharge for each land

use was not statistically significant (alpha equals 0.05). One
well, G164447, was not used in this statistical comparison
because the screen was 30 m long (table 5; fig. 4), which
results in a relatively large z(i) and anomalously high recharge
rate. The outcome of the statistical test indicates that differ-
ences in land use are not the primary control on water move-
ment through the unsaturated zone.

In many instances, monitoring wells are screened in the
upper parts of the High Plains aquifer where water quality is
most affected by surface activities; however, it is also common
to screen wells in the first transmissive interval, which can
often be some distance below the top of the water table. As
such, there is the possibility of mixing of groundwater that has
been recharged under different land uses. The density of high-
capacity irrigation wells, which can exceed 3 wells per square
mile (Upper Elkhorn Natural Resources District, 2016; Young
and others, 2016), could be responsible for some aquifer mix-
ing, possibly masking any influence of land use on groundwa-
ter recharge rates. Stanton and others (2007a) documented that
high densities of irrigation wells caused groundwater mixing
in the High Plains aquifer approximately 200 km to the south.

Pesticide-Based Recharge Estimates

Detections of pesticides or their degradants from wells
within the BGMA were clustered in two locations (fig. 4). One
location is in the southwest part of the BGMA where Cannia
and others (2017a) interpreted coarse paleochannel deposits
near land surface. In this location, sampled wells with detect-
able concentrations of pesticides span east to west across
northern Antelope County in an area with a discontinuous cap
of fine-grained material. An AEM profile that cuts through
this paleochannel is shown in figure 9. The second location is
east of Creighton, Nebr., within the Creighton Water System
block flight area (figs. 34, 3B) where fine-grained material
was discontinuous or absent from the near surface. In these
locations, sampled wells with detectable concentrations of
pesticides occur in areas with high nitrate concentrations
and a discontinuous cap of fine-grained material. Of the 17
wells with pesticide detections, 11 wells were in irrigated
areas, 3 were classified as dryland row crops areas, and 3
were within rangeland or pasture areas (Center for Advanced
Land Management Information Technologies, 2007). Two
wells (421940097313601 and 422231097520601) with nitrate
concentrations less than or near the background concentration
of 2 mg/L had pesticide detections from the same compound:
1,2-dichloropropane. The chemical, which is used as a soil and
grain fumigant, was first registered for use in 1925 and banned
in 1989. These wells are in pasture/rangeland areas, but they
are also near the farmsteads where likely grain was stored,
which could be the source of the pesticide.

Apparent groundwater ages from pesticide detections
(table 6; available at https://doi.org/10.3133/sir20205113)
were comparable to those estimated with age tracers (table 5)
and appear to bracket groundwater ages well within the
BGMA. It should be noted that the only monitoring wells


https://doi.org/10.3133/sir20205113

available for direct comparison were ML-7M, ML-7D,

and CNBRLUSCRI1 P-03. The use of pesticides in ground-
water as a tracer using this approach assumes piston flow,
where recharged water is of uniform age with no mixing.
Groundwater samples from irrigation wells that were screened
near the base of the aquifer likely violate this assumption and
most likely include mixed groundwater recharged from dis-
tance sources along deeper flow paths; however, the apparent
age estimates from pesticide detections still constrain the age
of the younger fraction within a sample.

Interpretation of Continuous Water-Level Data

Researchers have highlighted the value of continu-
ous water-level interpretation in conjunction with AEM and
test-hole data to detect and map confining layers in eastern
Nebraska (Korus, 2018). Continuous water-level data (U.S.
Geological Survey, 2018a) collected within the BGMA were
examined together with the hydrostratigraphic interpretation
of AEM profiles in Geoscene3D. Continuous water levels
collected within the BGMA typically display water-level
declines in response to groundwater irrigation during grow-
ing season months (typically June through August). Within
the BGMA, the most informative continuous water-level data
were collected simultaneously from nested monitoring wells
screened in different parts of the High Plains aquifer. A com-
parison of the water levels in wells screened in shallow and
deep parts of the aquifer can reveal the hydraulic connectivity
of the shallow and deep parts of the aquifer, which is central
to assessing the vulnerability of the deeper aquifer to surface
contamination.

Monitoring wells 19S and 19M are completed in the
High Plains aquifer and located within the glaciated part of
the Lower Elkhorn NRD (figs. 1 and 4). The hydrograph
shown in figure 10 indicates that groundwater levels are
affected by seasonal pumping (between June and August) and
most groundwater pumping is occurring at the same geologic
horizon where monitoring well 19M is screened. Excluding
the growing season months, the water-level elevation in well
19M is higher than 19S, producing a hydraulic gradient with a
net upward movement of water. Groundwater pumping during
the growing season causes the water level in well 19M to drop
below that of well 198, effectively reversing the hydraulic
gradient. Although AEM profile L.124900 is more than 500 m
from these monitoring wells, useful comparisons and interpre-
tations are described below. The hydrostratigraphic interpreta-
tion of AEM profile L124900 (fig. 11) shows a well-defined
pocket of aquifer material within a heterogeneous mix of
marginal and nonaquifer material. Both monitoring wells (19S
and 19M) are screened within this interval of aquifer mate-
rial, which transitions to marginal and nonaquifer material
near the base of the aquifer where 19M is screened (fig. 11).
The nearest test hole to monitoring wells 19M and 198 is
1-LE-03. The lithologic log of test hole 1-LE-03 indicates that
the screen intervals in 19S and 19M are separated by 13 m of
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clay. The driller’s log associated with monitoring well 19M
noted this same clay layer (registration number G-124964B;
Nebraska Department of Natural Resources, 2019). The

clay layer, which would be interpreted as nonaquifer mate-
rial, could not be resolved in AEM profile L124900 (fig. 11).
Cannia and others (2017a) mention that agreement between
the lithology of test hole 1-LE-03 and the AEM profile is
marginal, particularly near the base of the aquifer. The clay
layer appears to be a locally important confining layer and its
role in affecting groundwater movement is apparent in test-
hole and groundwater-level data; however, in this location, the
AEM technique appears to be unable to resolve this hydrologi-
cally important layer because of the lack of vertical resolution
at depth.

Monitoring wells 3S and 3M are located within the
Lower Elkhorn NRD off the western margin of glacial till
near a tributary to the North Fork of the Elkhorn River (figs. 1
and 4). Monitoring wells 3S and 3M are both screened
within Quaternary-age sand separated by an interval of silt
(Conservation and Survey Division, University of Nebraska-
Lincoln, 2019a). The continuously measured water-level
elevations for each of these wells is shown in figure 12 and
indicate that these parts of the aquifer are hydrologically
well connected because the response to hydrologic stresses
are nearly identical. Although both wells indicate seasonal
water-level declines in response to groundwater pumping, the
recorded water-level elevation in well 3S remains higher than
in well 3M, which indicates a net downward movement of
groundwater. Unfortunately, age tracer data are not available
for well 3M but are available for well 3D, which was screened
near the bottom of the aquifer (fig. 134). Wells 3S, 3M,
and 3D are screened within a zone characterized as aquifer
material and test hole 7-LE-99 indicates some interbedded
fine-grained deposits of clay and silt/loess that separate the
screen intervals (fig. 134). The AEM profile indicates there is
no fine-grained cap mantling the aquifer material. Water-level
recovery for wells 3S and 3M after groundwater pumping in
the summers of 2015 and 2016 is gradual rather than sharp,
which is indicative of an unconfined aquifer (Chen, 1999).
Repeated sampling indicates that nitrate concentrations from
well 3S often exceed 10 mg/L. Nitrate concentrations from
well 3D are less than the background concentration of 2 mg/L
(University of Nebraska-Lincoln, 2019). Denitrification is an
important microbially mediated natural attenuation process
where anaerobic microorganisms, in the absence of dis-
solved oxygen, reduce nitrate to generate energy and nitrogen
gas (Green and Bekins, 2010). Unfortunately, the dissolved
oxygen concentration was not reported for well 3D, with the
most recent sampling results given in table 5, so it cannot be
determined if denitrification has played any role in reducing
concentrations of nitrate. Age tracer sampling in 2007 revealed
that groundwater sampled from well 3S was approximately
21 years old and groundwater sampled from well 3D was
considered pre-modern (recharged before 1950; table 5). The
nitrate concentration at the time age tracers were sampled
was 15.2 mg/L for well 3S and 0.29 mg/L for well 3D. The
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associated dissolved oxygen concentration for well 3S was
8.4 mg/L, which is considered oxic, and for well 3D was
0.5 mg/L, which is considered anoxic. If the same geochemi-
cal conditions persist, it is possible that denitrification is play-
ing a role in reducing nitrate concentrations and reducing the
risk of contamination of the lower aquifer.

Monitoring wells 9M and 9D (fig. 4) are located within
the Upper Elkhorn NRD west of Bazile Creek (fig. 1).
Monitoring wells 9M and 9D show very similar seasonal
water-level elevation trends to monitoring wells 19S and 19M
in the Lower Elkhorn NRD in that there are much greater
decreases in water levels in the deeper wells (9D and 19M)
in each pair in response to groundwater pumping (figs. 10
and 14). Wells 9M and 9D and test hole 2-UE-01 are centered
between four orthogonal AEM profiles (fig. 15). The hydro-
stratigraphic interpretation of the AEM data is projected onto
user-defined profiles running northwest to southeast (A to A")
and southwest to northeast (B to B'). Test hole 2-UE-01 indi-
cates wells 9M and 9D are both screened in the High Plains
aquifer within sand and sandstone intervals separated by two
thin (less than 5 m) layers of silt (fig. 15; Conservation and
Survey Division, University of Nebraska-Lincoln, 2019a). The
measured water-level elevation in well 9M is at times higher
than in well 9D during the nongrowing season months, indi-
cating the net upward movement of groundwater. Groundwater
pumping during the growing season caused larger water-level
elevation declines in monitoring well 9D compared to 9M,

resulting in the net downward movement of groundwater.
It can be inferred that the two layers of silt separating the
OM and 9D screens are acting as ineffective confining lay-
ers (fig. 14). Age tracer sampling indicated that groundwater
sampled from monitoring well 9M is approximately 23 years
old (table 5). The net downward movement of groundwater
appears to be affecting water quality of the deeper interval
of the aquifer. The nitrate concentration of well 9M was
16.65 mg/L (table 5; Snow and Miller, 2018). The first nitrate
result reported for well 9D was in 2002 and was less than
1 mg/L; nitrate concentrations in well 9D have increased
steadily since 2002; the most recent sample concentration
of well 9D was 6.7 mg/L collected in July 18, 2014 (fig. 16;
University of Nebraska-Lincoln, 2019). Well 9M and test hole
2-UE-01 are in the center of four profiles, all of which indi-
cate no fine-grained cap and aquifer material outcrops at the
surface of the profiles. If it is assumed that the silt layers are
laterally persistent, then the AEM technique was not able to
resolve the thin intervals of silt separating the screen intervals
of wells 9M and 9D; however, additional mapping is needed
to confirm this interpretation. Based on water-quality results
and recorder data, the silt layers appear to be an ineffective
confining unit and the lower aquifer is vulnerable to surface
contamination.

Monitoring well 14S and 14M are completed in the High
Plains aquifer and located within Antelope County along
the southern border of the BGMA (fig. 4). Continuous water
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Figure 12. Continuous groundwater-level elevation data for monitoring wells 3S and 3M, Lower Elkhorn
Natural Resources District, 2015-18. Water-level data from U.S. Geological Survey (2018a) furnished by

the Lower Elkhorn Natural Resources District.

levels measured at monitoring well 14S indicate that the

area is affected by seasonal pumping (fig. 17). Water levels
recover steadily, rather than abruptly, during the nongrowing
season months, which is indicative of an unconfined aquifer
(Chen, 1999). Age tracer sampling in 2017 indicated that the
age of the groundwater sampled from well 14S was approxi-
mately 25 years old (table 5; Snow and Miller, 2018). Repeat
sampling indicated that nitrate concentrations in well 14S
increased from 17.2 to 30.2 mg/L between 2003 and 2017
(table 5). Consistent with other well nests within the BGMA,
the water quality in the lower part of the aquifer is different
from the shallow part of the aquifer. Age tracer sampling in
2003 indicated that groundwater sampled from well 14M
(fig. 4) was considered pre-modern, the associated nitrate
concentration was less than 1 mg/L, and dissolved oxygen was
9.8 mg/L (table 5), which indicates oxic conditions and that

denitrification is likely not occurring. The most recent sample
collected in 2014 from well 14M indicates that nitrate concen-
trations have remained less than 1 mg/L (table 5). Monitoring
wells 14S and 14M are located near the southern boundary of
the BGMA area where there is a discontinuous cap of fine-
grained sediments mantling the aquifer (fig. 18). Nitrate data
from well 14S indicate that the discontinuous cap appears to
be ineffective at preventing surface contamination. Test hole
7-UE-01 indicates about a 5-m clay layer that separates the
monitoring wells screens 14S and 14M (fig. 18). The AEM
technique lacked the vertical resolution at depth to image and
map this potentially important geologic layer. The collection
of continuous water-level data could indicate if the clay layer
is an effective hydrologic barrier, creating confining conditions
in well 14M and possibly preventing groundwater contamina-
tion from the surface.
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Figure 14. Continuous groundwater-level data for monitoring wells 9M and 9D, Upper Elkhorn Natural
Resources District, 2013-17. Water-level data from U.S. Geological Survey (2018a) furnished by the

Upper Elkhorn Natural Resources District.

Potential Future Data Collection to
Inform Groundwater Management

This section describes gaps for which future data collec-
tion could enhance the existing hydrogeologic framework and
improve understanding of movement of surface contaminants
within the groundwater system and the role of denitrification
in nitrate attenuation. Identified gaps are based on the compre-
hensive interpretation of AEM and existing water-level and
water-quality data to inform and guide future water manage-
ment decisions within the BGMA.

Additional continuous water-level data would comple-
ment the enhanced hydrogeologic framework and provide con-
text for understanding aquifer confinement and connectivity
within the BGMA. Because nearly all monitoring wells within
the BGMA show seasonal water-level declines in response to
groundwater irrigation, some aquifer characteristics can be
discerned from the interpretation of continuous water-level
data. Some of the most informative continuous water-level
data are collected simultaneously from nested monitoring
wells at the same location, which are often screened within
discrete permeable zones sometimes separated by fine-grained
intervals of silt or clay. Wells 19S and 19M in the Lower
Elkhorn NRD and wells 9M and 9D in the Upper Elkhorn

NRD show how groundwater pumping can reverse hydraulic
gradients and facilitate the downward movement of nitrate
into deeper parts of the aquifer. Given the density of irrigation
wells within the BGMA, this type of seasonal trend in water
levels is likely prevalent in other areas. The reversal in hydrau-
lic gradient likely would have been missed if only collecting
discrete water levels in spring or fall months. Understanding
seasonal water-level changes can allow water managers to
better predict and assess the vulnerability of groundwater in
deeper parts of the aquifer.

Dissolved oxygen measurements are essential for
describing geochemical conditions of sampled ground-
water. Groundwater sampling and monitoring within the
BGMA is focused almost entirely on nitrate. During the past
40 years, the agrichemical clearinghouse has reported nearly
8,000 nitrate results from within the BGMA (University of
Nebraska-Lincoln, 2019). Although the dataset is invalu-
able for assessing changes in extent and magnitude of nitrate
contamination, it provides little supporting information, such
as the water level at the time of sampling or dissolved oxy-
gen concentration. Denitrification is an important microbially
mediated natural attenuation process where anaerobic micro-
organisms, in the absence of dissolved oxygen, reduce nitrate
to generate energy and nitrogen gas (Green and Bekins, 2010).
Dissolved oxygen measurements are needed for assessing the
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Nebraska-Lincoln (2019).
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Monitoring wells 14S and 14M and test hole 7-UE-01 are approximately 560 meters south of AEM profile L125900501. The location of AEM profile L125900501 is shown in figure 3A.
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prevalence of denitrification and are central to predicting the
extent to which natural attenuation may help control nitrate
concentrations in groundwater.

Within the BGMA there is need for continued monitoring
of groundwater quality in deeper parts of the aquifer where
groundwater is generally characterized as pre-modern with
low concentrations of nitrate. Groundwater sampled from
deeper monitoring wells most likely was recharged from a
distant source prior to the widespread use of commercial fertil-
izer. Irrigation wells drilled within the BGMA often screen
large thicknesses of the aquifer across thin, fine-grained layers
separating permeable sand, gravel, and sandstone intervals.
Landon and others (2008) documented instances where drill-
ing through local confining layers induced downward ambient
flow within irrigation wells, negatively affecting water quality.
Continuous and discrete water-level data collected within
the BGMA have indicated there are seasonally dependent,
downward vertical hydraulic gradients that can provide an
impetus for groundwater mixing that could negatively affect
water quality.

Additional test-hole data would further constrain hydro-
geologic interpretation and identify fine-grained layers that
can control the movement of surface contaminants, affect
groundwater recharge rates, and create confining conditions in
the lower parts of aquifers. The hydrostratigraphic interpreta-
tion of AEM profiles indicated that shallow and deep monitor-
ing wells were often screened within the same homogenous
zone of aquifer material. In contrast, test-hole logs indicated
that there often were fine-grained layers within these homog-
enous zones that separated the shallow and deep monitoring
well screens, but these fine-grained layers were not detected
by AEM because of decreased resolution of the AEM tech-
nique with depth. Additional test-hole data would further con-
strain hydrogeologic interpretations and identify fine-grained
layers that may control the movement of surface contaminants,
affect groundwater recharge rates, and allow for hydraulic
confinement in the lower parts of the aquifer.

Summary

Airborne electromagnetic (AEM) surveys have greatly
advanced hydrogeologic mapping and groundwater man-
agement efforts in Nebraska by providing cost-effective,
high-resolution subsurface information. Starting in 2007, 13
Nebraska Natural Resources Districts (NRDs), the University
of Nebraska-Lincoln’s Conservation and Survey Division
(CSD), and the U.S. Geological Survey (USGS) have invested
nearly $18 million to acquire more than 32,000 line-kilometers
(20,000 line-miles) of AEM data in Nebraska. Despite the
large investments in data collection, as of early 2020, there has
been no coordinated effort to assemble, inventory, and man-
age the AEM data for long-term preservation in a centralized
digital network. To protect taxpayer investments in AEM and
realize maximum benefit of these data, the Lower Platte North,

Summary 39

Lower Platte South, Papio-Missouri River, Nemaha, Lower
Loup, Central Platte, Upper Elkhorn, Lower Elkhorn, Lower
Niobrara, and Lewis and Clark NRDs; the CSD, Nebraska
Natural Resources Commission, Nebraska Department of
Natural Resources; and the USGS entered a cooperative agree-
ment to begin a program of data management and research
aimed at understanding the best use of AEM for groundwater
sustainability and management. The USGS and CSD are work-
ing jointly to provide technical support to cooperating NRDs
to implement an AEM data preservation and research program
titled the “Nebraska Geocloud.” The Nebraska Geocloud proj-
ect will facilitate data archiving and public access to informa-
tion and provide guidelines that will maximize cost-effective-
ness of future AEM studies within the State of Nebraska.

The purpose of this report is to present analyses of hydro-
geologic data to support groundwater management within the
Bazile Groundwater Management Area (BGMA) in northeast-
ern Nebraska. Specifically, for this report, groundwater age
tracer and nitrate data from several studies, which included all
or parts of the BGMA, were assembled and jointly interpreted
with AEM data within a three-dimensional environment.

The combined age tracer dataset was examined to determine
groundwater residence time, understand historical nitrate
loading to groundwater, and estimate groundwater recharge

or agricultural contaminant movement rates. Age tracer and
nitrate data indicate that recent recharge or “modern” ground-
water had nitrate concentrations that exceeded a background
concentration of 2 milligrams per liter (mg/L). For the pur-
poses of this report, modern groundwater was considered to
have recharged less than 50 years from the time of sampling.
In the BGMA area, nitrate concentrations for modern ground-
water collected at the time of age tracer sampling ranged from
1.96 to 35.3 mg/L with more than 70 percent of the samples
exceeding the U.S. Environmental Protection Agency’s
maximum contaminate level of 10 mg/L. Researchers have
focused much of their work near Creighton, Nebraska, in an
area characterized as having a relatively thin unsaturated zone
consisting of primarily coarse sediments overlying a thin (less
than 20 m thick), coarse part of the High Plains aquifer. In this
location, elevated concentrations of nitrate are reported for
shallow and deep monitoring wells. Fine-grained materials are
discontinuous and largely limited to the southern part of the
Creighton Water System block flight area. Profile L128701
and wells ML-6D, ML-6M, and ML-6S are approximately

4 kilometers northeast of Creighton, where the unsaturated
zone is relatively thin, and the High Plains aquifer is less than
20 m thick. At the location of these wells, groundwater is con-
sidered modern and nitrate exceed the maximum contaminant
level throughout the thickness of the aquifer.

In contrast, some samples collected from shallow and
deep wells in BGMA areas with thicker unsaturated zones and
thicker aquifers indicate that groundwater was recharged more
than 50 years ago, which for the purposes of this report is
considered “pre-modern” groundwater. Nitrate concentrations
of pre-modern groundwater collected at the time of sampling
were generally less than the background concentration of
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2 mg/L. This low nitrate concentration indicates that either
the High Plains aquifer is locally confined or semiconfined, or
groundwater sampled in deeper wells followed a longer flow
path from a distant recharge area and that deeper, pre-modern
groundwater was not subjected to the same sources of nitrate
as the shallow groundwater.

The hydrostratigraphic interpretation of AEM profiles
indicated that shallow and deep monitoring wells were often
screened within the same homogenous zone of aquifer mate-
rial. In contrast, test-hole logs indicated that there often are
fine-grained layers within these homogenous zones that sepa-
rate the shallow and deep monitoring well screens, but that
these fine-grained layers are not detected by AEM because of
decreased resolution of the AEM technique with depth.

Estimates of groundwater recharge were used to evaluate
the rates of contaminant movement and assess the vulner-
ability of groundwater resources to surface contamination.
The calculated groundwater recharge rates were compa-
rable to regional estimates from previous studies. Estimated
groundwater recharge rates did not vary appreciably for the
pasture/rangeland, dryland crops, or irrigated crop land use
categories, which contradicts the results of some studies. A
Kruskal-Wallis test determined that differences in distributions
of recharge for each land use were not statistically significant,
indicating that differences in land use are not the primary con-
trol on water movement through the unsaturated zone.

Detections of pesticides or their degradants from wells
within the BGMA were clustered in two locations. One
location is in the southwest part of the BGMA where coarse
paleochannel deposits occur near land surface. Another loca-
tion is east of Creighton, Nebr., within the Creighton Water
System block flight area. In these locations, sampled wells
with detectable concentrations of pesticides occur in areas also
having high nitrate concentrations and a discontinuous cap of
fine-grained material.

Continuous water-level data collected within the BGMA
were examined together within the hydrostratigraphic interpre-
tation of AEM profiles in Geoscene3D software. Continuous
water levels collected within the BGMA typically display
water-level declines in response to groundwater irrigation dur-
ing growing season months (typically June through August).
A comparison of the water levels in wells screened in shal-
low and deep parts of the High Plains aquifer can reveal the
hydraulic connectivity of the shallow and deep parts of the
High Plains aquifer, which is central to assessing the vulner-
ability of the deeper aquifer to surface contamination. Well
nests 19S and 19M in the Lower Elkhorn NRD and wells 9M
and 9D in the Upper Elkhorn NRD showed how groundwater
pumping can reverse hydraulic gradients and facilitate the
downward movement of nitrate into deeper parts of the High
Plains aquifer. Given the density of irrigation wells within the
BGMA, this type of seasonal trend in water levels is likely
prevalent in other areas. The reversal in hydraulic gradient
likely would have been missed if only collecting discrete
water levels in spring or fall months. Understanding seasonal

water-level changes can allow water managers to better predict
and assess the vulnerability of groundwater in deeper parts of
the aquifer.

Within the BGMA there is need for continued monitor-
ing of groundwater quality in deeper parts of the High Plains
aquifer where groundwater is generally characterized as
pre-modern with low concentrations of nitrate. Groundwater
sampled from deeper monitoring wells most likely was
recharged from a distant source prior to the widespread use
of commercial fertilizer. Irrigation wells drilled within the
BGMA often screen large thicknesses of the aquifer across
thin, fine-grained layers separating permeable sand, gravel,
and sandstone intervals. Researchers have documented
instances where drilling through local confining layers induced
downward ambient flow within irrigation wells, negatively
affecting water quality. Continuous and discrete water-level
data collected within the BGMA have indicated there are
seasonally dependent, downward vertical hydraulic gradients
that can provide a pathway for groundwater mixing that could
negatively affect water quality.
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