





U.S. Department of the Interior
U.S. Geological Survey

Ground-Water and Surface-Water
Interactions along Rapid Creek
near Rapid City, South Dakota

By Mark T. Anderson, Daniel G. Driscoll, and Joyce E. Williamson

Water-Resources Investigations Report 98-4214

Prepared in cooperation with the City of Rapid City and the
South Dakota Department of Game, Fish and Parks




U.S. Department of the Interior
Bruce Babbitt, Secretary

U.S. Geological Survey
Charles G. Groat, Director

The use of firm, trade, and brand names in this report is for identification purposes only and does
not constitute endorsement by the U.S. Geological Survey.

- Rapid City, South Dakota: 1999

For additional information write to:

District Chief

U.S. Geological Survey
1608 Mt. View Road
Rapid City, SD 57702

Copies of this report can be purchased from:

U.S. Geological Survey

Branch of Information Services
Box 25286

Denver, CO 80225-0286



CONTENTS

ADSIIACE ...ttt ettt sttt b s et e Eeae e Rt st h e R eh SRS s a et S A e e R e R s h st s S r st et R et et ea e batsebe et 1
INETOQUCTION «..veeiiniieeietetrct ettt st et e ettt eae st e st s tasasae st e besaesasssse st atesessesessaseebeatesemanteseese st s e e ae b sadreene e sao b sasbesber et brass 2
PUIPOSE AN SCOPE .....oueiireieiietetitetet ettt ettt et sttt et s e et sbesbe b et et s st e sae b e sbesbesbesesatonsshesasbesbestsansabenesanns 4
Previous INVESHIZALIONS .....cccevvrverererrirtererenirteestesesiesessessetesseseseseessesessssestssassnsensssssarsentesencstesessenestsnesmentsssseosensssssessssones 4
ACKNOWIEAZINEIILS .....eeveutiveirieiieetieeetrieteeeet et eaeseseseaaese s sse st saestese st stasessetssesteseseeestsseaese e bsn s et sbs et besuab s robanns 5
HYATOLOZIC SETEINE ..e.vververurerieieineecieereeeteseeteesteesseeresreestesatesveessesasessensessbenseessassaessensassasssesssaseenssessansasssssessssensesseesasssesssessaanes 5
PhySiography and CHINALE .........ccceeuiriirterenieiiiereresesestestereseee st sne e sseet e s e se e et s e st saeshesbenees et eseeaeesesattensestonssstensine 5
SUITACE WALET ......oitrereuentiitica ettt se ettt s et e st et b eses s ses e et s s et e et se b e e st b s aeseaest b stssbab bt obsbe bbb bt eseassuss 10
GIOUNA WALET ......uciuiiititiiiieenenieteseste sttt e et sse st e s b e s e e ae st et e eresse st s et s s b et eme st s b seebesssa et sbe st shesssrs e benssbennsnenes 10
Water deVEIOPIMENT ANA USE ......eevuiiriecreieririrtestrteret et saetasaessste s ste e stesestesesbeseessastese st esessesensssenesesasntossuesaesemisennenerissesasnenss 10
IMIUDCIPAL. .ttt ettt ettt e et e e e e s e e s et e st e ben e easesa e st e st ebeasansenbe e et eatenesatat e sesbe b et e atestereneeabesaetesens 11
IITIALION ..ottt rte ittt et ettt et et st et et e st e s et easesessebessebe b sesaebastasessasesasbaseasentsbenaatesarsesanseneobenmsesersenterenessenes 16
RESETVOIIS ...ttt sttt et et b et se st st e et bt os e b m e s e b abem e st beseacatsassRscat s suess st ens 17
Study design and MENOAS .........cocceiririiiiiiieiietite ettt era et est s e e et et s bR ss s s b s a e bera st s e b s bt sb s b nes 18
Data-COLIECHION NEIWOTKS ......ccveirieriiiitrietieinircreenecstetetetsrres b er et bebebs st b ets et sassesestaosstebesesisssbesensssiasssbossassasrensassans 18
HYArolOZIC DUAGELS........ecueeiririererirteteecreetsetee st tee st se s s seseas b esessasesesesensaseseasse st ssesesestresbesesnacntstssantatetssensanas 23
HYATOCREMISIIY 1e.vvivieieeieeieettcereet et crte e cte e st ce et e st e e e beesbeseessesssasasssabe st essesasasssastantessasasesasassnssnaseensesssonsaesanes 25
Ground-water and surface-water interactions at City infiltration Zalleries .............owvwueeurrurmersecesncserssesesenssessssssnesssecsscees 26
JaCKSON SPIINGS GALLETY ...cuveurreuirieirteeeieiricieet et ete e ete st e e s tesaese s te e st asass e et esassaseseeseatesansesereessateseseesentessnessenessenes 26
Control-volUME ANALYSIS ......cccruereriirireereriirenieie sttt st seese st s e sse s et se s sa bbb be b e et s et b s b re s 26
Interactions with alluvial AQUITET ........coueieiiiieieririiiirectee ettt se et st esb e sb b sae e saans 29
Interactions with RApid CTEEK .......coeveeiriiiieiieiiriets ettt ettt st bbb b 30
Hydrochemical INEIPrEtAtiONS ......c..ececerverevieieiieeristeseesesesseesseseosasessesessessoseseesenesesssescsentssesteseresesmsasnrienens 34
Summary for Jackson SPrings Gallery ..........ccccccoeriuireuereueiueeeeiereieeriereeeeeeseaeseseae e sbete s sasisese bbb ae e 38
MeadOWDTOOK GAlIETY .....vccuvecieriieiiieieteniieieeeeie ettt e v eev e bae e e se et esbeeasessesseessessaesasssaasanseessensesseessessaansesseessassaens 38
Control-VOIUME ANALYSIS ......vvecvevieeeriererertecrirtiteert et st teresesees st sereste e e e seseenentsas st nssesssree et areasesessnsebesssas 38
Interactions with alluvial AQUITET ......c.ccoceuieiriiiieeieee et e b b 41
Interactions With RApid CIEEK ......ccvueeriiioiiiieiiieesictteee ettt eesen sttt r e ssssr e s bsa e s nes 43
Hydrochemical INTEIPIetatiOns ........o.veereeeeeerreieeriiiinieresncssorerssseessssssesesmeessesescsessesessscsssssssesssmssessasssssasssssssses 43
Summary for MeadowbrooK GallETY ..........c.cveereeueiereierereeieierereeseesseststessesesessesessensesesessenessanessesnesenssseseeneseons 45
GITL SCOUL GALLETY .....eevntreereeirtee et est ettt e s et et sr et et e e st esses e e ste e be et ese st sbabe st aeesereesenssemnenereioterbnsenernisissenercn 46
Control-VOIUME ANALYSIS ......ccociiiiitieireerccieietetet ettt st s bbb b e ea bbb s 46
Interactions with alluvial AQUITET ..........c.ecriiiiiiiiieict ettt e sttt ssae st st se e se s e senee e enseaseneenenn 49
Interactions with Rapid CTeek ........coovmiiuivirieieiniiiicrnec it st b e 49
R Hydrochemical INEIPIEATIONS ........e.eoeercetrueirrrereieisiereeeieeresietesenes st tesesestsesestsenesaesenestesrosesesestsesessssssssesoses 51
Summary fOr Girl SCOUL GAIBIY .....ccveeeireriirieiiiietictceereeteeste e teseste e st restssestesestssesasseseebenessesesnestesesesnentonenes 51
Hydrologic budget fOr RAPIA CTEEK ......c.ceeviirieieieieetieitcccrie ettt esst e st et see st sa e e e r e st e sae e e et s b e enes 52
SUMMATY ANA CONCIUSIONS ......vevtievieteercerieeeertesteeteeteeteteestestsereessesseasssestessesssessassasssasseessasssssnsosassesssesnesnsesssbrneesasnsonseensassese 58
REFETENCES CIEA. ...ttt ettt sttt et e e st e sesbe s e b ese s st sae sesme et ese st aneaeesennse st en st eaemeeae st shesemrbs b enesnsnis 60
Supplemental INFOIMIATION ........e.ciireierererrirteertre et trts ettt se et e ettt eebeseacaesaebasireaeasessbesesesbebeseseassasbensasaeonanen 63
ILLUSTRATIONS

1. Map showing Rapid Creek Basin .......cccecueveieieeriiieierieieeceseriereesaeses e ssssssssessessessassssassessassessensesseseentesressasessesseneassens 3

2. Map showing location of study area, Rapid City water-supply facilities in use during 1990,
and streamflow-gaging Stations USEd fOr StUAY ......c.ccvvviviirecieerrtirrerteeire ettt e se s e e e ee e ns 6
3. Map showing generalized areal geology Of StUAY AIEa.......ccceeveirreieerirririieiee ittt et eassrons 8

Content~ ]}



ILLUSTRATIONS—Continued

14.
15.
16.
17.

18.
19.

20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.

31.

32.

33.

34,
35.
36.
37.

v

Diagram showing simplified diagramatic section of hydrogeologic setting of the Rapid City area..........c.cccoeeuenen. 11
Graph showing chronology of development and operation of municipal water

sources for Rapid City through 1990 ..ottt e es st sb e ess st sssarberens 12
Chart showing sources of finished municipal water for Rapid City during water years 1988-89..........ccccocevvennn. 14
Schematic cross section showing typical construction of infiltration galleries along Rapid Creek...........cccocvennnen. 15
Graphs showing daily pumping rate for Rapid City infiltration galleries for water years 1987-90...........ccoveeeee. 15
Graph showing municipal production of finished water (all sources) for Rapid City from 1943-90 ........................ 16
Graphs showing monthend usable contents of Deerfield and Pactola Reservoirs through 1990 ........c.cocovvvennininnen. 17
Schematic showing scheduled gallery cycling during October through December 1987-89 .........ccovvvviiicniinns 18
Map showing location of water-quality SAMPING SIEES ....oveeverreremreircrmeierereertiri s n e 22
Map showing approximate extent of alluvial aquifer and cross-sectional boundaries

O CONTOL-VOIUINE TEACKES .....ueevenerrenereirt ettt creee et bess bbb e b e s s ae bbb e e s s an b s aes 27
Map showing Jackson Springs Gallery Site........ccoiriiririiineci et et e sb s 28
Graphs showing geologic sections from interpretation of Jackson-Cleghorn seismic-refraction profiles.................. 29
Schematic of control volume for Jackson-Cleghorn Complex showing mean annual inflows and

outflows during water Years 1988-89 .......ccouiirrerriiririeet ettt b s e ns 30
Graph showing measured water level of selected observation wells near Jackson Springs Gallery

during gallery cycling, October 22 through November 13, 1987 .....ccccccoviiinircniircecn ettt 31
Cross-sectional profile of alluvial water level during gallery cycling at Jackson Springs Gallery ........cocooccvivirinnes 31
Graphs showing comparison of Jackson Springs Gallery pumping rate, gaged gain across reach,

and outfall from Cleghorn Springs, October through December, water years 1988-90..........cccccoovviininninininnnn 32
Graphs showing comparison of Rapid Creek streamflow, Jackson Springs Gallery pumping

rate, and outfall from Cleghorn Springs, water years 1988-90 ........c..occevicriiriiiiiinniiiic s 34
Percentile plot showing percent saturation of dissolved oxygen and nitrogen for

Jackson-Cleghorn Complex and other SElECted SItES .......ccvvireerireieririrerirereeri et aeses 35
Graph showing relation between radium-228 and radium-226 isotopes for selected

sites, with probable mixing line for Jackson and Cleghorn SPrings ........ccoceeviiiiiiiinnecnms e 35
Graph showing relation between 8D and 31%0 illustrating the evolution of

Rapid Creek water, with comparison to global meteoric Water 1ine .........ccoveeviiiinencniininni s 36
Graph showing relation between 3D and 8'%0 for Rapid Creek and selected springs

and Madison Wells inl STUAY QIEa ......ccovveereeerueririeririeririeter ettt as s re st s be s e sbea e a s bbb aban 37
Map showing MeadoWbIOOK GAlIETY SILE ........ccveviereririeiierenrrieieteieseseeestrsasesessoeesenrasessesesnesesssssosesensessssssnonesssssrassns 39
Graph showing geologic section from interpretation of Meadowbrook seismic-refraction profie ............ccoevernnne. 40
Schematic of control volume for Meadowbrook Gallery showing mean annual inflows

and outflows during water years 1988-89 .......cccoiiiirnmiiminmireenic e 40
Graph showing profile of Rapid Creek water-surface elevation near Meadowbrook Gallery,

July 31 t0 AUGUSE 1, 1989 ...ttt sttt s s et sh s R et b e b e r e aes 41
Graph showing longitudinal profile of alluvial water level during gallery cycling at

MEAAOWDIOOK GALIETY .....ecueiiiieieiiieini ettt e sb et st se e besr st sae s st s a e s s bt s s e besa e st eabenesaenbssanenebenareis 43
Graph showing cross-sectional profiles of alluvial water level during gallery cycling at

MEAAOWDIOOK GAILETY .....eveevieieiiceiiiece ettt te e s te et e et eeeeaeessesbaessasbessesssessessaesatasssssansenasnantessensensaeatsssraeneenseneones 43
Graph showing measured water level of selected observation wells near Meadowbrook

Gallery during gallery cycling, October 14 through November 7, 1988......c.cccccviinerncininnenreineneesnines 44

Graphs showing comparison of Meadowbrook Gallery pumping rate, gaged gain (or loss)
across reach, and gaged gain (or loss) across Leedy Ditch, October through December,

WALET YEATS 1988-00 .....couiiiiiiiriieiitinierecet ettt ettt et b et s et a b e s e sae st et st et smen st s sh e st esse e s st s b e n e saeen e b 44
Percentile plot showing percent saturation of dissolved oxygen and nitrogen for

Meadowbrook Gallery and SEIECIEA SIES ......oueeeerririireririeirtr ettt ees et sae e enter e s s sanreesbe s saeen 44
Graph showing relation between 8D and 8130 for Meadowbrook Gallery .ooceiiiiiriicenir 45
Map Showing Girl SCOUL GALIETY SILE ....e.vrveeriuireeiirieirereietriirirrr et b bbb ss et s bbbt b s sassbob e ssbs s ereranen 47
Graphs showing geologic section from interpretation of Girl Scout seismic-refraction profiles..........ccccecvviniinunnnns 48
Schematic of control volume for Girl Scout Gallery showing mean annual inflows and

outflows during water Years 1988-89 .......c.ccoiiririireiiiiiieriiereesteiereserees e sseseese sttt saestestsnesneseneeessansnronenersssnssn 48

Contents



ILLUSTRATIONS—Continued

38. Graph showing cross-sectional profile of alluvial water level during gallery cycling at Girl Scout Gallery ............. 49
39. Graph showing measured water level of selected observation wells near Girl Scout Gallery
during gallery cycling, October 14 through November 7, 1988.......c.cccoeoiiieierneieiitieine e 50
40. Graphs showing comparison of Girl Scout Gallery pumping rate, gaged gain (or loss) across reach,
and gaged gain (or loss) across Storybook Ditch, October through December water years 1989-90...........cccovueuu. 50
41. Percentile plot showing percent saturation of dissolved oxygen and nitrogen for
Girl Scout Gallery and SELECIEA SIES.......cueverirrieerireeeierrrieiesasteseressseseeseessaeseseseesesassssssesesensssesesesencarsessenenessssens 51
42. Graph showing relation between 8D and 8'30 for Girl Scout GALIETY ettt enene 52
43. Schematic showing hydrologic budget for Rapid Creek between gaging stations 06411500
(below Pactola Dam) and 06414000 (at Rapid City), water years 1988-89.........cccccerrerrnererrreeneesercieniisinenenecinnns 53
44. Graph showing comparison of water-surface elevation of Madison aquifer in Brooks Cave
and flow of Rapid Creek, water years 1989-90 .........cocoeerrrreomisreinererenniereineeneseseseseseensscsesesessensssasiessssassissssessssons 55
45. Photograph of staff gage in BrOOKS CAVE ........eccvurvseeeeccrrescrreeseeneseraesesesesesesesesesenesesesesesesesessssssteneasasesassienesssons 55
46. Graph showing comparison of alluvial water-surface elevations in alluvial wells and
Rapid Creek, July 10 through July 20, 1989 ......cccveeiirirrrieeeininie sttt saeseseeses st esest s seses s senss s saenenens 56
TABLES
1. Generalized stratigraphic sequence and aquifers in StUdy rea ............ocvevevirireeerieennirineecren et 9
2. Selected information on Rapid City production WellS..........coceeeiiirrecirnineninreeceeniieereerenaneeessesessesesesssensesssnsessoses 13
3. Annual water production, in acre-feet, for Rapid City, water years 1987-90.......ccccccevvineririnnniiiinennnieinninnnns 14
4. Streamflow-gaging network USed fOr STUAY .......cucvieeririeiriinirireereee st er s sasese e e i st s res 19
5. Observation Wells USEd fO STUY ........ceruirtrieriereeiriririeieee ettt e es e te e te et s e e be st sn e e saesteseesssansbestonaneasen 20
6. Water-qUAlity-SAMPIINE SILES ....cccovrrereriirrirririrreiererereesreressestessessrssesseresseesesseesassessensensessesesstensssesaesensensensensensesenn 21
7. Annual flow, in acre-feet per year, for stations in streamflow-gaging network ...........ccoceivurcrmrenecccnvnceerercicnninines 24
8. Comparison of mean daily flow values for selected pumping and nonpumping periods at the
JackSON-CLEGNOIN COMPIEX......cuiveiriirereriirrerietesssirerresessseressesnssstssasasessssssesasssessesesentsssesesessassseseasseessessesessesesenssses 33
9. Monthly differences in flow of Rapid Creekl, water years 1987-90 ......cccoccveeireriiniiniinnieinncneec s 57
10. Resuits of regression analyses for monthly difference in flow of Rapid Creek across study reach
as a function of Rapid City municipal Water ProQUCHION ..........cceurueeeeriririeerinirenreeneseereeeneseseesessseesessesesesesesenensns 58
11. Chronology of historical events relevant to water development in the Rapid Creek Basin..........cccoeeevvererecnvenenenes 64
12.  Summary of monthly water production, in millions of gallons, Rapid City, South Dakota,
WALET YEATS 1987-00 ...ttt erte e e s e e s e s e e e e e s et assa st e ssessasessaneessessaneesansebeshenteatentsatennentont 66
13. Water-level data for observation-well network at Jackson-Cleghorn Complex.........coocviririeninnnininniniscnnieiinnn, 69
14. Water-level data for observation-well network at Meadowbrook Gallery...........ccoecieniviriiriimnieinnine e, 72
15. Water-level data for observation-well network at Girl Scout Gallery ...........cocouvrererrineimereeniecrnesnierereseeeesesenes 77
16. Water-level data for observation-well network near Water Treatment PIant ..........c.cccoeoeeeniievniininneiiinninnnes 80
17. Daily mean streamflow data, pumping data, and calculated values, in cubic feet per second, during
periods of gallery cycling at Jackson-Cleghorn COMPIEX ........cccoeeueveueuiriemiccrenininnenneseeseeianeeneesesmssensssssnsassone 82
18. Field measurements and calculated values of dissolved nitrogen and oxygen for selected sites in study area...... 86
19. Isotope data for oxygen, hydrogen, and radium for selected sites in StUAY AT€A .........oevrveeruereerererirenieeneerereenenes 95

Conten‘s \'



CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in). 2.54 centimeter
inch (in.) 25.4 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.4047 hectare
square foot (ft%) 0.09290 square meter
square mile (mi?) 2.590 square kilometer
Volume
million gallons (Mgal) 3,785 cubic meter
acre-foot (acre-ft) 1,233 cubic meter
acre-foot (acre-ft) 0.001233 cubic hectometer
Flow rate
gallon per minute (gal/min) 0.06309 liter per second
cubic foot per second (ft3/s) 0.02832 cubic meter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
million gallons per day (Mgal/d) 1.54723 cubic foot per second per day
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=1.8 °C+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

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.

Water year: In Geological Survey reports dealing with surface-water supply, water year is the

12-month period, October 1 through September 30. The water year is designated by the calendar

year in which it ends; thus, the water year ending September 30, 1991, is called the “1991 water
year.”
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Ground-Water and Surface-Water Interactions along
Rapid Creek near Rapid City, South Dakota

By Mark T. Anderson, Daniel G. Driscoll, and Joyce E. Williamson

ABSTRACT

Complex interactions between Rapid Creek
and ground water occur between Pactola Reservoir
and central Rapid City. Streamflow losses west of
Rapid City recharge aquifers in the Madison
Limestone and Minnelusa Formation, and artesian
springflow from these aquifers occurs in several
locations in Rapid City. Natural interactions are
complicated by withdrawals from three municipal
infiltration galleries located in shallow alluvial
deposits adjacent to Rapid Creek. Rapid City also
obtains water from deep wells completed in the
Madison and Minnelusa aquifers. Peak demand is
supplemented by the municipal Water Treatment
Plant, using direct withdrawals from Rapid Creek.

Interactions between ground water and sur-
face water near the three infiltration galleries were
studied extensively. Control-volume analyses
were used to quantify bedrock springflow at each
site, and interactions between the galleries, the
alluvial aquifer, and Rapid Creek were examined.
Hydrochemical data also were used to identify
probable sources of water to each gallery. Hydro-
logic budgets were developed for water years
1988-89 for five subreaches of Rapid Creek
between Pactola Reservoir and central Rapid City.
These were two of the driest years on record for
the Rapid City area. ‘

Springflow from Jackson and Cleghorn
Springs averaged 21.6 ft’/s during water years
1988-89. These springs are the primary source for
the Jackson Springs Gallery, which produced an

average of 6.0 ft3/s. Flow of the outfall from the
adjacent Cleghorn Springs Fish Hatchery averaged
11.5 ft/s, and the remainder of the bedrock
springflow is contributed to Rapid Creek by seep-
age through the adjacent alluvium. Gallery pnmp-
ing causes drawdown of about 5 ft below the
adjacent creek level; however, drawdown in
nearby alluvial observations wells is only abcut

2 ft, with the hydraulic gradient remaining toward
Rapid Creek. Water levels in the alluvial aquifer
recover within 2 days after pumping is discor -
tinued, and flows respond almost immediately in
Rapid Creek and the hatchery outfall.

Water from Jackson and Cleghorn Springs is
supersaturated with dissolved nitrogen gas ard
undersaturated with dissolved oxygen, which is
characteristic of bedrock aquifers in the area, but
different than Rapid Creek. Gas saturation vzlues
in the gallery water indicate a minor component of
creek water, as do values for radium isotopes.
Interpretations of data for stable isotopes of cxy-
gen and hydrogen indicate that about 90 percent of
the gallery production is bedrock springflow and
about 10 percent is induced infiltration from Rapid
Creek. Jackson and Cleghorn Springs are con-
cluded to be a regional discharge point for the
Madison aquifer. Springflow consists of isotopi-
cally heavier water from the Madison aquifer
south of Rapid Creek and a slightly smaller com-
ponent of isotopically lighter water, which corsists
of a mix (of unknown proportions) of water f-om
the north and water recharged in the loss zon= of
Rapid Creek.

Abstract 1



During water years 1988-89, the Meadow-
brook and Girl Scout Galleries produced about 2.9
and 1.2 ft3/s, respectively, of which about one-
third to one-half was calculated to originate from
bedrock springflow. Error analyses indicate that
the uncertainties associated with these estimates
are large. Pumping induced a hydraulic gradient
within the alluvial aquifer from Rapid Creek to
both galleries. Complete recovery of water levels
in the alluvial aquifer required about 2 weeks and
1 week, respectively, for the Meadowbrook and
Girl Scout Galleries. Effects on Rapid Creek were
difficult to quantify because of relatively small
pumping rates, large alluvial influences, and large
streamflow variability that results from upstream
influences. No evidence was found that gallery
pumping affects the flow of Leedy Ditch; however,
flow in Storybook Ditch is affected. Hydrochemi-
cal data confirm the presence of creek water result-
ing from induced infiltration at both galleries;
however, probable components of bedrock spring-
flow also are indicated. The combination of evi-
dence indicates that induced infiltration occurs at
both sites; however, bedrock springflow probably
is an additional source for both Meadowbrook and
Girl Scout Galleries.

Hydrologic budgets were used to quantify
ground-water seepage for five subreaches of Rapid
Creek for water years 1988-89. Between Pactola
Reservoir and Rapid City (subreach 1), Rapid
Creek loses about 8.4 ft¥/s as recharge to bedrock
aquifers. Near Canyon Lake (subreach 3),
seepage of about 2.3 ft*/s may occur from Rapid
Creek to alluvial deposits or to outcrops of various
bedrock units; however, the uncertainty of the
estimate is large. Interactions with ground water
were negligible in subreach 5, which includes the
municipal Water Treatment Plant. Results for two
subreaches containing galleries were consistent
with results of control-volume analyses.

For the entire reach from Pactola Reservoir
to central Rapid City, net seepage from Rapid
Creek to ground water was 8.2 ft3/s; however, the
average flow of Rapid Creek increased by about
1.3 ft}/s, because surface inflows exceeded the
sum of net seepage and surface withdrawals. On a
monthly basis during water years 1987-90, the

change in flow through the entire reach ranged
from a decrease of about 21 ft*/s, during months of
peak demand, to an increase of about 21 ft¥/s.
Linear regression was used to identify relations
between monthly difference in streamflow and
municipal production. Assuming no w'thdrawals
and minimal tributary inflows, a net incvease of
about 17 ft}/s generally would result from inter-
actions with bedrock aquifers that occur within the
reach (springflow less streamflow losses).

INTRODUCTION

Rapid Creek provides water for recreation, irri-
gation, and a substantial part of the municipal water
supply for the City of Rapid City, South D-kota. As
Rapid Creek flows from the higher altitude< of the
Black Hills to its confluence with the Cheyenne River
near Creston (fig. 1), the water is used and reused for
these purposes, some of which are in direc* competi-
tion. Because the flow of Rapid Creek is fully appro-
priated, no new water rights can be issued (John Hatch,
South Dakota Department of Environment and Natural
Resources, Water Rights Division, written commun.,
1991).

As the population of Rapid City has increased, so
has the demand for municipal water. Prior to 1990, the
City secured its municipal water supply during periods
of low to moderate demand from three infiltration
galleries in the alluvial gravels near Rapid Creek and
from several deep wells completed primarily in the
Minnelusa aquifer. Peak demand was met by direct
withdrawals from Rapid Creek that are purified by the
Water Treatment Plant. During 1989-91, the City
developed additional supply by completing seven deep
wells in the Madison aquifer.

In 1952, the City entered into a long-term con-
tract with the Bureau of Reclamation (1952a) for water
to be stored and delivered from Pactola Reservoir.
Under the terms of this contract, the assumption is
made that pumping the City’s infiltration galleries,
which are constructed in the alluvial flood plain along
Rapid Creek, is equivalent to pumping directly from
the creek. During the irrigation season, the City is
required to purchase an equal volume of water from
Pactola Reservoir to replace the water with-drawn from
the three infiltration galleries.

2 Ground-Water and Surface-Water Interactions along Rapid Creek near Rapid City, South Dakota



















































Table 4. Streamflow-gaging network used for study
[Type of control: A, artificial; NC. natural channel; MNC, modified natural channel]

y St_a'fion Type Period of Drainage
entification Station name of record used are~
number (water (square
(fig. 2) control year) mile<)
06411500 Rapid Creek below Pactola Dam A 1988-90 320
06412200 Rapid Creek above Victoria Creek, near Rapid City NC 1989-90 355
06412500 Rapid Creek above Canyon Lake, near Rapid City NC 1988-90 371
06412600 Cleghorn Springs Main Channel at Fish Hatchery, at Rapid City A 1988-90 M
06412700 Cleghorn Springs South Channel at Fish Hatchery, at Rapid City A 1988-90 )
06412800 Cleghorn Springs North Channel at Fish Hatchery. at Rapid City A 1988-90 Q)
06412900 Rapid Creek below Cleghorn Springs, at Rapid City MNC 1988-90 378
06413200 Rapid Creek below Park Drive, at Rapid City MNC 1988-290 384
06413300 Leedy Ditch at headgate below Canyon Lake Dam, at Rapid City A 1988-°90 Q)
06413550  Leedy Ditch at mouth. at Rapid City A 1988-290 O]
06413570 Rapid Creek above Jackson Boulevard, at Rapid City A 1988-290 391
06413650 Lime Creek at mouth, at Rapid City A 1988-90 10.1
06413660  Storybook Ditch at headgate, at Rapid City MNC 21988-290 ®)
06413670 Storybook Ditch at mouth, at Rapid City A 1988-290 &
06413700 Rapid Creek above Water Treatment Plant, at Rapid City NC 1988-290 404
06413800 Deadwood Avenue Drain at mouth, at Rapid City A 1988-90 2.18
06414000 Rapid Creek at Rapid City NC 1988-90 410

lNo drainage area determined (spring or ditch).
“Incomplete year of record.

Water levels were measured during WY 1987-89
in 32 observation wells completed in the alluvial
aquifer, predominantly near the infiltration galleries
(table 5). Measurements also were made at one access
point to the Jackson Springs Gallery and two access
points to the Meadowbrook Gallery. Locations of
observation wells are shown in subsequent sections on
detailed site maps of the gallery areas. Water levels
were measured intermittently (with an emphasis on
gallery cycling periods) using steel and electric tapes.
Four wells near the Water Treatment Plant were instru-
mented and monitored to determine aquifer response to

changes in streamflow in an area not influenced by
gallery pumping. Water-level measurements in wells,
galleries, and streams were made relative to measuring
points with altitudes established by leveling from
known bench marks. Water-level data are presented in
tables 13-16 in the Supplemental Information se-tion.

Water-quality samples were collected at 31 sites
(table 6, fig. 12). Sampling consisted primarily of field
measurements of dissolved gases (oxygen and
nitrogen) and collection of samples for analysis of
unstable isotopes of radium and stable isotopes of
oxygen and hydrogen.
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Table 5. Observation wells used for study

[Method constructed: B, bored by hollow-stem auger; D, dug by backhoe; G, access point to gallery: --, no data]

Land- well Depth to water!
Station surface depth of Method (feet below
Location Well name identification datum (feet con- land surface)
number (feet above ﬁi:’;v structed
sea level) surface) (Min) (Max)

Jackson-Cleghorn CS-1 440328103190501 3.384.39 11 B 5.04 7.92
CS-1A 440328103190504 3.383.32 11.5 B 5.75 7.14

CS-2 440328103190502 3.383.81 18 B 4.55 8.13

CS-3 440328103190503 3.383.75 20 B 4.79 7.48

West manhole  440327103180502 3.386.80 - G 5.03 10.25

Meadowbrook MBN-1 440344103163001 3.320.66 20 B 5.46 14.88
MBN-3 440344103163002 3,320.20 18 B 527 14.85

MBN-4 440344103163003 3.319.81 22.6 B 4.94 14.98

MBN-5 440344103163004 3,319.28 19.3 B 4.57 14.68

MBN-6 440344103163005 3,319.53 20 B 5.04 14.66

MBN-7 440344103163006 3.319.14 20 B 4.96 14.75

MBN-8 440344103163007 3.314.33 15.2 D 1.38 1047

MBN-9 440344103163008 3.319.02 13.7 D 438 12.53

MBN-10 440344103163009 3.321.33 15.5 D 6.71 14.07

PH4 440343103163002 3.320.85 - G 6.05 16.39

PH5 440343103163001 3.324.07 -- G 9.09 22.49

MBS-1 440342103163501 3.321.58 17.5 B 6.48 17.50

MBS-2 440342103163502 3,321.78 18.5 B 6.78 18.00

MBS-3 440342103163503 3.319.15 159 D 5.30 15.76

MBS-4 440344103163010 3.321.38 18.5 D 7.52 16.40

Steel well 440336103162801 332242 13 - 6.74 12.12

Girl Scout GS-1 440320103161501 3.294.00 20 B 3.04 10.46
GS-2 440320103161502 3.293.31 20 B 31 10.84

GS-3 440320103161503 3,294.34 19.5 B 398 13.89

GS-4 440320103161504 3.294.76 30.5 B 4.53 15.85

GS-5 440320103161505 3.294.97 20 B 473 15.70

GS-6 440320103161506 3.295.06 30 B 4.80 13.38

GS-7 440320103161507 3.295.46 20 B 5.19 12.08

GS-8 440320103161508 3.294.12 21 B 3.58 8.43

GS-8A 440320103161510 3,294.74 18 B 3.00 7.53

GS-9 440320103161509 3,297.50 28 B 5.25 11.54

Water Treatment Plant ~ WT-1 440304103161301 3.275.71 13.5 B 4.21 5.33
WT-2 440304103161302 3,275.94 15 B 434 5.50

WT-3 440304103161503 3,277.58 16.4 B 5.74 6.38

WT-4 440304103161504 3.277.52 16.4 B 5.37 6.02

1Ra.ngf: of measured values between August 1987 and November 1989.
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Hydrologic Budgets

Various methods of hydrologic budgeting were
used to quantify interactions between ground water and
surface water. Hydrologic budgets were derived from
the water-balance equation that states: Inflow Volume
= Qutflow Volume + Change in Storage. For this study,
changes in storage in the stream channel and alluvial
aquifer are negligible relative to the annual flow
volume of Rapid Creek.

“Control-volume analyses” (Streeter and Wylie,
1979) were used to quantify potential springflow from
bedrock aquifers into the alluvial aquifer along Rapid
Creek near the three infiltration galleries. The upper
boundary of the control volume is defined as the sur-
face of the alluvial aquifer and the free-water surface of
the stream. The lower boundary is defined as the con-
tact between the alluvial aquifer and the underlying

RC,+T,+P,,+A;+SF;

where
RC; = Rapid Creek inflow;
T; = tributary inflow;
P, = precipitation on the stream and alluvial
area;
A; = alluvial ground-water inflow;
SF; =upward leakage from bedrock aquifers
(springflow). computed as a residual;

bedrock unit. Although this underlying confining layer
generally is much less permeable than the alluvial
aquifer, the potential exists for upward or downwrd
leakage to occur through fractures or solution features
in the confining layer. For convenience, the term
springflow includes both diffuse leakage and concen-
trated discharge from an underlying bedrock aquifer
into the control volume.

All components of flow into or out of the cotrol
volume, except bedrock leakage (springflow), car be
measured or estimated. Springflow through the con-
fining layer into the stream or alluvial aquifer system is
computed as the residual; thus, it includes all of the
errors associated with measurement or estimation of
other terms in the equation. A positive sign on th=
residual indicates upward leakage. The following
water-balance equation was applied using average
annual values, in acre-feet per year, for WY 1988-89:

= RC,+W _,+ET  +A, (D

RC, = Rapid Creek outflow;
W,, = withdrawals from surface and alluvial
sources;
ET,, = evapotranspiration from the stream and allu-
vial area; and
A, = alluvial ground-water outflow.

Solving for springflow:

SF,+e = RC,+W_,+ET +A,~RC;-T;-P,,— A, 2)

where e is the error term associated with uncertainties
in measurement or estimation of other terms
in the equation.

Rapid Creek inflow (RC;) and outflow (RC ;) and
tributary inflow (7)) for several perennial tributaries
were measured at continuous-record streamflow-
gaging stations (table 7). Tributary inflow from
ungaged basins was estimated as 3 percent of annual
precipitation on the drainage area using a regression
equation presented by Driscoll (1987). Average annual
precipitation on the stream and alluvial area (P,,) was
estimated as 11.9 in. for WY 1988-89 using data for
the Rapid City climatological station (index number
6947, U.S. Department of Commerce, 1987-90). That
amount constitutes only about 70 percent of the

long-term average precipitation for that station, which
reflects extremely dry climatic conditions that pre-
vailed during WY 1988-89. Average annual evapn-
transpiration (ET,) from the stream and alluvial area
was estimated as 30.4 in., by multiplying 0.7 timer pan
evaporation, using data for climatological stations at
Pactola Reservoir (index number 6427) and at
Cottonwood 2E (index number 1972), located about
70 mi east of Rapid City. Withdrawals from both sur-
face and alluvial sources (W,,) were reported by the
Rapid City Public Works Department, Water Division
(table 3), or estimated as necessary. Significant figures
for all terms generally were carried throughout water-
balance calculations and rounded after calculations
were completed.
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Table 7. Annual flow, in acre-feet per year, for stations in streamflow-gaging network

[--, no data; ---, incomplete year of record]

Station Water year

lderr::l |'f:‘<t:)aetl:on Station name’ 1088 1989 1990 1 :;‘2:,:29
06411500 Rapid Creek below Pactola Dam 30,540 24,980 19,670 27,760
06412200 Rapid Creek above Victoria Creek -- 24,840 20,820 -
06412500 Rapid Creek above Canyon Lake 24,690 19,150 13,750 21,920
06412600 Cleghorn Springs Main Channel 7.070 6.670 6,640 6,870
06412700 Cleghorn Springs South Channel 805 700 677 752
06412800 Cleghorn Springs North Channel 754 703 661 728
06412900 Rapid Creek below Cleghorn Springs 35.810 29,770 24,170 32,790
06413200 Rapid Creek below Park Drive 33,760 26,780 - 30,270
06413300 Leedy Ditch at headgate 916 628 - 772
06413550 Leedy Ditch at mouth 417 153 - 285
06413570 Rapid Creek above Jackson Blvd. 33.260 25,490 - 29,375
06413650 Lime Creek at mouth 1,200 719 735 960
06413660 Storybook Ditch at headgate 32,300 1,700 - 2,000
06413670 Storybook Ditch at mouth 1,760 1,330 --- 1,545
06413700 Rapid Creek above Water Treatment Plant 34,000 26,530 - 30,265
06413800 Deadwood Avenue Drain at mouth 1,860 1,740 1,750 1,800
06414000 Rapid Creek at Rapid City 30,700 26,740 22,770 28,720

LSome of the station names have been shortened.
“Mean values reported to the nearest acre-foot per year for use in hydrologic budgets.
SPart of year estimated.

Alluvial ground-water inflow (A;) and outflow
(A,) were estimated for each control volume using
values for transmissivity, hydraulic gradient, and allu-
vial width provided by Geibel (1991). Estimates for
each cross section were derived using the equation:

where

A = alluvial ground-water flow, in acre-feet per
year;
T = transmissivity (cross-sectional average), in

A = 4427TIW

feet squared per day;
[ = hydraulic gradient (dimensionless);
W = width of cross section, in miles; and
44.27 = a conversion factor.

Hydrologic budgets also were developed to
quantify streamflow gains or losses from ground-water

seepage for each of five subreaches of Rapid Creek
between Pactola Reservoir and central Rapid City. This
analysis provides information on the efficiency of
Rapid Creek as a conveyance channel for water from
Pactola Reservoir, the point of storage, to points of use
in Rapid City. Considering only the stream channel as
the control volume:

RC,+T;+P,+GW, = RC, +W +E| 4)

where

RC; =Rapid Creek inflow;
T; = tributary inflow;

P, = precipitation directly on stream;

GW, = ground-water seepage;
RC, = Rapid Creek outflow;

W, = withdrawals from surface sources; and

E = evaporation directly from stream.
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Average annual flow values for WY 1988-89. in
acre-feet per year, were used for input. Rapid Creek
inflow and outflow were measured at streamflow gages
that delimited each subreach. Measured values for trib-
utary inflow and for withdrawals from surface sources
were used if available; estimated values were used as
necessary. Tributary inflow from ungaged basins was
estimated in the same manner as for equation 2. Pre-
cipitation on and evaporation from the stream are
considered negligible relative to the other terms in the
equation. A positive value for ground-water seepage
(GWy) indicates seepage from ground-water sources to
the creek, and a negative value indicates seepage from
the creek to ground water. Neglecting precipitation and
evaporation and solving for ground-water seepage as
the residual:

GW,+e = RC,+W ,—RC,-T, (5)

where e is again the error term.

An error analysis (Burkham and Dawdy, 1970)
was performed for each solution of equations 2 and 5
in which springflow and ground-water seepage were
computed as residuals. The standard error (SE) for the
error term (¢) associated with the residual is estimated
by the following equation:

n m 0'5
SE, = [2 si+ Y s?,j:l (6)

j=1 j=1

where
s;; = standard error of the j[h inflow component,
8,; = standard error of the ™ outflow component,
n = number of inflow components, and
m = number of outflow components.

The error terms associated with each of the flow
components are assumed to be uncorrelated. The error
terms were estimated as follows:

measured Rapid Creek inflow (RC;) and outflow
(RC,), +3 percent;

tributary inflow (7}), +3 percent for measured and
+50 percent for estimated;

estimated precipitation (Pg,), +25 percent;

withdrawals (W, and W), +3 percent for mea-
sured and +50 percent for estimated,;

estimated evapotranspiration (E,), +25 percent;
and

estimated alluvial inflow (A;) and outflow (4,), +50
percent.

An estimate of the uncertainty associated with
each solution of equations 2 and 5 is given by the
standard error. The standard error generally is domi-
nated by the error associated with streamflow measure-
ments, in spite of low uncertainty (+3 percent), because
the magnitude of annual streamflow is large compared
to all other variables. A 5-percent error term probably
would be used for most streamflow records; however, a
3-percent error term is justifiable for this study because
of favorable gaging conditions and extraordinary
efforts that were devoted to achieving a high level of
gaging accuracy (artificial controls, frequent
inspections, etc.).

Hydrochemistry

Hydrochemical information was used to identify
potential sources of water at the three infiltration
galleries and at Cleghorn Springs. The most useful
chemical characteristics were distinct signatures
produced by dissolved gases (oxygen and nitrogen),
radionuclides, and stable isotopes of oxygen (¥0) and
hydrogen (*H; deuterium or D).

In-situ measurements of dissolved-gas pressure
were made at various creek, spring, well, and gallery
sites with a Weiss Saturometer (Weitkamp and Katz,
1980). This instrument uses a membrane-diffusion
method of gas-pressure measurement. Total gas
pressure is read by a gage that represents hyperbaric
pressure, or pressure differential between the dissolved
gases in the water, and atmospheric barometric pr2s-
sure. The nitrogen gas component is determined by
subtracting the dissolved oxygen component
(measured using a field dissolved oxygen meter) from
total gas pressure.

Because of differences in depositional environ-
ments, aquifers may contain unique proportions of tho-
rium and uranium and their resulting decay products of
Ra-228 and Ra-226 (Thomas F. Kraemer, U.S.
Geological Survey, oral commun., 1990). Because
Ra-228 and Ra-226 are slightly soluble in water, these
isotopes can impart distinct signatures to water from
different aquifers that are useful for identification
(Michel and Moore, 1980). The field procedure for
determination of radium-226 activity in stream and
well water is described by Michel and others (19¢1).
The radon-emanation technique for measuring racium
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in the laboratory has been described by Broecker
(1965) and by Mathieu (1988).

Stable isotopes of oxygen (*0) and hydrogen
(D) develop distinct signatures in waters of different
origin because isotopes fractionate according to their
masses. For example, when water evaporates, the
lighter isotopes are present in greater abundance in the
water vapor and the remaining water becomes enriched
in the heavier isotopes (Drever, 1988). Stable isotopes
are reported by convention as d values relative to an
international standard known as Vienna Standard Mean
Ocean Water (VSMOW). These d values are actually
ratios given in units of parts per thousand (per mil and
written %o).

Distinct isotopic signatures of oxygen and
hydrogen occur in water in the Black Hills area. The
lightest water occurs on the west side of the Black Hills
at higher altitudes, where 8'30 ranges from -18 to
-16.5 %0 and the heaviest water occurs on the east side
at lower altitudes, where 830 ranges from -15 to
-13 %o (Back and others, 1983). These signatures aid
the interpretation of hydrologic flowpaths and identifi-
cation of water sources. Analyses for radinm and
stable isotopes were performed in the U.S. Geological
Survey laboratories in Reston, Virginia.

GROUND-WATER AND SURFACE-WATER
INTERACTIONS AT CITY INFILTRATION
GALLERIES

Interactions among Rapid Creek, the alluvial
aquifer, and potential sources of springflow from bed-
rock aquifers near the City’s three infiltration galleries
were examined. Potential sources of springflow were
quantified for three reaches of Rapid Creek (fig. 13)
using control-volume analyses. Interactions between
the galleries and the alluvial aquifer, and between the
galleries and the creek also were examined. Hydro-
chemical interpretations of dissolved gases, radium
isotopes, and stable isotopes of oxygen and hydrogen
were performed, and used in combination with the
physical information to identify potential sources of
water to each gallery.

Jackson Springs Gallery

The Jackson Springs Gallery (fig. 14) is located
immediately adjacent to Rapid Creek about 0.5 mi

upstream of Canyon Lake. This site was selected for
installation of an infiltration gallery because of the
large flows of Jackson Springs. When constructed in
1942, the gallery was positioned over the snring, with
one of the gallery laterals extending partly under Rapid
Creek.

Cleghorn Springs, which is located immediately
adjacent to Jackson Springs, supplies water for the
Cleghorn Springs Fish Hatchery and for the Cleghorn
Springs Water Users Association (fig. 14). A gravity-
flow collection system captures the flow of Cleghorn
Springs for delivery to the hatchery raceways.

Jackson and Cleghorn Springs may be separate
springs that issue from a single source. Because of site
development, the only visible flows from the collective
springs are the outfall from the hatchery and seepage
into Rapid Creek adjacent to the springs. The springs
are collectively referred to as Jackson and Cleghorn
Springs and the site is referred to as the Jackson-
Cleghorn Complex. When referred to individually,
Jackson Springs refers to springflow near the Jackson
Springs Gallery and Cleghorn Springs refers to the
outfall from the Cleghorn Springs Fish Hatchery.

Control-Volume Analysis

The Jackson-Cleghorn control volume is defined
as that reach of Rapid Creek and its alluvial aquifer
from gaging station 06412500, Rapid Creek above
Canyon Lake, to station 06412900, Rapid Creek below
Cleghorn Springs (fig. 13). The surface ar=a of the
alluvial aquifer in this reach is about 70 acres. The
width, hydraulic gradient, and transmissivity of the
alluvial aquifer are about 0.03 mi, 0.0069 ft/ft
(36 ft/mi), and 20,000 ft*/d, respectively, at the
upstream extent and 0.12 mi, 0.0069 ft/ft, and
15,000 ft>/d, respectively, at the downstream extent of
the reach (Geibel, 1991).

Thickness and saturated thickness of the alluvial
aquifer were determined for seismic-refraction profiles
A-A’,B-B’, and C-C’ (fig. 15) near the Jackson Springs
Gallery (fig. 14). The thickness of alluvial deposits
overlying the Minnelusa Formation varies from less
than 10 ft to about 25 ft. The saturated thickness varies
from zero to about 20 ft. The seismic-refraction anal-
ysis and water-level measurements in obse+vation
wells near the gallery (table 13) indicate tke depth to
the water table is about 5 to 10 ft.
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Figure 17. Measured water level of selected observation wells near Jackson Springs Gallery during gallery cycling,
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Figure 19. Comparison of Jackson Springs Gallery pumping rate, gaged gain across reach, and outfall from Cleghorn

Springs, October through December, water years 1988-90.

The effects of gallery pumping on distribution of
flow within the Jackson-Cleghorn Complex were
analyzed for each of four scheduled cycling periods
(fig. 11). Each cycle consisted of three periods (pumps
on, pumps off, pumps on) of equal duration, separated
by 1-day transition periods for equilibration of the allu-
vial aquifer. Daily streamflow and selected calculated
values for the four cycling periods are presented in
table 17 in the Supplemental Information section.
Results of the analyses for three of the four cycling
periods are presented in table 8. Results for the fourth
cycling period (Nov. 13 through Dec. 2, 1989), which
are suspect because of a large period of estimated
record for station 06412500, Rapid Creek above
Canyon Lake (table 17), are not included in table 8.

The average decrease in the pumping rate for the
three cycling periods was 5.75 ft¥/s (table 8). As a
result, the gaged gain of Rapid Creek increased by
7.25 ft}/s (from an average of 13.87 ft}/s with pumps on
to 21.12 ft*/s with pumps off). This increase consisted
of increased outfall from Cleghorn Springs Fish
Hatchery and increased seepage from the alluvium to

Rapid Creek. The outfall from the hatchery (measured
at gaging stations 06412600, 06412700, anc' 064 12800;
fig. 14) increased by an average of 1.42 ft*/s during the
three cycling periods. Seepage from the alluvium to
Rapid Creek (calculated as the gaged gain of Rapid
Creek minus the outfall from Cleghorn Springs)
increased by an average of 5.83 ft*/s. Increased
seepage from the alluvium was visually apoarent
during the nonpumping periods.

Total springflow, which is calculated as the sum
of gallery production and the gaged gain of Rapid
Creek, increased by an average of 1.50 ft3/s during non-
pumping periods (table 8). A physical exp'anation for
increased springflow is not apparent. In fact, a decrease
in springflow might be anticipated because discontinu-
ation of pumping increases the hydraulic h=ad within
the alluvial aquifer (figs. 17 and 18), thus c'=creasing
the hydraulic gradient from the underlying bedrock
aquifer to Jackson-Cleghorn Springs. The small calcu-
lated increase in springflow may reflect the limitations
of measurement accuracy rather than an actal increase
in springflow.
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Table 8. Comparison of mean daily flow values for selected pumping and nonpumping periods at the Jackson-Cleghcrn

Complex
Flow component, in cubic feet per second
Period Jaclfson Gaged gain Outfall from ‘
e T o s N .
production of Rap(l:) Creek Hatchery (2-3) (1+2
Q) 3
1987 test
10/20 -11/08 Mean (pumps on) 5.97 15.16 11.25 391 21.13
Mean (pumps off) 0 22.97 12.85 10.12 22.97
Difference of means -5.97 7.81 1.60 6.21 1.84
First 1988 test
10/18 -11/18 Mean (pumps on) 6.08 14.14 11.44 2.70 20.22
Mean (pumps off) 0 21.90 12.85 9.05 21.90
Difference of means -6.08 7.76 141 6.35 1.68
Second 1988 test
12/04 -12/17 Mean (pumps on) 5.21 12.31 11.47 .84 17.52
Mean (pumps off) 0 18.50 12.72 5.78 18.50
Difference of means -5.21 6.19 1.25 4.94 .98
Average for three periods
Mean (pumps on) 5.75 13.87 11.39 2.48 19.62
Mean (pumps off) . 0 21.12 12.81 8.31 21.12
Difference of means -5.75 7.25 142 5.83 1.50

!Seepage is the flow from the alluvium to the creek, calculated as the gaged gain of Rapid Creek minus the outfall from Cleghorn Springs Fish

Hatchery.

Total springflow of Jackson-Cleghorn Springs, calculated as the gaged gain of Rapid Creek plus production of Jackson Springs Gallery.

The outfall from the Cleghorn Springs Fish
Hatchery also is affected by the rate of streamflow (or
stage) within Rapid Creek, although this effect is less
pronounced than the effect from pumping of the
Jackson Springs Gallery. Larger releases from Pactola
Reservoir during summer irrigation months (May
through September) generally correspond to increased
outfall from the hatchery (fig. 20). A multiple linear-
regression analysis was used to quantify relations
among the hatchery outfall (dependent variable),
streamflow measured at station 06412500 (Rapid
Creek above Canyon Lake) and the gallery pumping
rate. The pumping rate is included as an independent
variable because of the demonstrated effect of gallery
pumping on outfall from the hatchery. The resulting
regression equation, using daily mean values in cubic
feet per second, for WY 1988-90 is:

Ocso = 00140, - 02505, + 12.5 @)

where
Ocso = outfall from Cleghorn Springs;

Orc = flow of Rapid Creek, measured at gaging sta-
tion 06412500 (Rapid Creek above Cznyon
Lake); and

Q75 = Jackson Springs Gallery pumping rate.

The coefficient of determination (R?) for this
relation indicates that only 34 percent of the dail vari-
ability of the outfall from Cleghorn Springs can be
predicted by the independent variables. The F retio
(279) and the p-value associated with the slope
(<0.001), however, indicate a high probability that the
slope is significantly non-zero. Although considerable
error exists for predicting individual daily values. the
regression equation is useful for estimating averages
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Figure 20. Comparison of Rapid Creek streamflow, Jackson Springs Gallery pumping rate, and outfall from Cleghorn

Springs, water years 1988-90.

for longer periods. This relation may be important for
(1) future evaluation of potential effects on springflow
from large-scale development of water supplies from
bedrock sources, (2) development of relations between
springflow and bedrock potentiometric head, or

(3) development of relations between springflow and
long-term climatic conditions (recharge).

Hydrochemical Interpretations

Hydrochemical information was used to
examine possible sources of water at the Jackson-
Cleghorn Complex. Dissolved oxygen and nitrogen
(table 18 in the Supplemental Information section)
were measured at the infiltration galleries and at
selected sites for comparison (table 6 and fig. 12). The
saturation of dissolved gases in water from the Jackson
Springs manhole was compared to other possible
sources of water in the area (fig. 21). Most ground
water from bedrock sources in the Rapid Creek study
area was undersaturated with respect to oxygen and
supersaturated with respect to nitrogen. Water in Rapid
Creek at Jackson Springs generally was near or slightly
above saturation with respect to dissolved oxygen and
nitrogen and showed more variability than water from

the ground-water sites. The maximum measured
saturation value for nitrogen during the study was
about 128 percent for the Chapel Lane well, which pro-
duces from the Madison aquifer, and the minimum
value was about 94 percent for the Rapid Creek at
Jackson Springs pumphouse site (table 18).

Nitrogen gas is used to differentiate ground
water from surface water because it behav=s as a con-
servative tracer (Heaton and Vogel, 1981). Denitrifica-
tion was considered as a nitrogen-forming reaction that
could produce supersaturation but was rejected for
several reasons. First, denitrification occurs under
anaerobic conditions, but all ground-water samples
collected were oxygenated. Second, the reaction times,
at typical temperatures, for denitrification to occur are
much longer than the traveltimes along the flowpaths
between the creek and galleries. Third, isotopic anal-
ysis of dissolved nitrogen in water from Cleghorn
Springs indicated the gases were of atmospheric origin
(C.Kendall, U.S. Geological Survey, written commun.,
1987). Furthermore, entrainment of air at the time of
recharge and subsequent changes in temperature and
pressure commonly are accepted as processes by which
nitrogen supersaturates within ground water (Heaton
and Vogel, 1981).
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The dissolved gas data indicate that water from
the Jackson Springs Gallery and water from Cleghorn
Springs are similar (fig. 21). The relative saturation of
dissolved nitrogen for Jackson Springs is slightly lower
than for Cleghorn Springs, which could be explained
by a minor amount of induced infiltration from R apid
Creek.

The isotopes of radium (Ra-226 and Ra-22°)
provide additional evidence on potential sources of
water at the Jackson-Cleghorn Complex. Activit”
levels and activity ratios of radium isotopes for sites in
the study area are presented in table 19 in the Suople-
mental Information section. Water from the Jackson
Springs Gallery falls on a mixing line between Rapid
Creek and Cleghorn Springs, which are the two most
probable sources (fig. 22). A mixing line commonly is
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Figure 21. Percent saturation of dissolved oxygen and
nitrogen for Jackson-Cleghorn Complex and other selected
sites.

used in isotopic studies to relate waters of different iso-
topic composition. If the isotopic composition of a
water lies between the isotopic composition of two
other waters, a mixture of the two end members is
indicated.

0.7

[ T T T T T T T 7T ]—r T T ' T T T T T T T T I T T T T I T T IT T L) T T T T T 1

o C Sioux Park observation well No. 1 oj

L r ]

5 0.6 r -
0 o L i
S ]

L L
% W05 | ]
=5 N i
Q= B 1
<= L i
©= g4} -
T j
T o N O Rapid City well RC-4 ]
B2 osf )
SZ 030 Girl Scout Gallery 7]
u_:J = P / Rapid Creek above Jackson Blvd ]

< - / // ine -
i o ;S . ing iy
SO 02 I / /" Cleghorn Spri orn bt —
= w R ‘ /‘J at ngor?h raczzll\/r;%s ckson‘c\egh X City Springs ]
5 E - Meadowbrook  / / 32 Sioux Park observation well.No. 2
I = - Gallery %/ / Chapel Lane well .

CL) 0.1 / . ]

(] N O] Jackson Springs manhole ]

< B Rapid Creek above Jackson Springs ]

0 L 1 1 l N S| L1 I A 1) 1 L 1 1 1 1 1 1 LI 1 1 I 1 1 j I I 1 1 L1 I 1 1 i 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ACTIVITY LEVEL FOR RADIUM-226, IN DISINTEGRATIONS PER MINUTE PER LITER
Figure 22. Relation between radium-228 and radium-226 isotopes for selected sites, with probable mixing line for
Jackson and Cleghorn Springs.
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The stable isotopes of oxygen and hydrogen
provide additional evidence on potential sources of
water at the Jackson-Cleghorn Complex. Analyses of
samples from selected sites in the study area are pre-
sented in table 19 in the Supplemental Information sec-
tion. An understanding of the isotopic composition of
Rapid Creek is helpful for subsequent comparisons to
ground water. As shown in figure 23, the isotopic com-
position of Rapid Creek becomes progressively heavier
as the creek descends in elevation from the headwaters
(Rhoads Fork) and flows eastward to Rapid City (Rapid
Creek at Rapid City). Evaporation processes usually
do not substantially alter the isotopic composition of
streams or rivers unless large reservoirs affect the flow
(Gat and Gonfiantini, 1981). Pactola and Deerfield
Reservoirs apparently are sufficiently large, relative to
inflows, to alter the isotopic composition of Rapid
Creek.

The isotopic composition of Rapid Creek imme-
diately below Pactola Dam and above (and at) the
Jackson Springs pumphouse shows little seasonal vari-
ation (fig. 23). Pactola Reservoir homogenizes the iso-
topic composition of Rapid Creek, with little
subsequent alteration in the reach immediately down-
stream. The isotopic composition of Cleghorn Springs
(at north raceway) is consistently heavier than that of
Rapid Creek, causing variations in downstream

composition in response to seasonal changes in
releases from Pactola Reservoir. The progortion of
flow added to Rapid Creek by Jackson and Cleghorn
Springs ranges from less than 10 percent curing large
releases to more than 50 percent during small releases
(fig. 20). Thus, in downstream reaches, th= isotopic
composition of Rapid Creek is similar to that of
Cleghorn Springs during winter months when releases
are minimal and becomes progressively lighter as
releases are increased.

Jackson and Cleghorn Springs were considered
by Rahn and Gries (1973) to be of similar origin, dis-
charging from the Madison aquifer. Back and others
(1983) concluded that Cleghorn Springs p-obably is
Madison aquifer water that has been influenced by
minor dissolution of evaporites from the Minnelusa
Formation. Values for 6'80 and 8D for Reoid Creek,
Jackson Springs, Cleghorn Springs, City Springs, and
nine wells that produce from the Madison aquifer are
shown in figure 24. The Madison aquifer water has two
apparent groupings—one of heavier water for sites
south of Rapid Creek (table 6 and fig. 12) end the other
of lighter water for sites north of Rapid Creek. The
isotopically light water in the Madison aquifer to the
north is similar to that of Rapid Creek, incicating a
possible flowpath to the north for water re~harged in
the loss zone of Rapid Creek in Dark Canyon.
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Figure 23. Relation between 3D and §'80 illustrating the evolution of Rapid Creek water, with comparison to global

meteotic water line (Craig, 1961).
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The groupings show lighter water in the Madison aquifer to the north of Rapid Creek and heavier water to the south.

Jackson Springs, Cleghorn Springs, and the
Canyon Lake observation well (Madison aquifer) fall
along the “Jackson-Cleghorn™ mixing line (fig. 24) that
includes heavier water (from the south) as one end
member and lighter water (from the north and/or from
Rapid Creek) as the other end member. The mix indi-
cates a slightly larger component of heavier water from
the south, but the relative proportion contributed from
the north or from Rapid Creek cannot be determined.
The component of heavier water from the south indi-
cates that Jackson and Cleghorn Springs are not simply
“resurgent” springs in which streamflow lost in Dark
Canyon reappears at the springs. Isotopically heavier
water, similar to that from the south, apparently is
present in the mix; however, the amount of streamflow
contributed by Rapid Creek cannot be determined from
this analysis.

The conclusion that Jackson and Cleghorn
Springs represent a regional discharge point from the
Madison aquifer and have a large contributing area is
consistent with the large, steady discharge from these
springs. This hydrochemical interpretation is consis-
tent with potentiometric maps for the Madison aquifer
presented by Peter (1985) and Greene (1993); however,

flow lines are not necessarily strictly orthogonal to
equipotential lines for anisotropic aquifers (Greere=,
1997). Peter and others (1991) reported that solu‘ion
cavities within the Madison Limestone are preferen-
tially oriented along certain axes, and Greene (1923)
reported strongly anisotropic transmissivity in western
Rapid City.

Water produced at the Jackson Springs Gallery
consists predominantly of bedrock springflow and is
similar in composition to water from Cleghorn Springs
(fig. 24). Water from the gallery consistently is slightly
lighter than that from Cleghorn Springs, however, and
falls directly on the “Jackson Gallery” mixing line with
a minor component of induced infiltration from Rapid
Creek. Based on the stable isotopes, it is estimatec that
about 90 percent of the gallery production is sprirg-
flow from the Madison aquifer and about 10 percent is
induced infiltration from Rapid Creek. This propo-tion
probably varies with the pumping rate, however. This
finding is similar to that based on the dissolved gases
and radium isotopes and also is consistent with alluvial
water-level data, which indicate a large spring source
and only minor drawdown from gallery pumping.
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Summary for Jackson Springs Gallery

The Jackson Springs Gallery was constructed in
1942 over the site of a large carbonate spring of the
same name. Gallery production during WY 1988-89
averaged 4,355 acre-ft/yr (equivalent to 6.0 ft3/s), and
the measured outfall from the adjacent Cleghorn
Springs Fish Hatchery was 8,350 acre-ft/yr(11.5 ft3/s).
The control-volume analysis indicates that combined
bedrock springflow from Jackson and Cleghorn
Springs averaged about 15,600 acre-ft/yr (21.6 ft3/s).
The standard error (+1,200 acre-ft/yr) is small, indi-
cating that the uncertainty associated with the estimate
is small.

Gallery pumping caused drawdown of about 5 ft
below the creek level in the west manhole of the gal-
lery, indicating that at least part of the gallery produc-
tion results from induced infiltration from the creek.
Drawdown was only about 2 ft in observation wells
located about 200 ft east of the gallery, and the
hydraulic gradient remained toward Rapid Creek.
Water levels in the alluvial aquifer recovered com-
pletely within 2 days after pumping was discontinued,
and flow in Rapid Creek responded almost immedi-
ately, with an increase similar to the pumping rate.
Most of the increase consisted of additional seepage
from the alluvium to the creek; however, the outfall
from the hatchery also increased measurably. Flow of
the hatchery outfall was determined to be related to
flow (or stage) in Rapid Creek as well as to the gallery
pumping rate. .

The hydrochemical characteristics of Jackson
and Cleghorn Springs are very similar. Water from
both springs is supersaturated with respect to dissolved
nitrogen and undersaturated with respect to dissolved
oxygen, which is characteristic of bedrock aquifers in
the area. It is concluded from interpretation of data for
10 and D that Jackson and Cleghorn Springs represent
a regional discharge point from the Madison aquifer.
The flow of these springs consists of isotopically
heavier water from the Madison aquifer south of Rapid
Creek and a slightly smaller component of isotopically
lighter water, which consists of a mix (of unknown pro-
portions) of water from the north and water recharged
in the loss zone of Rapid Creek in Dark Canyon. It is
estimated that about 90 percent of the Jackson Springs
Gallery production is springflow from the Madison
aquifer and about 10 percent is induced infiltration
from Rapid Creek.

Meadowbrook Gallery

The Meadowbrook Gallery (fig. 25) is located
about 0.7 mi downstream from Canyon Leke. The site
was selected and developed during 1950-52 for an infil-
tration gallery because springs and a marsh existed in
the area before development. The State of South
Dakota approved the site for municipal water produc-
tion with the condition that at least 40 acres around the
gallery remain undeveloped. This condition gave rise
to the Meadowbrook Golf Course. The Meadowbrook
Gallery extends about 1,700 ft from Rapid Creek
(fig. 25), the greatest distance of the three galleries.
The average depth of the gallery is about 20 ft below
land surface.

Control-Volume Analysis

The Meadowbrook control volume is defined as
Rapid Creek and its alluvial aquifer from where
streamflow is diverted at gaging station 06413300,
Leedy Ditch at headgate, to station 06413570, Rapid
Creek above Jackson Boulevard (fig. 13). The surface
area of the alluvial aquifer in this reach is about
240 acres. The width, hydraulic gradient, and trans-
missivity of the alluvial aquifer are about 0.33 mi,
0.011 ft/ft, and 15,000 ft*/d at the upstream extent and
0.67 mi, 0.0054 ft/ft, and 10,000 ft*/d, respectively. at
the downstream extent of the reach (Geibel, 1991). The
downstream decrease in transmissivity is caused by
diminishing particle sizes within the alluvial aquifer.

Thickness and saturated thickness of the alluvial
aquifer were determined for seismic-refraction profile
D-D’ (fig. 26) near the Meadowbrook Gallery (fig. 25).
The thickness of alluvial deposits overlying the
Spearfish Formation varies from near zero near Leedy
Ditch to about 30 ft. The saturated thickress ranges
from zero to about 25 ft. The seismic-ref-action
analysis and water-level measurements in observation
wells near the gallery (table 14) indicate the depth to
the water table is about 5 to 10 ft when th= gailery
pumps are off.

Springflow entering the Meadowbrnok control
volume was computed to be about 700 acre-ft/yr
(equivalent to about 1.0 ft%/s) for WY 19¢8-89
(fig. 27). Equation 2 was modified for this reach to
include ditch inflow (D;) and ditch outflow (D),
resulting in:

SF;te = RC,+D, + W, +ET,,+A,~RC,—D,~T;~P,— A, @)
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Interactions with Alluvial Aquifer

Observation wells near the Meadowbrook
Gallery (fig. 25) provided information on effects of
gallery pumping on water levels in the alluvial aquifer.
The range in measured water levels in these observa-
tion wells, relative to a profile of Rapid Creek at a flow
of about 70 ft¥/s, is shown in figure 28. The stage of
Rapid Creek generally fluctuates by about 0.5 ft as flow
fluctuates within a typical range of about 20 to
150 ft3/s. The highest water levels in the observation
wells occurred during nonpumping periods. The
lowest levels, which occurred during periods of max-
imum pumping, indicate that the gallery may be able to
induce flow from the creek to the alluvium for a
considerable distance downstream.

A longitudinal profile of alluvial water levels is
shown in figure 29. During nonpumping periods, the
ground-water gradient is about 1.4 ft in 200 ft, or about
0.007 ft/tt, which is similar to the gradient of Rapid
Creek in the reach.

Cross-sectional water-table profiles near the
gallery are shown in figure 30. During nonpumpirg
periods, line MBS-1 to MBS-4 to MBN-8 had a
gradient of about 0.002 ft/ft, in a northerly directicn
toward Rapid Creek, and line MBS-3 to MBS-4 to
MBN-7 had a similar gradient, indicating a minor f'ow
component from the alluvium toward the creek. The
gradient toward the creek could be caused by a small
bedrock spring near the gallery. Both lines show ¢
general gradient from the creek to the gallery during
pumping periods.

Changes in water level with time in the alluvial
aquifer near the gallery during the first cycling period
of 1988 are shown in figure 31. When gallery pumps
were turned off, most of the recovery in the aquife~
occurred in about 1 week, and complete stabilization
required more than 2 weeks. When pumping was
resumed, dewatering of the aquifer occurred more
quickly than recovery. Many of the observation wells
were completely dewatered (table 14), indicating that
pumping capacity exceeds the capacity of the aquifer to
transmit flow.
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Interactions with Rapid Creek
P The difficulty in quantifying the response of

Rapid Creek probably results primarily from the long
response time in the alluvial aquifer (fig. 31) as well as
the large area around the gallery that may be affe-~ted
by drawdown (fig. 28). Also, effects are more difficult
to quantify than for the Jackson-Cleghorn reach
because production of the Meadowbrook Gallery is
only about one-half that of the Jackson Springs Gallery.

The Leedy Ditch loss rate shows no relation to
the Meadowbrook Gallery pumping rate (fig. 32).
Much of Leedy Ditch is located south of the alluvium
(fig. 13), and the remainder generally is piped or lined;
hence, the finding of no effect is consistent with the
physical setting of the ditch.

The Meadowbrook Gallery was cycled five times
during the study (fig. 11) to determine effects of gallery
pumping on flow in Rapid Creek and Leedy Ditch
(fig. 32). The gain (or loss) across Leedy Ditch (fig.
25) is calculated by subtracting upstream flow (station
06413300) from downstream flow of the ditch (station
06413550). The change in flow of Rapid Creek within
the reach delimited by Leedy Ditch is calculated by
subtracting the flow of Rapid Creek below Park Drive
(station 06413200) from the computed flow of Rapid
Creek just upstream from the mouth of Leedy Ditch
(station 06413570 minus 06413550). The effects of
gallery pumping on the creek are ambiguous for most
of the periods of comparison; thus, no attempt is made
to quantify the effects. Qualitatively, the flow of Rapid
Creek increased by about the same magnitude as the
change in pumping rate for two cycling periods during
WY 1989.

Hydrochemical Interpretations

Hydrochemical signatures produced by
dissolved oxygen and nitrogen, radium isotopes, and
stable isotopes of oxygen and hydrogen were use to
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Ditch.

examine potential sources of water at the Meadow-
brook Gallery. Gas-saturation values for the gallery
and potential sources are shown in figure 33. The gra-
dient from Rapid Creek to the gallery during pumping
periods (figs. 28-30) indicates that flow occurs from the
creek to the gallery. Nitrogen saturation, however, is
larger for the Meadowbrook Gallery than in Rapid
Creek (fig. 33), indicating that water from a bedrock
source also may be present.

Activity levels of radium isotopes for selected
sites are shown in figure 22. The Ra-228/Ra-226
activity ratio was 1.01 £ 0.022 for water from the
Meadowbrook Gallery (table 19), which is a distinct
hydrochemical signature not replicated at any other site
analyzed for this study. The activity ratio for Rapid
Creek above Jackson Boulevard was 0.556 £+ 0.019,
indicating that the gallery water probably is not solely
comprised of induced infiltration. Although production
from the Meadowbrook Gallery may include a compo-
nent of bedrock springflow, a second end member has
not been identified. Thus, a mixing line for the
Meadowbrook Gallery is not shown in figure 22.
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Values for 8'30 and 8D for the Meadowbrook
Gallery and potential sources of water for the gallery
are shown in figure 34. The mixing line for the gallery
was drawn using water from Rapid Creek and Cleghorn
Springs as end members. The isotopic composition of
Rapid Creek varies seasonally as releases from Pactola
Reservoir are changed in response to municipal and
irrigation demand. In the summer when reservoir
releases of isotopically light water are increased, the
proportion of isotopically heavy water contributed to
the creek by Jackson-Cleghorn Springs decreases. In
response, the isotopic composition of Rapid Creek at
the Meadowbrook pumphouse becomes lighter.

The isotopic composition of the gallery water
also shifts from heavier in the winter to lighter in the
summer (fig. 34), confirming that gallery pumping
causes induced infiltration from R