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ABSTRACT. Subtle rhombus and rhomboid parallelogram patterns occur on Vaughan Lewis Glacier 
and the Gilkey Glacier System, Juneau Icefield, Alaska. The patterns a re within the firn a t the firn- ice 
interface, a re formed by differential recrystalliza tion within na rrow preferred zones, and a re apparently 
manifestations of stresses tra nsferred upward from the glacier ice. On the glaciers of the Gilkey System the 
pa tterns occur where intense la teral shortening is indicated by abrupt convergence of m edia l mora ines and a n 
abunda nce of extension crevasses. The short a xes of the rhombi and the obtuse angle bisectors of the 
rhomboids arc subpa ra llel to the strike of extension crevasses, therefore to the ax is of sh o rtening. The long 
axes of the rhombi and the acute angle bisecto rs o f the rhomboids are p arallel to the folia tion, and ice-Row 
direction. The angles of the para llelograms a rc varia ble locally, but average 105° a nd 75° ; the varia tion 
seems to reRcct intensity a nd duration of stress . ·Similar para ll elograms occur within the troughs of wave 
bulges below the Vaughan Lewis Icefall. In the wave bulges , the fo liation arcs pa ra lle l the wave. The long 
axes of the rhombi and acute angle bisectors of the rhomboids parallel the foli ation a round the foliation a rc. 
The sh ort axes of the rhombi and the obtuse a ng le bisectors of the rhomboids para llel the strikes of radial 
crevasses, are perpendicula r to the direction of ex tens ion, and form a fan divergent down-stream. The precise 
mechanisms a nd conditions of formation of the parallelograms a re no t yet understood. Preliminary strain­
rate measurements suggest , however, that correl a tions exist between the orientations o f the principal stra in­
rates and the axes of the pa tterns, and between the magnitude of the stra in-rates and the ax ia l lengths of the 
patterns. 

R ESUME . Formalion de iosanges el de paralleiogrammes rhombofdallx darls ies glaciers: 1111 indicalellr ,wlllrel des 
conlraillles. Des formations fines de losanges et d e para llelogrammes rhomboidaux se produisent sur le 
Vaugha n Lewis G lacier et sur le G ilkey G lac ie r System, dans le Ju neau Icefield , Alaska . Ces formations se 
situent d a ns le neve a I'interface entre le neve e t la g lace , dies proviennent de la recr ista llisation difT'erentielle 
dans d' e troites zones favorables et sont apparemment des manifestations d 'effort s transmis vers le haut en 
provenance de la glace de glacier. Sur les glac ie rs du Gi lkey System ces formations prennent place aux 
end ro its ou un intense retrecissement est releve p a l' la convergence souda ine des moraines m edia nes et une 
abondance des crevasses d 'extension. Les petits axes des losanges et Ies bisecteurs d es angles obtus des 
rhomboides sont a peu pres para ll cles a la d irection des crevasses d' extension, donc a I'axe d u rt'trecissement. 
Le gra nd axe d es losanges et les bissecteurs d es a ngles a igus des rhomboides sont pa ra lleIes a la foliation ct a 
la direction de I'ecoulement d e la glace. Les angles des para lleIogrammes sont localem ent variables mais 
va lent en moyenne 105° e t 75° ; les varia tions semblcnt reReter I' intensite et la cluree de I'effort. Des 
parallelogrammes semblables se produisent d a ns les creux des ondula tions superfi cielles sous les se racs d u 
Vaugha n Lewis. Dans les ondulations, les a rcs des fo li a tions sont p a ra ll eles aux ond ulat io ns. Les grands 
axes des losanges et les bissecteurs des angles a igus d cs rhomboides sont paralleles a la foli a tion le Long d es 
a rcs de fo li a tion. Les petit s axes des losa nges e t les bissecteurs des a ngles obtus des rhombo'ides son t paralleles 
a la directio n des crevasses rad ia les, ils sont perpe ndicula ires a la direction de I'ex tension et fOl'ment un 
even tail divergent ve l'S I'aval. On ne comprcnd pas encore les mcca nismes precis et les conditions de fo rma­
tion d es p a ra llelogrammes. Des mesures p re limi na ires de vitesse d e d eformation suggerent neanmoins qu ' il 
ex istc d es co rrel ations entre les orienta tions d es contraintes et Ies axes des formations e t entre I'ordre d e 
gra ndeur d e ces contra intes et la longueur d es axes d e ccs formations. 

ZUSAMM EN FASSUNG. Rhombische IIlId rlwmboidiJche Parallelogram-Musler alll Glelschem als lIaliirliche All zcichen 
fiir Spawumg. Feine rhombische und rhomboidisch ,' Pa ra llelogra m-Muster treten auf d em Vaughan Lewis 
Glac ier und dem Gilkcy Glacie r-S ystem des Juncau Icefidd in Alas ka a uf'. Die Muster liegen im Firngebiet 
und a ll d e l' Grenze zwisch en Firn un ci Eis, entstehen durch differenticlle Rekristalli sa tion innerhalb eng 
bcgrcnzter Zonen und sind offensichtlich Auswirkungen \'on Spann ungen, di e aus dcm G lctschereis nach 
oben ubertragen werden. A uf den Gletschcrn des Gi lkey-Systems treten die Muster d on a ut; wo intensives 
seitliehes Schrumpfcn durch pl ii tzli ches Z usamlllcll la uf'cn VO ll Mitte lmoriincn und eine g rosse Zahl von 
Zugspal tc n angezeigt wird . Die kUl'zen Diagollalcn tI .... Rhomben und die Halb ie rl'ncle n d er stumpfen 
Viinkd d e l' Rhomboiclen sind para ll el zur Richtung del' Zugspalten, u nci dam it zur Schrum pfungsachse. 
Die langen Diagonalen de l' Rhom ben und die \ Vinkclha lbic rcnden del' spitzen Winkel d e l' Rhomboide sind 
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pa rallel zur Banderung und zur Richtung des EisAusses . Die Winkel der Parallelogramme sind lokal 
verschieden, betragen im Mittel j e.doch 1050 und 750; die Schwankungen scheinen die Intens ita t und Dauer 
der Spa nnung widerzuspiegeln. Ahnliche Para llelogramme treten innerhalb del' Troge von Aufwolbungen 
unter clem Vaughan Lewis-E isfall auf. Auf den Wolbungen verlauft die Ba nderung parallel zu den Kammen. 
Die langcn Diagonalen der Rhomben und die Winkelhalbierenden der spitzen Winkel cler Rhomboide sincl 
para llel zur Ba nderung. Die kUl·zen Diagonale n cler Rhomben unci clie Winkelhalbierenden der stumpfen 
\\·inkel cler Rhomboicle sincl parallel zum V erla uf der R ad ialspalten unci clamit senkrecht zur Ausdehnungs­
richtung; sic bilden e ine n stromab geoffncten Fachcr. M echa nismus und Voraussetzung cler Bildung cler 
Pa rallelogram me sind noch nicht genau bekan nt. Doch deuten vorla ufige Deformationsm essungen darauf 
hin, cl ass Korrela tionen zwischen del' Orientierung der Spannungsha uptachsen unci der Diagonalen der 
Muster, sowie zwischen d er Grosse der Verformungsrate und der Diagonalenlange der Muster bes tehen. 

b : I R()I >I C TION 

Subtle rhombus and rhomboid parallelogram patterns have been noted on Vaughan Lewis 
Glacier a nd the glaciers of the Gilkey System, Juneau I cefield, Alaska. In late summer as 
the firn-pack ab lates to a thin veneer, faint rhombus and rhomboid paralle logram patterns 
appear in th e lowermos t centimeter of firn at the firn-glacier-ice interface (Fig. I). In plan 
the parallelograms range from a few centimeters to greater than a meter on a side, and are 
manifes tations of differential recrys tallization within narrow preferred zones less than I cm 
to several centimeters in width. Firn crystals within these narrow zones of recrystalliza tion 
a re coarser grained and average approximate ly 5 mm in diameter, whereas those within the 
parallelogram ou tlined by the zones average only '2 .5 mm. The orientation of the patterns in 
the third dimension is difficult to determine; however, they appear to project vertically 
downward through the firn only as far as the g lacier- ice contact. Thus , a lthough the patterns 
have been observed during portions of two fi eld seasons they are ephemeral and disappear as 
the thin veneer of firn abla tes . 

Fig. I. Photugraphs ~r rhombus and rhumboid parallelogralll pattems ill basal .fiTl/. <:olles ~r /IIore coarsely c~vs t(Jlline jim 
outlilling lighter, less coarsely crystal/ille parallelograms. No te crevasses approxilllately parallel to the short axes of rhombi 
and obtuse-angle bisectors ~ rhomboids. 
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To d ate, the pa rallelogram pa tterns have been observed on ly in a reas in which th e 
underl ying glacia l ice is thought to be under relatively grea t stress . On the glaciers of the 
Gilkey System where the patterns have been noted , large amounts of shortening are indicated 
by rather abrupt convergence of media l moraines immediately beneat h a ri ght-angle bend 
(Fig. 2) . Pa tterns observed on Va ugha n Lewis Glacier occurred in the compressiona l zone of 
wave bulges immediately beneath V a ugha n Lewis Icefall. 

Fig. 2. Photograph of Vaughall Lewis Icefall alld .I!,/aciers of the Gilkey System. Parallelogram pallem J occur ill Ihe troughs of 
the wave bulges alld betwetll the COli verging moraines JUJ I below bend ill foreg round. 

The precise mechanisms and conditions of formation of the patterns a re not as ye t under­
stood; however, the parallelograms a re consistently oriented rela tive to the stress orien:tations 
as interpreted from the physical se tting a nd the structures within the underl ying glacia l ice. 
This consistent relationship prompts the interpreta tion tha t the paralle lograms are na tura l 
strain indicators of stresses within the g lacia l ice . The strain is thought to be transmitted 
upward through the ice and manifested in pa tterns in the firn just above the firn- ice contact. 
The patterns do not appear to extend below the firn- ice contact. Whether or not they do, 
however, cannot be stated with cer ta inty at this point in the stud y. It m ay be tha t the patterns 
are present in the underlying glacia l ice, but they have not been d e tected because of the 
masking effec t of other structures within the ice. 

The writers have been unable to find such patterns in firn or ice described in the li terature, 
however , it seems unlikely that they a re unique to the glaciers of the J uneau Icefield . In 
fac t, Echelmeyer observed and photographed similar patterns on Blue Glacier, Washington 
during the 1977 field season. The geom etry of the patterns is curiously si mila r to quadra m od al 
plots of c-axis orientations of ice crysta ls in some ice petrographic studies (K a mb, 1959, fi g . 3; 
Rigsby, 1951 , fig. 4) . 

Since the parallelogram patterns on the J uneau Icefield have been found only in wha t 
seem to be high-stress environments, the physical setting and the struc tures within the ice in 
areas in which they occur deserve de ta iled description . 
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PHYSICAL SETTING 

Vaughan Lewis Glacier and the glaciers of the Gilkey System have their origins in the 
high ice and firn plateau of the J uneau Icefield. The glaciers of the Gitkey System flow off the 
high plateaus in the vicinity of Mount Ogilvie (2367.6 m) and cascade into a broad, deep, 
glaciated valley referred to as the Gilkey Trench (Fig. 3). In its upper portion the trench with 
its complex of glaciers trends southward, then makes an abrupt right-angle turn westward 
toward Berners Bay on the Alaskan Coast. Vaughan Lewis Glacier enters the trench at the 
point where the glaciers of the Gilkey System swing through the right-angle bend in the 
trench. At this juncture, firn and glacial ice cascade approximately 515 m down the trench 
wall forming the spectacular Vaughan Lewis Icefall. 

EXPLANAT ION 

BEDROCK 

DEBR I S ON I CE, MORA I NES 

WAVE BULGES AND OG IVES, 

Fig. 3. Location map showing position of strain-arrays on Ogilvie- Gilkey Glacier of the Gilkey Glacier System. 

Large quantities of ice and firn are contributed to the trench by the Vaughan Lewis, and 
wave-bulges or wave-ogives 30 m in height and 125 m in wavelength are generated at the 
base of the fall. (Wavelength here indicates the maximum map distance between adjacent 
wave crests or troughs, and height indicates the difference in elevation between adjacent wave 
crests and troughs. ) 

Crowding induced by the massive accumulation ofVaughan Lewis ice in the wave bulges, 
and the effects of the swing in the flow ofGilkey ice contributes to a rapid decrease in the width 
of the glaciers of the Gilkey Complex. Convergence of the lateral moraines of Ogilvie-Gilkey 
Glacier, one of the glaciers of the Gilkey System, indicates a lateral shortening of 33 % in a 
flow distance of 100 m. The greatest abundance of parallelogram patterns found in the trench 
has occurred in this high-stress zone. 
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ENGLACIAL STRUCTURES AND INTERPRETATION OF THE PRINCIPAL STRESS DIRECTIONS 

The glacial ice beneath the firn in which the patterns develop does not appear to be 
significantly different from that elsewhere in the glaciers. Relatively clear, coarsely crystalline, 
well-foliated ice is most abundant; however, intercalations of finer-grained, poorly foliated 
white bubbly ice are common. 

Above the right-angle bend in Ogilvie- Gilkey Glacier, the foliation strikes subparallel to 
the longitudinal axis of the glacier. The dip of the foliation is steeply inclined toward the 
longitudinal axis and averages approximately 80°. 

Below the right-angle bend, the foliation also has a general strike subparallel to the flow 
direction; however, the dips are uniformly toward Vaughan Lewis Glacier. These isoclinal 
dips reflect overturning caused by compression and overriding of the topographically higher 
wave bulges of Vaughan Lewis Glacier. 

~ -

• art 
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~~ .. - ,..' .... 
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Fig. 4. Photograph qf wave bulges oJ Vauglwn Lewis Glacier. N ote foliation and banding parallel to the arcs of the wave 
bulges, and the radial crevasses. Parallelogram patterns occur at the base oJ the jim ill wave troughs. 

Fractures within the ice are common. They are closely spaced and range from incipient 
cracks to crevasses 2 m wide. Many of the fractures are en echelon and extend only part-way 
across the glacier. Others are through-going and can be traced across the entire width of the 
Gilkey Trench. With few exceptions, in the areas of Gilkey Glacier where the parallelogram 
patterns occur, the fractures strike essentially perpendicularly to the foliation and the ice-flow 
direction and are interpreted as extension crevasses. 

In interpreting the stress orientations, the englacial structures are recognized as strain 
manifestations and it is assumed that the principal strain-rates are parallel to the principal 
stresses. The most compressive stress is designated as 0'1> the maximum principal stress. The 
least compressive or most tensile stress is designated as 0'3 ' the minimum principal stress. 

The direction of lateral shortening or decrease in width of the glacier as indicated by the 
convergence of the moraines is, therefore, interpreted as 0',. 0', would , thus, be parallel to the 
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strike of the ex tension crevasses, perpendicular to the strike of the foliation, and approximately 
perpendicula r to the long itudinal ax is of the glacier a nd ice-flow direc tion . The minimum 
principa l stress, IT ) , is interpreted to be te nsile, oriented perpendicular to the strike of the 
ex tensio n crevasses , parallel to the strike of the foliation , and approximately parallel to the 
longit udinal axis of the glacier and the ice-flow direction. The intermediat e principal stress, 
al , would be mutually perpendicular to a l and aJ , and nOl'mal to the surface of the glacier. 

Englacial structures below Vaughan Lewis Icefall are more intensely deve loped than those 
in the ice of the glaciers of the Gilkey System, and bands and lenses of whit e bubbly ice are 
more abundant. Owing to greater velocities of the ice in the center of the glacier. the wave 
bulges at the base of the fall form smooth arcs convex down-stream. The foliations and white 
ice bands strike subparallel to the crests of the wave bulges and similarly form arcs convex in 
map view (Fig. 5). 

l-
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Fig. 5 . Map q[the structures;7I the wave bulges showi7lg average orielltatioll of patterns at Ilarious locatiOTIJ ill the wave troughs. 
Allgles are approximate. 

Radial fractures ranging from incipient joints to broadly-open radial crevasses are abun­
dant in the wave bulge zone. The strikes of the fra ctures are normal to the strikes of the folia­
tions , and the fractures form a slightly asymmetric fan divergent down-glacier. 

The stresses within the ice of the Vaug han Lewis wave bulges may be interpreted from the 
englacial structures. These interpreted stresses may then be analyzed relative to the parallelo­
gram patterns which occur within the wave troughs. 

The open radial crevasses indicate extension perpendicular to the strikes of the crevasses 
and parallel to the foliation and white bubbly ice bands in the arcs. The extension directions 
are int erpreted as the leas t principal stress directions, or 0")" Thus, O"J would be tensile and 
oriented perpendicular to the radial crevasses and parallel to the strikes of the foliation arcs. 
a I as interpreted would be compressive, parallel to the strike of the radial crevasses, normal 
to the extension direction, and normal to the strikes of the foliation and the white ice bands. 
a l would be mutually p erpendicular to 0"1 and aJ • and normal to the surface of the glacier. 
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Since the extension crevasses (ra dial crevasses ) form a fan opening down-glac ier , the 
orientation of a, must a lso form a fan divergent down-stream. Near the center of the g lacier , 
a, is oriented parallel to the main ice flow direc tion . La terall y, towa rd the mora ines and 
a long the arc of the foliation , a, fans out coincident with the radia l crevasses, and is oriented 
at larger and larger a ngles to the main ice-flow direc tion. 

Upon initial inspection , the dive rgent a, orientations in the Va ughan Lewis wave bulges 
may appear to be in contradiction with the prev ious a na lysis of the Ogilvie-Gilkey stress 
orientations where a, was interpre ted to be perpendicula r to the m a in ice-flow direction . In 
the wave bulges, a lthough the princ ipal ice flow is down-glacier, local elongation along the 
arc of the foliation is evident. This local elonga tion is manifested as increased arc lengths with 
distance down glac ier , a nd by the d evelopment of a n abundance of radial fractures ranging 
from incipient rents to broadly open radial crevasses. Therefore, the oricntations of the local 
stresses along the foli a tion arcs are indicated not by the main ice-flow direction, but by the 
local orientation of the foliation and the radial c revasses. Such differences be tween the 
direc tion of principal flow and the direction of local e longation is evident in the behavior of 
many viscous materi a ls, e.g. pahoehoe flows , and has been noted by Hans Cloos ( 1925, p. 52, 
53) in his discussion of the developmen t of schlieren domes and arches of flow lines in plutons. 
In fact, the wave bulges of Vaughan Lewis Glacier a re excell ent geometric and kinematic 
models for the study of the development of sch lieren domes, querkliiJte (crossjoints), and other 
structures a ttenda nt to pluton emplacement (Waag, 1972). 

ORIENTATIONS OF THE RECRYSTALLlZATlON PARALLE LOGRAM PATTERNS 

To obtain quantitative informa tio n on the oricntations of the rhombi and rhomboids , the 
strikes of the narrow zones of recrysta lliza tion outlining these parallelograms were measured 
using a pocket transit. Figure 6 presents rose diagra ms and schema tic rhombi which sum­
marize the orienta tions of the sides of the parallelograms. The data plotted in the rose 
diagrams were gathered during the 1973 and 1974 fi e ld seasons at eight observation stations 
on Ogilvie- Gi lkey G lacier and other g laciers of the Gilkey System, a nd at five stations within 
the troughs of the wave bulges of Vaughan Lewis Glacier (Fig. 5). 

The schematic rhombi or diamonds in Figure 6 were generated by plotting the averages 
of the modes of the rose diagrams as the sides of the rhombi. The obtuse and acute angles of the 
diamonds in Figure 6 range from 95 0 a nd 85 0 to I 15 0 and 65 o . The axial ratios of the diamonds 
range from I. I to I. 5 7. 

As indica ted in Figure 6, the parallelogram patterns on Ogi lvie- Gi lkey Glacier and the 
other glaciers of the Gilkey Sys tem were consistently oriented with the long axes of the rhombi 
and the acute-angle bisectors of the rhomboids subparallel to the foliation and to the ice-flow 
direction . Therefore, the long axes of the rhombi and the acute-angle bisectors of the rhom­
boids were consistent ly subparallel to a 3 • The short axes of the rhombi and the obtuse-angle 
bisec tors of the rhomboids were subparallel to the ex tension crevasses; thus, subparallel to a,. 
The term subparallel is used here because for the data from glaciers of the Gilkey System the 
long axes of the patterns a re rotated an average 01'8 0 clockwise from the down-glacier direction. 
Possible causes of this consistent rotation will be discussed later. 

The parallelogram patterns in the troughs of the wave-bulges were also oriented con­
sistently relative to the interpreted stress orientations, as shown in Figures 5 and 6. The long 
axes of the rhombi and the acute-angle bisectors of the rhomboids were oriented parallel to the 
foliation or local extension direction, thus parallel to 0"3. The short axes of the rhombi and the 
obtuse-angle bisectors of the rhomboids were oriented parallel to the radial crevasses, thus 
parallel to a,. It is considered significant that these orientations are maintained even as the 
strikes of the radial crevasses diverge from parallel to the principal ice-flow direction in the 
center of the foliation arc to angles greater than 40° where the arcs terminate against the 
moraines (Fig. 5) . 
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Fig. 6. Rose diagramJ and schematic rhombi. R ose diagrams show the fIl'eTflge orielltatinnJ of the sides of Ihl' 1J(lmlll'lo.~/,{/1I/ 
IJO lln lls 0 1 l'ariollS statiolls I , 2 , 3. etc., on the glaciers. The schematic rholl/bi ref/ecl the al.'erage nllgles nnt! (I.\ial "Timlll­
lioll s of the pa!leTIIJ .,hm./)II with the local crevasses alld ice foliation orifll laliolls. 

I t is this consist ent relationship between the orientations of the parallelograms and the 
orienta tions of the englacial structures and their interpreted stress directions which pl'Ompts 
the interpretation tha t the recrystallization pat terns a re natural strain indi cators of the 
stresses within the ice . It follows, however, that if the patterns are indeed strain manifestations, 
not only are their orientations significant, but the axial ratios of the rhombi may somehow 
reOect the rel a tive magnitudes of the strains. That is , if the orientations of' the strains are 
indicated by the orientations of the axes of the rhombi, a re the lengths of the axes somehow 
related to the strain-rate magnitudes? Since the obtuse and acute angles of a dlOmbus vary 
with the axia l ratio, does the 20° range in angles as shown in Figure 6 reflect slightly different 
levels of strain within the ice? It is interesting to note that those data gathered at the same 
loca tion on Ogilvie- Gilkey Glacier during both the summer of 1973 and the summer of 1974 
yield similar rose diagrams and schematic diamonds with identical angles and orientations. 
If the patt erns d o reflect magnitude as well as orientation, then the data would indicate that 
the orientations and the levels of strain within the ice at that station were the same during 
those two observation years. 

During the summer of 1973 the same firn patches on Ogilvie -Gilkey Glacier which 
contained the parallelogram patterns were buckled into a number or anticlines and sYllclines 
(Waag, 1974). Although the firn folds gave no indication of the magnitude of the stresses 
involved, the stress orien ta tions interpreted from the physical setting a nd the struct ures within 
the ice wcre corroborated by the folds within the overlying firn patches. The trends of the 
firn fold axes were parallel to the strike of the foliation in the ice, and perpendicular to the 
strike of the extension crevasses, As would be expected, the firn fold axes were oreinted 
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perpendicular to the direction of maximum short ening , cr" and pa l-allcl to the direc tion of 
extension , IT,. Thus, the structures within the glacial ice a nd the folds in the firn indica ted the 
same st ress oricn ta tions. 

DETERMI"IATlO:-.l OF STR.\IN-RATES 

Introduction 

T o tes t the hypothesis tha t the pal-a llclogram patt e rns reOect the orientations and , p erha ps , 
the magnitudes of strain-rates within the ice. preliminary meas urements were made during the 
summer of 1974. O g ilvi e G ilkey Glacier was chosen as the site for the study because it pro­
vided the best control. The rhombus and rhomboid pa tt erns had been observed there during 
two consecuti ve summers. and in 1973 the patt erns were found in firn that had been fold ed . 

. \leaSllrl'lIIents 

The measurem ents of the strain-rates followed the procedures outlined by ;\lye ( 1959) 
with some modifi ca tions of the strain array-so Two squa re arrays of ""ood stakes were estab­
lished as shown in Fig ure 7. Both arrays were ori ent ed \\' ith onc diagonal down-glacie r (i\C 
and Ac) . The arrays were es tablished using a plane table, a Brunton co mpass as an open-sight 
alidade, and a measuring tape. The large array was a pproxima tel y 12. 2 m on a side , and 
the small array was approximately 6 . I m on a side. All meas urements were origina lly made 
with a 100 ft ta pe th e n eO Il\'Crt ed to IInit s of the me tri c system. 

The stakes were pl aced in holes drill ed to a depth of 1.5111 using a 2.54 cm SIPRE auger. 
M easurement errors induced by hig h ahlation-rates adjacent to t he stakes were reduced by 
packing rocks and glacier ice around the stakes . and b y plumhing the s ta kes for each measure­
ment. To minimize ta ping errors each diml'nsion of the array was m easured severa l tiIlles 
and an average obtained. The arrays were remeasured after eleven days and six values of 
deforma tion corresponding to the six sta ke interval s for each array were obtained. 

Reduction of data 

The four values corresponding to the sides of the square arrays wel'e reduced to two, by 
averaging the opposite sides of the squa res , i. e. HAR + CD} and ~ ( i\D t CB). The d eforma­
tion intervals were the n redesignated to correspond to the four direc tions (J = o o, 450, 900, and 

,- 0 :if5 

0 - 45 
JO" tBt , -,-- r A - 90 , )(1: 

,1_ \]5 : Aii.rn , 

Fig. 7. Plot of the .Itra;1I arran .It/oW;II ~ Ihe IIltn.<IIred slake illlervals alld ml.~te.l 0 and cP. AII.~tes of 0 correspolld 10 Ihe anglltar 
directionJ '!/ the 1I11'(/sured inten ,a/.< ill the set/se shown. Allgles of cP are betweell Ihe y -axis (/nd the neareJt princi/,," slrail/-rate 
axes as showlI. 
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135°, where () is measured clockwise from Oy. The origin is at the center of the array, the 
y-axis is along BD and across .glacier, and the x-axis is along the AC diagonal and down­
glacier. The z-axis is taken to b·~ upward and normal to the glacier surface. 

The average rates of stretching E of the intervals (} = 0°, 45°,90°, and 135 ° were determined 
using the relationship: 

1 L z 
E = - In­

/::;.1 L,' 

where L, and L z ate the initial and final lengths of a stake interval respectively, and !l.1 is the 
time interval (Nye, 1959)' Values of E are shown in Table I. A check of the data is provided 
by the relationship: 

Equation (2) holds if the variation in the strain-rate is linear within the area of the square. 
The values in Table I, column 8, may indicate that this is not actually the case for the ice 
within the area of the experiment, because the values (Eo + E90) - (E4S + E'3S) are quite large. 
Possible explanations for this discrepancy will be discussed later. 

TABLE I. THE AVERAGE RATE OF STRETCH'NG OF THE MEASURED I:-ITERVALS 

(I) (2) (3) (4) (5 ) (6) (7) (8) 

«0+<90) 
Array Dates <0 £45 (90 £1 3:; <0 + <90 £45 + £135 ~ «., + < ... 5) 

year- ' year - ' year- ' year- ' year- ' year- ' year • 
Large 13 August-24 August ~ 0.730 6 ~ 0.323 I + 0 .223 0 - 0.049 0 ~ 0.507 6 - 0.372 r ~ 0.I35 5 
Small 13 August-24 August ~ 0·I79 5 ~ 1.114 + 0.280 4 + 0·5579 + 0. 100 9 ~ 0.556 I ~ 0.657 

In order that the angular strain-rates at the center of the square are represented by the 
angular subscripts, it is next assumed that the arrays were established as perfect squares. That 
this assumption is acceptable is indicated by a comparison between the dimensi.ons of the test 
array and an ideal square. For the small array the difference between the dimensions of the 
actual and ideal squares ranged from 1.75% to 0 % and average 0.57 % . The comparison for 
the large array is less favorable as the differences ranged from 1.75% to 0.125% and average 
0.84% · 

From the four strain-rates Eo, E4S ' E90, E'3S' the three tensor strain-rate components Ex, Ey, Exy, 
and their standard errors, were calculated using the least-squares procedure of Nye (1959) 
(Table 11). 

TABLE II. STRAIN-RATE COMPONENTS 

Standard Standard 
error error 

Array <x EXY <y Ex and Ey EXY 
year- t year- t year- t year- ' year- t 

Large + 0.256 9 ~ 0.I37 I ~ 0.696 9 0 .058 0.047 
Small + 0.1162 ~ 0.835 8 ~ 0 ·343 7 0.279 0.230 

The glacier is assumed to be a free surface, hence Oz will be a principal axis of the stress 
tensor. Assuming that the principal axes of the stress tensor are parallel to the principal axes 
of the strain tensor, it follows that Oz will be a principal direction of strain-rate, i.e. 
Exz = Eyz = 0 and Ez = Ez· 

Assuming that the ice is incompressible, the strain-rates will satisfy the relation 
Ex+Ey+Ez = o . It follows that Ez = Ez and then 

~1. =-(€x+E!I) ' (:\) 
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The magnitudes of the principa l stra in-ra tes El and E3 in the plane of the glacier surface xy 
are given by the usual equations : 

t (Ex + Ey) - ft (Ex- i y)z EXYZ]!, 

H i x + iy ) + [H£x - Ey)z + EXy2]l . 

The directions of the principal strain-ra tes El and EJ are given by 

2Ex y 
ta n 2,p = -. --.- , 

€x- €y 
(6) 

where </> is the angle be tween Oy and one of the principa l axes El or E3 a nd in the sense shown 
in Figure 8. T he va lues of the magnitudes and directions of the principal strains for both 
arrays a re shown in T able Ill . 

<I 

SCHEMATI C AVE RA Ge: 

II ECR'f 5T ALLIZA T l or. 

RHOMB US 

- - - MAXIMUM PRINCIPAL 

STRA iN-RA TE AXI S 

i , 
- -- MI N IMUM PR I NCI PAL 

ST RAI N- RATE ... XI S 

- - - COMPRESS!v[ 

STRAI N-RATE 

- - - TENSILE STRA I N- RA TE 

- - - - - S(HEf1ATI C STRA IN 

RHOM8US 

x.....-- OOWN- GLACIER 

Y --- CROSS-GLACIER 

PAINC I PAL stRAI N-RATE SCAL E 

0.l5 o.s 0.15 1.0 

Fig. 11. a. L arge arra y. b. Small array. Principal s train-rate axes plotted as rhombi and in rela tion to the average recrystalli :::ation 
r!lOmbi}'rolll stalions 0 1/ Ogilvie- Gilkey Glacier . N ote correspondence in orientation ofaxes}'or the large array and in ang les 
(magI/ ill/de) for the smail array. 

TA BLE Ill. PRI NCIPA L STRAIN- R ATES A N D STRESSES 

( I ) (2) (3) (4) (5) (6 ) (7) 
Standard 

error 
A rray " " '3 rp tlrp e 'T' 

year- I year- I year- I deg deg year- I bar 

Large - 0.7 16 + 0·44° + 0.276 - 8 ± 2·4 0 .626 1. 24 
Small - 0.g81 + 0.22 7 + 0 ·753 - 37 ± 7 0.88g 1.39 

(8 ) (9) ( I ~ ) (11) (12) ( 13) (14) 
Arr,!), Tie U, u, U, U , U 3 U 

bar year bar ba r bar bar bar bar 

La rge 1.98 - 1.42 + 0 .87 + 0·55 - 2.29 - 0 ·33 - 0.87 
Small 1.56 - 1. 53 + 0· 35 + 1.17 - 1.88 + 0.82 - 0·35 
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Calculation of stresses 

Assuming that at any point the strain-rates are parallel and proportional to the corres­
ponding stress deviators, the stress conditions at the center of each array may be calculated 
from the principal strain-rates. The hydrostatic stress is defined by: 

a = Ha l +aZ+(3)· (7) 
The stress deviators are designated at' where i = I, 2, 3 and are defined by: 

, 
az = az - a, (8) 

The effective strain-rate c and the effective shear stress T are defined by Nye ( 1953) as: 

(9) 
and 

(10) 

Assuming a flow law of the form c = f ( T) exists, Nye ( 1957) has shown that the stress 
deviators have the following relationship: 

Using the flow law developed by Glen ( 1955) c = ATn , if C is in year-I, T is in bars and 
A and n have the values derived by Nye (1953) of 0.33 year- ' and 3.0 respectively then 

T = J.44co.33. (12) 

The effective strain-rate c is calculated using Equation (9) and then T from Equation (12) . 
a/, az' and a/ are determined using Equation ( 11). 

Neglecting atmospheric pressure (az = 0), then 

and 

a = -}(a l + a3), 

a l = 2a l ' +a/, 
a3 = a,' +2a/. 

Table III presents the calculated values of c, T, the stress deviators , a" and a3• 

CORRELATION OF THE STRESS AND STRAIN FIELDS WITH THE RECRYSTALLlZATION PATTERNS, THE 

ICE AND FIRN STRUCTURES , AND THE PHYSICAL SETTING 

Using the calculated values , a semi-quantitative look at the recrystallization patterns may 
be obtained. figure 8 shows the greatest and least principal strain-rates from the stake arrays 
plotted in relation to the average recrystallization rhombi. For ease of comparison, the 
magnitudes and the orientations of the principal strain-rates are also plotted as the major and 
minor axes of rhombi. In figure 8a, the large array, El is within one degree of being parallel 
to the average short axis of the recrystallization rhombus. Similarly, EJ is within one degree 
of being parallel to the long axis of the recrystallization rhombus. Since the principal axes of 
the stress tensor are taken to be parallel to the principal axes of the strain-rate tensor, v, and aJ 

will also be parallel to the axes of the recrystallization rhombus. It will be noted in Figure 8a, 
however, that although the three sets of axes are parallel they are all rotated 8° clockwise with 
respect to the mean down-glacier and cross-glacier directions, x and y respectively. 

An angular difference between the axes of the recrystallization patterns and the glacier 
directions became evident early in the study. Data gathered from orientations of the recrystalli­
zation patterns on Ogilvie- Gilkey Glacier in both 1973 and 1974 indicated that the long axes 
of the average recrystallization rhombi were skewed 7° to 8° clockwise from the down-glacier 
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direct ion. T wo poss ible sou r ces of shear to cause this clockwise rot a ti on a r e ey ident in t h e 
physica l se tting. The pa t terns were obscn-cd im medi a te ly b e low the ri g ht-ang le clockwise 
bend in the g lacier. The rotat ion of th e para llelogram patte rns may be induced by effects in 
th e icc as it is forced thro u g h the bend . A second poss ibilit y is th a t th e c1ock\"ise skewing of 
th e parallelogram pa tt e rn s result s from diffe ren ces in the ve loc iti es of th e g laciers Oanking 
O g ilvi e Gilkey Glacier. Vaughan Lewis G lac ier , adjacent o n th e south , is a relat ive ly fa s t­
fl owing g lac ier. Theodo lit e m eas urements of surface move m e nts at th e base of the ice fall 
yield ave ra g e vcloc i ti cs of 2 ft d - ' (0.6 md' ) . R eli able ve loci t y measuremen ts arc not a\ 'ai l­
able I<lr the g lac iers of the Gi lkey System o n th e north; h owever , judging li'o ll) the ph\'sical 
se tting it is probable th a t th e ve loci ti es a re less than those o f Vaug han Le wis Glaci er. If this 
is the case, th e fa ster-flowing Vaug ha n Lewis G laci er wou ld e ffec t a clockwi se ro tation of the 
stress a nd s trai n fi e lds in th e v icinit y of the a rravs. 

During th e period in whi c h th e deforma tion was being Illeas ured. a c revasse devcloped 
within th e ice spanncd by till" sm a ll arra y. Lnlorluna tely the 11l0Ve Ill cnt and sounds \\T IT 
sulli c ic llti v sla rtli ng and d is ll-a c ting th a t the sense of move ll) C' nt of the hloc ks could not be 
agnTd upon. 1\ lan y o f th t: c IT\ 'assc-bound blocks. hO\\'l,\·tT. d o indicatc a cloc kw ise rotati()n. 
Si g nifi calltly , both arrays rccorded a clockwise rotat ion of the s train-rate axC's fro m the dO\\'n­
.giacilT a lld cross-glacier directions 1 Fig. 8) . The greater r o tati o n recorded b y the sma ll array 
Illay pa rtl Y rdkct the ('I'('\ 'assc whieh I()rmed during the experilllent. Sin ce thc directi ons of 
the prillcipal straill-rates " and E.: arc g iven b y Equati()1l 16 ) , their orientatiolls arc af-kneel 
1)\· the rl'i at iq ' Il lagllit u ciL-s of the , traill s. The nr wly fo rm cd C1T\'asse \\'(l ldo Ill' expectcd to 
introdll eT pr<>p()rl iolla tek larg lT strain-rates in th e sma ll alTay (T a blr I I I ), 

Such lTl'\'a SS(' d('\ 'd o plIll'lIt also yiol a tl's the assumption th a t th e \'ariatioll s ill the strain­
ra tl' s \\ 'ithill till' an'as o f th c sq ua res alT li rll'ar. That th e data fro m th e small array conform 
less \\'1'11 t() th e assull1p ti o n is ('\ 'ickllt ill Table I. co lumn 8. 

Th e s ig ll s a lid ge nera I IlI ag lli t licks ()f '" and E, lor t he la rge a rra v (' l'a illc I I I ) arl' consistel1 t 
\\'ith th e ear li lT illtlTpret a ti olls of '" ha sed IIpOJl the stru c tures within th e firll a nd ire. It was 
aJlticipatl'd that E, and '" wOllld 1)(' slr<>lI g ly cO l1lpressive a s indica ted b y the rapidlY COI1-

\T rg in g 1I100·a ines . th e a bundallt lirn fo ld s, and the cross-g lac ier cl'(\·asscs. The calculated 
\ 'a lues ()f - o. 7 I 6 yea r - ' and 2.2l) har for E and G, res pec ti ve ly reflect thi s s trong ('ross-gbcier 
C() II IJJrCSSI on. 

The sig ll s a nd mag llitud es ()f ' .: and " .: I(»' th l' la rge an'ay a rc no t as su pporti ve. E3 was 
te llsile although th e 0.270 \Tar ' rate was weaker than anticipated. G.: . by con trast, was 
un ex pec ted'" cOl1lprcss iYe hut qllite \\Tak at - o.:n iJa r cO ll1pa l-ed to u, a t - 2 .29 har. The 
cha Jl ge li'o lll a weak", te nsile E: tll a \\·l'ak"· cO lnplTss in' " .: in this case res ult s mainh' fmm a 
rela ti vely large c()nfining pn:ss lln' ". Thc IlIillilllLll1I prill c ipa l s tress dc\'iator G: was tcnsik; 
ho\o\'(' \'(' r . G w as cO lllpara ti vely large and Eqllatio n 111 ) yields a weaklY compr ess i\'C G.: for the 
large a n 'a y. 

For tiIC small ana\ ' E, and '" an' ,troll.g"· ('olllpn'ssin·. alld E.: and ".1 arc 1l1Oderate'" to 
str()lIgly te ll sik. Thesl' cO ll d iti ons are ljllitl' c(lllsistl' lIt \\'ith ti, l' rapidlY con\'c r'ging 1I10rainl's, 
t li e lirn lo lds, alld t Iil' a iJulldall ce (If ()pell lTo"-glaric r c re\ · as~l's. 

Earlier, it was suggl's tl'd that C\TIl tllOlI ,!..(·h the IIll'chani s llls of fOrJllatioll of tlie ITlT\'stalli­
I.a tion patt l'rllS art' not ull dlTslOod . thl' gCOIIIl ' tr\ ' of tlH' patterns might Sotll C I IO\\i rdlcet the 
lIIagnitudcs o f th e stra in-rates \\ 'ithin the icc, The lIIagnitucks of the princ ipa l st rain-ratl's I,ll' 
tlie slIl a ll a rray are es p ec ia ll y intlTestill g w hell l'onsicit-rl'C1 ill tliis cO lltl'Xt. TIH' a\'('r;l,!..(l' 
rccrystallization rhonliJi obse rved du r ing till' 1973 alld I l)7 -~ Sl'asons on Ogilvic Gilkcy Glac ier 
ha d a ng lcs o f 75 a nel IUS and axia l ra tios of 1. 3 Ih gs li and e). Curious ly, a plot of the 
va lues of E, and E.: li 'o lll tlte sm a ll arra\' t ri g. et)) \'idds a rh ()lId)u~ Ii a\' ing the sa me axial 
ratio and allgles. Th l:' Illag nitudes of illl' prillcipal strain-rates fro lll tlie la rge alTa\' arc not as 
supporti ve. ;\ rliolllhus plot tecl using E, and f .: as axes Ii as all g les oLJ.:j alld I :;7 and an axial 
ratio Of2.59 I h g. ea ) .. \ su nln lary of axia l rati os is presc lltl 'd in Tahlt- IV. 
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TABLE IV. AXIAL RATIOS OGlLVIE- GILKEY GLACIER 

Al'crnge of 
Array £1 : £) 

, , 
01 : U J 0, : U J pall. rIl s 

Large 2·59 2.58 6·9 
1.3 

Small 1.3 1.3 2.29 

In summary, the calculated principal strain-rates and stress tensors seem generally to 
support the hypothesis that the firn recrystallization patterns do reflect the stress and strain 
fields within the underlying glacial ice. The data are preliminary, however, and not un­
equivocal. Although the principal strain-rate axes determined for the large array have 
essentially the same orientations as the axes of the recrystallization patterns, the magnitudes of 
El and E3 determined from the small array correlate better with the axial ratios of the average 
recrystallization rhombi. 

The signs of the principal axes of the strain-rate and stress tensors for both alTays correlate 
well with the physical setting and the structures within the ice and firn . E I was compressive 
and E3 was tensile for both arrays. For the small array cri was compressive and cr3 was tensile. 
For the large array cri was also strongly compressive; however, cr3 was weakly compressive. 
Although this weakly compressive <13 contrasts with the rather strongly tensile cr3 indicated by 
the small array, such differences are not uncommon in glaciers . 

Differences in sign and magnitude in the strain and stress fields at points in close proximity 
on glaciers have also been observed by Nye (1959, p. 410) and Colbeck and Evans (1969, 
p. 10) . On Blue Glacier , Mount Olympus, Washington, Colbeck and Evans (1969, p. 12) 
recorded an abrupt increase in strain-rate between adjacent stakes spanning a newly formed 
crevasse. They also noted reversals of strain between other sets of stakes close to but not 
spanning a newly formed fracture. C:olbeck and Evans suggested that the fracture may have 
led to a redistribution of stress that resulted in a change in the direction of strain-rate. The 
weakly compressive cr3 recorded by the large array on Ogilvie- Gilkey Glacier is here inter­
preted as reflecting a similar stress redistribution attendant to the development of the crevasse 
within the small array. It seems unlikely that the parallelogram patterns observed in the firn 
would have sufficient time to undergo significant recrystallization in response to such 
temporary and relatively minor redistributions of stress. Rather, the patterns probably 
integrate such changes along with the longer-term stress conditions to which the ice and firn 
are exposed as they move down-glacier. 

CONCLUSIONS 

The orientations of the parallelogram patterns in the firn are indeed closely related to the 
orientations of the principal directions of the strain field in the underlying ice. The axial 
ratios and internal geometry of the patterns also appear to be linked quantitatively to at 
least the intermediate or longer-term average magnitudes of the strain field. The evidence 
that the geometry of the patterns reflects the magnitude of the strain is less compelling, 
however, than that which indicates a similarity of orientation between the strain field and the 
patterns. 

These conclusions, although tentative, focus attention upon questions concerning the 
precise origin of the patterns. What are the mechanisms of propagation of the strains from the 
glacial ice into the overlying firn, and what factors control the size of the patterns? What is 
the range of recrystallization rates in the firn , and how are the rates related to changes in stress 
conditions? What are the orientations of the firn crystals? Are they, as suspected, preferred? 
If so, how is the preferred firn -crystal orientation related to the patterns? How responsive to 
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changes in stress conditions during down-glacie r m ovement a re a lready es tablished parallelo­
gra m patterns ? Are the patterns present in th e ice as well as the firn? If the para ll elogram 
patterns a re present in the glacial ice, do they have any relationship to a lread y identified 
quadrimodal c-ax is orienta tions found in glacia l ice by others? 

More d efinitive studi es of the pa tterns including petrofabric a nalyses of the firn and ice, 
and more prec ise strain-rate m easurements are planned to a nswer these and other pertinent 
questions, 

A C KNOWLEDGEMENTS 

T he observa tions and measurements contain ed in this papel' were made as pa rt of the 14th 
a nd 15th Summer Institutes o f G lac iologica l a nd Arc tic Sc iences, Junca u Iceficld , Alaska , 
The Institutes were partially supported by the :-\a ti onal Scien ce Founda tion, the Founda tion 
for Glacier and Environmental R esea rch, the .J uneau Icefi eld R esearch Progra m , and the 
Army Research Office, T he w rit ers are gra te ful to man y of the participants o f th e institutes 
for their assista n ce in the field , a nd especiall y inde bt ed to Dr Maynard M, Miller , the Institute 
director. 

A[S, received 19 June 1978 and ill relliJerlJorm () October 1978 

REFERE NCES 

C loos, H, 1 92 .~. Eillj/ilmll/g ill die lekloll isch, lil'h(lIId/lIlIg lIIf1glll(lliscilfr Encheillllllgfll . I. /) 0.1' Ril'smgfbirge ill SchieJiell. 
Berlin , Gcbr. Bo rntracger. 

Col beck. 5 . C., olld E\'am, R . .J . 1 9()~). Experi men ta l studic.; rel a ted tn t h e mechanics or g lac ie r Anw. T relld ill 
r;lIgill feri llg at 11", Ulli1usil ), (1/ 11:ashillg loll, " nl. 2 1, :'-10. 2. p. 8- q. 

Clcn, .1. \\ '. 1955· The creep o r polyn\sta lli ",' ice . Procl'fdillgJ q( Ihe R(~)'(d Soci"',' or LUlldoll . S e !'. A, " 01. 228, 
i\'o . 11 75. p. 5 19 - '18. 

K amb, \\ '. B. 1959. Ire petrorab ric oh"T"ati o ns rrom J3lUl' G lac ie r. \\ ·ashin gtnn. in relatioll t n theory and 
experiment. .lollflla/ 0/ Geopl1)'siwl Nl's",,,ch , " 0 1. 64 , Nn . 1 I , p. 1 89 1 -90~). 

l\ye, .J . F . 195:i . The Aow law o r ice rroln InI 'aSCII 'I'm,'nts ill g lacier tunnds , labora tory cspf'l' ime nt s. a nd the 
.Jungrra ufirn bore ho lc ,'xpcriment. Procadillg,< 0/1111' No)'{l/ Socil'll,o/Ltll/dul/, Ser. i\ , " 01. 2 1'), ~n. 11 :lfJ . p. -+77 89. 

Nye . .J . F. 1957 . The distribution o r s tlT ss a ll d ,,(,Ioc it y in g laciers " li d in' -shects . Proceedil/gs q/ lite Noya/ Sf/cie()' 0/ 
LOl/dol/ . 5('1'. ,\ , V nl. 2:i9, No. 12 16, p. II :i :l:l. 

Nyc. .J . F. 1959· .'\ m ethod ofdl'l l' rmining the stra in-ra te tensor a t the sur!;,,'(' o r a glac ie r. .loll",,,/o/G/aci%g)', 
\'01. :1. No. 25- p. +°9- 19. 

Rigsby, C. P. 1951 . Crysta l rabric stuclil's o n Emmo ns G lac ie r , J\Iount R a ini er, \\·ash ington . .lOIl"'O/ O./ (;cu/og)', 
\'01. 59, No. 6, p. 5,)O- ,)B. 

\'\'aag, C . .I . 197 2, G lac iers as struc tura l mocit-k Ge%gica/ Socil'il' (!/ .. lllleriCtl . ..J bJ/raclJ willt l 'rogrcIlIlS, " 01. 4, 
No. '1, p. 254· 

\\ 'aag, C . .1 . 1')74· Firn folds, a model 10 1' cm'('r rock ddiwm a ti o n a tt clldant to has('n1<'nt sho rl(,lling. (;,'u/f/gical 
Society ol A ll/erica. Ab.>lracls with ProgrrrlllJ , " DI. 6, i'\o. 4, p. +Il<j. 

\ ',"aag, C . .I . 1975. Rhombus an cl rho mbnid pa ra lldogram patterns 0 11 g lac i('l's as natura l stra in indica to rs. 
Geological Society 0/ All/erica. A bJtracls wilh Prograllls, \ '0 1. 7, !'\o . 3, p. :18:l. 

https://doi.org/10.3189/S0022143000014246 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000014246

	Vol 22 Issue 87 page 247-261 - Rhombus and rhomboid parallelogram patterns on glaciers: natural indicators of strain - Charles J. Waag and Keith Echelmeyer

