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Sensitivity of Ground Water to Contamination,
Lawrence County, South Dakota

By Larry D. Putnam

ABSTRACT

Ground-water supplies in Lawrence County,
South Dakota, can be contaminated by agricul-
tural, urban, suburban, commercial, and industrial
land uses. To address this issue, the U.S.
Geological Survey in cooperation with Lawrence
County and the City of Spearfish mapped the
sensitivity of ground water to contamination in
Lawrence County.

Sensitivity of ground water to contamina-
tion was determined by delineating hydrogeologic
settings with common hydrogeologic characteris-
tics as described in the DRASTIC method,
developed by the U.S. Environmental Protection
Agency and the National Water Well Association.
Within the framework of 11 hydrogeologic
settings, sensitivity to contamination was ranked
for six intrinsic hydrogeologic characteristics:

(1) aquifer media, (2) unsaturated media

(3) hydraulic conductivity, (4) recharge rate,

(5) depth to water, and (6) land-surface slope. The
rating conventions of DRASTIC were modified to
provide a relative ranking of hydrogeologic char-
acteristics without assignment of a combined
numerical score. Soil characteristics were not
included as a map layer because detailed digital
data were not available; however, the general
distribution of two soil characteristics were shown.

A total of 956 polygons were delineated and
assigned a sensitivity-unit code that represented
unique groups of sensitivity rank for the six intrin-
sic hydrogeologic characteristics. The polygons
were created by overlaying and intersecting maps
that describe the geology, precipitation, land-

surface elevation, and depth to water using a geo-
graphic information system. Thirty drainage areas
upstream from potential streamflow-loss zones
were delineated to describe an additional mecha-
nism of transport of potential contamination. The
sensitivity of ground water to contamination was
presented on a 1:100,000-scale map with code and
label explanations. Limitations of the sensitivity
map are described to facilitate appropriate use of
the map as a screening tool to compare sensitivity
to contamination.

INTRODUCTION

Ground-water supplies in Lawrence County,
South Dakota, can be contaminated by agricultural,
urban, suburban, commercial, and industrial land uses.
Population growth in Lawrence County continues to
increase both the demand from and the potential for
contamination to aquifers in Lawrence County. Areas
sensitive to contamination can be identified and
described in ways useful to natural-resource managers,
regulatory policy makers, and educators. In an effort to
provide this information, the U.S. Geological Survey
(USGS), in cooperation with Lawrence County and the
City of Spearfish conducted a study to delineate and
describe sensitivity of ground water to contamination
in Lawrence County.

Purpose and Scope
The purpose of this report is to present maps that
describe the sensitivity of ground water to contamina-

tion in Lawrence County. Hereinafter in this report, the
word “sensitivity” refers to the sensitivity of ground

Introduction 1



water to contamination. Evaluation of potential con-
taminant characteristics or land-use practices were not
included in the sensitivity delineations. Mechanisms of
potential contamination considered were limited to
those that can occur near the land surface and did not
include deep subsurface injection. Ground water, for
the purposes of this report, refers to the water in the
uppermost saturated rocks and sediments that can be
yielded in usable quantities to a well or spring.

The study area was subdivided into map areas
that delineate regions with relative ranking of intrinsic
hydrogeologic sensitivity. Map areas showing sensi-
tivity were designated and delineated by sequentially
evaluating six intrinsic hydrogeologic characteristics:
aquifer media, unsaturated media, hydraulic conduc-
tivity, recharge rate, depth to water, and land-surface
slope. Transport of a potential contaminant was
assumed to occur from infiltration of precipitation from
the land surface to the uppermost saturated rocks.

An additional mechanism of transport of poten-
tial contaminants is streamflow loss (infiltration).
Runoff from precipitation on drainage basins upstream
from streamflow-loss zones affects the sensitivity of
map areas containing the losing stream. Drainage
basins upstream from potential loss zones were
delineated and described; however, no attempt was
made to produce a relative rating of hydrogeologic
sensitivity that included both mechanisms of potential
contaminant transport.

The products developed by this study are two
1:100,000-scale maps of Lawrence County showing
the areal distribution of sensitivity units and delineated
drainage basins above potential streamflow-loss zones.
Tables of descriptive information are associated with
the map units by the identifying codes and labels.

Description of Study Area

The study area, Lawrence County, consists of
about 800 mi? in the northwestern part of the topo-
graphically distinct Black Hills and adjacent foothills
and plains to the north (fig. 1). Land-surface altitudes
range from greater than 6,000 ft above sea level in the
southwestern part of the county to less than 4,000 ft in
the plains to the north, resulting in an orographically
induced microclimate characterized by generally
greater precipitation and lower temperatures at the
higher altitudes. The highest altitude is near 7,000 ft in
the southwestern corner of the county, and the lowest

altitude is near 3,000 ft in the northeastern corner of the
county. Average (30-year) annual precipitation is
22.2 in. at Spearfish and 29.0 in. at Lead. Average
annual precipitation is less than 20 in. in the northern
and southeastern parts of the county based on precipi-
tation stations outside the study area (U.S. Department
of Commerce, 1994). The average (30-year) annual
temperature is 46.5° F at Spearfish and 44.3°F at Lead
(U.S. Department of Commerce, 1994).

A general classification of land use and land
cover in Lawrence County can be determined from
aerial photographs. A USGS land-use and land-cover
classification system user’s guide (U.S. Geological
Survey, 1986) describes the use of data compiled at
1:250,000 scale from high-altitude aerial photographs
to make these classifications. The digital data for
Lawrence County indicates that about 70 percent is
forest land and about 25 percent is agriculture or range
land. Most of the agriculture and range land is located
in the northern part of the county with some small areas
located within the forest land, which predominantly is
in the southern part of the county. Most of the forest
land is evergreen forest with about 5 percent mixed
evergreen and deciduous forest.

The Black Hills National Forest, established in
1907 and managed by the U. S. Forest Service (USFS),
constitutes about 53 percent of Lawrence County.
Privately held lands that were excluded from the USFS
land included active mining claims, foothills ranches,
and meadows and bottom lands along numerous
streams.

Gold mining was an important industry in the
early development of the area. Placer mining, small
surface pits, and shallow underground mines were
common through the late 1800’s. This was followed by
large-scale underground mining by Homestake Mining
Company in Lead and the development of smaller
mines. In the 1980’s, several new large-scale open-pit
gold mines were developed utilizing heap-leach
recovery methods for low-grade ores.

The largest component of the agriculture
industry is cattle production, with a majority of the crop
land used to produce cattle feed. Private land and
USFS land in the higher elevations is used for summer
pasture. The timber industry primarily consists of har-
vesting ponderosa pine, which is hauled to local
processing mills. Tourism is an important industry and
is based on the mountain scenery, recreational
opportunities, and cultural history.

2 Sensitivity of Ground Water to Contamination in Lawrence County, South Dakota
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The population of the county was about 21,000
in 1990 with the primary urban areas being the City of
Spearfish and the Deadwood-Lead area, with popula-
tions of about 8,000 and 3,000, respectively. Suburban
areas have developed near the urban areas and on plots
of private land within the forested, higher elevations of
the county.

Geologic formations of the study area have been
grouped into hydrogeologic units and mapped for the
Black Hills area based on similarity in hydraulic
properties (Strobel and others, 1999). A generalization
of that map (fig. 2) shows the surface exposures of the
hydrogeologic units for the study area labeled with the
stratigraphic interval abbreviations for the grouped
geologic formations (fig. 3). A simplified schematic
diagram of the hydrogeologic setting in the study area
is shown in figure 4.

Precambrian igneous and metamorphic rocks
extend from near Lead to the southeastern corner of the
study area. On the west, north, and east is a layered
series of sedimentary rocks including limestones, sand-
stones, and shales that extend concentrically outward
from the Precambrian core. The bedrock sedimentary
formations typically dip away from the uplifted Black
Hills at angles that approach 15 to 20 degrees near the
outcrops (Carter and Redden, 1999a, 1999b, 1999c¢),
and decrease with distance from the uplift to about
2 degrees in the northeastern part of the county.
Several centers of igneous activity exist across the
central part of the study area that contain shallowly
emplaced sills, laccoliths, dikes, and plugs (Lisenbee,
1985). Unconsolidated units include alluvium, collu-
vium and gravel deposits. Mapped alluvial deposits
along streams generally are widest in the northern part
of the study area, where stream gradients generally are
smallest. Gravel deposits in the northern part of the
study area also include paleochannels, pediments, and
stream terraces along former flood plains (Strobel and
others, 1999).

The Inyan Kara, Minnekahta, Minnelusa,
Madison, and Deadwood sedimentary bedrock aquifers
are major aquifers (Strobel and others, 1999) and are
extensively utilized for domestic, community, and
agricultural water supplies within Lawrence County.
These five important aquifers are recharged from pre-
cipitation and/or from streamflow infiltration on the
outcrops. Alluvial deposits and fractured Precambrian
rocks also are widely used as sources of ground water
within the county.

Unconsolidated deposits of colluvium and
gravel, that are intermittently saturated, could supply
usable quantities of water to wells during part of the
year. The White River aquifer is a minor aquifer where
saturated (Strobel and others, 1999). Most of the White
River Group in the study area has been eroded away
and only isolated areas remain. The Tertiary intrusive
units are considered relatively impermeable; however,
the permeability varies greatly depending on frac-
turing. Sills, dikes, and plugs could provide usable
quantities of water in localized areas.

Some layers within the sedimentary confining
units and semiconfining units are utilized locally as
sources of water. The Spearfish and Opeche confining
units supply limited quantities of water to wells in local
areas. The Ordovician semiconfining unit could supply
limited quantities of water to wells from fractures.

The Minnekahta, Minnelusa, Madison, and
Deadwood aquifers are collectively confined by the
underlying Precambrian units and the overlying
Spearfish confining unit. Individually the aquifers are
separated by minor confining layers, and contain some
relatively impermeable layers within them. Leakage
between aquifers is extremely variable (Peter, 1985;
Greene, 1993, Klemp, 1995). The Inyan Kara aquifer
is used extensively. A series of Cretaceous shales acts
as the upper confining unit to the Inyan Kara aquifer.
Artesian conditions generally exist within the afore-
mentioned aquifers, where they are confined from
above. Similarly, artesian springs that originate from
confined aquifers are common around the periphery of
the Black Hills.

Streamflow yields in Lawrence County, the
average annual volume of streamflow divided by the
drainage basin area, generally are largest in the highest
elevations where precipitation is largest. Numerous
streams originate from headwater springs discharging
from the Paleozoic formations in the northwestern part
of the study area (fig. 2). Many streams generally lose
all or part of their flow as they cross outcrops of the
Minnekahta Limestone, Minnelusa Formation,
Madison Limestone, and Deadwood Formation. Most
losses occur on outcrops of the Minnelusa Formation
and Madison Limestone with minimal losses to the
Deadwood Formation and generally small losses to the
Minnekahta Limestone (Hortness and Driscoll, 1998).
Karst features of the Madison Limestone are respon-
sible for a large part of the Madison Limestone’s
capacity to accept streamflow recharge. Large springs
occur in many locations downgradient from the stream-
flow-loss zones providing an important source of base
flow in many streams beyond the periphery of the
Black Hills (Rahn and Gries, 1973).

4 Sensitivity of Ground Water to Contamination in Lawrence County, South Dakota
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Figure 4. Simplified hydrogeologic setting in study area.

Method of Analysis

The method of aquifer sensitivity mapping used
for this study was based on DRASTIC (Aller and
others, 1987), with modifications derived from Hearne
and others (1995) and Davis and others (1994).
Selected parts of each method were combined and
modified based on the availability of data and hydro-
logic characteristics of the study area. Additional
modifications were made based on studies comparing
DRASTIC scores and observed ground-water quality.

The DRASTIC method, developed by the U.S.
Environmental Protection Agency and the National
Water Well Association, permits the ground-water
pollution potential of any hydrogeologic setting in the
United States to be systematically evaluated with
existing information. The system is designed to be
used as a screening tool and not as a site assessment

methodology. According to the documentation for
DRASTIC (Aller and others, 1987, p. 11), “the con-
cepts of the system were developed assuming the use of
a pollutant having the mobility of water that is intro-
duced at the surface, and carried towards the ground
water by recharge from precipitation.”

The DRASTIC method analyzes characteristics
that affect the potential for ground-water pollution.
Each letter in the acronym stands for a characteristic
that is rated over the mapped area in terms of contribu-
tion to the “Pollution Potential Index” (Aller and
others, 1987). The seven layers are combined using a
geographic information system (GIS), and the point
ratings for each layer are added together to give the
total pollution potential index. In DRASTIC, the “D”
stands for depth to water, “R” is for recharge rate, “A”
is for aquifer media, “‘S” is for soil media, “T” is for

Introduction 7



topographic slope, “I” is for unsaturated (vadose) zone
impact, and “C” is for aquifer hydraulic conductivity.

Large DRASTIC ratings suggest greater pollu-
tion potential; thus, they generally are higher for
shallower depth to water, larger (more rapid) recharge
rate, more porous aquifer media, more transmissive
soil media, less steep topographic slope (which yields
less runoff), less unsaturated zone impact with less res-
idence time, and higher aquifer hydraulic conductivity.
In DRASTIC, each term’s importance can be adjusted
by introducing a weighting factor that is multiplied by
each term’s rating. For example, conductivity and
aquifer media might typically be weighted more than
topographic slope.

Hearne and others (1995) described the vulnera-
bility of the uppermost ground water to contamination
in the greater Denver, Colorado, area by combining the
hydrogeologic characteristics gquifer media, unsatur-
ated zone impact, and hydraulic conductivity. A letter
code was assigned to each unique combination of the
DRASTIC categories determined for the three hydro-
geologic characteristics. GIS map layers were con-
structed for depth to water, soil media, and topographic
slope. The recharge rate consisted of a single
DRASTIC category for the study area; therefore, this
category was not included as a map layer. The map
layers were overlain and intersected using a GIS to pro-
duce polygons with a unique code consisting of a letter
designation followed by three numbers (vulnerability
response unit). Tables and text describing hydrologic
characteristics associated with the digits of the code
were developed to compare vulnerability response
units. To simplify the final map, areas smaller than
100 acres were eliminated from digital maps by
merging the small areas with adjacent polygons. The
rating conventions from the DRASTIC method were
adapted for each individual map layer, but relative
weight between the layers and total pollution potential
index were not calculated.

KARSTIC, a modification of the DRASTIC
method developed by Davis and others (1994), was
used to map ground-water vulnerability in the Rapid
Creek Basin upstream from Rapid City, South Dakota
(located southeast of the study area). In KARSTIC, the
“K” stands for karst sinkholes with associated surface
recharge, “A” is for aquifer media, “R” is for net
recharge rate, “S” is for soil media, “T” is for topo-
graphic slope, “I” is for unsaturated zone impact
(includes the depth to water factor in DRASTIC as a
multiplier), and “C” is for aquifer hydraulic conduc-
tivity. A major difference between DRASTIC and

KARSTIC was introduced when Davis and others
(1994) multiplied the k factor times an £ factor for
[fracture development, and multiplied the i factor for
unsaturated zone impact times the d factor for depth to
ground water. This produced KARSTIC pollution
potential indices that are, at selected places, 10 times
greater than would have been determined for the same
location using the DRASTIC method. Davis and others
(1994, p. 73) contended that, “...in terms of relative
pollution potential, clearly these larger values for sink-
hole areas are indicative of pollution vulnerability that
is at least an order of magnitude greater than most set-
tings in alluvial aquifers or in consolidated aquifers
with intergranular porosity.”

Scoring, weighting, and combining sensitivity
characteristics into a single pollution potential index
can be misleading because of the different transport
characteristics of potential contaminants and the uncer-
tainty in the relative importance of hydrogeologic
parameters. A review of studies examining observed
pesticide concentrations and predictions of pesticide
occurrence and behavior in ground water by Barbash
and Resek (1996, p. 395) concluded “...even if an
assessment scheme incorporates all of the variables that
control the transport and fate of contaminants of
interest in the subsurface, its predictive power can be
diminished--or eradicated--if the values selected for
individual parameters or the relative weights assigned
to them are inappropriate.”

A method described by Hearne and others (1995)
was selected as a model for this study because of the
similarity to the hydrogeologic setting in Lawrence
County. The method uses comparative descriptions of
unique sensitivity characteristics without weighting or
combination into a single combined numerical score.
Reviews of DRASTIC scores compared to observed
concentrations of nitrates and agricultural pesticides in
wells (Korterba and others, 1993; U.S. Environmental
Protection Agency, 1993; Barbash and Resek, 1996;
Rupert, 1998) found that many DRASTIC scores did
not correlate well with observed ground-water con-
tamination. Some of the concerns raised by these
studies are discussed in the sections that describe the
individual map layers.

The first step in the method used by this study
was to subdivide the study area into a geographic
framework of regions, which were further subdivided
into settings with generally similar hydrogeologic
characteristics. These regions and settings are
discussed in the following section.

8 Sensitivity of Ground Water to Contamination in Lawrence County, South Dakota



Because of the significant differences in sensi-
tivity characteristics of the geologic formations, the
hydrogeologic-unit map (collectively representing
aquifer media, unsaturated media, and hydraulic con-
ductivity) was selected as the first descriptive map layer
within this framework. This map layer was followed
by map layers for recharge rate, depth to water, and
land-surface (topographic) slope.

The soil category was not included as a map
layer because digital soils data were available only at
the 1:250,000 scale. STATSGO (State soil geographic
database) data are not detailed enough to make inter-
pretations at the county level (U. S. Department of
Agriculture, 1994). The U.S. Department of Agricul-
ture, Natural Resources Conservation Service,
currently is compiling 1:24,000-scale digital soils data
in Lawrence County that would be needed to complete
this sensitivity map layer. A generalized description of
soil properties was prepared from STATSGO data to
show the general distribution of two soil properties that
have been used to predict contamination potential.
Statistical correlations between STATSGO soil proper-
ties and measured contaminant concentrations (Rupert,
1998, 1999) identified two soil properties as predictors
of contamination in a regional study of a highly trans-
missive basalt aquifer. Soil drainage showed a positive
correlation with nitrate concentrations in the aquifer,
and hydrologic soil group showed a positive correlation
with the herbicide atrazine in the aquifer. Soil drainage
categorizes the frequency and duration of wet periods
of the soil, and hydrologic group categorizes soil infil-
tration rates (U.S. Department of Agriculture, 1994).

Soil drainage categories range from excessively
drained to very poorly drained with five intermediate
categories. Most of the soils in Lawrence County are
classified in the three categories ranging from exces-
sively to well drained (fig. 5).

Hydrologic group soil categories include infiltra-
tion rates of high, moderate, slow, and very slow with
high being the most sensitive to contamination and very
slow the least sensitive. The most common category in
Lawrence County (fig. 6) is moderate. The southern
part of the study area has more moderate infiltration
rates and the northeastern part of the county has more
very slow infiltration rates. An analysis of sensitivity
related to these soil properties also should consider
additional information such as the thickness of the soil.

Streamflow loss is an important source of
recharge to several major aquifers in the study area. A
map layer describing potential streamflow-loss zones

and the drainage areas upstream from these loss zones
was added for consideration of this additional mecha-
nism of ground-water contamination. The KARSTIC
method (Davis and others, 1994) describes karst
features associated with the streamflow-loss zones as a
significant factor in evaluating ground-water sensitivity
to contamination. A numerical rating that could rela-
tively rank streamflow-loss characteristics was not
made because of the lack of information on karst flow
patterns.

The DRASTIC method was designed to generate
pollution potential estimates for any area of 100 acres
or larger. This study included a similar process of
spatial generalization. If small polygons less than
100 acres were created in overlaying and intersecting
map layers, the small polygons were merged with adja-
cent polygons. The selection of polygons to which the
smaller ones were merged was based on similarity to
the hydrogeologic-unit map, followed in priority by the
recharge-rate, the depth-to-water, and the land-surface-
slope (topographic-slope) maps.

GROUND-WATER REGIONS AND
HYDROGEOLOGIC SETTINGS

The United States has been divided into 15
ground-water regions (Heath,1984). South Dakota
includes four ground-water regions. Two of these
regions, Western Mountain Ranges and Non-Glaciated
Central, are present in Lawrence County. Because the
sensitivity of ground water may be highly variable
within a ground-water region, each region was sub-
divided into hydrogeologic settings, hereinafter
referred to as settings (table 1), which were modified
from the DRASTIC manual (Aller and others, 1987).
Eleven settings were delineated in the study area and
are shown as a range of colors on figure 7 and plate 1.
The delineation of the areas was based on topography,
precipitation patterns, and the hydrogeologic units map
(Strobel and others, 1999), which describes the hydro-
geologic characteristics of grouped units. The charac-
teristics of each of the 11 settings (table 1) shows the
wide range hydrologic and geologic factors that control
the occurrence and movement of ground water in the
study area.

Ground-Water Regions and Hydrogeologic Settings 9
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Ground-Water Regions and Hydrogeologic Settings



The descriptions of the settings listed in the
DRASTIC method (Aller and others, 1987) were
modified because of the unique orographic effects on
weather patterns around the northern perimeter of the
Black Hills and the small area of the Black Hills in
relation to other mountain ranges. The “Solution
Limestone” setting description (Aller and others, 1987)
was modified to represent the limestone plateau in the
southwestern part of the study area, which has similar
hydrologic characteristics. The “Metamorphic/
Igneous Domes and Fault blocks” setting was modified
to describe areas where igneous intrusive rocks are the
most common rock type. The outline of settings
follows lines on the 1:100,000-scale hydrogeologic-
unit map of the Black Hills (Strobel and others, 1999)
with some dividing lines added that delineate precipita-
tion and topographic changes. This map layer provided
the framework for the analysis of the hydrogeologic-
unit, recharge-rate, depth-to-water, and land-surface-
slope map layers.

SENSITIVITY OF GROUND WATER TO
CONTAMINATION

Sensitivity to contamination represents the
potential for ground water to be contaminated based on
intrinsic hydrogeologic characteristics. Land-use
practices or contaminant characteristics are not
included. The terms vulnerability and susceptibility
generally have evolved to refer to evaluations that may
include land-use practices and/or contaminant charac-
teristics, in addition to the intrinsic hydrogeologic char-
acteristics. Mapping the sensitivity of ground water to
contamination includes overlaying and combining map
layers with attributes that relatively rank intrinsic
hydrogeologic characteristics in relation to potential
contamination. GIS ARC/INFO (Environmental
Systems Research Institute, Inc., 1992) software was
used to compile and intersect these map layers. The
resulting map delineates areas having particular sensi-
tivity characteristics within a specific hydrogeologic
setting.

Hydrogeologic Units

The hydrogeologic-unit combines ratings for the
characteristics of aquifer media, unsaturated media,
and hydraulic conductivity into one code because the
ratings primarily are determined by the geologic

materials of the aquifer and the unsaturated zone.
Aquifer media refers to the consolidated and unconsol-
idated rocks that compose the uppermost aquifer (or
other hydrogeologic unit). Unsaturated media includes
the rocks and sediments above the water table that are
unsaturated or partially saturated. The unsaturated
material can be the same as the aquifer media; however,
in some instances the unsaturated material may include
a different material or more than one type of material.

Aquifer media affects the rate at which a contam-
inant can move in an aquifer and the attenuation of
potential contaminants by processes such as adsorp-
tion, ion exchange, and dispersion. Adsorption
attaches ions and molecules to sediment particles and is
a function of surface area and ionic charge. Ion
exchange is controlled by ion size and charge, and
occurs more frequently on smaller particles such as
clays. Dispersion is the mixing of a potential contami-
nant with ground water as the water moves. In a fine-
grained homogeneous medium, the flowpaths of water
change directions frequently by dodging around the
particles, and a contaminant generally spreads out in an
elliptical pattern in the direction of the ground-water
gradient (Freeze and Cherry, 1979). In aquifer material
with preferential flowpaths in fractures or solution con-
duits in a limestone, the extent and shape of the mixing
pattern can be significantly different. In a limestone
with solution conduits, a contaminant could move a
great distance with very little attenuation. Where frac-
tures and conduits are highly interconnected, there is
more opportunity for a potential contaminant to spread.
Generally, limestones, unconsolidated sands and
gravels, and sandstones are more sensitive than shales,
clays, and unfractured igneous and metamorphic rocks
because they typically import less adsorption and ion
exchange and more dispersion. Adsorption and ion
exchange are more likely in sands and gravels and
sandstones with greater clay content or interbedded
shale layers.

Unsaturated media affects sensitivity in many of
the ways described for aquifer media; however, there
are some significant differences. The presence of air in
the unsaturated zone results in different biological and
chemical processes that can break down or modify a
potential contaminant. The potential for these pro-
cesses to attenuate a potential contaminant generally
increases with residence time (Hearne and others,
1995). Retardation of the movement of potential
contaminants by adsorption and tortuous flowpaths can
affect the chemical and biological degradation
processes. Fractured media generally produce rapid
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flowpaths that significantly reduce residence time. In
sands and gravels, and sandstones, the distance from
the land surface to the water table significantly affects
the residence time. Generally, karst limestones,
weathered and fractured rocks, sands and gravels, and
sandstones in the unsaturated zone are more sensitive.
Silts, clays, and shales are less sensitive.

Hydraulic conductivity, which is a function of
the interconnection of void spaces in the aquifer media,
is a bulk measurement of the ability of an aquifer to
transmit water. Hydraulic conductivity affects the
sensitivity of an aquifer because the transport of a con-
taminant usually is a function of the bulk movement of
water. Generally, unconsolidated sands and gravels are
more sensitive to contamination because they have high
hydraulic conductivities. Unfractured igneous and
metamorphic rocks and shales are less sensitive
because they have very low hydraulic conductivities.
Layers of silts, clays, and shales within sands and
gravels and sandstones can reduce the sensitivity of
sands and gravels in the saturated zone.

Criteria for Delineation

Hydrogeologic and geologic maps were used to
delineate and evaluate aquifer media and unsaturated
media. The 1:100,000-scale hydrogeologic-unit map
of the Black Hills area (Strobel and others, 1999) was
the primary map for the delineation of hydrogeologic
units. The 1:100,000-scale hydrogeologic map, modi-
fied from several geologic maps at various scales
ranging from 1:24,000 to 1:250,000, grouped some
geologic units together based on similar hydraulic
properties or unit thickness. The generalizations
included in the hydrogeologic map were appropriate
for the ground-water sensitivity map at the same scale.

An examination of well information in the study
area indicated that at least some portion of all the
exposed areas delineated on the hydrogeologic map
were capable of yielding usable quantities of water to
wells. Therefore, the shallowest ground water at any
location was assumed to occur within the unit repre-
sented on the hydrogeologic-unit map (fig. 2). The
thicknesses of most of the exposed hydrogeologic units
range from zero near the contact with the underlying
unit, to the entire thickness of the unit near the contact
with the overlying unit. Because of the dipping strata,
the entire unit may not always be saturated. Also, some
hydrogeologic units include layers of different
geologic materials; however, the hydrogeologic units
were not subdivided based on this variable saturation or

material. The sensitivity of the aquifer media and the
unsaturated media was rated by evaluating the charac-
teristics of the entire unit. Some hydrogeologic units
were subdivided by intersection with the hydrogeo-
logic settings map layer.

Geologic maps at more detailed scales (Van
Lieu, 1969; DeWitt and others, 1989; Lisenbee, 1991a,
1991b, 1991c, 1991d, 1991e, 19911, 1991g; Lisenbee
and Redden, 1991a, 1991b) were consulted when
rating aquifer media, unsaturated media, and hydraulic
conductivity. Typically, data describing the depth to
water were not available or the depth to water was
highly variable in a large part of the study area; there-
fore, the thickness of the unsaturated media evaluated
was based on a range of depths to water estimated from
well log information, thickness of the geologic forma-
tions, and the setting. The ranges of ratings described
in Aller and others (1987) were considered in deter-
mining the relative sensitivity ratings for aquifer media
and unsaturated media in the study area (tables 2
and 3).

Hydraulic conductivity of the aquifer media was
estimated from aquifer tests (Greene, 1993; Greene and
others, 1998), ground-water flow models (Downey,
1986; Kyllonen and Peter, 1987), and ranges of
hydraulic conductivity for geologic materials (Freeze
and Cherry, 1979). The categories of hydraulic
conductivity proposed by Aller and others (1987) were
used as a guide in determining sensitivity ratings for
hydraulic conductivity (table 4).

Table 2. Sensitivity ranges for types of aquifer media
[Modified from Aller and others, 1987, table 6, p. 22]

Type of aquifer media S(:Zfii;ig‘;"ity
Karst limestone 9-10
Basalt 2-10
Sand and gravel 4-9
Bedded sandstone, limestone, and shale 5-9
sequences
Massive limestone 4-9
Weathered metamorphic and igneous 3-5
rocks
Metamorphic and igneous rocks 2-5
Massive shale 1-3

lHigher rating indicates higher sensitivity to contamination.
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Table 3. Sensitivity ranges for types of unsaturated media
[Modified from Aller and others, 1987, table 9, p. 24]

Type of unsaturated media Sigtsi:i;qty
Karst limestone 8-10
Basalt 2-10
Sand and gravel 6-9
Sand and gravel having significant silt 4-8
and clay
Bedded sandstone, limestone, and shale 4-8
Sandstone 4-8
Metamorphic and igneous rocks 2-8
Limestone 2-7
Silt and Clay 2-6
Shale 2-5

'Hi gher rating indicates higher sensitivity to contamination.

Table 4. Sensitivity ratings for range categories of aquifer
hydraulic conductivity

[Modified from Aller and others, 1987, table 10, p. 25]

Hydraulic conductivity Sensitivity
(feet per day) rating’
More than 270 10

13-270 8
90-130 6
40-90 4
13-40 2
Less than 13 1

'Hi gher rating indicates higher sensitivity to contamination.

Designated Units

A total of 45 hydrogeologic units (table 5) were
designated within the 11 hydrogeologic settings. Each
hydrogeologic unit was identified by an alphabetic
character beginning with capital letters and continuing
with lowercase letters. The hydrogeologic units were
sorted in descending order based on the relative sensi-
tivity rating from most sensitive to least sensitive. The
primary sort was based on unsaturated media, with a
secondary sort based on aquifer media, and a tertiary
sort based on hydraulic conductivity. The sort order
was based on reports (U.S. Environmental Protection
Agency, 1992; Rupert, 1998) that evaluate the

measured presence of pesticides and nitrates in relation
to DRASTIC scores for each characteristic (sub-
scores). A national survey of pesticides in drinking
water wells (U.S. Environmental Protection Agency,
1992) found that “...higher DRASTIC subscores for
impact of the vadose zone were found to reflect a
greater likelihood of pesticide detections in rural and
domestic wells.” These reports also noted that the
DRASTIC subscores for aquifer media and hydraulic
conductivity did not correlate positively with the
presence of pesticides and nitrates. Aquifer media and
hydraulic conductivity may be more significant in eval-
uating sensitivity to highly toxic point sources of con-
tamination than indicated by studies evaluating
nonpoint sources of contamination. Nonpoint sources
by definition are dispersed; therefore, correlation of
water-quality samples with changes in aquifer media
may not be evident. The DRASTIC method of rating
these parameters, which relies on best professional
judgment, provides a means for ranking these hydro-
geologic characteristics. Relative sensitivity ratings for
aquifer media ranged from 2 to 10, for unsaturated
media from 2 to 10, and for hydraulic conductivity
from 1 to 10.

To provide a generalized representation of the
sensitivity of the 45 hydrogeologic units, three groups
(fig. 8) were created based on the relative sensitivity
rank. The 15 hydrogeologic units with the highest
sensitivity rank (A, B,C,D,E,F, G, H,LJ, K, L, M, N,
O) include those units that consist of mostly lime-
stones, alluvium, unconsolidated sands and gravels,
and some sandstones. The 15 hydrogeologic units with
the middle sensitivity rank (P, Q,R, S, T, U, V, W, X, Y,
Z, a, b, c, d) include those that consist of mostly sand-
stones and fractured crystalline rocks. The 15 hydro-
geologic units with the lowest sensitivity rank (e, f, g,
h,i,j,k, I, m, n, o, p, q, 1, s) include units consisting of
mostly shales or units with interbedded shale layers.
Comments in table 5 include information describing
the hydrogeologic unit such as location, well yield, and
permeability characteristics.

Estimates of recharge can be made with water
budget equations if the uncertainty of estimates of other
equation components is small. The equation, “ground-
water recharge rate = precipitation rate - evapotranspi-
ration rate - runoff rate - change in ground-water
storage” may be simplified by neglecting components
whose value approaches zero. Over a long period of
time, the average change in storage may approach zero.
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EXPLANATION

HYDROGEOLOGIC-UNIT GROUPS
[ Areathatincludes the group of 15 hydrogeologic units
with the highest relative sensitivity ratings (A-O)

[ Areathatincludes the group of 15 hydrogeologic units
with the middle relative sensitivity ratings (P-Z, a-d)

[1 Areathatincludes the group of 15 hydrogeologic units
with the lowest relative sensitivity ratings (e-s)

Figure 8. Hydrogeologic-unit sensitivity groups in Lawrence County.
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Recharge Rate

Infiltration of precipitation through the soil and
the unsaturated zone to the water table is a common
mechanism of ground-water recharge. Recharge rate
represents the amount of water that penetrates the land
surface and reaches the water table per unit area and
unit time. Recharge water can transport a potential
contaminant from the land surface to the water table.
Large volumes of recharge water or frequency of
recharge events increase the mobility of potential con-
taminants. Generally, the larger the recharge rate the
greater the sensitivity; however, in some instances,
dilution of contaminants may diminish the impact of
larger recharge rates.

Previous estimates of recharge from infiltration
of precipitation on outcrops in the northern Black Hills
range from 1 to 7 in/yr. Recharge commonly is
expressed as a percent of precipitation. A recharge rate
of 6.77 in/yr, or 31 percent of precipitation, and an
evapotranspiration rate of 15.2 in/year was estimated
by Rahn and Gries (1973) from analysis of spring dis-
charge from carbonate basins where no surface runoff
was observed. Kyllonen and Peter (1987) estimated
recharge rates of 7 in/yr or 32 percent of precipitation
for the Madison and Minnelusa aquifers and 1 in/yr or
6 percent of precipitation for the Inyan Kara aquifer in
describing the hydrogeology of the northern Black
Hills. Kyllonen and Peter (1987) assumed average
precipitation that would fall on the outcrop of 22 in/yr
for the Minnelusa Formation and Madison Limestone
and 16 in/yr for the Inyan Kara Group.

Streamflow records at two USGS gaging stations
were analyzed to further characterize the range of
plausible recharge rates. The recharge rate for the car-
bonate basin upstream from USGS gaging station
06408700 (fig. 9) examined by Rahn and Gries (1973)
was assumed to represent the highest recharge rate as a
percent of precipitation in the study area. The exposed
bedrock in the drainage basin above station 06408700,
located near the southwest edge of the study area, is
about 96 percent Madison Limestone. An analysis of
the basin with a longer period of record than that used
by Rahn and Gries (1973) was made to refine the esti-
mate of recharge rate. The average (1961-90) precipi-
tation for the basin was 22.8 in., and the average water
year 1983-97 runoff at the gaging station was 9.0 in/yr
(U.S. Geological Survey, 1984-98). Runoff was
assumed to be entirely ground-water discharge because
surface-water runoff is not observed in the basin. This
lack of surface-water runoff is documented by daily

streamflow records at station 06408700 (water years
1983-97), which shows gradual changes in discharge
with a minimum flow of 3.1 ft*/s and a maximum flow
of 8.5 ft*/s. Locations of ground-water divides could
be different than the extent of the surface drainage
basin. Assuming a range in the area contributing to
ground-water flow of 20 percent greater than or less
than the drainage basin area, a plausible recharge rate
to the Madison aquifer ranges from 7.2 to 10.8 in/yr, or
32 to 47 percent of precipitation.

Analysis of streamflow records for a drainage
basin with mostly igneous and metamorphic rocks was
made to provide a plausible range for the lower
recharge rates as a percent of precipitation in the study
area. The bedrock in the basin above USGS gaging
station 06422500 (fig. 9) is about 83 percent igneous or
metamorphic rocks, 10 percent Deadwood Formation,
5 percent Madison Limestone, and 2 percent other
rocks. Average (1961-90) precipitation on the basin
(fig. 9) was 20.1 in/yr, and average runoff (water years
1967-96) at the gaging station was 2.4 in/yr. In the cen-
tral part of the Black Hills with steeply sloping igneous
and metamorphic rocks, a large part of the precipitation
that becomes recharge reappears in the drainage basin
as springflow. Ground-water recharge that reappears as
base flow in the basin, estimated from analysis of
streamflow-gaging records at station 06422500
(table 6), averages about 3.8 /s (0.5 in/yr) or about
2.5 percent of precipitation. Runoff or springflow from
the Madison Limestone and Deadwood Formation
within the basin is unknown; however, a large part of
the Madison Limestone and Deadwood Formation is
along the east edge of the basin where the strata are dip-
ping to the east. Most ground-water recharge in these
areas probably flows to the regional system with little
contribution to base flow. Therefore, the estimate of
base flow from igneous and metamorphic rocks prob-
ably is slightly higher than 2.5 percent of precipitation.

Because of uncertainty in evapotranspiration
rates, applying the water budget formula does not
produce accurate estimates of relatively small recharge
rates that contribute to regional ground-water flow
from igneous and metamorphic rocks. Permeability of
the igneous and metamorphic rocks decreases with
depth (Freeze and Cherry, 1979); therefore, an assump-
tion was made that regional ground-water flow in
igneous and metamorphic rocks probably was less than
the base flow in the basin. A plausible range of
recharge rates for igneous and metamorphic rocks was
assumed to be between 3 and 6 percent of precipitation.
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Figure 9. Selected drainage basins and average precipitation in or near the study area.
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Table 6. Base flow within drainage basin above station

06422500
Estimated Mean discharge
Water year ba_se flow at_station
(cubic feet per (cubic feet per
second) second)
1967 4.0 27.7
1968 42 8.7
1969 2.3 8.6
1970 35 22.1
1971 4.0 27.9
1972 35 55.1
1973 55 17.9
1974 3.0 6.0
1975 3.0 15.2
1976 55 20.7
1977 5.0 18.7
1978 4.1 22.0
1979 35 8.0
1980 23 5.4
1981 22 4.1
1982 3.0 10.8
1983 6.0 24.5
1984 6.1 232
1985 2.6 6.6
1986 34 12.3
1987 3.0 10.2
1988 1.4 4.6
1989 1.3 3.8
1990 1.4 5.6
1991 32 13.5
1992 3.6 6.9
1993 4.0 24.0
1994 52 18.5
1995 6.2 51.4
1996 7.4 429
32

Criteria for Delineation

Based on the range of plausible recharge rates as
a percentage of precipitation, the hydrologic setting,
unsaturated media, average precipitation, land-surface
slope, and land-surface altitude, a comparative estimate
of recharge rate as a percent of precipitation was made
for each hydrogeologic unit (table 7). Recharge rate is
strongly influenced by the unsaturated media. The
general order of influence of unsaturated media on
recharge rate in descending order was fractured lime-
stone, unconsolidated sands and gravels, sandstones,
colluvium, shales with interbedded sandstones,
igneous and metamorphic rocks, and shales. Recharge
rates, expressed in inches per year, increase with
increased precipitation; however, evapotranspiration
rates also increase, making the increase in recharge
with increased precipitation nonlinear. Greater relative
slopes decrease the recharge rate. The land-surface
altitude affects recharge rates because of lower temper-
atures and less evapotranspiration at higher altitudes.
A relative ranking of the hydrogeologic units based on
the above parameters was used as a guide to estimate a
recharge rate as a percent of precipitation for each
hydrogeologic unit. These data were converted to a
GIS grid data set for the study area and multiplied by
the grid of precipitation data (fig. 9) to estimate the spa-
tial distribution of recharge in inches per year.

Because of uncertainty in estimating recharge
rates, five broad categories of recharge rate were pro-
posed by Aller and others (table 8). Studies comparing
recharge volumes and pesticide concentrations in wells
have shown a diversity of results; however, pesticide
fluxes appear to be directly related to the amount of
recharge entering the subsurface (Barbash and Resek,
1996). The inconsistencies in comparisons of recharge
rate and contaminant concentrations are likely related
to dilution, lag periods in observed concentrations in
wells, and contaminant degradation. The recharge
rates in the study area were within the first four
recharge-rate groups with recharge rates less than
10 in/yr (table 9).
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Table 8. Sensitivity ratings for range categories of
recharge rate

[Modified from Aller and others, 1987, table 5, p. 21. <, less than]

Recharge rate Sensitivity
(inches per year) rating1
More than 10 9
7to <10 8
4 to <7 6
2to <4 3
0to <2 1

'Hi gher rating indicates higher sensitivity to contamination.

Table 9. Sensitivity rank for designated recharge-rate
groups

[<, less than]
Recharge-rate Recharge rate Sensitivity
group (inches per year) rank
1 7to <10
Highest
2 4 to <7
to
3 2to<4
lowest
4 Oto<2

Designated Units

The distribution of the designated recharge-rate
groups is shown in figure 10. Recharge-rate group 1
included most of the Madison Limestone outcrop
except areas with lower precipitation on the flanks of
the Black Hills uplift. Some alluvium in areas with
higher precipitation amounts also were included in this
group. The average precipitation rate for recharge-rate
group 1 was 24.8 in/yr.

Recharge-rate group 2 included most of the
alluvium and terrace gravels, part of the Minnekahta
Limestone outcrop, most of the Minnelusa Formation
outcrop, the part of the Madison Limestone outcrop
with lower precipitation rates, and parts of Deadwood
Formation outcrop where the precipitation rate was
high. The average precipitation rate for the Minne-
kahta Limestone outcrop was 23.9 in/yr, Minnelusa
Formation outcrop was 24.1 in/yr, the Deadwood
Formation outcrop was 26.9 in/yr.

Recharge-rate group 3 included most of the
Inyan Kara Group outcrop except for the northern part
of the study area that receives lower precipitation
amounts. Parts of alluvium and terrace gravels, the
Minnekahta Limestone outcrop, the Minnelusa Forma-
tion outcrop, and Deadwood Formation outcrop with
lower precipitation amounts were included in this
group. A small part of Madison Limestone outcrop,
located in the southeastern corner of the study area, is
included in this group because the average precipitation
was 17.1 in/yr. A small part of the igneous and meta-
morphic rocks near igneous intrusions were included in
this group where the average precipitation rate was
greater than 28 in/yr.

Recharge-rate group 4 includes all of the igneous
intrusive rocks, rock units that are made up predomi-
nately of shale, and most of the igneous and metamor-
phic rocks. The parts of the Deadwood Formation
outcrop and the Inyan Kara Group outcrop included in
this group had an average precipitation rate of less than
18 in/yr.

The recharge-rate map (fig. 10) was intersected
and combined with the hydrogeologic-unit map. Small
polygons created when the coverages were intersected
were merged with the largest adjacent polygon main-
taining the polygon boundaries of the hydrogeologic-
unit map.

Depth to Water

Depth to water, the vertical distance that water
and a potential contaminant must move to reach the
water table, affects the amount of contact with sedi-
ments in the unsaturated zone and the travel time to the
water table. Generally, there is less sensitivity with
greater depth to water. Barbash and Resek (1996,

p. 283) reviewed several matrix diffusion studies that
show pesticide concentrations or detection frequencies
are more likely to be observed as the travel time to the
water table decreases. The characteristics of the unsat-
urated media vary widely in Lawrence County
depending on the extent of fracturing. In highly frac-
tured settings, the contact time with the unsaturated
media could be very short even at greater depths.
Therefore, evaluating the significance of the depth to
water categories needs to be considered in conjunction
with the unsaturated media.
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Criteria for Delineation

Seven depth-to-water categories were proposed
by Aller and others (1987) (table 10). Studies com-
paring depth to water and pesticide concentrations in
wells have shown mixed results (Barbash and Resek,
1996). Druliner and others (1996) found a greater
likelihood of contamination with atrazine in areas with
shallow water tables in the High Plains aquifer in
Nebraska. Rupert (1999) found no statistical differ-
ence in nitrate concentrations in a fractured basalt
aquifer in Wyoming and Idaho between depth to water
from O to 100 ft and 101 to 300 ft; however, the differ-
ences in concentrations in ground-water samples from
depths of 0 to 300 ft and from 301 to 900 ft were
statistically significant. Because of the level of detail
in available data, the spatial variability in the unsatur-
ated zone, and the complex topography, a modified
system of evaluating depth to water was used in this
study. The seven categories were grouped together into
three broad quantitative categories and two qualitative
categories because of the limited spatial distribution of
water-level data in the outcrop areas (table 11).

Areas with steeply dipping strata of fractured
rocks were not categorized for depth to water because
of the large variations in topography and water levels.
The shallower depth to water generally exists in stream
valleys; therefore, areas with land-surface elevations
less than 50 ft above streambed elevations were delin-
eated (group 4, table 11) to make relative comparisons
with areas greater than 50 ft (group 5, table 11) above
streambed elevations. Other areas with highly variable
depths to water included in group 5 were hydrogeo-
logic units consisting mostly of shale with sandstone
layers or lenses and gypsum with solution openings.

Designated Units

The distribution of depth-to-water groups is
shown in figure 11. Depth-to-water group 1 includes
most of the alluvium. Group 2 includes most of the
terrace gravels, colluvium, Minnekahta Limestone out-
crop, and parts of the Inyan Kara Group outcrop.
Group 3 includes parts of the Inyan Kara Group out-
crop. Group 4 includes valleys in the Mountain
Slopes-East, Mountain Slopes-West, Igneous Domes,
Limestone Plateau, and Mountain Flanks hydrogeo-
logic settings. The depth to water within group 4 varies
from O ft near springs to greater than 100 ft. Vertical
movement of water is frequently through rock fractures
with rapid travel times. In narrow canyons, the area

was too small to show in figure 11 and plate 1; how-
ever, the depth to water should be considered less near
stream channels than in topographically higher areas.
Group 5 includes most of the mountain slopes-east,
mountain slopes-west, igneous domes, limestone
plateau, and mountain flanks hydrogeologic settings, in
areas where land surface is greater than or equal to 50 ft
above the streambeds. Also included in group 5 were
outcrops of units that primarily consist of shale with
highly variable depths to water.

The depth-to-water map was intersected and
combined with the hydrogeologic-unit map and
recharge-rate map. Small polygons created when the
coverages were intersected were merged with the
largest adjacent polygon.

Table 10. Sensitivity ratings for range categories of depth
to water

[Modified from Aller and others, 1987, table 4, p. 21]

Depth to water
(feet)

Oto5 10
S5to 15
15 to 30
30 to 50
50to 75

75 to 100

Sensitivity rating’

N W L 3 o

more than 100 1

lHigher rating indicates higher sensitivity to contamination.

Table 11.
groups

Sensitivity rank for designated depth-to-water

[<, less than; >, greater than]

Depth-to-

Depth to water Sensitivity
water
(feet) rank
group
1 0 to <20 feet ]
Comparison  Highest
2 20 to <50 feet group t
3 50 or >50 ] lowest
4 Highly variable (areas
of fractured rock in Highest
stream valleys)1 Comparison to
1 t
5 Highly variable (other group owes
areas) 1

! Areas with land-surface elevations less than 50 feet above stre-
ambed elevations were delineated to make relative comparisons with areas
greater than 50 feet above streambed elevations.
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Land-Surface Slope

Land-surface slope influences the potential of a
contaminant to remain on the land surface long enough
to infiltrate into the subsurface. On gentler slopes,
precipitation runoff is slow; therefore, a potential con-
taminant is more likely to be moved towards the water
table with the infiltration of precipitation. On steeper
slopes, precipitation runoff is rapid; therefore, a
potential contaminant is more likely to be moved away
before infiltration occurs.

Criteria for Delineation

The five land-surface-slope categories proposed
by Aller and others (1987) were used as the designated
land-surface-slope groups (table 12). All groups are
present in the study area, as topography ranges from
steep mountain slopes to alluvial prairie flood plains.
Statistical correlations of land-surface slope and
contaminant concentrations or detections were not
apparent in the reviewed literature. Statistical compar-
isons are likely to be influenced by dilution and lag
periods in observed concentrations in wells, as noted in
the “Recharge Rate” section.

Table 12. Sensitivity rank for designated land-surface-
slope groups

[Modified from Aller and others, 1987, table 4, p. 21. <, less than;
>, greater than]

Land-surface-slope Land-surface slope

Sensitivity rank

group (percent)
1 0to <2
2 2to <6 Highest
3 6to <12 to
4 12 to <18 lowest
5 18 or >18

The percent-slope classification was determined
from analysis of USGS digital elevation models
(DEM). These electronic files provide the same
coverage as standard USGS 1:24,000-scale map series
7.5-minute quadrangles. The data are stored as profiles
in which the spacing of elevations along and between
each profile is 30 meters. A DEM data user’s guide
(U.S. Geological Survey, 1993) provides a more
detailed description of the data sets. The 7.5-minute

DEM’s were joined together to create a 30-meter
resolution grid of elevation data for the study area.
These data were used to calculate percent-slope data in
a similar grid format and were grouped according to the
land-surface slope groups (table 12).

Because of abrupt changes in slope in the moun-
tainous terrain, many land-surface-slope areas were
less than 100 acres or were too narrow to show on a
1:100,000-scale map. A GIS algorithm (Command file
1 in the “Supplemental Information” section at the end
of this report) was used to merge these areas with
adjacent areas.

Designated Units

The distribution of land-surface-slope groups is
shown in figure 12. Land-surface-slope group 1 was in
the northern part of the study area, and the most
common rock type was alluvium and terrace gravels.
Land-surface-slope group 2 was mostly in the northern
part of the study area with some small areas in the
southern part. Land-surface-slope group 3 was located
mostly along the flanks of the Black Hills uplift and
parts of the plains in the north. Land-surface-slope
group 4 was mostly in the southern part of the study
area. Land-surface-slope group 5 was mostly in the
central and southern part of the study area. The land-
surface-slope map was intersected and delineated with
the previously delineated map layers.

Streamflow Recharge

Streamflow is an important source of recharge to
the Minnekahta, Minnelusa, and Madison aquifers
(Hortness and Driscoll, 1998). Because of the dipping
strata with fractures, collapse features, and karst solu-
tion openings, numerous streams lose all or part of their
flow as they cross the outcrops of the formations
making up these aquifers. Precipitation that falls on
drainage areas upstream from these loss zones (pls. 1
and 2) could transport a contaminant to the water table
by direct infiltration, but in many instances the runoff
moving to a streamflow-loss zone is a more important
mechanism of potential ground-water contamination.
Water from streamflow loss is more likely to enter
rapid flowpaths through the unsaturated and aquifer
media because of the presence of solution openings in
limestone or gypsum.
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Sensitivity rank from highest to
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Group 1, 0 to <2
Group 2, 2 to <6
Group 3, 6 to <12
Group 4, 12t0 <18
Group 5, 18 or greater

Figure 12. Land-surface-slope sensitivity groups in Lawrence County.
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Hortness and Driscoll (1998) documented
streamflow-loss thresholds, in drainage basins in
Lawrence County, that range from 0 to 50 ft’/s. The
streamflow-loss threshold represents the maximum
streamflow that could be lost when adequate stream-
flow occurs. During low-flow conditions, many of
these streams lose all of their flow crossing the
Minnekahta Limestone, Minnelusa Formation, and
Madison Limestone outcrops. Generally, the Madison
Limestone outcrop is the upstream section, followed by
the Minnelusa Formation and Minnekahta Limestone
outcrops. Numerous small ungaged drainage basins
probably lose most streamflow to these bedrock out-
crops except during peak flows from large storm
events. Extensive intrusive igneous domes exist in the
central part of the study area. In several locations, the
intrusive rocks form peaks within outcrops of sedimen-
tary rocks that generally include the Deadwood Forma-
tion and Madison Limestone. Runoff from these peaks
probably provides streamflow recharge primarily to the
Madison aquifer. Also, water is diverted from
Spearfish Creek by a dam to an aqueduct leading to a
hydroelectric power plant (pl. 2). Losses from the
aqueduct could recharge the Minnekahta, Minnelusa,
or Madison aquifers.

Criteria for Delineation

Drainage basins upstream from outcrops of the
Minnekahta Limestone, Minnelusa Formation, or
Madison Limestone were delineated using the DEM
grid for the study area and GIS algorithms for the
analysis of watersheds (Environmental Systems
Research Institute, Inc., 1992). Some small tributaries
were grouped together in a drainage area and combined
with the main stream. Several drainage areas that con-
tain igneous domes were identified by the name of the
peak. Some drainage areas contribute to streams
whose loss zones are outside the study area. These
areas were identified by the main-stem stream that
crosses a potential loss zone outside the study area.
Drainage areas less than 100 acres were merged with
an adjacent drainage area.

Designated Units

Thirty drainage areas were delineated in the
study area (pls. 1 and 2) and ranged in area from 0.3 to
142.1 mi? (table 13). The site numbers labeling the
drainage areas (pls. 1 and 2) were ordered clockwise
beginning in the northwest and grouped by drainage
basins. Average precipitation, average percent slope,

and percent of exposed crystalline (igneous and meta-
morphic) rocks were calculated for each drainage area
for analysis and comparison. Combined loss thresh-
olds (Hortness and Driscoll, 1998) for most of the
larger streams crossing the three bedrock aquifer out-
crops were listed for comparison with mean discharge
(table 13).

Estimates of the annual yield (the total volume of
runoff divided by the area of the drainage basin) and
mean discharge were calculated for the drainage areas
(table 13) by comparison with gaged drainage basins.
Miller and Driscoll (1998) calculated annual yield as
one of the statistics used to compare characteristics of
drainage basins in the Black Hills. Two of the groups
they compared, interior sedimentary basins and interior
crystalline basins, include several gaging stations on
streams within or including the drainage areas delin-
eated upstream from potential streamflow-loss zones
(pl. 2). A summary of the area and annual yield for the
basins above these gaging stations (table 14) shows a
range of annual yields for basins with mostly crystal-
line rocks and for basins with mostly sedimentary
rocks. Annual yields were estimated for the delineated
drainage areas (table 13) based on comparisons with
the yields for these gaged streams. Estimated mean
discharge was calculated for each drainage area by
multiplying the estimated annual yield by the area and
dividing by time.

The comments in table 13 contain descriptive
information related to particular drainage areas. The
exposed rock in the Spearfish Creek Basin is mostly
Madison Limestone. Streams within this basin
generally are gaining flow from numerous headwater
springs. Some streamflow-loss zones may be present
within this drainage area, depending on topography,
water levels, and precipitation cycles; however, the
area generally is a discharge area for this part of the
Madison Limestone outcrop. Some of the headwaters
of other drainage areas also include outcrops of
Madison Limestone (pl. 2) where streams generally
gain flow.

Bear Gulch, Beaver Creek, False Bottom Creek,
Bear Butte Creek, Elk Creek, and Boxelder Creek lose
all of their flow during most of the days during the year
because flow is generally less than the loss threshold.
The flow in Rapid Creek tributaries is large in relation
to the streamflow-loss threshold. Comparison of the
mean discharge for smaller basins in relation to the
length of the stream reach crossing the formation
outcrops (pl. 2) indicates that most of these drainage
areas probably lose most of their flow to these bedrock
outcrops.
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Table 14. Data pertaining to annual yield for selected gaging stations in Lawrence County

. . Area Period of Annual yield
Station number Station name (square miles) record (inches)
(water years)
Interior Sedimentary Basins
06408700 Rhoads Fork near Rochford 7.95 1983-93 8.51
06430770 Spearfish Creek near Lead 63.5 1989-93 3.34
06430850 Little Spearfish Creek near Lead 25.8 1989-93 6.90
Interior Crystalline Basins
06422500 Boxelder Creek near Nemo 96.0 1967-93 2.17
06430800 Annie Creek near Lead 3.55 1989-93 3.10
06430898 Squaw Creek near Spearfish 4.07 1989-93 4.07
06436156 Whitetail Creek at Lead 6.15 1989-93 5.59
06437020 Bear Butte Creek near Deadwood 16.6 1989-93 3.77

Runoff from the areas between the Minnekahta
and Minnelusa aquifer hydrogeologic units (pl. 2)
probably recharges the Minnekahta aquifer. Most
runoff from other small areas not delineated within the
Minnekahta, Minnelusa, and Madison aquifer hydro-
geologic units also becomes recharge to the adjacent
hydrogeologic units.

USE OF GROUND-WATER
SENSITIVITY MAP

The map of ground-water sensitivity to contami-
nation (pl. 1) is intended to be used as a screening tool
to compare the sensitivity of areas in Lawrence County
to contamination. Each delineated area (sensitivity
unit) on the map is identified by a color and a four-
character alphanumeric code—one letter and three
digits. Drainage areas upstream from potential stream-
flow-loss zones also are delineated and described (pl. 2,
table 13). The following sections describe how to
relate the sensitivity code and the drainage area labels
to hydrogeologic information. The limitations of the
map also are discussed.

Relating Sensitivity Units to
Hydrogeologic Information

The 11 hydrogeologic settings, which group
areas with similar hydrologic and geologic characteris-
tics, are identified by shades of color on plate 1. The
name of the hydrogeologic setting is related to the

predominant rock type or physiographic location.
More detailed information about the hydrogeologic
settings is given in table 1.

The sensitivity map includes 956 sensitivity
polygons that are labeled with identifying codes. The
letter code identifies the hydrogeologic unit, which
includes relative sensitivity ratings for aquifer media,
unsaturated media, and hydraulic conductivity. The rel-
ative sensitivity ratings were compiled on a scale of 1 to
10 with 10 being the most sensitive. The 45 hydrogeo-
logic units are organized in descending order that are
sorted on the sensitivity rating for unsaturated media,
then aquifer media, and then hydraulic conductivity.
The codes begin with an uppercase “A” and continue
through lower case “s.” When the first 26 uppercase
letters were used, the codes were continued with lower
case letters. The explanation of alphabetic hydrogeo-
logic-unit codes on the sensitivity map includes the rel-
ative sensitivity ratings, the geologic units, and a
description of the aquifer and unsaturated media. Com-
ments in table 1 provide additional information
describing characteristics unique to each hydrogeologic
unit.

The first digit in the sensitivity-unit code repre-
sents the recharge rate with group 1 the most sensitive
and group 4 the least sensitive. The second digit in the
sensitivity-unit code represents the depth to water. The
depth-to-water group includes three quantitative groups
and two qualitative groups. The three quantitative
depth-to-water groups were ranked with group 1 the
most sensitive and group 3 the least sensitive. The two
qualitative groups were areas with highly variable
depths to water. The stream valleys in the mountainous
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areas were assumed to have shallower depths to water
than adjacent areas and were included in group 4.
Although the depth to water is highly variable in these
areas, the delineation provides a basis for some relative
comparisons to group 5. The third digit in the sensi-
tivity-unit code represents the land-surface slope,
which consists of five groups, with group 1 the most
sensitive and group 5 the least sensitive.

Drainage areas above streamflow-loss zones
were delineated on plates 1 and 2 with thick blue lines
and a site identification near the upstream end of the
streamflow-loss zone. The drainage areas listed on
plate 1 also include estimates of streamflow-loss
thresholds, if available, and the area of the drainage.
Additional analysis and comments describing the
drainage area and the loss zone are referenced to the
site identification and listed in table 13.

Two areas were selected to describe examples of
using the sensitivity map. Example area 1, in the part
of section 3in T. 6 N., R. 2 E. east of Interstate 90
located about 1 mi northeast of Spearfish, includes
sensitivity polygons with three unique sensitivity-unit
codes, h455, 0451, 0455. In area h455, the letter code
indicates a semiconfining unit with interbedded sand-
stone, limestone, and shale with a moderate sensitivity
rank for aquifer media and a low sensitivity rank for
unsaturated media, and hydraulic conductivity. The
digit codes indicate that, with regard to sensitivity, the
recharge-rate group is low, the depth-to-water group is
highly variable, and the land-surface-slope group is
low. In area 0451, the letter code indicates Spearfish
Formation with a low sensitivity rank for aquifer
media, unsaturated media and hydraulic conductivity.
The digit codes indicate that, with regard to sensitivity,
the recharge-rate group is low, the depth-to-water
group is highly variable, and the land-surface-slope
group is high. Area 0455 is similar to area 0451 except
the land-surface-slope group has a low sensitivity rank.

Example area 2, which is complicated by
streamflow loss, is located in section 8 in T. 5 N.,

R. 2 E. west of Spearfish Creek located about 6 mi
south of Spearfish, and includes sensitivity polygons
with two unique sensitivity-unit codes, B155 and f455.
In area B155, the letter code indicates Madison Lime-
stone, with a high sensitivity rank for aquifer media and
unsaturated media, and a moderately high sensitivity
rank for hydraulic conductivity. The digit codes
indicate that the recharge-rate group is high, the depth-
to-water group is highly variable, and the land-surface-
slope group is low. In area 455, the letter code
indicates Whitewood and Winnipeg Formations, with a

low sensitivity rank for aquifer media, unsaturated
media and hydraulic conductivity. The area also is
within drainage areas upstream from potential stream-
flow-loss zones beginning at sites 6 and 7. Most of the
area is Madison Limestone, which produces very little
surface runoff. However, runoff from the drainage area
upstream from site 6 would contribute to a loss zone
that usually has flow less than the loss threshold
(table 13). The drainage area upstream from site 8
would contribute to a stream with larger flow, except
that flow is usually directed to the hydroelectric power
plant diversion.

A comparison of the sensitivity characteristics of
the two areas indicate that example area 2 is much
more sensitive than example area 1. The small part of
example area 2 with the lower sensitivity characteris-
tics also contributes runoff that recharges the Madison
aquifer through streamflow loss. The recharge rate is
much greater in example area 2. The depth to water in
both areas is highly variable. The significance of the
land-surface-slope groups in comparing these areas is
not as important because of the large difference in
hydrogeologic unit and recharge-rate groups.

Limitations of Sensitivity Map

Some limitations need to be considered when
using the map. One of the most important limitations
is that of scale. On a 1:100,000-scale map, a section of
land, 5,280 ft on a side (640 acres), is described in an
area less than 1-in. square; therefore, the hydrogeologic
information includes numerous generalizations
because of the complex geology in the study area.
Modifying or overlaying the map at a scale that is more
detailed than the original map is inappropriate and may
be extremely misleading.

Available hydrologic data, such as hydraulic
heads and descriptions of ground-water flowpaths, pro-
vide a limited description of the complex hydrology.
Predicting the fate and transport of a potential contam-
inant is difficult because of fractured rocks and solution
openings. This map assumes that a potential contami-
nant has the mobility of water. Some potential contam-
inants may have mobility characteristics different than
water, such as oil, which floats on top of water, or some
solvents, which may be more dense than water and
sink. Also, the analysis of potential ground-water
contaminants from nonpoint sources such as agricul-
tural fields may require different considerations and
approaches than a site-specific spill of a highly toxic
substance.
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The intended use of the sensitivity map is as a
screening tool used in conjunction with other informa-
tion and analysis. The map is not designed to replace
the need for site-specific investigations or to be the sole
criterion in making land-use decisions.

SUMMARY

Sensitivity of ground water to contamination in
Lawrence County was mapped by subdividing the
study area into map areas with relative ranking of
intrinsic hydrogeologic sensitivity. Six intrinsic hydro-
geologic characteristics, aquifer media, unsaturated
media, hydraulic conductivity, recharge rate, depth to
water, and land-surface slope were evaluated sequen-
tially and overlaid to delineate polygons with compa-
rable sensitivity characteristics. Streamflow loss, an
additional mechanism of transport of potential contam-
inants, was considered by delineating and describing
drainage areas upstream from the potential streamflow-
loss zones.

The method used for this study was a modifica-
tion of the DRASTIC method (Aller and others, 1987).
Hydrogeologic characteristics were evaluated and
identified with a comparable code as described by
Hearne and others (1995). A single weighted pollution
potential index was not calculated. Streamflow-loss
characteristics were considered based on the modifica-
tion of DRASTIC by Davis and others (1994) that iden-
tified increased pollution potential for karst sinkholes.
The rating conventions of DRASTIC were modified to
provide a relative ranking of hydrogeologic character-
istics without assignment of a combined numerical
score. The results of studies that compared observed
water-quality and selected hydrogeologic characteris-
tics at other locations were considered in the analysis of
individual map layers. Additional modifications were
made based on the availability of data. Soil character-
istics were not included as a map layer because detailed
digital data were not available; however, the general
distribution of two soil characteristics were shown. A
limited comparison of depth to water was made
because of the highly variable depth to water in a large
part of the study area.

The study area was subdivided into a framework
of 11 hydrogeologic settings with unique hydrologic
and geologic factors that control the movement of
ground water. Within this framework, the hydrogeo-
logic-units map layer was delineated by evaluating
aquifer media, unsaturated media, and hydraulic

conductivity for sensitivity to contamination. A total of
45 hydrogeologic units were delineated and compara-
tively ranked. The most sensitive hydrogeologic units
included the limestones, alluvium, unconsolidated
sands and gravels, and some sandstones. The least sen-
sitive units included shales or units with interbedded
shales.

The recharge-rate map delineated sensitivity
areas by four recharge-rate groups ranging from 0O to
10 in/yr. The highest recharge-rate group (most sensi-
tive) included most of the Madison Limestone outcrop
except in the southeastern corner of the study area
where precipitation rates are lowest. The lowest
recharge-rate group (least sensitive) included mostly
igneous intrusive rocks, shale units, and igneous and
metamorphic rocks.

The depth-to-water map delineated sensitivity
areas by five depth-to-water groups. The first three
categories compared areas where data were available to
estimate depth to water. The shallowest depth to water
(most sensitive) included the alluvium. Group 3 (least
sensitive of these three categories) included some of the
sandstones. The depth to water in most of the study
area was highly variable and was included in groups 4
and 5. Group 4 included delineated stream valleys,
which generally would have shallower depth to water
compared to adjacent areas with higher land-surface
altitudes. Group 5 also included the remaining areas
with highly variable depth to water.

The land-surface-slope map delineated sensi-
tivity areas by five land-surface-slope groups that com-
pared percent slope calculated from Digital Elevation
Models. The smallest percent slopes (most sensitive)
were in the northern part of the study area. The largest
percent slopes (least sensitive) were in the south and
central part of the study area.

Thirty drainage areas were delineated upstream
from potential streamflow-loss zones ranging in area
from 0.3 to 142.1 mi%. Mean discharge estimated for
the drainage areas ranged from 0.1 to 52.3 ft¥/s.
Approximate streamflow-loss thresholds were avail-
able for several of the loss zones. Comparisons of
mean discharges with loss thresholds showed that
runoff from most of these drainage areas during most of
the year would become ground-water recharge.

The various map layers were overlain and inter-
sected to produce a 1:100,000-scale map (pl. 1)
showing 956 delineated polygons identified with a
sensitivity-unit code, a letter code, and three digits.
The letter code represents the hydrogeologic unit, with
the first digit representing the recharge-rate group, the
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second digit representing the depth-to-water group, and
the third digit representing the land-surface-slope
group. The hydrogeologic settings were color shaded.
Drainage areas above streamflow-loss zones were out-
lined and identified with a number referring to a table
of information describing the drainage areas. A second
plate showed the drainage areas in relation to the
streamflow-loss zones, selected hydrogeologic units
from Strobel and others (1999), and selected stream-
flow-gaging stations. The sensitivity maps were
designed as screening tools and do not replace the need
for site-specific investigations.
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SUPPLEMENTAL INFORMATION







Command File 1--Command file to create generalized slope categories and eliminate polygons with areas less
than 100 acres.

grid

/*#*Group slope grid into categories (table 12).

rc10 = reclass(lawco_slp, reclass.tab)

/*¥**Merge contiguous areas less than 10 acres by nibbling area from adjacent areas.

mask10 = setnull(zonalarea(regiongroup(rc10)) < 40469.5, 1) /¥10 acres

n10 = nibble(rc10, mask10, dataonly)

/***Merge contiguous areas less than 20 acres by nibbling area from adjacent areas.

mask20 = setnull(zonalarea(regiongroup(n10)) < 80939, 1) /*20 acres

n20 = nibble(n10, mask20, dataonly)

***Merge contiguous areas less than 50 acres by nibbling area from adjacent areas.

mask50 = setnull(zonalarea(regiongroup(n20)) < 202347.5, 1) /*50 acres

n50 = nibble(n20, mask50, dataonly)

***Merge contiguous areas less than 100 acres by nibbling area from adjacent areas.

mask100 = setnull(zonalarea(regiongroup(n50)) < 404695, 1) /*100 acres

n100 = nibble(n50, mask100, dataonly)

/¥**¥Remove narrow sliver polygons by replacing the value in each cell with the majority /***of the values
within a circle with a 5 cell radius.

n100fm = focalmajority(n100, circle, 5, data)

*#*¥Merge contiguous areas less than 100 acres created in the step above (focalmajority) /***by nibbling area
from adjacent areas greater than 100 acres.

mask100fm = setnull(zonalarea(regiongroup(n100fm)) < 404695, 1) /*100 acres

slp_cat = nibble(n100fm, mask100fm, dataonly)

/¥**¥Remove temporary working coverages

&if [exists rc10 -grid] &then kill rc10 all

&if [exists n10 -grid] &then kill n10 all

&if [exists mask10 -grid] &then kill mask10 all

&if [exists n20 -grid] &then kill n20 all

&if [exists mask20 -grid] &then kill mask20 all

&if [exists n50 -grid] &then kill n50 all

&if [exists mask50 -grid] &then kill mask50 all

&if [exists mask100 -grid] &then kill mask100 all

&if [exists n100 -grid] &then kill n100 all

&if [exists n100fm -grid] &then kill n100fm all

&if [exists mask100fm -grid] &then kill mask100fm all

Command File 1 55
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