Simulated Response of the High Plains Aquifer
to Ground-Water Withdrawals in the Upper
Republican Natural Resources District,
Nebraska

By JON M. PECKENPAUGH, RICH A. KERN, JACK T.
DUGAN, and JOHN M. KILPATRICK

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations Report 954014

Prepared in cooperation with the
UPPER REPUBLICAN NATURAL RESOURCES DISTRICT and the
NEBRASKA NATURAL RESOURCES COMMISSION

Lincoln, Nebraska
1995



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
GORDON P. EATON, Director

For additional information write to:

District Chief

U.S. Geological Survey
Room 406, Federal Buiiding
100 Centennial Mall North
Lincoln, Nebraska 68508

Copies of this report can be
purchased from:

U.S. Geological Survey

Earth Science Information Center
Open-File Reports Section

Box 25286, MS 517

Denver Federal Center

Denver, Colorado 80225



CONTENTS

ADSITACE....c..eoicveiiiiiireeirerentietesie sttt teser st besens e besesas s st s snasans s st s stsesubasennasanassns shbessasesosasasanenenasstsntesssnossessaesansstassorsesssnesnarss |

INEFOQUCHION ....ovneeiceiectere et e sr s e et esson e s s et ensosesaan e s s e et aas st es e s b e s e e e sans se st sesmenesanmssanssrsnsnsosnonsasnonssernnnns 1

PUTPOSE BNA SCOPE ..ottt e cs s s sn st s e s s s e nen et s asabssnese et emsenssbassanbnsonersnoncanransons 3

PrEevious STUAIES ...ocvcureerreiiitetentt ettty st st s ra e as bbb e s s s et e st e st e sa s sa e san ot ee st en e e be e e s s srneaensnone 3

ACKNOWIBAZIMEILS ......oeeveeniiiiiericcirereir e stesenir e st cerse s st s enesnesesasasansosssosesenssasssnsarssansesessssnnassssasaantsassrassessasassanasssensnss 3

DesScription Of the StUAY ATEA .......ccveiveverierirereieetertrieriirstese s crrenest e e srsssssses s st e ssssnasasssssssasassesassssseasasseressessstensnessesnosersnsnes 3

Location and PhySIOZTAPIY .......ccocieomiieeeee ettt trene s e st et e st e s saae s s eas s b s sbesenssnnsbesonnassasaresensnnes 3

CIIMIALE.......eceeneimeeneiteerreresesire e erreeseressas s s s eeeeseesesar e sasesases e e saa s ssnsassassssassesesns e saaes s s s esaaseeseesasa e msessnasrssesesneaseessmemarereren 4

SOIS .ottt et et e e e sh e s h e et et s e ba s e aen s e aa sassebnan e saan e s e ns preerennenan s 4

Land USE.....ooiiiiiieeieres ittt ettt s e s eers s aasesste e esnesese s asssne s ana s s sse s ms e ssseaessteebas s sneean s saseretenossnn s an s nranse 7

Description of the HydrogeologiC SYSIEI........ccviriiurrerieeeiietirrirrereis ettt s e seases sess s s e seass s snssssssesbasnesessnonns 9

SUMACE-WALET SYSIEITL ....cvviiiiiiiiriireris ettt sres e e s eeses st e s eas s s e sre s saessssas b e sansenssanassanenens sanenssnnssasesnnos 9

SETCAIIS ...ttt ettt e st st e s s ea e s sasas s ee st e s s e s e s as s esat e neba st s e e sssnassaes smdemseantanstes st escaes e enanss e et enanerass 9

CANALS .ttt e e s ea e e s st s s b s ees e aaE e as b e nan e REs e R e e s s s s st e R e e erb e beteeen e s e ranenis 9

Lakes and Reservoirs................... frereresereteane s s reses s s asaan e saa s rennans vrrenrrreaane verrree oo anesans creeseresnainenns 10

Ground-Water System ..........coovvveevienrerceninncensneinees OSSOSO PROPOt 12

GEOIOZY wevverereereeerererercnieeeee e caras s trrerereeesaras e enee et e e s enaseaes treereseirrererbneseerressrarraat e e s rrag e nneresanearas 12

High Plains AQUIfEr......coccvieiriieiiiiiiitieitir ettt trne sttt s sn s sas b e sbs s e sasnn s 12

Aquifer Development and Associated Effects........ srvenerees ceeeeeeraserete et st b e r et R eshaR bt r e e e ae R e b s s en s et e .14

Simulation of Ground-Water FIOW ..........c..coivicricnrincniinircenrreiccrnrcneerirr e reereeeserere it s e be st s e et e st e sresa st e e senasssanreran 15

Model Construction..........c.ceeeeevererevennens feeeereteresieer sttt st e iR e r e e et e s e s et s n sE s ae s e R e R e s e Rs e e e R e s R aer ekt ben e s rsares e srene 25

Boundary Conditions......... OO URORPROION srtererersesaerasiene serrer e eans fereretenr et e s e s anreen e ee e nes 25

Hydraulic Properties ........cocvovevvrrevciverinnnerneen verresreenesananeraeraes ceesrenreaer e eararaas revtreeseen e s veversreerenesaanas vevererenni 29

Hydraulic CONAUCLIVIEY .......ccocuivrererererenieinieninsne e eetes s esiersnaesesse s sesonersonsesnnes ettt s sneaaas 32

Specific Yield.......... brvrrerereenans Ferereeeeesssneseteseaee ettt e e atse e s et e se s e s e s e e R e A neSas e b eaanesRn e s sa s e e s e s asaaran e st e senansseraereeas 32

Stresses on the Aquifer System ........ rerreerreer e s naeans crearesresanrenenas rreerrereresesnteians vrreneras SOOI 32

Recharge and Pumpage.........cccvvveeevcomieiciicnriereee e crreeres e srees e trertererarerrenanes reeersrerrernerrneeranans vrerrererenerens 32

Streams, RIVETS, ANA CANALS .....evueeeeeeeeerrreeiereieteseeereeirereerereresesessesssssesessesssessssssessessssssrsersssssarasesssessssasavsssnes 35

Model Calibration................ vrrereerenenaas revrrerrereeese e nenrarrnenens et e eb st vreerrrens verevrnerrnres e anartaen vrerrerirene 39

Steady-State CONAILIONS ........cocovrieeeiriiiriercriiiririreereeiereiresrseariessseessaearararassassessasassssssnssasarassassasnessassssnaasasarsanns 35

TranSIENt CONAIEIONS.......ccoveerreeriririerrerrerireretieseirssessesnsssersissesisaesaesbrressneeessssssssserssmesssssssssesserssnssnsnsarsasnsassnessass 36

WaALET BUAZEL ...ttt bt st st s s e e s b s sases b bt e s e s s s s beaabnas sonssnssnansse 45

SenSItIVILY ANALYSIS ....cciiiiiiiii e e et stk e en R s et na s 50

Simulated Response to Ground-Water Withdrawals ...........cccooceeeiiieeneneeenrice e e, v veorersrenreresens verorerennnons 50

Consumptive-{rrigation-Requirement SCENATIO .........occveiiriiirniciicnnecre ittt et assene e e sans sresssssnasonenans 50

"13-INCH" SCEMATIO. ... cecuieeeetiiceeieretee et cet et et e s e e et ee e s esa et aeese s s snenseeesaenensnnannes vreereesen e rrneanes vorerre s 53

Limitations Of the MOMEL ..........covo ettt st e sebee s s s et et s s sesaasassanaseassresasase s s esssessrensnan 53

SUMIMIALY ....coeierieser st s sst sttt es e est e s tesba st s s st sesesesanassn e e e sesssesssanssnsasnan ss s bensossnssnannsnnsnnsssesnssans cererereerentrnt s eae e nes 53

SEIECLEd REFETEICES ......eoverniinieiritir sttt ettt s s e ts s s e s e s esb e e st s sas st ssesstsanssnasss b saseonnanasasansanantensasasaannss snas 59

FIGURES

1-3. Map showing:

1. Location of study area and Upper Republican Natural Resources DiStriCt..........ccccvverervcernirnreninineneeecnrnerinnnes 2

2. Average annual precipitation, 1951-89, and location of selected weather Stations...........cooecvcevereceevenvenrercinnenncsinene 5

3. Distribution of mappable SOl UNItS ..........coveireoeiireirircicie et st cse s s cona s ne e 6

4. Schematic diagram of the surface-water system in the StUdY Ar€a .......ccevvveiiiiiicivin i e e 10

5. Geologic section B~B', modified from Lappala (1978) .......cccoovveveeerimicrsiricccicncrcsi s sae s s 15

Contents [}



6-25. Map showing:

26.

27.

28.

6. Lateral extent of the Ogallala Formation and trace of geologic section B—B' from Lappala (1978)...........c.cc....... 16

7. Water-table altitude in the High Plains aquifer, spring 1989 ..........ccccociviiniiinniiniiiinncrieesrecs . 17

8. Altitude of the base of the High Plains aquifer............cooviiiiiiiiiiiiiiiinininicicnc e e sinennen, 18

9. Location of registered wells in the Nebraska part of the study area drilled before 1952 ...........cccooiiviininninnnann. 19
10. Estimated water-table altitude in the High Plains aquifer, spring 1952........c.covvivivininniniinn e 20
11. Location of registered wells in the Nebraska part of the study area drilled before 1975 ........ccccovvvvvinininnnccnaen. 21
12. Location of registered wells in the Nebraska part of the study area drilled before 1989 .........ccccvvvvivnnininnnnene. 22
13. Water-level changes in the High Plains aquifer, 195289 ........cccccoiiiiiiiiiiiniicn e 23
14. Perennial reaches of streams in 1975 and 1989 and location of seepage-measurement sites and streamflow-

BAZING SEALIONS ..c.eeeiiiieiierrerce ettt e ae e e s e ebr et er e sbecemesesear e amesesabe s b e eSS a s as e sa et e rcab b e e bbb e b ae e b e b entbe b et ae b E e T Rn e e e ar e eas 24

15. Finite-difference grid used in modeling ground-water flow in Study area ..........o.ccceocveiveeniicnnninnincnnnnennneo, 27
16. Model-boundary CONITIONS ........ccooueiiiirmiriinirnire et ere et seb s st e ses e s ba s e s e st e b e s be s e s eea s senbnesbsens 28
17. Location of test holes and irrigation wells from which data were used to estimate aquifer properties.................. 30
18. Distribution of hydraulic conductivity in the High Plains aquifer..........ccccoooooiiiinnniieea, 33
19. Distribution of specific yield in the High Plains aquifer .........c.cccviiiniiiiii e 34
20. Average recharge assigned to model cells for 1952-88.........cocviiiiiininiii 40
21. Pumpage assigned to cells for the June—August 1988 stress period..........ccvvvinnmiiiniiin s, 41
22. Cells used to simulate interior streams and rivers using the stream-routing package.............ccocoviniinniiiniiennnnnne 42
23. Simulated water-table altitude in the High Plains aquifer, spring 1989 ..o, 43
24. Difference between simulated and observed spring 1989 water-table altitudes in the High Plains aquifer........... 44
25. Location of observation wells with long-term hydrographs shown in figures 26-28 .........cccoviiiiiniiiiinnnnnne, 46

Hydrographs showing measured, simulated, and projected water levels for observation wells 2N-38W-10DD

ANA AN-3EW-FOBCC ...ttt ettt sttt e ses et st sr e s bt st s bbb sa e sh e s bb s b ab R b s st ba b s s be b e e s b s e s aa b e s b e e b b s eat e s bba e 47

Hydrographs showing measured, simulated, and projected water levels for observation wells

SN-41W-19CBD and TN-40W-28BBBi..........cccoiiiiiciiriirini ittt s be st e sas e ns srse bt ensens 48

Hydrographs showing measured, simulated, and projected water levels for observation wells

1ON-36W-13BACC and 11N-39W-35DDD ......ccccimiiiiiicinneetenisiereietiets st st s ast st saresassresobeseaebssorsssssnsntesarenne 49

29-34. Map showing:

29. Projected water-level changes in the High Plains aquifer, 1989-2010, using consumptive-irrigation-

requirement PUMPING SCEMATIO......cccvrtreriririreristaesaieriteereueerieresssosasesssessressstesstestasesssssssese orsessesnnssnsssarasssnsssesasasssns 51
30. Projected water-level changes in the High Plains aquifer, 1989-2030, using consumptive-irrigation-
requirement PUMPING SCEMATIO......erereeereeerutireisiirerersasetesesesesestesisteassssmssessssesstesteessesstesnseorssssssinssnsssassosssssssessesnne 52
31. Projected saturated thickness of the High Plains aquifer in 2030 using consumptive-irrigation-requirement
PUMPINE SCENATIO 1. reveeenseeereerseeueesasrasessesousaetssrateessasenssensest sastesesonsssnssontesssssrsbsssseseosssssessiontersssssssrensssstsssnsssssne 54
32. Projected water-level changes in the High Plains aquifer, 1989-2010, using 13-inch pumping scenario ............. 56
33. Projected water-level changes in the High Plains aquifer, 1989-2030, using 13-inch pumping scenario ............. 57
34. Projected saturated thickness of the High Plains aquifer in 2030 using 13-inch pumping scenario ............ceu.... 58
TABLES
1. Mappable soil units in the study area and their hydrologic characteristics..........ccviniiiinvniiinnni . 7
2. Selected crops harvested in Chase, Dundy, and Perkins Counties, Nebraska, for selected years.......ccc.cooviiicncnnncnenne 8
3. Estimated seepage from the Sutherland Canal, Keith County, Nebraska, 1952-89 ..........cccooviniviinniinnnnccnicnnnan, 11
4. Estimated seepage gains and losses for Enders Reservoir during irrigation and nonirrigation periods, 1952-88 ....... 13
5. Generalized stratigraphic column for the study area............ccocoiiiiiininici e, 14
6. Base flow in 1952, 1975, and 1989 at selected seepage-measurement SIiteS......c.v.iiiiirieiiceeecnneiniieini e, 25
7. Average streamflow at gaging stations within and near the study area, 1951-89........ccocoooniininnn, 26
8. Simulation time intervals during which external hydraulic-head values assigned to general-head boundary cells
remMAINEd the SAME .....ccoiiiiiii et et e e aea s st e b st st ae et e b s enne s 29
9. Hydraulic conductivity and specific yield estimated from description of materials comprising a lithologic unit........ 31
10. Average annual precipitation for weather stations in and near the study area, 195189 .......cc.coovveviininnnnin 36
11. Output from soil-water program, given as annual averages, 195189, using data from the Haigler, Imperial, and
Madrid Weather STALIONS ........cccveeieireeirieireeie ittt ene st r e st s eas s e be s e sa s e s s be e b e s b aesab e st e s as srbb e st e ar b s e b s 37
12. Comparison of measured and simulated streamflow at selected seepage-measurement sites in the study area........... 45
13. Simulated water budget for summer 1952 to spring 1989, and 1988 ..., 50
14. Comparison of streamflows simulated for 1989 and projected for 2010 and 2030 using the consumptive-irrigation-
requirement and 13-inch scenarios at selected seepage-measurement sites in the study area...........ccccovcvccriiinininnn, 55
IV Simuiated Response of the High Plains Aquifer to Ground-Water Withdrswsls, Upper Republicsn Natursl Resources District,

Nebrssks



CONVERSION FACTORS AND VERTICAL DATUM

Muitiply By To obtain
acre 4,047 square meter
acre-foot 1,233 cubic meter
acre-foot per mile 766.3 cubic meter per kilometer
acre-foot per year 1,233 cubic meter per year
cubic foot per second 0.02832 cubic meter per second
foot 0.3048 meter
foot per day 0.3048 meter per day
foot per mile 0.1894 meter per kilometer
foot per year 0.3048 meter per day
inch 254 millimeter
inch per hour 254 millimeter per hour
inch per year 25.4 millimeter per year
mile 1.609 kilometer
million gallons per day 0.04381 cubic meter per second
square mile 2.590 square kilometer

Temperature can be converted to degrees Celsius (°C) or degrees Fahrenheit (°F)
by using the following equations:

°C = 5/9 (°F-32)
°F=9/5 (°C) + 32.

Sea level: In this report, “sea level” refers to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

Conversion Factors and Vertical Datum V
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future ground-water-level changes. In recent years,
water levels predicted by the model have differed in
some areas from measured water levels. The most
significant differences between predicted and measur-
ed water levels occurred in central Perkins and north-
west Chase Counties. These differences may be
because irrigation with center-pivot systems has
expanded in these areas more rapidly than was fore-
seen when the model was developed in the mid-
1970’s. To provide more accurate simulation of
ground-water flow in these areas in the Upper
Republican NRD, the USGS, as part of continuing
cooperative studies with the Upper Republican NRD
and the Nebraska NRC, updated this model using
recently developed modeling software and
incorporating data collected both before and after
Lappala’s (1978) study. The boundaries of this study
are shown in figure 1.

Purpose and Scope

This report describes the hydrogeologic system
in the study area and the development of a ground-
water-flow model to quantitatively evaluate this sys-
tem. Specifically, this report describes the hydro-
geologic characteristics of the study area. This report
also describes data manipulation, discretization, and
estimation techniques used to compile the model
arrays. Finally, this report describes the calibration of
the model and its use in simulating water levels in the
High Plains aquifer and streamflows resulting from
two different pumping scenarios.

Previous Studies

The hydrogeology of the Republican River
Valley was first described by Condra (1907) and was
later described by Waite, Reed, and Jones (1946),
Waite and others (1948), and Bradley and Johnson
(1957). The hydrogeology of the Frenchman Creek
Valley was described by Waite and others (1948) and
Bradley and Johnson (1957). The hydrogeologic con-
ditions in the South Platte River Valley were discussed
by Bjorklund and Brown (1957). These studies inclu-
ded information on water levels, aquifer boundaries,
and potential well yields.

Additional hydrogeologic studies that were not
restricted to river valleys were conducted by Wenzel
and Waite (1941) for Keith County, by Johnson (1960)
for the northeast part of the study area, and by

Cardwell and Jenkins (1963) for the Frenchman Creek
Basin within the study area. These investigations
presented information on aquifer boundaries, saturated
thickness, water levels, base of the aquifer, and water
use. Redell (1967) discussed the distribution of
ground-water recharge and discharge for the Colorado
part of the study area.

The use of ground water for irrigation within the
study area has been described by Cardwell (1953),
Cardwell and Jenkins (1963), Boettcher (1966),
Luckey (1973), Leonard and Huntoon (1974), Luckey
and Hofstra (1974), the U.S. Bureau of Reclamation
(1974), Lappala (1976, 1978), and Goeke and others
(1992). Cardwell and Jenkins (1963) estimated stream
depletion through the year 2000 caused by pumpage of
ground water in and adjacent to the valleys of
Frenchman, Spring, and Stinking Water Creeks. Their
estimates were reasonably accurate until extensive use
of center-pivot irrigation systems began in the early
1970’s.

Ground-water modeling studies have been used
to provide information on the hydrogeologic system
and on possible future effects of ground-water irriga-
tion on water levels and streamflows. Investigations
on this topic have been performed in parts of the study
area or adjacent areas by Luckey (1973), Luckey and
Hofstra (1974), Lappala (1978), Lappala and others
(1979), Pettijohn and Chen (1983a, b), Luckey and
others (1986, 1988), and Goeke and others (1992).
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DESCRIPTION OF THE STUDY AREA

Location and Physiography

The study area encompasses approximately
3,750 square miles and includes parts or all of
11 counties in Nebraska and Colorado (fig. 1). These
counties are Chase, Deuel, Dundy, Hayes, Hitchcock,
Keith, Lincoln, and Perkins Counties in Nebraska, and
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Phillips, Sedgwick, and Yuma Counties in Colorado.
The study area lies in the High Plains Section of the
Great Plains Province (Fenneman, 1931). Land-
surface altitudes range from 2,800 feet in Hitchcock
County, Nebraska, where the Republican River crosses
the eastern study-area boundary, to 3,750 feet in north-
eastern Sedgwick County, Colorado. The land surface
generally slopes to the east at about 10 feet per mile.
The physiographic features of the study area can be
divided into five main categories: loess plains and
tablelands, rolling uplands, sand hills and interdune
valleys, dissected plains and uplands, and bottom
lands along major water courses. A detailed descrip-
tion of each of these areas can be found in Lappala
(1978, p. 4-5). Most of the study area can be categor-
ized as rolling uplands or sand hills and interdune
valleys.

Climate

The climate of the Upper Republican NRD is
transitional between continental subhumid and semi-
arid, with semiarid conditions predominant in most
years. Winters are normally cold, and summers are
usually hot. Average annual precipitation (1951-89)
ranges from about 17 inches in the northwestern and
southwestern parts of the study area to nearly
20 inches in the southeastern part (fig. 2). Annual
amounts, however, are quite variable. During
1951-89, Imperial, in Chase County, with an annual
average of 19.02 inches, had 5 years of greater than
25 inches and 6 years of less than 15 inches of annual
precipitation (National Oceanic and Atmospheric
Administration, 1951-89).

About 75 percent of the annual precipitation
occurs during the warm season (April-September).
This peak precipitation season coincides with large
rates of evapotranspiration, which generally results in
no seasonal surplus of soil water. Warm-season
precipitation, which often occurs as small, scattered
thunderstorms, generally is distributed irregularly
within the study area. The cool season (October—
March) is often very dry.

Annual potential evapotranspiration (PET),
which is affected by such factors as solar radiation, air
and soil temperatures, humidity, and wind, ranges
from about 50 inches in the northeastern part of the
study area to about 66 inches in the southwestern part
and averages about 53 inches, as computed by the
Jensen-Haise method (Jensen and others, 1970). A

combination of a high percentage of possible sunshine,
high temperatures, low humidity, and high average
wind speed, particularly during the warm season,
contributes to these large PET values. Warm-season
PET (April-September) averages about 42 inches,
which is about 80 percent of the annual average for the
study area.

Soils

The soils in the study area are quite variable
because of differences in parent materials, but they can
be grouped into eight mappable units (fig. 3 and
table 1). Each mappable soil unit consists of a soil
series grouped principally by hydrologic characteris-
tics including permeability, available water capacity,
and slope. The mappable soil units that include soils of
the bottom lands and terraces tend to include diverse
soils that exhibit great differences among their hydro-
logic characteristics. The complex distribution and
small area often covered by these soils necessitate the
grouping of somewhat different soils for mapping
considerations.

Classified by texture, permeability, and avail-
able water capacity (Dugan, 1984), upland soils can be
placed in three groups reflecting the parent-material
differences—silt loam to silty clay loam soils (avail-
able water capacity, 0.18 to 0.21 inch per inch), sandy
soils (available water capacity, 0.05 to 0.08 inch per
inch), and sandy loam soils transitional between the
silty and sandy soils (available water capacity, 0.11 to
0.17 inch per inch). The silty upland soils are classi-
fied further into three slope groups to reflect surface-
runoff potential and irrigability—nearly level to undu-
lating (O to 7 percent), undulating to rolling (7 to
15 percent), and rolling to very steep (15 to 45 per-
cent). Very steep silty soils are severely dissected or
eroded.

Bottom land and terrace soils compose only
about 5 percent of the soils in the study area. These
soils have been classified into two groups—the sandy
loam to silt loam soils (available water capacity, 0.13
to 0.19 inch per inch) and the sandy to sandy loam
soils (available water capacity, 0.04 to 0.13 inch per
inch). The large ranges in available water capacity in
these soils reflect the large range of soil-texture types
included in these mappable soil units.

The irrigation potential of the soils in the study
area is quite variable, ranging from 10 to 100 percent
(table 1). The irrigation potential is the percentage of a

4 Simulated Response of the High Plains Aquifer to Ground-Water Withdrawals, Upper Republican Natural Resources District,
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Table 1. Mappable soil units in the study area and their hydrologic characteristics

Average
Range of available
perme- water
Mappable ability capacity Range of Topo- lrrigation
soil unit (inches per (inchper slope graphic potential®
(fig. 3) Texture hour) inch) (percent) position Soil serles represented (percent)
1 Siltloam tosilty 1.0to 1.5 0.18 0to7  Uplands Rosebud, Alliance, Kuma, 100
clay loam Goshen, Keith
2 Siltloam tosilty 1.0to 1.5 21 7to 15 Uplands Ulysses, Keith, Colby 85
clay loam
3 Siltloamtossilty 1.0to 1.5 20 15to 45 Uplands Colby, Canyon, Ulysses 20
clay loam
4 Sandy loamto 1.5to0 3.0 17 Oto7 Bottom Bridget, McCook, Duroc, 100
silt loam lands Bankard, Las, Glenburg
and terraces
5 Sandy loamto  2.5to0 5.0 15 0to7  Uplands Jayem, Haxtun, Rosebud, 100
silt loam Keith
6 Fine sand to 5.0t0 7.0 A2 Oto15 Uplands Jayem, Sarben, Valent, 80
sandy loam Hersch, Valentine
7 Fine sand to 7.0 to 12.0 A1 0to3 Bottom Gothenburg, Platte, Las, 10
sandy loam lands Las Animas
and terraces
8 Sand to dune 12.0 to 20.0 07 0to45 Uplands Valent, Valentine, Tassel 30
sand

David Lewis, Department of Agronomy, University of Nebraska-Lincoln, written commun,, 1988.

soil association that is potentially capable of sustained
irrigation with current irrigation technology. This
potential irrigability reflects slope and soil-depth
characteristics but does not necessarily reflect avail-
able water or best-management practices (David
Lewis, Department of Agronomy, University of
Nebraska-Lincoln, written commun., 1988).

Land Use

Soils and topography largely determine land use
in the study area. Soils derived from sand dunes or
with large topographic slopes, such as those included
in mappable soil unit 8 (table 1), often are left unculti-
vated and in native vegetation. Soils with less sloping
topography and less sandy textures, including mapp-
able soil units 1, 2, 4, 5, and 6 (table 1), generally are
well suited for cultivation and irrigation.

About 40 percent of the area is currently grass-
land (all pasture and rangeland not harvested for
hay). Cultivated land, including unharvested crop and
fallow, accounts for slightly more than 50 percent of

the area. Less than 5 percent of the area is used for
nonagricultural purposes, including transportation,
communication, farmstead, commercial, and urban
functions. Natural woodlands occupy less than

1 percent of the study area (U.S. Department of
Commerce, Bureau of the Census, 1989). Natural
woodlands generally occur only along permanent
streams and consist largely of phreatophytes, such as
willows and cottonwoods, that thrive under shallow
water-table conditions (Weaver and Albertson, 1956;
Kaul and Rolfsmeier, 1993).

Vegetation or land-use changes through time
have occurred largely on cultivated land. Although the
percentage of land area classified as cultivated has
remained generally constant through time, small,
short-term fluctuations have occurred as some range-
land has been cultivated temporarily but later allowed
to revert to rangeland depending on the agricultural
economy. Large changes in cropping patterns have
occurred on cultivated land related to irrigation devel-
opment and changes in the agricultural economy
(table 2).

Description of the Study Area 7
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Since 1950, total acreage of crops harvested has
not changed substantially in the study area, but crop
types have shown considerable variability. Wheat
acreages have decreased gradually, while corn acre-
ages have increased substantially. Grain sorghum
acreages also have decreased gradually through time.
These changes are related principally to the wide-
spread development of ground-water irrigation
between the mid-1960’s and the late 1970’s and, to a
lesser extent, to changes in government agricultural
programs.

DESCRIPTION OF THE HYDROGEOLOGIC
SYSTEM

The study area is characterized by generally
plentiful ground-water resources and generally less
plentiful surface-water resources. Increased use of
ground-water supplies for irrigation since develop-
ment began has affected the availability of both
ground- and surface-water supplies. The following
sections briefly describe the hydrogeologic system and
the effects of ground-water development on the
availability of water.

Surface-Water System

The surface-water system in the study area
consists of several major components including
streams, canals, and reservoirs. These components
interact with each other and the aquifer system in a
complex manner. The schematic diagram shown in
figure 4 delineates the relations among the different
streams, canals, and reservoirs in the study area and
also lists average annual streamflow at selected gaging
stations.

Streams

The South Platte and Republican Rivers are the
major stream systems in the study area. The South
Platte River, which forms the northern boundary of the
area, has no perennial tributaries in the study area.
There are, however, canal diversions, a canal return,
and intermittent draws that are connected to the South
Platte River. The Republican River and the North
Fork of the Republican River, which form the southern
boundary of the study area, have several tributaries
within the area: Stinking Water, Frenchman, and
Spring Creeks in Chase County and Buffalo, Rock,

Horse, Spring, Indian, and Muddy Creeks in Dundy
County. The Republican River and North Fork of the
Republican River have no canal diversions or canal
returns within the study area.

Canals

Several canals in the study area divert water
from streams for use as irrigation or cooling water
(figs. 1 and 4). The Western and Champion Canals
provide water for irrigation in the study area. The
Champion Canal is not shown in figure 4 because of
its small length and small average annual diversion.
The Western Canal began operation in 1918 and has
diverted an average of 26,900 acre-feet per year since
1952 from the South Platte River. The smaller
Champion Canal began operation in 1963 and has div-
erted about 2,400 acre-feet per year from Frenchman
Creek (Nebraska Department of Water Resources,
1935-89).

The South Platte Supply and Sutherland Canals
divert water in the study area for use as cooling water.
The South Platte Supply Canal diverts water from the
South Platte River in Keith County and flows along
the south side of the South Platte River until it joins
the Sutherland Canal (figs. 1 and 4). The Sutherland
Canal carries water diverted from the North Platte
River (16 miles to the northwest) and has diverted
approximately 638,000 acre-feet of water per year,
whereas the South Platte Supply Canal has diverted
216,000 acre-feet per year since 1952 (Nebraska
Department of Water Resources, 1935-89). The
diversions from these two canals, both of which began
operation in 1935, are stored at the Sutherland
Reservoir, immediately east of the study area (fig. 1).
Water stored in the Sutherland Reservoir is used to
provide cooling water for condensers at a steam
powerplant adjacent to the reservoir.

A substantial amount of the water diverted into
canals in the study area is lost as seepage into the
underlying High Plains aquifer. For this study, the
seepage losses from the Western Canal were assumed
to be 40 percent of the annual diversion, based on
losses from other canals in the vicinity. Estimated
annual seepage losses from 195289 from the
Sutherland Canal are listed in table 3. The average
annual seepage loss per mile during this time period
was about 1,254 acre-feet. The seepage losses from
the South Platte Supply Canal were estimated to be
about 35 percent of the Sutherland Canal seepage
losses or about 500 acre-feet per mile of the canal’s

Description of the Hydrogeologic System 9
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Figure 4. Schematic diagram of the surface-water system in the study area.

length. A detailed description of the methods used to
estimate seepage in these and other similar canals can
be found in Goeke and others (1992, p. 20).

Lakes and Reservoirs

Enders Reservoir is the only surface-water im-
poundment in the study area that has a storage capa-
city greater than 1,000 acre-feet. No permanent
natural lakes exist in the study area. Numerous small

impoundments exist, but their capacity is unknown;
however, surface-water storage rights have been
granted for 50,150 acre-feet by the Nebraska
Department of Water Resources (Lappala, 1978).

Enders Reservoir has an average surface area of
1,242 acres. Enders Reservoir, which began filling in
October 1950, is used for storing irrigation water deri-
ved from Frenchman Creek. Water is released from
Enders Reservoir into Frenchman Creek during the
irrigation season and flows out of the study areato a

10 Simulated Response of the High Plains Aquifer to Ground-Water Withdrawals, Upper Republican Natural Resources District,
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Table 3. Estimated seepage from the Sutherland Canal, Keith County, Nebraska, 1952-89

Total annual seepage Seepage per mile'
Year (acre-feet) (acre-feet per mile)
1952 16,864 1,382
1953 22,221 1,821
1954 13,460 1,103
1955 19,361 1,587
1956 17,064 1,399
1957 12,670 1,039
1958 12,194 1,000
1959 11,225 920
1960 11,711 960
1961 11,625 953
1962 9,953 816
1963 15,196 1,246
1964 14,517 1,190
1965 8,622 707
1966 11,952 980
1967 16,241 1,331
1968 14,416 1,182
1969 11,384 933
1970 15,676 1,285
1971 16,603 1,361
1972 16,681 1,367
1973 14,631 1,199
1974 15,775 1,293
1975 9,557 783
1976 14,652 1,201
1977 15,299 1,254
1978 14,579 1,195
1979 16,287 1,335
1980 19,105 1,566
1981 18,288 1,499
1982 13,554 1,111
1983 15,250 1,250
1984 19,740 1,618
1985 16,531 1,355
1986 19,910 1,632
1987 20,899 1,713
1988 20,972 1,719
1989 16,812 1,378
Average annual seepage 15,302 1,254

!The Sutherland Canal within the study area is 12.2 miles in length.

Description of the Hydrogeoiogic System 11



diversion dam. Enders Reservoir provides no irriga-
tion water for lands within the study area.

Seepage losses from Enders Reservoir were
estimated using monthly inflow-outflow data from
1951 through 1988, collected by the U.S. Bureau of
Reclamation, and the following equation, which was
modified from Lappala (1978):

Q, = Q;-Qg- (E-P)Ax (As5)/(Ar), (1)

where

Qg  =Treservoir seepage [L3Tl]

(positive values represent ground-
water recharge, and negative values
represent ground-water discharge to
surface water);

Q, = average monthly reservoir inflow,
which includes gaged and estimated
ungaged flows L3 th;

Qr = average monthly reservoir release as
measured at the streamflow-gaging
station near Enders [L3T1];

E = monthly lake evaporation at Enders
[Lrly;

P  =monthly precipitation at Enders
[l

A = end-of-month reservoir surface area
[L?);

As = monthly change in storage [L3]; and

Ar = time increment of study (1 month)
[T].

The estimated seepage fluxes into and out of
Enders Reservoir are listed in table 4 for irrigation and
nonirrigation periods from 1952 through 1988. These
data indicate that the reservoir was predominately
losing water to the High Plains aquifer prior to 1959.
However, since 1959, the aquifer has been predom-
inantly discharging water to the reservoir.

Ground-Water System

Geology

The youngest geologic unit underlying the
entire study area is the Pierre Shale of Cretaceous age
(table 5). The Pierre Shale consists mostly of blue,
ochre, or black-colored shale and clay. The Pierre
Shale is the uppermost bedrock unit in the study area,
except in parts of Chase, Perkins, and Keith Counties,
where it is overlain by the White River Group (fig. 5).

The White River Group consists of two forma-
tions, the lower of which is the Chadron Formation
and the upper of which is the Brule Formation. The
Chadron Formation generally consists of olive-green
to brick-red silty to sandy clay and claystone
(Cardwell and Jenkins, 1963), whereas the Brule
Formation, which conformably overlies the Chadron
Formation, contains buff to olive-green clayey silt and
siltstone. Where present, these units are overlain by
the Ogallala Formation of Tertiary age. The Ogallala
Formation directly overlies the Pierre Shale where the
White River Group is absent.

The Ogallala Formation underlies all but the
extreme southern and northwestern parts of the study
area (fig. 6). It ranges in thickness from a feathered
edge to more than 400 feet (Cardwell and Jenkins,
1963, p. 42). The Ogallala Formation consists of beds
of silt, sand, gravel, caliche, and clay, with consider-
able variability in lithology within short vertical or
horizontal distances. These variations are consistent
with the fluvial environment in which the Ogallala was
deposited. This environment was characterized by a
series of braided streams carrying sediment eastward.
Some of the sand and gravel deposits are weakly ce-
mented by calcium carbonate into rocks ranging from
friable sandstone to relatively hard, ledge-forming
mortar beds (Cardwell and Jenkins, 1963, p. 42).
Except in a few areas, most notably western Perkins
and Chase Counties, the Ogallala Formation is over-
lain by unconsolidated Quaternary deposits.

The unconsolidated Quaternary deposits, which
comprise the land surface of most of the study area,
consist of sand, gravel, silt, and clay of fluvial origin
and sand, silt, and clay of eolian origin. These depo-
sits range in thickness from a feathered edge to more
than 100 feet. These deposits occur as alluvium and
terraces in stream valleys and dune sand and loess
deposits in upland areas and on high terraces.

High Plains Aquifer

The uppermost aquifer in the study area is the
High Plains aquifer (Pettijohn and Chen, 1983a). It
consists of the saturated parts of the Quaternary depo-
sits and the underlying Ogallala Formation. This
aquifer is unconfined, and its upper surface is the
water table. In the spring of 1989, water-table alti-
tudes in the study area ranged from more than
3,600 feet in Yuma County, Colorado, to less than
2,800 feet in Hitchcock County, Nebraska (fig. 7). In
general, the direction of regional ground-water flow in
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Table 4. Estimated seepage gains and losses for Enders Reservoir during irrigation and

nonirrigation periods, 195288

Fluxes'
(scre-feet)
Year Irrigation® Nonirrigation?
1952 500 3,400
1953 -400 900
1954 400 4,600
1955 -100 2,000
1956 -700 1,000
1957 100 1,700
1958 -600 800
1959 -1,400 -1,800
1960 -1,600 -200
1961 -3,200 -3,100
1962 -2,500 -4,300
1963 -3,100 -1,500
1964 -2,500 -1,900
1965 -3,800 -500
1966 -5,000 -1,700
1967 -2,500 -1,200
1968 -5,100 -2,600
1969 -3,200 -3,200
1970 -3,200 -2,300
1971 -3,700 -1,500
1972 -700 -2,500
1973 -3,400 -2,400
1974 -2,300 -800
1975 -1,700 -1,500
1976 -2,600 -1,500
1977 -2,500 -1,900
1978 -800 -2,700
1979 -1,700 -3,400
1980 -1,600 -3,200
1981 -1,000 -1,400
1982 -1,600 8,300
1983 -900 -1,500
1984 -1,300 -2,400
1985 -900 -1,200
1986 -2,200 -2.500
1987 -3,500 -2,600
1988 -800 -1,900

INegative (-) fluxes are ground-water seepage losses to surface water; positive fluxes are ground-water gains from surface

water,

2Irrigation period is June through August, and nonirrigation period is January through May and September through

December.
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Table 5. Generalized stratigraphic column for the study area

[modified from Cardwell and Jenkins, 1963]

Erathem System Series Stratigraphic unit
Holocene Alluvium and terrace deposits
Quaternary
Holocene and Pleistocene | Dune sand
Pliocene Ogallala Formation
Cenozoic §* .
& Brule Formation
Tertiary 5
Oligocene =
(a4
% Chadron Formation
=
Mesozoic Cretaceous Upper Cretaceous Pierre Shale

the study area is west to east except in the vicinity of
the Republican River, a prominent discharge area.
Average ground-water-flow velocities range from less
than 50 to more than 200 feet per year.

The White River Group and the Pierre Shale are
relatively impermeable in the study area (Cardwell
and Jenkins, 1963, p. 34, 36, 40) and form the base of
the High Plains aquifer (fig. 8). Figure 8 was cons-
tructed on the basis of analysis of driller’s or geolo-
gist’s logs from 149 test holes and 1,174 irrigation
wells. Several drainage channels are distinguishable
on this erosional surface, which slopes generally to the
east at about 20 feet per mile (Lappala, 1978).

The volume of ground water in storage in the
High Plains aquifer is a function of the saturated thick-
ness of the aquifer, the area that the aquifer covers, and
the porosity of the aquifer. The porosity of the aquifer
is estimated to range from 0.30 to 0.40 (Lappala,
1978). Therefore, the volume of water in storage is
estimated to be 189 million acre-feet in 1952 and
168 million acre-feet in 1989 using the same method
as Lappala (1978). All of this water cannot be with-
drawn by dewatering or pumping because some water
molecules cling to rock or soil particles due to the
surface tension of water. On the basis of a typical
specific-yield value for the aquifer of 0.18, the amount
of recoverable or available water in the High Plains
aquifer was estimated to be 97 and 86 million acre-feet
in 1952 and 1989, respectively.

Aquifer Development and Associated Effects

The first irrigation well in the area was com-
pleted in 1913 in Champion, Nebraska, and only a few
additional wells were dug in the following 20 years
(Cardwell and Jenkins, 1963, p. 88). Between the
mid-1930’s and mid-1950’s, more than 90 additional
irrigation wells were constructed (fig. 9). The earliest
measured water levels date from this period and were
used to estimate the spring 1952 water table shown in
figure 10. This water-table map was developed by
Lappala (1978) from water levels measured from 1937
to 1952. A detailed discussion describing the sources
of the water levels used to construct figure 10 is
presented in Lappala (1978). During the 1960’s and
1970’s, the number of irrigation wells greatly incre-
ased so that by 1975 there were more than
1,700 registered irrigation wells in the study area
(fig. 11). Almost one-half of these wells were in
Chase County. A rapid increase in drilling during the
late 1970’s brought the number of registered irrigation
wells to approximately 2,800 in 1980. Drilling
activity leveled off in the 1980’s, with only about
400 additional wells drilled by 1989 (fig. 12). Water
use for irrigation from the High Plains aquifer in
Chase, Perkins, and Dundy Counties was estimated to
be about 520,000 acre-feet per year in 1985
(Steele, 1988).

Increased utilization of ground water from the
High Plains aquifer has had a substantial effect on
water levels in the aquifer and on rates of ground-
water seepage from the aquifer into area streams.
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