Geologic Setting

The oldest geologic units in the study area are the
Precambrian crystalline (metamorphic and igneous)
rocks (fig. 2), which form a basement under the Paleo-
zoic, Mesozoic, and Cenozoic rocks and sediments.
The Precambrian rocks range in age from 1.7 to about
2.5 billion years, and were eroded to a gentle undu-
lating plain at the beginning of the Paleozoic era (Gries,
1996). The Precambrian rocks are highly variable, but
are composed mostly of igneous rocks or metasedi-
mentary rocks, such as schists and graywackes. The
Paleozoic and Mesozoic rocks were deposited as nearly
horizontal beds. Subsequent uplift during the Lara-
mide orogeny and related erosion exposed the Precam-
brian rocks in the crystalline core of the Black Hills,
with the Paleozoic and Mesozoic sedimentary rocks
exposed in roughly concentric rings around the core.
Deformation during the Laramide orogeny contributed
to the numerous fractures, folds, and other features
present throughout the Black Hills. Tertiary intrusive
activity also contributed to rock fracturing in the
northern Black Hills where numerous intrusions exist.

Surrounding the crystalline core is a layered
series of sedimentary rocks (fig. 3) including outcrops
of the Madison Limestone (also locally known as the
Pahasapa Limestone) and the Minnelusa Formation.
The bedrock sedimentary formations typically dip
away from the uplifted Black Hills at angles that can
approach or exceed 15 to 20 degrees near the outcrops,
and decrease with distance from the uplift to less than
1 degree (Carter and Redden, 1999a, 1999b, 1999c,
1999d, 1999¢) (fig. 4). Following are descriptions for
Paleozoic bedrock formations in the Black Hills, which
includes the Madison Limestone, Minnelusa
Formation, and stratigraphically adjacent units.

The oldest sedimentary formation in the study
area is the Cambrian- and Ordovician-age Deadwood
Formation, which is composed primarily of brown to
light-gray glauconitic sandstone, shale, limestone, and
local basal conglomerate (Strobel and others, 1999).
These sediments were deposited on the generally
horizontal plain of Precambrian rocks in a coastal- to
near-shore environment (Gries, 1975). The thickness
of the Deadwood Formation increases from south to
north in the study area and ranges from 0 to 500 ft
(Carter and Redden, 1999¢). In the northern and
central Black Hills, the Deadwood Formation is dis-
conformably overlain by Ordovician rocks, which
include the Whitewood and Winnipeg Formations. The
Winnipeg Formation is absent in the southern Black
Hills, and the Whitewood Formation has eroded to the

south and is not present south of the approximate
latitude of Nemo (DeWitt and others, 1986). In the
southern Black Hills, the Deadwood Formation is
unconformably overlain by the Devonian- and Missis-
sippian-age Englewood Formation because of the
absence of the Ordovician sequence. The Englewood
Formation is overlain by the Madison Limestone.

The Mississippian-age Madison Limestone is a
massive, gray to buff limestone that is locally dolomitic
(Strobel and others, 1999). The Madison Limestone,
which was deposited as a marine carbonate, was
exposed above land surface for approximately 50
million years. During this period, significant erosion,
soil development, and karstification occurred (Gries,
1996). There are numerous caves and fractures within
the upper part of the formation (Peter, 1985). The
thickness of the Madison Limestone increases from
south to north in the study area and ranges from almost
zero in the southeast corner of the study area (Rahn,
1985) to 1,000 ft east of Belle Fourche (Carter and
Redden, 1999d). Local variations in thickness are due
largely to the karst topography that developed before
the deposition of the overlying formations (DeWitt and
others, 1986). Because the Madison Limestone was
exposed to erosion and karstification for millions of
years, the formation is unconformably overlain by the
Minnelusa Formation.

The Pennsylvanian- and Permian-age Minnelusa
Formation consists mostly of yellow to red cross-
stratified sandstone, limestone, dolomite, and shale
(Strobel and others, 1999). In addition to sandstone
and dolomite, the lower part of the formation consists
of shale and anhydrite (DeWitt and others, 1986). The
upper part of the Minnelusa Formation also may con-
tain anhydrite, which generally has been removed by
dissolution near the outcrop areas, forming collapse
features filled with breccia (Braddock, 1963). The
thickness of the Minnelusa Formation in the study area
increases from north to south and ranges from 375 ft
near Belle Fourche to 1,175 ft near Edgemont (Carter
and Redden, 1999c). Along the northeastern part of the
central Black Hills, there is little anhydrite in the sub-
surface due to a change in the depositional environ-
ment. On the south and southwest side of the study
area, there is a considerable increase in thickness of
clastic units as well as a thick section of anhydrite. In
the southern Black Hills, the upper part of the
Minnelusa Formation thins due to leaching of anhy-
drite. The Minnelusa Formation is disconformably
overlain by the Permian-age Opeche Shale, which is
overlain by the Minnekahta Limestone.
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The Permian-age Minnekahta Limestone is a
fine-grained, purple to gray laminated limestone, with
thicknesses ranging from about 25 to 65 ft in the study
area (Strobel and others, 1999). The Minnekahta
Limestone is overlain by the Triassic- and Permian-age
Spearfish Formation.

Hydrologic Setting

The Precambrian basement rocks generally have
low permeability and form the lower confining unit for
the series of sedimentary aquifers in the Black Hills
area. Localized aquifers occur in Precambrian rocks in
many locations in the central core of the Black Hills,
where enhanced secondary permeability results from
weathering and fracturing. In these aquifers, water-
table (unconfined) conditions generally prevail and
land-surface topography can strongly control ground-
water flow directions. Many wells completed in the
Precambrian rocks are located along stream channels.

Many of the sedimentary formations contain
aquifers, both within and beyond the study area.
Within the Paleozoic rock interval, aquifers in the
Deadwood Formation, Madison Limestone, Minnelusa
Formation, and Minnekahta Limestone are used exten-
sively. These aquifers are collectively confined by the
underlying Precambrian rocks and the overlying
Spearfish Formation. Individually, these aquifers are
separated by minor confining units or by relatively
impermeable layers within the individual formations.
Extremely variable leakage can occur between these
aquifers (Peter, 1985; Greene, 1993).

The Deadwood Formation contains the Dead-
wood aquifer, which overlies the Precambrian rocks.
The Deadwood aquifer, which is used mainly by
domestic and municipal users near the outcrop area,
receives recharge primarily from precipitation on the
outcrop. There may be some hydraulic connection
between the Deadwood aquifer and the underlying
weathered Precambrian rocks, but regionally the
Precambrian rocks act as a lower confining unit to the
Deadwood aquifer. Where present, the Whitewood and
Winnipeg Formations act as a semi-confining unit
overlying the Deadwood aquifer (Strobel and others,
1999). These units locally may transmit water and
exchange water with the Deadwood aquifer, but
regionally are not considered aquifers. Where the
Whitewood and Winnipeg Formations are absent, the
Deadwood aquifer is in contact with the overlying
Englewood Formation, which Strobel and others
(1999) included as part of the Madison aquifer.

The Madison aquifer generally occurs within the
karstic upper part of the Madison Limestone; however,
Strobel and others (1999) included the entire Madison
Limestone and the Englewood Formation in their
delineation of the aquifer. Numerous fractures and
solution openings in the Madison Limestone provide
extensive secondary porosity in the aquifer. The
Madison aquifer receives significant recharge from
streamflow losses and precipitation on the outcrop.
The Madison aquifer is confined by low permeability
layers in the overlying Minnelusa Formation.

The Minnelusa aquifer occurs within the thin
layers of sandstone, dolomite, and anhydrite in the
lower portion of the Minnelusa Formation and sand-
stone and gypsum in the upper portion. The Minnelusa
aquifer has primary porosity in the sandstone units and
secondary porosity from fracturing and collapse
breccia associated with dissolution of interbedded
evaporites. The Minnelusa aquifer receives significant
recharge from streamflow losses and precipitation on
the outcrop. Streamflow recharge to the Minnelusa
aquifer generally is less than to the Madison aquifer,
which is preferentially recharged because of its upgra-
dient location. The Minnelusa aquifer is confined by
the overlying Opeche Shale.

The Minnekahta aquifer, which overlies the
Opeche Shale, typically is very permeable, but is
limited in amount of yield by the aquifer thickness.
The Minnekahta aquifer receives significant recharge
from precipitation and limited recharge from stream-
flow losses on the outcrop. The overlying Spearfish
Formation acts as a confining unit to the aquifer.

Within the Mesozoic rock interval, the Inyan
Kara aquifer is used extensively. Aquifers in various
other formations are used locally to lesser degrees. The
Inyan Kara aquifer receives recharge primarily from
precipitation on the outcrop. The Inyan Kara aquifer
also may receive recharge from leakage from the
underlying aquifers (Swenson, 1968; Gott and others,
1974). As much as 4,000 ft of Cretaceous shales act as
the upper confining layer to aquifers in the Mesozoic
rock interval.

Artesian (confined) conditions generally exist
within the aforementioned aquifers, where an upper
confining layer is present. Under artesian conditions,
water in a well will rise above the top of the aquifer in
which it is completed. Flowing wells will result when
drilled in areas where the potentiometric surface is
above the land surface. Flowing wells and artesian
springs that originate from confined aquifers are
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common around the periphery of the Black Hills. The
hydrogeologic setting of the Black Hills area is
schematically illustrated in figure 5.

Streamflow within the study area is affected by
both topography and geology. The base flow of most
streams in the Black Hills originates in the higher
elevations, where relatively large precipitation and
small evapotranspiration result in more water being
available for springflow and streamflow. Numerous
streams have significant headwater springs originating
from the Paleozoic carbonate rocks along the “Lime-
stone Plateau” (fig. 1) on the western side of the study
area. This area is a large discharge zone for aquifers in
the Paleozoic rock interval, especially for the Madison
aquifer. The headwater springs provide significant
base flow for several streams that flow across the crys-
talline core.

Most streams generally lose all or part of their
flow as they cross the outcrop of the Madison Lime-
stone (Rahn and Gries, 1973; Hortness and Driscoll,
1998). Karst features of the Madison Limestone,
including sinkholes, collapse features, solution
cavities, and caves, are responsible for the Madison
aquifer’s capacity to accept recharge from streamflow.

| (

NY_

Sprin
c%nd%it

~ Well

Dip of sedimentary rocks exaggerated
Thicknesses not to scale

4 N NN
'I"\\\\\\\\\ \\

Flowing

Large streamflow losses also occur in many locations
within the outcrop of the Minnelusa Formation, and
limited losses probably also occur within the outcrop of
the Minnekahta Limestone (Hortness and Driscoll,
1998). Large artesian springs occur in many locations
downgradient from loss zones, most commonly within
or near the outcrop of the Spearfish Formation. These
springs provide an important source of base flow in
many streams beyond the periphery of the Black Hills
(Rahn and Gries, 1973; Miller and Driscoll, 1998).
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10 Estimated Recharge to the Madison and Minnelusa Aquifers i

n the Black Hills Area, South Dakota and Wyoming



Department of Environment and Natural Resources has
provided support and extensive technical assistance to
the study. In addition, the authors acknowledge the
technical assistance from many faculty and students at
the South Dakota School of Mines and Technology.

RECHARGE PROCESSES AND GENERAL
METHODS FOR QUANTIFYING
RECHARGE

This section describes processes affecting
recharge to the Madison and Minnelusa aquifers and
provides an overview of the general methods used to
quantify recharge. An overview of previous investiga-
tions regarding recharge to the Madison and Minnelusa
aquifers also is provided.

Previous Investigations

Numerous previous investigators have studied
recharge to the Madison and Minnelusa aquifers. Most
of the previous investigations have focused on stream-
flow losses. Losses from local Black Hills streams to
outcrops of various sedimentary formations were first
noted by Dodge (1876), although it was then believed
that most losses occurred to the Minnelusa Formation
and overlying sandstone units (Newton and Jenney,
1880). Streamflow losses for various Black Hills
streams were estimated by Brown (1944), Crooks
(1968), Rahn and Gries (1973), Peter (1985), and
Greene (1997). The most comprehensive study of
streamflow losses in the Black Hills area was by
Hortness and Driscoll (1998), who documented losses
for 24 streams based on extensive measurements and
analyses of streamflow records.

Cox (1962) estimated recharge for the Minnelusa
aquifer in the northern Black Hills as 2 inches from
infiltration of precipitation. Minimum precipitation
recharge for the Madison and Minnelusa aquifers was
estimated by Rahn and Gries (1973) to range from
0.6 in/yr in the southern Black Hills to 6.8 in/yr in the
northern Black Hills. Peter (1985) estimated that
between 1 and 2 inches of the annual precipitation
becomes recharge to the Madison and Minnelusa
aquifers in the Rapid City area. Annual recharge to the
Madison aquifer on the western flanks of the Black
Hills in the Limestone Plateau area was estimated to be
6.8 inches (Downey, 1986).

Recharge Processes

As discussed, many previous investigations have
addressed quantification of streamflow loss rates.
These investigations have provided various insights
regarding the processes affecting recharge to the
Madison and Minnelusa aquifers. One very important
factor is the potential for extremely large secondary
porosity within these aquifers, which is evidenced by
the large infiltration rates that are associated with dra-
matic streamflow losses that can be as large as tens of
cubic feet per second for some stream reaches (Hort-
ness and Driscoll, 1998). Large secondary porosity and
associated infiltration rates also are consistent with the
physical nature of both formations, which commonly
have fractures and solution features in outcrop sections.
The Madison Limestone is especially prone to solution
openings, as exemplified by large caves such as Wind
Cave and Jewel Cave, which are two of the largest
caves in the world.

The fact that both the Madison and Minnelusa
aquifers have large secondary porosity in some loca-
tions does not necessarily imply that infiltration rates
will be uniformly large in all outcrop sections. Both
aquifers are prone to large heterogeneity, or variability
in aquifer characteristics (Cox, 1962; Greene, 1993;
Greene and Rahn, 1995), as evidenced by the extremely
large range in well yields that can occur. This is
visually apparent in many locations in caves within the
Madison Limestone, where rates of cave drip can be
very small in the ceilings of man-size passageways
(Wiles, 1992).

Rates of recharge resulting from infiltration of
precipitation on outcrops can be highly affected by
conditions in the soil horizon. Much of the precipita-
tion that occurs is eventually returned to the atmo-
sphere though evaporation and transpiration
(evapotranspiration). Recharge can occur only when
water infiltrates to sufficient depth to escape the root
zone. Thus, recharge rates can be affected by infiltra-
tion rates, along with thicknesses and associated
storage capacities of overlying soils, which can be
highly variable.

A perspective on the infiltration capacity of the
Madison and Minnelusa aquifers on a watershed scale
can be obtained by examination of streamflow informa-
tion for selected gaging stations. Duration hydrographs
are presented in figure 6 for four streamflow-gaging
stations (graphs B through E) that are located in or near
the Limestone Plateau area, which is dominated by
large outcrop areas of the Madison Limestone and
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Figure 6. Daily-duration hydrographs for selected gaging stations.
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Minnelusa Formation (fig. 1). Locations of gaging
stations are shown in figure 7. Flow at these sites is
dominated by base flow originating from ground-water
discharge from the Madison and Minnelusa aquifers.
For comparison, a duration hydrograph also is pre-
sented for a gaging station on Battle Creek (graph A in
fig. 6), the drainage area of which is dominated by
Precambrian igneous and metamorphic rocks. Flow in
Battle Creek is highly variable and responsive to short-
term climatic conditions, indicating dominance from
surface-water flow components relative to ground-
water flow components. Additional discussions of
differences in flow characteristics for different hydro-
geologic settings were presented by Miller and Driscoll
(1998).

An important observation from examination of
the duration hydrographs is that direct surface runoff
from outcrops of the Madison Limestone and Min-
nelusa Formation is very unusual. Surface runoff is
virtually nonexistent for Rhoads Fork (graph B), for
which the surface drainage area is comprised almost
entirely of Madison Limestone outcrops. The entire
range in variability in daily flow for this site falls easily
within one order of magnitude, compared with a range
spanning in excess of five orders of magnitude for
Battle Creek. Increasingly larger components of
surface runoff are apparent for graphs E, D, and C,
respectively, which can be attributed to increasingly
larger percentages of outcrops other than the Madison
Limestone and Minnelusa Formation within these
drainage basins (figs. 3 and 7).

The preceding discussions are used as the basis
of an assumption that direct surface runoff from the
Madison Limestone and Minnelusa Formation is
almost nonexistent and can be neglected for many
purposes associated with calculation of recharge to
these aquifers. This assumption is very important in
developing methods for quantification of recharge from
direct precipitation, as discussed in the following
section.

General Methods for Quantifying
Recharge

Quantifying recharge to the Madison and
Minnelusa aquifers requires methods for quantification
of both streamflow recharge and precipitation recharge,
as discussed in this section. Various considerations
regarding areas and uncertainties associated with
recharge estimates also are discussed.

Annual recharge estimates are made for water
years 1931-98, which corresponds with a period for
which precipitation records have been compiled for the
Black Hills area (Driscoll, Hamade, and Kenner, 2000).
All recharge estimates provided in this report are by
water year, which represents the period from October 1
through September 30, and all discussions of time-
frames refer to water years, rather than calender years,
unless noted otherwise.

Considerations Regarding Recharge Areas

Because outcrops of the Madison Limestone and
Minnelusa Formation are not entirely continuous
throughout the study area, quantifying precipitation
recharge requires identification of outcrop areas where
effective recharge occurs. Outcrops that are considered
“isolated” from the regional ground-water flow system
(erosional remnants) are identified in figure 7.
Recharge that occurs in isolated outcrops does not
directly join the regional ground-water flow system
because these outcrops are not hydraulically connected
to a regional aquifer. Thus, for subsequent calcula-
tions, precipitation recharge is prescribed only for the
“connected” outcrops of the Madison Limestone and
Minnelusa Formation.

Subsequent calculations of streamflow recharge
require determination of drainage areas contributing to
streamflow loss zones that occur within outcrop areas
of the Madison Limestone and Minnelusa Formation.
For these calculations, isolated outcrops of the
Madison Limestone and Minnelusa Formation are
included as drainage areas contributing to loss zones.
Direct runoff from the isolated outcrops probably is
uncommon; however, these areas generally contribute
base flow to streams upstream from loss zones. Several
small basins upstream from loss zones contain minor
connected outcrops that are subtracted from the
drainage areas contributing to streamflow loss zones.

Isolated outcrop areas were determined from
hydrogeologic and structure-contour maps of the study
area (DeWitt and others, 1989; Carter and Redden,
1999c¢, 1999d; Strobel and others, 1999) and are identi-
fied in figure 7. Outcrop areas generally are considered
isolated where surrounded by outcrops of an older for-
mation or by Tertiary intrusives because recharge
would not be able to move laterally without eventually
being discharged at the contact with the older forma-
tion or intrusive. An exception to this criterion is
that outcrops of the Minnelusa Formation that are
surrounded by outcrops of the Madison Limestone are
considered connected, rather than isolated.

Recharge Processes and General Methods for Quantifying Recharge 13
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Recharge estimates presented in this report
consists of “regional recharge,” which refers to
recharge to outcrops connected to the regional flow
system. Precipitation recharge to isolated outcrops of
the Madison Limestone and Minnelusa Formation is
excluded because most of this recharge is ultimately
discharged as base flow to streams, which may be sub-
sequently recharged in loss zones located farther down-
stream. The term “regional recharge” is used primarily
because of considerations regarding large headwater
springs located mainly along Rapid Creek and
Spearfish Creek and recharged in the Limestone
Plateau area (fig. 1). Some of this water from head-
water springs also contributes to subsequent stream-
flow recharge farther downstream; however, two
important distinctions exist between infiltration of
precipitation on the Limestone Plateau area and on
isolated outcrops. First, the water in the Limestone
Plateau area is part of the regional flow system
recharged in the continuous part of the formation out-
crops prior to discharge at headwater springs; hence the
term regional recharge. Second, much of the discharge
from the headwater springs in Rapid Creek and
Spearfish Creek does not necessarily contribute to sub-
sequent streamflow recharge. Streamflow losses in
these streams are small, relative to the drainage areas,
and streamflow generated from other areas generally is
sufficient to satisfy the loss thresholds.

Methods for Quantifying Streamflow Recharge

The Madison and Minnelusa aquifers receive
relatively consistent recharge from area streams, which
generally lose flow crossing the formation outcrops.
During periods of base flow, most streams generally
lose their entire flow as they cross these outcrops (loss
zones), up to “threshold” rates that are unique for each
stream. Hortness and Driscoll (1998) concluded that
loss thresholds for individual streams generally are
relatively constant, without measurable effects from
flow rate or duration of flow through loss zones. Minor
variability in apparent loss rates was attributed to
localized springflow within loss reaches.

Estimates of streamflow recharge are based,
when possible, on loss thresholds that were determined
by Hortness and Driscoll (1998) for 24 area streams.
This constitutes the majority of drainage areas that
provide streamflow recharge to the Madison and
Minnelusa aquifers. Some of the loss thresholds deter-
mined by Hortness and Driscoll (1998) were based on
measurement sites that do not include the entire

drainage area above the outcrops. Therefore, some of
the thresholds are adjusted to account for additional,
unmeasured flow from the additional minor drainage
areas. Estimates of streamflow recharge exclude allu-
vial ground-water flow upstream from loss zones
because alluvial flow could not be determined.

Some of the stream reaches measured by
Hortness and Driscoll (1998) included outcrops of the
Deadwood Formation or Minnekahta Limestone, pri-
marily because of access considerations. Thus, some
of the calculated loss thresholds may apply to these
outcrops. Examination of additional information led to
a conclusion by Hortness and Driscoll (1998) that
losses to the Deadwood Formation generally are min-
imal. Losses to the Minnekahta Limestone were diffi-
cult to isolate from potential losses to extensive alluvial
deposits that commonly occur near outcrops of the
Minnekahta Limestone. For this report, all streamflow
losses are assumed to recharge the Madison and
Minnelusa aquifers, except those specifically identified
by Hortness and Driscoll (1998) for other aquifers.

Estimates of streamflow recharge are developed
for three types of drainage basins: (1) those with con-
tinuous-record streamflow-gaging stations, (2) those
with only miscellaneous-record measurement sites;
and (3) those with no available measurements
(ungaged). Loss thresholds have not been determined
for the ungaged basins, but were available from
Hortness and Driscoll (1998) for the other two types of
basins.

For the basins with continuous-record gaging
stations, daily mean flows are available, and loss
threshold values can be used along with daily flow
records to calculate recharge rates. The general method
for calculating recharge rates follows: (1) if the daily
mean flow measured at the gaging station was less than
the loss threshold rate, daily recharge to the Madison
and/or Minnelusa aquifers was equal to the measured
flow; or (2) if the measured flow was greater than or
equal to the loss threshold rate, daily recharge to the
aquifers was equal to the threshold rate. Calculated
daily losses were aggregated to provide estimates of
annual recharge.

For some streams, Hortness and Driscoll (1998)
were able to quantify individual loss thresholds to the
Madison and Minnelusa aquifers; thus, individual and
combined recharge to the aquifers can be determined.
For stations for which individual loss thresholds had
been determined, the loss threshold for the Madison
aquifer is applied first to daily mean flows, and any
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flow greater than this threshold then is applied to the
loss threshold for the Minnelusa aquifer. Combined
recharge rates are equal to the sum of the individual
recharge rates of the Madison and Minnelusa aquifers.

Flows from selected continuous-record gaging
stations are used to estimate daily flows for streams
with miscellaneous-record measurement sites. The
daily flow estimates are based strictly on the ratio of the
drainage area for each basin, relative to the drainage
area for a representative continuous-record gage. Daily
losses are calculated in the same fashion as those for
the continuous-record gaging stations, and annual
recharge again is computed by aggregating daily
losses.

The ungaged basins generally consist of small
drainage areas with undetermined loss thresholds that
are situated between larger basins for which loss
thresholds have been determined. Hortness and
Driscoll (1998) did not attempt to quantify loss thresh-
olds for these small basins; however, field observations
indicated that flow seldom occurs below the loss zone.
Therefore, a simplifying assumption that 90 percent of
runoff generated within these basins becomes recharge
to the Madison and Minnelusa aquifers is made for esti-
mating recharge from ungaged streams. Annual flows
for ungaged basins are estimated strictly from annual
flows for representative continuous-record gages, again
using drainage-arearatios. Because the ungaged basins
contain outcrops of the Deadwood Formation, which
would receive precipitation recharge to the Deadwood
aquifer, streamflow recharge to the Madison and
Minnelusa aquifers is overestimated slightly. However,
this slight overestimation is assumed to be equal to the
alluvial ground-water flow upstream from loss zones
that could not be determined.

All of the continuous-record gages used for
direct calculation of daily losses have daily records at
least for water years 1992-98, with the oldest records
dating to 1962. A variety of regression methods are
used to estimate streamflow back to 1950 for calcula-
tion of streamflow recharge, which requires utilization
of gages with longer records. Estimates of streamflow
recharge are further extended to 1931 using correla-
tions with estimates of precipitation recharge. Addi-
tional details are provided in subsequent sections. An
evaluation of uncertainties associated with recharge
estimates also is provided.

Methods for Quantifying Precipitation Recharge

Recharge resulting from infiltration of direct pre-
cipitation can be a very difficult variable to quantify.
Pan evaporation, which can be measured directly,
might be useful in computing precipitation recharge.
However, evaporation data are sparse and evaporation
rates are quite variable in the study area, primarily
because of differences in energy input resulting from
differences in elevation and aspect (Wrage, 1994).
Furthermore, pan evaporation exceeds precipitation for
most parts of the Black Hills during all but the wettest
years. Thus, evapotranspiration generally is limited by
precipitation amounts and availability of soil moisture.
Measured evapotranspiration rates of the Black Hills
pine forest do not exist, and estimation of evapotrans-
piration generally involves extensive modeling efforts
that require input of hourly climatic data (Fluke, 1996).

Development of the assumption that surface
runoff from outcrops of the Madison Limestone and
Minnelusa Formation is negligible (as discussed in a
previous section) provides a simplified approach to
quantifying precipitation recharge. By neglecting
surface runoff, it can be assumed that all precipitation
on outcrops of the Madison Limestone and Minnelusa
Formation that is not evapotranspired becomes
recharge, as schematically illustrated in figure 8.

Streamflow in drainage basins within the crystal-
line core of the Black Hills area can be used as an indi-
rect measure of evapotranspiration. This concept also
is schematically illustrated in figure 8. A similar
approach was used by Anderson (1980) in three water-
sheds in the Sturgis area. Recharge does occur to
numerous localized aquifers in fractured crystalline
rocks, especially where extensive weathering has
occurred in outcrop areas. However, these aquifers are
not regional, as indicated by the fact that wells con-
structed in Precambrian rocks in western South Dakota
outside of the Black Hills have not encountered
measurable amounts of ground water (Rahn, 1985).
Therefore, regional ground-water flow in the crystal-
line rocks can reasonably be considered negligible.

Streamflow records are available for numerous
drainage basins within the crystalline core area, which
are appropriate for use in estimating basin yield. In the
absence of a regional ground-water flow component,
basin yield can be considered as the residual between
precipitation and evapotranspiration, for periods suffi-
ciently long to neglect change in storage. As discussed,
localized aquifers are common in the fractured crystal-
line rocks, and streams draining these rocks generally

16 Estimated Recharge to the Madison and Minnelusa Aquifers in the Black Hills Area, South Dakota and Wyoming



PRECIPITATION PRECIPITATION
EVAPOTRANSPIRATION
STREAMFLOW =0 STREAMFLOW
< =>
MADISON
AND CRYSTALLINE

MINNELUSA CORE

OUTCROPS
33 R
RECHARGE RECHARGE

TO REGIONAL FLOW SYSTEM

TO REGIONAL FLOW SYSTEM =0

Figure 8. Schematic diagram illustrating recharge and streamflow characteristics for selected outcrop types.

have at least some component of base flow that can be
attributed to ground-water discharge. However, the
relatively minor ground-water components in these
areas primarily reflect changes in storage in the crystal-
line rocks. Thus, streamflow (or basin yield) effec-
tively represents the entire quantity of water not lost
through evapotranspiration, which for the crystalline
areas consists predominantly of runoff with a minor
ground-water component.

In this report, basin yields are first normalized,
relative to drainage area, by expressing in inches per
unit of drainage area. Yields are further converted to
yield efficiencies, by dividing by precipitation on
contributing drainage areas. Relations between yield
efficiency and precipitation are identified, which are
developed for use in generically estimating annual
yield for given areas, based on average yield efficiency
and annual precipitation. The resulting annual yield is
used as a surrogate for estimating annual recharge from
infiltration of precipitation on outcrop areas of the
Madison and Minnelusa aquifers. Additional details
are provided in subsequent sections.

Uncertainties Associated with Recharge Estimates

There are a large number of uncertainties associ-
ated with the recharge estimates provided in this report.
Most of the uncertainties cannot be accurately evalu-
ated because of unknowns associated with the variables

involved and the broad assumptions necessary in esti-
mating recharge. It is possible, however, to provide a
sense of the relative level of uncertainty associated
with most of the methods used. Following are prelim-
inary discussions of uncertainties associated with some
of these methods. Additional discussions are provided
in subsequent sections, where additional details
regarding methods or results are available.
Uncertainties for estimates of streamflow
recharge for the continuous-record gages probably are
small, relative to other uncertainties, because uncer-
tainties associated with measured flow records and the
determination of loss thresholds are relatively small.
Estimates of streamflow recharge for 1992-98 are
better than estimates for earlier periods because more
continuous-record gaging stations were in operation.
Additional uncertainties are introduced when flow esti-
mates are based on flow records for other gages, which
is done for continuous-record gages outside of the
period of record, miscellaneous-record measurement
sites, and ungaged basins. Estimates for ungaged
basins have additional uncertainty associated with the
assumption that 90 percent of streamflow in these
ungaged areas becomes recharge. This additional
uncertainty is not particularly critical, however,
because the ungaged basins constitute less than
10 percent of the drainage area contributing stream-
flow recharge to the Madison and Minnelusa aquifers,
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compared with about 80 percent for basins with contin-
uous flow records. The largest uncertainties for
streamflow recharge estimates are for 1931-50, when
estimates are based on correlations with estimates of
precipitation recharge.

Uncertainties associated with estimates of pre-
cipitation recharge result from: (1) the methods used
and associated assumptions, which may be large and
cannot be quantified (additional discussions of these
uncertainties will be provided later in the report); and
(2) measurement of precipitation. Uncertainties
become progressively larger for earlier periods due to
sparser precipitation data.

The methods that are used for estimating precip-
itation recharge provide a consistent, systematic
approach that is based on precipitation measurements
that have a relatively small level of uncertainty. Minor
uncertainty is associated with the spatial distribution of
measured precipitation; however, the method used
(Driscoll, Hamade, and Kenner, 2000) is consistent and
systematic, and probably introduces little bias. Thus,
errors associated with the spatial distribution of precip-
itation probably are random and tend to cancel out over
time.

Large uncertainties are associated with the
approach that is used for generically estimating annual
basin yield and yield efficiency, along with the assump-
tion that yield efficiency is a reasonable surrogate for
estimating recharge rates for the Madison and
Minnelusa aquifers. There also is considerable poten-
tial for systematic bias associated with this assumption.
A likely source of bias is that precipitation recharge to
the Madison and Minnelusa aquifers may be consis-
tently underestimated. An inherent assumption associ-
ated with the approach is that the amount of water
escaping the root zone in the outcrops of the Madison
Limestone and Minnelusa Formation is similar to that
escaping the root zone in lower permeability settings
such as the Precambrian rocks, where the ground-water
component of streamflow is relatively small. Because
of the large secondary porosities associated with out-
crops of the Madison Limestone and Minnelusa
Formation, it is likely that the amount of water
escaping the root zone in these outcrops is larger than
in other settings. Therefore, the recharge estimates
presented in this report probably are conservative.

In general, the best recharge estimates are
streamflow recharge values for 1992-98 that are calcu-
lated from measured loss thresholds and daily stream-
flow records for continuous-record gages. Estimates of

streamflow recharge become progressively more
uncertain for previous periods, as availability of
streamflow records becomes sparser. The uncertainty
associated with estimates of precipitation recharge
generally is larger than for streamflow recharge. This
does not necessarily imply that errors are large, but
does recognize that potential for error is large. The
uncertainty associated with estimates of precipitation
recharge changes little over time and is influenced only
by availability of precipitation measurement sites.
Thus, uncertainties for combined recharge from
streamflow and precipitation are subject to less change
over time than estimates of streamflow recharge alone.
Although recharge estimates are somewhat poorer for
earlier periods, estimates for the 1930’s and 1950’s are
especially important, because this is the driest period
for which adequate precipitation data are available for
hydrologic analysis.

As discussed, uncertainties associated with
recharge estimates cannot be evaluated precisely at this
time. Results of an initial water-budget analysis, which
utilized the same general methods for estimation of
recharge, were presented by Hamade (2000). These
initial results indicate that recharge estimates are in a
range that is compatible with other components of the
water budget.

STREAMFLOW RECHARGE

Streamflow losses from area streams provide a
consistent source of recharge to the Madison and
Minnelusa aquifers. Streamflow records for 39 mea-
surement sites (table 1 fig. 9) are considered in calcu-
lating streamflow recharge. One gage (06425500;
site 22 in table 1) used in quantifying streamflow
recharge is outside the study area and is shown in
figure 1. Most of the gages are used for direct calcula-
tions of streamflow recharge. Several gages (sites 9,
15, 19, 22, 27, 28, 31, and 35) are used only in statis-
tical correlations for extending streamflow records.

The streamflow measurement sites are used to
delineate 13 drainage basins with continuous-record
gages and 19 basins with miscellaneous measurement
sites (fig. 10). In addition, 23 ungaged basins are delin-
eated. Basins with continuous-record gages account
for 78 percent of the study area, and basins with
miscellaneous-record measurement sites account for
13 percent. The ungaged basins account for only
9 percent of the study area.
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Table 1.

Summary of selected site information for gaging stations used in determining streamflow recharge

[Type of station: C, continuous-record; M, miscellaneous-record. --, none used]

Latitude Longitude . Period of
. Drainage
. Station record
Site identification Station name ; Type of area used
number b (degrees, minutes, station (square t
number seconds) miles) (water
years)
1 06402430 Beaver Creek near Pringle 433453 1032834 C 45.8 1991-98
2 433532103284800 Reaves Gulch above Madison 433532 1032848 M 6.86 --
outcrop, near Pringle
3 433745103261900 Highland Creek above Madison 433745 1032619 M 8.69 --
outcrop, near Pringle
4 433930103250000 South Fork Lame Johnny Creek above 433930 1032500 M 4.34 --
Madison outcrop, near Fairburn
5 433910103251000 Flynn Creek above Madison outcrop, 433910 1032510 M 10.3 --
near Fairburn
6 434105103240200 North Fork Lame Johnny Creek above 434105 10324 02 M 2.80 --
Madison outcrop, near Fairburn
7 06403300 French Creek above Fairburn 434302 1032203 C 105 1983-98
8 06404000 Battle Creek near Keystone 435221 1032010 C 58.0 1962-98
9 06406000 Battle Creek at Hermosa 434941 1031144 c! 178 1950-98
10 06404998 Grace Coolidge Creek near Game 434540 1032149 C 25.2 1977-98
Lodge, near Custer
11 06405800 Bear Gulch near Hayward 434731 1032049 C 4.23 1990-98
12 434929103215700 Spokane Creek above Madison 434929 1032157 M 492 -
outcrop, near Hayward
13 434800103174400 Spokane Creek below Madison 434800 1031744 M 3.76 -
outcrop, near Hayward
14 06407500 Spring Creek near Keystone 435845 1032025 C 163 1987-98
15 06408500 Spring Creek near Hermosa 435631 1030932 c! 199 1950-98
16 06411500 Rapid Creek below Pactola Dam 440436 1032854 320 1946-98
17 440105103230700 Victoria Creek below Victoria Dam, 440105 1032307 M 6.82 -
near Rapid City
18 06422500 Boxelder Creek near Nemo 440838 1032716 C 96.0 1967-98
19 06423010 Boxelder Creek near Rapid City 4407 54 103 17 54 C 128 1978-98
20 06424000 Elk Creek near Roubaix 441741 1033547 C 21.5 1992-98
21 441614103253300 Elk Creek at Minnekahta outcrop, 441614 1032533 M 23.8 -
near Tilford
22 06425500 Elk Creek near Elm Springs 44 1454 1023010 c! 540 1950-98
23 441412103275600 Little Elk Creek below Dalton Lake, 441412 1032756 M 11.39 --

20

near Piedmont
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Table 1.

Summary of selected site information for gaging stations used in determining streamflow recharge—Continued

[Type of station: C, continuous-record; M, miscellaneous-record. --, none used]

Latitude Longitude . Period of
. Drainage
. Station record
Site identification Station name . Type of area used
number b (degrees, minutes, station (square t
number seconds) miles) (water
years)
24 06429920 Bear Gulch near Maurice 442514 10402 26 M 6.17 --
25 06430520 Beaver Creek near Maurice 442257 1040013 M 6.86 --
26 442242103565400 Iron Creek below Sawmill Gulch, 442242 10356 54 M 8.16 --
near Savoy
27 06430800 Annie Creek near Lead 441937 1035338 c! 3.55 1989-98
28 06430898 Squaw Creek near Spearfish 442404 1035335 c! 6.95 1989-98
29 06430900 Spearfish Creek above Spearfish 442406 1035340 C 139 1989-97
30 06430950 Spearfish Creek below Robison 442614 1035232 M 8.44 --
Gulch, near Spearfish
31 06431500 Spearfish Creek at Spearfish 4428 57 1035140 C 168 1947-98
32 442754103565000 Higgins Gulch below East Fork, 442754 10356 50 M 12.55 --
near Spearfish
33 442405103485100 False Bottom Creek above Madison 442405 1034851 M 5.55 --
outcrop, near Central City
34 06432180 False Bottom Creek (below Minnelusa 44 27 09 103 48 22 M 8.91 -
outcrop) near Spearfish
35 06433000 Redwater River above Belle Fourche 444002 103 50 20 c! 920 1946-98
36 06436170 Whitewood Creek at Deadwood 442248 1034325 C 40.6 1981-95
37 06437020 Bear Butte Creek near Deadwood 442008 1033806 C 16.6 1989-98
38 442337103350600 Bear Butte Creek at Boulder Park, 442337 1033506 M 32.23 --
near Sturgis
39 442447103332800 Bear Butte Creek above Sturgis 4424 47 103 3328 M 5.59 --

IContinuous-record station used only for extension of streamflow records.
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Base modified from U.S. Geological Survey digital data,
1:100,000 and City Engineer's map, Rapid City, 1991

Figure 10. Drainage basins for which streamflow recharge was estimated.

EXPLANATION

(7] OUTCROP OF THE MADISON

LIMESTONE (from Strobel and
others, 1999)

OUTCROP OF THE MINNELUSA

—_

FORMATION (from Strobel
and others, 1999)

| DRAINAGE BASIN WITH CON-

) TINUOUS-RECORD STREAM-
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Number is basin number in
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A

A
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Number is basin number in
table 2

AVAILABLE STREAMFLOW
MEASUREMENTS (UNGAGED)
--Number is basin number
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STATION

MISCELLANEOUS-RECORD
MEASUREMENT SITE
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Estimated Recharge to the Madison and Minnelusa Aquifers in the Black Hills Area, South Dakota and Wyoming



