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Abstract

As part of the National Water Availability and Use Pro-
gram established by the U.S. Geological Survey (USGS) in
2005, this study took advantage of about 14 million records
from State-managed collections of water-well drillers’ records
and created a database of hydrogeologic properties for the
glaciated United States. The water-well drillers’ records were
standardized to be relatively complete and error-free and to
provide consistent variables and naming conventions that span
all State boundaries.

Maps and geospatial grids were developed for (1) total
thickness of glacial deposits, (2) total thickness of coarse-
grained deposits, (3) specific-capacity based transmissivity
and hydraulic conductivity, and (4) texture-based estimated
equivalent horizontal and vertical hydraulic conductivity
and transmissivity. The information included in these maps
and grids is required for most assessments of groundwater
availability, in addition to having applications to studies of
groundwater flow and transport. The texture-based estimated
equivalent horizontal and vertical hydraulic conductivity and
transmissivity were based on an assumed range of hydraulic
conductivity values for coarse- and fine-grained deposits and
should only be used with complete awareness of the methods
used to create them. However, the maps and grids of texture-
based estimated equivalent hydraulic conductivity and trans-
missivity may be useful for application to areas where a range
of measured values is available for re-scaling.

Maps of hydrogeologic information for some States
are presented as examples in this report but maps and
grids for all States are available electronically at the proj-
ect Web site (USGS Glacial Aquifer System Groundwa-
ter Availability Study, http://mi.water.usgs.gov/projects/
WaterSmart/Map-SIR2015-5105.html) and the Science
Base Web site, https://www.sciencebase.gov/catalog/
item/58756¢7ee4b0a829a3276352 (Bayless and others, 2017).

'Scientist Emeritus, U.S. Geological Survey

2 USGS Volunteer for Science

Introduction

At the request of Congress, the U.S. Geological Survey
(USGS) is assessing the availability and use of the Nation’s
water resources. In 2005, the USGS established the National
Water Availability and Use program (U.S. Geological Survey,
2002), which was designed to characterize the quantity of
available surface and groundwater and improve understand-
ing of trends in water use and future availability. This study
also addresses the goals of the USGS National Water Census
(U.S. Geological Survey, 2007, http://water.usgs.gov/water-
census/, accessed January 2, 2015) and the SECURE Water
Act (National Science and Technology Council, 2007, http://
www.usbr.gov/climate/Secure/docs/SECUREWaterReport.pdf,
accessed January 2, 2015). Those goals include developing
new tools to facilitate assessments of water availability at the
regional and national scale. The Great Lakes Basin was chosen
as a pilot study area, and methods were developed to standard-
ize water-well drillers’ records and create maps and geospatial
grids of hydrogeologic information for the glaciated parts of
the basin (Arihood, 2009). Those methods were adapted and
enhanced for this study.

Water-well drillers’ records may be the single larg-
est source of data that are available to describe the geologic
deposits of the subsurface. Drillers’ records are collected by
one or more agencies in each State on a volunteer or man-
dated basis, and most are available online (Steve Schneider,
Schneider Water Services, NGWA Groundwater Forum, writ-
ten commun., 2014). Water-well drillers’ records generally
include similar information, including well-location informa-
tion, depth-specific descriptions of the geologic materials that
were penetrated during drilling, the depth to groundwater, the
dimensions and types of materials used to construct the well,
and well-development data. The digital format of the drillers’
records varies among States and includes Microsoft Excel
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spreadsheets, Microsoft Access databases, geodatabases, text
files, and scanned images in Joint Photographic Experts Group
(JPEG) format or Adobe portable document format (PDF).
The spatial density of water-well drillers’ records also varies
greatly among States depending on the requirements of State
laws, the level of driller cooperation, the preferred use of gla-
cial aquifers relative to bedrock aquifers, and the occurrence
and extent of glacial aquifers.

Regional hydrologic studies, such as the USGS National
Water Availability and Use program investigations (http://
water.usgs.gov/ogw/gwrp/activities/water-avail-use.html,
accessed January 4, 2014) and the USGS National Water-
Quality Assessment Program (http://water.usgs.gov/nawqa,
accessed January 4, 2014), can benefit greatly from regional
maps and geospatial grids of hydrogeologic information.
Those studies commonly examine areas that include multiple
States. Standardized water-well drillers’ records include uni-
form data elements that are similarly populated and use similar
terminology and physical units. The availability of nationwide
standardized maps of hydrogeologic information facilitate
hydrologic studies that cross State boundaries by eliminating
(1) differences in the digital and layout formats that are pres-
ent in various State-managed collections of water-well drillers’
records, (2) regional naming conventions for geologic depos-
its, and (3) errors that appear in water-well drillers’ records.

The maps and geospatial grids created as part of this
study apply to a variety of hydrogeologic studies. As part of
this study, for example, the geospatial grids were used to cre-
ate maps of hydrogeologic information that describe the thick-
ness and texture of unconsolidated glacial deposits and their
related hydrologic characteristics. The distribution of geologic
deposits form the framework of most groundwater studies,
and it follows that the standardized maps and grids of hydro-
geologic properties could be applied to studies of groundwater
availability, flow, contaminant transport, aquifer recharge,
and groundwater/surface-water interaction. Feinstein and
others (2010), for example, used similarly constructed maps
of hydrogeologic properties to construct a groundwater-flow
model of the Lake Michigan drainage basin and examined the
impacts of groundwater withdrawals on aquifer systems and
stream discharges.

The methods used to create the geospatial grids and maps
of hydrogeologic information were largely developed and
documented for use in assessing water availability and use
in the Lake Michigan drainage basin (Arihood, 2009). Those
methods were augmented for this study with additional steps
to further improve the quality of the records and to address the
unique situations encountered within the various collections
of water-well drillers’ records used for this study. This report
focuses on the new processing steps and refers the reader to
Arihood (2009) for the details of steps that were previously
documented.

This report addresses goals of the USGS National Water
Census (http://water.usgs.gov/watercensus, accessed January
2,2015) and the SECURE Water Act (http://www.usbr/gov/
climate/SECURE/docs/SECUREWaterReport.pdf, accessed

January 2, 2015) that pertain to developing new tools to
facilitate assessments of water availability at the regional and
national scale. This research also provides information that
improves the decision-support capacity for water-resource
managers. Information provided by the geospatial grids of
hydrogeologic information can further facilitate the estimation
of water availability in the Nation’s glacial aquifer systems.

Purpose and Scope

The purpose of this report is to describe (1) the contents
of the standardized water-well drillers’ records and the deriva-
tive hydrogeologic products, (2) newly implemented methods
used to standardize water-well drillers’ records for glaciated
parts of the United States, (3) sources of water-well drillers’
records used in this study, (4) quality-assurance steps used to
eliminate records with inconsistent or insufficient information,
(5) new maps of hydrogeologic information, and (6) compari-
sons of maps created by this study with similar maps created
by other studies. This report describes methods for creating
geospatial grids and maps from water-well drillers’ records for
U.S. territory that is overlain by glacial deposits (fig. 1), which
includes all or part of 25 States and extends from the Atlantic
Ocean to the Pacific Ocean and from Alaska to the Ohio River.
About 14 million water-well drillers’ records from State-man-
aged collections were used for this study.

Geologic Setting

The glacial advances and retreats of the Pleistocene
epoch (2,000,000 to 10,000 years BC; http://igs.indiana.edu/
Surficial/IceAge.cfm, accessed January 20, 2015) left vast
deposits of various geologic materials over much of North
America. The deposits west of the Rocky Mountain continen-
tal divide were deposited by the Cordilleran ice sheet, and the
deposits east of the divide were deposited by the Laurentide
ice sheet (fig. 2). The southern extent of glacial deposits gener-
ally includes areas north of the Missouri and Ohio Rivers.
States included in this study and influenced by the Cordilleran
ice sheet include Idaho, Washington, Alaska, and western
Montana. The Laurentide ice sheet created the glacial deposits
in the remaining 21 States included in this study.

In this study, water-well drillers’ records indicated that
glacial deposits range from 0 to about 1,200 feet (ft) thick.
Glacial deposits were absent in some areas of prominent
bedrock highlands such as central Wisconsin and mountainous
areas of the Rocky Mountains (fig. 1). The textures of glacial
deposits range from very fine (clay-rich) lacustrine deposits
to relatively coarse (sand and (or) gravel-rich) kames, eskers,
outwash, and alluvial deposits. The variability of textures
range from relatively homogeneous deposits of eolian sands
with consistent texture through great thicknesses to glacial till
deposits with heterogeneous mixtures of coarse- and fine-
textured materials.
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Figure 1. Areas of the United States overlain by glacial deposits.
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Figure 2. Areas of North America affected by Cordilleran and Laurentide ice sheets.



The unlithified character of glacial deposits provides
them with porosities that generally exceed the porosities of
bedrock formations and creates in them the capacity to hold
large quantities of groundwater (Warner and Arnold, 2006).
Warner and Arnold (2006) reported that glacial aquifers
comprise the largest principal aquifer system in the United
States in areal extent and groundwater use for public supply in
the United States. The areal extent, near-surface accessibility,
and water-holding capacity explain the widespread utiliza-
tion of glacial aquifers for domestic, agricultural, commercial,
and industrial water supplies throughout much of the United
States. During 2000, the total withdrawals of groundwater
from the glacial aquifer system were approximately 3,560 mil-
lion gallons per day (Mgal/d) and represented about 5 percent
of total withdrawals from all aquifers in the United States
(Maupin and Barber, 2005). Glacial sand-and-gravel aquifers
east of the Rocky Mountains are largely used for public supply
(1,950 Mgal/d), irrigation (1,020 Mgal/d), and self-supplied
industrial (583 Mgal/d) uses (Maupin and Barber, 2005).

The vertical and lateral distribution of coarse- and fine-
grained deposits affects many aquifer characteristics, includ-
ing the rate of aquifer replenishment (recharge), the interaction
between groundwater and surface-water, the general chemistry
of groundwater, and the movement of natural and anthropo-
genic compounds through the subsurface. These characteristics
determine the potability and availability of groundwater for
various uses. Inter-till aquifers, for example, may be overlain
with significant thicknesses of fine-grained deposits near land
surface. For this reason, inter-till aquifers may be slow to
replenish and have limited water availability but also be well
protected from chemicals applied at land surface. Outwash
aquifers may include thick and extensive surficial deposits of
sand and gravel. Those aquifers may be quicker to replenish
and have greater availability than till aquifers but are more
vulnerable to contamination from the chemicals applied at
land surface.

Most U.S. States have maps that depict the surficial
distribution of unlithified deposits, and many identify the
morphological nature of the associated landforms. Those maps
are largely two dimensional in perspective and do not portray
variability with depth. Maps that display the three-dimensional
geology of glacial deposits are less common; however, Soller
and Reheis (2004) produced a large-scale map that shows the
lateral and vertical distribution of coarse- and fine-grained
deposits for glaciated terrains east of the Rocky Mountains.
That map was later refined (Soller and others, 2012) and
made available as geospatial grids. Other examples of glacial
maps that provide three-dimensional information include,
for example, Berg and Kempton (1988). This report contains
maps and grids that provide extensive and detailed hydrogeo-
logic information relative to the third dimension (depth), or
that which lies beneath the surface features.
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Sources of Water-Well Drillers’
Records

Water-well drillers’ records were acquired from the
State agencies that are responsible for compiling and man-
aging those records (table 1). Oil and gas well records, and
records for drilling activities focused on mineral deposits in
the bedrock, were another potential source of information for
this study but those logs also do not normally contain detailed
descriptions of the glacial deposits and hydraulic testing that
were the focus of this study. As a result, only water-well drill-
ers’ records were used for this study.

The collections of water-well drillers’ records that are
managed by States vary in size, spatial density, completeness,
digital format, and legal requirements. The number of digi-
tal water-well drillers’ records in State-managed collections
for this study ranged from zero to more than 1 million. This
number of records does not include those drillers’ records that
might be available in paper form or as scanned forms. Only
15 States had digital collections of water-well drillers’ records
that included well-record information in a format that could
be easily manipulated. The 10 remaining States had part or
none of their collection of water-well drillers’ records in a
digital form that was manipulatable by the programs used in
this study. Rhode Island, for example, has collected thousands
of paper records from water-well drillers that are not avail-
able in digital format. Other States, such as Washington and
South Dakota, have well-construction information available in
a manipulatable digital format but lithologic information was
available only as scanned images of the original water-well
drillers’ records.

The data elements sought by this study are unique site
identifier, geographic location, well depth, water level, land-
surface altitude, well screen depth and length, casing length
and diameter, construction date, well development data (pump
rate, pump duration, and drawdown), water use, owner, and
the lithologies encountered at various depths during well
installation. The data elements contained in State-managed
collections of water-well drillers’ records were not always
consistent. In general, data elements in most State collections
included location, owner, intended water use, well construc-
tion, well development, and lithology. The data elements most
commonly lacking in State collections of water-well drillers’
records were complete well-construction and well-develop-
ment information. For the purposes of this study, missing well-
construction and well-development data precluded the ability
to compute aquifer transmissivity and hydraulic conductivity
values. Water-well drillers’ records were not used to create
maps and geospatial grids of hydrogeologic information if
critical well-location and lithology data were missing.
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Table 1.

Sources of water-well drillers’ records used to evaluate potential sources of information to derive hydrogeologic products.

[shapefile, geospatial vector data for use with a geographic information system; PDF, Adobe portable document format; TIFF, tagged image file format; data-

base, electronic database]

. Original V‘.m" Original lithology
State' Responsible agency co_nstructlon file format
file format
Alaska Alaska Department of Natural Resources shapefile PDF
Connecticut Connecticut Department of Consumer Protection TIFF TIFF
Idaho Idaho Department of Water Resources shapefile PDF
Illinois Illinois State Geological Survey database database
Indiana Indiana Department of Natural Resources database database
lowa Iowa Department of Natural Resources database database
Iowa (2) University of lowa database PDF
Kansas Kansas Geological Survey database PDF
Massachusetts Massachusetts Department of Environmental Protection database database
Maine Maine Geological Survey database database
Michigan Michigan Department of Environmental Quality database database
Minnesota Minnesota Geological Survey database database
Missouri Missouri Department of Natural Resources database database
Montana Montana Bureau of Mines and Geology database database
Nebraska incomplete Nebraska Department of Natural Resources database database
Nebraska (2) University of Nebraska database database
New Hampshire incomplete ~ New Hampshire Department of Environmental Services database database
and PDF and PDF
New Jersey New Jersey Department of Environmental Protection database database
New York incomplete New York State Department of Environmental Conservation PDF PDF
North Dakota North Dakota State Water Commission database database
Ohio Ohio Department of Natural Resources database database
Pennsylvania insuffient data ~ Pennsylvania Department of Conservation and Natural Re- database database
sources

Rhode Island incomplete Rhode Island Department of Health paper paper
South Dakota incomplete South Dakota Department of Environment & Natural Resources database PDF
Vermont Vermont Geological Survey shapefile shapefile
Washington incomplete Washington State Department of Ecology database PDF
Wisconsin Wisconsin Geological and Natural History Survey database database
Wisconsin (2) Wisconsin Department of Natural Resources database database

!States with multiple agencies maintaining well-record databases are designated with a “(2)”.
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The water-well drillers’ records for some States did not
include detailed descriptions of the glacial deposits. In those
States, the primary source of potable water was usually bed-
rock aquifers or surface water and the unconsolidated deposits
are commonly described as “overburden.” The glacial depos-
its in those areas may be thin or contain little coarse-grained,
water-bearing material so that they are not useful aquifers.
Those records were included in the analysis but may not provide
the most reliable description of the lithology of the glacial
deposits.

Methods for Creating the Standardized
Maps and Grids of Hydrogeologic
Information

The methods used in this study were largely documented
in Arihood (2009). In that study, Arihood (2009) created maps
and geospatial grids of hydrogeologic information for the
glacial deposits in Michigan and parts of Indiana and Wiscon-
sin. In this study, those methods have been augmented to adapt
to the varied information encountered in water-well drillers’
records from all 25 glaciated States. Programming also was
added to improve the efficiency of the well-record processing,
create grids and maps of additional information, and provide
easy construction of geological sections.

Processing Water-Well Drillers’ Records

Water-well drillers’ records were digitized by the USGS
for States without records in a manipulatable format. Drillers’
records were manually entered into a spreadsheet for process-
ing by the programs used in this study. The minimum number
of well records needed to create reliable maps was estimated
by examining the density of drillers’ records in States with
existing digital collections that successfully produced suf-
ficiently detailed maps of hydrologic information. For States
with paper forms or PDF well records, wells were selected for
entry using the following criteria: (1) geographic distribution
across the glaciated region of that State, (2) other information
that included well depth and (or) percentage of glacial deposits
that were penetrated, and (3) availability of detailed lithologic
description of the glacial deposits penetrated during well
installation. The density of water-well drillers’ records could
not be equally distributed in States with a predominance of
valley-fill aquifers.

A system of Arc Macro Language (AML) programs was
used to standardize water-well drillers’ records and create
maps and geospatial grids of hydrogeologic information for
the glaciated States (fig. 2). The data processing, algorithms,
and underlying equations used to convert (1) water-well drill-
ers’ descriptions into standard lithologic names used in the
USGS Groundwater Site Inventory (GWSI), (2) standardized
lithology descriptions into texture-based values of estimated
equivalent horizontal and vertical hydraulic conductivity, and
(3) well-development data into values of actual transmissivity
and horizontal hydraulic conductivity are presented in Arihood
(2009) and are not described in this report. Only new and (or)
improved processing steps and related data manipulations are
described herein. A general description of the work flow fol-
lowed during well-record processing is shown in figure 3.

The agency responsible for managing water-well drill-
ers’ records was contacted in each State and asked to provide
their water-well drillers’ records in two data files identified as
the site file and the lithology file (table 2). Additional infor-
mation requested from the States was needed to describe the
geographic projection and datum. Most States also provided
a text file describing the information contained in each of the
data fields.

Data were provided to the USGS by the States in a
variety of formats including Microsoft Excel spreadsheets;
Microsoft Access databases; geodatabases; text files; and
scanned images in JPEG, PDF, or TIFF format. Data were
converted to tab-delimited text files that could be read by the
AML programs. Data that were not necessary to processing
steps, such as casing material, or information that might be
considered to be personally identifiable information, such as
street addresses, were deleted from the files.

Standardizing Lithologic Names

As described in Arihood (2009), the file of water-well
drillers’ descriptions of lithologies that were encountered at
various depth intervals was converted to an INFO file. The
water-well drillers’ descriptions were then converted by an
AML into geologic textural terms that are listed in the USGS
GWSI lithology codes (Mathey, 1989, p. 2-110) and given an
“aquifer” or “non-aquifer” material designation. The inter-
preted lithologies were spot-checked to assure that accurate
translations of the drillers’ terms were made by the AML.
Approximately 500 verification checks were made on each file
of lithologies.

Lithologic terms were encountered during processing of
water-well drillers’ records for the 25-State study area that had
not been encountered during the Lake Michigan pilot study.
About 1,000 lithologic descriptors were required to translate
the water-well drillers’ descriptions into GWSI lithology
codes.
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List of data elements used to create the standardized maps and grids.

Site file

Data element

Description of data element

Unique site identifier
Horizontal coordinates
Depth to water
Measuring-point elevation
Land-surface elevation
Screen length

Casing length

Casing diameter
Construction date
Well-development rate
Well-development duration

Well-development drawdown

The unique identifier assigned to each site by the State.
Horizontal location information such as latitude and longitude.
The depth to static water level below the measuring point.

The elevation of the measuring point for the depth to water measurement.
The land-surface elevation at the well site.

The length of the well screen.

The length of the well casing.

The inner diameter of the casing.

The calendar date of the well construction.

The discharge rate of the pump during well development.

The duration of pumping during well development.

The decrease in potentiometric surface elevation during well development.

Lithology File

Data element’

Description of data element

Unique site identifier
Top of formation
Bottom of formation

Lithology

The unique identifier assigned to each site by the State.
The depth below land surface to the top of the geologic formation.
The depth below land surface to the bottom of the geologic formation.

The geologic description provided by the driller for the geologic deposits that exist

between the top of formation and the bottom of formation.

'Data elements in the lithology file are repeated for each lithology described during drilling.

Computing Parameter Values from Water-Well
Drillers’ Records

For each State, the INFO lithology file was joined to the
well-site information point coverage and an AML program
was used to calculate the texture-based estimated equivalent
horizontal and vertical hydraulic conductivity, as in the previ-
ous study (Arihood, 2009). Specific-capacity based transmis-
sivity and hydraulic conductivity values were computed for
wells that included well-development information on the well
record (Arihood, 2009). In this study, three new parameters
were calculated: (1) total thickness of glacial deposits, (2)
thickness of coarse-grained sediment within the glacial depos-
its, and (3) texture-based estimated equivalent transmissivity
of the glacial deposits.

The thickness over which the texture-based estimated
equivalent transmissivity, horizontal hydraulic conductivity,
and vertical hydraulic conductivity were applied depended
on the availability of static water levels in the well-drillers’
records. The texture-based estimated equivalent hydraulic
properties were computed for the saturated part of the glacial
deposits from the static water-level elevation to the bedrock-
surface elevation if a majority of the drillers’ records in the

dataset contained static water levels. These values are more
useful to most practicing hydrogeologists because they are
pertinent to the portion of glacial deposits containing mov-
ing groundwater. The maps depicting texture-based estimated
equivalent hydraulic conductivity and transmissivity indicate
the upper altitude for the calculation (land surface or potentio-
metric surface).

The texture-based estimated equivalent hydraulic
properties were computed for the entire thickness of glacial
deposits—from land-surface elevation to bedrock-surface
elevation—if static water levels were not contained in the
water-well drillers’ records. Static water-level depths were
estimated for water-well records without such data in State-
provided datasets where a majority of records did contain a
reported static water level. This was done by fitting a polyno-
mial least-squares regression relation to a plot of land-surface
elevation with water-level elevation, and applying the derived
relation to water-well records containing land-surface eleva-
tion (all wells) but no static water level. Only wells completed
in the glacial deposits were used to compute this relation
because wells completed in bedrock could portray confined-
aquifer conditions and not indicate the water-table condition.
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It is recognized that this decision introduces some non-
uniformity into the standardized maps and geospatial grids but
it maximizes the value of the texture-based estimated equiva-
lent hydraulic properties for States that record static water lev-
els. The proximity of the static water level to land surface in
most glaciated States, relative to the total thickness of glacial
deposits, likely reduces the significance of this non-uniformity
in the standardized products.

The texture-based values of equivalent transmissiv-
ity, horizontal hydraulic conductivity, and vertical hydraulic
conductivity were computed based on a percentage of aquifer
and non-aquifer material in the glacial deposits by assuming
a horizontal hydraulic conductivity of 100 feet per day (ft/d)
for aquifer material and 1 ft/d for non-aquifer material, and a
vertical hydraulic conductivity of 10 ft/d for aquifer material
and 0.001 ft/d for non-aquifer material. These values were
selected because they were believed to represent the majority
of values for glacial deposits and they would be easily scalable
to future applications in hydrologic investigations. The point
values of these parameters (texture-based equivalent estimated
equivalent transmissivity, horizontal hydraulic conductivity,
and vertical hydraulic conductivity) were extrapolated across
the entire State by application of an inverse-distance weighting
algorithm available within ArcInfo. Details of these methods
are described in Arihood (2009).

For this study, however, it was determined that some
States would not have the density of drillers’ records necessary
to extrapolate a reliable map for the entire State. An AML was
written to compute spatial density of drillers’ records accord-
ing to the following equation:

D=n/A )

where
D s the density of drillers’ records, in sites per
square mile,

n is the number of sites in the glaciated part of
the State penetrating at least 50 percent of
the total thickness of glacial deposits,

A is the glaciated area of the State, in square
miles.

The number and density of drillers’ records varied nota-
bly among States (fig. 4). Differences in the spatial density
of drillers’ records may relate to the use of groundwater as
a resource and (or) be related to the State’s emphasis on
populating and maintaining a collection of water-well drillers’
records. Maps of hydrogeologic information were created for
States with sufficient density of drillers’ records. A minimum
density value of 0.2 wells per square mile (wells/mi*) was
determined to be sufficient to create reliable maps of hydro-
geologic information. This value was assessed by comparing
the maps generated by this study with maps of hydrogeologic
information published by others. For States like lowa, where
drillers’ records appeared visually to be spatially well dis-
tributed across the glaciated part of the State, a well-record

density of 0.2 wells/mi? appeared visually to honor the distri-
bution of glacial deposits shown in the Ground Water Atlas of
the United States (“the Atlas”; Miller, 1999).

Eliminating Errors and Assuring Quality in Data
from Water-Well Drillers’ Records

Many steps in the well-record processing were focused
on eliminating well-log data that did not meet the standards
established for this project, and those steps included frequently
reviewing the results of the data manipulations to assure the
quality of the finished product. Application of these steps
reduced the available number of drillers’ records for each
State. In some cases, the number of drillers’ records was
reduced to the extent that it was not possible to construct maps
of hydrogeologic information.

The following list describes the steps taken to elimi-
nate errors and assure quality in the standardized water-well
drillers’ records. Many of these steps were used in Arihood’s
(2009) pilot study but were not documented. Some steps have
been refined, and other steps have been added for this study
including the following:

 Drillers’ records were eliminated that did not include
the minimum set of required data, such as well-site
location information.

* Dirillers’ records with locations outside of the glaciated
part of the State were eliminated.

 Thickness grids with negative values of total glacial
thickness, calculated by subtracting bedrock elevation
from land-surface elevation, were set to 1 ft. These
instances may have occurred for various reasons
including inaccuracies in the elevation data provided
for the site. In this study, it was assumed that all sites
have at least a 1 ft thickness of glacial deposits. If
there were many locations with negative values of total
thickness, or if the negative values were large, they
were investigated. In some cases, a new land-surface
or bedrock grid was acquired.

» Land-surface elevations from the water-well drillers’
records were compared with published maximum
and minimum elevations for each State. Land-surface
altitudes with elevations more than 20 ft beyond those
extremes were deleted from the collection of records.

¢ Dirillers’ records for a site where the upper elevation of
a formation was higher than the base of the overlying
formation resulted in deletion of all records for that
site from the dataset. Also, all records for a site were
deleted if any value for depth to the top of a formation
was greater than the depth to the bottom of that forma-
tion.
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* All records of lithology for a well site were deleted if
the AML program interpreted a lithologic record to be
a glacial deposit located below bedrock.

* The lithologies interpreted by the AML were spot-
checked against the original driller’s description to
help ensure accurate and consistent interpretations.

* If the well log showed that the bedrock surface indi-
cated on the water-well drillers’ record was lower than
the Soller and others (2012) bedrock surface, then
the well record was used and the depth to bedrock
was modified to match the information in the drillers’
record.

» Maps of the thickness of coarse-grained deposits and
the total thickness of glacial deposits were compared
with published maps of the same, discrepancies were
investigated, and errors were eliminated.

 Each grid of hydrogeologic information was displayed
and visually inspected for anomalous values. Anoma-
lous data points were visually identified and corrected
or eliminated.

* Any value of hydraulic conductivity calculated from
specific-capacity data greater than 1,000 ft/d were
assigned 1,000 ft/d.

» The State’s spatial density of water-well drillers’
records was evaluated for the adequacy to create rea-
sonable maps of hydrogeological information.

* As a quality-assurance check, the total glacial-thick-
ness values were examined. Well sites with glacial-
thickness values were deleted if they were clearly
dissimilar to other nearby values.

Generating Maps and Grids of Hydrogeologic
Information

The number and content of maps of hydrogeologic
information generated for each State varied according to the
density of water-well drillers’ records and the number of data
elements contained in the State’s records. Only the water-
well drillers’ records that penetrated at least 50 percent of the
total glacial thickness were used to construct the grids and
maps of total thickness of glacial deposits; total thickness of
coarse-grained deposits; and texture-based estimated equiva-
lent transmissivity, horizontal hydraulic conductivity, and
vertical hydraulic conductivity. The total glacial thickness at
well sites was computed by (1) subtracting the value of the
bedrock-surface elevation grid (Soller and others, 2012) from
the land-surface elevation grid (http://agdc.usgs.gov/data/
usgs/erosafo/300m/300m.html, accessed February 20, 2015) if
the well was completed above bedrock, or (2) subtracting the

bedrock-surface elevation indicated in the water-well driller’s
record from the land-surface elevation grid if the well was
completed above or below the bedrock-surface elevation.

The following maps were created for States with drillers’
record densities exceeding 0.2 wells/mi.

* Wells completed in bedrock.
» Wells completed in glacial deposits.

» Wells completed in glacial deposits and penetrating
at least 50 percent of the total thickness of glacial
deposits.

* Total thickness of glacial deposits in the United States.

 Thickness of coarse-grained sediment within the glacial
deposits of the United States.

 Texture-based estimated equivalent horizontal hydraulic
conductivity of the glacial deposits in the United States.

 Texture-based estimated equivalent vertical hydraulic
conductivity of the glacial deposits in the United States.

 Texture-based estimated equivalent transmissivity of the
glacial deposits in the United States.

The following additional maps were created for States with
water-well drillers’ records that included well-development data.

» Wells completed in bedrock and having specific-capac-
ity data.

» Wells completed in glacial deposits and having specific-
capacity data.

» Wells completed in bedrock and glacial deposits with-
drawing more than 100 and 500 gal/min, respectively.

* Specific capacity based horizontal hydraulic conductiv-
ity of coarse-grained sediment within the glacial depos-
its of the United States.

* Specific-capacity based transmissivity of coarse-grained
sediment within the glacial deposits of the United
States.

The density of water-well drillers’ records was satisfac-
tory to create some maps and grids for most States (fig. 4).
Water-well drillers’ records were lacking in density or detailed
description of the unconsolidated geology in Alaska, Connecti-
cut, Maine, Missouri, and New Jersey; glaciated parts of those
states are identified in the maps of hydrogeologic informa-
tion as areas of insufficient data. Parts of Idaho, Michigan,
Minnesota, Montana, Vermont, Washington, and Wisconsin
also contained areas of insufficient data. In those States, the
water-well drillers’ record density was less than 0.2 wells/mi?
because the areas are sparsely populated or the hydrogeology
is characterized by valley-fill aquifers. In States with valley-fill
aquifers (where wells are concentrated in small areas), maps of
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Figure 4. Spatial density of water-well drillers’ records in the glaciated United States.

hydrogeologic information were only compiled for the valley-  hydrogeologic information created for the State of Indiana are

fill aquifers. Areas separating the valleys were not mapped provided as an example in figure 5.

because the inverse-distance weighting process could not The maps and grids of hydrogeologic properties for the

generate reliable results. individual States were combined into nationwide grids to
Twelve States had the data required to create eight maps show regional trends and facilitate large-scale studies that

and grids and eight States had the data required to create cross State boundaries (figs. 6—12). The figures show where

13 maps and grids. The State of Indiana had a processed well-  the hydrogeologic properties are mapped and areas with insuf-

record density of 2.70 well/mi? and contained all of the data ficient data.

elements required to create a full suite of maps. The maps of
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Figure 5 C-D. Hydrogeologic information for Indiana as an example of State maps included in the nationwide mosaics. (Maps of hydrogeologic information for Indiana created
from the standardized database of water-well drillers’ records, including: C, wells completed in glacial deposits and penetrating at least 50 percent of the total glacial thickness,

and D, total thickness of glacial deposits.)
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Figure 5 G-H. Hydrogeologic information for Indiana as an example of State maps included in the nationwide mosaics. (Maps of hydrogeologic information for Indiana created
from the standardized database of water-well drillers’ records, including: G, texture-based estimated equivalent vertical hydraulic conductivity, and H, texture-based estimated

equivalent transmissivity of the glacial deposits.)
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Figure 5 K~-L. Hydrogeologic information for Indiana as an example of State maps included in the nationwide mosaics. (Maps of hydrogeologic information for Indiana created
from the standardized database of water-well drillers’ records, including: K, wells completed in bedrock and glacial deposits withdrawing more than 100 and 500 gallons per

minute, and L, specific-capacity based horizontal hydraulic conductivity of coarse-grained sediment within the glacial deposits.)
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Figure 5 M. Hydrogeologic information for Indiana as an example of State maps
included in the nationwide mosaics. (Maps of hydrogeologic information for Indiana
created from the standardized database of water-well drillers’ records, including:
M, specific-capacity based transmissivity of coarse-grained sediment within the
glacial deposits.)
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Figure 6. Thickness of glacial deposits in the United States.
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Figure 7. Total thickness of coarse-grained sediment within the glacial deposits of the United States.
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Figure 8. Specific-capacity based transmissivity of coarse-grained sediment within the glacial deposits of the United States.
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Figure 9. Specific-capacity based horizontal hydraulic conductivity of coarse-grained sediment within the glacial deposits of the United

States.
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Figure 10. Texture-based estimated horizontal hydraulic conductivity of the glacial deposits of the United States.
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Figure 12. Texture-based estimated equivalent transmissivity of the glacial deposits of the conterminous United States.
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Comparing Maps of Hydrogeologic
Information with Maps from Other
Studies

The maps of hydrogeologic information that were created
during this study by processing water-well drillers’ records
were compared with existing maps of the same or similar
information to (1) qualitatively evaluate the accuracy of this
study’s results, (2) discover areas where the addition of the
third dimension (well logs) uncovers geologic detail not
discernable from surface features, (3) discover inaccuracies in
the well-log data, and (4) discover inaccuracies in the well-log
interpretation process. Whenever inaccuracies were discov-
ered, records were deleted or AML programs and processing
steps were improved.

The Ground Water Atlas of the United States

The Ground Water Atlas of the United States summarized
available hydrogeologic information for the entire Nation
using a common presentation format that included many maps
(Miller, 1999). The maps and information in the Atlas were
based on existing reports and files of the USGS and other
agencies and often required combining multiple sources of
information to cover the entire extent of the mapped regions.
Those maps likely relied heavily on water-well drillers’
records but also may have used some combination of geophys-
ical information and well logs used for oil, gas, and mineral
exploration. The application of common methods to water-
well drillers’ records from the glaciated part of the Nation was
a goal of this study, which made intercomparison with the
Atlas a logical choice.

The maps of hydrogeologic information created dur-
ing this study were routinely compared to maps of similar
information shown in the Atlas. If discrepancies existed, they
were investigated and adjustments were made if warranted. All
things considered, the maps created during this study depicted
the same spatial trends shown in the Atlas figures.

The comparisons indicated that the trends in major and
minor geologic features were generally honored by the maps
created during this study; however, the density of drillers’
records was an important consideration in the resolution of
minor geologic features in these maps. As examples, some
maps for Illinois and lowa are compared (herein) with maps
of the same hydrogeologic information from the Atlas.

About 197,000 water-well drillers’ records were available,
after the processing steps described in this study, to create

the standardized maps and grids for Illinois. The density of
drillers’ records for the set of wells that penetrated more than
50 percent of the glacial deposit thickness was 2.37 wells/mi?.
The map from this study showing the thickness of coarse-
grained deposits was compared with the Atlas map showing
surficial and buried aquifers in unconsolidated deposits in Illi-
nois (Miller, 1999, fig. 4, p. K3) (figs. 13 and 14, respectively).
The comparison shows significant deposits of sand and gravel
representing buried aquifers and river alluvium in central

and northcentral Illinois. The map of total thickness of glacial
deposits generated during this study also compared favorably
with the thickness map for Illinois in the Atlas (Miller, 1999,
fig. 14, p. K6) (figs. 15 and 16, respectively). The maximum
thickness shown in the Atlas is 400 to 600 ft, and the maxi-
mum thickness appearing on the map generated during this
study is approximately 447 ft.

About 13,800 water-well drillers’ records in lowa were
available for map construction after the processing steps
described in this study. The map of total thickness of glacial
deposits that was produced during this study was compared
with the map of total thickness of unconsolidated deposits in
Iowa depicted in the Atlas (Olcott, 1992, fig. 30, p. J9) (figs.
16 and 17, respectively). The comparison showed a simi-
lar distribution of the thickness of glacial deposits. In both
maps, spatially extensive and thicker deposits occurred in the
western part of the State and thinner deposits occurred along
the eastern edge of the State. More spatially limited deposits,
such as the thicker deposits in east-central lowa, also appeared
on both maps. The thickest deposits in the Atlas map were 400
to 600 ft and compare favorably with a maximum thickness
of 532 ft in the map created during this study. The density of
drillers’ records in the maps shown for lowa was about 0.25
records per square mile after standardization, error removal,
and eliminating logs that penetrated less than 50 percent of the
total thickness of glacial deposit. This relatively low density of
drillers’ records was counterbalanced by the even distribution
of the logs and deposits across the State.

The map of coarse-grained deposits generated during this
study was compared with the distribution of surficial glacial
sediments that appears in the Atlas for Iowa (Olcott, 1992,
fig. 6, p. J3) (figs. 19 and 20, respectively). As discussed in
Arihood (2009), some surficial deposits are good indicators of
the nature of sediments at greater depth, such as those along
the Missouri and Cedar Rivers. Most surficial sand and gravel
deposits shown in the Atlas, however, are not indicative of the
total thickness of sand and gravel that appears in the map cre-
ated during this study; examples of this are the relatively thick
sand and gravel deposits in eastern lowa.
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Figure 18. Map from the Ground Water Atlas (Olcott, 1992, fig. 30,
p. J9) showing the thickness of glacial deposits in lowa.
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Figure 19. Map created during this study showing the total thickness
of coarse-grained sediment within the glacial deposits in lowa.
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saipn)g Jay3Q wouj sdepy yam uonewsoyuy a16ojoaliospAy jo sdepy Huriedwos

L€



32 Maps and Grids of Hydrogeologic Information Created from Standardized Water-Well Drillers’ Records of the Glaciated United States

Williston Basin Groundwater Availability Study

The USGS Groundwater Resources Program examined
groundwater use and availability in the Williston and Powder
River Basins (Reilly and others, 2008). The hydrogeologic
framework and related maps produced for the Williston and
Powder River structural basins provided an opportunity to
compare maps of hydrogeologic information created during
that study (Thamke and others, 2014) with maps of simi-
lar information created during this study. The maps for the
groundwater availability study in the Williston and Powder
River Basins were created by synthesizing available infor-
mation that included many publications, water-well drillers’
records, and geophysical information. These maps were used
to improve understanding of the regional hydrogeologic
framework and to support the construction of groundwater-
flow models. The study area included parts of North Dakota,
Montana, Saskatchewan, and Manitoba.

The map of total thickness of glacial deposits produced
during this study was compared with the same information
generated by the groundwater availability study for the Wil-
lison and Powder River Basins (figs. 21 and 22, respectively).
In general, the absolute difference between the thickness of
glacial deposits in both maps was less than 25 ft. The densities
of post-processing drillers’ records in North Dakota was 0.22
wells/mi’.

Potential Uses of the Maps and Grids
of Hydrogeologic Information

There are many potential uses for the standardized maps
and grids of hydrogeologic information. The gridded datasets
of hydrogeologic information, particularly horizontal and
vertical hydraulic conductivity, might be used in examining
aquifer vulnerability, surface-water low-flow characteristics,
groundwater/surface-water interaction, and groundwater
recharge. Maps showing the thickness of coarse-grained
deposits and total thickness of glacial deposits might be used
for estimating groundwater storage.

Limitations of the Maps of
Hydrogeologic Information

The application of maps and grids of hydrogeologic
information produced during this study to future hydrologic
investigations should consider (1) the accuracy of the water-
well drillers’ records used to construct the standardized
maps and grids, (2) the methods used to process the drillers’
records into the maps and grids, and (3) the density and spatial
distribution of the water-well drillers’ records. The Ground
Water Atlas of the United States (Miller, 1999) recommended
that the small-scale maps shown in that report not be used for
“local information or site-specific interpretations” (p. A3). In
this study, the maps of hydrogeologic information are inter-
polated between the well-record locations using numerical
methods. The applicability of these maps to large-scale studies
should be evaluated based on the density of drillers’ records in
the vicinity of the target area and the users’ confidence in the
interpolation method relative to the geologic setting.

The interpretation of the drillers’ descriptions into GWSI-
compatible names were spot-checked. Time constraints did not
allow an inspection of all interpretations; therefore, a limited
number of errors probably exist in the information used to
construct maps and grids. Those errors are likely a small
proportion of the entire lithologic record and do not substan-
tially influence the outcomes expressed in the maps and grids.
In areas of low local drillers’ record density, however, a few
wells with incorrect lithologic interpretation could locally
dominate the values represented in the maps and grids.

The user of values appearing in maps and grids of the
texture-based estimated equivalent of hydraulic conductivity
and transmissivity should be aware that those are not absolute
values, nor is the relative difference between the coarse and
fine end-members, because no aquifer-test evaluations were
done to derive the estimated values. The range of hydrau-
lic conductivity values used to compute the texture-based
estimated equivalent of hydraulic conductivity for the entire
thickness of glacial deposits was selected to be generally rep-
resentative of values that could be expected for those geologic
deposits. The values in the maps and grids of texture-based
estimated equivalent hydraulic conductivity and transmissiv-
ity, however, may be re-scaled for applications to areas where
measured values of aquifer properties are available for scaling
purposes.
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