Springflow and Well Withdrawals

Numerous headwater and artesian springs exist
throughout the study area and both spring types are
considered in the hydrologic budgets. The headwater
springs originate from the Paleozoic units on the
western side of the study area (Limestone Plateau area)
and provide base flow to many area streams. Artesian
springs that originate from the Madison and/or
Minnelusa aquifers (Naus and others, in press) are
common around the periphery of the Black Hills.
Many artesian springs occur in locations downgradient
from streamflow-loss zones, most commonly within or
near the outcrop of the Spearfish Formation.

Most estimates for artesian springflow are
derived from streamflow records for streams with sub-
stantial artesian springflow components. Streamflow
at selected gaging stations is separated into two compo-
nents—base flow and runoff. The base-flow compo-
nent generally represents the amount of streamflow
contributed by ground-water discharge. The base-flow
component is estimated using the Base Flow Index
(BFI) FORTRAN computer program (Wahl and Wahl,
1995) using coefficients of N=5 (5-day increments) and
/=0.9 (90 percent minima criteria for determination of
turning points).

3,530

Similar techniques were used by Jarrell (2000) to
identify headwater springflow for streams with sub-
stantial headwater springflow components. However,
estimates of headwater springflow used in the hydro-
logic budgets are based on estimates of recharge over
contributing ground-water areas. Additional details are
provided in a subsequent section.

Well withdrawals from the Madison and
Minnelusa aquifers in the Black Hills area serve many
categories of water use. These categories include
municipal, self supply (domestic), irrigation, livestock,
industrial, mining, thermoelectric power, and other.
Estimates of well withdrawals used in the hydrologic
budgets are based on water-use data from Amundson
(1998).

Storage Considerations

For the period 1987-96, change in storage is
approximately zero based on well hydrographs and
estimated recharge. Examination of a long-term
hydrograph (1962-98) for a well completed in the
Minnelusa aquifer shows that although the water level
has fluctuated nearly 50 ft, there is no apparent long-
term trend in the water level (fig. 7; location shown in
fig. 1). Hydrographs for selected well pairs (locations
shown in fig. 1) completed in the Madison and
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Figure 7. Hydrograph for Redwater Minnelusa well.
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Minnelusa aquifers are shown in figure 8. Hydro-
graphs that span the period 1987-96 indicate that the
net change in storage during this period generally is
small and can be neglected, based on water levels that
were approximately equal in 1987 and 1996. Further-
more, the lowest water level during the 10-year period
generally occurred during water year 1992 as indicated
by most hydrographs. Thus, the 6-year period from
1987-92 generally is a period of decreasing storage
(outflows exceed inflows), and the 4-year period from
1993-96 is a period of increasing storage (inflows
exceed outflows).

The assumption that change in storage for
1987-96 is approximately equal to zero also is vali-
dated by recharge estimates. Average recharge for
1987-96 (395 ft¥/s) is approximately e%ual to average
recharge for the period 1962-98 (410 ft°/s), which was
a long-term period of generally surplus precipitation,
relative to generally deficit precipitation during
1931-61 (fig. 9). Thus, recharge during 1987-96 is
reasonably representative of average conditions since
1962, but is considerably higher than recharge during
the prolonged dry conditions of 1931-61.

Budgeting Scenarios

Two basic budgeting scenarios are considered:
(1) an overall budget for the entire study area including
parts of Wyoming (fig. 2); and (2) subarea budgets for
selected areas within the study area. The timeframes
for both budgeting scenarios are 1987-96.

For the overall budget, average values for the
budget components are considered. Net ground-water
flow is calculated using equation 2, assuming change
in storage is zero.

For the subarea budgets, the study area is subdi-
vided into nine subareas, and two timeframes with
equal but opposite changes in storage are considered:
(1) 1987-92 (generally decreasing storage); and (2)
1993-96 (generally increasing storage). For this
budgeting scenario, it also is assumed that the ground-
water flow terms on the left side of equation 2 do not
vary on an annual basis because only large changes in
hydraulic gradient could induce significant changes in
ground-water flow rates. Although some error could
be introduced by this assumption, the negative error
introduced for years of declining water levels probably
is offset by the positive error introduced for years of
increasing water levels. Using annual estimates for the
various budget components on the right side of

equation 2, an iterative process is used to solve for the
ground-water inflow and outflow components, such
that the summed volumetric change in storage for the
two time frames is approximately equal, but opposite.

Using Darcy’s Law, the ground-water flow com-
ponents determined for the subarea budgets then are
used to estimate transmissivity at the study area bound-
aries and at any subarea flow zones that are assumed to
exist. Anisotropic flow conditions are likely in the
study area; however, subareas were selected so that
flow boundaries could be approximated assuming iso-
tropic and homogeneous conditions. Although aniso-
tropic flow could not be specifically estimated, the
subarea budgets and computation of average transmis-
sivities provide useful insight on how anisotropic con-
ditions probably are involved in the movement of water
to artesian springs. Hydraulic gradients are determined
using potentiometric-surface maps for the Madison and
Minnelusa aquifers. The general assumption that trans-
missivity is equal for the Madison and Minnelusa
aquifers is used, which yields estimates of transmis-
sivity for the entire combined thicknesses of the two
aquifers.

HYDROLOGIC BUDGETS

As previously discussed, two budgeting
scenarios are considered—an overall budget for the
entire study area and individual budgets for nine sub-
areas. The timeframe for both budgeting scenarios is
1987-96. In the following sections, the overall budget
is presented first, which includes derivations of budget
components, after which subarea budgets are
presented.

Overall Budget for Entire Study Area

The change in storage for the budgeting period
(1987-96) is assumed to be zero, as previously dis-
cussed. Using equation 2, net ground-water flow (out-
flow minus inflow) is calculated as 100 ft3/s by
subtracting estimated values for headwater springflow
(78 ft3/s), artesian springflow (189 ft3/s), and well
withdrawals (28 ft*/s) from average recharge
(395 ft’/s). Thus, artesian springflow is the single
largest outflow component. Total springflow
(including headwater and artesian springflow)
averages 267 ft3/s, which constitutes about 68 percent
of estimated recharge.

Hydrologic Budgets 15
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Figure 9. Long-term trends in precipitation for the Black Hills area, water years 1931-98 (from Driscoll,

Hamade, and Kenner, 2000).

Because net ground-water flow (which includes
leakage to and from adjacent aquifers) is positive, this
solution indicates that ground-water outflow exceeds
ground-water inflow by 100 ft3/s. This solution is
consistent with potentiometric-surface maps (pre-
sented in a following section), which show a gradient
away from the uplifted central core of the Black Hills.
Possible components of regional ground-water inflow
from the west (Wyoming) cannot be evaluated using
this budgeting scenario, but is addressed as part of the
subarea budgets. The following sections discuss
derivations of budget components that are used.

Inflow Components

Inflow components consist of recharge, ground-
water inflow, and possible leakage from other aquifers.
Estimates for average streamflow and precipitation
recharge (table 1) for water years 1987-96 are used for
the overall budget. During 1987-96, recharge esti-
mates range from about 141 ft3/s in 1988 to 847 ft¥/s in
1995. Because leakage to (or from) the Madison and
Minnelusa aquifers cannot be evaluated, it is included
with net ground-water flow (outflow minus inflow),
which is calculated using equation 2. Thus, only the
net difference between ground-water outflow and

Hydrologic Budgets 17



inflow can be evaluated using the overall budget
scenario.

Outflow Components

Outflow components consist of springflow from
headwater and artesian springs, well withdrawals, and
ground-water outflow (including leakage to other
aquifers, which is lumped with net ground-water flow).
Derivations of estimates for headwater springflow,
artesian springflow, and well withdrawals are
presented in the following sections.

Headwater Springflow

Headwater springflow is considered to be that
which occurs upstream from streamflow loss zones,
which primarily includes springflow in the Limestone
Plateau area along the western edge of the study area
(fig. 4). This area is an important recharge area for the
Madison and Minnelusa aquifers and generally consists
of outcrops of Paleozoic units, particularly the
Minnelusa Formation, Madison Limestone, and Dead-
wood Formation. The largest headwater springs occur
along the eastern fringe of the Limestone Plateau, near
the contact between the Madison Limestone and under-
lying units of lower permeability, and provide substan-
tial base flow for several area streams. Discharges
from individual headwater spring areas range from
minor trickles to over 30 ft’/s. Numerous small
perched springs also occur within the Limestone
Plateau area (Wenker, 1997), but do not discharge to
perennial streams that flow beyond the outcrop area.

Miller and Driscoll (1998) demonstrated that
direct surface runoff is very uncommon in outcrops of
the Madison Limestone and Minnelusa Formations,
which are the dominant outcrops in the Limestone
Plateau area. The general absence of direct surface
runoff in this area was used by Carter and others (2001)
as the basis for an assumption that the efficiency of
recharge from infiltration of precipitation can be
approximated by yield efficiency in nearby basins
where flow characteristics are dominated by surface
runoff. The resulting yield efficiency algorithm is used
to estimate annual recharge, based on annual precipita-
tion and associated relations between average precipi-
tation and yield efficiency. Headwater springflow is
estimated on the basis of a ground-water divide
(fig. 10) identified by Jarrell (2000). Recharge esti-
mates are derived by applying the yield efficiency
algorithm, with recharge east of the divide assumed to
result in discharge to headwater springs along the

eastern fringe. West of the divide a generally westerly
flow direction is assumed, with no contribution to
headwater springs. Annual recharge estimates for
1987-96 (table 2) range from about 16 ft3/s to about
215 ft3/s and average about 78 ft3/s. Actual variability
in annual spring discharge is much smaller than this
because of attenuation associated with ground-water
storage.

Table 2. Estimated annual recharge to contributing areas
for headwater springs, water years 1931-98

[ft3/ s, cubic feet per second]

Headwater Headwater
Water year springflow Water year springflow
(ft3/s) (ft3/s)
1931 3.6 1967 83.3
1932 76.7 1968 62.2
1933 63.6 1969 50.6
1934 4.5 1970 78.7
1935 28.6 1971 101.4
1936 1.0 1972 119.9
1937 16.4 1973 69.5
1938 21.4 1974 233
1939 24.0 1975 37.5
1940 13.5 1976 101.1
1941 99.7 1977 69.1
1942 65.4 1978 88.7
1943 48.5 1979 54.8
1944 36.2 1980 18.0
1945 102.1 1981 32.4
1946 190.8 1982 158.7
1947 56.5 1983 37.7
1948 459 1984 63.2
1949 20.1 1985 8.0
1950 40.0 1986 90.8
1951 30.5 1987 21.1
1952 41.7 1988 16.2
1953 45.8 1989 26.6
1954 16.9 1990 38.7
1955 71.0 1991 74.9
1956 25.2 1992 48.5
1957 70.7 1993 127.2
1958 39.8 1994 49.3
1959 26.2 1995 214.6
1960 26.7 1996 158.2
1961 7.0 1997 192.9
1962 158.7 1998 152.8
1963 128.5 Minimum 1.0
1964 157.9 Maximum 214.6
1965 161.7 Average 65.6
1966 21.1 1987-96 71.5
average
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Figure 10. Major structural features and estimated ground-water divide in Limestone Plateau area.
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Headwater springflow has been measured in
various locations; however, the aforementioned
approach is used for estimation of headwater spring-
flow because available streamflow records are
insufficient for water-budget calculations. Available
streamflow records have been extremely useful,
however, in quantifying recharge and discharge
characteristics.

Annual yields for selected streamflow-gaging
stations near the Limestone Plateau are shown in
figure 11, which were used by Jarrrell (2000) to iden-
tify apparent incongruences between contributing
ground- and surface-water areas for several stations.
Annual yields cannot be directly compared among the
gaging stations because the period of records are not
identical (table 3); however, it is especially apparent
for stations 06408700 (Rhoads Fork) and 06409000
(Castle Creek above Deerfield Reservoir) that large
differences in yield (9.34 and 2.01 inches, respectively)
are not caused by climatic differences.

A variety of information is provided in table 3
that was considered and interpreted by Jarrell (2000) in
delineating the ground-water divide (fig. 10) and in
delineating contributing ground-water areas for gaging
locations (fig. 12). The ground-water divide corre-
sponds with the western extent of contributing ground-
water areas for most of the gaging stations shown in
figure 12. The ground-water divide coincides with the
surface drainage area for French Creek (station
06402995). Itis assumed that there is no easterly com-
ponent for ground-water flow south of French Creek,
because the drainage area for Red Canyon is dominated
by outcrops of the Madison and Minnelusa Formations.
For French Creek, the Paleozoic units comprise only
3.0 mi? of the total contributing ground-water area
(68.7 miz), which is dominated by Precambrian rocks
and is delineated as congruent with the surface
drainage area.

North of French Creek, the contributing ground-
water area for Spring Creek (station 06406920) is
delineated as slightly smaller than the surface drainage.
For Castle Creek (stations 06409000 and 06410000), a
large part of the surface drainage is west of the ground-
water divide. For Rhoads Fork (station 06408700), the
contributing ground-water area is larger than the sur-
face drainage; however, contributing ground-water
areas are smaller than surface drainages for two down-
stream stations on Rapid Creek (06408860 and
06410500).

For station 06430770 (Spearfish Creek near
Lead), the contributing ground-water area is smaller

than the surface drainage, despite inclusion of a con-
tributing ground-water area from the Rapid Creek
basin. Much of the surface drainage for this station is
west of the ground-water divide, and part of the basin
contributes ground-water flow to station 06438500
(Little Spearfish Creek) to the north. No westerly com-
ponent of ground-water flow is identified for areas
north of this basin.

Jarrell (2000) considered a variety of hydrogeo-
logic information in postulating the location of the
ground-water divide (fig. 10) and delineating contrib-
uting ground-water areas for gaging stations (fig. 12).
Water-level information is too sparse for accurate
potentiometric-surface mapping in the Limestone
Plateau area (Strobel and others, 2000). Thus, informa-
tion considered included structure contours, geologic
structures, topography, spring locations, and measured
spring discharges. Structural high points in the Dead-
wood Formation were plotted along with major geo-
logic structures (fig. 10). Jarrell (2000) assumed:

(1) the Englewood Formation is the lower confining
unit of the Madison aquifer; and (2) structural features
of the underlying Deadwood Formation continued
upward into the lower Madison Limestone and would
influence flowpaths in the Madison aquifer, which is
unconfined in this area. In some cases, topography and
spring locations were used to aid in the delineation of
small parts of the contributing ground-water areas.

Jarrell (2000) also compared estimated spring-
flow (based on annual precipitation and yield effi-
ciency) to computed base flow for selected gages. The
base-flow component represents the amount of stream-
flow that the aquifer contributes either directly (as sub-
merged springs under the stream) or in the form of
springs. The base-flow component for selected streams
(table 3) was estimated using the BFI program as pre-
viously described in the “Methods” section. A sum-
mary of Jarrell’s (2000) comparisons is included in
table 3.

Most estimates compare well with measured
base-flow values in table 3, where shading is used to
indicate comparable values within rows. Base-flow
components are not identified for French Creek and
Spring Creek (stations 06402995 and 06406920,
respectively), which have only small areas comprised
of Paleozoic rocks and for which contributing ground-
and surface-water areas are roughly congruent. Corre-
spondingly, estimated values for total basin yield
(8,400 and 18,580 acre-feet, respectively) are similar to
measured values (6,880 and 18,960 acre-feet).
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Figure 12. Comparison between contributing surface-water areas and ground-water areas for gaging stations in

Limestone Plateau area (from Jarrell, 2000).
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For Rhoads Fork (06408700) and Castle Creek
(06409000), estimates of ground-water yield (based on
recharge estimates) compare favorably with base-flow
components for measured streamflow. Comparisons
for Spearfish Creek (06430770) and Little Spearfish
Creek (06430850) are less favorable and probably are
heavily influenced by storage effects and short periods
of record. The estimated yield for Squaw Creek
(06430898) compares favorably with measured yield;
however, values for Annie Creek (06430800) compare
less favorably, which Carter and others (2001) attrib-
uted to consumptive uses for mining activities within
the basin. No comparisons are made for stations
06408860, 06410000, 06410500, and 06430900, which

are influenced by regulation or short periods of record.

Artesian Springflow

Artesian springflow is considered to be that
which originates from confined aquifers around the
periphery of the Black Hills. Artesian springs occur in
locations downgradient from streamflow-loss zones,
most commonly within or near the outcrop of the
Spearfish Formation, and originate, at least partially,
from the Madison and or Minnelusa aquifers (Naus and
others, in press). Other springs, such as Cleg-
horn/Jackson Springs, occur within the outcrop of the
Minnelusa Formation, where the Madison aquifer is
confined by the Minnelusa Formation. Most estimates
of artesian springflow are derived from streamflow
records. Gaging sites used in estimating artesian
springflow are shown in figure 13, and selected site
information is presented in table 4.

A summary of estimated annual artesian spring-
flow for 1987-96 is presented in table 5. The sum of
artesian springflow averages about 189 ft3/s and ranges
from about 163 ft3/s in 1989 to about 246 ft*/s in 1996.
Discharges from the individual artesian springs were
estimated using a variety of methods. Details
regarding individual springs follow.

For some streams that are dominated by artesian
springflow, the springflow component is determined by
applying the BFI program to measured daily flows, as
described in the “Methods” section. This was done for
1991-96 for Stockade Beaver Creek (site 1) and Beaver
Creek (site 4), which is the period of record for both,
and for 1987-96 for Fall River (site 3). For the period
of record, spring discharges account for about
90 percent of the flow of Stockade Beaver Creek and
97 percent of the flow of both Fall River and Beaver
Creek (table 5). Springflow for 1987-90 for Stockade
Beaver Creek is estimated as 9.0 ft*/s, which is similar

to measured values for 1991-93. For Beaver Creek,
springflow is estimated as 10.0 ft3/s for 1987-88 and
9.0 ft>/s for 1989-90, based on comparisons with
measured flows for station 06402500, which is located
several miles downstream from site 4.

Measured flows for Cascade Springs (site 2,
station 06400497) for 1987-95 (table 4) were assumed
to consist entirely of artesian springflow. Additional
flow of 4.0 ft3/s was estimated for Cool Spring (site 22)
and other springs downstream from station 06400497
based on miscellaneous streamflow measurements
(U.S. Geological Survey, 1996, 1997).

Streamflow in Battle Creek at station 06406000
(site 7) is influenced by a series of upstream springs,
including springs along Grace Coolidge Creek
(fig. 13). The springs along Battle Creek are located
within the outcrop of the Minnelusa Formation and the
springs along Grace Coolidge Creek are located down-
stream from the outcrop of the Minnelusa Formation.
Streamflow at site 7 also is influenced by streamflow
losses along Battle Creek and Grace Coolidge Creek,
as well as by inflows from various other tributaries.
Thus, artesian springflow for Battle Creek (site 7) was
estimated by applying the BFI program only for
periods when streamflows in Battle Creek at station
06404000 (site 5) and Grace Coolidge Creek at station
06404998 (site 6) were less than loss thresholds deter-
mined by Hortness and Driscoll (1998). Hence, only
periods when there was no flow downgradient of
stream loss zones were considered, with results extrap-
olated to obtain annual estimates. Estimated artesian
springflow for Battle Creek averaged 7.0 ft3/s for
1987-96 (table 5), with large variability in annual
springflow.

Several artesian springs in the Rapid City area
contribute to the flow of Rapid Creek. Anderson and
others (1998) estimated combined springflow from
Cleghorn (site 21) and Jackson Springs as 21.6 ft3/s for
1988-89, which was assumed to be representative for
1987-96. Additional artesian springflow along Rapid
Creek is estimated to average 4.3 ft3/s. Springflow
from City Springs (site 20) was measured at station
06413650 (site 8) for 1988-96. Measured flow
(1988-90) of the Deadwood Avenue Drain (site 9,
station 06413800) also is dominated by artesian spring-
flow, and minor additional springflow occurs in a
drainage immediately to the east. Annual springflow
for all of these sites is estimated as 4.0 ft¥/s for
1987-94, with slightly higher estimates for 1995-96,
based on measured flow at station 06413650 (site 8).
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Table 4. Selected site information for gaging stations and miscellaneous-record sites used to estimate artesian springflow

[--, not applicable]

Elevation

Site . St.a?ion' . ) (feet Period of
number identification Local number Name Latitude Longitude record
(fig. 13) number above considered

sea level)
Gaging Stations

1 06392950 45N60W19DC  Stockade Beaver Creek near 435132 1040624 4,460 1991-97

Newcastle, Wyo.
2 06400497 8S5E20CDAB  Cascade Springs near Hot Springs 432010 1033307 3,440 1987-95
3 06402000 7SSE24BB Fall River at Hot Springs 432550 1032833 3,413 1987-97
4 06402470 6S6E14CDB Beaver Creek above Buffalo Gap 433120 1032123 3,460 1991-97
5 06404000 2STE18CC Battle Creek near Keystone 435221 1032010 3,800 1987-97
6 06404998 3S7E17DCDD  Grace Coolidge Creek near Game 434540 1032149 4,100 1987-97

Lodge, near Custer
7 06406000 2S8E32CCA Battle Creek at Hermosa 434941 1031144 3,290 1987-97
8 06413650 IN7E3BCD Lime Creek at mouth, Rapid City 440430 1031600 3,286 1987-97
9 06413800 2N7E34DDC Deadwood Avenue Drain at mouth, 440458 1031522 3,206 1988-90

at Rapid City

10 06422500 2N5E12DD Boxelder Creek near Nemo 440838 1032716 4,320 1966-97

11 06423010 2N7E17DB Boxelder Creek near Rapid City 440754 1031754 3,450 1987-97

12 06424000 4N4E23AD Elk Creek near Roubaix 441741 1033547 4,881 1991-97

13 06425100 3NSE9AA Elk Creek near Rapid City 441425 1030903 2,950 1987-97

14 06429905 52N60W18C Sand Creek near Ranch A, near 443107 1040457 3,580 1992-97

Beulah, Wyo.

15 06430532 7N1E16BDB Crow Creek near Beulah, Wyo. 443414 1040019 3,355 1992-97

16 06430540 7N1E16DADC  Cox Lake outlet near Beulah, Wyo. 443356 1035937 3,415 1991-95

17 06431500 6N2E15BD Spearfish Creek at Spearfish 442857 1035140 3,640 1987-97

18 06432020 TN2ESDAC Spearfish Creek below Spearfish 443448 1035337 3,280 1989-97

19 06433000 8N2E11DB Redwater River above Belle Fourche 444002 1035020 3,000 1987-97

Miscellaneous Sites

20 440525103173701 2N7E32ADDA2 City Springs 440525 1031737 3,460 -

21 440327103180503 IN7E8DBBD Cleghorn Springs 440331 1031801 3,385 --

22 432028103331601 8SSE20BDCB  Cool Spring 432028 1033316 3,450 --
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Table 5. Springflow estimates for streams with artesian springs

[Base-flow indices (where applicable) given as percentage of average annual streamflow; all other values given in cubic feet per second; --, no data or not

determined; e, estimated; POR, period of record]

Other springs

Stockade Beaver Creek Cascade Springs near Fall River Beaver Creek
(06392950) (06400497) (06402000) (06402470)
Water year Cascade
Stream- Spring- Spring- Spring- Stream- Spring- Stream- Spring-
flow flow flow flow flow flow flow flow
1987 - 9.0e 21.3 4.0e 21.8 20.1 - 10.0e
1988 - 9.0e 19.6 4.0e 21.3 20.5 -- 10.0e
1989 - 9.0e 18.3 4.0e 21.5 20.8 - 9.0e
1990 - 9.0e 18.8 4.0e 21.9 21.3 - 9.0e
1991 9.8 8.8 18.4 4.0e 21.2 20.7 8.2 8.1
1992 9.8 8.9 17.8 4.0e 21.7 21.1 8.1 8.0
1993 10.4 9.1 16.3 4.0e 22.3 21.8 9.2 9.1
1994 10.4 9.7 18.4 4.0e 21.8 21.6 9.7 9.5
1995 12.2 11.8 19.0 4.0e 23.7 23.3 13.7 12.5
1996 134 11.3 19.3e 4.0e 24.5 24.2 11.3 11.1
Mean -- 9.6 18.7 4.0e -- 21.5 -- 9.6
(1987-96)
Base-flow .90 -- -- 97 -- 97 --
index
(POR)
Boxelder
Jackson OtherRapid Creek Elk Creek )
Battle Creek and Creek (06422500 (06424000 Redwater River Sum of
Wat (06406000) Cleghorn springs and and (06433000) artesian
ater year i .
Sprlngs 0642301 0) 06425100) SI;f)Iﬂng-
ow
Stream-  Spring- Spring- Spring- Spring- Spring- Stream-  Spring-
flow flow flow flow flow flow flow flow
1987 7.8 6.2 21.6e 4.0e 0.0 1.6 123 101.8 199.6
1988 2.7 2.4 21.6 4.0e .0 3 93.9 94.8 186.2
1989 1.6 1.2 21.6 4.0e .0 .0 95.1 75.5 163.4
1990 6.9 1.6 21.6e 4.0e .0 .0 93.3 78.8 168.1
1991 23.0 3.5 21.6e 4.0e .0 1 91.8 81.4 170.6
1992 5.2 4.5 21.6e 4.0e .0 .0 79.1 76.0 165.9
1993 26.1 7.1 21.6e 4.0e 2 1 127 80.6 173.9
1994 11.7 10.8 21.6e 4.0e .0 4 124 93.6 193.6
1995 52.6 11.3 21.6e 5.0e 5 8.6 240 103.9 221.5
1996 322 21.0 21.6e 6.0e 2.5 8.2 222 116.7 245.9
Mean -- 7.0 21.6 4.3 3 1.9 -- 90.3 188.9
(1987-96)
Base-flow - - - - - - - - -
index
(POR)
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Several springs are located within outcrops of
the Madison Limestone and Minnelusa Formation
along Boxelder Creek (Rahn and Gries, 1973) between
sites 10 and 11 (fig. 13). Artesian conditions probably
do not occur in most of this reach, where streamflow
losses typically occur. Artesian springflow probably
occurs occasionally at the lower end of the reach, how-
ever, just upstream from site 11. Artesian springflow
for Boxelder Creek (site 11) was estimated by applying
the BFI program for periods when streamflow at site 10
was less than the loss threshold determined by Hortness
and Driscoll (1998).

Highly variable artesian springflow occurs along
Elk Creek, primarily in a short reach just upstream
from the confluence with Little Elk Creek (fig. 13).
Artesian springflow during 1991-96 was estimated by
applying the BFI program for site 13 for periods when
streamflow at site 12 was less than the loss threshold
determined by Hortness and Driscoll (1998). Stream-
flow records for site 12 are not available prior to 1991
(table 4); thus, the BFI program was used directly for
1987-90.

The Redwater River, which is measured at
site 19 (fig. 13), often consists primarily of flow from a
number of large artesian springs. Streamflow in the
Redwater River also is influenced by surface runoff, as
well as extensive diversions during the irrigation
season. Continuous flow records are available for
several spring areas contributing to the Redwater
River; however, available records are insufficient to
quantify all contributing artesian springflow. Thus,
combined springflow of all artesian springs contrib-
uting to the Redwater River is estimated. Monthly
differences in streamflow between sites 17 and 19 are
presented in table 6. Artesian springflow for each year
is assumed equal to the median of values for November
through February, when effects of irrigation diversions
and surface runoff generally are minimal. Thus, mean
artesian springflow contributing to Redwater River for
1987-96 is estimated as 90.3 ft*/s, which includes
springflow that occurs along Spearfish Creek, down-
stream from site 17.

Estimated artesian springflow that occurs along
Spearfish Creek in the reach between sites 17 and 18
also is shown in table 6. Extensive irrigation diver-
sions also occur in this reach; thus, an approach similar
to that for the Redwater River was used to estimate
springflow. Artesian springflow for each year is
assumed equal to the median of monthly differences in

streamflow between sites 17 and 18 for November
through February.

Springflow for several other individual artesian
spring reaches contributing to Redwater River are
quantified for years for which streamflow records are
available (table 7). Measured annual streamflow
values for Sand Creek (site 14), Crow Creek (site 15),
and Cox Lake (site 16) are shown in table 7, along with
estimated springflow derived using the BFI program.

Springflow from individual spring reaches con-
tributing to Redwater River is summed in table 7 for
1992-96. Springflow for Cox Lake has little vari-
ability; thus, springflow for 1996 was assumed equal to
previous years. Variability for the other sites generally
is similar to that of Redwater River. For 1992-96, total
artesian springflow for Redwater River is estimated as
94.2 ft3/s, of which 69.2 ft3/s (about 73 percent) can be
attributed to the individual sources listed in table 7.
Estimates of unmeasured springflow contributing to
the flow of Redwater River for these years range from
about 16 to 34 ft*/s.

Well Withdrawals

Withdrawals from the Madison and Minnelusa
aquifers in the Black Hills area serve many categories
of water use including municipal, self supply
(domestic), irrigation, livestock, industrial, mining,
thermoelectric power, and unaccounted withdrawals.
Estimated withdrawals for these categories of water
use are presented in table 8, with total withdrawals
from the Madison and Minnelusa aquifers for 1987-96
estimated as about 18.3 Mgal/d, which is equivalent to
about 28 ft3/s. Municipal use, with combined with-
drawals of about 6.5 Mgal/d, is the largest use category
(fig. 14). The largest use occurs within Pennington
County, which averages about 3.1 Mgal/d and is domi-
nated by municipal usage.

Most estimates in table 8 are based on 1995
water-use data (Amundson, 1998) compiled for the
entire counties included in the study area. Therefore,
well withdrawals probably are slightly overestimated;
however, most of the demand within these counties
does occur within the study area. Withdrawals in
Wyoming are small and are not estimated. Annual esti-
mates for Rapid City municipal withdrawals in Pen-
nington County and for irrigation withdrawals are used
in developing the 1987-96 estimates, as discussed in
the following paragraphs.
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Table 7. Springflow for artesian springs or spring reaches along tributaries to Redwater River

[Base-flow indices (where applicable) given as a percentage of average annual streamflow, all other values given in cubic feet per second; --, no data or not

determined; e, estimated]

Spearfish
Sand Creek Crow Creek Cox Lake (Ofci: ;gfls(oo Sub- R;cil‘\:\;e:}er Un-
(06429905) (06430532) (06430540) and total (06433000) | measured
Water year i
06432020) spring-
flow?
Stream-  Spring- | Stream- Spring- | Stream- Spring- Spring- Spring- Spring-
flow flow flow flow flow flow flow flow flow

1987 -- - - - -- -- -- -- 101.8 --
1988 -- - - - - -- -- -- 94.8 --
1989 -- - - - - -- 11.5 -- 75.5 --
1990 -- - - - - -- 11.0 -- 78.8 --
1991 -- -- -- -- 43 4.2 6.5 -- 81.4 --
1992 15.7 15.0 333 32.8 4.2 4.2 4.6 56.6 76.0 19.4
1993 16.4 15.6 374 36.0 4.2 4.2 8.4 64.2 80.6 16.4
1994 17.2 16.4 37.8 36.0 4.2 4.2 13.2 69.8 93.6 23.8
1995 23.2 22.1 429 36.1 43 4.2 10.1 72.5 103.9 314
1996 24.3 23.1 44.5 41.3 - 4.2e 14.4 83.0 116.7 33.7
Mean (1992-96) -- 18.4 -- 36.4 -- 4.2 10.1 69.2 94.2 24.9
Base-flow index .95 -- .93 -- .99 -- -- -- -- --

(period of

record)

From table 6.

ZCalculated as Redwater River springflow minus subtotal.
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Table 8. Estimated well withdrawals from the Madison and Minnelusa aquifers in the Black Hills area, water years 1987-96

Aquifer

Average annual water use, in thousands of gallons per day

County

Butte Custer Fall River Lawrence Meade Pennington Total
Municipal
Madison 723.0 0.0 666.0 1,436.0 284.0 2,537.6 5,646.6
Minnelusa .0 .0 .0 284.0 575.7 859.7
Total 723.0 666.0 1,436.0 568.0 3,113.3 6,506.3
Self-supply Domestic
Madison 2.1 5.2 2.9 45.9 54.1 98.6 208.8
Minnelusa 8.4 24.1 38.5 109.8 353.0 186.9 720.7
Total 10.5 29.3 41.4 155.7 407.1 285.5 929.5
Irrigation
Madison 480.2 .0 2.8 107.9 12.7 513 654.9
Minnelusa 610.5 9.3 48.1 1,573.5 31.4 10.7 2,283.5
Total 1,090.7 9.3 50.9 1,681.4 441 62.0 2,938.4
Livestock Watering
Madison 9.6 6.2 1.2 7.3 24 11.9 38.6
Minnelusa 339 20.1 8.4 51.0 13.4 16.2 143.0
Total 43.5 26.3 9.6 58.3 15.8 28.1 181.6
Industrial
Madison .0 .0 52.0 .0 .0 52.0
Minnelusa 4.0 .0 .0 19.0 901.0 924.0
Total 4.0 .0 52.0 19.0 901.0 976.0
Mining
Madison 210.0 25.0 .0 235.0
Minnelusa .0 107.0 941.0 1,048.0
Total 210.0 132.0 941.0 1,283.0
Thermoelectric
Madison .0 320.0 320.0
Minnelusa .0 120.0 120.0
Total .0 440.0 440.0
Subtotal
Madison 1,214.9 11.4 882.9 1,674.1 637.2 3,019.4 7,439.9
Minnelusa 652.8 57.5 95.0 1,841.3 416.8 2,751.5 5,814.9
Total 1,867.7 68.9 977.9 3,515.4 1,054.0 5,770.9 13,254.8
Unaccounted Withdrawals
Madison 2,000.0 29 220.7 418.5 159.3 754.9 3,556.3
Minnelusa 163.2 14.4 23.8 460.3 104.2 687.9 1,453.7
Total 2,163.2 17.3 244.5 878.9 263.5 1,442.7 5,010.0
Total
Madison 3,214.9 14.3 1,103.6 2,092.6 796.5 3,774.3 10,990.2
Minnelusa 816.0 71.9 118.8 2,301.6 521.0 3,439.4 7,268.6
Total 4,030.9 86.1 1,222.4 4,394.3 1,317.5 7,213.6 18,264.8
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Figure 14. Pie chart showing percentages of use from the Madison and Minnelusa aquifers, by category, for

South Dakota counties in the Black Hills area.

Municipalities that use the Madison and Min-
nelusa aquifers to some degree to supply water for their
customers include Belle Fourche, Box Elder, Edge-
mont, Hot Springs, Rapid City, Spearfish, Sturgis, and
Whitewood (table 9). Rapid City, which used an
average of about 2.9 Mgal/d from the Madison and
Minnelusa aquifers during 1987-96, is the largest user.

Withdrawals for municipal purposes in Rapid
City have increased steadily since increased develop-
ment of the Madison aquifer began in the early 1990’s.
Thus, the average withdrawal for 1987-96 (table 8) is
calculated from annual withdrawals, which are used in
the subsequent budgets for subareas. In table 8, it was
assumed that 80 percent of the municipal withdrawals
in Rapid City are from the Madison aquifer and
20 percent are from the Minnelusa aquifer. Municipal
withdrawals from the Madison and Minnelusa aquifers
in other communities also may have been less than the
1995 withdrawals used for budgeting purposes; how-
ever, the difference is assumed to be small in compar-
ison to the difference for Rapid City. The average
municipal water use rate (1987-96) from the Madison
and Minnelusa aquifers is about 6,506,300 gal/d
(10.07 ft%/s).

Self-supply water use includes all withdrawals
for domestic use that are not supplied by municipalities.

Total self-supply ground-water withdrawals are avail-
able for 1995 by county, but not by aquifer. To estimate
the percent of total ground-water withdrawals from the
Madison and Minnelusa aquifers, data on domestic
wells in the six-county area were compiled from the
USGS Ground-Water Site Inventory (GWSI) database.
The percentages of wells completed in the Madison and
Minnelusa aquifers were applied to the total ground-
water withdrawals to apportion self-supply use

(table 10). The estimated total withdrawal from the
Madison and Minnelusa aquifers for domestic purposes
from self-supply wells is 929,500 gal/d (1.44 ft3/s).

Irrigation water use includes all water artificially
applied to farms, orchards, and horticultural crops.
Data on irrigation withdrawals from the Madison and
Minnelusa aquifers were compiled from the USGS
Site-Specific Water-Use Data System (SWUDS) for the
period of record (1981-98) for counties in the study
area (table 11). Over three times as much water is used
from the Minnelusa aquifer than the Madison aquifer
for irrigation. Irrigation water use varies from year to
year depending on precipitation conditions, and aver-
aged 2,938,400 gal/d (4.48 ft3/s) from 1987-96. The
largest irrigation withdrawals occur in Lawrence and
Butte Counties for the Minnelusa aquifer, and in Butte
County for the Madison aquifer (table 11).
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Table 9. Estimated water use from the Madison and Minnelusa aquifers by incorporated municipalities in the Black Hills

area, 1995
Municipality Population Aquifer (mﬁl?:: a;al:;is) (:\r:’:l::gi; Zgl:::)

Belle Fourche 5,168 Madison 263.895 1723.0
Box Elder 3,133 Madison 85.775 1235.0
Edgemont Madison 46.355 1127.0
Hot Springs 4277 Madison 196.735 1539.0
Rapid City 59,373 Madison/Minnelusa 21,050.598 2,878.3
Spearfish 7,747 Madison 469.380 11,286.0
Sturgis 5,570 Madison/Minnelusa 207.320 1568.0
Whitewood Madison 354,750 150.0
Total 87,162 Madison/Minnelusa 2,374.800 6,506.3

1Joe Lyons, U.S. Bureau of Reclamation, written commun., 1999.
2John Wagner, Rapid City Water Department, written commun, 2000. Annual and daily use are averages for 1987-96.
3Dave Mikkelson, City of Whitewood, oral commun., 2000.

Table 10. Percentages of wells, by aquifer, used to estimate domestic and livestock uses

[--, not applicable]

ground-water use

Total

Percentage of wells, by aquifer

County Population (thousand gallons Madison Minnelusa Other
per day)
Self-supplied Domestic
Butte 1,120 90 23 9.3 88.4
Custer 4,100 290 1.8 8.3 89.9
Fall River 1,950 140 2.1 27.5 704
Lawrence 7,940 560 8.2 19.6 722
Meade 16,400 1,230 44 28.7 66.9
Pennington 16,050 1,280 7.7 14.6 71.7
Totals 47,560 3,590 -- -- --
Livestock Watering

Butte - 320 3.0 10.6 86.4
Custer -- 110 5.6 18.3 76.1
Fall River -- 240 0.5 35 96.0
Lawrence - 170 43 30.0 65.7
Meade -- 480 0.5 2.8 96.7
Pennington -- 270 44 6.0 89.6
Totals - 1,590 - - --
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Livestock water use includes water used in the
production of meat, poultry, eggs, milk, and wool. Like
the self-supply domestic use, total ground-water with-
drawals for livestock watering are available for 1995
by county, but not by aquifer. To estimate the percent
of total ground-water withdrawals from the Madison
and Minnelusa aquifers, data on livestock wells in the
six-county area were compiled from the GWSI data-
base. The percentages of wells completed in the
Madison and Minnelusa aquifers were applied to the
total ground-water withdrawals to apportion livestock
use (table 10). The estimated total withdrawal from the
Madison and Minnelusa aquifers for livestock-
watering purposes is 181,600 gal/d (0.28 ft3/s).

Estimates for industrial, mining, and thermoelec-
tric uses were determined using withdrawal data from
the Madison and Minnelusa aquifers compiled from the
SWUDS database for 1995. Industrial water use repre-
sents water used to manufacture products; mining
water use represents water withdrawn for the extraction
of minerals; and thermoelectric water use represents
water used in the production of electric power
generated with fossil-fuel, geothermal, or nuclear
energy (Amundson, 1998). The estimated total with-
drawal from the Madison and Minnelusa aquifers is
976,000 gal/d (1.51 ft3/s) for industrial use,

1,283,000 gal/d (1.99 ft3/s) for mining use, and
440,000 gal/d (0.68 ft3/s) for thermoelectric use.

The category of unaccountable withdrawals
includes all flowing wells discharging water continu-
ously from the Madison and Minnelusa aquifers (wild
wells) and other withdrawals that are not accounted for
by other use categories. The unaccountable with-
drawals, 5,010,000 gal/d (7.75 ft3/s), are estimated as
being 25 percent of the subtotal of all other water use
categories, with the exception of the withdrawal from
the Madison aquifer in Butte County, which was esti-
mated as 2,000,000 gal/d based on known wild wells
completed in the Madison aquifer (Jim Goodman,
South Dakota Department of Environment and Natural
Resources, oral commun., 2000).

Subarea Budgets

Within this section, individual budgets are quan-
tified for nine subareas within the overall study area.
Preliminary budgets quantifying only combined, net
ground-water inflows or outflows for the Madison and
Minnelusa aquifers are developed first for each sub-
area. Detailed budgets also are developed, which
include estimates of flow components and transmis-
sivity for the individual aquifers at specific flow zones.
An evaluation of budget components also is provided.

Preliminary Budgets

Separate budgets are developed for nine subareas
within the study area (figs. 15 and 16). The subarea
budgets are developed as combined budgets for the
Madison and Minnelusa aquifers, using common sub-
areas for both aquifers. Subareas were identified on the
basis of hypothetical flowpaths that were constructed
roughly orthogonal to mapped hydraulic heads in the
Madison and Minnelusa aquifers. For unconfined
settings near outcrop areas, flowpaths probably are
heavily influenced by bedding dips, which generally
are radially away from the central part of the uplift. For
confined settings, anisotropic and heterogeneous
hydraulic properties can result in flowpaths that are
strongly nonorthogonal to hydraulic heads (Long,
2000). Regional ground-water flow from the west also
may influence potentiometric surfaces in the northern
and southwestern parts of the study area.

Subarea boundaries were selected with the intent
of minimizing apparent flow across the boundaries
(referred to as interior subarea flow zones in figs. 15
and 16); however, in a number of cases, zero-flow
boundaries that respect mapped hydraulic heads could
not be established for both aquifers. Various other fac-
tors such as locations of major artesian springs, stream-
flow loss zones, and areas dominated by precipitation
recharge also were considered in selecting subarea
boundaries. These factors are useful in evaluating
various budget components. For example, subarea 6,
which has no artesian springflow, is located between
subareas 5 and 7, both of which have large artesian
springs.
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Subarea budgets are developed for 1987-92
(decreasing storage) and 1993-96 (increasing storage).
Change in storage is assumed to be equal in magnitude
but opposite for the two periods. Consideration of
these two different time periods and numerous sub-
areas provides various opportunities to evaluate
ground-water flow components.

Precipitation recharge estimates for each subarea
were distributed using the yield efficiency algorithm
and excluded areas east of the ground-water divide in
the Limestone Plateau area (fig. 10), which would con-
tribute to headwater springflow. With this exception,
the sum of budget components for the subareas is equal
to the components for the overall budget. Other budget
components are distributed by the following methods:
(1) percent of each subarea relative to ungaged
drainage basins for streamflow recharge presented in
Carter and others (2001); (2) percent of each subarea
relative to counties for all water-use categories except
municipal; and (3) discrete locations within subareas
for streamflow recharge estimates for gaged streams,
artesian springflow, and municipal water use.

Subarea budgets are presented in table 12. Net
ground-water flow (either net inflow or net outflow in
equation 2) for each subarea is calculated using an iter-
ative process until the volumetric change in storage for
the period 1987-92 is approximately equal, but oppo-
site to the change in storage for the period 1993-96.
Results also are presented in figures 15 and 16, which
collectively show balances that are identical to
table 12, but also include estimated flow components
for the individual aquifers at specific flow zones, as
described in a subsequent section. Using subarea 1 as
an example, inflows are identified only for the Min-
nelusa aquifer (15.4 ft3/s); however, outflows are iden-
tified for both the Madison (36.9 ft3/s) and Minnelusa
(8.1 ft3/s) aquifers, which results in a combined net
outflow of 29.6 ft*/s (table 12).

For most subareas, net ground-water outflow
exceeds inflow. Net ground-water outflow for these
subareas ranges from 5.9 ft3/s in subarea 4 to 48.6 ft*/s
in subarea 9. The large net ground-water outflow com-
ponent in subarea 9 results from large precipitation
recharge (table 12) on the expansive outcrops of
Madison Limestone and Minnelusa Formation in this
area.

Net ground-water inflow exceeds ground-water
outflow for subareas 7 and 8 because discharge of large
artesian springs exceeds estimated recharge within
these subareas. Outflows from subarea 8 probably
contribute to subarea 7, and outflows from subarea 9
probably contribute to subarea 8 (figs. 15 and 16).

Detailed Budgets

Within this section, detailed subarea budgets are
developed, which include estimates of flow compo-
nents for the individual aquifers at specific flow zones.
Estimates of transmissivity also are derived using the
preliminary subarea budgets, which are required for
development of the detailed subarea budgets, as
described in the following sections.

General Methods and Considerations
for Estimating Transmissivity

The net ground-water outflows and inflows
determined using the subarea budgets are used to esti-
mate transmissivity and flow across subarea bound-
aries at various locations based on Darcy’s Law:

0 = KiA (1)

where:
Q =flow, in cubic feet per day;
K =hydraulic conductivity, in feet per day;
i = hydraulic gradient; and
A =cross-sectional area, in square feet.

Flow through any vertical section of an aquifer can be
expressed using transmissivity, as follows:

0 = TiL )

where:
Q =flow, in cubic feet per day;
T = transmissivity, in feet squared per day;
i = hydraulic gradient; and
L =length of boundary, in feet.
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Table 12. Hydrologic budgets, by subareas, for the Madison and Minnelusa aquifers in the Black Hills area,
water years 1987-96

[ft3/s, cubic feet per second; acre-ft, acre-feet]

Inflows (ft/s)

Outflows (ft/s)

Sum (ft%/s)

Change in storage

Water year Stream- Precipita- rg‘j:l d- Artesian rgll?rt\ d-
flow tion 9 spring- Wells 9 Inflows Outflows ft3/s acre-ft
recharge recharge water flow water
9 9 inflow outflow
Subarea 1

1987 8.6 64.8 0.0 101.8 11.0 29.6 73.4 142.4 -69.0 -49,961
1988 5.9 53.9 .0 94.8 12.6 29.6 59.8 137.0 -77.2 -55,898
1989 6.1 65.5 .0 75.5 11.7 29.6 71.6 116.8 -45.2 -32,728
1990 7.5 83.9 .0 78.8 12.2 29.6 914 120.6 -29.2 -21,143
1991 8.5 122.7 .0 814 10.9 29.6 131.2 121.9 9.3 6,734
1992 6.6 86.5 .0 76.0 11.3 29.6 93.1 116.9 -23.8 -17,233
Average/sum1 7.2 79.6 .0 84.7 11.6 29.6 86.8 125.9 -39.2 1-170,228

1987-92
1993 9.8 170.2 .0 80.6 9.1 29.6 180.0 119.3 60.7 43951
1994 11.3 100.7 .0 93.6 10.6 29.6 112.0 133.8 -21.8 -15,785
1995 15.9 260.0 .0 103.9 9.4 29.6 2759 142.9 133.0 96,301
1996 16.1 202.9 .0 116.7 9.6 29.6 219.0 1559 63.1 45,689
Average/sum1 13.3 183.5 .0 98.7 9.7 29.6 196.7 138.0 58.8 170,156

1993-96
Average/sum! 9.6 121.1 0 90.3 10.8 29.6 130.7 130.8 0 72

1987-96

Subarea 2

1987 27.5 6.1 .0 .0 3.7 34.2 33.6 379 -4.3 -3,113
1988 5.8 5.9 .0 .0 4.2 34.2 11.7 384 -26.7 -19,333
1989 9.2 6.2 .0 .0 3.8 34.2 154 38.0 -22.6 -16,364
1990 15.5 5.8 .0 .0 4.1 34.2 21.3 38.3 -17.0 -12,309
1991 23.8 8.9 .0 .0 3.7 34.2 32.7 37.9 -5.2 -3,765
1992 12.3 5.7 .0 .0 3.8 34.2 18.0 38.0 -20.0 -14,481
Average/sum! 15.7 6.4 0 0 3.9 342 22.1 38.1 -16.0 169,366

1987-92
1993 32.9 16.0 .0 .0 3.1 34.2 48.9 37.3 11.6 8,399
1994 354 5.9 .0 .0 3.6 34.2 413 37.8 3.5 2,534
1995 58.5 31.7 .0 .0 3.2 342 90.2 374 52.8 38,231
1996 49.7 16.0 .0 .0 33 342 65.7 37.5 28.2 20,419
Average/sum1 44.1 17.4 .0 .0 3.3 34.2 61.5 37.5 24.0 169,583

1993-96
Average/sum1 27.1 10.8 .0 .0 3.7 342 37.9 37.9 .0 1217

1987-96
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Table 12. Hydrologic budgets, by subareas, for the Madison and Minnelusa aquifers in the Black Hills area,
water years 1987-96—Continued

[ft3/s, cubic feet per second; acre-ft, acre-feet]

Inflows (ft/s)

Outflows (ft%/s)

Sum (ft%/s)

Change in storage

Water year Stream- Precipita- rgl:; d- Artesian rgl:; d-
flow tion gwater spring- Wells gwater Inflows Outflows ft3/s acre-ft
recharge recharge . flow
inflow outflow
Subarea 3
1987 10.6 1.6 0.0 1.6 0.6 9.8 12.2 12.0 0.2 145
1988 25 1.3 0 3 6 9.8 3.8 10.7 6.9 -4,996
1989 2.7 2.1 0 0 6 9.8 48 104 5.6 -4,055
1990 8.6 2.1 0 0 6 9.8 10.7 10.4 3 217
1991 9.1 4.6 0 1 6 9.8 13.7 10.5 3.2 2317
1992 5.6 1.8 0 0 6 9.8 74 10.4 3.0 2,172
Average/sum’" 6.5 23 0 3 6 9.8 8.8 10.7 20 18544
1987-92
1993 10.0 5.3 0 1 6 9.8 15.3 10.5 438 3,476
1994 10.9 1.7 0 4 6 9.8 12.6 10.8 1.8 1,303
1995 12.0 10.3 0 8.6 6 9.8 223 19.0 3.3 2,389
1996 13.9 6.3 0 8.2 6 9.8 20.2 18.6 1.6 1,159
Average/sum! 11.7 5.9 0 43 6 9.8 17.6 147 2.9 18,327
1993-96
Average/sum' 8.6 3.7 0 1.9 6 9.8 12.3 12.3 0 1217
1987-96
Subarea 4
1987 33.3 2.7 0 25.6 43 5.9 36.0 35.8 2 145
1988 17.3 1.0 0 25.6 42 5.9 18.3 35.7 174 -12,599
1989 15.6 3.9 0 25.6 3.4 5.9 19.5 34.9 154 -11,151
1990 24.1 3.7 0 25.6 5.0 5.9 27.8 36.5 8.7 -6,299
1991 33.7 10.3 0 25.6 6.7 5.9 44.0 38.2 5.8 4,200
1992 25.9 3.2 0 25.6 10.5 5.9 29.1 42.0 -12.9 9,340
Average/sum! 25.0 4.1 0 25.6 5.7 5.9 29.1 37.2 8.1 135045
1987-92
1993 433 8.4 0 25.8 10.2 5.9 51.7 419 9.8 7,096
1994 40.3 1.4 0 25.6 11.1 5.9 41.7 426 0.9 652
1995 475 12.3 0 27.1 9.1 5.9 59.8 42.1 17.7 12,816
1996 55.8 9.6 0 30.1 7.6 5.9 65.4 43.6 21.8 15,785
Average/sum! 46.7 7.9 0 27.2 95 5.9 54.7 426 121 135045
1993-96
Average/sum' 33.7 5.7 0 26.2 7.2 5.9 39.3 39.3 0 lo
1987-96
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Table 12. Hydrologic budgets, by subareas, for the Madison and Minnelusa aquifers in the Black Hills area,
water years 1987-96—Continued

[ft3/s, cubic feet per second; acre-ft, acre-feet]

Inflows (ft/s)

Outflows (ft%/s)

Sum (ft%/s)

Change in storage

Water year Stream- Pre(.:ipita- grgl:r: d- Arte.sian grgl:r: d- s
flow tion spring- Wells Inflows Outflows ft’/s acre-ft
recharge recharge w ater flow water
inflow outflow
Subarea 5
1987 12.8 1.3 0.0 6.2 1.6 6.0 14.1 13.8 0.3 217
1988 2.4 6 0 2.4 1.6 6.0 3.0 10.0 7.0 -5,068
1989 3.1 2.2 0 12 1.6 6.0 5.3 8.8 -35 2,534
1990 10.6 3.6 0 1.6 1.6 6.0 142 9.2 5.0 3,620
1991 12.9 45 0 35 1.6 6.0 17.4 11.1 6.3 4,562
1992 7.9 2.0 0 45 1.6 6.0 9.9 12.1 22 -1,593
Average/sum’ 8.3 2.4 0 32 1.6 6.0 10.7 10.8 0.2 1.796
1987-92
1993 17.3 4.9 0 7.1 1.6 6.0 222 147 75 5.430
1994 10.2 1.3 0 10.8 1.7 6.0 115 18.5 7.0 -5,068
1995 18.7 72 0 113 1.6 6.0 25.9 189 7.0 5,068
1996 18.0 4.7 0 21.0 1.7 6.0 227 28.7 -6.0 -4,344
Average/sum’ 16.1 4.5 0 12.6 1.7 6.0 20.6 20.2 4 11,086
1993-96
Average/sum! 11.4 3.2 0 7.0 1.6 6.0 14.6 14.6 0 1290
1987-96
Subarea 6
1987 7.8 3 0 0 0 8.3 8.1 8.3 0.2 -145
1988 2.7 2 0 0 0 8.3 2.9 8.3 5.4 3,910
1989 1.6 6 0 0 0 8.3 22 8.3 -6.1 4417
1990 5.1 8 0 0 0 8.3 5.9 8.3 2.4 -1,738
1991 7.8 9 0 0 0 8.3 8.7 8.3 4 290
1992 5.5 7 0 0 0 8.3 6.2 8.3 2.1 -1,521
Average/sum! 5.1 6 0 0 0 8.3 5.7 8.3 26 11,440
1987-92
1993 9.2 1.3 0 0 0 8.3 10.5 8.3 22 1,593
1994 7.4 3 0 0 0 8.3 7.7 8.3 -0.6 -434
1995 13.0 2.5 0 0 0 8.3 15.5 8.3 7.2 5213
1996 13.9 1.5 0 0 0 8.3 15.4 8.3 7.1 5,141
Average/sum! 10.9 1.4 0 0 0 8.3 123 8.3 40 1513
1993-96
Average/sum' 7.4 9 0 0 0 8.3 8.3 8.3 0 172
1987-96
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Table 12. Hydrologic budgets, by subareas, for the Madison and Minnelusa aquifers in the Black Hills area,
water years 1987-96—Continued

[ft3/s, cubic feet per second; acre-ft, acre-feet]

Inflows (ft/s) Outflows (ft%/s) Sum (ft%/s) Change in storage
I Net . Net
Water year Stfﬁzivm- Pret(i:tlazna- g;:autg:'- As:::::;? Wells g;:autg:'- Inflows Outflows ft3/s acre-ft
recharge recharge inflow flow outflow
Subarea 7
1987 2.0 0.6 6.1 10.0 0.1 0.0 8.7 10.1 -1.4 -1,014
1988 A4 4 6.1 10.0 .1 .0 6.9 10.1 -3.2 -2,317
1989 4 .6 6.1 9.0 .1 .0 7.1 9.1 -2.0 -1,4438
1990 1.0 9 6.1 9.0 1 .0 8.0 9.1 -1.1 -796
1991 1.6 1.1 6.1 8.1 .1 .0 8.8 8.2 .6 434
1992 1.0 1.2 6.1 8.0 1 .0 8.3 8.1 2 145
Average/sum! 1.1 8 6.1 9.0 1 0 8.0 9.1 ‘12 14996
1987-92
1993 22 2.1 6.1 9.1 1 .0 10.4 9.2 1.2 869
1994 23 .6 6.1 9.5 1 .0 9.0 9.6 -0.6 -434
1995 6.1 4.2 6.1 12.5 .1 .0 16.4 12.6 3.8 2,751
1996 6.1 1.2 6.1 11.1 1 .0 134 11.2 2.2 1,593
Average/sum! 4.2 2.0 6.1 10.6 1 0 12.3 10.7 1.7 14,779
1993-96
Average/sum' 2.3 1.3 6.1 9.6 1 0 9.7 9.7 0 1217
1987-96
Subarea 8
1987 5.9 3.2 35.6 454 1.8 .0 44.7 472 2.5 -1,810
1988 1.5 22 35.6 44.1 1.8 .0 393 45.9 -6.6 -4,779
1989 1.6 3.8 35.6 43.1 1.8 .0 41.0 44.9 -39 -2,824
1990 3.9 5.4 35.6 44.1 1.9 .0 449 46.0 -1.1 -796
1991 5.5 5.7 35.6 43.1 1.8 .0 46.8 44.9 1.9 1,376
1992 1.6 52 35.6 429 1.8 .0 424 44.7 -2.3 -1,665
Average/sum’ 3.3 4.3 35.6 43.8 1.8 .0 432 45.6 24 110,499
1987-92
1993 4.1 10.8 35.6 42.1 1.8 .0 50.5 439 6.6 4,779
1994 2.4 23 35.6 44.0 1.9 .0 40.3 459 -5.6 -4,055
1995 11.9 14.6 35.6 46.3 1.9 .0 62.1 48.2 13.9 10,065
1996 6.0 7.5 35.6 47.5 1.8 .0 49.1 49.3 -0.2 -145
Average/sum! 6.1 8.8 35.6 45.0 1.9 .0 50.5 46.8 3.7 110,644
1993-96
Average/sum1 4.4 6.1 35.6 44.3 1.8 .0 46.1 46.1 .0 1145
1987-96
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Table 12. Hydrologic budgets, by subareas, for the Madison and Minnelusa aquifers in the Black Hills area,

water years 1987-96—Continued

[ft3/s, cubic feet per second; acre-ft, acre-feet]

Inflows (ft%/s)

Outflows (ft3/s)

Sum (ft¥/s) Change in storage

Wat Stream- Precipita Net Artesian Net
ater year : : - -
flow tion ground spring- Wells ground Inflows  Outflows ft3/s acre-ft
water water
recharge recharge . flow
inflow outflow
Subarea 9

1987 0.0 24.6 0.0 9.0 2.2 48.6 24.6 59.8 -35.2 -25,487
1988 .0 20.7 .0 9.0 22 48.6 20.7 59.8 -39.1 -28,311
1989 .0 35.3 .0 9.0 22 48.6 35.3 59.8 -24.5 -17,740
1990 .0 46.1 .0 9.0 22 48.6 46.1 59.8 -13.7 -9,920
1991 .0 73.1 .0 8.8 2.2 48.6 73.1 59.6 13.5 9,775
1992 .0 44.6 .0 8.9 2.2 48.6 44.6 59.7 -15.1 -10,933
Average/sum1 .0 40.7 .0 9.0 22 48.6 40.7 59.8 -19.0 1-82,616

1987-92
1993 .0 98.2 .0 9.1 22 48.6 98.2 59.9 38.3 27,732
1994 .0 40.2 .0 9.7 2.3 48.6 40.2 60.6 -20.4 -14,771
1995 .0 106.4 .0 11.8 2.2 48.6 106.4 62.6 43.8 31,714
1996 .0 114.3 .0 11.3 2.3 48.6 114.3 62.2 52.1 37,724
Average/sum1 .0 89.8 .0 10.5 2.3 48.6 89.8 61.3 28.5 182,399

1993-96
Average/sum1 .0 60.4 .0 9.6 2.2 48.6 60.4 60.4 .0 1217

1987-96

Sum used for change in storage in acre-feet.

Where flowpaths cross study area or subarea
boundaries, flow zones were identified to represent
ground-water flow areas along individual boundary
segments for the Madison and Minnelusa aquifers
(figs. 15 and 16). The flow zones consist of:

(1) exterior inflow zones, where ground water is
assumed to be entering the study area; (2) exterior out-
flow zones, where ground water is assumed to be
exiting the study area; and (3) interior flow zones,
where ground water is assumed to be crossing subarea
boundaries. For the Madison aquifer, 14 flow zones are
identified (fig. 15), and for the Minnelusa aquifer,

18 flow zones are identified (fig. 16).

For purposes of this report, an estimate of
average transmissivity for individual flow zones can be
obtained by rearranging equation 4 and using the

hydraulic gradient perpendicular to the flow zone to
yield the following equation:

r=2 3)
p

where:
T =transmissivity, in feet squared per day;
Q =flow, in cubic feet per day;
i, =hydraulic gradient perpendicular to the
boundary; and
L =length of flow zone, in feet.

For each flow zone, the average hydraulic gra-
dient perpendicular to the flow zone was determined.
Hydraulic gradients and the lengths of flow zones are
presented in table 13.

Hydrologic Budgets 43



Table 13. Flow-zone information used in estimating
transmissivity

:L?qu Subarea . Flov.v Hyd rau | i? :-Izcvg:::;

number number direction gradient (miles)
Madison Aquifer
1 8 Inflow 0.0017 15.2
2 2 Outflow .0076 29.4
3 3 Outflow .0089 15.2
4 3 Outflow 0125 11.9
5 4 Outflow .0051 8.1
6 5 Outflow .0046 19.7
7 6 Outflow .0046 9.6
8 7 Outflow .0039 144
9 8 Outflow .0025 12.0
10 8 Outflow .0034 6.0
11 9 Outflow .0147 37.1
12 1,2 Interior boundalry2 .0047 22.8
13 7.8 Interior boundary? 0019 10.4
14 8,9  Interior boundary® .0017 15.9
Minnelusa Aquifer

15 1 Inflow .0046 17.2
16 8 Inflow .0020 24.9
17 1 Outflow .0019 22.0
18 2 Outflow .0048 294
19 3 Outflow .0027 15.2
20 3 Outflow .0083 11.9
21 4 Outflow .0050 8.1
22 5 Outflow .0092 19.7
23 6 Outflow .0064 9.6
24 7 Outflow .0072 14.4
25 8 Outflow .0089 12.0
26 8 Outflow .0016 6.0
27 9 Outflow .0050 29.3
28 34  Interior boundary? 0045 17.0
29 5,6 Interior boundary2 .0025 129
30 6,7  Interior boundary? 0016 16.7
31 7,8 Interior boundary2 .0018 17.0
32 8,9  Interior boundary? 0025 10.7

44

1Hydraulic gradient determined perpendicular to flow zones.
%Indicates flow across interior subarea boundary.

Equations 3 through 5 assume homogeneous and
isotropic conditions in the aquifers, which generally is
not the case for the Madison and Minnelusa aquifers.
However, it is assumed that these conditions are aver-
aged over the length of the flow zones, which approxi-
mates isotropic conditions resulting in an average
transmissivity. For estimation purposes, it is assumed
that the transmissivity of the Madison and Minnelusa
aquifers are equal in any particular flow zone. It is
assumed that hypothetical flowpaths are approximately
perpendicular to the potentiometric-surface contours
(figs. 15 and 16); however, ground-water flow can be
nearly parallel to potentiometric-surface contours in
some areas (Long, 2000), especially in the Madison
aquifer due to heterogeneity and anisotropy.

Transmissivity of the Madison and Minnelusa
aquifers in the Black Hills area varies greatly. Esti-
mates of hydraulic conductivity and transmissivity are
available from previous investigations (table 14). In
the Madison aquifer, transmissivity estimates range
from less than 1 to 56,000 ftz/d, and in the Minnelusa
aquifer, transmissivity estimates range from less than 1
to 12,000 ft%d. Some of the transmissivity estimates
from previous investigations were for small areas near
large-discharge wells and are not necessarily represen-
tative of average transmissivity over large areas.
Although transmissivity values from previous investi-
gations were not used in determining ground-water
flow components, they provide a basis against which
estimated transmissivities (using flows from subarea
budgets) can be compared.

Because all subareas have multiple flow zones,
transmissivity generally is calculated in equation 5 by
dividing the net ground-water inflow or outflow given
in table 12 for each respective subarea (Q) by the sum
of the product of hydraulic gradient (i) times length (L),
for the flow zones included in each particular calcula-
tion. This calculation yields equal values of transmis-
sivity for all flow zones involved in a calculation,
which is used as an initial assumption, when possible.
Ground-water flow for individual flow zones is calcu-
lated using equation 5 to solve for Q using the esti-
mated transmissivity for each flow zone. More specific
methods and assumptions that have been applied in
estimating transmissivity for the flow zones, by sub-
area, are presented in the following section.
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Table 14. Estimates of hydraulic conductivity and transmissivity from previous investigations

[ft/d, feet per day; ft2/d, feet squared per day; <, less than]

Source

Hydraulic conductivity

Transmissivity

(ft/d) (ft2 /d) Area represented
Madison Aquifer

Konikow, 1976 - 860 - 2,200 Mont., N. Dak., S. Dak., Wyo.
Miller, 1976 -- 0.01 - 5,400 Southeastern Mont.
Blankennagel and others, 1977 2.4x10°-1.9 -- Crook County, Wyo.
Woodward-Clyde Consultants, 1980 - 3,000 Eastern Wyo., western S. Dak.
Blankennagel and others, 1981 - 5,090 Crook County, Wyo.
Downey, 1982 -- 250 - 1,500 Mont., N. Dak., S. Dak., Wyo.
Back and others, 1983 2.93x107 -- Eastern Wyo., western S. Dak.
Cooley and others, 1986 1.04 - Mont., N. Dak., S. Dak., Wyo., Nebr.
Kyllonen and Peter, 1987 - 4.3 - 8,600 Northern Black Hills
Imam, 1991 9.0x 10 -- Black Hills area
Greene, 1993 - 1,300 - 56,000 Rapid City area
Tan, 1994 5-1,300 - Rapid City area
Greene and others, 1999 -- 2,900 - 41,700  Spearfish area

Minnelusa Aquifer

Blankennagel and others, 1977 <2.4x107- 1.4
Pakkong, 1979 -
Woodward-Clyde Consultants, 1980 --
Kyllonen and Peter, 1987 --
Greene, 1993 -
Tan, 1994 32
Greene and others, 1999 --

-- Crook County, Wyo.

880 Boulder Park area, S. Dak.
30 - 300 Eastern Wyo., western S. Dak.
0.86 - 8,600 Northern Black Hills
12,000 Rapid City area
-- Rapid City area
267 - 9,600 Spearfish area

Budget Components and Transmissivity Estimates

Estimates of transmissivity and ground-water
flow are obtained from equation 5 using the general
methods previously described. The resulting estimates
for individual flow zones are presented in table 15, and
are shown in figure 15 for the Madison aquifer and in
figure 16 for the Minnelusa aquifer. Although trans-
missivity estimates are calculated to the nearest integer
so that calculations balance, the estimates should be
considered valid only within an order of magnitude.
Numerous limitations exist for subdividing flow in the
Madison and Minnelusa aquifers due to: (1) numerous
assumptions associated with transmissivity estimates;
and (2) potential errors resulting from presumed flow-
paths and hydraulic gradients. Thus, the overall budget
estimate of 100 ft¥/s for net outflow is the most reliable
estimate, and estimates of net outflows and inflows
associated with individual subareas are more reliable
than estimates of flow for individual flow zones.

Because of an interior boundary flow component
from subarea 1 into subarea 2 for the Madison aquifer
(interior flow zone 12, fig. 15), transmissivities for

exterior flow zones 15 and 17 in subarea 1 and zones 2
and 18 in subarea 2 are calculated first, assuming equal
transmissivities for these exterior flow zones. Sum-
ming net outflows of 29.6 ft3/s in subarea 1 and

34.2 ft/s in subarea 2 (table 12) yields a combined out-
flow of 63.8 ft/s, which is independent of the calcu-
lated value for interior zone 12. Equation 5 is solved
by dividing the combined outflow (63.8 ft3/s) by the
sum of the products i and L for the four flow zones,
which results in equal transmissivity estimates of
3,196 ft%/d (table 15). Substituting this transmissivity
into equation 4 yields flow estimates for the four
exterior flow zones. Balancing with net outflow for
either subarea indicates an interior flow component of
36.9 ft3/s from subarea 1 to subarea 2. Then transmis-
sivity for interior flow zone 12 is calculated as

5,589 ft*/d. The transmissivity of interior flow zone 12
is about 1.7 times higher than transmissivity for the
exterior flow zones for subareas 1 and 2. This is con-
sistent with a general hypothesis of decreasing basin-
ward transmissivity (Hamade, 2000).
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Table 15. Estimates of transmissivity and flow for flow zones

[ft3/s, cubic feet per second; ft%/d, feet squared per day]

Ground- Ground-
water flow! Flow zone Flow ) Hydraulic Length of Trar:ls'mis- wa;er
;Zt:;::; number direction Aquifer gradient "?nv:i Ize t:;e (sf't‘é;:"; ffli:)v‘\'lvch)zg
(ft%/s) (ft%s)
Subarea 1
29.6 12 Interior boundary (out) Madison 0.0047 22.8 5,589 36.9
29.6 15 Inflow Minnelusa .0046 17.2 3,196 -15.4
29.6 17 Outflow Minnelusa .0019 22.0 3,196 8.1
Subarea 2
34.2 12 Interior boundary (in)  Madison .0047 22.8 5,589 -36.9
342 2 Outflow Madison .0076 29.4 3,196 43.7
342 18 Outflow Minnelusa .0048 29.4 3,196 27.5
Subarea 3
9.8 28 Interior boundary (in)  Minnelusa .0045 17.0 712 34
9.8 3 Outflow Madison .0089 15.2 510 4.2
9.8 4 Outflow Madison .0125 11.9 510 4.6
9.8 19 Outflow Minnelusa .0027 15.2 510 1.3
9.8 20 Outflow Minnelusa .0083 11.9 510 3.1
Subarea 4
59 28 Interior boundary (out) Minnelusa .0045 17.0 712 34
59 5 Outflow Madison .0051 8.1 510 1.3
5.9 21 Outflow Minnelusa .0050 8.1 510 1.3
Subarea 5
6.0 29 Interior boundary (out) Minnelusa .0025 12.9 434 0.8
6.0 6 Outflow Madison .0046 19.7 310 1.7
6.0 22 Outflow Minnelusa .0092 19.7 310 34
Subarea 6
8.3 29 Interior boundary (in)  Minnelusa .0025 12.9 434 -0.8
8.3 30 Interior boundary (out) Minnelusa .00016 16.7 1,463 2.4
8.3 7 Outflow Madison .0046 9.6 1,045 2.8
8.3 23 Outflow Minnelusa .0064 9.6 1,045 39
Subarea 7
-6.1 30 Interior boundary (in)  Minnelusa .0016 16.7 1,463 2.4
-6.1 13 Interior boundary (in)  Madison .0019 10.4 1,463 -1.8
-6.1 31 Interior boundary (in)  Minnelusa .0018 17.0 1,463 -2.8
-6.1 8 Outflow Madison .0039 14.4 90 3
-6.1 24 Outflow Minnelusa .0072 14.4 90 .6
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Table 15. Estimates of transmissivity and flow for flow zones—Continued

[ft3/s, cubic feet per second; ft%/d, feet squared per day]

Ground- Ground-
water flow’ Flow zone Flow . Hydraulic Length of Traps.mis- wa;er
OOl Coimber  dsien AT e fevime sy o for
(ft3/s) (it3/s)
Subarea 8
-35.6 13 Interior boundary (out) Madison 0.0019 104 1,463 1.8
-35.6 31 Interior boundary (out) Minnelusa .0018 17.0 1,463 2.8
-35.6 14 Interior boundary (in)  Madison .0017 15.2 7,393 -12.2
-35.6 32 Interior boundary (in)  Minnelusa .0025 10.0 7,393 -11.5
-35.6 1 Inflow Madison .0017 15.2 4,349 -11.0
-35.6 9 Outflow Madison .0025 12.0 732 1.3
-35.6 10 Outflow Madison .0034 6.0 732 9
-35.6 16 Inflow Minnelusa .0020 249 4,349 -13.0
-35.6 25 Outflow Minnelusa .0089 12.0 732 4.8
-35.6 26 Outflow Minnelusa .0016 6.0 732 4
Subarea 9
48.6 14 Interior boundary (out) Madison .0017 15.2 7,393 12.2
48.6 32 Interior boundary (out) Minnelusa .0025 10.0 7,393 11.5
48.6 11 Outflow Madison .0147 37.1 591 19.7
48.6 27 Outflow Minnelusa .0050 293 591 53

A positive flow indicates net outflow, and a negative flow indicates net inflow.
2Flows may not sum exactly to flow total for zone due to independent rounding; a positive flow indicates outflow, and a negative

flow indicates inflow.

Subareas 3 and 4 also share a common interior
flow zone; thus, transmissivities are calculated using
the same approach as subareas 1 and 2. Assuming
equal transmissivity for exterior outflow zones 3, 4, 5,
19, 20, and 21 in subareas 3 and 4 yields values of
510 ft?/d, which then can be used to solve for other
flow components. Transmissivity for interior flow
zone 28 is calculated as 712 ft%/d, which is about 1.4
times higher than the estimated transmissivity for the
exterior outflow zones.

In the Minnelusa aquifer, some flow from sub-
area 5 into subarea 6 is indicated by interior flow zone
291n figure 16. A viable solution to equation 5 for sub-
areas 5 and 6 does not exist using the same approach as
used for subareas 1-4. Therefore, transmissivity for
subarea 5 is solved by using only the net outflow of
6.0 ft’/s (table 12) for that subarea. Transmissivities of

exterior outflow zones 6 and 22 are assumed to be
equal, while the transmissivity for interior flow zone 29
is assumed to be 1.4 times the transmissivity of the
exterior outflow zones, which is the resulting factor in
subareas 3 and 4. This yields transmissivity estimates
of 310 ft?/d for the two exterior outflow zones and
434 ft%/d for the interior flow zone.

The previous calculation yielded a transmissivity
estimate for interior flow zone 29. A similar approach
to subarea 5 is used to calculate transmissivity for
interior flow zone 30 and the exterior outflow zones 7
and 23. The transmissivity of interior flow zone 30 is
assumed to be 1.4 times the transmissivity of exterior
outflow zones 7 and 23, which is the resulting factor
used in previous calculations. This yields transmis-
sivity estimates of 1,463 ft*/d for interior flow zone 30
and 1,045 ft*/d for exterior outflow zones 7 and 23.
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A similar approach is used in subarea 7, where
the transmissivity estimate for interior flow zone 30 is
known from a previous calculation. However, in this
case, the transmissivities in interior flow zones 13
(Madison aquifer) and 31 (Minnelusa aquifer) are
assumed to be equal to the transmissivity for interior
flow zone 30. This assumption is made on the basis
that the transmissivity must be sufficiently high along
this interior boundary to supply flow from subarea 8 to
large artesian springs in subarea 7. Transmissivities
should be much higher for interior flow zones 13 and
31 than for the exterior outflow zones 8 and 24 due to:
(1) decreasing saturated thickness in the Madison
aquifer at distance from the outcrop as the thickness of
the Madison Limestone approaches zero in this area
(Rahn, 1986); and (2) major structural features that are
present in the vicinity of interior flow zones 13 and 31
(fig. 4). Equation 5 is solved for exterior outflow zones
8 and 24 using the estimated transmissivity of
1,463 ft/d for all three interior flow zones. This yields
a transmissivity estimate of 90 ft*/d for exterior out-
flow zones 8 and 24.

In subarea 8, transmissivity calculations are
complicated by the numerous flow zones. Transmis-
sivities for interior flow zones 13 and 31 were esti-
mated in previous calculations, but transmissivities
have not been estimated for the remaining eight flow
zones. First, it is assumed that the transmissivities for
exterior outflow zones 9, 10, 25, and 26 are equal to
each other, and are equal to one-half the transmissivity
for interior flow zones 13 and 31 due to thinning of the
Madison Limestone. This yields a transmissivity esti-
mate of 732 ft%/d for the exterior outflow zones. Next,
it is assumed that the transmissivity for interior flow
zones 14 and 32 in the southwestern part of the study
area is equal to 1.7 times the transmissivity for exterior
inflow zones 1 and 16, which is the resulting factor
determined in subareas 1 and 2. Then, equation 5 is
solved, which yields transmissivity estimates of
7,393 ft2/d for interior flow zones 14 and 13 and
4,349 ft3/d for exterior inflow zones 1 and 16.
Although the transmissivity estimates for the flow
zones in the southwestern part of the study area are
within ranges determined by previous investigations
(table 14), they are higher than for any other flow zones
in the study area. This is consistent with very low
hydraulic gradients in the vicinity of these flow zones,
which generally indicates high transmissivity.

For subarea 9, transmissivities for interior flow
zones 14 and 32 were determined by previous

calculations. Equation 5 is solved for exterior outflow
zones 11 and 27, which yields a transmissivity estimate
of 591 ft?/d. Tt is expected that the transmissivity for
exterior outflow zones 11 and 27 would be much less
than for flow zones further south in subarea 8 because
neither the Madison nor Minnelusa aquifer is fully sat-
urated along the entire length of the exterior outflow
zones in subarea 9. In addition, exterior outflow zones
11 and 27 have a higher hydraulic gradient, especially
in the Madison aquifer, than flow zones to the south,
indicating lower transmissivity.

Evaluation of Budget Components

As discussed, development of subarea budgets
allows evaluation of various budget components.
Transmissivity estimates range from 90 ft>/d to about
7,400 ft*/d, which are similar to values reported by
previous investigators (table 14). The highest trans-
missivity values are for areas in the northern and south-
western parts of the study area, and the lowest values
are along the eastern study area boundary (figs. 15
and 16). It is emphasized that the transmissivity esti-
mates are averages over larger areas than can be
obtained using aquifer test data, and large spatial vari-
ability in actual transmissivities can be expected. The
potential for large errors exists in estimates of transmis-
sivity and flow components because calculations are
based on net outflow estimates and assumptions of
equal transmissivity.

Most of the transmissivity estimates are derived
for flow zones located considerable distances from the
outcrops. Transmissivities probably are higher nearer
the outcrop areas due to structural deformation and dis-
solution activity. Extremely high transmissivity prob-
ably occurs in the immediate vicinity of artesian
springs, where large, focused discharge occurs. Trans-
missivities probably decrease downgradient from large
artesian springs due to reduced dissolution activity.
Basinward decreases in transmissivity were hypothe-
sized by Huntoon (1985) as a major factor in artesian
spring development, which is consistent with transmis-
sivity calculations for subareas 1, 2, 3, and 4 that
resulted in lower estimates for the exterior flow zones
than for interior flow zones. In other subareas, lower
transmissivities were assumed in exterior flow zones
than in interior flow zones.

Uncertainties associated with estimates of
streamflow recharge probably are small, relative to
uncertainties associated with estimates of precipitation
recharge (Carter and others, 2001). Evaluation of

48 Hydrologic Budgets for the Madison and Minnelusa Aquifers, Black Hills Area, Water Years 1987-96



subarea budgets provides confidence that the yield effi-
ciency algorithm systematically provides realistic esti-
mates for precipitation recharge. A good example for
evaluating precipitation recharge is subarea 1, which
has a large component of artesian springflow that aver-
ages about 90 £t3/s for 1987-96 (table 12). Streamflow
recharge, which averages 9.6 ft3/s, is especially small
for this subarea, which is dominated by precipitation
recharge of about 121 ft3/s. Net outflow of 29.6 ft3/s is
consistent with a conclusion by Naus and others (in
press) from geochemical evidence that flow in this area
is dominated by areal recharge, with minor or negli-
gible influence from regional flowpaths from the west.
The collective evidence provides confidence that the
methods used for estimating precipitation recharge per-
form well for this area, which has the highest rates for
precipitation recharge in the study area.

The large change in storage (table 12) for sub-
area 2 (about 69,000 acre-ft) results primarily from a
large net outflow rate and a large differential in stream-
flow recharge rates between the dry and wet periods.
The large storage change is consistent with large water-
level fluctuations (figs. 1 and 8) for the Tilford wells
(sites 4 and 5) and for another pair of observation wells
(not shown) located northwest of Sturgis, where fluctu-
ations of about 50 ft have occurred during 1987-96
(Driscoll, Bradford, and Moran, 2000).

In comparison, changes in storage are much
smaller for subareas 3 and 5, both of which have much
smaller differentials in both streamflow and precipita-
tion recharge rates. Both of these subareas are influ-
enced by artesian springs with highly variable
discharge rates, relative to most other artesian springs
(table 12). Water-level data for subarea 5 are sparse;
however, the Piedmont wells in subarea 3 (sites 6 and
7) show relatively small water-level fluctuations
(figs. 1 and 8).

Budgets for subareas in the southern Black Hills
are consistent with geochemical interpretations (Naus
and others, in press), which indicated long flowpaths
along the western and southwestern flanks contributing
to large artesian springs in the area. The average dis-
charge of Beaver Creek Spring (tables 5 and 12)
exceeds estimated recharge in subarea 7 and probably
is influenced by outflow from subarea 8, which is con-
sistent with the geochemical information. Similarly,
discharges of artesian springs in subarea 8 are much
larger than recharge in this subarea. Outflow from
subarea 9 is a probable source for inflow to subarea 8,

which again is substantiated by geochemical informa-
tion (Naus and others, in press).

Consideration of combined budgets for
subareas 7, 8, and 9 provides useful insights. Com-
bined streamflow and precipitation recharge of
74.5 ft3/s exceeds discharge of springs and wells
(67.6 ft3/s) for these subareas, indicating net ground-
water outflow of 6.9 ft*/s. This combined budget is
again consistent with a geochemical interpretation by
Naus and others (in press) that the large springs in this
area are recharged primarily within the uplift area, and
the influence of regional flow from the west probably
is minor or negligible.

Although regional flow from the west probably
does not contribute substantially to ground-water flow
in the southern part of the study area, the complex
potentiometric surfaces and ground-water flowpaths in
this area may be affected by regional influences such as
flowpaths and pinching out of the Madison Limestone
to the southeast. Because of sparsity of data points
(Strobel and others, 2000), large uncertainties exist for
the potentiometric-surface maps, which affects both
postulated flowpaths and gradients used for calculation
of transmissivity and subdivided flow for the Madison
and Minnelusa aquifers.

The aforementioned factors probably contribute
to possible inconsistencies in estimated flow compo-
nents and associated transmissivity values along the
southwestern boundary of the study area, where esti-
mates should be used with caution. The assumption of
orthogonal flowpaths necessitates westerly flow com-
ponents out of subarea 9 and back into subarea 8,
which may not be entirely realistic. The small trans-
missivity estimates for exterior outflow zones 11 and
27 result from steep hydraulic gradients and may be
heavily influenced by unconfined conditions. Con-
versely, the hydraulic gradients are very low for flow
zones 1, 14, 16, and 32, which results in large transmis-
sivity estimates for these zones. Despite uncertainties
in accurate mapping of hydraulic heads, there is cer-
tainty that hydraulic gradients are very low in the
southwest corner of the study area and that large flow
components out of subarea 9 exist. Thus, high trans-
missivities must occur somewhere in the vicinity of
subarea 9 to allow large flow components with low
hydraulic gradients.
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SUMMARY AND CONCLUSIONS

The Madison and Minnelusa aquifers are two of
the most important aquifers in the Black Hills area of
South Dakota and Wyoming. The quantification and
evaluation of various hydrologic budget components
are important for managing and understanding the
water resources in the Black Hills area.

The basic continuity equation (Sum of inflows -
Sum of outflows = Change in storage) is used to
develop hydrologic budgets for two scenarios,
including an overall budget for the entire study area
and more detailed budgets for subareas. The overall
budget is a combined budget for the Madison and
Minnelusa aquifers because most budget components
cannot be quantified individually for the aquifers. This
average budget is computed for water years 1987-96,
for which change in storage is approximately equal to
zero, based on well hydrographs and recharge esti-
mates. Estimates of well withdrawals are presented by
aquifer, and for some budget components additional
information for other time periods also is presented.
Annual estimates of budget components are included in
detailed budgets for nine subareas, which consider
periods of decreasing storage (1987-92) and increasing
storage (1993-96). The detailed budgets also are com-
bined budgets; however, estimates of ground-water
flow for each aquifer are derived.

Inflows considered include recharge, leakage
from adjacent aquifers, and ground-water inflows
across the study area boundary. Recharge, which
occurs at or near land surface, includes infiltration of
precipitation on outcrops of the Madison Limestone
and Minnelusa Formation, and streamflow recharge
where streams cross the outcrops. Outflows include
springflow (headwater and artesian), well withdrawals,
leakage to adjacent aquifers, and ground-water outflow
across the study area boundary.

Leakage to and from adjacent aquifers, which is
difficult to quantify and cannot be distinguished from
ground-water inflows or outflows, is included with
these components. Similarly, ground-water inflows
and outflows are difficult to quantify individually; thus,
for cases when change in storage is assumed equal to
zero, net ground-water flow (outflow minus inflow)
can be calculated, given estimates for the other budget
components.

For the overall budget for water years 1987-96,
net ground-water outflow from the study area is com-
puted as 100 ft3/s (cubic feet per second). Estimates of
average, combined budget components for the Mad-

ison and Minnelusa aquifers are: 395 ft3/s for recharge,
78 £t’/s for headwater springflow, 189 ft3/s for artesian
springflow, and 28 ft3/s for well withdrawals. Thus,
artesian springflow is the single largest outflow com-
ponent. Total springflow (including headwater and
artesian springflow) averages 267 ft3/s, which consti-
tutes about 68 percent of estimated recharge.

Estimates of recharge to the Madison and Min-
nelusa aquifers used in the hydrologic budgets are from
a previous investigation. During 1987-96, recharge
ranged from about 141 to 847 ft’/s and averaged about
395 ft3/s. Of this amount, about 104 ft3/s (26 percent)
was contributed by streamflow recharge and 291 ft3/s
(74 percent) was from infiltration of precipitation on
outcrop areas.

Headwater springflow is considered to be that
which occurs upstream from streamflow loss zones,
primarily within the Limestone Plateau area, which is
an important recharge area for the Madison and Min-
nelusa aquifers on the western flanks of the Black Hills.
A ground-water divide has been identified in the Lime-
stone Plateau area, with recharge to the east of the
divide assumed to discharge to headwater springs
along the eastern fringe of the plateau. Incongruences
between contributing surface- and ground-water areas
also are identified for various drainage basins in this
area. Estimates of headwater springflow are derived
from estimates of precipitation recharge for contrib-
uting ground-water areas east of the divide. Precipita-
tion recharge is estimated using a “yield efficiency
algorithm” developed by previous investigators that
compares spatial distributions for annual precipitation,
average annual precipitation, and average efficiency of
basin yield, which is used as a surrogate for efficiency
of precipitation recharge. Average headwater spring-
flow for 1987-96 is estimated as 78 ft3/s, based on esti-
mates of annual recharge that ranged from about 16 to
215 ft’/s. Variability in annual springflow is much
smaller because of attenuation associated with ground-
water storage.

Artesian springflow is considered to be that
which originates from confined aquifers in locations
downgradient from streamflow loss zones. Estimates
of artesian springflow for 1987-96 ranged from about
163 to 246 ft3/s and averaged 189 ft/s.

Well withdrawals serve many categories of water
use including municipal, self supply (domestic), irriga-
tion, livestock, industrial, mining, thermoelectric
power, and unaccountable withdrawals. Total well
withdrawals from the Madison and Minnelusa aquifers
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are about 18.3 million gallons per day (28 ft3/s), with
about 60 percent of overall withdrawals from the
Madison aquifer. Municipal use, with combined with-
drawals of about 6.5 million gallons per day, is the
largest use category.

Hydrologic budgets also are quantified for nine
subareas for periods of decreasing storage (1987-92)
and increasing storage (1993-96), with changes in
storage assumed equal but opposite. Common sub-
areas are identified for the Madison and Minnelusa
aquifers, and previous components from the overall
budget are distributed over the subareas, excluding
headwater springflow and recharge for areas contrib-
uting to headwater springflow. An estimate of net
ground-water flow for the two aquifers is computed for
each subarea using an iterative process until the volu-
metric change in storage for the two periods are
approximately equal, but opposite. For most subareas,
net ground-water outflow exceeds inflow, and ranges
from 5.9 ft%/s in the area east of Rapid City to 48.6 ft3/s
along the southwestern flanks of the Black Hills. Net
ground-water inflow exceeds outflow for two subareas
where the discharge of large artesian springs exceeds
estimated recharge within the subareas.

More detailed subarea budgets also are devel-
oped, which include estimates of flow components for
the individual aquifers at specific flow zones. The net
outflows and inflows from the preliminary subarea
budgets are used to estimate transmissivity and flow
across exterior flow zones corresponding with parts of
the study area boundary and interior flow zones
between subareas based on Darcy’s Law. For estima-
tion purposes, it is assumed that transmissivities of the
Madison and Minnelusa aquifers are equal in corre-
sponding flow zones. Equal transmissivities also are
assumed, when possible, for exterior flow zones within
an individual subarea. Calculated transmissivities for
several interior flow zones are larger than for nearby
exterior flow zones, which is consistent with general
basinward decreases in transmissivity.

The resulting transmissivity estimates range
from 90 ft*/d to about 7,400 ft*/d, which is similar to
values reported by previous investigators. The highest
transmissivity estimates are for areas in the northern
and southwestern parts of the study area and the lowest
transmissivity estimates are along the eastern study
area boundary. Because the transmissivity estimates
are averages over large areas, much larger spatial
variability in actual transmissivities can be expected.

Evaluation of subarea budgets provides confi-
dence in budget components developed for the overall
budget. Recharge estimates are consistently compat-
ible with other budget components, including artesian
springflow, which is a dominant component in many
subareas. Calculated storage changes for subareas also
are consistent with other budget components, specifi-
cally artesian springflow and net ground-water flow,
and also are consistent with water-level fluctuations for
observation wells. Ground-water budgets and flow-
paths are especially complex in the southern Black
Hills area; however, budget results are consistent with
geochemical interpretations by previous investigators.

The overall results are particularly beneficial in
corroborating a systematic method for estimation of
precipitation recharge developed by previous investi-
gators. Uncertainties associated with estimates of
precipitation recharge are inherently larger than for
streamflow recharge, which, in many cases, can be
based on discrete measurements. Although uncertain-
ties cannot be specifically evaluated, the hydrologic
budgets do provide confidence that realistic estimates
for precipitation recharge are obtained for a wide
variety of recharge conditions.
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