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Structural evolution of Variegated Glacier, 
Alaska, U .S.A., since 1948 
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ABSTRACT. An cxn :ll ent p hotog ra phic d a La base, compri sin g 12 se ts of ve rLi ca l 
aeri a l ph otographs ta ken be L\\'een 1948 and 1983, has enab led the stru ctural 
glaciology o f surge-Lype V a riega ted Glac ier, Al as ka, G .S.A ., to be analyzed fo r a 
p eriod th a t spans two surge cyc les and includ es the effec ts of three surges. The g lacie r­
wide pattern s of cre\'asse d eve lop ment a t the end of eac h of th ese surges , which 
occurred in 1947- 48. 1964--65 a nd 1982- 83 , werc rema rk a bl y sim il a r. d espite 
differences in surge intensiti es a nd ex tents. At th e end of each surge a three-fold 
lo ngitudin a l zon a ti on of cre\'asse o rienta ti on cha rac teri sed that part of thc glacie r th at 
had been aITected by surge act iv it y. This zo na ti o n compri ses: (i) LranS\' crse crevasses in 
a na rrow up per zone, (ii ) superimposed longitudina l a nd tranS\ 'e rse cre\'asses in a n 
extensiw middl e zone, and (iii ) longitud in a l c l'C \'asses in a na rro \\' 10\\'e r zone. The 
ma in difference betwcen patte rns produ ced by successive surges was small \'ari a ti o ns in 
th e extent of th e three zones . During qui escence, th e m OS L intense crevasse 
d evelopment occ urs in the uppe r g lac ier in th e la tter pa n o f quiescence, a nd is a 
fun ction or in creasingly stee p d own-glacier veloc it y gradient s deve loping in the build­
up to th e impe nding surge . Some cre\'ass ing a lso denlops in th e ce nLral part o f th e 
g lac ier in mid-qui escence th a L is not re la ted lO th e surge nature o f th e glacier, but to 
Il orma l fl ow processes O\'er bed roc k. There is no sLru ctural e\'id e nce to indi ca te th a t 
a ny of the Lributari es of \ ' a ri ega Led Glac ier surge. This obse r\'atio n suggests th a t the 
bulb-like loops in the medial m o ra ines a t Va ri ega ted G lac ier fi:l rm during qui escence 
as a result o f th e steady fl ow of th e tribut a ries in lO the stag nan t trunk glacier, ra th er 
th a n as a res ult of tributary surges. 

INTRODUCTION 

\ 'a ri cgatcd Glaci er, Alas ka, U .S.A. (Fig. I ) , has become 
the bes t-k nown surge-type g lac ie r in the English-speaking 
\\'o rld sincc its m os t recent surge . in 1982- 83, a nd th e 
la tter ha lf'oft h e preceding phase ofquicscencc , [i'om 1973 
onwa rd s, we re s tudi ed intensive ly by person nel mainl y 
ri 'om th c Un i\'ersiti es of W ashingto n a nd Alaska Fair­
ba nks, the U.S. Geologica l SU lyey and th e Californ ia 
Institut e of Technology. During thi s peri od , field obse r­
\'a ti ons \\-e rc made of the stru c tural assc mblages a nd th e 

tec toni c processes Lh a t occurred in \ 'arious parts of V a ri e­
ga ted G lacier and a L \'ari ous Stagcs of its surge cycle . 
Th ese stru ctural studi cs in clud e a detai led syntec lOn ic 
ana lysis of surge-ph ase tec toni c processes (Sha rp a nd 
o thers, 1988). a com prehensi\'e stru c Lural ana lys is in Lh e 
yea rs [a ll owing th e 1982 83 surge (L awson, 1989; Lawson 
a nd o thers, 1994) , a ma p of stru ctures found in th e 
te rmina l lobe during mid-quiescence (persona l commun­
ica ti o n from A. Pos t, 1986 ) and a d e Lail ed a nalysis of a 
part ic ular surge-rel a ted structure (PfeITer, 1992 ). 

This paper enl a rges upon th e scope of th e pre\' ious 
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Fig. 1. NlajJ oJ J'ariegated GLacier. showing location 0/ the gLacier, distances along the celltre line ji-om the head oJ the 
glann, and Limils of the effects 0/ the /982- 83 slllge (dashed Lines) . 
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Fig. 2. Struclural maj)s of Variegaled Glacier based 011 aerial /)hOlographs. The colllillllOUsflow-parallellines (e .g. in 1961 
and 1974) are Jolialiolls . The dOlled line 011 each mal) illdieales the posiliolZ oJ Ihe snow-line al the time oJ pholograp/l)'. 
Stars indicate Ihose /)a1'ts of Ihe glacier tltal were so inlense!.)' and chaolieal0' crevassed Ihat individual crevasse orienlaliolls 
could not be identified. For a/)/Jlmimale scaLe see Figure 1. 

https://doi.org/10.3189/S0022143000004123 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004123


1981 

= 

stru ctural a nal yses of V a ri ega ted Glacie r , using th ese fi e ld 
observa tio ns as deta il ecl g round contro l fo r a la rge-sca le 
glac ier-wide structu ra l a na lys is of V a ri ega ted G lac ie r 
based o n a seri es of 12 se ts of , 'erti ca l ae rial photogra ph s 

LawsolZ: Structural el1olutioll of f "a riegated Glacier 

"­ , 
\ 

\ , , 

ta ken sin ce 1948, This se ri es, a nd th e a nal ysis cl eri\'ecl 
from it , sp a n a period whi c h incorporates two complete 
surge cycles a nd three surges , The principa l a ims of thi s 
pa per, th en , a re : ( I) to examine glacier- wid e stru ctural 
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pa u erns a t V a ri ega ted Gl acier since 1948 , (2) to e\'alua te 
th e ex tent to Il'hi ch successi\'e surges a nd surge cycles 
have produced simil a r se ts of structures, a nd (3) where 
possibl e, to use struc tura l pa tterns a nd features to ma ke 
inferences about la rge-sca le behal'iour , Although d efor­
ma ti on is not di sc ussed qu a ntitati\'ely or in any detail in 
this p ape r, the ex tent to which stru ctura l pa tterns refl ec t 
Il'ha t is known about th e pa tterns of dclo rm a tion a t th e 
surface of Va ri ega ted Gl acier (see Kamb and oth e rs, 
1985; Sha rp and oth ers, 1988; Lall'son, 1989 ) is evalua ted 
where a ppropria te, 

The surge history of V ari ega ted Glacier since 1948 is 
well kn own , both from direc t field obser\'a ti ons and from 
ae ri a l photograph y (Post, 1969; Bindsc badler and oth ers, 
1977 ; La ~I'son , 1989) , A surge in 1947-48 had just fini shed 
a t th e time of the first verti ca l ae ri a l pho tographic survey 
in la te J unc 1948, a nd surges have occ urred since in 1964-
65 and 1982- 83 , Th e na ture of the d yna mi cs of the 1982-
83 surge is known ri-om field observa ti ons (K am b and 
oth ers, 1985; R ay mond a nd oth ers, 1987 ) , Th e surge 
occ urred in two ph ases, th e first from J an uary to Jun e 
1982 and the second from O ctober 1982 to Jul y 1983 , Th e 
first phase affec ted only ice in the upper three-fifths of th e 
g lacier , d own to abo ut 12 km from th e head of the g lac ie r 
on th e centre lin e (Fi g, I ) , During th e second ph ase the 
surge-ph ase I'e loc ity m ax imum moved down-glac ie r 
through the ice a t the cres t of a topogra phic wave, a t 
speed s fas ter th a n the ice moti on itself. 

STRUCTURAL MAPS 

Th e 12 se ts of I'e rti ca l ae ri a l photogra phs of Va ri cgated 
Gl acier have been ta ken a t \'ari ous heights and a t vari ous 
stages in th e surgc cycle, ince 1948, T en of these se ts ha \ 'e 
been used to crea te a time se ri es of ma ps of structu res 
\'isible on th e surface of the glacier a t th e time of th e 
sur\'eys (Fig, 2), a nd th e rema ining two se ts ha\'e b een 
examined in detail. These ten structura l maps (Fig, 2) 
form th e basis of th e ana lysis presented in thi s paper. Also 
incl ud ed for illustra ti on a nd reference a re aeri al ph oto­
g ra phi c im ages o f th e lowe r h a lf o f th e glac ie r 
imm edia tel y a ft er th e 1947--48, 1964--65 and 1982- 83 
surges (Fig, 3), Wh ere specifi c stru ctures a re cited in th e 
follo\\'ing c\i.-cuss io n, th eir pos ition on th e glacier is 
referred to in terms of th e d istance downstream from 
the head of th e glac ier in kilometres (Fi g, I), 

The period of ae ria l pho tograph y sp a ns two comple te 
surge cycles (pos t-surge 1948 to pos t-surge 1983 ), as 
outlined above, During this time, mos t stages of th e surge 
cycl e ha \'e been captured by ae ri a l ph o tographi c 
survey ing in more th a n one surge cycl e , Th e immedi a te 
pos t-surge sta te has bee n captured for the three m os t 
recent surges (see Fig , 3) , whilst th e mid-quiescent sta te 
has onl y been captured fo r th e most recent complete cycle 
(in 19 74) , La rgely because of thi s un even timing of th e 
ae ri a l photographic sun'eys with respect to the surge 
cycle, and a lso as a res ult of th e sca le a nd cove rage of 
surveys conducted a t different times (see La\\'son, 1989, 
p, 240), the structural interpreta ti ons presented in thi s 
paper a re probabl y mos t acc ura te a nd mos t genera lly 
representa tive fo r surge ph ases, 

The types of struc ture identifia bl e on aeri al ph o to-
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graphs d epend on fo ur facto rs: (i) the sca le of the 
photogra ph s, (ii ) the intensity of cre\'assing of the glacier 
surface, (iii ) th e ex tent of snow co\'er a t the time oC the 
photogra phi c sUrl'ey, a nd (i\') the degree of ground 
control a\'aila ble, Crevasse o ri enta ti ons can be ide ntifi ed 
with ease in mos t cases, except \\'here th e surface is 
chao ti call y crevassed, On la rger-scale pho tographs, ind­
i\'idual cre\'asses can be seen , In inac ti ,'e ice, fo li a tion and 
other pla na r structures can be recognised as long as th e 
ice is not hea \'il y crel 'assed, St ructura l obse rvations made 
during the 1982- 83 surge (Sharp and oth ers, 1988 ) and 
during 1986 a nd 1987 (Lawson and others, 1994) pro\'id e 
wid e-ranging and deta il ed g round control fo r the analys is 
of aeri al ph otographs, ena bling reli able id entifica tion of 
structures o ther than crevasses , In summa ry, then, during 
and after surges, crel'asse o rienta ti ons and some indi l' i­
dua l crevasses ca n he identified except where the surface 
is so chao ti ca ll y cre\'assed th a t not el'en ori enta tions are 
disce rnible , During quiescence, crevasses can be seen, as 
\\'ell as th e d eta il of crevasse traces and folia ti ons, 

The way in which th e res t of this pa per is organised 
refl ec ts bo th the na ture of s tructures tha t can be iden tifi ed 
on ae ri a l pho tographs a nd th e types ofinferenees th at can 
be made as a res ult. T hus, the nex t three sec tions deal 
systema tica lly with th e d evelopm ent a nd pa tterns of 
\'ari ous stru ctures at \'a ri ous times in th e surge cycle 
(surge-ph ase CITI'asse pa tte rns; quiescent-ph ase crevasse 
pa tterns; o th er planar struc tures), The subseq uen t three 
sec tions address particul a r aspec ts of the behm'iour and 
e\'o lution o f V ariegated Glacier tha t are of interes t ci ther 
because they elucida te iss ues tha t have bee n ra ised by 
pre"ious workers a t o th e r surge-type glaciers (moraine 
patterns a nd structura l fea tures; behal'iour of tributaries ), 
or because of wha t they te ll us about the beha\' iour of 
Ya ri ega ted Gl acier in p a rticul a r (struc tures at the 
acc umula tio n- bas in connu ence) , 

SURGE-PHASE CREVASSE PATTERNS 

The surface of \ 'ari ega ted G lac ier du ring and immed­
ia tely after a ll three of its m os t recent surges was in te nsely 
clTI'assed (F igs 2 and 3) , T he na ture of th e crevassing 
va ri ed ac ross th e glacier , a nd included (i) closelv spaced 
frac tures g iving the ice a powdered appearance on 
photogra phs, (ii ) huge chasms extending across the 
width of the glacier, a nd (iii ) cre\'assing so chao ti c tha t 
ori enta tions cannot be di stinguished on photographs 
(Figs 2 a nd 3), The spa tia l distri bution of each type of 
crevasse asse mblage was simil a r for all three surges , The 
la rgest chas ms occurred m ainly in th e lower pa rt of th e 
glacier. In 1983 they were developed in a reas lying 
bet\\'een 10,5 and 12,0 km a nd below a bo ut 13,0 km from 
the head o f th e glacier, In 1965, chasms were deve loped 
everywhere below 10,5 km , a nd th e belt in \\'hi ch chas m 
forma ti on was mos t in tense meandered across the vall ey 
like th e th a lweg of a ri ver. 

Th e crevasse orienta tio ns a t th e end of a ll three surges 
disp layed a distinct three-fo ld longitudin a l zona tion, T he 
genera l na ture of this zon a tion is summ a rised schematic­
ally in Fig ure 4, and th e locations of the zone bound aries 
a t the end of each surge a re indica ted in Figure 5, Th e 
na tu re of this zona ti on is as follows: 
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L m-l'.IOII: Struc/lIral el'Ollltioll oJ " ariega/ed Glacier 

Fig . 3. :laiaL jlhotograjJ/z:' of the Lower j){trt of "aliegated GLacier ill it.l imlllediate jmt-surge state Jar the lasttliree sllrges: 
(aJ (if/erthe 19';'l---I8 .llIIge: (b) after tlte 196';' 65slIIge: (e) aJiathe 1982 83 JlIrge. 
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--- Brecc iated ice 

Fig. 4. A schematic diagram showing the three-fold post-slllge ::.onation of crevasse orientatiolls at Variegated Glacier. This 
.conation is ajJjJarent in aerial J)hotograplts taken rifler the terminations oJ its three most recent surges. Other structures that were 
observed in the field ajier the 1982- 83 surge are also shown. 

1947 - 1948 

1964 - 1965 

Fig. 5. Summa1]1 oJ the locations oJ the th ree crevasse .cones at the end qf the three 1I10st recent surges oJ r'ariegated Glarier. 

1. In a n upper zone, abo\'e the surge nucleus in th e 
acc umu la ti on a rea, tra nS\'erse c revasses dominate . Th ey 
a re a rcua te and conca \'e down-glacier, and the sera cs 
be tween them show evid ence of buckling towa rds th eir 
centre where ice is compressed la te ra ll y as it OO\\'s fro m 

266 

the w ide acc umula ti o n basin into the na rrow confined 
g lacie r. The second a ry acc umulation basin , from which 
ice j oins tha t (i-om th e m ain basin a t a bout 5.0 km from 
th e glacier head (Fig. I; see di sc ussio n belo\\'), IS 

intense ly bu t un e\'e nl y cre\'assed during surges . 
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2. An extensive middle zone with a complex c revasse 
pattern con: isting of two or more intersecting se ts o f 
crevasses com prise's most of th e g lac ier a t the end of 
each surge . :Muc h of the surface of this part of th e 
g lacier is so intense ly c revassed th a t indi\'idual 
c re\'asse orien ta ti o ns cann ot be id entified. H o wever, 
where crevassing is leas t inte nse a charac te ri sti c 
pa ttern of supe rimposed longitudinal and tra nS\ 'e rse 
ereyasses can be id entified , in which cross -c utting 
re la ti o nships indi ca te that th e longitudina l set 
pred ates th e tra nsve rse se t. This observation is 
confirmed by field ana lysis. 

3. In a relatively sho rt lower zo ne a t th e down-glacier 
limit of su rge ac ti \'i t y, straigh t 10ngi rudin al CIT \ 'asses 
predomina te. In the lowerm os t fe\\' hundred m e tres of 
this zo ne, cre\ 'asse d e\'elopme nt is typi cally patc h y, 
and in som e cases on ly occurs on topogra phic hig hs. 

Syntectonic obse rva tions of tec(Qnic processes in th e 
terminal lobe a rea during th e 1982-83 surge indica te th a t 
the glacier-wid e zo na tion of crevasse direc ti on was a lso 
renected in th e zo na ti on a nd distribution of other types of 
structure such as folds and faults (see Sharp and o th ers, 
1988; Lawson a nd others. 1994). In add ition, \\'ithin the 
lowermost zo ne of longitudina l cre\'asses (sec 3 above ), there 
was a sub-zona tion o f compressi\'e structures which renec ted 
the pattern of decreasing ice depth in th e termina l lo be. 

Th e zo nat ion of crevasse o ri e nta ti on renec ts th e 
obsen'ed wave-like m echani cs of th e propagation o f th e 
surge through V a ri ega ted Glac ie r (K a mb and o th ers, 
1985 ; Ra ymond a nd others, 1987 ) . As the \'eloc ity peak 
associated with th e surge mO\'ed down-g lacier throug h th e 
ice, the ice was first compressed a head of the yeloc ity pea k 
and then extend ed be hind ir. Ice th a t was passed by th e 
surge from , na mely ice in th e middl e zone as o utlin ed 
above , consequ ently d e\'eloped lo ngitudinal crevasses a nd 
th en tra ns\'Crse crevasses . Tce th a t lay dO\\"Jl-glacier o f th e 
fin a l position of the ve locity peak, that is ice in th e lower 
zo ne, on ly und en\'ent longitudinal sho rtening, a nd th e re­
fore developed only lo ngitudinal c revasses . Ice abO\ 'e th e 
point a t \\'hich th e \'Cl oc it )' peak bega n its do\l"I1-glac ie r 
motion , that is ice in th e upper zo ne, was on ly elonga ted, 
and consequentl y on ly d e\"Cloped tra nS\'e rse cre\·asses. 

The effec ts of vall ey a nd g lac ie r geo me tr y arc 
superimposed on th ose resulting from th e propagation o f 
the surge . Thus, where fl ow di ve rges into the te rminal 
lobe, so too do th e ere\'asse orientations, so th a t 
longi tudinal , or more co rrec tl y flow-para ll el. crevasses 

LawJol/ : Structural el'oiution oJ r'ariegated Glacier 

fan o ul from the confin ed part of the g lac ier. 
Durin g surges, th e margins of the glacier are intensely 

shea red. Field obse rva tions of the d e tailed patte rn of 
struc tural deHlopment in th e 250 m wide marginal shear 
zo ne during th e 1982- 83 su rge are su ll1m a ri sed in Fig ure 
6. Th e margin-pa ra ll e l zo nation of c revasse orien ta tion 
developed first as th e surge front a pproached , a nd the 
\\Tench fau lt denoted by the brecc ia zone (Fig. 6 ) 
de\'e lo ped subsequ entl y as the surge front passed a nd 
ice became fully incorpora ted into the surg ing part of the 
glac ier. A t the cnd o r th e 1964-65 su rge, th e ma rgin a l 
shear zo nes as seen o n ae ri a l photogra phs were yery 
simil a r to those a t th e e nd o f th e 1982- 83 surge, with a 
zone o f brecciat ion loca led about 50 m from th e ice 
marg ins. This similarit y in form sugges ls a pattern of 
development of the ma rg i na l shear zone during th e 1964-
65 surge simila r to th a t o utlined for th e 1982 83 surge . 

QUIESCENT-PHASE CREVASSE PATTERNS 

Quiescc nt ice in the lowcr pa n of the g lac ier is ge nera ll y 
inac ti\ 'e a nd unlTevassed. In the terminal lobe there is no 
e\'id ence wha tsOe\Tr o f crevasse de\'e!opm en t in qui escen t 
ice . Even after the first ph ase orthe 1982 83 surge, wh ich 
end ed in Jun e 1982, th e te rmin a l lobe rema in ed 
unaffec ted by the inten se ac ti\ 'ity furth er up-glacier 
(Fig . 2, map for 1982 ) . Oth er parts of th e glac ier di splay 
limit ed cre\'asse d evc lo pm ent at ce rtain tim es in 
qui esce nce which, fo r th e most recent phase of quies­
cence, ca n be exp la in ed in terms of what is kno\l"I1 a bou t 
the qui escc nt-phase dcfc)rm<ltion regime, as presented b y 
Lawso n ( 1989). Th ese re la ti onships a re o utlined belm,v. 

N a lTo\\" st ra igh t tra nsvcrse crevasses ex tended ac ross 
the g lac ie r in 197+ in a zone 9 .0- 10.5 km from th e head of 
the g lacier (th ey may h a lT ex isted up-g lacier of here; 
9.0 km was the limit of photOgrap hi c coye rage in this 
sUITey as shown in Fi g ure 2). Th e presence of these 
cre\'(lsses re fl ec ts the fact that ice a t this location in 1974 
lay in a zo ne of longitudin a l elongation (La\\'son, 1989 ) . 
By 198 1 th ese initi a ll y s tra ight crevasses had been 
deform ed into a n a rc ua te Co nGl\"c up-g lacier sha pe at 
10.0 km. Splaying CIT\'asses (;,d eier, 1960), which are 
long itudin a l in the centre o f th e glac ie r and cUrl'e towards 
the m a rg ins down-glac ier, had also formed by 1981 in an 
area loca ted at 6.5- 7.0 km . This area was ex peri encing 
progress ivel y intensify ing 10 ngiLUdinal sho rtening at this 
time, in th e build-up to the impending surge (Lawson, 

• ICE FLOW 
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R1, R2 RIEDEL SHEARS 
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Fig. 6. A schematic diagram showing the marginal shear zone which develojJed during the 1982 83 slllge oJ Variegated 
Glacier, and which also del'elojJed dl/ring the 1964-65 sll1ge. The breccia ,:olle was the last 10 Jo rm. Thisfigllre is based 011 

observations jJresented ill SIUtrjJ and olhers (1988), and 011 observations Jrom aerial photographs. 
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1989 ), The splaying sha pe is cha rac teri s ti c of cre\'asse 
de\'elopm ent in a regime combining longi tudina l short­
ening with tra nsverse shea r (N ye, 1952 ), a nd is th erefore 
consisten t with the caleu la ted d eforma lio n fi eld , 

Fields of en echelon crevasses form at the m a rg ins of the 
qui escent glac ier, with orienta ti ons consistent with th ose of 
en echelon tension fractures fo rming in duc tile shear zones 
(R amsay, 1980), These CIT \'aSSes make an acute angle of 
a bout 45° with the margin upstream, They occur espec iall y 
nea r tri buta ry confluences (e,g, on north m a rg in a t 9.3 km 
in 196 1; Fig , 2) and in th e vicinity of bend s in the va ll ey 
(e,g, on no rth margin a t 12, 8 km in 1975; Fig, 2 ), in areas 
w' here shear is enh anced , After forma tion , som e of these 
cre\'asses ro ta te in continued shea r and a re d eformed into 
a n arcua te concave up-glacie r sha pe (e,g , a t 9 km on north 
ma rgin in 198 1; Fig, 2; cf. Vornberge r a nd Whill ans, 
1990), or in some ins tances se racs between th em buckl e 
(e,g, a t 6 km on north marg in in 198 1; Fig, 2 ) , 

Th e acc umul a ti on basins arc a lw ays somewh a t 
cre\'assed , e\'en in the midst of quiescen ce, because of 
the rela ti vely steep gradient of this pa rt of the glac ier bed 
(see Bindschadler and o thers, 1977 ) , The differences 
betwee n c revasse pa tterns in 1975 and 1981 indica te tha t 
the d egree of cre\'assing in th e accumul a tion basins 
increases m a rkedl y in la te quiescence , The contras t 
between the scales of, a nd ex tent of snow cover on, the 
pho tog ra phs for 1975 a nd 198 1 preclud es definiti ve 
conclusions, but the intensifica ti on of cre\ 'asse de\'Clop­
ment is consistent \\'ith the increasingly s teep down­
glacier \ 'eloc ity gradient associated with the gradu al 
build-u p to the surge (R aymond and H a rrison, 1988) , 
T ra nsve rse crevasses in th e upper reach es of th e main 
accumul a tio n bas in a t a bo ut 3- 4 km a r e genera ll y 
concave d own-glacier (e,g, in 198 1; Fig , 2 ) as a result of 
th e effec ts o f trans\'erse shea r (Nye, 1952 ) , 

OTHER PLANAR STRUCTURES 

A pervasive longitudina l fo li a ti on is o fte n \'isible in 
qui escent ice (Fig, 2; 1961 , 1974) , The pa ttern of 
outcrop of this folia ti on a nd i ts rela ti o nship to fl ow 
pa tterns is complex, In th e conuned pa rt o f the glacier, 
the fo li a ti o n is pa ra ll el to th e Oow direc tio n, The foli a 
are mo re close ly spaced o n th e outside of b ends where a 
componen t o f the fl ow fro m upstream is directed towards 
the m a rgin (e,g, the north m a rgin at 10 km in 1974; Fig , 
2), In th e te rmina l lobe, th e foli a ti on loses its f1 ow­
parallel o rienta tion and becomes folded , a lo ng with the 
medi a l m ora ines, 

Th e rela ti ons hi p be t\\'een th e ori enta ti on of th e 
longitudina l folia ti on and that of lineam ents in medi a l 
morain es is a lso complex , In the confin ed g lac ier, the 
foli a tion usua ll y li es pa ra llel to th e supraglacial debris 
li nea ments, excep t \\'here the medial mora in es a re looped , 
In these loca [i ons, foliati on remains pa ra lle l to fl ow, and 
in tersec ts the debris lin ea ments, Ho\\'eve r , as indica ted 
above, w hen the morain es b ecome fold ed in the terminal 
lobe, so too does the longitudina l foli a ti on, The nature and 
ori gin of this folding is discussed in the following section, 

The o rigin of the foli a ti on presents an expla na tion fo r 
these compl ex rela ti onships between struc tural , fl ow and 
deb ris lin eaments, Field s tru ctural rela tio nships indica te 
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th a t th e ori gin o f this longitudin a l foli a tion is rela ted to 

intense transye rse shea r, and th a t the foli a consist eith er of 
folded sedimenta ry layering, or o f slip pl anes th a t a re 
p a ra ll el to th ese fo lded layers (L a wson and o th e rs, 1994), 
As ice moves o ut or the na rro w, confined pa rt of the 
glac ier and in to th e broad, un co nflned termin a l lo be, thc 
intensity of' tra n s\ 'erse shear den eases , It is sugges ted th at 
whereas longitudina l folia ti on is a n ac tively d eveloping 
structure in tha t pa rt of th e glacier whi ch is confin ed by 
th e \'all ey wall s, in the term in a l lobe the longitudinal 
foli a tion becom es inacti ve, a nd essenti all y comprises a 
reli ct structure: as ice in the termina l lobe is subsequentl y 
d eformed , th e fo li a ti on ac ts simpl y as a passive m a rker, 

Another pla n a r structure th a t is wid es pread and tha t 
occ urs in groups is spaced, tran sverse, arcua te stru ctures 
simila r in m o rph ology to th ose d escribed a t o th er nOI1-
surgll1g glaciers (e,g, a t Blu e Glacier in VV as hington , 
U ,S,A, (Alien a nd others, 1960) ; Gulkana Glacier in 
Al aska (R agan , 1969 ); G ri esgle tscher in Switze rland 
(H ambrey a nd Milnes, 1977 ); a nd White Glacie r in the 
C anadian A rc ti c (H ambrey and Mi.iller, 19 78 )) , These 
fea tures a re con cave up-glacier a nd often occur in areas 
which lie d own-glac ier of tra nsverse cre\'asse field s, such 
as those loca ted lO oS km from th e glac ier head in 198 1 
(Fig, 2), Th ese la tter fea tures a re d eri ved from crevasses 
formed in a n area of the glacie r (a t 9-1 O,S km ; see a bove) 
tha t was ex pe ri encing longitudin a l elonga tion a few years 
pre\'iously, By 198 1, however , the \\'hole g lac ier was 
experi encing lo ngi tudinal sho rtening (La wson , 1989), 
and hence th e op en trans\'e rse frac tures had closed up , 
These arcua te structures a re th erefore crevasse traces 
which origin a ted as trans\'erse nevasses and which have 
closed up sin ce their fo rma ti on a nd become d efo rmed in to 
a rcua te struc tures, in the ma nne r desc ribed b y H a mbrey 
and Milnes ( 1977, p,672 ), 

MORAINE PATTERNS AND STRUCTURAL 
FEATURES 

Much of the d e bris a t the surface of Vari ega ted Glacier 
originates as m edia l mora ines a t conflu ences in the 
acc umula tion a rea, The lineam ents of this d e bris are 
therefore gen e ra lly mutua ll y sub-para llel a nd , in the 
confined pa rt o f the glacier, pa r a ll el to the fl ow direc tion, 
Wh ere th e d e bris has been d e pos ited onto th e glacier 
during mass-flow events, it is superimposed upon and 
intersec ts o th e r debris lineam ents, As ice moves in to the 
terminal lo be th e supraglac ia l moraines, like the long­
itudin al foliatio n , act as passive markers a nd lose th cir 
fl ow-paralle l orienta ti on, 

The confl ue nces of tribu ta ri es a t the no rth margin 
have res ulted in the bulb-like loops in th e media l 
moraines, Simila r loops a re found a t ma n y surge-type 
glaciers, a nd a re both typi cal a nd diagnos ti c o f surge-type 
g laciers (Pos t , 19 72 ; Driscoll , 1980) , There is n o evidence 
to indica te th a t any of th e tributa ries of V ariega ted 
Glac ier surge (sce below), which sugges ts t ha t like th e 
moraine loops a t Bering Glacier , a lso in south eas t A laska, 
th e morain e loops at Va ri ega ted Glacier fo rm during 
quiescence wh en the main trunk glacier is essenti all y 
sta ti onary (Pos t, 1972 ), At o th er surge-typ e g laciers 
whose tributa ri es surge such as Klutl an Gl acier , Yukon 

https://doi.org/10.3189/S0022143000004123 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004123


(Driscoll , 1980). morall1 e loops fo rm as a res ul t of surges 

of th e tributa ry . 
In th e te rmina l lobe th e medi a l mora ines a re [a Ided in to 

la rge-sca le ti g ht to isoclin a l fold s with steepl y dipping hinge 
lines and a x ia l pl anes tra ns\ 'e rse to flO\\' (Sh a rp, 1988, fi g. 
I) , These fo lds cb 'elop in response to th e longitudina l 
shortening a nd tra ns\'erse elo nga ti on which occ urs in th e 
terminal lobe. They form by th e amplifi ca ti o n of pre­
existing irregula rities in th e mora ines by pass ive [aiding (cr. 
Hudles ton , 1976), ~\'I o ra in e pa tterns in successi\'e yea rs 
(Lawso n, 1989) indica te th a t, whilst th e ti ghtening ofthesc 
folds is i m pe rce pti bl e d u ri ng q ui escen t ph ases, th e mora ines 
a re fo ld ed ra pidly during surges , This ph o togra phi c 
c\'idence for ra pid fo ld d e\ 'C lopment durin g surges is 
supported b y obsen 'a tions of th e deform a tio n of a linea r 
a rray of markers in th e termin a l lobe during the 1982 83 
surge (R aym ond and o th ers, 1987), As th e initi a ll y linea r 
a rray \\'as af1ec ted by th e a pproac hing surge front , it \\'as 
fold ed by th e surge o\'e r a 2 m o nth peri od into a fo ld \\'ith a 
st\'le \'ery similar to th a t of the fold s in th e medi a l mora in es 
(R ay mond a nd o th ers, 1987 , fi g , I) , 

BEHAVIOUR OF TRIBUTARIES 

Like th e m a in accumul a tion bas ins. th e tributari es a re 
a lways c l'C \ 'a ssed to so m e extent beca use th ey a re 
rela ti\'e ly steep. HO\\'e \'e r , no ne of th e tributa ri es di spl ay 
a ny significa nt changes in inte nsity o r patte rn o f cre\'asse 
d C\'clopm ent from year to yea r, and th e re is no o th er 
pho togra phic o r fi eld e\'idence to sugges t th a t a ny ol'them 
surge at a n y tim e. It is th e re fo re inferred th a t non e of th e 
tributa ri es o f \ 'a ri ega ted Gl acie r surge, e ith e r syn chron­
oush' \\'ith , o r ind epend ently o r. th e main glacie r. 

A d e tail ed fi eld stru c tura l sun'Cy o f ice within a 
mora ine loop in th e te rmin a l lobe d eri\'ed fro m the 
tributa ry loca ted on th e north sid e of th e glac ie r a t 9.5-
10.0 km (L a wso n, 1989) indica tes tha t aft er tri bu ta ry ice 
enters th e m a in \'a ll ey, it becom es stru ctura ll y incorpor­
a ted into th e trunk glac ier. E\ 'C n th ose fi 'ac tures \\'hi ch 
must have fo rmed \\'hilst th e ice \\'as loca ted in the parent 
tributa ry we re no t di stin g ui sha bl e in th e fi e ld fro m th ose 
that had form ed since its confluence. 

STRUCTURES AT THE ACCUMULATION-BASIN 
CONFLUENCE 

Ice flo\\'ing fro m th e t\\'o m aj or acc umul a ti on basins 
mee ts at a ri g ht-a ngled confluence a bout 5.0 km fro m th e 
head of th e g lac ier (Fig . I ) . Cre\'asse pa tte rns indi ca te 
th a t during qui escence ice a c ross th e \\'h o le \\' idth of bo th 
basins is equ a ll y ac ti\·e. During surges, hO\\'e \'e r , a c ti\'it y 
is spa ti a ll y and tempora lly va riabl e. lee ac ross th e whole 
\\'idth of th e m a in (easterl y) bas in fl ows rapidl y, ,\'hil st 
onl y th e \\'es te rl ), pa rt of ice in th e second a ry bas in fl o\\'s 
rapidl y. Thi .. re flects th e c ross-sec ti ona l geo m e try of this 
wes terl y bas in , which compri ses a 200 m d ee p se lf­
conta ined cha nnel in th e wes te rn third of th e basin a nd 
sha IIO\\' and stagnant ice to th e eas t (Bindsc ha dl e r a nd 
oth ers, 19 77 , fi gs 3 a nd 5 ). 

The suture bet\\'een th e two ice units d eri\ 'ed fro m th e 
t\\'o acc umul a ti o n bas ins is m a rk ed by a medi a l m o ra ine 

Lawson: Structural el'a/utiall aJ f'ariegaLed Glacier 

and , durin g surges, b y a deep long itudina l chas m , \\'hi ch 
a t th e termina tio n of surges exte nds a bout 3 km down­
g lac ier of th e confluence (Fig . 2 ) . The la teral positi o n of 
th e suture is ge nera ll y such th a t th e ra ti o o f t he 
co ntributi ons o f th e ma in a nd second ary acc umul a ti on 
bas ins to th e to ta l width of the g lac ier is approxim a tely 
2 : I. At th e cnd o f th e 1964-65 surge, th e post-surge 
suture was stepped , such th a t I km d own-glac ier of th e 
confluence th e m a in basin contributed 70% of th e to ta l 
g lacier \\'idth , bu t 300 m furth e r d own-glac ier, o nl y 60 % . 
This shift in th e position or th e suture indica tes th a t a t 
som e stage in th e 1964-65 surge, th e main basin sudd enl y 
began to contribute a g rea ter pro po rti on of th e to ta l flu x. 
Thi s obsen 'a ti o n m ay indi ca te th a t th e seco nd a ry 
acc umul a ti on bas in sto pped surg ing ea rli er th a n th e 
m a in accumul a ti o n bas in , perh a ps beca use its sm a lle r ice 
\ 'o lum e was ex h a usted first. 

The extent to \\'hi ch th e ice units from th e two 
acc umula ti on bas ins rema in stru c tura ll y a uto nom o us as 
th ey mo\'e d ow n-g laci er is ha rd to assess. As indi ca ted 
a bO\'C, ice [rom tribut a ri es furth e r d own-glac ier becom es 
struc tura ll y in co rpo ra ted in to th e ma in bod y o f th e 
g lac ie r. The na ture o f th e suture be tween ice fi'om th e t\\'o 
acc umul a ti o n b as in s as outlin ed in th e precedin g 
pa rag ra ph indi ca tes th a t th e t\\'o ice units a re a uto no­
m o us in th e co nflue nce a rea during surges . Simil a rl y, 
th e re arc som e stru c tura l fea tures \ 'isible furth e r d own­
g lac ier \\'hose m o rph o logy indicates th a t th ey a re rela ted 
to d efo rmari o n within a gi\'C n ice unit ra th er th a n across 
th e \\'idth of th e g lac ier. For example, some a rc ua te 
cre\ 'asse traces (e.g . o n th e south sid e of th e g lac ie r a t 
10.5 km in 1982 ; Fig . 2) span onl y th e pa n of rh e g lac ie r 
d e ri\ 'Cd from tlw m a in eas terl y basin. Also. th e pa tt e rn of 
o utcrop of th e lo ng itudinal fo li a ti o n in 1974 ap pear ed to 
cons ist of 1\ \'0 di s tinc t units in som e pl aces e,g . \·ic init>· of 
13 km ; Fig. 2) . I n ge nera L th o ug h , conti guous C1'C \ 'asse 
d C'\'C lopm cnt ac ross th e \\'hole \\'id rh of th e glacie r , bo th 
during surges a nd during qui escen ce, indica tes th a t th e 
two ice units a re s tru c tura ll y co herent d o\\'nstrea m o f th e 
conflu ence zo ne. This inference is supported by the lack o r 
e\'icknce, eith er in \ 'C loc ity pro fil es o r in cross-sectio na l 
m o rph ology (Bindsc ha dl er and oth ers, 1977 . figs 3 a nd 5 ) , 
to sugges t th a t the u ni ts rema in ki nema ti ca ll y ind ep en­
d ent d O\\'ll -g lac ie r o f th eir uni on. 

In summ a ry, it seem s th a t a lth o ug h th e ice units th a t 
flow out of th e two a cc umul a tion basins durin g a surge 
are stru ct urall y ind epe nd ent during th a t surge, in ge ne ral 
a nd furth er d own-g lac ier th e ice units beha \'C in a 
stru c tura ll y cohere nt m a nner. Structures \\'h ose m o rph o l­
ogy is rela ted to o nl y onc of the units a re th e re fo re 
inferred to be rel a ted (0 defo rm a tio n \\'ithin one o f th e 
acc umulation bas ins prio r to th e a rriva l of th e ice a t th e 
confluence 5 km fro m th e head of th e g lac ier. 

DISCUSSION AND CONCLUSIONS 

Th e la rge -scal e s tru c tural g lac iol ogy of Vari egated 
Glac ier at a ll s tages in its surge cyc le is domina ted b y 
fea tures rela ted to its surge-type fl o \\' regime. E\'en in 
mid-quiescen ce, wh e n th e ice is essentiall y sta ti ona ry a nd 
la rgely cre\'asse-free, bulb-like loops in morain es a nd 
la rge-scale fo lds in th e tcrmin allo be se n 'e as reminders o f 
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the surge nature of the glacier. Th e three-dime nsiona l 
geometry of the glacier, \I 'hi ch is th e ma in influ en ce on 
tb e structura l g laciology of norm a l glaciers (Alien and 
oth ers, 1960; .\leier, 1960; H a mbrey, 1976; H a m brey and 
.\If (ill er, 1978), exe rts some influ ence especia ll y in the 
terminal lobe, in the region of sh a rp bends and as a result 
o f th e acc umula ti on-basin morph ology, but its surge-type 
regime is th e overriding influence . 

Since 1948, successive surges and surge cycles ha \"e 
produced ve ry similar se ts and pa tterns of structures, 
d es pite va ria tion in th e ex tent a nd intensity of the surges 
(L awson, 1989) . At the end of ea ch of the three recent 
surges, the crevasse pa ttern com prised a ch a rac teri sti c 
three-fold longitudina l zona tion , with longitudina l crev­
asses at the down-glacier end of th e affec ted ice, tra nsverse 
crevasses a t the up-glacier end , and a complex super­
i m posed pa ttern between. The pa tlern and typ es of 
structure developed in the margina l detachm ent zone 
during the two m ost recent surges we re also very similar. 

The glacier is la rgely structurall y inac tive during its 
q ui escel1l ph ase . The crC\'assing th at de\'e lops during 
quiescence is m os tl y a fun cti on of the build-up to th e next 
surge, althoug h some occurs ind ependently as a result of a 
re\"ersal of th e d own-glacier vclocity gradi ent in the 
cen tra l pa rt of th e glacier. 

Vari ega ted Glacier's ma in a nd secondary acc umula­
tion basins gen era ll y contribute ice to the total width of 
tbe glacier in a bout a 2 : I ra ti o (see di sc ussion a bove). 
Below th e confluence. ice from the twO basins gen era lly 
ac ts as onc , botb dynamicall y a nd structura ll y. Relict 
stru ctures derived from defo rma tion \I'ithin on e or o ther 
of the acc umulation basins may be prese rved in e ither of 
the t\\'o units. Th e morphology of the conflue nce zone 
sugges ts tha t during certa in su rges th e suppl y of ice from 
the small er seconda ry basin m ay be ex ha usted be fore tbat 
from th e main acc umulation basin , as evid enced by the 
a brupt cha nge in th e proporti ons that each contributed to 

th e total wid th of the glacier during the 1964- 65 surge. 
Th ere was no evid ence for such a change in e ither the 
1947-48 or th e 1982-83 surge; it may be th a t th e g rea ter 
intensity of th e 1964-65 surge (see Lawson, 1989) res ulted 
in this exhaustion. 

In the termin a l lobe, the long itudinal foliation which 
(orms further up-glacier as a result of ma rgin-pa rallel 
shea r becom es a passi\'e stru c ture, which continues to 

ex ist but is essenti a lly a relict fea ture. 
There is no evidence to suggest th a t a n y of tbe 

tributa ri es o f V a ri ega ted Glacier surge . Since th e 
tributari es of V a riega ted G lacier are both shon « 2 km 
long) and steep , this findin g is consistent with work tha t 
indica tes tha t longer ice bodies a re more like ly to be 
surge-type (Cl a rke and others, 1986; Cla rke, 1991 ) and 
th a t low slopes favo ur surging (K a mb, 1987) . 
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