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A TWO~DIMENSIONAL, FINITE-DIFFERENCE MODEL OF THE

HIGH PLAINS AQUIFER IN SOUTHERN SOUTH DAKOTA

By K. E. Kolm and H. L. Case, III

ABSTRACT

The High Plains aquifer is the principal source of water for irrigation,
industry, municipalities, and domestic use in south-central South Dakota.
The aquifer, composed of upper sandstone units of the Arikaree Formation, and
the overlying Ogallala and Sand Hills Formations, was simulated using a two-
dimensional, finite~difference computer model. Estimated recharge of 1.3 to
1.8 inches per year by direct infiltration of precipitation is about 8 percent
of the annual precipitation across the region. Ground water moves from the
south~central part of the study area to discharge to streams that are in hy-
draulic connection with the aquifer. Discharge also occurs as seeps and
springs along the western, northern, and eastern aquifer boundaries.

The following ranges of values for aquifer properties were determined or
estimated: saturated thickness, 0 to 600 feet; hydraulic conductivity, 10 to
160 feet per day; and specific yield, 0 to 25 percent. Because the depth of
the local and intermediate flow systems is small compared to the extent of
the regional aquifer system, vertical flow was assumed to be negligible and
the aquifer was simulated in two dimensions.

A model grid with variable spacing was alined in an east-west and north-
south direction. Constant-head boundaries were used to simulate discharge
and recharge in areas along the aquifer perimeter. Leaky river nodes were
used to simulate streams hydraulically connected with the aquifer. The model
was calibrated by simulating steady-state conditionms.

The maximum difference between computed and observed heads was less than
60 feet (1~ to 4-percent error). Two-thirds of the computed heads were with-
in 26 feet of the observed values (3-percent error). The estimated saturated
thickness computed from simulated heads was within 25-percent error of the
known saturated thickness for 95 percent of the study area.

INTRODUCTION

The High Plains aquifer, which covers approximately 174,000 m12 in eight
western States (fig. 1), consists of surficial Tertiary and Quaternary geo-
logic units (Weeks, 1978; Weeks and Gutentag, 1981). These units provide
the principal water supply for irrigation, industry, municipalities, and
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extends into northern |Nebraska.
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domestic use in this region; therefore, a knowledge of the characteristics
and volume of water available in the High Plains aquifer is necessary for
managing this resource.

The 5,290-mi2 study area of the southern South Dakota part of the High
Plains aquifer system, located between 43° and 44° latitude and 99° and 103°
longitude (fig. 1), is relatively undeveloped. About 11,100 acres of irri-
gated cropland account for the dominant use of water in the South Dakota
High Plains aquifer area (Heimes and Luckey, 1982). In addition, most small-
town and domestic wells obtain water from these surficial geologic units.
Presently, water-level changes in South Dakota are less than 10 ft (Luckey
and others, 1981). To remove the potential effects of the southern boundary
on the simulated results in the study area, the southern boundary of the
computer model was extended into part of the Nebraska area, although the
ground~water movement in the Nebraska area is beyond the scope of this study.

Purpose
The objectives of this study were:

1. To collect, synthesize, and interpret geologic and hydrologic data
on the aquifer in the southern South Dakota area;

2. To evaluate, by digital-computer-model simulation, values assigned
to the aquifer parameters; and

3. To evaluate the sensitivity of the calibrated digital-computer
model to changes in magnitude of the selected hydrologic param-
eters,

Results of this study are, therefore, applicable to solving potential water-
resource management problems in the southern South Dakota and northern

Nebraska model area.

Previous Work

During 1978, the U.S. Geological Survey began a 5-year study of the High
Plains regional aquifer system to evaluate and simulate the effects of its
ground-water development (Weeks, 1978). A pldn of study for the High Plains
regional aquifer system analysis (Weeks, 1978) and numerous maps describing
the High Plains aquifer have resulted: 1978 water table (Gutentag and
Weeks, 1980); bedrock geology, altitude of aquifer base, and 1980 saturated
thickness (Weeks and Gutentag, 1981); water-level and saturated-thickness
changes, predevelopment to 1980 (Luckey and others, 1981); dissolved solids
and sodium in ground water (Krothe and others, 1982); and several High
Plains studies concerning water quality (Feder and Krothe, 1981; Krothe and
Oliver, 1982; Krothe and others, 1982); hydrologic parameters (Gutentag and
Weeks, 1981); and consumptive water use (Heimes and Luckey, 1980; Heimes
and Luckey, 1982). Many of these maps and reports include a regional per-
spective of the High Plains aquifer characteristics located in southern
South Dakota.



Data pertaining to the geology and hydrolpgy of the study area were
obtained from Federal, State, and local agencies. Geologic information
included stratigraphy, structure, areal extent of the aquifer, soil types,
and distribution of unconsolidated materials cEvering the aquifer surface.

Procedure E

Information pertaining to surface hydrology ingluded precipitation, evapo—-
ration, vegetation communities (for obtaining estimates of evapotranspira-
tion), and the location of springs and streams Subsurface hydrologic data,
derived from test drilling, laboratory studies, pumpage, and wells, included
porosity, hydraulic conductivity, saturated thickness, water levels, and
specific yield.

The geologic and hydrologic data were synthesized, contoured, digitized,
and entered into the two-dimensional, finite-difference model for unconfined-
aquifer simulation. Since the boundary of the model area was extended into
northern Nebraska, geologic and hydrologic data were digitized and entered
into the model from Nebraska maps prepared in a separate study by Pettijohn
and Chen (1982). The model was calibrated for steady-state conditions by
estimating and adjusting various hydrologic characteristics, such as trans-
missivities and recharge, to minimize differentes between the potentiometric
surfaces made from observed and simulated watef levels. A sensitivity anal-
ysis was completed to evaluate the response of the model to hydraulic-
parameter variations during simulation.
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GEOLOGIC SETTING

The general stratigraphy of the High Plains aquifer was summarized by
Gutentag and Weeks (1980) and Weeks and Gutentag (1981) (table 1). In
southern South Dakota and northern Nebraska, the High Plains aquifer con-
sists, in ascending order, of the upper sandstone units of the Arikaree
Formation, the Ogallala Formation, the Sand Hills Formation, and any ter-
race or alluvial deposits, all of which are hydraulically connected (Rahn
and Paul, 1975; Weeks and Gutentag, 1981).

The Arikaree Formation, called the Rosebud Formation by Harksen and
MacDonald (1969), consists of moderately indurated, pink-colored shale,
siltstone, and sandstone (Rahn and Paul, 1975)." The Arikaree shale, when
present, is relatively impermeable (Ellis and others, 1972); the shale
defines the lower boundary of the High Plains aquifer where its thickness
is 60 ft or greater. The Arikaree Formation, where saturated, comprises




Table l.--General stratigraphy of the Pigh Plains aquifer

[Modified from Weeks and Gutentag, 1981]

System

Series

Geologic unit

Thickness,
in feet

Physical character

QUATERNARY

Pleistocene and Holocene

Terrace and
valley-£1il1l
deposits

Stream-lain deposits of gravel, sand, silt, and clay
associated with the most recent cycle of erosion
and deposition along present streams. Forms part
of High Plains aquifer wiere hydraulically connected
to underlying Ouaternary and Tertiary deposits.

Sand Hills
Formation

Q to 300

Fine to medium sand with small amounts of clay, sile,
and coarse sand formed into hills and ridges by the
wind. Forms part of High Plains aquifer where sat-
urated.

Loess

0 to 25Q

Silt with lesser amounts of very fine sand and clay
deposited as windblown dusc.

Plelstocenc

Alluvial
deposits

Q to 550

Stream-lain deposits of gravel, sand, silt, and clay
locally cemeated by calcium carbonate into caliche
or mortar beds. Forms part of High Plains aquifer
where hydraulically connected laterally or verti-
cally to Terciary deposits.

TERTIARY

Miocene

Ogallala
Formation

0 to 700

Poorly sorted clay, silt, sand, and gravel, generally
unconsolidated; forms caliche layers or mortar
beds when cemented by calcium carbonate. Includes
units equivelent to the locally-used terms "Ash
Hollow," "Kimball," "Sidney Gravel," and "Valeatine"
Members or Formations assigned to the Ogallala For-
mation or "Group," and Nelmore and Laverne Formations.
Ogallala comprises large part of High Plains aquifer
where saturated.

Arikaree

Q to 1,000

Predominately massive very fine- to fine-grained sand-
stone with localized beds of volcanic ash, silty
sand, siltstone, claystone, sandy clay, limestone,
marl, (and) mortar beds, and shale. Includes units
assigned to the Hemingford Group of Lugn (1933),
Marsland Formation, Rosebud Formacion used in South
Dakota by Barksen and Macdonald (1969), and Sheep
Creek Formation. Also includes units equivalent to
Gering Formation, Harrison Sandstone, and Monroe
Creek Sandstone. Forms part of the High Plaias
aquifer.

Oligocene

White River
Group

0 to 700

Upper unit, Brule Formation, predominately massive
siltstone containing sandstone beds and channel
deposits of sandstone with localized lenticular
beds of volcanic ash, claystone, and fine sand.

The Brule Formation-1is considered part of the High
Plains aquifer only where it contains saturated sand-
stones or interconnected fractures. Lower unit,
Chadron Formation, mainly consists of varicolored,
benzonitic, loosely to moderately cemented clay and
silc that contains channel deposits of sandstone

and conglomerate.




the major part of the High Plains aquifer in
of the study area. |
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The Ogallala Formation, which originall
tions: Valentine and overlying Ash Hollow (S
one geologic unit (Harksen and MacDonald, 19
and Paul, 1975). This formation consists of |
ous, medium-sorted, medium-grained, greenish-
Volcanic ash, which has weathered to clay, i
Paul, 1975). The Ogallala Formation, where
part of the High Plains aquifer in the south

The Sand Hills Formation consists of an !
grained, brown quartz eolian dune sand with s
Paul, 1975; Weeks and Gutentag, 1981). This
the upper part of the High Plains aquifer in
study area.

Several unconsolidated, Quaternary terrd
deposits, consisting of gravel, sand, silt, a
the study area. These deposits are assumed t
aquifer systems, except where the High Plains
these systems. For the purposes of the groun

the northern and western parts

was divided into two forma-
evon, 1960), is now treated as
9; Ellis and others, 1972; Rahn
a poorly indurated, noncalcare-
colored, pure quartz sandstone.
locally present (Rahn and
aturated, comprises a major

rn part of the study area.

unconsolidated, fine- to medium-
ome clay and silt (Rahn and

unit, where saturated, forms

the south-central part of the

ce and valley-fill (alluvium)
nd clay, are located throughout
o function as small, perched-
aquifer discharges water into
d-water modeling, these areas

of hydraulic connection were treated as discharge areas.

The geologic structure of the Arikaree,
mations in the study area is that of flat-lyi
1°). One structural discontinuity, the White
southwestern part of the study area (fig. 1).
ment associated with the upthrown (south) sid
(Dunham, 1961). Several major lineaments als
study area; however, no associated fault move
been detected.

Soil types mapped in the study area (fig
of silty composition, located in the uplands,
in some uplands and in the sand dunes. Avera
(inches per hour) of the soils ranges from O.
(sand), and the average specified yield (or e
ranges from 0.04 to 0.09 (sand) to 0.16 to O.

(Luckey and others, U.,S. Geological Survey, w
southern part of the study area consists prim

and sandy-loam soils, whereas the northern pa
ately permeable loam and silty-loam soils (fi

AQUIFER CHARACTER

Recharge

The High Plains aquifer in southern Sout
ily by infiltration of precipitation through

Ogallala, and Sand Hills For-

ng strata (dipping less than

Clay fault, is present in the
The maximum normal displace-

e is approximately 500 ft

o have been observed in the

ment or hydrologic effects have

. 2, table 2) wvary from those
to those of sandy composition
ge hydraulic conductivity

3 to 0.8 (silt) to 5.0 to 10.0
ffective porosity of the soil)
19 (loam, silty loam, and silt)
ritten commun., 1983). The
arily of very permeable sand

rt consists mostly of moder-

E. 2).

LSTICS

h Dakota is recharged primar-

soils (Rahn and Paul, 1975).


























































The Niobrara River has an estimated base flow during winter months,
when there is negligible evapotranspiration, of 790 ft3/s near Sparks,
Nebr. (Newport, 1959). Sparks is about 18 mi downstream from Valentine,
Nebr. This discharge is equivalent to the total volume of ground water
discharged from the High Plains aquifer to the Niobrara River between Box
Butte Reservoir (south of Rushville, Nebr., out of study area) and Sparks,
Nebr., and to the Snake River (Niobrara tributary) below Merritt Reservoir.
This base flow value also includes a 205-ft3/s discharge from Merritt Reser-
voir; therefore, the actual ground-water discharge is about 585 ft3/s.

The model area includes only that part of the Niobrara River between
Gordon, Nebr., and Sparks, Nebr., and the lower part of the Snake River down-
stream from Burge, Nebr. (Gordon is about 15 mi northeast of Rushville).
Discharge records (U.S. Geological Survey, 1980a) show that the Niobrara
River has an average flow of 110 ft3/s (in November) near Gordon, Nebr.,
and that the Snake River has an average flow of 25 ft3/s (in November,
independent of reservoir contributions). Therefore, the volume of ground
water discharged from the High Plains aquifer to the Niobrara River was
estimated to be 450 ft3/s in the study area [585 minus (110+25)]. The
discharge calculated for the 44 leaky-river nodes placed along this section
of the Niobrara River is 363 ft3/s (difference of approximately 2 ft3/s
per node).

The other minor streams in the area, which have been modeled with leaky-
river nodes, are intermittent during the summer months. Calculated ground-
water discharge to these streams ranges from 2.7 to 11.0 in./yr. These rates
are small and most of the discharge is assumed to he lost to evapotranspira-
tion.

The above comparisons should be interpreted qualitatively, not quanti-
tatively, because the steady-state simulation represents a long~term average
discharge from the aquifer and the used stream records indicate the flow
only a couple of months in a year. Generally, the simulated ground-water
discharge into streams seems reasonable as compared with stream records.

Sensitivity Analysis

Because models present nonunique solutions when simulating hydrologic
systems, sensitivity of aquifer parameters to head changes need to be con-
sidered. After model calibration, boundary conditions, hydraulic conductiv-
ities, and recharge rates were adjusted significantly (one after the other
and by holding other parameters constant) to determine the sensitivity of
the model as indicated by magnitude of changes in computed heads. The best
calibration was indicated by the lowest standard deviation of observed ver-
sus computed heads; a mean residual between -1.0 and 1.0 ft, a minimum re-
sidual of -60.0 ft, and a maximum residual of +60.0 ft were obtained.
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Hydraulic Conductivity

To test the sensitivity of the model to changes in hydraulic conductiv-
ity, the standard deviations (based upon 513 active nodes) of the computed
versus observed heads were compared between the calibrated model and the
simulations in which the hydraulic conductivity was increased or decreased
for all nodes simultaneously by 33 percent (fiig. 13A and 13B). As an example,
if a node had a hydraulic conductivity of 20 ft/d in the calibrated model,
26.6 ft/d was used in a separate simulation to test the effect of increased
hydraulic conductivity, and 13.4 ft/d was used in another simulation to test
the effect of decreased hydraulic conductivity (all other parameters were
held constant).

The data in figure 13A and 13RBR indicate |that: (1) The standard devia-
tion increased from 25.54 to 31.34 ft when hydraulic conductivity was in-
creased by 33 percent; and (2) the standard deviation increased from 25.54
to 37.33 ft when hydraulic conductivity was decreased by 33 percent. These
small increases in standard deviation indicate that 33 percent changes in
hydraulic conductivity are relatively insensitive in this model.

Recharge Rat%s

To test the sensitivity of recharge rates, the standard deviations
(based upon 513 active nodes) of the computed versus observed heads were
compared between the calibrated model and the simulations in which the re-
charge rate was increased or decreased by 33 percent across the entire study
area (fig. 13C and 13D). For example, if a npde has a recharge rate of
1.8 in./yr in the calibrated model, recharge rates of 1.2 and 2.4 in./yr
were used in the two sensitivity simulations.

The data in figures 13C and 13D indicate| that: (1) The standard devia-
tion increased from 25.54 to 31.23 ft when recharge was increased by 33 per-
cent; and (2) the standard deviation increased from 25.54 to 35.21 ft when
recharge was decreased by 33 percent. These small increases in standard
deviation also indicate that 33 percent changes in recharge are insensitive
in this model.

Boundaries

Two questions regarding the southern model boundary (Nebraska) needed
to be answered: (1) Was the model boundary placed far enough south so that
boundary effects would not influence the model results in the South Dakota
study area; and (2) is it critical to simulate the southern model boundary
with constant-head or constant-flux nodes? To¢ answer these questions, the
following sensitivity analyses were completed (1) The model was redone
with all the southern boundary nodes changed from constant-head to constant-
flux nodes; the values of constant flux used were those calculated as con-
stant heads in the calibrated model; and (2) the model was then redone twice
more with increased and decreased constant flux at the southern boundary.
The values of constant flux used were uniformly increased or uniformly
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decreased by 33 percent from those calculated at constant-head nodes in the
calibrated model.

Results showed that, in all cases, no residual head changes in South
Dakota exceeded 4 ft. Furthermore, with the exception of two nodes located
in southwestern South Dakota and the southwestern part of the model area in
Nebraska, virtually all the boundary effects imposed by the constant-flux
nodes were confined to an area south of the Niobrara River. This indicates
that the southern model boundary was placed far enough to the south of the
South Dakota study area so that boundary effects are minimal, and there was
no significant difference in heads near the boundary whether the boundary
was simulated as constant head or constant flux.

SUMMARY AND CONCLUSTIONS

This study simulated and evaluated the geohydrology of the unconfined
High Plains aquifer 1n southern South Dakota by using a two-dimensional,
finite-difference, computer model. The aquifer is composed of the flat-lying,
uppermost sandstone units of the Tertiary Arikaree Formation, and the Tertiary
Ogallala and Quaternary Sand Hills Formations, and has an area of 5,290 miZ.

Recharge to the aquifer is primarily by direct infiltration of precipi-
tation through the soils and stabilized sand dunes. The annual recharge rate
was estimated to be 8 percent of the precipitation rate, or about 1.3 in./yr
in the west and 1.8 in./yr in the the east. The recharge rate is a small
percentage of precipitation, primarily because of significant evapotranspira-
tion (pan evaporation is greater than 55 in./yr).

Ground-water movement is from the west-central part of the study area
to the western, northern, and eastern outcrop areas, where the water is dis-
charged. Locally, streams near the aquifer boundary and the major rivers
have eroded 300 to 400 ft into the Arikaree, Ogallala, and Sand Hills For-
mations, resulting in hydraulic connection with the aquifer.

Saturated thickness of the aquifer ranges from O to 600 ft, and the
volume of saturated aquifer material was estimated to be 700 million acre-
ft. Hydraulic conductivity was estimated to range from less than 10 to
160 ft/d and averaged about 30 ft/d. Specific yield was estimated to range
from O to 25 percent and averaged about 9 percent across the study area.
Because the depth of the local and intermediate flow systems is small com-
pared to the extent of the regional aquifer system, vertical flow was
assumed to he negligible and the aquifer was simulated in two dimensions.

A variable grid (3 1/3 by 5 mi and 5 by 5 mi) finite-difference computer
model of the aquifer was calibrated to simulate steady-state flow conditions.
Grid axes were oriented east-west and north-south. Model boundaries were
simulated using constant-head nodes around the model perimeter, where ground-
water discharges from the system (at the western, northern, and eastern
boundaries), or enters the system (at the southern model boundary). Leaky-
river nodes were placed along major rivers and some tributaries where
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hydraulic connection occurs. River-discharge ﬁecords were compared with
ground-water discharges simulated by the model to check the model results.

The model, which was calibrated for steady-state conditions, had a max-
imum head residual (difference between computed and observed heads) of less
than 60 ft; the mean head residual was -1.0 ft Two-thirds of the computed
heads were within 26 ft of observed heads. Thi potentiometric surface con-
structed from computed heads reasonably matched the potentiometric surface
constructed from water-level data, indicating that the model probably can
simulate the flow system in the study area in a steady-state condition. Data
were not available to calibrate the model for transient conditions, due to
limited aquifer development.

Sensitivity analyses revealed that simula‘ed heads were insensitive to
33-percent changes (increase and decrease) in ﬁydraulic conductivity and
recharge rates. The low standard deviation of computed versus observed
heads indicated that values used for recharge énd hydraulic conductivity
probably are reasonable; the small increases id standard deviation due to
sensitivity analyses indicated that 33-percent estimation errors in hydraulic
conductivity and recharge rate probably are not critical to model results.
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