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ABS TRA eT. D e tai led till-pro \ 'e na nce s tud ies of Ill o rai ne co m pl e~es in the 
\\' ildho rse Canyon area, Id aho . L.S.A .. a 110\1' in fe re nces to be m a d e regarding the 
ll o \l ' paths and dynamics o r \\' ildhorse a nd Fa ll Creek Glac iers, th e two prin cipa l 
tributari es constituting a late-Plei stoce ne co mpound g lac ier. In pa rti c u lar. th e 
distribution o f sta ti s ti ca lly d cfin ed pc bble a nd mine ra l assc mblagcs within m o ra in e 
com pl e~es sugges ts th a t \\' ildh o rse Glac ie r contributed a substa ntiall y g reatc r \'olume 
of ice to th e trunk g lac icr tha n did Fall Crcek Glacier. 

An initi a l g ro up o f g la c iolog ica l re co nstru c tion s y ie ld s es timates fo r the 
eq uilibrium-lin e a ltitude (ELA ) o r th e compo und g lacier that a re co nsis te nt \I 'ith 
th ose indepe nd entl y arri\'Cd at using o th e r methods o r ELA d e te rmin at io n. Ice-f1u ~ 
calcul a ti o ns impl y, hO\l'eye r , th a t fo r ea c h reco nstructio n th e re lati\'e contributi o ns of 
ice from \\' ildh orse and Fall Creek G laciers werc a bout equal , whi c h is inco nsiste lll 
\\ 'ith th e inl'e rcnces dra\\'n fro m the till -pro \ 'enance d a ta . An alternati\ 'c reco nstru c ti o n 
inco rpo ra ted poss ible o rog raphi c effccts o n acc umula tio n a nd a bl a tion b y using 
difTerent ELAs fo r th e t\l 'O tributa ry g lac ie rs. Calcu lations for thi s reconstru c tion 
sugges t that th e ice f1u~ or \\ ' ildhorse G lacier was about twice th a t o f Fall Creek 
Glacier. Thi s reco nstructi o n is m o re co nsiste nt with the ti ll-prO\'Cnance dat a, and 
furth erm o re sugges ts th a t suc h data mi g ht be im'a lu a blc in c hoosin g be t\l'ee n 
sccming ly eq ua ll\- \ 'ia bl e g lac io logica l reco ns truCli o ns of p a lcoglacic rs. 

INTRODUCTION 

Th e reco nstru c ti o n of fo rm e r \ 'a ll ey g lac iers has beco m c a 

commo n m c thod fo r es ti m a t i ng paleo-sno \\'-l i ne c1e\ 'a ti o ns 

or equilibrium -l in c a ltitud es (ELAs) , a nd thus ro r 

infe rrin g Qu a te rn a ry paleoc lim ate f'o r mountainous 
reg io ns thro ug ho ut the \I'o rld Po rter . 1975; 1977; 
Pie rce , 1979; ~r e i e rdin g . 1982; L eo na rd , 198+; H a \lkins, 

1985: ~[urra y and Lockc, 1989; Torsnes and ot hers, 

1993). In brief, a n cs tim a tc or th e ELA is o btained b)' 

d cte rminin g th at a ltiLUdc \\ 'hi ch \'ie ld s somc spcc ifi ed ra ti o 

o f'the rcco nstru c ted g laci er 's acc umulati o n area to its tota l 
area. Th is ra ti o is referred to as th e acc u m ul a ti o n -a rca 
ra ti o ..... AR ) . B>' a na logy \I'ith m od e rn g lac ie rs in 

equilibrium \\'ith e~ i s tin g climates. the AAR is assumcd 

to be be t\\'('e n 0.50 and 0.80 d ependin g on th e g lacic r 's 

a rea a ltitude di stributi o n I l\ [e ie r and Pos t. 1962; Pi erce, 

1979; Po rtcr, 198 I ; L eo Jl a I'd , 198+) . In rccen t CO III pa ri so ns 
o f methodologies, i\l c ierding ( 1982 ), H awk ins ( 1985 ) a nd 
T o rsnes a nd o th ers ( 1993 ) ha\'C concludecl that th c AAR 

method , beca use it has a m o rc so und physical basis . res ults 

in th e m os t acc uratc d etcrmin at io n or pa leo- ELAs. Th e 

pa leoclim a tic sig nifi ca nce of \'ariations in ELAs has 
ge n e ra ll y been inte rpret ed in te rms o f te mpe ra ture 
c ha nge by app lying a lapse rate to ca lcul a ted ELA 
d epressio ns, large ly ig no rin g thc effec ts o f' c ha nges in sno \l' 

acc umulati on a nd radiation ba la nccs ISe ltze r, 1994). 

R eco nstructi o ns 0(' th e mass ba la nces a nd dynamics o f 
p a leog laciers arc alternatives to th e " stati c" d e termina­

ti o n or ELAs using th e AAR m e th od. Pa leo-mass ba lancc ' 

can be a pproxim a ted g iven so m c kn o \\'ledgc or m ass-flux 

\ 'a riati o ns 0 \ '(' 1' th e Ic ng th o f th e g lac ie r a nd th c 

assumption or s tea d\'-s tat e m ass continuit y. The paleo­
mass-balance c UI'\'e thus d e te rmiJl ed al so defines th e 
ELA. Such g lac io logica l reco nstru c ti o ns haye th e po tcn­

tial to \'ield morc use l'ul clim a ti c inrormation beca use 

mass-balance g ra di ents ca n be re la ted to spcc ifi c clim a ti c 

regim es (Kuhn. 198 1, 1984). Thi s a pproach is pro ble­

mati c, howeve r , inasmuch as m ass-Oux ca lcul a ti o ns arc 
stro ng lv d epend ent upo n basa l sliding \·e loc iti es. Thus, 
yarious ad hoc ass umpti o ns must be m a d e regardin g the 

m agnitud e o r sliding a t thc base o r th e pa leog lacicr le.g . 

\Iurray a nd Loc ke, 1989). 
A dirfere nt a pproac h to glacio logical reco nstructi o ns is 

to use mass-balance CLIr\'es o r m od e rn g lac ie rs tha t a re 
ana logo us in size and c lim a ti c sC lling to th e pal eoglaciers . 
C sing th e chose n m ass-ba la ncc cU I'\'e ",ith th e a rea 

a ltitude dis tribu tio n or a paleoglacier. th c EL\ can bc 

d eterm ined b y \ 'a r)'ing th e a ltitucl e o f th e equilibrium linc 

until ne t accumu la ti o n a bO\'e equ a ls ne t ab latio n be lo \l·. 
This techniqu e has been used to direc tl y rcco nstru c t th e 
E LA ( Po rte r a ncl o th e rs, 1983 I a nd as a m eans to 

ind e pe nd e ntl y ('\'a lu a tc ELAs d c te rmin ed b>' o th e r 

m e th ocl s (Pi c rce, 1979 ). For th e fo rm er. the assu lllptio n 
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Bmggcr: Till-/Jr01'eII({IICf .ltudie,\ 

or eq ui \'a lcnee or c li ma ti c se tting of the pa lcoglacier a nd 

mod e rn an a log presents a po te nti a l diffi c ult y: th e EtA of 

rh e pa icoglac icr is o r illleres t /Jrl'Cise(J' 1'0 1' its pa icoc lim a ti c 
impli ca ti o ns, bllt it s d e te rmin a ti o n is bascd o n so me 
p res umpti o n o r c li!11 a ti c conditi o ns, Thus it is im pe rat i\'e 
to co nside r additi o na l so urces o r info rma ti o n tha t mi g ht 

he used to \ 'C rif)' th e reli a bility o r th e reco nstru c ti o n , This 

pa per d em o nstra tes hO\\' th e info rma ti o n p rO\' id ec! by 

d eta il ed rill- p rO\'Cn Ll nce studi es can be used to d iscrim­
i na tc be t \\'('e n eq ua ll ), \' ia b le g lac io logica l reco nstruct io ns 
o r pa leoglac ie rs, 

a. Wildhorse Canyon I phase 

Glacial Lake East Fork 

EXPLANATION 
• Wildhorse Canyon I moraines 

N ~ STUDY AREA 

t · 2km 
IDAHO I I 

c. Wildhorse Canyon III phase 

Lost ___ R_iv.:,e:....r_ 

EXPLANATION 

D Wildhorse Canyon III moraines 

~ Wildhorse Canyon 1I moraines 

TILL PROVENANCE AND GLACIER DYNAMICS 

Th e dra in age or \ \ ' ildho rse Ca nyo n , Ida ho , U, S" \ ,, has 
bce n mod ifi ed by a t least two a nd poss ibl y thrce e pi sodes 
o r g lac ia ti o n , Th e yo un gest, a Iat c-Pl e is toccne e\Tn t 
info rm a ll y kn O\ \'I1 as th e '" \\ ' il d ho rse Can yo n <lc" 'a nce", 

is represe nted by a series or te rmin a l m o ra in e eomple:\es 

th at d ocume nt [our dis tin c t phases or g lacier ac ti \' ily , Th e 

g lac ia l hi story 0[" th e \\ ' ilclho rse Ca nyo n a rea has bee n 
d isc ussed in d e ra il e lsew he re (Brugge r a nd o th ers, 1983 ), 
so in th e interes t of" iJre\' it y it is summ a ri zed in Fig ure I , 

b. Wildhorse Canyon 11 phase 

Lost River 

EXPLANATION 

~ Wildhorse Canyon 11 moraines 

• Wild horse Canyon I moraines 

d. Wildhorse Canyon I V phase 

Los_t ___ R_iv_e_r_ 

EXPLANATION 
El Wildhorse Canyon IV moraines 

D Wildhorse Canyon III moraines 

~ Wild horse Canyon 11 moraines 

Fig, I, Schematic if/lIs/ratioll Qf t/ie glacial histol) oI r I'i!dhorsc Cal~l'o ll Ior the IOllr phases of the /a/e-Ple/stocme 
"11 "ildhorse Cal!J'OIl Glaciatioll" , 
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Because the two maj o r ca tchment a reas of \\ ' ildh o rse 
C a n yo n are underl a in b y d istinc tl y d ifTerent bedroc k 
types (D O\'e r , 1981 ), pebb le a nd hea \'y minera l compos i­

tions of th e ti ll s clea rl y ind ica te th e so urce a reas from 

which th ey were d eri\'ed (Brugge r a nd others, 1983 ), Tills 
composed of me ta mo rph ic cl as ts a nd hea \'y-m inera l 
assemb lages enriched in cli no pyroxe nes (mos tl y cli o p­
sid e) are d erived fro m Preca mbri a n gneisses, schi sts a nd 
qua rtz ites rock types exposed on ly in the headwa ters of 

Wildh orse Creek pro per. In contras t. ti lls o ri g in a ting 

from th e Fa ll Creek dra in age a re cha rac te r ized by 
rela tiv ely hig h pe rcen tages of g ra ni tic clasts a nd the 
a bsence of me tamorph ic li th ologies , 

By using the stat istical tech niq ues of fac tor a nd cl uster 
a na lys is (D a \'i s, 1986) , se\'e ra l till-com pos i tion a l g roups 
were ident ifi ed on the basis of th eir uniqu e pebbl e 

litho logies a nd heavy-m inera l asse mblages , Th e sta tis ti c­

a ll y d efin ed g roups were thus inte rpre ted (Brugge r a nd 
o th e rs, 1983) as being eithe r (a ) so urce su ites, composcd 
predomi na n tl y of ind icato r li tho logies a nd min era ls; (b) 
dilute source suites, composed pred omin a ntl y o f" pebbl e 

litho logies a nd minera l asse mb lages no t incli ca ti\'e of a 

pa rti cul a r ca tchm ent area , but having a sma ll pe rcentage 
of a n indi ca tor lithology present ; or (c) mi xed suit es , 
ha \'ing ind icators of bo th catchm ent areas in \'a rving 
a mo unts, A ve rage compositi ons 0 [" these difTerent suites 
arc shown in T a b le I , T a ble I a lso re\ 'ea ls th a t th e 

di luta nts in th e d il ute source suites a re sedimenta ry clasts 

in the pebble frac ti on , a nd calcite in the hea \'y min era l 
fra ction, T hese compon ent s we re incorpora ted into the 
source ti ll s as the g lacie rs e rod ed Pal eozo ic cl as tic a nd 
ca rbona te sequ en ces that occ ur in th e lower reac hes or th e 
tru n k vall ey , 

T erminus geo metri es o f the g lacie rs in \\' i1d horse 

C a nyon were reconstruc ted by Bru gger a nd o th ers (1983 ) 
fo r a ll phases of g lac ia ti on using th e pro \'ena nce data , :\ 
condensed inte rpre ta tion fo r th e \" ildh orse Can yo n I a nd 
II ph ases is p resented in Fig ure 2, T he signifi ca nce of 
these reco nst ruc ti ons is th a t the di stributi on of indica to r 

pebbles a nd m inera ls in mora in e complexes renec ts th e 

re la li\'e magnitud es o f th e ind i\ 'idua l g lac ie rs constituting 
th e compo und glac ie r. Th is is seen in Fig ure 2a \,'he re th e 
sha rp break in ti ll composit ions o f th e \\' ildhorse Can>'o n 
[J mo ra ine complex is interpre ted to d efin e th e pos ition o f' 
th e media l moraine separa ting \\' ildhorse and Fa ll Creek 

a 

Bmgger: Till-/Jro l'eI!({IICI' ,Itl/dies 

N 

t 
EXPLANATION 

CD Sampling location 
with compositional 
group labeled 

Compositional Groups: 

1- dilute Wildhorse suite 
2 - dilute Fall Creek suite 

b EXPLANATION 

N 

t 

CD Sampling location 
with compositional 
group labeled 

Compositional Groups: 

1 1- dilute Wildhorse suite 

) 

2 - dilute Fall Creek suite 
3 - mixed suite 

~ 4 - Wild horse source suite 
....-----

Fig, 2, T ermilllls geome/ries f or the (a) II 'ildhon(' 
C({ I~) I OII Il . alld ( b) lI'ildhorse C(IIO'OIl I /) /wses of 
glaciatioll, ra omtructed 011 the basi.l 0/ till /HOl'l'II({ll te , 

Gl ac iers, Because th e com posi ti o na l break occ urs a long 

th e eas t-l a tera l ex tension o f th e m ora in e co mplex, Fa ll 

C reek Gl ac ier is ass umed to ha \'e bee n res tri c ted to a 
simil a r ly la tera l pos iti o n \\'ithin th e compoun d glac ie r , 
On modern , non-surg ing . compo und g lac iers it ca n be 
o bsen 'ed tha t th e widths o f' indi \'id ua l ice streams as 

d e linea ted by medi a l m o ra incs) a rc ro ug hl y proporti ona l 

T able I, Average compositiolls (%) q/ the sLa tistical[J' defilled till-/JrOl'ellall[f grol/ps 

Suite Pebble lithologies He(l1~ l' lIlil/era/J 

'\ l e/al/1orphics G'ralli/in Sedimm/al)' CP.\"* S/Jhetlc Calci/e Others 

\ \' i Id horse 
So u rce 54 10 36 28 0 71 
Di lut e 12 2 86 18 11 70 

F all C reek 

Source 0 100 0 0 6 0 9c~ 

Di lut e 0 18 82 0 3 29 68 
i\fi xed 2 4 9+ 6 6 8 80 

• Clino pyroxenes (mos tl y d io psid e) , 
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Brugger: Til/-/H01'eIIa IlCe stlldif.\' 

to th e size of the ca tchm ent a reas from \I'hi ch they nOlI', 

This is a logica l consequence of difle rences in th e ice nu x 

contributed by eac h ca tchment area, Therefo re it is 
concluded th at th e \\ ' ildh orse ca tchm ent a rea contrib­
ut ed a much g rea te r I'o lume 0 [" ice to th e compound 
g lac ier th a n did th e f a ll Creek catc hm ent area, 

Th e positi on o f" th e medi a l mo raine during th e 

\\'ildh orse Canyon 1 phase is more diflicult to ascerta in 
beca use of th e non-continuo us nature of th e assoc ia ted 
mo ra in e complex, The positi on shown in Fig ure 2b is 
based on th e fo ll O\l'ing reasoning, First, th e till composi­
tion of th e small moraine segment northeast of tb e 

term i nus indi ca tes ei th e r a \ \ ' ildh orse prol'cnancc or a 

mixed prol 'C na nce, Altho ug h few in number, th e prese nce 
of metamorphic lith ologies in a ll till sampl es requires that 
th e ti ll \I'as , a t leas t in part, d eposited by \\'ildh orse 
G lac ie r. Th e mixed-so urce sa mpl es arc therefore inter­
pre ted as represe nting th e compositio n 0 [' th e medial 

mora in e, Second ly, shore lin es oC G lac ia l Lake East Fork 

(Fig, I a ) a re delin ea ted by conce ntrat ions of ice-ra fted 
bould ers o f \\'ildh orse prol'Cnance (Brugger and others, 
1983 ), Thus a so urce for th ese boulders mu st be prese nt a t 
th e cail 'ing m a rg in of th e compound g lacier. Th e infe rred 
positi on o r th e medial mora ine aga in has th e implication 

th a t th e \\' ildhorsc ca tchment area prOl'id ed a substan­

ti a ll y la rge r I'o lum e oC ice to th e compound glac ier than 
did th e Fall Creek ca tchment area, 

Th a t th e relative contl'ibu tion o f'\\ ' ildhorse G lac ier to 

th e compound g lac ier was sig nifi cantl y greater than th at 
of Fa ll Creek G lac ier is consistent Il'ith th e g lac ia l histO ry 

of th e a rea, or parti cular no te is th e wa ning contribu tion 

of Fall Creek (Fi g , I c) ice during the course of the 
\\' ildhorse Ca nyon ad\'Clnce as d esc ribed by Brugge r a nd 
othe rs ( 1983 ) , Consequentl y, any reconstructions o r th ese 
pa leoglaciers should also be in accord II'ith th e tiLJ­
prol'Cnan ce studi es , 

RECONSTRUCTION OF THE PALEOGLACIERS 

lce surrace contours or th e pa leog laciers were reco n­
structed fo r th e \\ ' ildho rse Canyon I phase of g laciat ion 

roll o \I' ing th e procedure g iven by Pierce ( 1979 ) and 

Porter ( 198 1), Th e a real ex tent or th e compound glac ie r 
a nd its tributari es lI'as d etermined using th e geo metry or 
moraine seg Il1ei1ls, th e upper limits 0 [' errati c boulders 
a nd th e upper limit s 0[' g lac ia l eros ion, The e lel'ations at 
g lacier ma rgi ns II'C re used to es tablish initi a l surfa ce 

contours by ass uming conl 'e rgelll a nd dil'Crgent nOlI' in 

acc umul ation and a blation a reas, respec ti, 'ely, a nd with 

due consid eration of th e constraints of bedrock topog­
rap h y on loca l ice fl 011' , Longitudin a l pro files ob ta in ed 
fi'om th e reco nstruc ted ice surfaces prOl'id ed estimates of 
ice thicknesses and surfa ce slopes, whi ch lI'Cl'e th en used to 

calcu late basa l shea r stresses a long both the compound 

glac ie r a nd its constituent ice strea ms, The shear stress T is 
g lyen by 

T = fpgh sin 0: (1) 

II'here f is a " shape factor" to acco unt ror drag from the 

I'a lley sid es, p is th e density of ice, 9 is th e acceleration due 
to g ral 'ity, h is the ice thi ckness, a nd C1' is the surface slope , 

96 

S urface slopes II'ere aI'Craged o\'er a distance one ord er of 

mag nitude larger th a n th e loca l ice th ickness to accou nt 

for lo ngitudin a l stress g rad ients (Paterson, 198 1, p, 101 ) , 
Iee surfa ce contours were th en adjusted so that the shea r 
stresses computed a t OI'e r 30 locations fell within, o r ,vere 
c lose to, th e cO lllIl1onl y accepted range of 50 150 kPa 
(Paterson, 198 1, p,86) , Th e reconstructed compound 

glacier and profiles o f' \\' i1dhorse and Fa ll Creek Glac iers 

a re sholl'n in Fig ures 3 and 4, 

EXPLANATION 

Contour interval 500 lee!. 

Contours in feel 10 conlorm 
with U.S.G.S. topographic 
maps. Base map compiled 
from the following 7! minute 
quadrangles: 

Copper Basin (SW) 
Grays Peak 
Harry Canyon 
Phi Kappa Mountain 
Standhope Peak 

E3 ScmJH) E3 

o 10,000 
Scale (H) 

3000 

Fig , 3, Recollstructioll o[ t/ie compound glacier (if 
II 'ildhorse C{{/~von jin the 1,1 'ildlwrse CallyolI I jJIl(lse oJ 
glacialioll , LOllgitudillal jJrqfiles A- ,,j ' and B- B' are 
shou,'n ill Figure .j, 

Three simple , specific net balance cun'es for the 
compo Llnd g lac ie r \I'e lT constructed using the m <lSS­

balance cha racteristics of modern g lacie rs found in 

continenta l-type clim a ti c regimes (Grosl 'a l'd a nd K otlya­
kOl ', 1969; l\Ieier a nd others, 197 1; \ \'emIler a nd others, 
1975; Young a nd Stan le)', 1976a, b: Kuhn , 1984), For 
such g lacie rs, maximum accumu lat ions arc typi ca ll y 1-
2 m w,e" while ab lat ion grad ients ra nge from about 0 ,005 

to 0 ,0 I m 11',e , m I , Therefore, a n "al'erage" cUrl'e (Fig, 5; 
Table 2A ) Il'as crea ted using the intermed ia te va lu es of 
I ,5m w, e, for maximum acculllu la ti on and 0 ,0075m 
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a A' 11,600 (3536) 

10,800 (3292) _ 
E 

10,000 (3048) :=-
9200 (2804) ~ 

8400 (2560) ~ 
7600 (2316) ~ 

70,000 60,000 50,000 40,000 30,000 20,000 10,000 
(21 ,336) (18,288) (15,240) (12,192) (9144) (6096) (3048) 

DISTANCE, h (rn) 

b 

6800 (2073) 

6000 (1829) 

w 

z o 

~ 
(2316) ~ 

w 

(1829) 
70,000 60,000 50,000 40,000 30,000 20,000 10,000 ° 

(21,336) (18,288) (15,240) (12,192) (9144) (6096) (3048) 
DISTANCE, h (rn) 

Fig , .J., Longiludinal projile,l (if Ihe lI'ildllOr,le (profile 
A .·1') al/d Fall Creek ( lJ B') glaciers, !cl' Ihickl/fJJ h 
al/d ('({/cu/a/ed basal shear .rlress T mllle,l are .1'/101('11 Iur 
l'{/riOIl,1 loraliol/s, 

11 ,000 
(3353) 

~ 10,000 
.§. (3048) 

= g 9000 
i= (2743 

~ 
) 

w 
..../ 
W 

8000 
(2438 ) 

7000 
(2134) 

11 ,000 
(3353) 

~ 10,000 
.§. (3048) 

g 9000 
i= (2743) 
< > 
W 
..../ 
W 

o 

" 1 

''/1 

'I 
I 

I 
I 

5 

1 

a 

1 I 
1 1 

1 

1 

1 

D Fall Creek Glacier 
above confluence 

10 15 20 25 

AREA, 10
6m2 

7000<+---,"'<::..-,-'''r---i''--.----.----r_,---,--, 
(2134 

-6,0 -4 ,0 -2 ,0 0 +2,0 

SPECIFIC NET BALANCE, m,w,e. 

11 ,000 
(3353) c 

~ 10,000 
.§. (3048) 

= 
Z 9000 0 
i= (2743) 
< > 
W 
..../ 8000 w (2438) 

7000 
(2134) 

-2,0 o +2,0 

SPECIFIC NET BALANCE, m,w,e, 

Fig, 5, (a) Area- altitude distribution Jar t/ie (omjJound 
glacier oI II 'ddhurse Cm~)'oll; ({lid the sjJecijic 111'1 balallce 
CUJ'1'e.1 IIsed ill [he model I (b) alld lIlodel 11 (c) 
recol/sl rutliOlls, 

Bl'Ilgger: T ill-jHol'el/(/l/ce slur/ifJ 

1I' ,e , m I fo r th e a blat io n g radi enl. Tt is a lso comm o nl y 

o bs(' n 'Cd th a t hig her acc umul a ti o ns a nd a b la ti o n g radi­
(' Ilt s tend to occ ur und e r mo r(' mod e ra te contine ntal 
clim a tes , CQll\'('I'se ly. 10 \\'(' 1' acc umul a ti o ns a nd a bl a ti o n 
g radi e nts tend to occur toge th e r o n g lacie rs or co lde r 

contine nt a l c lim a tes , Th ese conditi o ns a rc rep rese nt ed by 

cun'es (Fig, 5 : T a ble 2B a nd C ) ha\ 'ing m a ximum 

acc umul a ti o ns a nd a blatio n ra tes 0 [' 2,0 m \\',e , a nd O,Olm 
\,',e, m I. a nd I ,D m ,,',e , a nd 0 ,005 m ,,',C, m I, res pcC'l ­
il'('I )" The la tter is consid ered to be mo re representa ti\ 'C o f 

p re\'a iling co nditi o ns in th e \\ ' ildh o rse Canyo n a rea 

du ri ng the late Plc isLOcene based on rece n t stud ies th a t 

sugges t co lde r a nd d ri er cl im a tes th a n p resenth' ex is t in 

th e R oc ky I\l o unta ins ( Po ner a nd o th ers. 1983 ; Leo na rd . 
1989; Loc h ,. 1990 ) , Fo r th e id ea li zed c Ul'\'es it was 
ass ulll ed th a t b011t n C' t a bl a ti o n ({lid n C' t acc ulllul a ti o n 
\ 'ari ed lin ea rl y " 'ith ele\ 'a ti o n, Fina ll y, no a ttem p t I,'as 

m ad e to acco unt fo r caking a lo ng th e eas tern m a rg in of 

th e te rminus ( Fig , 3 I , as th e m ass loss he re is th o ug ht ro 
ha \'(' hee n in sig niri ca nl. 

Th e sp ec ifi c n e t I) a la ncc CUI'\TS \I'e lT u sC' d in 
co nju nc ti o n " 'ith the g lac ie r' s a rea- a ltitud e dis tributi o n 

( Fig , .5 to es ti ma te th e ELA assoc ia ted \I'ith each m ass­

ba la nce cunT, Th ese ELA reco nstru c ti o ns a rc he ncefo rth 

re lc rrcd ro co ll ec ti \'(> ly as mod e l [ a nd indi \' idua ll y as 
m od e ls TA C, co rres po nd ing to th e m ass ba la nces g il'(' n 
in T a bl e 2, Th C' e le\ 'a ti o ns o f' th e equilibrium lin C's " T re 
locatcd by impos ing a co nditi o n o f' s teach ' s ta te, th a t is 

" L!JlI,S; ~ 0 (2) 
;= 1 

" 'here bll, is th e mea n spec ifj c n C' t ba lance 0\'(' 1' th e area Si 
1'0 1' th e i lh c lC'l'a ti o n int er\'a l o r th e g lacier , a nd k is th e 

number o r eln'a ti o n int el'\'a ls, Th e ELAs de te rmined fo r 

m od e ls LA- C T a ble 2 arc rema rk a bl y simil a r . a ll be ing 

a bo ut 8960 ft * (2730 m ), Lt m ust be no ted here th a t 

hecause o r th e co nsiclera bl e latitud e inh e rent in ge nera t­
ing mass- bal a nce c UI '\'es fo r th e pa leog lac ie r, th e re ca n be 
no " uniqu e" ELA de tl'l'min ed , Th e fo rtui to us ag ree m e nt 

o f th ese res ult s is a n a rti fac t o f th e spec ifi c combin a ti o ns o f 

acc umula ti o n a nd a bl a ti o n g radi ents Ll sed in th e m odels, 

Oth er m od els using diffe re nt com bin a ti o ns res ul t in 
no tabl y differe nt ELAs (Brugge r , unpubli shed d a ta ) , 
Thus, as a llud ed to ea rli er. it was necessa ry to ind ep e nd­
entl y access th e \' ia bilit y o f' th e reco nstru c tio ns, 

'1''' '0 me th ods \I'e re Llseci to assess the g lac io logica l 

reco nstru c ti o ns, Th e firs t il1\'oh'cd th e ca lcul a ti o n 0[' th e 

A .' \R. w hi c h Il'as th e n compa red \I' ith th ose assoc ia ted 
" 'ith th e ELAs es tim a ted a bO\'e, Fo r \ 'a ll c \ ' g lac iers, a n 
AAR o r 0 ,65 ±O,5 is Ll sua ll y tak e n as be ing indica ti n' o f 
stead y Sla te (Andrews and i\lill e r , 1972; Po rt e r, 198 1; 
:-1cie rding, 1982; Leon a rd. 198+), Outside this ra nge, 

la rge r \ 'a lu es a rc representa ti\,(, o f g laciers iCd I)\' upl a nd 

ice fi e ld s. \Ih e reas sm a ll e r \ 'a lues a re m o re typi cal o f 
pi edm ont-t ype g lac ie rs (Leo na rd . 1984 ) , Fo r th e g lac ie r 
sys tem o ['\ \ ' ilclh orse C a nyo n a n AAR 0 1' 0 ,65 co rres po nds 

to a n ELr\ or9 100 ft (2774 m ), sli g htly g rea ter th a n th a t 

Eng li sh units a rc re ta inecl 1'0 1' e lc\'a ti o ns ll1 o rcl er to 

conro rm " ' i th U ,S, tOpog l' ;} phi ca l m a ps, 
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Brugger : T ill-provenance studies 

Table 2. Results of model I reconstructions (all mass-balance and flux quantities are water-equivalent values) 

Elevation Area Specific net Net Cumulative Ice flux through 
in terval balance balance nel balance lower boundm), 

. 
Wildhorse Fall Creek 

ft 106 m2 m l oG m3 10G m 3 106 m3 a I 

A. Maximum accumu la tion = 1.5 m w.e. 
Abla tion gradient = 0.0075 m w.e. m - I 

ELA = 8960 ft (2730 m) 

I 11000- 10 500 9.92 1. 31 13. 1 13. 1 4.6 8.5 
2 10 500- 10000 24.02 0.95 22.9 35.8 17.8 18. 1 
3 10000- 9500 23.78 0.58 13.8 49.7 26. 1 23 .6 
4 9500- 9000 14.99 0.21 3.2 52.8 28.0 24.8 
5 9000- 8500 15.80 - 0.48 - 7.6 45.2 22.8 22.4 
6 8500- 8000 10.10 - 1.62 - 16.4 28.8 28.8 
7 8000- 7500 6.66 - 2.77 - 18.4 10.4 10.4 
8 7500- 7000 2.73 - 3.91 - 10. 7 - 0. 3t (-0. 3) 

B. M aximum accumul a tion = 2.0 m w.e. 
Ablation grad ient = 0.01 m w. e. m I 

ELA = 8960ft (2730 m) 

1 11000- 10 500 9.92 1.75 17.4 17.4 6.1 11.3 

2 10 500- 10 000 24.02 1.26 30.4 47.8 23 .7 24.0 

3 10000- 9500 23.78 0.77 18.8 66.2 34.8 3 1. 4 
4 9500- 9000 14.99 0.28 4.3 70. 5 37.4 33 .1 
5 9000- 8500 15.80 - 0.64 - 10.2 60 .3 30.3 30.0 
6 8500- 8000 10.10 - 2. 16 - 2 1.9 38.4 38 .4 
7 8000- 7500 6.66 - 3.68 - 24.6 13.9 13.9 

8 7500- 7000 2.73 - 5.21 - 14.2 - 0.4t (-0.4) 

C. :tvlax imum accumula tion = 1.0 m w.e. 
Abla tion grad icl1l = 0.005 m w.e. m I 

ELA = 8960 ft (2730 m) 

I 11000- 10 500 9.92 0.88 8.70 8.70 3.1 5.7 

2 10500- 10000 24.02 0.63 15.2 23.9 11.8 12.1 
3 10000- 9500 23.78 0.38 9.21 33. 1 17 .3 15.8 
4 9500- 9000 14.99 0.1 4 2. 1 35 .2 18.6 16.6 
5 9000- 8500 15.80 - 0. 32 - 5. 1 30.2 15.1 15.0 
6 8500- 8000 10.10 - 1.08 - 10.9 19.2 19.2 
7 8000- 7500 6.66 - 1.84 - 12.3 6.9 6.9 

8 7500- 7000 2.73 - 2.6 1 - 7. 1 - 0.2 t (-0.2 ) 

• Values in bold -face type represent th e ice flu x immediate ly abO\·e th e confluence of\lV ildhorse a nd Fa ll Creek Glaciers. 
t Val ues represent a net im balance of less than 1%. 

0[8960 ft (2730 m) obta ined by the mass-balance method. 
The la tter eleva tion yields an AAR of 0.68, we ll within 
the accep ta ble ra nge. 

A second method to determine the ELA is to calcula te 
the toe-to-headwall a ltitud e ratio (THAR). Ba ·ed on 
empirical studi es of mod ern glaciers, different THAR 
values rangi ng from 0.35 to 0.50 (th e median glacier 
elevat ion) ha \·e been used by different inves tigators 
(Porter, 198 1; M eierding, 1982; Hawkins, 1985; Murray 
and Locke, 1989; T orsnes and others, 1993 ). This wide 
range of values refl ec ts differences in the interpreta tion of 
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th e term " head wall ", th e in a bility to acc urate ly defin e its 
eleva tion , and va ri a tions in glacier morphology (H aw­
ki ns, 1985 ). These diffi culti es notwithsta nding, a THAR 
va lue of 0. 50 has been suggested for glaciers having a 
normal a rea- alti tude distribution (Porter, 1981 ; Leona rd , 
1984). For the reconstructed com pound glacier, a THAR 
value 01' 0.50 renders an ELA of9000 ft (2743 m) which is 
in excellent agreement with those dete rmined by th e 
AAR and mass-ba lance methods. 

The AAR and THAR methods would thus a ppear to 
confirm th e validity of the glac iologica l reconstructions of 
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th e pa lcog laciers o f \\'ildh orse Can yon. H owe\'e r , gi\ "C n 
th e till-prO\'ena nce dat a a nd th e ir impli ca ti ons. a mo re 
ri go ro us tes t o f \'ia bilitv is to co mput e th e magnitude o f 
th e ice Ilu x contributcd by eac h g lac ier lO th e compo und 
glac ie r. Stead y-sta te mass continuity requires th a t th e ice 

flu x Q throug h a ny cross-sect ion j m llSt eq ua l the mas 

bal a nce integrat ed o \"C r th a t pa rt o r th e g lac ier a bO\"C it. 
Q j is thus th e cumul a ti\ 'e mass ba la nce a t j. 

j 

Qj ~ "2: bll,Si . (3) 
i= l 

Equa ti on (3) was used to ca lcul a te th e mass Ilux a t 
succ('ss i\T cross-sec ti ons a long th e leng ths of th e tributa ry 
a nd co mpo und glac ie rs fo r each reconstructio n (T a bl e 2). 
Sin ce th e cross -sec ti on s a t th e 85 00 Ct co nto ur li e 
immedi a tel y above th e confluence, th e mass !luws here 

prO\' id e es tim a tes of th e relati\'e contribution of \\,ild­

horse a nd F a ll C ree k Gl ac iers to th e compo und glacie r. 
T a bl e 2 rn'ea ls th a t fo r mod e ls lA- C the ice !lux entering 
the trunk \" dle\' from Fall Creek is abo ut equ a l to th a t 
fro m th e \\'ildhorse catchm cnt a rea. Th ese results a rc 
inco nsistent with th e conclusions dra \\"ll from th e till­

prO\'enan ce studi es, a nd th erefo re probl em a ti c. 

By using o nc spec ifi c ne t ba la nce cun"C [o r th e entire 
g lacier s\·s tem. model I reco nstruc ti o ns impli citl y suppose 
th a t th e a ltitudin a l de pend encies of fac to rs a fTec tin g m ass 
ba la nce (such as temperature a nd prec ipita ti on ) were the 
same 1'0 1' th e \\' ildho rse a nd Fa ll C reek \·a ll eys . Consid er­

ing the ruggedness o f th e topog ra ph y, loca l va ri a bility of 

th ese facto rs \I'ould be expec ted due to o rogra phic effec ts 
on prec ipitati o n, difTerences in loca l energy ba la nces, a nd 
so lo rth . This \'ariab ility would be indi ca ted if g radi ents 
in la te-Pl eislOce ne SIl O'" lines ex isted in th e stud y area . 

An a na lys is o[ c irq ue-O oor e ln 'a ti o ns \I'as per ro rmed to 

exa min e this possibility. Th e trend in th e eln'a ti ons of th e 

10 \lTs t cirque fl oo rs is th o ught to a pproxim a te th e pa leo­
snow line o r ELA (Po rter , 1964; Andrews a nd ~Iill e r , 

1972: L ocke, 1990 ). In \\'ildho rse Ca nyo n thi s trend 
sugges ts a stee p, eas twa rd ri se o f" th e paleo-snow lin e of 

ro ug hl y 30 111 per km. Such steep gradi ents a rc no t 

unpreced ented in a reas of hi g h reli e f'. Porte r ( 1975, 19 77 ) 

reported g rad iellls in la te- Pleistocene now lines up to 
23 m per km ill th e South ern Alps o f" New Z ea la nd , a nd 
25 III per km in th e Cascad e R a nge of N orth A meri ca . 
Leo ll a rd ( 1984 ) repon ed gradi ents of 20- 24 m per km lo r 
pa rts of th e Sa n J ua n ~Jo unta in s in so uth\l'es te rn 

Colo rad o . Gi\T n th a t th ese a re reg ional g radi ents, it 

\I'o uld no t be surpri sing fo r loca l g radi ents to be steeper 
within a n indi\ 'idu a l dra in age basin. 

Th e sig nili ca nce o f" sno \l' lines a pproxim a ted by 
cirq ue-!l oo r ele\'a ti o ns \I'ith res pect to time a rc equi\'­
oca l, th e cirqu es being e ros io na l fo rms modifi ed by 
success iH g lac ial e\'e nts (Po n er a nd o th e rs, 1983; 

H a ll'kins, 1985 ; Locke, 1990 ). H owe\'e r, a close pa ra ll e­
li sm o f sIl O\I--lin c a nd ELA gradi ents or different ages has 
bee l1 d oc um ellled b y sC\'eral \-I'o rk ers (Andre\l's a nd 
;-'fill er , 1972; Porte r, 1975, 1977; Z"'ick , 1980; L eo na rd , 
1984; Loc ke, 1990), indica tin g th a t th e c lim a ti c [ac to rs 

res ponsible fo r regiona l g radi ents \I'e re rela ti\ 'ely consta nt 

thro ug h tim e. Th ere being no e\·idenee to th e contra ry, 
thi s II'as ass um ed to be th e case fo r th e \\'ildh orse Ca nyo n 
a rea. 

Brllgger: T ill-jJlol 'elwll cc studies 

Th us, a second g lacio log ica l reconstruc ti on of th e 
pa lcog lac iers of \\ ' ildh o rse Ca nyo n incorpora ted a n ELA 
g radi ent equ a l to th a t exhibit ed b y th e lowes t cirqu e-O oor 
c1e\·a ti ons. Th e spec ifi c mass-ba la nce cun'e [o r this recon­

structio n is shown in Fig ure 5 . For reaso ns di sc ussed 

prC\'iou h-. the max imum acc umul a ti on in th e \\' ild ho rse 

ca tchm ent a rea was chosen as 1.0 m w. e., and th e a bl a ti on 
g radi ent belo\l' th e con!luence o f th e two ice strea ms (fo r 
simpli city ta ken as 8500 ft ) was specifi ed lO be 0.005 
m w. e. m I . I t was ass umed th a t acco m pan ying th e ri se in 

ELA was a concomita nt d ec rease in acc umul a ti on, as 

obse rved in m od ern g lac ia ted reg io ns (:-vr eier a nd o th er. 

19 71 ; Pon er. 19 77 ) . Accumulati on va lues fo r th e F a ll 
Cree k sys tem II'e re th e re fo re so mew ha t a rbitr a ril y 
d e termin ed using a n acc umul a ti on g radi ent equi \'a lent 
to th a t in th e \\' ildh o rse ca tchm ent. Th e a bl a ti o n 

g radi ent fo r F a ll Creek Gl ac ie r a bove th e conflu ence 

\I-as simpl y cl efin ed as th a t of th e lin e connec tin g its ELA 

with th e va lue of a bl a tion a t th e confluence eleva ti o n 
(Fig . 6) . 

Th e res ults of th e second reco nstruc ti on a re show n in 
T a ble 3. Th e ELAs associa ted with thi s mod el a re a t 
8845 ft (2696 m ) fo r \\' ildhorse Glacier a nd a t 9295rt 

(2833 m ) fo r F a ll C ree k Glac ie r. Th ese e leva ti o ns 

co rres po nd to a n AAR o r 0. 6 7 fo r th e co mpo und 
g lac ier , esse nti a ll y 11 0 difTerent th a n th a t d ete rmined fo r 
m od els lA- C . Th e no ta bl e diffe rence be t\ovee n th e two 
m od els li es, hOIVe\'e r , in th e ir es tim a ti on or th e rela ti\ 'e 

contributio n of the two ca tchm ent a reas . Abo\"e th eir 

confluence, m od el Il yields a n ice flux of 18.0 x 106 m 3 

11·.e . a 1 rrom \\'ildh orse Glacier a nd 8 .86 x 106 m 3 w. e. a 1 

II 'om F a ll Cree k Gl ac ier. Thus m od el II represents a 
sig nifi can t impro \'ement O\'er th e mod el 1 reco nstru cti ons 
in being no t onl y g lae io logica ll y sound but a lso suppo rted 
by th e till-prO\'ena nce d a ta. 

It is wo rth exa mining one addition a l as pec t or mod el 

n. Stead y-sta te mass continuit y requires th a t 

Q =Su (4) 

where Q is th e ice flu x g i\"C n by Equa ti on (3) a t som e 

cross-sec ti on having a n a rea 5 and mean ice \'e loc ity U. 
The mean ice \'(' Ioci t y is th e sum of th e mea n ice \'e loci ty 
due to inte rn a l deform a ti on Ud a nd th e mean sliding 
\'eloc it y Uh. 'Ud is g i\'en by 

_ * 2AT" h 
Ud = f - -­

n+ l 
(5) 

w here A a nd n a rc th e !low-l aw pa ra mete rs ro r ice, a nd f * 
is a Ilu x-shape faclO r (1\1'e, 1965 ) . Pa ra meter n is ta ken as 
3 so th a t pa ra meter A (o r ODC is 5.3 x 10 15 S 1 k Pa 3 

(Pa terson, 198 1, p. 39 ) . Fro m Equa ti on (5 ) th e mean 

d eforma ti ona l \"C loci ti es fo r \ \ 'ild horse a nd Fa ll Creek 

Glac iers a re on th e o rd er o f 7 a nd 4 m ai, re pec ti ve ly. 
Us ing th e cross-sec ti o na l a reas (4.7 x 103 a nd 2.1 x 10''; 
m 2

) a nd th e ice Ouxes a t th e 8500 ft ele\'at io n contour, 
Eq ua ti on (4 ) renders mean ve loci ti es of 38 m a I fo r 
\\'ildh orse Gl ac ie r a nd 42m a 1 fo r F a ll Creek Gl ac ie r. 

This means th a t basal sliding accounts fo r 80- 90 % o f ice 
mo ti on a t th ese cross-secti ons. 

Th e hi g h ra tes o r basal sliding g iven b y m od el IT a rc 
ra th e r inse nsiti\ "C to po tenti a l e rro rs in th e es tim a tes o f 
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Bragger: Till-/Jrol'elwllff slur/ies 

Table 3. Rl'.lulls of lIIudel II rerumlrllflion (all mass-balallre alld PUI" quail lilies are waler-equillalenl values) 

Elevalioll Area Specific 11 1'1 .\ el Cumulalive Ice flll ,\ Ihrough 

ill lava I ba/allcl' balal/ce 111'1 balanCII 100l'er bOllndal)l * 

II·ildlLOr.le Fall Creek II 'ildhorse Fall Creek 11 'ildhorse FaLl Creek 

ft 100 m 2 m IOt· m3 lOG m:' li :3 I 10 m a 

M ax imum acc umul a ti o n = 1.0 m w.e . in \\' ildhorse catchment a rea 

Ablation g radi ent = 0.005 m " '.e. m I 

ELAs = 8845 ft (2696 m ) " ' ildh orse; 9295 Cl (2833 m ) Fa ll Creek 

I I 000- 10500 3.47 6A5 0.88 0.68 7A2 7A2 3.07 4 .35 
2 10 500- 10000 13 .93 10.09 0.65 OA4 13.5 2 1.0 12.1 8.82 

3 10000- 9500 14 .27 9.5 1 0.42 0.21 8.00 29 .0 18. 1 10. 8 

4 9500- 9000 9 . 14 5.8.'i 0 .1 9 - 0.04 1.50 30.5 19.9 10. 6 

5 9000 8500 10.90 4 .90 - 0 . 17 - 0 .69 - 3.6 1 26 .9 18.0 8.86 
6 8500- 8000 10. 10 - 0.9 1 - 9. 16 17.7 17.7 
7 8000- 7500 6.66 - 1. 67 I I. I 6.59 6.59 

8 7500- 7000 2.73 - 2.43 - 6.64 - 0.04t (-0.04) 

* V a lues in bold -face tl'pe rep resent th e ice nu x immed iate ly abmT th e connuence of Wild ho rse a nd Fa ll C reek Glaciers. 
t Va lu es reprcsent a net imbala nce of less th a n 1% .1 

Ice thi c kn esses, which a ffects bo th veloc iti es due to ice 

d efo rm a tion and cross-sect io na l a reas (Brugge r, 1985 ) . 
S liding rates a re m ore dependent o n the tota l velocity 
It , a nd thus by Equation (4 ) the ice nu x Q. Beca use of 
th e non-uniqu eness inh eren t in th e reconstruct ion , it is 
possible to redu ce slidin g rates b y reducing th e 

acc umu la tion \'a lues used fo r the particular specifi c 

ne t ba la nce c urve . H owever th ere is no pa leoclim a ti c 
data to suppo rt suc h a redu c ti o n. Funhel'molT th e 
sliding veloc it ies , w hi le h ig h , a re no t unreasona ble 
(P a te rso n , 198 1, p . 7 1) . Th e re fore th e model II 
reco nstru ctio n rep resents a good " first-o rd er" a pprox­

im ation o f th e g lac ie rs a nd g lac ia l sys tem s as th ey arc 

tho ug ht to hal'e existed in Wi ldhorse Canyo n during 
the late Pl eistoce nc . 

CONCLUSIONS 

T ill -prm'e na nee studi es 111 \\' ildh orse Canyon pro" id e 
add iti o na l cons tra ints on th e glac io logica l reconstru c ti o ns 
of the la te-Pleistocenc paJcoglaciers. \Vh en C\'alualed by 
es tab lished methods, rcconstruct ions using one specj[jc 
net bala nce CurlT for th e entire g lac ier sys tcm ap pea r 

quile reasona ble in terms orthe resulting ELAs. H OlVe\·e r. 

these reconstructions suggest th a t th e ice nuxes contrib­
uted to the compo und g la cier from its two m a in 
tributa ri es wcre compa ra ble in magnitude , con trad icting 
the inferences draw n fi'om the lill-p rovenance d a ta. A 
different approach to recon stru c ti o n accou nted fo r 

poss ible " a ri a ti ons in the spec ifi c net balance 0(" th e 

compound g lacier sugges ted by th e trend 0(" cirquc-noor 
elel·a ti ons. This approach yields a glaciologica ll y sound 
reconstructi on of th e glacial systcms in \Vi Id horse Ca nyon 
rha t is consistent wi th the provenance da la . \ r o reol·er. 
thi s more acc ura te reconstruction wo uld not have been 

deve loped in th e a bsence of the provena nce data. 
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