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ABSTRACT: Aquifers and groundwater systems can be classified using a variety of independent methods to
characterize geologic and hydraulic properties, the degree of connection with surface water, and geochemical
conditions. In light of a growing global demand for water, an approach for classifying groundwater systems at
the watershed scale is needed. A comprehensive classification system is proposed that combines recognized
methods and new approaches. The purpose of classification is to provide groundwater professionals, policy makers, and watershed managers with a widely applicable and repeatable system that reduces sometimes cumbersome complex databases and analyzes to straightforward terminology and graphical representations. The
proposed classification system uses basin geology, aquifer productivity, water quality, and the degree of groundwater ⁄ surface water connection as classification criteria. The approach is based on literature values, reference
databases, and fundamental hydrologic and hydrogeologic principles. The proposed classification system treats
dataset completeness as a variable and includes a tiered assessment protocol that depends on the quality and
quantity of data. In addition, it assembles and catalogs groundwater information using a consistent set of
nomenclature. It is designed to analyze and display results using Geographical Information System mapping
tools.
(KEY TERMS: hydrogeology; groundwater management; watersheds; watershed management; geographical
information systems; rivers ⁄ streams; surface water ⁄ groundwater connection; land use.)
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INTRODUCTION

Ideally, every major land use decision should
include consideration of the source(s) of water necessary to sustain the management decision, in addition
to consideration of economic, environmental, and
social costs (Van de Wetering, 2007). Unfortunately,
in light of growing water demands associated with

population growth, development, and the expected
effects of climate change, this seems to rarely be the
case (Alley et al., 2002; Daughton, 2004; Jury and
Vaux, 2005). Clearly, the world faces growing water
supply and availability challenges. In the arid and
semiarid areas of the western United States (U.S.),
demands for water will increase competition among
agricultural, municipal, industrial, and ecological
water users (Watson et al., 1998; Loáiciga, 2000;
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Loáiciga et al., 2000; Field et al., 2007; Kundzewicz
et al., 2007). Furthermore, groundwater is no longer
regarded as a hydrologically independent natural
resource. It is intimately connected to surface water
often providing as little as 10% of perennial streamflow in watersheds dominated by low permeability
materials to more than 90% in highly permeable settings (Winter et al., 1998). The exchange between
surface water and groundwater at multiple scales is
considered a critical process underpinning the ecological systems associated with surface water systems
(Naiman et al., 1992; Stanford and Ward, 1992;
Gibert et al., 1997; Edwards, 1998; Hancock et al.,
2005). In cases where watershed scale groundwater
conditions are either inadequately characterized or
descriptions are overly complex, planners and managers are more likely to inadvertently minimize the
role of the groundwater system in resulting
watershed plans. In an effort to assist managers with
a mechanism by which they can incorporate
watershed scale groundwater data in their planning
process (Kendy, 2003; Carter et al., 2007), a standardized framework is presented for basin conditions
commonly found in the western U.S.
A methodology that summarizes hydrogeologic and
hydrologic datasets and indices is proposed that is
capable of describing both simple and complex
groundwater systems in watershed settings. The
methodology classifies and maps the watershed scale

WOESSNER
geological setting, aquifer productivity, groundwater
quality, depth to groundwater, and the degree of
groundwater ⁄ surface water exchange. The proposed
methodology uses a tiered watershed groundwater
classification approach that is based on an evaluation
of the quantity and quality of available data. It organizes descriptions of groundwater conditions both
graphically and descriptively (Figures 1-3; Appendix A). A nomenclatural scheme is developed for the
primary purpose of facilitating communication among
water scientists and professionals, managers, and citizens. The nomenclature is based on well supported
classification ranges and hydrological principles that
allow for users to organize, compare and contrast,
and interpret groundwater datasets.

BACKGROUND

Groundwater classifications have been developed
at various scales, however, rarely at the watershed
scale. Most often groundwater systems have been
classified by describing overall properties of geologic
materials or lumping earth materials into units with
similar hydrogeologic properties. Using grain size as
an organizer Meinzer (1923, 1942) published some
of the earliest tabulated hydraulic properties of

FIGURE 1. The Basic Components and Primary Steps Proposed to Classify Basin Groundwater Systems and a Diagrammatic Explanation of
Groundwater ⁄ Surface Water Ecotones in the Mountain and Plains Landscapes (adapted from Gibert, 1991 and simplified from Payne, 2010).
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FIGURE 2. The Progression of Tier 1 Through Tier 3 Assessment Procedures and Types of Data Required
to Classify Aquifers. Project budgets, schedules, and other factors may limit classification efforts
to Tier 1 or 2 studies which have a lower level of reliability compared to Tier 3 studies.

FIGURE 3. Aquifer Classification Mapping Framework. The arrow
and aquifer classification information is positioned on maps at
specific data points or within aquifers or areas within aquifers. The
arrow indicates general groundwater flow direction and coded aquifer production, geologic setting, groundwater quality and depth to
groundwater positioned in the four quandrants shown above. Aquifer class should be positioned in the upper right quadrant (or left
quadrant, depending on the arrow direction). The groundwater flow
direction arrow rotates similar to a compass arrow with each quadrant remaining stationary. An example is shown in the lower right
portion of the figure. Question marks and dashed lines are used to
show inferred groundwater flow direction or limited data support
classification results.

sediments and rocks including porosity, rock interstitial geometries at the pore scale, and specific yield.
Meinzer (1923) developed descriptions of regional
groundwater flow systems and water producing
regions of the U.S., as well as a classification of spring
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discharge (Meinzer, 1927). In 1937, Tolman described
free water, confined water, fixed groundwater (or connate water), and perched groundwater. Tolman
(1937), Thomas (1951), and Todd (1959) mapped and
described groundwater occurrence in the U.S. within
the general regions identified by Meinzer (1923).
Characterization of groundwater resources of the
U.S. was later expanded by Todd (1983) and Heath
(1984) who both described the general characteristics
of major groundwater production regions of the U.S.
Heath (1984) classified transmissivity (relative aquifer transmission capacity) of major aquifers into four
categories from very small (<25 m2 ⁄ day) to very large
(>2,500 m2 ⁄ day). He based his ranking on reported
literature values and common ranges of transmissivity.
Heath also listed corresponding porosity, recharge,
composition, and components of the primary aquifer
systems.
Maxey (1964) grouped earth materials with similar
hydrogeologic properties into hydrostratigraphic
units. He provided a method to translate and generalize local features into a more lumped classification.
Using mathematical models, Toth (1962, 1963) developed a groundwater flow system classification with
local, intermediate, and regional flow systems. Conceptually, Toth’s flow systems originate from a
recharge area and end at a discharge area.
Bear (1972) classified aquifers on a qualitative
scale ranging from good to poor aquifers, and relative
permeability of groundwater systems on a scale ranging from pervious, semipervious, to impervious.
Todd’s (1983) compendium of 20 papers describing
1005
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groundwater regions of the U.S. exemplifies the techniques and methods typically used for mapping and
characterizing aquifers and groundwater systems.
The format describing groundwater resources in
Todd’s work provides similar information for regions
in the U.S. with each region having unique mapping
and reporting methods, hydrogeologic characteristics,
and regional breaks in hydrogeologic data. Heath
(1984) and Todd (1983) produced useful summaries
for characterizing aquifers based on regional assessments, although the scale they examined is comparatively large (i.e., 1:1,000,000 or more vs. 1:100,000
often used at the basin or watershed scales). Waterbearing units were grouped into aquifers and nonaquifers (aquitards, aquifuges, and aquicludes), and
groundwater basins described as being comprised of
one large aquifer or several connected and interrelated aquifers (Todd, 1959, 1980; Lohman, 1972;
Poland et al., 1972; Freeze and Cherry, 1979).
Broader basin scale classification was conceptually
developed by Domenico (1972) who suggested groundwater systems are key components of watersheds,
including their ecological systems. Research in ecohydrology has described groundwater dependent ecosystems and the river-groundwater exchange process
(Hayashi and Rosenberry, 2002; Danielopol et al.,
2003, 2004, and 2006; Boulton and Hancock, 2005;
Eamus and Froend, 2006). Winter (2001) classified
landscapes into Fundamental Hydrologic Landscape
Units where characteristic groundwater conditions
are associated. Hibbs and Darling (2005), Anning and
Konieczki (2005), and Maurer et al. (2004) used physiographic groundwater classifications and the flow
characteristics of alluvial basins in western U.S. and
Mexico in their classifications. Most were developed
for specific geographic areas and are not necessarily
applicable in other geographic areas. The California
Department of Water Resources (2003) and the state
of Colorado (Topper et al., 2003) developed a system
that classifies groundwater geographically by groundwater basin or regional aquifer system. Similarly, the
U.S. Geological Survey (USGS) (2000) published the
Groundwater Atlas of the U.S.
In addition to the physical properties and flow
characteristics approach to classifying groundwater
systems, other classification methods use water
supply potential, water quality, and the potential to
contaminate groundwater systems as criteria.
Groundwater development potential, aerial coverage,
relative capacity of aquifers vs. demand, and vulnerability classifications are described using a scoring
methodology by Kreye et al. (1998) and Berardinucci
and Ronneseth (2002). EPAs DRASTIC model classifies aquifer vulnerability and was specifically developed to assess aquifer contamination potential (Aller
et al., 1987).
JAWRA
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In general, groundwater quality has been classified
from good to poor using several approaches (e.g.,
Walker, 2001; Lowe et al., 2002; Texas Natural
Resource Conservation Commission, 2003). The U.S.
Clean Water Act of 1977 requires groundwater quality be classified and in most states these classifications are based on specific conductance. In terms of
more detailed chemical classification methods, Back
(1961) developed mapping techniques for hydrochemical facies, an approach to differentiate groundwater
quality based on cation and anion chemistry.
In spite of these advances in classifying a wide
range of local to regional scale groundwater conditions, there exists no comprehensive framework for
describing groundwater conditions in watershed scale
settings or an approach that is linked explicitly to
land use planning. This paper proposes an approach
and method for such a classification. The proposed
classification scheme is designed to integrate methods
described in the literature along with new approaches
that are intended to enhance the exchange of information among hydrogeologists, watershed and land
use planners and managers, and the public.

APPROACH

A hierarchical approach is proposed for organizing, presenting, and describing groundwater conditions for watershed management applications, and
applying a standardized nomenclature, new mapping techniques, and a three-tiered assessment
methodology. This approach is designed to improve
communication between groundwater professionals
and natural resource managers, similar to the classification system for natural rivers developed by
Rosgen (1994, 1996). Rosgen’s morphological and
four-tiered approach brought together existing
stream metrics and uses a robust database of
hydrologic information and morphological classifications to support the system. Rosgen’s method has
received criticism by some that suggested the classification system is limited in utility and is more
appropriate as a communication tool (e.g., Juracek
and Fitzpatrick, 2003; Simon et al., 2007). This proposed groundwater classification is not a structural
adaptation of Rosgen’s method. It does not attempt
to include an evolution and functional process
approach as suggested by Rosgen.
This groundwater classification system does parallel Rosgen’s approach as it is supported by a groundwater database including literature values that are
used to define general characteristics of groundwater
systems, and it emphasizes an approach to better
1006
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communicate hydrological information to end users
(Simon et al., 2007). In addition, a tiered approach is
adapted from Rosgen’s methodology to define the
level of assessment and the general quality or usefulness of data collected to complete the classification
process. Criteria are also adapted from other
published classification systems to describe basic
groundwater quality and depth to groundwater,
which are identified in the Methods section. The
proposed classification scheme is based on fundamentally different scientific principles from Rosgen’s
approach (e.g., stream vs. aquifer function); however,
the proposed method is similar in that end users
benefit from a standardized classification system that
is intended to improve communication at multiple
levels.
Finally, a new mapping procedure that provides a
graphical summation of watershed groundwater data
is presented and applied using a Geographical Information System (GIS). The proposed mapping procedure is not intended to replace text, figures, maps,
and tables in comprehensive groundwater reports,
but to provide a practical graphical application that
groundwater professionals and watershed specialists
can use to illustrate and generalize groundwater conditions. The mapping is also designed to assist managers in determining the relative importance of
groundwater as a component of a watershed and to
allow for comparisons of watershed scale groundwater resources among sites.

FOR
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data compiled for individual watersheds will likely
vary significantly. There are additional criteria
that broaden the groundwater classification system,
components that are described in Payne (2010);
however, this paper is limited to the criteria listed
above.

LEVEL OF ASSESSMENT

Groundwater system classification begins with
characterizing the physical system, including the
geology, groundwater hydraulics, surface water features, and in some cases wetland vegetation and
aquatic biology (Figure 1). Specific field assessment
procedures are not described within this work, and
the reader is directed to standard texts and references. A three-tiered inventory approach for classifying basin groundwater systems is proposed (Table 1;
Figure 2). Tier 1 assessments are completed using
sparse datasets and are therefore less reliable. Tier 2
and Tier 3 assessments rely on more extensive information. In general, the higher the tier designation
the more robust the dataset and likelihood that
analyzes and interpretations appropriately represent
(or lower uncertainty) the watershed groundwater
conditions.

GEOLOGIC FRAMEWORK
METHODS

Four fundamental components are selected as the
principal parameters needed to classify watershed
scale groundwater conditions. These include the following:
• Geologic framework
• Aquifer productivity and corresponding hydrogeologic properties
• Groundwater quality
• Groundwater ⁄ surface water exchange and depth
to groundwater
The selection of these four parameters is based on
ensuring that the classification scheme incorporates
the typical type of information assessed by groundwater professionals as well as the type of information
needed by land use planners and watershed managers to support planning objectives. Furthermore,
by limiting the classification scheme to these factors,
it was recognized that the availability of hydrogeological
JOURNAL
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The geologic framework of a watershed is ideally
described in the context of the local and regional lithologic and depositional history. Miall (2000) and
Davis (1983) provide good summaries for basin analysis methods and sedimentary basin depositional models. Igneous and metamorphic settings can dominate
some western U.S. watersheds, and basin systems
can contain complex structural histories that need
consideration. The goal of the geological framework
analysis is to identify potential watershed scale
hydrostratigraphic units and the likely physical conditions that affect the presence of groundwater, range
of flow conditions, and aquifer properties (Maxey,
1964; Domenico, 1972).
Typically, for mountainous western basin landscapes, groundwater systems can be described as the
bedrock mountain groundwater system (upland), alluvial fan groundwater system (valley side), and fluvial
plain groundwater system (lowland) (Winter, 2001).
The proposed geologic classification codes are based
on valley side groundwater systems dominated by
1007
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TABLE 1. A Three Tier Assessment Hierarchy for Aquifer Classification.
Class

Description

Data Collection Summary

Data Quality Objective

Tier 1

Semiquantitative

Broad groundwater system analysis and aquifer
classification. Results are useful for baseline
analysis, limited planning, and data gap
identification.

Tier 2

Quantitative

Tier 3

Quantitative
coupled
with predictive
modeling

Tier 1 assessments generally rely on available local,
state, and federal data sources for groundwater
classification. New data are collected as budgets
allow and are used to support large-scale aquifer
classification mapping units.
Tier 2 assessments are quantitative hydrogeologic
assessments that require characterization of
groundwater and surface water resources. Tier 2
assessments use existing data and new data from
monitoring wells, aquifer tests, groundwater age
dating, geophysical surveys, streamflow
measurements, wetland surveys, and water quality
monitoring, etc. to fill data gaps.
Tier 3 assessments are quantitative assessments
coupled with predictive modeling. Results can be
used to address specific aquifer or watershed issues.
These assessments use the datasets generated from
Tier 1 and Tier 2 assessments and groundwater
modeling approaches. Tier 3 level analysis is
typically aimed at understanding complex
watershed ⁄ groundwater relationships including
groundwater quality, quantity, or interaction with
surface water, and end products typically support
groundwater management and protection.

alluvial fan deposits and lowland groundwater systems dominated by riverine deposits. In addition it is
assumed that watersheds of the western U.S. have

A detailed groundwater system analysis and
aquifer classification that expands baseline
data. Results are useful for planning needs
and characterizing suspected groundwater
issues or needs.

Tier 2 objectives and development of a
predictive tool useful for comprehensive
planning.

common geomorphic and geologic features that control groundwater movement, water production, and
water quality (Table 2).

TABLE 2. Geological Framework for Aquifers Associated With
Common Sedimentary ⁄ Bedrock Systems of the Western U.S.
Geologic Framework ⁄
Depositional ⁄ Classification
Alluvium
Colluvium
Alluvial fan
Fluvial plain meandering
Fluvial plain braided
Fluvial plain older terrace
Volcanic unconsolidated
Glacial till
Glacial outwash
Glacial moraine
Lacustrine ⁄ Playa
Eolian
Debris flow ⁄ landslide
Bedrock1
Undifferentiated

Ax
Cx
Afx
Fpm
Fpb
Fpt
Vu
Gt
Go
Gm
L
Ex
Dfx
Bx
Ux

Note: An ‘‘x’’ is included on the end of the mapping codes as an
option to indicate local lithology changes.
1
A large number of consolidated volcanic (e.g., basalt, breccia, tuff,
etc.) and bedrock formations (granite, sandstone, quartzite, gneiss,
etc.) are possible. Identifying the type of bedrock can be included
in the classification nomenclature as an abbreviation [e.g., Bss
(sandstone), Bv (volcanic undifferentiated), Bbst (basalt), and Bls
(limestone)]. Only competent bedrock is included in this category.
Unconsolidated and semiconsolidated materials should be included
in the sedimentary codes in Table 2.

JAWRA

AQUIFER PRODUCTIVITY AND
CORRESPONDING HYDROSTRATIGRAPHIC
PROPERTIES

Mapping
Code

Once the geological framework has been classified
the next step is to identify potential aquifer systems,
and likely groundwater boundaries and properties.
This step generally involves development of a conceptual basin scale model of the hydrogeology including
defining hydrostratigraphic units (Maxey, 1964) and
groundwater system boundaries (Anderson and
Woessner, 1992). Cross-sections and fence diagrams
are often used to depict both general and unique
physical and hydrological conditions in these settings,
and groundwater levels should be compiled and
mapped to interpret flow direction.
Aquifer productivity and hydraulic properties of
groundwater systems can be compiled from available
site-specific literature, concurrent studies, or from
general hydrogeologic references. Aquifer properties
include: porosity (n), specific yield (Sy), storage coefficient (S), hydraulic conductivity (K), transmissivity
(T), thickness of the aquifer (b), and cross-sectional
area perpendicular to flow (A) to allow the calculation
1008
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of groundwater discharge (Q) as needed. A water
balance computation and a surface water routing
analysis (e.g., position of surface flow loss or gain in
streams, rivers, and irrigation water conveyance)
are also useful to help characterize aquifer function, groundwater ⁄ surface water exchange processes,
and groundwater recharge and discharge relationships (Winter, 1981; National Research Council,
2004).
As part of this work, an aquifer productivity dataset was formulated from published groundwater studies and databases (Table 3) by compiling information
of aquifer conditions, well production rates, and general aquifer properties (K, T, Sy, and specific capacity). The data were correlated to reported well
production rates and grouped into four general categories: high flow, intermediate flow, low flow, and
limited or no flow (Table 4). The parameter ranges
selected to describe potential well production potential are based on over 20,000 individual well records
and aquifer property descriptions. The data were
organized into a spreadsheet database, and grouped
by geographical location, and geological parent material. Data grouped into general aquifer flow potential
categories were evaluated by constructing box and
whisker plots to determine the 25th and 75th quartiles, maximum and minimum values, mean, median,
standard deviation, and confidence intervals for data
groups. The results reported in Table 5 were evaluated further by comparing them with the reported
common ranges of hydraulic characteristics reported
for low, intermediate, and highly productive aquifers by Heath (1984) and Bear (1972) (Appendix A;
Figures S1-S3). The numerical classifications presented here were rounded to whole numbers using
English units and then converted to metric units
(Table 5).
The narrative classification in Table 4 (based on
empirical criteria) and numerical productivity ranges
in Table 5 are used together to support the aquifer
productivity classification. It is suggested that during
the classification process, most emphasis should be
placed on using the narrative classification as the
definitive factor for selecting the final productivity
classification. In addition, while some aquifers may
have less production potential than others, aquifers
classified as having moderate or low production
potential may serve as important water supplies or
sources of discharge to wetland, river, and riparian
ecosystems.
In addition to aquifer productivity classification,
aquifer size, relative aquifer capacity vs. productivity
(Kreye et al., 1998; Berardinucci and Ronneseth,
2002), anthropogenic impacts associated with storage
depletion and infiltration can be included in this
classification system. These additional classification
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criteria are not included in this paper but their importance and application to groundwater classification
are described by Payne (2010).

TABLE 3. Literature Cited and Geographic Location
for Aquifer Productivity Data.
Source

Geographic Location

Anderson (1995)

South-Central Arizona and
parts of adjacent states
Anderson et al. (1999)
Snake River Plain Aquifer, Idaho
Angeroth (2002)
Pinal Creek Basin near Globe,
Arizona
Bertoldi et al. (1991)
Central Valley, California
Bredehoeft and Farvolden (1963) Intermontane Basins of
Northern Nevada
Frenzel and Kaehler (1992)
Mesilla Basin, New Mexico
and Texas
Geldon et al. (2002)
Upper Colorado, New Mexico,
Utah, and Wyoming
Geldon (2003)
Yucca Mountain, Nevada
Gutentag et al. (1984)
High Plains Aquifer of Colorado,
Kansas, Nebraska, New Mexico,
Oklahoma, South Dakota,
Texas, and Wyoming
Harlow and Lecain (1993)
Southwestern Virginia
Harrill and Preissler (1994)
Western Nevada
Heath (1984)
The entire U.S.
Hollyday and Hileman (1996)
Valley and Ridge Physiographic
Province Eastern and
Southeastern United States
Johnson et al. (1968)
Central California
Kontis et al. (2004)
Glaciated Northwest U.S.
Lindholm (1996)
Idaho and Eastern Oregon
Lyke and Brockman (1990)
Onslow and Jones Counties,
North Carolina
Mason (1998)
Southwestern Utah
Maurer (2002)
Douglas County, Nevada
Maurer and Berger (1997)
West-Central Nevada
Maurer and Thodal (2000)
Western Nevada
McFarland and Ryals (1991)
South-Central Oregon
Payne and Magruder (2004)
Southwest Montana
Plume (1996)
Great Basin Region of Nevada,
Utah, and Adjacent States
Pope et al. (1999)
Southwest Montana
Risser (1988)
White Sands Missile Range,
New Mexico
Ryder and Ardis (2002)
Texas Gulf Coast
Slagle (1988)
Northwestern Montana
Steele et al. (2002)
Western Nebraska
Swain et al. (2004)
Valley and Ridge, Blue Ridge,
and Piedmont Physiographic
Provinces in the Eastern
United States
Thomas et al. (1989)
Lander County, Nevada
Uthman and Beck (1998)
Southwest Montana
Vaccaro (1992)
Washington, Oregon, and Idaho
Vaccaro et al. (1998)
Puget Sound, Washington
and British Columbia
Wilkins (1998)
Parts of Colorado, New Mexico,
and Texas
Woodward et al. (1998)
Oregon and Washington
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TABLE 4. Narrative Classification and Indicators for Classification of High, Moderate, and Low Production Aquifers.
Code

Flow Class Potential1

A

High flow

B

Intermediate flow

C

Low flow

Lf

Limited or no flow

Aquifer Flow (Q) Narrative Description Test
High flow aquifers provide water for large-scale irrigation and municipal water supplies and the
aquifers have little or no drawdown when stressed from pumping. Well placement for large
municipal or irrigation water supplies is routine because of the availability of groundwater. These
aquifers are an excellent source of domestic well water. These aquifers may also provide significant
groundwater discharge to large streams and rivers.
Intermediate flow aquifers provide water for irrigation and municipal water supplies. However, well
placement may be challenging in order to develop a desired flow rate, drawdown in production wells
may be significant, exceeding more than 50% of the available drawdown, and wells are often
carefully designed and placed to maximize well efficiency. These aquifers are usually a good source
of domestic well water. These aquifers may also provide significant groundwater discharge to small
and moderate size streams and rivers.
Low flow aquifers are generally not used for irrigation or municipal water supplies. These aquifers
may be used for domestic groundwater supplies but locating wells may be difficult or may not
achieve the desired minimum flow rate. These aquifers have limited groundwater discharge potential
except for small streams and wetlands.
Generally not used for any type of water supply and provide little or no groundwater discharge to
surface water.

Note: Lf, aquitard.
1
Aquifer flow potential is dependent on the geometry of the aquifer as well as the hydraulic properties in Table 5. Quantitative partitions are
not proposed for this reason but described as narrative classification criteria.

TABLE 5. Hydraulic Indicators for Classification of High, Intermediate, and Low Production Aquifers.1
Class
A
B
C
Lf

Flow Potential

SpC

K

T

Sy2

S3

i3

High flow
Intermediate flow
Low flow
Limited or no flow

>58
0.6-58
<0.6-0.01
<0.01

>76
0.8-76
<0.8-0.01
<0.01

>2,300
23-2,300
<23-0.23
<0.23

0.12-0.35
0.10-0.35
0.02-0.12
<0.02

Variable
Variable
Variable
Variable

Variable
Variable
Variable
Variable

Notes: SpC, Specific capacity (l ⁄ min per meter of drawdown); K, hydraulic conductivity (m ⁄ day); T, transmissivity (m2 ⁄ day); Sy, specific yield
in unconfined aquifers; S, storage coefficient for confined and semiconfined aquifers; i, gradient; Lf, aquitard.
1
Numerical values in this table provide an indication of the potential aquifer productivity. The ranges in this table should be compared with
the narrative aquifer flow criteria in Table 4 to classify aquifers as low, intermediate, or high flow systems. Additional productivity subclasses
that separate the Class A, B, and C productivity ranges are described by Payne (2010).
2
Adapted from Johnson (1967).
3
Insufficient data to partition storage (S) into high, intermediate, and low flow aquifers.

GROUNDWATER QUALITY

A logical classification scheme for groundwater
quality is to relate it to human consumption and beneficial use as defined in the amended Clean Water
Act of 1977.
Commonly, specific conductance is used to classify
general groundwater quality as good to poor and that
criterion is used in this work (Table 6). Other criteria
such as the dominant cation and anion chemistry,
presence of common pollutants, and an aquifer’s susceptibility to becoming contaminated, can also be
used as additional water quality descriptors. These
criteria are not included in this initial description of
the classification, but an expanded version of the
classification scheme is described in Payne (2010).
JAWRA

GROUNDWATER ⁄ SURFACE WATER EXCHANGE
AND DEPTH TO GROUNDWATER

The primary purpose of this classification component is to characterize if streams are gaining or losing groundwater and if there is seasonal variability
in the exchange. In addition, depth to groundwater is
included in classification criteria since depth to
groundwater is a critical component for assessing
groundwater ⁄ surface water exchange, although depth
to groundwater has other important relationships
related to conserving and developing groundwater
such as vulnerability assessments and installation of
wells. The criteria used to classify how portions of
the groundwater system are linked with surface
water features include the depth of groundwater
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TABLE 6. General Groundwater Quality Classification.
Criteria

Good Type 1 (T1)

Limited Type 2 (T2)

Poor Type 3 (T3)

Very Poor Type 4 (T4)

Specific conductance1 (SC)
(microsiemens per cm at 25C)
Domestic ⁄ municipal water supply

<1,0002

1,000 and <2,500

2,500 and 15,000

>15,000

Yes3

Yes3
Yes3
Yes

No if SC is >7,000
(it is rare to use
water that is >2,500)
Yes, marginally useful
Yes, marginally useful
Yes, marginally useful

No

Irrigation use
Commercial and industrial use
Wildlife ⁄ livestock ⁄ aquatic
life ⁄ phreatophytes use

Typically not useful –
marginally useful
according to the CWA
Yes, typically
Yes, marginally useful
Yes, marginally useful

No
Some uses
No

Note: CWA, Clean Water Act.
1
Adapted from the State of Montana Administrative Rules 17.30.1011.
2
An ‘‘e’’ modifier may be used with Type 1 water quality classification if the SC is below 250 suggesting a relatively good ⁄ excellent water
quality is present: T1e.
3
With cost-effective or no treatment.

below land surface, direction and magnitude of vertical groundwater gradients (with sufficient data from
nested well sites), estimated proportion of surface
water that is derived or lost to groundwater, and the
presence or absence of ecological indicators associated
with shallow groundwater (Winter et al., 1998;
Winter, 1999; Hayashi and Rosenberry, 2002; Hancock et al., 2005; Eamus and Froend, 2006). Payne
(2010) describes in more detail the groundwater
recharge process and methods to determine rates,
water level variability, and the need for completing a
groundwater ⁄ surface water balance.
Developing a classification scheme describing the
depth to groundwater below land surface is arbitrary.
For example, shallow groundwater is defined as ranging from <0.33 m (1 foot) (U.S. Army Corps of Engineers, 1987) to 30 m (100 feet) (USGS, 1999) below
ground surface. In this paper, descriptions from the
literature and professional judgment were used to
develop criteria describing depth to groundwater.
This work establishes a classification using four
depths: very shallow, shallow, proximal, and deep
(Table 7). In addition, consideration must also be
given to the length of time groundwater remains at
or above the specified elevations (Table 7). Based on

a literature review, a depth of 2 m is used to distinguish ‘‘very shallow’’ or near-surface groundwater
from ‘‘shallow’’ groundwater (U.S. Army Corps of
Engineers, 1987). Plant root systems, including wetland plant species, often tap the water table at this
depth and groundwater is likely to discharge to adjacent surface bodies (Payne and Magruder, 2004).
Wetlands and riverine ecology are more commonly
linked to groundwater and ⁄ or surface water resources
when the water table is classified as very shallow
(Moore and Rhoades, 1966; U.S. Army Corps of Engineers, 1987; Hayashi and Rosenberry, 2002; Hancock
et al., 2005).
Groundwater levels 2 and <7 m below ground surface are classified as shallow groundwater. Some
trees, shrubs, and herbaceous plants are able to tap
groundwater at this depth (Candell et al., 1996), but
obligate wetland plant species commonly do not
access the water table in this depth range (U.S. Army
Corps of Engineers, 1987), and discharge to surface
water is less likely.
Clearly, many portions of a watershed are likely to
have depths to groundwater exceeding 7 m below
ground surface. Depths of groundwater 7 and <30 m
are classified as proximal depths. Table 7 also

TABLE 7. Depth to Groundwater Classes for Unconfined Aquifers.1
Criteria

vs
2

Depth to water (m)
Strong GW ⁄ SW connection
Water table gradient

s
3

<2
Very common
Variable

p
4

2 to <7
Fairly common
Variable

7-30
Uncommon
Variable

d
>30
Very uncommon
Variable

Notes: vs, very shallow; s, shallow; p, proximal; d, deep.
1
Confined aquifers and underlying deeper aquifers are assumed to have occasional or no direct connection to surface water. However, these
aquifers may discharge to unconfined aquifers that have critical surface water connections. In settings where groundwater may be much
deeper than 30 m and is considered significant for planning, classification of depth can include an indicator on the classification to approximate first groundwater is greater than a given depth (e.g., d>200).
2
Water tables <0.33 m below ground surface for more than 14 days ⁄ year are likely a wetland.
3
High points must be maintained, on average, 14 days ⁄ year.
4
Low point can be >7 m deep below the stream channel during the nongrowing season.
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includes a class used to indicate that the water table
is ‘‘deep’’ meaning it is 30 m or more below ground
surface (USGS, 1999) and the ability to indicate if
depth to groundwater is much deeper than 30 m. The
depth to groundwater is designated for unconfined
aquifer conditions as noted in Table 7; however, the
depth to the top of confined and semiconfined aquifers can also be used if there is a direct groundwater
connection between the confined system and surface
water resource.
Table 8 partitions estimates of groundwater discharge contributions to wetlands, streams, rivers,
and lakes (minor to significant). In some cases, surface water resources may recharge shallow aquifers.
In these situations, the analysis is similar but
reversed where losing lacustrine systems are recognized using an ‘‘R’’ indication for aquifers that receive
a minor to significant amount of recharge from surface water features. This condition is classified as a
percent of available streamflow lost to groundwater
(Table 8) for a given stream reach or water body.
If there are sufficient data to provide a more accurate
range (e.g., R equals 5-10% or R5-10) or a specific
percentage (e.g., D35), these percentages can be used
instead of the quartiles in Table 8. Synoptic surface
water flow data coupled with in or near channel
TABLE 8. Groundwater ⁄ Surface Water Exchange Classes
for Unconfined Aquifers Near Surface Water Features.1

Gaining streams ⁄ stream reaches2 –
percent surface water flow
gained from groundwater3
Low contribution
Moderate contribution
High contribution
Very high contribution
Losing streams ⁄ stream reaches2 –
percent surface water flow
lost to groundwater3
Low contribution
Moderate contribution
High contribution
Very high contribution

Percent

Class

<25%
25-50%
>50-75%
>75%

D25
D50
D75
D100

<25%
25-50%
>50-75%
>75%

R25
R50
R75
R100

WOESSNER
groundwater ⁄ surface water elevation data provide
information needed to characterize groundwater ⁄
surface water exchange (Winter et al., 1998). In cases
where an aquifer is distal from surface water or wetlands, the R and D subclasses should be left blank.

CLASSIFICATION OF MULTIPLE
AQUIFER SYSTEMS

Classification of basin aquifers must include the
ability to differentiate three-dimensional groundwater
conditions including the presence of multiple aquifers. For example, an alluvial fan or fluvial plain setting may include deeper water-bearing units that
exhibit very different groundwater production potential, spatial coverage, or geology. In some cases deep
water-bearing units may be important components of
the watershed groundwater system. Such conditions
may result in defining upper, intermediate, or deep
water-bearing units as commonly done when formulating a three-dimensional groundwater flow system
of a complex watershed scale groundwater system
(Anderson and Woessner, 1992). Groundwater professionals have used layered conceptual models for
many years to illustrate primary water-bearing units
and aquifers of interest at large and small scales
(e.g., Maxey, 1964; Wilkins, 1998; Woodward et al.,
1998; Magruder and Payne, 2008).
Multiple aquifer systems can be depicted in plan
and cross-sectional views to show aquifer classification
results across the entire system. The more robust the
hydrogeologic and deep well data, the more practical it
is to develop detailed horizontal and vertical aquifer
classification profiles of watersheds. A case study completed by the authors classifies the deep and shallow
aquifers in the Lower Ruby Watershed, Southwest
Montana and demonstrates the classification of multiple aquifer systems (Payne, 2010).

1

For streams ⁄ rivers with no significant loss or gain, ‘‘R ⁄ D’’ can be
used to indicate steady conditions along a stream reach (e.g., no
significant surface water flow loss or groundwater gain measured
in study). Seasonal classification of groundwater ⁄ surface water
exchange may be required to classify variability using spatial and
temporal presentations.
2
In cases where surface water features have exchange with more
than one aquifer, the classification effort should be completed for
each aquifer and ⁄ or each surface water feature or stream reach
(as appropriate for site-specific conditions and project objectives).
3
An actual percentage or range vs. the quartile range listed may be
used with sufficient flow data and to show variability. R represents the percent streamflow lost along a reach to groundwater
and D represents the percent streamflow gained along a reach
from groundwater.

JAWRA

RESULTS – APPLICATION OF
AQUIFER CLASSIFICATION

This section outlines the proposed approach for
organizing and tabulating groundwater classification
results (Figure 1; Table 1; Appendix A). The assessment data and field observations may be averaged
over the entire aquifer, to subareas within aquifers
as data allow, or reported on a well by well basis.
The groundwater classification scheme presented
here is most useful when summarizing aquifer
1012

JOURNAL

OF THE

AMERICAN WATER RESOURCES ASSOCIATION

AN AQUIFER CLASSIFICATION SYSTEM

AND

GEOGRAPHICAL INFORMATION SYSTEM-BASED ANALYSIS TOOL

characteristics and then linking the results to more
detailed information contained in project reports. In
addition, the classification provides site managers
with a detailed and relatively inexpensive tool for
comparing and contrasting groundwater systems
within and among watersheds. Below is the proposed
order for classifying groundwater systems as well as
a hypothetical example using the primary classification codes:
• Aquifer productivity class + geologic framework
• General water quality using specific conductance
class
• Depth to groundwater + groundwater ⁄ surface water
exchange class
• Level of analysis
An example set of classification codes for an aquifer:
Class A Fpm Type 1 vsD25 Tier 2
Mapping provides a visually appealing and concise
way to represent spatial tabular data. Selecting the
mapping method depends upon the desired level of
analysis, scale, spatial and temporal data coverage,
and budgetary limitations. Figure 3 illustrates the
proposed mapping system for aquifer classification
and Figure 4 shows hypothetical variability of depth
to groundwater and groundwater and surface water
exchange in riverine settings. Uncertainty is visually
shown on the mapping symbol using dashed lines

FIGURE 4. A Diagrammatic Example of Aquifer Classification
Along a Fluvial Plain Aquifer and Meandering River Reach With
Variable Groundwater ⁄ Surface Water Connection and Depths to
the Water Table. See Tables 3, 4, 7, and 8 for classification criteria.
Seasonal variability at some locations may change with time from
gaining to loosing as a function of climate and use of water
resources. Aquifer classification will also change seasonally and
should be adjusted to reflect variability.
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and question marks where flow direction is inferred
or if specific classifications are inferred.
Application of the aquifer classification mapping is
illustrated in Figures 5 and 6, and summarized in
Table 9, showing simplified classification results for
the Upper Beaverhead Basin aquifer of southwestern
Montana. A Tier 3 level groundwater study was completed on the shallow alluvium and fluvial basin fill
sediments by Uthman and Beck (1998). Their study
and references provide an example of the type and
level of information needed to classify basin fill
groundwater systems at the watershed scale. Their
work presented a water balance as well as synoptic
streamflow monitoring data. The adjacent upland
areas next to the basin fill sediments are classified
but due to limited data in the upland and bedrock
areas, the upland classification is considered a Tier 1
level analysis (Table 9). For applied studies, a largescale map should be prepared for reporting purposes
to graphically show classifications and tabulated
results in a format similar to that used on geological
maps. The tabulated results should be with the map
to provide an explanation of the coded information on
the map. Application of the classification mapping
process is further developed by Payne (2010) illustrating how the mapping is applied to watershed settings in the western U.S. using large-scale maps and
GIS in the Tahoe Basin, California; Paradise Valley
Watershed, Nevada; Boulder – Longmont Watershed,
Colorado; and Lower Ruby Valley Watershed,
Montana.
Geographical Information System mapping tools
should be used to display classification results. Tabular classification can be attributed to each aquifer
from spreadsheets or relational databases to allow
the end user to view mapped information with aquifer specific tabular information. The use of GIS software is recommended to initially map watershed and
groundwater system boundaries and other components as GIS layers, such as the geology and water
wells. Groundwater systems should be assigned colors
or geologic patterns to assist end users (Figure 6).
Once aquifers are mapped in GIS and detailed tabular data are attributed to each aquifer, they can be
overlaid with management GIS layers such as municipal water systems, proposed developments, and
surface water restoration projects for analysis.

DISCUSSION

The aquifer classification system described in this
paper is intended to improve communication and provide government agencies, natural resource managers,
1013
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FIGURE 5. Generalized Geology of the Upper Beaverhead Basin
(adapted from Uthman and Beck, 1998 and modified from Ruppel et al., 1993).

land use planners, and conservation organizations
with a methodology that is repeatable, useful to manage watershed scale groundwater resources, and plan
conservation activities. It is realized that the proposed
classification system requires further application in
order to test the proposed process and develop support
for wider application and acceptance.
This classification includes four primary criteria:
(1) geological framework, (2) aquifer properties ⁄
productivity, (3) groundwater quality, and (4) the
degree of groundwater ⁄ surface water exchange. The
proposed aquifer classification provides a format for
mapping groundwater conditions across large regions
and allows for comparison of conditions among watersheds as surface mapping units. Subsurface groundwater flow direction may not necessarily follow
watershed boundaries topographic flow patterns and
cross into adjacent watersheds. Once mapped and
aquifers classified, the results can be overlain with
other natural resource layers (e.g., soil, hydrography,
geology, groundwater contamination plumes, etc.),
existing infrastructure (e.g., roads, cities, sewer lines,
JAWRA

fuel pipelines, water supply lines, irrigation land use,
water supply wells, etc.), and proposed developments
or new land uses (e.g., subdivisions, irrigation projects, gravel operations, dams, etc.).
The ability to overlay GIS layers showing groundwater conditions provides the end user with a useful
tool to integrate groundwater resource data with natural resource planning efforts. Most digital groundwater data are derived from accessing point files
associated with wells, which is useful for some purposes, but for planning exercises on a landscape
scale, aquifer characteristics generally have to be
characterized across larger areas by groundwater
professionals in order to be useful by others. This
method provides an approach to consistently map
and compile point data and develop groundwater condition maps at the watershed ⁄ basin scale. Further,
classification can be depicted by applying GIS software that converts point file data into landscape
interpretations of groundwater conditions.
The proposed mapping techniques are not meant to
replace the text, figures, maps, and tables in ground1014
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FIGURE 6. Simplified Upper Beaverhead Basin Aquifer Classification (see Tables 1 and 9 and Figure 3
for additional aquifer classification information). Adapted from Payne (2010).
TABLE 9. Upper Beaverhead Basin Aquifer Classification Summary (See also Figure 6).

Notes: vs, very shallow; s, shallow; p, proximal; d, deep; ?, professional judgment. Source: Uthman and Beck (1998).
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water reports. Further, the classification and mapping
does not replace focused objectives and having qualified professionals involved in the analysis. The classification system is intended to enhance typical reporting.
Users are provided a graphical approach to illustrate
the relative importance of groundwater as a developable resource, while also identifying where groundwater and surface water interactions are likely to be
present, or where conditions may not favor groundwater development because an area is highly developed
or already impacted. Payne (2010) provides additional
information on mapping impacts in groundwater settings and case studies showing examples. Mapping
water supply wells and other wells as a GIS layer is
also useful to support aquifer classification and consider the level of groundwater development in study
areas. While aquifer classification provides a framework within which discussions and questions can be
framed, the comprehensive studies used to develop the
classification results are the primary source of information that ultimately quantitatively frames groundwater conditions. Further, mapping groundwater
conditions, especially in relationship to surface water
exchange, may need to include seasonal variability.
Finally, groundwater flow direction may cross surface
drainage patterns in watersheds and mapping groundwater interaction with adjacent watersheds is appropriate when classifying aquifers.
The mapping approach in Figure 3 is the simplest of
approaches to illustrate the classification results and
can be drawn using most software drawing utilities.
There are other mapping approaches that can be
applied that may improve the usability and comprehension of the classification results (Figure 7). As suggested by a reviewer of this work, a software extension
could be written specifically for mapping aquifer classification results, such as an ESRI ArcGIS 9.x extension,
which would allow users to quickly post classification
results on aquifer delineation maps. Development of
such a software extension would be desirable as the
classification system becomes more widely accepted.
This aquifer classification system differs from previous attempts to classify aquifers and organize
watershed scale groundwater data. The proposed
classification system offers the end user a repeatable
and comprehensive classification framework that can
be applied under conditions of when data are either
sparse or rich. In cases where there are limited data,
a partial classification can be completed and later
expanded as new data become available. The classification is also different because it combines a number
of techniques that together are useful to consistently
compare, contrast, and map groundwater systems in
watershed settings.
Clearly, the spreadsheet aquifer productivity database developed to support this classification scheme
JAWRA

WOESSNER
can be improved upon with the addition of more data
and rigorous statistical analysis. It would be desirable to have agencies such as the U.S. Geological Survey and state water and geological surveys develop a
national database and improve the GIS mapping
approach used to display data. Similar to open-ware
software, through professional research and development, it may be possible to enhance this classification
system making it more planning and management
friendly.
Within the professional community, most groundwater professionals exercise a fairly high level of freedom in technical reporting and interpretation of
hydrologic data. From an applied perspective, all
groundwater systems will not fit exactly into the
numerical and narrative classification criteria described in this paper. There will be exceptions where
some aquifers exhibit unique properties falling outside of the norm and crossing classification criteria
boundaries. Classifying watershed scale groundwater
systems is not an either ⁄ or process, meaning that
site-specific conditions may warrant not selecting
some classification criteria in favor of others.
A weight of evidence analysis (Weed, 2005) and professional judgment should be used to select classification criteria when aquifers exhibit criteria that span
multiple classifications giving weight to the representation of information that would most aid land use
planning and watershed management decision making (e.g., the end user of hydrogeologic data). As supported above, a national database of aquifer
characteristics would benefit future water resource
studies, groundwater classification systems, and ecosystem conservation activities. The Commission on
Geosciences, Environmental and Resources (2000)
also has advocated development of a central database
repository for credible sources of groundwater data.
They state that once assembled, these data have
value far beyond their immediate use for a specific
study. They recognize that there is uncertainty on
how to coalesce the many reporting formats, mapping
techniques, databases, and units into a single
national database for groundwater systems.

CONCLUSIONS

Groundwater systems assessed on the scale of
watersheds are often complex in that they are
linked to surface water features, groundwater may
cross watershed boundaries vs. following the surface
drainage patterns, and they provide water for
municipal, residential, agricultural, and industrial
use. Traditionally, large-scale groundwater investi1016

JOURNAL

OF THE

AMERICAN WATER RESOURCES ASSOCIATION

AN AQUIFER CLASSIFICATION SYSTEM

AND

GEOGRAPHICAL INFORMATION SYSTEM-BASED ANALYSIS TOOL

FOR

WATERSHED MANAGERS

IN THE

WESTERN U.S.

gations have not been reported in the context of a
standardized groundwater classification system that
can be applied in other groundwater settings. To
address this need, the proposed method uses:
(1) geological framework, (2) aquifer productivity,
(3) groundwater quality, and (4) the proportion of
surface water gained or lost to groundwater to
classify watershed scale groundwater systems. The
classification system results are displayed in both
map and table form and the classification system
provides a method to not only describe groundwater
conditions in an individual watershed, but also compare groundwater conditions among watersheds
using standardized classification criteria. It provides
a communication tool for managers, planners, and
conservation groups to consider groundwater conditions at the watershed scale and support natural
resource decision making. To this end, the watershed
scale groundwater classification system presented
here is an important step in improving communication among scientists and engineers, planners and
managers, and the public.

FIGURE 7. An Alternative Mapping Approach for Classification
Results. A dashed circle is used to indicate uncertainty
in the classification results. Each quadrant shows
the same information as in Figure 3.

APPENDIX A
Recommended Contents, Description, and Examples for Tabulated Aquifer Classification.
Groundwater
Classification Criteria
Name of aquifers

Aquifer productivity
and hydraulic properties

Aquifer thickness,
annual head change,
and related properties
Geologic framework
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Sample Code and ⁄ or
Classification

Description
Each classified aquifer should be named. Where areas within aquifers are
classified separately because of changes in productivity, water quality, or
connection with surface water resources those areas can be classed as
suborders within aquifers depending on the scale and utility. The name
should reflect the existing name or a broad geologic setting and general
location. Other modifiers should also be used to differentiate aquifers or
areas within aquifers if supported. Maps should be used to locate the
project area and show aquifer boundaries. Guidance for naming aquifers
is provided in USGS (2000), Laney and Davidson (1986), and ASTM (2004).
Aquifer productivity is linked to the production classes in Tables 3 and 4.
Supporting information should be tabulated as well as the general class to
show maximum, minimum, and median production values for specific
capacity (SpC), hydraulic conductivity (K), transmissivity (T), and specific
yield (Sy), as examples. The aquifer properties will range spatially depending
on the number of wells and the quality of data. Professional judgment
should be used to determine which measure, such as the median or 95th
percentile, should be used to classify aquifer production. In some cases,
especially for Tier 1 assessments, some parameters may be inadequately
quantified and have to be estimated based on literature values. Question
marks can be used after classifications to indicate insufficient data.
These data are useful for aquifer analysis. Other hydraulic parameters can also
be tabulated such as gradient or average groundwater velocity to help describe
the aquifer. See Payne (2010) for classification of these data.
The geologic framework is the classification nomenclature in Table 2. The
geologic framework should be consistent with the aquifer name. To illustrate
how to classify the geologic setting, the aquifer names above are used to
generate the geologic setting tabulated on the right.
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Blacktail fan aquifer
Ruby Range bedrock aquifer
Beaverhead River Floodplain aquifer
Tertiary unconsolidated aquifer

Class B
Intermediate flow aquifer
SpC (min, max, median)
3, 42, 25 (l ⁄ min ⁄ m drawdown)
K (min, max, median)
2, 80, 55 (m ⁄ day)
T (min, max, median)
450, 9,400, 6,200 (m2 ⁄ day)
Sy (estimated) 0.15

Aquifer thickness: 12-102 m
Typical annual head change: 1.65 m
Af (alluvial fan)
Bls (bedrock–limestone)
Fp (fluvial plain)
Fpt (fluvial plain older terrace)
Ubf (undifferentiated basin fill)
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APPENDIX A
Continued
Groundwater
Classification Criteria
Aquifer productivity,
development, and
aquifer size
Storage depletion and
artificial recharge
impacts
General groundwater
quality

Water quality impacts
Aquifer vulnerability
Depth to groundwater
and groundwater ⁄
surface water exchange

Level of assessment

Sample Code and ⁄ or
Classification

Description
See Payne (2010)

See Payne (2010)

This provides the general water quality based on specific conductance and
common ion chemistry. Professional judgment should be used to determine
general water quality based on the information in Table 6. See Payne (2010)
for common ion chemistry classification.
See Payne (2010)
See Payne (2010)
This classification criterion identifies the depth to groundwater and overall
connection aquifers have with significant streams, rivers, lakes, or wetlands
within the aquifer boundary. Combined depth to groundwater and
groundwater ⁄ surface water connection is likely the most difficult criteria
to quantify because adequate streamflow data and water level data are needed
to make a clear distinction between classes of aquifer discharge to surface
resources and surface water recharge to groundwater. In cases where there
is insufficient data for selecting subclasses related to flow contribution, this
part of the criteria can be blank and refined later as more data becomes
available. Seasonal analysis may lead to multiple classifications for
groundwater ⁄ surface water connection classes and they should be classified
if significant. In addition, specific water bodies may have different
groundwater ⁄ surface water connections in the same general area and
they should be classified separately if the variance is significant and
more detailed classification is necessary for data quality objectives
(see Tables 7 and 8).

The level of assessment should be included in aquifer classification results.
The higher the level of assessment the more reliable the classification
results and less uncertainty (see Table 1).

T3 or
Type 3 water

vs
Very shallow depth to groundwater –
insufficient data to quantify
connection with surface water
(05 ⁄ 09-08 ⁄ 09)
sD25
Shallow depth to groundwater with
0-25% of surface water flow coming
from groundwater (09 ⁄ 09-04 ⁄ 10)
pR25 to pD25
Proximal depth to groundwater with
a variable connection to surface
water (year long)
d
Annual deep depth to groundwater
with no nearby contribution to
surface water
vsD90-95 Spring Creek
Very shallow aquifer with very
strong hydraulic contribution to
Spring Creek
Tier 1, Tier 2, and Tier 3

FIGURE A1. Box and Whisker Plot of Specific Capacity Datasets. Dashed lines identify
high, medium, and low flow aquifers. The bottom line identifies aquitards.
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FIGURE A2. Box and Whisker Plot of Hydraulic Conductivity Datasets. Dashed lines
identify high, medium, and low flow aquifers. The bottom line identifies aquitards.

FIGURE A3. Box and Whisker Plot of Transmissivity Datasets. Dashed lines identify
high, medium, and low flow aquifers. The bottom line identifies aquitards.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
Table S1. The supporting information is a spreadsheet database summarizing aquifer properties using data compiled from literature cited in Table 3.
Please note: Neither AWRA nor Wiley-Blackwell is responsible
for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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