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GRO UN DWA TER FLOW IN FRAC TU RED AQU IFERS IN THE SEVIER 
THRUST BELT, WA SA TCH MO UN TA INS, UTAH, USA

(with 10 Figs.)

PRZE PLYW WÓD W SZCZE LI NO WYCH PO ZIO MACH WO DO NO śNYCH 
W STRE FIE NA SU NIĘ CIA SEVIER, GÓRY WA SA TCH, UTAH, USA

(z 10 fig.)

Abs trakt. Szcze li no we poziomy wo do no śne są co raz czę ściej eks plo ato wa ne w in ten syw nie roz wi jających się za -
chod nich re gio nach USA, w tym Emi gra tion Ca ny on w oko li cach Salt Lake City w sta nie Utah. Pod wzglę dem fi zjo gra -
ficz nym ob szar ba dań zlo ka li zo wa ny jest w gór ach Wa sa tch (za chod nia czę ść Gór Ska li stych), pod wzglę dem
struk tu ral nym – w ob rę bie pasa płasz czo wi no we go Ida ho–Utah–Wy o ming. Ob szar ba dań cha rak te ry zu je się serią usk -
oków i fałdów płasz czo wi no wych zbu do wa nych z miąższych se rii skał osa do wych, któ re zo stały prze su nię te na wsch ód
lub południo wy wschód pod czas kre do wych i wcze sno trze cio rzę do wych ruch ów góro twó rczy ch. Utwo ry płasz czo wi no -
we uległy do dat ko wym de for ma cjom tek to nicz nym w po sta ci lo kal nych spę kań, dru go rzęd nych fałdów i usk ok ów. Ty po -
we se rie osa do we to wa pie nie, do lo mi ty, pia skow ce, mułowce i iłowce de po no wa ne od kar bo nu do kre dy. Lo kal nie
przy kry te są zle pie ńca mi póź nok red owymi. Skały te cha rak te ry zują się stro mym upa dem. W iłowcach i mułowcach wy -
stę pują lo kal ne, ró wno ległe do kie run ku war stwo wa nia spę ka nia, w skałach gru boławi co wych (wa pie nie, do lo mi ty, pia -
skow ce) wy stę pują szcze li ny o zmien nej orien ta cji.

Pia skow ce i skały wę gla no we sta no wią war stwę wo do no śną, cha rak te ry zują się wy so ki mi war to ścia mi współczyn ni -
ka fil tra cji, na to miast iłowce i mułowce to utwo ry słabo prze pusz czal ne i sta no wią za zwy czaj war stwy napinające
zwierciadło wody. Pom po wa nia ba daw cze wykazały, że utwo ry słabo prze pusz czal ne mogą prze wo dzić wodę, acz kol -
wiek pro ces ten jest nie porównywalnie wol ny w sto sun ku do przepływu w war stwach wo do no śnych. Sys tem przepływu
wód pod ziem nych jest rów nież sil nie uza le żnio ny od mor fo lo gii te re nu.

Na ba da nym ob sza rze wy stę pują dwa poziomy wo do no śne o cha rak te rze szcze li no wym: dol no ju raj ska for ma cja
 Nug get oraz środ ko wo ju raj ska for ma cja Twin Creek, roz dzie lo ne serią słabo prze pusz czal nych iłowców. For ma cja
 Nugget składa się głów nie z gru boławi co wych pia sk owców cha rak te ry zujących się wy ra źną po ro wa to ścią szcze li nową i
po rową, for ma cja Twin Creek – z cien koławi co wych wa pie ni i wa pie ni mar gli stych cha rak te ry zujących się po ro wa to ścią
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szcze li nową. Oba poziomy wo do no śne wy ka zują ce chy syn ge ne tycz nej po ro wa to ści mię dz ziar no wej i po st ge ne tycz nej
po ro wa to ści szcze li no wej, co ujaw nia się w od mien nych wy ni kach pr ób nych pom po wań, wa ha niach zwier ciadła wód
pod ziem nych i wy daj no ści źr ódeł. For ma cja Twin Creek cha rak te ry zu je się wy ra źnie wię k szy mi wa ha nia mi se zo no wy mi
zwier ciadła wód pod ziem nych, sil niej szy mi wpływa mi gra nic nie prze pusz czal nych, ani zo tro po wo ścią i mniejszą po jem -
no ścią war stwy wo do no śnej. War to ści prze wod nic twa wod ne go za wie rają się w prze dzia le 10–100 m2/dobę i są za zwy -
czaj niż sze w for ma cji Twin Creek; za leżą od li to lo gii i cha rak te ry sty ki szcze lin.

Słowa klu czo we: wody szcze li no we, po dw ój na po ro wa tość, stre fa na su nięć, Góry Wa sa tch.

Abs tract. Frac tu red be dro ck aqu ifers are be co ming in cre asin gly uti li zed in ra pi dly deve lo ping par ts of the we stern
USA, inc lu ding the Emi gra tion Ca ny on near Salt Lake City, Utah. The emi gra tion Ca ny on area is lo ca ted phy sio gra phi cal -
ly in the Wa sa tch Mo un ta ins (we stern provin ce of the Roc ky Mo un ta ins), and struc tu ral ly wi thin the Ida ho–Utah–Wy o -
ming thrust belt. The stu dy area is cha rac te ri zed by a se ries of thrust faults and as so cia ted folds that trans por ted a thick
sec tion of se di men ta ry rocks eastward to so uthe astward du ring the Cre ta ce ous to Ear ly Ter tia ry Sevier Oro ge ny. Lo cal ly
deve lo ped cle ava ge, mi nor folds, and mi nor fault and frac tu re ne tworks pro du ce ad di tio nal in ter nal de for ma tion. Stra ti gra -
phi cal ly, se di men ta ry rocks in the stu dy area inc lu de ste eply dip ping Penn sy lva nian to Ear ly Cre ta ce ous li me sto ne, do lo -
sto ne, sand sto ne, mud sto ne and sha le, lo cal ly capped with gen tly dip ping Late Cre ta ce ous con glo me ra te. Sha le and
mud sto ne in te rvals are cha rac te ri zed by smal ler-sca le, bed-pa ral lel par tings, whi le thic ker-bed ded li me sto ne, do lo sto ne
and sand sto ne units ty pi cal ly have lar ger-sca le frac tu res of va ria ble orien ta tion.  Sand sto nes and car bo na te in te rvals have
ge ne ral ly hi gher hy drau lic con duc tivi ty, whe re as sha le and mud sto nes are pri ma ry con fi ning lay ers. The wa ter flow sys -
tem is also stron gly affec ted by lo cal to po gra phy. Two ma jor frac tu red aqu ifers are the Lo wer Ju ras sic Nu gget aqu ifer and
the Mid dle Ju ras sic Twin Creek aqu ifer. The Nu gget aqu ifer con sists of thick-bed ded sand sto ne with pro mi nent pri ma ry
po ro si ty and se con da ry frac tu re po ro si ty. The Twin Creek aqu ifer con sists mo stly of thin-bed ded li me sto ne and sha ley li -
me sto ne, with mo stly se con da ry frac tu re po ro si ty. The aqu ifers are se pa ra ted by a sha le in te rval. Ba sed on re sults of
long-term pum ping tests, long-term mo ni to ring of wa ter ta ble eleva tion and va ria bi li ty of spring di schar ges, the aqu ifers
re act in de pen den tly and diffe ren tly to  flu id stres ses, in di ca ting va ria ble effects of pri ma ry gra in po ro si ty and se con da ry
frac tu re po ro si ty. The Twin Creek aqu ifer is cha rac te ri zed by si gni fi can tly gre ater se aso nal va ria tions of hy drau lic head,
stron ger effects of im per me able bo un da ries and ani so tro py, and lo wer sto ra ge. Ty pi cal va lu es of trans mis sivi ty are 10–100 
m2/day, for the Twin Creek and Nu gget aqu ifers, but vary with chan ges in li tho logy and frac tu re cha rac te ri sti cs.

Key words: frac tu re aquifers, do uble po ro si ty, thrust belt, Wa sa tch Mo un ta ins.

IN TRO DUC TION

This stu dy con cen tra tes on ana ly sis of frac tu red be dro ck aqu ifers wi thin the Wa sa tch Ran ge of
nor thern Utah, USA. Li tho lo gi cal ly, the re gion expo ses a thick sequ en ce of Cam brian to Ter tia ry
se di men ta ry rocks that di splay a tre men dous ran ge of ma trix and frac tu re cha rac te ri sti cs (Ashland
et al., 1996). Struc tu ral ly, the re gion had a com plex hi sto ry, inc lu ding thrust faul ting du ring the
Cre ta ce ous Sevier oro ge ny and nor mal faul ting du ring Ter tia ry to Re cent Ba sin-and-Ran ge exten -
sion, re sul ting in com plex fault and fold pat terns (Fig. 1). Ma jor faults expo sed in the re gion inc lu -
de the Cra wford thrust, Mo unt Ray mond thrust, East Ca ny on fault zone, and yo un ger Wa sa tch
nor mal fault. Lar ge-sca le folds, which deve lo ped mo stly du ring thru sting, inc lu de the Emi gra tion
Ca ny on sync li ne, Spring Creek an tic li ne, and Par leys Ca ny on sync li ne. Cle ava ge, mi nor folds,
and mi nor fault and frac tu re ne tworks pro du ced ad di tio nal in ter nal de for ma tion (Mi tra and Yon -
kee, 1985; Ke ighley et al., 1997). Slip along the Wa sa tch nor mal fault upli fted and til ted the Wa sa -
tch Ran ge, which di splays ru gged to po gra phy.

The com plex li tho logy, struc tu ral geo me try, and to po gra phy of the re gion li ke ly re sult in com -
plex flu id flow pat terns. Ho wever, cha rac te ri sti cs of be dro ck are cur ren tly po or ly un der sto od in
most are as, spe ci fi cal ly inc lu ding the Upper Emi gra tion Ca ny on area, ma king es t i ma tes of safe
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yield pro ble ma ti cal. As com mu ni ties in the area expe rien ce gro wth, the ava ila bi li ty and su sta ina -
bi li ty of wa ter re so ur ces has be co me a ma jor con cern, with in cre ased de mands for wa ter, com bi n -
ed with lack of adequ ate ly deve lo ped so ur ces, le ading to wa ter ra tio ning and shor ta ges. As a first
step to better un der stan ding of the hy dro ge ology of this area, we con duc ted geo lo gic map ping, li -
tho lo gic de scrip tion, and struc tu ral ana ly sis of rock units to de ter mi ne ge ne ral cha rac te ri sti cs of
aqu ifers. Two aqu ifers, cor re spon ding to the Upper Twin Creek Li me sto ne and the Nu gget Sand -
sto ne, con ta in wa ter wells and were exa mi n ed in de ta il to de ter mi ne hy dro lo gic pro per ties, inc lu -
ding ana ly sis of pump tests and long-term mo ni to ring of wa ter levels. The se two aqu ifers have
di stinc tly diffe rent li tho lo gies, re spond diffe ren tly to pum ping, and il lu stra te dif ficul ties in un der -
stan ding flow pat terns in frac tu red be dro ck sys tems.

Frac tu red be dro ck aqu ifers, inc lu ding tho se in the stu dy area, di splay tre men dous ran ges of li -
tho lo gic, struc tu ral, and hy dro lo gic pro per ties. Va rious mo dels have been pro po sed to ana ly ze and 
mo del flu id flow pat terns in the se com plex sys tems, inc lu ding di scre te frac tu re mo dels (e.g. Ca cas
et al., 1990; Jo nes et al., 1999), do uble-po ro si ty mo dels (Mo ench, 1984), and equ iva lent po rous
me dia mo dels (e.g. Oda, Hat suy ama, 1987). Fault zo nes, which may act as com plex flu id bar rier
and con du its, must also be con si de red in deve lo ping mo dels of re gio nal flow (e.g. Evans et al.,
1997). To better un der stand ap pli ca bi li ty of va rious mo dels to frac tu red aqu ifers, we have ana ly -
zed draw down data for long-term pump tests, which show the im por tan ce of spa tial va ria tions in
aqu ifer pro per ties.

HY DRO STRA TI GRA PHY

Li tho lo gic and frac tu re cha rac te ri sti cs of be dro ck units stron gly in flu en ce the na tu re of gro und
wa ter flow in the Emi gra tion Ca ny on area. Geo lo gic units in the stu dy area com pri se a thick bed -
rock sequ en ce of Penn sy lva nian to Ear ly Cre ta ce ous se di men ta ry stra ta, which are lo cal ly capped
with an gu lar un con for mi ty by gen tly dip ping Late Cre ta ce ous con glo me ra te, and lo cal ly cove red
by thin, Qu ater na ry un con so li da ted de po sits (Fig. 2). Ashland and others (1996), stu dy ing a si mi -
lar sequ en ce of rock in the ne ar by Park City area, sho wed that frac tu red sand sto ne and car bo na te
in te rvals have hi gher per me abi li ties and form hy dro stra ti gra phic units (HSUs), whe re as sha le and
mud sto ne in te rvals have much lo wer per me abi li ties and act as con fi ning in te rvals. Li tho lo gic cha -
rac te ri sti cs of geo lo gic units are now com bi n ed with ava ila ble hy dro lo gic data to deve lop a provi -
sio nal hy dro stra ti gra phic mo del.

The We ber HSU, fol lo wing the no menc la tu re of Ashland and others (1996), com pri ses the
We ber Sand sto ne and the lo wer mem ber of the Park City For ma tion (Fig. 2). The We ber Sand sto -
ne con sists mo stly of fine- to me dium-gra in ed, well-sor ted, va ria bly frac tu red sand sto ne, with va -
ria ble pri ma ry and se con da ry per me abi li ty. The lo wer mem ber of the Park City For ma tion con sists 
of sand sto ne, do lo sto ne, and li me sto ne cut by frac tu res with lo cal so lu tion wi de ning and brec cia -
tion, re sul ting in en han ced per me abi li ty. The We ber HSU is the so ur ce of two springs (S1 and S2
in Fi gu re 3), which have di schar ges of abo ut 2 to 6 L/s and di splay mo de ra te se aso nal va ria tions
with peak flow du ring late spring to ear ly sum mer; ave ra ge an nu al di schar ge also in cre ases du ring
years with gre ater snowpacks. Al though no wells have been com ple ted in this HSU in the stu dy
area, Hol mes and others (1996) re por ted trans mis sivi ty va lu es on the or der of 10 to 100 m2/day for
wells and mine wor kings in the ne ar by Park City area (trans mis sivi ty cal cu la ted using the
 Cooper- Jacob met hod). The va ria tion in va lu es pro ba bly re flects va ria tions in frac tu re in ten si ty
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and con nec tivi ty that de pend on struc tu ral set ting (Ke ighley et al., 1997). This HSU is bo un ded by
a con fi ning in te rval of pho spha tic sha le in the mid dle mem ber of the Park City For ma tion.

The Upper Park City HSU com pri ses the upper mem ber of the Park City For ma tion (Fig. 2).
This mem ber con ta ins me dium- to thick-bed ded do lo sto ne, li me sto ne, and sand sto ne with lon ger
frac tu res that may en han ce per me abi li ty. This HSU is the so ur ce of one small spring (S3 in Figu re
3). This HSU is bo un ded by a con fi ning in te rval that cor re sponds to the Trias sic Din wo ody and
Wo od si de For ma tions, which con ta in abun dant sha le, silt sto ne, and mi nor sand sto ne with li mi ted
lar ge-sca le frac tu ring.

The Thay nes HSU is li tho lo gi cal ly com plex and he te ro ge neo usly frac tu red (Fig. 2), with com -
plex flu id flow. The for ma tion is divi ded into a ba sal li me sto ne mem ber, lo wer silt sto ne mem ber,
mid dle li me sto ne mem ber, and upper silt sto ne mem ber. Ove rall, thick-bed ded li me sto ne in te rvals
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Fig. 1. A: Re gio nal geo lo gic map il lu stra ting set ting of Emi gra tion Ca ny on area; ma jor faults and folds la be led
(mo di fied from Bry ant, 1990).  B: Re gio nal cross-sec tion il lu stra ting struc tu ral sty le; lo ca tion of stu dy area

along nor thwest limb of Emi gra tion Ca ny on sync li ne in di ca ted
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Fig. 2. Ge ne ral li tho lo gic co lumn of Upper Emi gra tion Ca ny on area sho wing rock ty pes 
and re la tions be twe en stra ti gra phic and hy dro stra ti gra phic units



have lon ger frac tu res and  hi gher per me abi li ties, thin-bed ded silt sto ne has shor ter frac tu res and
pro ba bly lo wer per me abi li ties, and thin sha le beds form lo cal con fi ning lay ers. The Thay nes HSU
is the so ur ce of seve ral springs (S4 to S6 in Fi gu re 3), which di splay si gni fi cant se aso nal and
long-term va ria tions in di schar ge (Yon kee, Bar nett, 2000). Al though no wells have been com ple -
ted in the Thay nes For ma tion in the stu dy area, Hol mes and others (1996) re por ted hi ghly va ria ble
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Fig. 3. Geo lo gic map of Upper Emi gra tion Ca ny on area sho wing out crop pat terns of stra ti gra phic units

See Fi gu re 2 for expla na tion of be dro ck units; Qm — Qu ater na ry mass wa sting de po sits, Qa — al lu vial de po sits



trans mis sivi ties in the ne ar by Park City area, par t ly re la ted to va ria ble frac tu re in ten si ty. This HSU 
is bo un ded by a con fi ning in te rval that cor re sponds to the An ka reh For ma tion, which con ta ins mo -
stly sha le, silt sto ne, and fine-gra in ed sand sto ne with li mi ted lar ge-sca le frac tu ring.

The Nu gget HSU, one of the units exa mi n ed in de ta il in this stu dy,   con sists mo stly of sand sto -
ne with va ria ble pri ma ry and se con da ry po ro si ty re la ted to va ria ble gra in ce men ta tion and frac tu re
in ten si ty (Fig. 2). The for ma tion con ta ins two li tho lo gic fa cies: (1) an eolian fa cies with cross-bed -
ded, me dium-gra in ed, well-sor ted, we akly ce men ted sand sto ne having pri ma ry po ro si ties from 10 
to 15%, and (2) a flu vial fa cies with thin-bed ded, fine-gra in ed, mo de ra te-sor ted, stron gly ce men -
ted sand sto ne and silt sto ne having pri ma ry po ro si ties less than 10%, with some co ar se-gra in ed
sand sto ne chan nels (Pi card, 1975; Lin dqu ist, 1988). The for ma tion is cut by wi de ly to mo de ra te ly
spa ced, lar ge-sca le frac tu res, with lo cal zo nes of hi gher frac tu re in ten si ty. Some frac tu res are
open, whe re as other frac tu res are se aled by si li ca ce ment and may act as lo cal bar riers to flu id flow. 
A se ries of springs (S7 to S10 in Fi gu re 3) are lo ca ted whe re this HSU is expo sed along to po gra -
phic lows near the con tact with a con fi ning in te rval at the base of the Twin Creek Li me sto ne, and
st re ams that cross this HSU are ove rall ga ining. Di schar ges of lar ger springs are abo ut 4 to 7 l/s,
with sub du ed se aso nal va ria tions. Trans mis sivi ty va lu es of 20 to 40 m2/day were cru de ly es t i ma -
ted in the Nu gget HSU in the stu dy area from li mi ted short-term pump test data re por ted on dril ling
logs for home-wa ter-sup ply wells, which often ove rest i ma te well per for man ce. Hol mes and
others (1996) re por ted trans mis sivi ties of abo ut 10 to 30 m2/day for wells com ple ted in the Nu gget
Sand sto ne in the ne ar by Park City area, bro adly con si stent with a more de ta iled ana ly sis di scus sed
in the sec tion on aqu ifer pro per ties.

The Twin Creek Li me sto ne is li tho lo gi cal ly com plex (Imlay, 1967), and inc lu des: a ba sal con -
fi ning in te rval cor re spon ding to the Gy p sum Spring Mem ber; a Lo wer Twin Creek HSU com pri -
sing the Sli de rock, Rich, and lo wer Bo un da ry Rid ge Mem bers; a con fi ning in te rval in the upper
Bo un da ry Rid ge Mem ber; and the Upper Twin Creek HSU com pri sing the Wat ton Ca ny on, Le eds
Creek, and Gi raffe Creek Mem bers (Fig. 2). Flu id flow, ho wever, is li ke ly to be com plex wi thin
both HSUs, which may con ta in in te rvals with lo wer and hi gher per me abi li ties. The Gy p sum
Spring Mem ber con sists of mud sto ne and sha le, with an hy dri te pre se rved in the sub sur fa ce (Pe ter -
son, 1957). The Sli de rock Mem ber con ta ins thick-bed ded, va ria bly frac tu red li me sto ne, over la in
by thin- to me dium-bed ded, sli ghtly clay ey li me sto ne, with tecto nic sty lo li tes and par tings pa ral lel 
and su bper pen di cu lar to bed ding. The Rich Mem ber con sists mo stly of mo de ra te ly clay ey to sil ty
li me sto ne with we akly to stron gly deve lo ped tecto nic cle ava ge, de fi n ed by spa ced se ams of
clay-rich ma te rial su bper pen di cu lar to bed ding. The Bo un da ry Rid ge Mem ber has a lo wer in te rval 
of thick-bed ded, va ria bly frac tu red li me sto ne, over la in by red mud sto ne and sha le that marks the
bo un da ry be twe en the lo wer and upper HSU ’s. The Wat ton Ca ny on Mem ber con ta ins me dium- to
thick-bed ded, sli ghtly clay ey to sil ty li me sto ne, with tecto nic sty lo li tes and par tings su bper pen di -
cu lar and pa ral lel to bed ding. The Le eds Creek Mem ber con sists mo stly of thin-bed ded, mo de ra te -
ly clay ey to sil ty li me sto ne, with some in ter bed ded clay sto ne, silt sto ne, and fine-gra in ed
sand sto ne that in cre ase in abun dan ce upward in the mem ber. Many li me sto ne beds di splay we akly
to mo de ra te ly deve lo ped tecto nic cle ava ge su bper pen di cu lar to bed ding, and par tings along both
cle ava ge and bed ding pro du ce pen cil frac tu ring. The Gi raffe Creek Mem ber con ta ins thin- to
thick-bed ded, san dy li me sto ne and sand sto ne cut by mo de ra te-spa ced frac tu res. Wi thin both
HSU ’s, thick-bed ded li me sto ne with lon ger frac tu res may have re la tive ly hi gher per me abi li ty,
whe re as clay sto ne in te rvals may form lo cal con fi ning lay ers. No springs are fo und in the Upper
and Lo wer Twin Creek HSU ’s in the stu dy area, and st re ams are ove rall lo sing du ring late sum mer
and fall whe re they cross the HSU ’s. Ho wever, a ma jor spring di schar ges from the Wat ton Ca ny on 
Mem ber in the Park City area, and di splays mar ked se aso nal and year ly va ria tions in flow, with
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peak di schar ges du ring late spring to ear ly sum mer, and gre ater ave ra ge di schar ge du ring years
with gre ater snowpack.

The over ly ing Pre uss and Ke lvin For ma tions re pre sent an ove rall con fi ning in te rval. The Pre -
uss For ma tions con sists of thin- to me dium-bed ded silt sto ne, sha le, and fine- to me dium-gra in ed
sand sto ne, with some salt-be aring in te rvals in the sub sur fa ce (Yon kee et al., 1997). The Ke lvin
For ma tion con sists mo stly of mud sto ne and sand sto ne, with len ses of con glo me ra te. A num ber of
sin gle-fa mi ly wa ter sup ply wells have been dril led into the se for ma tions in the Emi gra tion Ca ny on 
area, but pro duc tions are low and sa li ne wa ters have been en co un te red in seve ral wells.

STRUC TU RAL GEO LOGY

The area was affec ted by two pha ses of Cre ta ce ous thrust-re la ted de for ma tion, and by Ter tia ry
to Re cent exten sio nal de for ma tion (Yon kee et al., 1997). Ear ly-pha se, nor th-tren ding folds and
 asso ciated ear ly cle ava ge are best deve lo ped so uth of the stu dy area (Fig. 1). Se cond-pha se, nor th -
e ast-tren ding folds, inc lu ding the Spring Creek an tic li ne and Emi gra tion Ca ny on sync li ne, for med 
du ring slip along the Cra wford thrust and the East Ca ny on fault zone. A lo cal ly deve lo ped, se c -
ond-pha se cle ava ge is ge ne ral ly nor the ast-stri king, su bpa ral lel to se cond-pha se fold axes, and re -
ma ins su bper pen di cu lar to bed ding along fold limbs. Com plex frac tu re ne tworks pro ba bly
deve lo ped du ring thru sting, but most frac tu res were se aled by pre ci pi ta tion of cal ci te, for ming
 veins. Ter tia ry to Re cent exten sion for med the lar ge-sca le Wa sa tch nor mal fault, along with
small-sca le nor mal faults and ste ep exten sio nal frac tu res in the Wa sa tch Ran ge. De cre ase in li tho -
sta tic pres su re du ring uplift and ero sion, plus a chan ge to ho ri zon tal exten sion also re sul ted in frac -
tu ring along pre-exi sting cle ava ge and bed ding pla nes.

The stu dy area lies wi thin the nor thwest limb of the Emi gra tion Ca ny on sync li ne, which di s -
plays ove rall nor the ast stri king, ste eply so uthe ast dip ping bed ding. The hin ge of the sync li ne
trends roughly along the to po gra phic bot tom of upper Emi gra tion Ca ny on just so uthe ast of the stu -
dy area. In de ta il, bed ding di splays mi nor va ria tions in stri ke and dip across the stu dy area, which
can be divi ded into three struc tu ral are as. Wi thin the we stern area, bed ding ge ne ral ly dips from 40o

to 70o so uthe ast; wi thin the cen tral area, bed ding dips from 60o to 90o so uthe ast; and in the ea stern
area, bed ding is ne ar ly ver ti cal (Fig. 4). Mi nor cm- to m-sca le folds are also deve lo ped in well-bed -
ded in te rvals, such as par ts of the Twin Creek Li me sto ne. Mi nor fold axes plun ge mo de ra te ly to
gen tly nor the ast, ove rall su bpa ral lel to the best-fit fold axis for the stu dy area, which plun ges 15o

to ward 60o. The se fol ded stra ta are lo cal ly capped with an gu lar un con for mi ty by gen tly dip ping
Late Cre ta ce ous con glo me ra te.

Faults may also par t ly con trol flu id flow, ac ting as com plex con du it-bar rier sys tems that fur -
ther sub divi de HSUs into struc tu ral su bu nits, with diffe rent flow and re char ge sys tems, as has
been shown for the Park City area (Ashland et al., 1996). Geo lo gic map ping, ho wever, in di ca tes
that lar ge-sca le sur fa ce faul ting is li mi ted in the Emi gra tion Ca ny on stu dy area, al though ma jor
faults exist at depth. Thus frac tu re ne twork cha rac te ri sti cs, inc lu ding par tings along ear lier cle ava -
ge, along with the lar ge-sca le struc tu re of the Emi gra tion Ca ny on sync li ne, are li ke ly to be the
most im por tant struc tu ral fe atu res in flu en cing flu id flow.
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Fig. 4. Cross-sec tions for Upper Emi gra tion Ca ny on area.  Lo ca tions of springs (S), ga ining/lo osing sec tions 
of st re ams (G/L), and cu li na ry wa ter wells in di ca ted. See Fi gu re 3 for lo ca tions of li nes of sec tions



DRA INA GE BA SINS

The stu dy area di splays ru gged to po gra phy, which in flu en ces the na tu re of gro und wa ter flow
and re char ge. Eleva tions ran ge from abo ut 2,700 m along the rid ge at the nor the a stern edge of the
area to 1,750 m along st re ams at the so uthwe stern edge of the area. The area lies wi thin the upper,
nor the a stern part of the first-or der Emi gra tion Ca ny on dra ina ge ba sin, which slo pes gen tly so uth -
west, su bpa ral lel to the hin ge of the Emi gra tion Ca ny on sync li ne, and is dra in ed by Emi gra tion
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Fig. 5. Dra ina ge ba sins for Upper Emi gra tion Ca ny on area



Creek (Fig. 1). The area is also sub divi ded into a se ries of se cond-or der dra ina ge ba sins that slo pe
mo de ra te ly to gen tly so uthe ast, to ward Emi gra tion Creek (Fig. 5). The se cond-or der ba sins are
abo ut per pen di cu lar to the ave ra ge stri ke of bed ding, and mi nor st re ams that dra in each ba sin tran -
sver se across stra ti gra phi cal ly ol der to yo un ger units go ing so uthe astward (Fig. 4). Dra ina ge divi -
des along in te rve ning rid ges have eleva tions ge ne ral ly 100 to 300 m above cor re spon ding par ts of
st re ams, such that out crops of in divi du al stra ti gra phic units si gni fi can tly in cre ase and de cre ase in
eleva tion across dra ina ge ba sins (Fig. 5). Ho wever, rid ges are lo cal ly less than 100 m above st re -
ams in the so uthe a stern part of the area whe re less re si stant rocks of the upper Twin Creek to Ke -
lvin For ma tions are expo sed.

To po gra phic divi des may roughly cor re spond to gro und-wa ter divi des, which sub divi de
HSUs into su bu nits, with diffe rent flow and re char ge sys tems in diffe rent ba sins. In ter lay er ing of
re la tive ly per me able and im per me able in te rvals, and pre sen ce of bed-pa ral lel frac tu res, pro ba bly
pro du ce ani so tro pic per me abi li ty that favors nor the ast-so uthwest flu id flow pa ral lel to bed ding.
Dra ina ge divi des are abo ut per pen di cu lar to bed ding, and nor the ast-so uthwest slo pes to ward
 stream bot toms also favor nor the ast-so uthwest flu id flow. If to po gra phic and gro und wa ter divi -
des approxi ma te ly co in ci de, then are as for direct re char ge of in divi du al su bu nits cor re spond
approxi ma te ly with sur fa ce expo su res of a HSU wi thin a dra ina ge ba sin. Su bu nits may also have
in direct re char ge by le aka ge of sur fa ce wa ter from lo sing par ts of st re ams, which is par ti cu lar ly
im por tant for the Lo wer and Upper Twin Creek HSUs, le aka ge of shal low gro und wa ter from
over ly ing un con so li da ted de po sits, mi nor flow be twe en HSU ’s, and mi nor flow across dra ina ge
divi des. Im por tan tly, be cau se of po ten tial re char ge from lo sing par ts of st re ams, the en ti re dra ina -
ge ba sin above a par ti cu lar su bu nit may need to be con si de red for pro tec tion of gro und wa ter so ur -
ces. Additionally, gro und wa ter and to po gra phic divi des may not co in ci de in are as of struc tu ral
com pli ca tions, and gro und wa ter divi des may be dy na mic, chan ging with se aso nal va ria tions in
depths to wa ter ta bles and with draw down from pum ping of wa ter wells. 

AQU IFER PRO PER TIES

MET HODS

Two aqu ifers, the Upper Twin Creek HSU and the Nu gget HSU, were exa mi n ed in de ta il in
this stu dy. Frac tu red be dro ck aqu ifers may di splay a va rie ty of re spon ses to aqu ifer stress, de pen -
ding on pro per ties of ma trix and frac tu res. When rock ma trix has very low per me abi li ty, most flow 
occurs along frac tu res. If frac tu res are re la tive ly clo se ly spa ced and in ter con nec ted, the aqu ifer
can be tre ated as an equ iva lent po rous me dium with per me abi li ty and sto ra ge re la ted to sta ti sti cal
cha rac te ri sti cs of the frac tu re ne twork (Long, Wi ther spo on, 1985; Oda, 1985). Flow along frac tu -
res is ge ne ral ly mo de led as su ming la mi nar (Dar cian) flow, yiel ding the cu bic law:

Q Cw dh dL= 3 ( / ),

whe re Q is flu id flux through the frac tu re, C is a con stant re la ted to frac tu re geo me try and flu id
pro per ties, w is effec tive aper tu re, and dh/dL is the hy drau lic gra dient pa ral lel to the frac tu re (Wi -
ther spo on et al., 1980; Oda, 1985). Ho wever, na tu ral frac tu re sur fa ces di splay rough ness at a va -
rie ty of sca les, with a ran ge of cor re la tion (mat ting) be twe en ad ja cent frac tu re sur fa ces, such that
ope ning wid th va ries along a frac tu re and flu id flow may not be la mi nar in de ta il (Brown, 1987).
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Thus effec tive aper tu re may be a com plex func tion of sur fa ce rough ness, mat ting, and cha rac te ri -
sti cs of frac tu re in ter sec tions, and si gni fi can tly less than the ave ra ge ope ning. For a sin gle-po ro si -
ty me dia, as su ming spa tial ly ho mo ge neo us, iso tro pic pro per ties, flu id flow is con tro l led by the
diffe ren tial equ ation:

K h Ss h t∇ =2 * ( / )δ δ ,

whe re K is hy drau lic con duc tivi ty, h is hy drau lic head, and Ss is the spe ci fic sto ra ge (The is, 1935).
If frac tu res are re la tive ly wi de ly spa ced with hi ghly con cen tra ted flow along only a few frac tu res,
then the sys tem is best tre ated as a di scre te frac tu re ne twork (Long, Wi ther spo on, 1985; Jo nes et
al., 1999).

In some aqu ifers, frac tu re flow is ac com pa nied by si gni fi cant flow from ma trix blocks, and the
sys tem can be tre ated using a do uble-po ro si ty mo del (Ba ren blatt et al., 1963). In this mo del, the
rock mass con sists of two in te rac ting, over lap ping con ti nua: lo wer per me abi li ty ma trix blocks
with re la tive ly hi gher pri ma ry po ro si ty; and a hi gher per me abi li ty sys tem of frac tu res with lo wer
se con da ry po ro si ty. Hen ce, sto ra ge of the aqu ifer is con tro l led mo stly by de po si tio nal and li thi fi -
ca tion pro ces ses that affec ted the ma trix, whi le per me abi li ty is con tro l led mo stly by tecto nic, ther -
mal, and un lo ading stres ses that pro du ced frac tu res. Two di stinct appro aches are used for
do uble-po ro si ty mo dels: pseu do-ste ady sta te con di tions (War ren, Root, 1963); and ful ly tran sient
con di tions (Ka ze mi, 1969). The first appro ach provi des gre ater ma the ma ti cal sim pli ci ty, but fa ils
to ac co unt for some phy si cal aspects of flow, whe re as the se cond appro ach is the ore ti cal ly more
ac cep ta ble, but involves ad di tio nal pa ra me ters (Mo ench, 1984). In te re stin gly, both appro aches
yield si mi lar re sults in in ter pre ta tion of many pum ping tests. In the do uble po ro si ty mo del, two re -
pre sen ta tive ele men tal vo lu mes (REV’s) are con si de red: a frac tu re REV con ta ining a lar ge num -
ber of cracks and having pro per ties that de pend on sta ti sti cal pro per ties of the crack ne twork; and a 
block REV with pro per ties that de pend on gra in-sca le po ro si ty cha rac te ri sti cs.  A do uble-po ro si ty
sys tem is cha rac te ri zed by two pa ra me ters, σ and λ, given by:

σ = Ss’/Ss,

λ α= ( ’/ ) *K K rw
2,

whe re α is geo me tric fac tor, Ss’ and Ss are spe ci fic sto ra ges of the ma trix and frac tu re REVs, K’
and K are the hy drau lic con duc tivi ties of the ma trix and frac tu re REV’s, and rw is well dia me ter
(Mo ench, 1984). The con tro l ling diffe ren tial equ ation for do uble-po ro si ty mo del is:

K h Ss h t qx∇ = +2 * ( / )δ δ

whe re qx is a so ur ce term re la ted to flow from ma trix to frac tu res. The La pla ce trans form, line so ur -
ce so lu tion for di men sion less draw down in the frac tu res is:

h p K r r qD o D D D= +( / ) [ ( ) ].2 0 5  

whe re hD is di men sion less draw down, Ko is the mo di fied Bes sel func tion of se cond kind and or der
zero, rD is di men sion less di stan ce (rD = r/rw), p is the the La pla ce trans form va ria ble, and qD is the
di men sion less flow from block to frac tu re (Mo ench, 1984). For the pseu do-ste ady flow mo del:

q pD = +/ ( / / )1 1σ λ ,

(Bar ren blatt et al., 1963). For the tran sient flow mo del for slab-sha ped blocks:

Gro un dwa ter flow in frac tu red aqu ifers in the Sevier thrust belt, Wa sa tch Mts., Utah, USA 97



qD = γ2 m tan h (m),

with  m = (σp)0.5 γ  and   γ = (rw/b)(K’/K)0.5,

whe re b is slab wid th (Strelt sova, 1983). For the pseu do-ste ady sta te mo del, flow is ini tial ly de -
rived mo stly from sto ra ge along frac tu res, fol lo wed by flu id de rived from sto ra ge in the blocks,
such that at very ear ly and late ti mes re sults will be si mi lar to tho se given by the The is so lu tion re -
spec tive ly for frac tu re and ma trix pro per ties. For the tran sient flow mo del, flow in both blocks and
frac tu res de ter mi nes the hy drau lic head in the blocks, with an ear ly, gra du al tran si tion from the
The is cu rve for frac tu res. Block sur fa ces are as su med to be cove red by a thin skin that has a lo wer
hy drau lic con duc tivi ty. Pre sen ce of a very low-con duc tivi ty skin re sults in most of chan ges in hy -
drau lic head occur ring across the skin, which re du ces the tran sient flow mo del to the pseu do-ste -
ady flow mo del.

PRO PER TIES FOR UPPER TWIN CREEK HY DRO STRA TI GRA PHIC UNIT 

Two pu blic-wa ter-sup ply wells have been com ple ted wi thin par ts of the Upper Twin Creek
HSU in the stu dy area (Fig. 3). Fre e ze Creek Well 1 is open from depths of 36 to 116 m through the
Gi raffe Creek and upper most Le eds Creek Mem bers of the Twin Creek Li me sto ne, whe re as
 Freeze Creek Well 2 is per fo ra ted from depths of 97 to 241 m through the mid dle part of the Le eds
Creek Mem ber, and is lo ca ted abo ut 400 m west of Well 1. Wells 1 and 2 were re por ted to have se -
a so nal ly flo wed un der ar te sian pres su re du ring ear ly spring of 1994 un til 1997, in di ca ting that lo -
cal con fi ning lay ers may be pre sent. The wells exhi bit lar ge se aso nal fluc tu ations in wa ter levels,
with espe cial ly si gni fi cant draw down from pro lon ged pum ping du ring the sum mer of 2000. 

A long-term (5-day), con stant-rate pum ping test was con duc ted on Well 2 du ring March, 1998, 
to better un der stand the hy dro lo gic pro per ties of the aqu ifer, inc lu ding po ten tial spa tial he te ro ge -
ne ity. Wa ter levels in Wells 1 and 2 were ri sing at ave ra ge ra tes of abo ut 0.5 and 0.25 m/day re -
spec tive ly prior to the test, and Well 2 had a “sta tic” wa ter levels abo ut 15 m be low gro und sur fa ce
just prior to on set of the test. Du ring the test Well 2 was pum ped at a rate of 4.2 m3/min, except for
the first 9 mi nu tes when the di schar ge rate was be ing ad ju sted, and chan ges in wa ter levels were re -
cor ded in both wells. To tal draw down in Well 2 was abo ut 120 m du ring the test. No draw down
was ob se rved in Well 1, which is con si stent with the es t i ma ted ra dius of in flu en ce for the cone of
de pression in du ced by the aqu ifer test be ing less than the di stan ce be twe en the two wells.

In ter pre ta tion of the pum ping test using the The is met hod pro du ced sa ti s fac to ry re sults with an 
ave ra ge trans mis sivi ty of 17 m2/day, in di ca ting that the sin gle-po ro si ty mo del is appro pria te for
the Upper Twin Creek Li me sto ne (Fig. 6A). Ana ly sis using the Co oper–Ja cob met hod su ggests
that trans mis sivi ty de cre ases from abo ut 30 m2/day in the ini tial part of the pump test with a stron -
ger con tri bu tion of the upper part of the aqu ifer, to 6 m2/day in the la ter part of the pump test with a
stron ger con tri bu tion of flow from the lo wer part of the aqu ifer (Fig. 6B). This in cre ase in slo pe
may re flect some com bi na tion of: flu id flow from frac tu res with smal ler aper tu res at de eper levels
and re du ced flu id pres su res as draw down in cre ases; va ry ing con tri bu tions of flu id flow from
diffe rent frac tu re per co la tion ne tworks; the cone of de pression re a ching less per me able hy dro lo -
gic  boundaries, such as clay sto ne lay ers or less frac tu red ma te rial; and de cre asing effec tive
thickness of the aqu ifer with in cre asing draw down. Re cove ry data su ggest that trans mis sivi ty in -
cre ases from abo ut 5 m2/day in the lo wer part of the aqu ifer to 25 m2/day in the upper of the aqu ifer
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Fig. 6. A: Aqu ifer pum ping test in ter pre ta tion; data for Well 2 com ple ted in Le eds Creek Mem ber of Twin Creek
Li me sto ne; The is in ter pre ta tion for sin gle po ro si ty mo del: T = 7.4 m2/d, K = 3.5 x 10–2 m/d, Ss = 4.5 x 10–4 m–1. 
B: Co oper–Ja cob in ter pre ta tion with diffe rent pa ra me ters for shal low and de eper levels: Ts hal low = 30 m2/day, Tde ep =
6 m2/d. C: re cove ry in ter pre ta tion Ts hal low = 25 m2/d; K = 0.2 m/d, Tde ep = 5 m2/d, Kde ep = 0.03 m/d



(Fig. 6C), com pa ra ble to re sults from draw down data. In te re stin gly, the tran si tion from hi gher to
lo wer trans mis sivi ty occurs when the wa ter level re a ches a depth of abo ut 60 m du ring re cove ry,
and a depth of abo ut 80 m du ring draw down. The small in con si sten cy be twe en draw down and re -
cove ry data may be re la ted to well in ef fi cien cy.  Draw down data were also ana ly zed using the do -
uble po ro si ty mo del of Mo ench (1984), but ne ither the pseu do-ste ady-sta te-flow nor tran sient
appro aches yiel ded a better fit than for the The is mo del.

Geo lo gic ob se rva tions also provi de con stra ints on ac cep ta ble mo dels. The Le eds Creek Mem -
ber con sists mo stly of very fine-gra in ed li me sto ne that has very li mi ted gra in-sca le po ro si ty. Pen -
cil frac tu ring, re la ted to thin par tings (mo stly < 1 mm wide) along bed ding and cle ava ge, has
spa cings on the or der of 1 cm in sur fa ce expo su res. Some par tings may be re la ted to near-sur fa ce
stress re laxa tion and we ather ing, and so ave ra ge frac tu re spa cing at depth may be wi der. The per -
me abi li ty for a frac tu re ne twork that be haves like an equ iva lent po rous me dia is given by:

k = F (1/12) w3 (p),

whe re F va ries from 0 for com ple te ly iso la ted frac tu res to 1 for in fi ni te, con nec ted frac tu res, w is
the ave ra ge effec tive aper tu re, and p is a me asu re of frac tu re den si ty re la ted to spa cing and length
di stri bu tions (Oda, 1985). At low con fi ning pres su res, per me abi li ty is expec ted to be on the or der
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of 10–11 to 10–13 m2, ba sed on  a frac tu re den si ty of 101 to102 /m (cor re spon ding to an ave ra ge spa -
cing of 1 to 10 cm for open frac tu res in the sub sur fa ce), an effec tive aper tu re of 10–4 m (re flec ting
frac tu res with less than 1mm ope nings, which have sur fa ce rough ness that re du ces effec tive wid -
th), and 0.1 to 1 for F (re flec ting va ria bly iso la ted frac tu res). The cal cu la ted hy drau lic con duc tivi -
ty of 0.2 m/day from the pump test cor re sponds to a per me abi li ty on the or der of 10–13 m2,
con si stent with the lo wer ran ge cal cu la ted from frac tu re cha rac te ri sti cs, su gge sting that some frac -
tu res are clo sed and iso la ted.  To es t i ma te per me abi li ty at depth, we use the em pi ri cal re la tion of
Evans and others (1997):

k = k0 exp (–γP),

whe re k0 is per me abi li ty at P = 0.1 MPa, P is effec tive pres su re in MPa (P = Prock – Pflu id), and γ va -
ries from abo ut 0.1 to 0.2 for most frac tu red rocks. At a depth of 100 m, P = 2.5 MPa if flu id pres- 
sure = 0, and per me abi li ty is re du ced by abo ut 25 to 40%. Thus, if frac tu re den si ty is si mi lar with
depth, then per me abi li ty and hy drau lic con duc tivi ty are expec ted to de cre ase sli ghtly du ring pum -
ping. Ho wever, the hy drau lic con duc tivi ty es t i ma ted from draw down and re cove ry data for de eper 
levels is abo ut 80% less than es t i ma ted for shal low levels, in di ca ting other fac tors are involved.

Gra in-sca le po ro si ty is very low, and frac tu re po ro si ty is also li ke ly small, pro ba bly abo ut 1 to
3% (cor re spon ding to a spa cing of 1 to 10 cm for frac tu res with 0.3 to 1 mm ope nings), re sul ting in
li mi ted sto ra ge for this aqu ifer. Ela stic spe ci fic sto ra ge Ss, is given by:

Ss = ρg (α + nβ),
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whe re ρ is den si ty of wa ter, α is the com pressi bi li ty of the aqu ifer ske le ton (on the or der of 10–11

m2/N for rock), n is po ro si ty, and β is the com pressi bi li ty of wa ter (= 5*10–10 m2/N), yiel ding ela stic 
spe ci fic sto ra ge Ss of 10–7. Approxi ma te va lu es of spe ci fic sto ra ge es t i ma ted from the aqu ifer tests
in di ca te se mi con fi n ed con di tions.

Long-term mo ni to ring of ave ra ge di schar ge and wa ter levels in Wells 1 and 2 from Au gust
through De cem ber 2000 provi de ad di tio nal in si ghts into aqu ifer cha rac te ri sti cs, inc lu ding es t i ma -
tes of safe yield for this part of the Upper Twin Creek For ma tion in this area (Fig. 7). When Well 2
was pum ped at an ave ra ge di schar ge rate of 600 m3/day du ring peak sum mer de mand, wa ter levels
at mi ni mum draw down (re flec ting par tial re cove ry be twe en da ily pum ping pe rio ds) were dec li -
ning at a rate of 3 m/day, and the ma xi mum draw down levels were also dec li ning. This pat tern re -
cor ded si gni fi cant gro un dwa ter mi ning, and wa ter re stric tions were im po sed. When Well 2 was
pum ped at in ter me dia te ave ra ge ra tes of abo ut 200 to 500 m3/day, fol lo wing re stric tions, the wa ter
levels at mi ni mum and ma xi mum draw down appro ached qu asi-ste ady-sta te con di tions. When the
ave ra ge pum ping rate was fur ther re du ced to abo ut 100 m3/day, wa ter levels at mi ni mum draw -
down star ted to re cover at a rate of abo ut 0.3 m/day, in di ca ting that re char ge to the aqu ifer, pro ba -
bly from le aka ge along lo osing par ts of ne ar by st re ams, exce eded di schar ge. Much gre ater va lu es
of the ma xi mum da ily draw dow ns in both Wells 1 and 2 (Figs. 7 and 8) for de eper por tions of the
aqu ifer con firm re sults of the aqu ifer pum ping test, su gge sting si gni fi can tly smal ler trans mis sivi ty 
at gre ater depths.

PRO PER TIES FOR NU GGET HY DRO STRA TI GRA PHIC UNIT

Re sults of the five-day long aqu ifer test for a well com ple ted in part of the Nu gget Sand sto ne in
the ne ar by Sum mit Park area (Fig. 1) were used to in ter pret hy dro lo gic pro per ties of this for ma -
tion. The well was dril led near the crest of the Sum mit Park an tic li ne, which has a mo de ra te ly nor -
the ast plun ging fold axis and is co red by the Sum mit Park fault (Ke ighley et al., 1997). The Nu gget 
Sand sto ne lo cal ly di splays clo ser spa ced frac tu res and some mi nor faults near the fold core, whe re
expo sed so uthwest of the well. The well is open to the Nu gget Sand sto ne from a depth of 210 m to
abo ut 400 m; the upper part of the well is se aled whe re it goes through the over ly ing Twin Creek
Li me sto ne. In ter pre ta tion of the aqu ifer test reve aled that the Nu gget Sand sto ne re acts very diffe -
ren tly to aqu ifer stress in com pa ri son to the Upper Twin Creek Li me sto ne. The The is met hod did
not pro du ce a sa ti s fac to ry fit to draw down data, po ssi bly in di ca ting do uble-po ro si ty flow in the
aqu ifer (Fig. 9). In ter pre ta tion of ear ly draw down using the do uble-po ro si ty, pseu do-ste ady flow
mo del pro du ced the fol lo wing best fit re sults: Tfrac tu re = 3.8 m2/d, Tma trix = 1.4 m2/d and Ss = 1.4 x
10–5 m–1, using the fol lo wing rock and frac tu re sys tem pa ra me ters: ave ra ge aper tu re — 0.001 m,
block thickness 0.02 m, Ss’/Ss = 200, Kblock/Kfrac tu re = 0.4. A do uble-po ro si ty tran sient-flow mo del
for slab-sha ped blocks pro du ced the fol lo wing re sults: Tfrac tu re = 2.6 m2/d, Tma trix = 1.0 m2/d and Ss
= 5.7 x 10–5 m–1, using the same frac tu re pa ra me ters except Ss’/Ss = 50. Du ring the la ter part of the
aqu ifer test, the draw down in cre ased more slowly, in di ca ting ad di tio nal flow of wa ter to the well
from more per me able part of the aqu ifer. Es t i ma ted trans mis sivi ty using the Co oper–Ja cob met -
hod in cre ased from 3 m2/day to abo ut 20 m2/day for late time data. Cal cu la ted va lu es of trans mis -
sivi ty for ear ly data may re flect gre ater ce men ta tion near the fold core, po ssi bly as so cia ted with
in te rvals of flu vial fa cies or se aling near frac tu res, va lu es of trans mis sivi ty for late time data, re -
pre sen ta tive of the aqu ifer at di stan ces more than 100 m from the pum ping well, are si mi lar to the
va lu es re por ted from other wells in the area (Hol mes et al., 1996), and may re flect pre sen ce of
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Fig. 9. A: Aqu ifer pum ping test in ter pre ta tion; data for Sum mit Park well com ple ted in Nu gget Sand sto ne; The is
in ter pre ta tion for sin gle po ro si ty mo del did not pro du ce a sa ti s fac to ry fit. B: Do uble-po ro si ty pseu do-ste ady flow
mo del: Tfrac tu re = 3.8 m2/d, Kfrac tu re = 1.7 x 10–2 m/d, Ss = 1.4 x 10–5 m–1 (aper tu re = 0.001 m, block thickness = 0.02 m,
Ss’/Ss = 200, Kblock/Kfrac tu re = 0.4). C: Do uble-po ro si ty tran sient-flow slab-sha ped blocks mo del, Tfrac tu re = 2.6 m2/d,
Kfrac tu re = 1.2 x 10–2 m/d, Ss = 5.7 x 10–5 m–1 (Ss’/Ss = 50, Kblock/Kfrac tu re = 0.4, aper tu re = 0.001 m, block thickness = 0.02
m). Par ts of cu rves re la ted to flu id flow mo stly from frac tu res, lo cal ma trix, and re char ge bo un da ries in more per -
me able eolian fa cies are labeled



more per me able eolian in te rvals. The se re sults lead to the con cep tu al mo del of the Nu gget aquifer
pre sen ted in Fi gu re 10. The do uble-po ro si ty mo del in di ca tes si gni fi cant con tri bu tions of both
frac tu re, se con da ry po ro si ty and pri ma ry ma trix po ro si ty to flow in the aqu ifer, and ad di tio nal ly
 in creased flow cau sed by a part of the aqu ifer with hi gher trans mis sivi ty.

Ad di tio nal data are ava ila ble from oil fields whe re the Nu gget is an im por tant re se rvo ir. Ave ra -
ge in trin sic per me abi li ties of most core sam ples from the eolian fa cies are on the or der of 10–15 to
10–14 m2, whe re as ave ra ge in trin sic per me abi li ties of most core sam ples from the flu vial fa cies are
on the or der of 10–16 m2 (Lin dqu ist, 1988). The se per me abi li ties cor re spond to ave ra ge hy drau lic
con duc tivi ties for wa ter on the or der of 10–2 to 10–3 m/day for the eolian fa cies, which are bro adly
con si stent with hi gher con duc tivi ties es t i ma ted from pump test data, and 10–4 m/day for the flu vial
fa cies. Hi gher va lu es for eolian fa cies in di ca te that ma trix sto ra ge is im por tant over lon ger time in -
te rvals, but frac tu res provi de im por tant short-term pa thways.

104 Ma rek Ma ty ja sik, W. Adol ph Yon kee, Don A. Bar nett

Fig. 10. Dia gram il lu stra ting con cep tu al mo del for ma trix and lar ge-sca le flu id flow. A: the Upper Twin Creek aqu i -
fer; par tings along bed ding and cle ava ge pro du ce wi de spre ad frac tu ring, with ove rall wi der aper tu res at shal lo wer
levels. B: the Nu gget aqu ifer; more si gni fi cant po ro si ty va ries la te ral ly with fa cies



CONC LU SIONS

Con cep tu al mo dels of frac tu red aqu ifers in the Upper Emi gra tion Ca ny on area deve lo ped in
this stu dy im prove un der stan ding of the gro und wa ter flow sys tem in a part of the Sevier thrust belt
in the Wa sa tch Mo un ta ins, Utah. Geo lo gic map ping, long-term mo ni to ring of wa ter levels, and
long-term (5-day) aqu ifer pum ping tests were used to deve lop two mo dels of frac tu re flow re pre -
sen ting the Upper Twin Creek aqu ifer and the Nu gget aqu ifer re spec tive ly. A sin gle-po ro si ty mo -
del with a den se ne twork of frac tu res, rock ma trix with very low per me abi li ty, and de cre asing
trans mis sivi ty with depth, re pre sents the Upper Twin Creek Li me sto ne. Trans mis sivi ty of the lo -
wer part of the aqu ifer (6 m2/day) is much lo wer than in the upper part of the aqu ifer (30 m2/day),
par t ly re la ted to gre ater clo su re and iso la tion of frac tu res at depth. The safe yield de ter mi n ed for
the aqu ifer in the Emi gra tion Ca ny on ba sed on the long-term mo ni to ring is 300 m3/day. The Nu g -
get Sand sto ne is better de scri bed by a do uble-po ro si ty mo del with la te ral chan ges of trans mis sivi -
ty in the aqu ifer. Pseu do-ste ady sta te flow mo del and tran sient-ste ady flow mo dels reve aled
si mi lar aqu ifer pa ra me ters and geo me tric frac tu re cha rac te ri sti cs, with trans mis sivi ty of  abo ut 3
m2/day, in cre asing to va lu es 20 m2/day at la te ral di stan ce of gre ater than 100 me ters from the pum -
ping well.
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