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GLACICLOGICAL STUDIES II TilE ST. ELIAS RAIGE,

———

CANADA
INTRODUCT ION

The placiclogical snd geologionl studies of 1948 in the Ste Bliass
Renge by a group from the Celifornis Institute of Technology were made
possible by the Arctic Institubte of Horth Amsrica and research grants from
the Office of Havael Research, Amsrican Alpine Club and the Celifornia
Institute. Walter A. Wood, director of the Hew York office of the Arctic
Institube,led the entire operation, and Robert Pe Sharp of the California
Institube of Teclmology directed the scientific researchs

The purpose of the expedition was to make studies of the physics of
ice, snow and gleciers, as well as to gather specific information on acou-
mulation, ablation, temperature, movement, density, depth and compection
of {the firn in the Seward firn fielde It is also hoped that first hend
study of existing glaciers will produce a betier understanding of pest
happenings in arees from which glaclers have disappesred. Part of the
progran consisted of checking the published conclusions of other workers in
glaciology as well as attempting to add something to this science. The
possibility that radar might be a better and faster means of debermining
‘the thiclness of a body of ice was investipgated, and a cheeck of the radaxr
results by seismic methode wes plemnede DBernard O. Steenson, a graduste
student in Electricel Engineering at the Californie Institute of Tec‘hnology,
built and operated the radar equipmente F. Beach Leighton, a graduate student
in the Division of Geological Sciences at the seme institution, worked with
neltwater, ablation and accumulation, while the awthor studied temporature

ond density of the firn, glacler movement and bedrock geology of the aress
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The seismic operations were under the direction of Donald J+ Salt of the
University of Toronto, Canada.

Studies reported in this paper were made on the Sewsrd firn field
just north of the Alaskan boundary iz the Yukon Territory of Canade. This
is a remolte and wnexplored part of the St. Elias Range lying between Mowmt
Logen and lount Vancouwver and sbout 70 niles just west of north from the
coagtal village of Yakutet, Alaska (Fige 1)s Draining southward from the
Sewerd firn field is the Sewsrd Glacier which empbies into the largze pled-
mont lelespina Glacier on the southern coastal plain of Alaska. The large
relatively flat Sewerd firn field cccupies en intermontene basin, approxie
nately 6000 feet above sea level, and almost enbirely surrounded by very
high nountains ranging to nearly 14,000 fest higher. Many Alpine laciers
flow Irom the stesp mountain slopes into this basin whose only outlet is
the gap through which the Sewerd Glacier flowse The area was reached by
meens of a single-sengine Norseman airplane with a combination ski-wheel
landing gear that enabled the plane to land both on the snow and on the
alrport at Yakutatb.

The glaciological party and equipment were landed on the firn field
near Mount Vancouver on July 10, 1948, Camp for ice snd snow studies wes
set up neer the lending strip and research started immediatelys This camp
cane to be Imown as the Alrstrip cemp, end about 2 miles to the northesst
a prefabriceted hut, brought in by plene in sections, wss erected on & small
nunebek which will be referred to hereafter as the Base Numatak (Fige. 12)e

The weather consisted of blisbering sun, rain, sunow, fog a::zd‘ freeging
temperebures, es well as many beautiful days with superb rugsed mountain
scenerye. Tempsraturs highs were of%:en gbove €0° F on cloar s Cloudless days

glving e very hot and bright reflection from the surface of the snow, and
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the lowest temperabure recorded during the suer wes 8° ¥ on the early
morning of August 25bhe

Few open crevesses wers in evidence at the begimning of the ssason,
but by August much of the snow, accunulebed during the previous winter, had
melted exposing many crevasses and leaving others so thinly bridged that
travel roped to o companion was oftan o necessary precautions Skis snd snow
ghoes were used for snow travel, except sarly in the morning after o freoze
when the crust would hold under the weizht of o man, and during the last
weel: in Aucust, when o permarent crust existed throughout the daye

The food consisbed primerily of Army 5 in 1 retions end other caonned
end dehydreted food of good guelitys Occasionally egus and o few loaves of
fresh bread were brought in by the pilot. Zefrigeration faclilities were
mofé than adequate but of litile use as a whole. Small single-burner gasoline
stoves were used for cooking, the mess wnlis being kept small, usually nob
nore than four or five men eache The walter supply was obtained largely by
spreadin: snow on o tarpaulin in the sun, a system which wes adequate until
the last weel in August when little melting occurred. Army pyranidal fivee
man tents were used abt ell the camps established ewey from the Dase Nunebale
The tents had to be moved and reset frequently because of the repid ablation
around thems

A tribute should be given VWalber Viood for his excellent legdership
and efforts in providing transportation of persoanel end equipment as well
as rations, tents, warn sleeping bags, and other suppliese Pralse should
also be given Robert Sharp for his leadership and coordination of the sclen=
tific worke. Aclmoviledzement ond appreciatlon of help and encouragement is
extended Lo all nembers of the expedition, espocielly to Sharp and Leighton,
as they were the cuthor's closest companions, many of the tasks beins carried

out Logethers
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TEMPERATURT REGIIZE

Introduction

AhImamm (1983, pe 213; 1948, pe 66) has classified glaciers on a
geophysical basis into temperate snd polar, the ledtter being subdivided
into highepoler and subepolar gplaciers. Temperate placiers remain eb teme
peratures corresponding to the nelting point of lce throughout except in
winter, when "the top layer is frozen to a depth of not nore than a coupls
of meters"s Subfreezing temperatures prevail in polar claciers %o e much
greater, bub umspecified, depth even in swmwer, with the highw-polar glaciers
producing little or no mellwator al any time, and the sub-polar placiers
producing fluld weter in {the swmers

As so deflined, a discrepancy exists betwsen temperate 1d sub=-polar
glaclers, Tor many gleclers have temperate charscteristics except that the
winbter chilled layer is much thicker than two mebterse If Ahliann's defini-
tion of temperate slaclers ls eularged to include 2ll glaciers which reach
the pressure neliing polnt of ice dwring the summer, thereby having no pere
nenent chilled layer, the Seward fimm field mey be classifisd as a temperate
glaciers

Several debailed studies have been made of temperabures in ndve' or
ecounuletion areass e Us Sverdrup (1935), a member of the Horwegione
Swedish Spitsberpen Expedition of 1934, studied temperstures in the 200 E-
lation region on Isachsen's Plateau east of Cross Bays IHe found subezero
(centigrade) temperatures in June and July dovm to about 10 meters, below
which the temperature was at the melting point of ices This chilled zone
had completely disappeared by the end of July, and Sverdrup atiributes Lhe
rigse in temperature primerily to laotent heat supplisd by meltwater percolating

dowmrard through the firme
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Hughes and Seligmen (1989, ps 617=634), members of the Jungfraujoch
Research Party, 1938, mads temperature studies on the Monchfirn et the head
of the Aletsch Glacier, Switzerlond. They recorded subezerc firn tempera-
tures in lay and early June in some places as desp as 20 mebers. The Tenw
pergture below 20 meters was alupys at the melting-points This chilled layer
disappeared in some places as early as July 4th, but in et least one location
it lasted wntil about August 23rds. Iere also the disappearence of the chilled
zone was atitributed to warning by meltweter. This conclusicn ls supporited by
the temperature relations in an ice-filled hollow of the Sphinx Platesu
{altitude 3460 meters)e The mass of solid, glassy ice was formed by the
freeging of meltwater derived from the rocks above. For meny yeers the temw
pergture of this ice hes been Inown to remain below zero throughout the years
The Jungfrauvjoch LResearch Party found in early August that the temperatures
fell in en elmost linear menner from 0° C at the surfece to a minimum of -4° C
at o depth of L5 meters. This shows that ice can and doss exist al tempera=
tures well below zero at +this altitude, provided the ice ls impermesbls to
meltweters The mean annual air terperature at the surface is about =7° Ce

Studies of temperabures in a highwpolar glacier were made by Fa Al
Vade (1945, ps 169«170), durine the United States Antarctic Service Expedi-
tion of 1089-1941 on the Ross Shel? Ice, Antarctica. femperatures found here
were subwgero throuchout the yeer fran the surface to 41 meterse. o melt-
wabter was produceds At depths of 15 meters and more the temperature was nearly
constant at epproximately «2347° Gy Viade concluded thet the winter cold wave

penstrates to o depth of et least 5 meters and possibly several meters Llarther.

Technigue and Apperatus used in Temperature llsasurements

Temperature measurenents in the Sewerd firn field were made with

re@istance~type thermometers, in which s modified Wheatstons bridge is used
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to neasure the elecirical resistance of a wire having the property of varying
resigtence with chauges in temperstures. This equipment was designed by the
Dureau of Standards for the United States Antarctic Expedition of 193341
(Wiade, 1947).

The tempersturs sensitive elenments, called thermolms, consisted of
copper resistance colls mbout 3/3 irch in diemeter and 2 inches long. These
wars wouad on brass tubes and covered by closed end copper tubes ebout 1/2 inch
in dismeter end 4-1/2 inches long. The outer tubes were soldored 4o the inside
tubes for maximum heaet transfer (Vade, 1947, pe 73)e This thermolm was made
moisture prool by rollins the ouber copper tube at three pointe imto the rubber
covering of the three wires leading frow the coil (Fige 2)e

The Whectstone bridge, used vith a galvenometer, was o balanced resiste
gnce type using a sliding veriable resistor of consbenten and so calibrated
thet temperatures could bs read directly in degress centigrade, rather than
in omms resistance (Fige 3)e The instrument had two scales sach 10 inches

4 A

long, gradusted in intervels of 0.2° C, which could be resd o shout oane-benth
of & degree. One scals read from =70° C to =-28° C and the obher from «32° ¢
to 10° Cs The desived rance wes selected by insertinc the proper resistance
coll into the circult by moans of a plus Lype switchs

The current to operete the equimment was provided by en ordinery 1-1/2
volt lce G dry cells The insbrument was checlied by a constant resistance Yest
coil wound to indicate ~30° Cs Correction factors for esch Lhermohn were
deternined by checlking in a water-ice nixture, as the temperabures expected
on the Seward firn field would be within a few degress of 0° Cs The squipment
was very sabisfactory snd easy to uses

Holes for the thermohms were bored to the desired depths by means of
& thermal~type "drill". This consisted of a "hot point" (Figs 4) conteining

a 24-volt electrical heating coll threaded onto e one-inch eluminum drill



Fhoto by Re Py Sharpe

Fige 2¢ Thermohm, engine-driven generator, drill pipe
and "hot point".

Photo by Re Ps Sharp.

e 3o liheatstone bridge snd thermohms as insballed
at Alrstrip Campe
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pipe, which served as one of the conductors, The other conductor was an inw
sulated cabls about 5/8 ineh in diameter rumning theough the pipes The current
Tor the "hot point" was furnished by a small power plent (Pige 4) manufactured
by Homelite Copporetlon, Fort Chester, i« Ye, which wos purchased as a var
surplus items Whis generetor, rabted ab 28-1/2 volts and 70 ampores De Ca,

was driven by e twowcycle gasoline englne.

o1y e i

The "hov point” equipnent functioned satlslactorily. The rate of

"oring® in the upper part ol the Tirn was shoub Te5 inshes per minvbes DSelow
about 64 feet tho drilling rate dropped suddenly Ho approximetely l«4 inches

per minuie. isrom dabe obbalnsd in & crevassy iU wos decided That thils decreese
was due to a wolter-saturated zone in the {irn, and Lhat $hw woter wnu conduckh
ing the heat away fron the point ot an sccelerated rale. Another possibility
would be that the {irn alt this depih Lecomes prestlcally impervious, and the
meltwater {rom the "hot point® could nol drein awaye Iron personnel of the
1949 expedition, it was learned {personal comu nication) that much less eblaw

ey,

The height of waler in crevasses

tion of firn took place in the 1540 semson. iy
was lower in 1949, snd no crevasse lakes were seen noer Lhe Sevard oubleb
where they were nunerous the previous yeers Iron $he ebove facts and from
the drilling rates reported in 194¢, the conclusion is drawn thet o satureted
zonoe or water table existed alt epproximetely G4 Teot in 1940,

The weld near the top ol soveral hot pointe softened during the opera-
tion ellowln; the point Lo bend to one side under the welipht ol the pipe.
This dauage wms atiribubed Us the Jact that the meliwaber sould drain away
through the porous firn allowing overheating ol the upper part where welded.
Altser bending a Pew degress tho upper part of the point conbacted the ice and
it is inferred that this peraltisd the weld 4o harden. However, the bend

tended to dellect the point ceusing a crooked hole. These douiocd points were

Iy

sent beeck to Yekubalt, rewelded, and pubt baclk into operation. o hot points
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Table le 1948 Thormolm data =~ Alrsbrip Station.
Hole Hoe Depth Correction Installed Removed
1 315" -0.1 12 July 29 July
2 gra" «0s05 12 29 "
3 g™ 0e0 12 29 "
4 132" “0el 12 " 29 "
5 15185 «Oel 12 29 "
6 204" 00 1z " 29 "
7 23111" ~Oel 12 " 29 °
8 307" 040 14 ¥ 29 "
9 39t5" 040 w3 " 29 ¢
10 618" 00 7 " 23 "
11 7510" 0.0 7" 23
12 18810" 0e0 8 " b I

13 204t0" 0.0 23 " 23 "
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were damaged while belns used below 64 feet, further supporting the idea that
meltwater could not drain away from the point below that depthes The greatest

depth reached by the mebthod of thermal "borine" was 204 feet, and the drilling
o o ]

"

stopped there only because of the lack of more pipe and cabla.
Owing to delays connected with the alrplane used for transportation,
the placiological party did not reach the firn fileld unmbtil July 10th. Some

3

oL

*

the thernmelms were installed by July 12th, and all were set in their res-
pective holes by July 18th (Table 1). Thormoklms were installed st the Pollow-
ing depths: 3'5", ¢10"; 97", 1312, 15'85", 20'4", 23'11%, 3017, 5918%,
61'8", 75%0", 18C10", and 204'0". Upon checking temperstures ot the wverious
depths, it was found that the winbter's chilled layer had elready been destroyed
as all temperstures were 0° C down to 204 feet below the surface. The 1949
expedition, however, did reach the firn fisld in time to record part of the
disappearence of the chilled layer, and through the courtesy of Dr, Sherp

those data are included in this repcris

3

Figure § shows the temperature ol various depths fron June 238 to July 9,
1949, by the end of which time the bemperaturs of the firn was 0° C throughouts
The curves have been generalized to fit the general trend of the points as the
accuracy of the instrument is probebly no greater than ¥ 0.1° ¢. The curious
initial drop and subsequent rise of the temperature at 16'0" can be aktributed
to the disburbing influence of the hot point and to the possibility that some
of the surface sunow may have fallen into the hole reguiring some time for
equilibrium Yo be regained.

Vertical distributlon of temperatures each day during the perioed of
observation is plotted in Figure 6. This shows thalt on June 28th a layer ab

27 feet had a higher temperatwe then those above and belowe A similar situge

Tion developed et 21 feet on July 3rd, resulting in rapid destruction of the
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upper bulge on the curve, and bringins that layor to the melting temperature.
Irresularity in the circulation of meltwater is the probeble ceuse for these
variations in Lemperatures It is lmown that melbwater does not percolate
wniformly down through the £irn, end that the upper surface of the zone of
sub=freezing temperatures is very uneven (Sverdrup, 1935 p. 37-88)s Ho doubt
this is caused by inhomogeneities in the firn, such as ice bands, end by
latersl variations in density end porosity. Circulation of melitwalter laterally
alon; some perticularly pervious layer, or just above en impervious band,
could eesily produce the tenperature behaviors described above efter equilib-
riua is reestaeblished. The term “equilibrium" can only be epplied to e rela-
tively small area durin; the time involved. The temperature change caused by
the labent heat releansed at these lower levels must be distributed by conduc-
tion pest the boundaries of the actual penetration of the water., This effect
can be no greater leterally then vertically.

Prom the chart it cen be seen that on July 4th the temperature at
16 feet was sub=zero whereas st 21 feet the melting point had already been
rescheds Little chanze takes place in the lower lobe of the curve until near
the end of the period of subefreezin; temperatures, and the layer of gzero
degreo hed started Lo encroach upon the lower zone. This departs somevhat

ehneralized chart

from Sverdrup's {1935, pe 70),0f vertical bemperature distributilon, in which
he has indiceboed thet the temperature of the enbire zone is rising, presumably
by conduction, as the thiclmess of the zero leyer increases fron aboves Howrw
gver, since the period of observa"cioﬁ is short, little change in tempersturs
is %o be expecited in the lower portion of the zone, for the rate of heat
trensfer Ly conduction is slow compared with that of neltweters In colder
regions, where much of the summer is required to destroy the winter's chilled
layer and whers temperebure differences are larger, the effects of conduction

mey be considerablee
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Thermal Conditions of Pirn

The tenpereture veriation of snow and lce abt the surface can be abiriw
bubed chiefly to the chenging tempersture of the alr; however, radiation may
be importente Obviously, the tempercturs cannot rise sbove 0° ¢, as melbing
will absorb the heet keeping the temperature fimed until the ice has disappeer-
ede In winter a cold wave sharting et the surface penetrates the firn prine
cipally by conduction {Chamberlin snd Salisbury, 1908, pe 2743 Sverdrup,
1935, pe 76)e The depth of penetration depands on the degree of sub-zero
tenperature and the length of time the low temperature prevoilss

In sumer when eversge sir tempersburss arc above freszing, the Iirn
tenperature rises, but probably only e small proportion of this rise can be
attributed Lo conduction. Ielbting occurs at the surface by msans of heat
exchenpe from the alr to the firn end by radietion from the sums As the
neliwater thus formed percolates dovnward through the porous firn, it carries
with it o great deal of heat in the form of labent heat of fusion, which can
be relsesed upon coming in contact with subezero lce particles, rapidly
reising their bemperature to zercs. Since the specific heal of ice is about
0650 and the latent heet of fusion stored in water at freezing temperatures
is about 80 calories per gram, {reezin; of one gram of waber will raise the
tenperatwe of spproximatvely 20 grans of ice from =8° C to 0° C,

The rate ab which firn can absorb heat et The surface is limlted only
by the rate of heate-supply since it cen change ivs stabe end drain ey there=
by removine the heat absorbed from the surface. lelting mey cccur on tie
first warn day, regerdless of the length and intensity of the previous winlere
On bhe otler hand, firn cen lose heat only by conduction, oublgoing radiation,
and to o ninor exbtent, by eveporation. Jonductivity calculations by Sverdrup

(1985, ps 76) end Hughes and Seligmon (1939, pe 627) show heat transfer by
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conduction through firn to e slow,for snow and firn ere good insulsborse
The low density snow, which usually covers the surface in winter, has better
insulebing quelities than higher density firn, because of itz higher percente
age of air, a substance with low conductivity, which is confined in spaces
too smaell 4o permit conwectione

IT the proper conditions exist, even durlug e small portion of the
day, melting will oocur, regardless of how cold the rest of the day is, or
what the aversge temperature of the day mey be. DSeveral days ol cold wealher
may be required to offset the effects of this smell amount of meltweber which
has moved downwerd end refrozen, raising the btempersture of the swrrounding
firne

Effects of radiation a few inches below the surface are probably almost

nile According to Brumt (1954) end VWilson (1941), as much as 80-90 per cent

of the golar radiation may be reflected upwards from the swrfece of fresh

- &
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sNow B » leoving only e smell {raction To be
absorbed. Wallen {1948) uses 70-75 per cent for the Albedo om frozen old
snow and 60 per cent on a webt and melting surfeces Transfer of heat to or
from the snowesurface by this means depends upon the net effect of incoming
and outgoing radiabions Wilson {1941, p. 188) stetes, "Paredoxically as it
may seam, the oubpoing radiation may more than compensats for the net radia-
tion-income with o cold dry snow-surface on a clear sunny day"e Ixperinents
by Gerdel (1944, 1948) at Soda Springs, Celifornia, show thebt most of the
rodiation is absorbed in the upper 10 inches of snow or firn and elmost none
penetrates to 20 inches. In higher latitudes the rabio of the oubgelng to
the imcoming radiabtion is also much greater (Brumt, 1934, p. 152). However,
the author lfound that some brass plates embedded in the wall of a plt at

different depths helow the surfece of the firn, which was already abt the
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nelting bemperature, melted out within ¢ to & hours on a sunny dey, and he
believes this was coused principally by redistion penetrabing the {irn. The
orincipal sources of heat for melting snow are usually consldered to be cone
duetion fran turbulent alr, condensation from moist elir which relesses the
heat of vaporizabion,and rediebions Warn rain may be e ninor source in some
ereass

After warnm weather sets in and melting starts at the top, a surlace
layer ot 0% C exists, and the thiclmess of this layer increeses dwring the
swrnor wabil the bobttom of the winber's chilled layer has been reached
{Sverdrup, 1935, pe T1=72)s The conclusion is reached thet hesbt, in the form
of heelt of fusion in meltwaber, ig iransported into the pleclier at o far
sroater rate then is possible by thermal conduction. In fact, no conduetion
fron the chilled layer to ths surfece con take plece after an isothermal
layer at gero degress is esteblishsed near the surface, as this zone is of
wnifornm temperature end no conduckion can teke place across the region withe
out a temperatuwre cradient (Sverdrup, 1935, pe 7l)e This suggests that
recardless of the meen anmuel temperabture any plecler producing a reasoneble
enoun’t of meliwater in the ndvd mrea will bs et pressure melting temperatures
This, of course, requires a permeeble [irn to the depth penetreted by the cold
waves In obther words, the mean annual temperabture can be below {reezing, and
the winker's chilled layer can be destroyed every swmere This appears to be
contrary to Chamberlin's (1909, p. 272) conclusion that the zone below the
penetration of the winbter weve should be at the memn annuel vempersturs of
2 region, if below freczing. le stetes, "we zmy deduce the jeneralization
Lhat in the zome of consbant semperebure® (below the zome affected by sea=

soral terperature variations) "within the area of placial crowth, the

Lemperesure of the ice is pensrelly below the meliting-point.” Tiweltes



(194G, ve 16) nlsc says, "the temperature abt 5O feet is close Lo the mesn
anmuel bemperature.” These shabements may e true for creas there little,
L any, nmelbtwater is produced, as iun the Antarctic, but no such disbinetion

was made by these men. wade's (1945, p. 170) exporiments on the Ross Shelf

»

ice indicete that the benveraturses below the zone of amuel tanperature
fluotuetion on hizh poler-glaclers may correspond to the nean annual teme
perabure. Here the tempersgbture riss in the upper layers in swmer as well
as the cooling in winter must be dus chiefly 4o conduction, since no melbw-
water iz produceda.
Warning by meltwabter nay not be as effeclive in solid zlalcer ice
wnder the firn layer or below the firn line, because of its relative Imperw

» oy

meabilitys However, i the %

e R
3
-

nickness of the firn is grester then the averase
thiclness ol the winbter's chilled loyor, the ice below would be et the
pressure neliing terpereture in a temperate glacler, since it would not be
effected by the winber colds Ice Delow the firn line probably recches the
nmeltine point “hroushout, owing to (1) ths higher air temneraturss at these
levels, and {2) to some percolation of meliwabter slon: bowmderies bebween

erystalse
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PIRI DENSITY

Density neasurements on the Seward firn field

A shaft about 46 feel deep was dug near the landing strip on the
Sewexd firn field for the purposs of density and firn structure studiese
Beach Leighton, a graduate student at the Californie Instibute of Techmolozy,
also used this pit for studies of meltwaber movement, which were conducted
at the same time (Leirhton, F. B3 Cals Techs laster's Thesis)e

After considering several methods of measuring the density of snow,
firn and ice, it was decided thob the best and easiest method was to take
o core of lmovm volume and weigh 1t on & fairly sensitive balences The
coring apparstus was pabtierned afbter that used by Seligmen, Huches, and
Perutz on the Jungfraujoch Research Expedition of 1938 (Selirmen, 1941, p.302),
The coring shells had saw edges to facilitate cubting and were rotated by
hand (Pige 7)» Thess shells hed slots near esch end throush which knifew
edred plates could be inserited, thersby cubtiing the core to a specified
lengthe The core was then weighed and the density caloulated from the
welight and volumee

In using the coring apparatus errors were introduced by grains of the
loose firn beinz roteted and rearreanged in the core by the saw teeth of the
shelle This caused a lengthening of the core in the shell by as much as 5~10
per cent over the space originmlly occupied in the wall of the pite. This wes
noticed early in the use ol the apparatus, end the error was practically
#lininated by teking a core and measuring the volume of the hole rather than
the volune of the sample. For esse of calculablon the core barrell was forced
into the well of the pit ¢ specified distance, usually chosen so0 as to give

8 hole of 400 co volume.



Fige 7e Apparatus for measuring firn densitiess



10w

The scales used to weigh the cores were ordinary sliding weipht
chemical balences with an accuracy of about _ * el gran (Fige 7)e  Oripinally
the cepacity of thls balance wes 600 zrams, bubt by using en exbra detachable
welsht on the lever ern, the eapaclity was increased to 1100 grams with little
loss in sensitivity. The accuracy decreased with increassd weight of core to
about F 042 prans ab full capeacitye

The surface densibty was found to average sboul 05 and with veriations
inereased Lo 082 at 45 fect depth. IHorigontal bands of almost solid ice,
were found at irregular inbervals. Their density could not be measured asou-

ately es the ice wes too toush Yo core with lighteweight coring shellse
Howevor, some approxinabe measurements were made by drilling with o large
carpentert bit, weighing the cublings end meesuring the hols for volumes In
genersl the 7irn was nors coarsely crystelline, but of lower density, Jjust
vader the ice Landse Figurs 8 shows the variations in density with depth
found &% pit number la

It is not Imomn just how much free weter wes conbained in the firm,
but aeveral tests ncer the surfoace wore mades. The fres weler content veried
from 547 per cent at 20 cm. depth to 340 per cent abt 270 eme It is aepparent
that any frec weter present in the cors sanples would Incressc the weight,

£ ¢his wabter drained auwey belore freezing in the winler, the dersity

il

Fis

values obieined would be too highe These measurenents were mede after the
method of Klein (1946, pe 17-18) with some modificationse
Digeussion

Increase of Tirn density with depth ceon be etiributed to severel
factors, but compuction and sebtling, and the freezing of waler received
fron the surface arec probebly the nmost importent. Wind pecking is Important

only on the surface. AlLbenpts were made to measure compaction and settling
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on the Sewsrd, bubt the brass compression plates melted out within a few hours,
probebly because of warm daybime elir tempersatures cnd penetration of solar
rediation through the upper layers of the firne

Huches and Seligman (1939, pe 645) found that the initial increase
in snow density following a snow storm 1s due very largely to slow settling
and ocompactions They observed o settling rete in new snow of aboul 0s13
em/hm/&ay at subwzero temperatures. This rabte fell off gradually as the
snow packeds Daytime rates exceeded nighttime rates becsuse of higher tenme
pergbures and the presence of a lubricating leyer of water around the snow
crystalse From studies of crystal size with depth, they conclude that setil-
ing is the most importent means of increasing the density throughout the firn,
and cite Sorge (1935) who attributed density inerease in Greenlend almost
vholly %o consolidebion of the Cirne The argument ls: if density incresse
had teken place by freezing of meltweber ab the crystel boundaries, a cone
siderable crowth of the crystals would De entailed; wherees, Lf the density
were increesed by closer packing of the crystal grains, little or no srain
growbh would be expecteds On the Jungfraujoch only slight grain growth
oocurred with density incressee

Compaction may be produced by: (1) readjustment of orystals end greins
for clossr pecking, (2) orushing of grains under pressure, {3) melbing of
erystels at points of conmbact, and (4) moleculer trensfer, including vapor
transfer, fron one orystal to anothers. The mechanism of grain readjustment
is obvious and is probably accelergted by the presence of liguid water around
the greins as s lubricants Crushing ice grains under pressure may be signle
ficant only in fresh snow when the light skeleton crystals crush very easilye
Melting abt contects mey be very importent, especially when the firn mass is

et the pressure-melting temperatures ithen stress is spplied to a crystel et
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the melting temperabure the crystal will melt at the point of greabest stresse.
The solid near the point of contact becomes chilled in order to fuwrnish the
latent heat of fusion for the change of states The water immedietely re~
freezes as it flows eawey from the point under stress. This allows sebbling
of the firn end provides broader conbacts of the grains, The effect of
uniforn pressure is to lower the melting point of ice by 040075° C per ate
mosphere of pressure and non-uniform pressure may lower the melting point
up to 12 tinmes as much (Terr end von Engeln, 1915, pe 114). Owing to the
diwrnel theawing and freezing at and near the surface;same crystals mey be
entirely destroyed,end their substence is added to other lce crystals theore-
by increasing their sizee (Seligmen, 1941, ps 313). lolecular transfer {rom
small to larger crystals at greater depths may occur by variations in the
vapor pressure of crystals of different sizes causing the larger ones to
absorb the smaller. This is explained by the fact that vepor pressure of
a solid veries inversely with the radius of curveture, therefore the vapor
pressure around a smeller grain is higher than around a larger graine. Peruts
(1940) sugcests that orystals having the rizht orientation for yielding to
stresses by gliding along their basel planes, would heve a tendency to grow
at the expense of the others owing to thelir energy differcnces IHe applies
this %o solid ice rather than to firn, however, and it may heve little, if
eny, bearing on the increase of density in firne

In the Antaretic where neltwaber is nonexistent, \iade (1945) concludes
that the density must increase by settling. The rate of setiling on the Ross
Shelf Ice at & depth of 1.5 meters varied from about le4 x 10™% op/eny/ dey in
September to over 425 x 107% cn/om/dey in January (sumer)s He states vt
it is quite probaeble that the settling rate is a function of the temperature,

even vhen the tempersture is continuously belos the freezing point.



The increase of firn density atiributable %o the freczing of water
nay occwr (1) during spring and sumer, vhen decending wabter is frozaen out
in destroying the chilled layer, and {2) during winter by %he incidence of
the cold waves

Vihen raising the tempersture of sub=zero firn by releassing latent
heat of ligquid water, the density is increased by the anount equivalent to
the weight of wabter frozen in a given volumes Expressed as an equebion, the

dry
density of the,lirn is increased bypc/.\‘c/so Srems per CeCs, where © 1s the
initial density, ¢ is the specific heal and A ¥ is the tewperature rise of
the firn in C°,

During winter any water rebained in the firn penetrated by the cold
vave is frogen out and thereby incresses the density. Sverdrup (1935, pe 75)
infers that the retention of fres-wmter in ths firn is very small, and thet

it is prectically dry when the frost penetrates 1t in wintber.

Conelusions

No conclusions can be dravm concerning the method of density increase
on the Seward firn field from the 1943 data alone. Through the courtesy of
Re Pe Sharp of California Institute of Teclmology, the 1949 deta are included
in this report, end figure 9 shows the density curves for the 1946-1947 wnd
I547=1948 accumulation layerd in the swamers of 1948 and 1949. lisasurements
sugzest a decrease of aboubt 1 inch in thickness of the 1946-1947 layer between
1948 and 1949, but this cannot be as entirely rellable as the measurenents
could not be teken in exactly the same plece each year. It is asswed that
actuel thinning of e buried firn layer with time at any one place will be
due to compaction, as it is difficult to account lor it by any other means,

but measurements of layer thickness are likely to be unrelisble unless made
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at exactly the seme place each time owing To an unevenness in the upper sur-
face at the time the next layer of snow felle The average density of the
1946-47 layer on 18 July 1948 was 0514 ond on 13 August 1949 it was 0536
The thiclkness of the layer, where measured in 1948, was 8le3 centimeters,
and since the density of eny substance belung compressed is inversely propor-
tional to ths thickness, assuning no change in the other two dimensions, it
is easy to calculate the amount of compression or compection necessary to
increase the density from <514 to «536« This would reduce the thiclmess {rom
81le3 40 7040 cenbimeters. The variation in initial thickness probably exceeded
343 e, B0 one carmot caloulete what pert of the increase in density is due
to compactions Some increese must have taken plece durlng the destruction
of the wintert's chilled layer if the function of meliwaber postulabed in the
section "Temperature Regimen" is valide

Figure 10 shows the density of the 1948~1949 sccumulation layer in
thres pits at different times during the sumer of 1949. The two curves on
the rigiht are drawn from deta obtained in the same pit on 10 August end 29
Auguste The firn reached an isothermel condition at zero degrees centigrade
by & July, so the incresse in density during August could not be dus to the
freezing of meltwater. Since the last curve shows an increase in density
chiefly neer the bottom of the layer, the conclusion is reached that much
of this increase is probsbly caused by compaction as explained in the followe
ing paregrophSe

Liquid water in the firm is considered to be of two kinde in this
reports That amount of liquid wihich can be held by the ice particles elther
by surface tension, capillary action, or any cther meens of retaining liguid
among ice particles, will be called fixed freewater, and that amount of liquid
which is percolatins through the firn by grevity will be called transitory

freeveters It is believed that the fixed freewater will be reasonably constent
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throughout the sumer, and, for all practical purposes, might be considered
to be the minimun emount found in the Iirn et any time during the ablation
gseason alter isothermal conditions are reached. The true fixed frecwater
would be that mowrt of waber retained in the firn after draining for en
infinite amount of time. If the anount of fresweber present in the firn were
plotted ezeinst time, umder conditions of no melting or freeszing, over a
period of several weeks, or perbaps less, the cuwrve would probably epproach
he true fixed freewator asyptobically. This value is probobly very near

the emount of {reewster present in the {firn at the tine of freezing of e
given layer of firn by the winter cold wave, and as such may be considered
part of the substenco of the firm. In this study we are chiefly concerned
with the transitory freewater which varies with the ablation at the surface.
I7 density measurements are made in a layer at e time when the maximm emount
of meliwmater is percolating throuzh that layer, the indicated density would
be higher than at eny other timee. Therefore, comparative density determinae
tion should be made sb eboub the smme time of day and under as nearly equivelent
conditions of eblation as possible. Otherwise some means of debermining and
sorrecting for the emount of froe waber nust be devised.

leliwater studies made by the 1949 expedition demonstroted o wave of

sbundant meltwater, the meximum of which started at the surface about noon
on e day warm enough to allow meliing, and progressed dewmrerd ot about six
inches psr houre Such e maximua would reach that part of the 1940-49 {irn
leyer showing the sreatest density increase between 15 and 20 hours latere
Sinca no densities wore Leken at that time of the dey the density increase
cenaot be attribubed wholly vo veriebions in meliwabter. It must be pointed
out, however, thet the abletion and therefore the supply of meliwater was

greater during the period irmediately preceding August 29 than during the
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corregponding period bhefore August 10. These {igures ere given In the Iollowe

ing tables

Anount of ablation in millimoters

bate Station 1 Station 2 _Stagbion 3
August T, 1949 20 e 21 e 21 rme
] NeW SOOW (edded 9 ma) (added 11 ma) (added 10 mm)
g G 6 4
10 7 5 6
4 dey averafe 8-1/4 3 7-3/4
August 26, 1949 3 g 5
27 17 18 17
28 18 20 21
29 14 16 11
4 day averaze 14~1/4 16-1/2 13-1/2

M

These figures suggest thabt the amount of Lreewater contained in the
firn evaen at o tinme of minimum meltweber flow mey have been jreater on
August 29 then on August 10e Certainly nore water must have been present
during the passage of the moximume Freewaler measurements made on August
29 at various depths range from 35 to 10 per cent water. As the maximun
chanze is only Se5 per cenb of the total sanple and assuming that these
{igures represent the minimun and maximum for the wwo periods luvolved, it
stands to reeson that any densily increase of more than 6«5 per cent cannot
be etbributed to differsnces in smount of transitory meltwabter contained in
the firn. Dven 17 the firn wore completely dry on August 10, any increase

in demsity of mors then 10 per cent cannot be caused by retained meltwater.
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The third end fowth curves (fipure 10) show Thebt the noximum density ine
erease ogcourred about 20 inches nbove the 1948 dirty layer. This amounbed
t0 0608 whick is 14 per cent increase in density at that point. As the
possible conditions just outlined ere extreme, it is comeluded that 2 least

half of this density increase snd probably nore, was caused by compactione
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SURPACE LOVELTAD OF GLACIERS

Studies of glacier movement have been made by verious workers include
ing Shﬁrzer‘(IQO?), Slater (1925), Chamberlin (1928), Washburn end Goldtlwait
(1937), Ahlmenm (1940), Sugden (1940), and latthes (1946). These studies ine
dicate that the surface movement of velley glaciers is rebarded near the conw-
finine walls end neer the terminus where thinning occurs by wastases The
mpjor fectors which eppear to influsnce velocity are slope of the surface
over which the slacier flows, the resistence offered by this surface, end
the thiclkmess of the ice mass which is a function of the supplys The ripgidity
of the brittle crust and its changes with temperature varistions may also
influence velocityes Thia is probably a minor factor except on reletively
thin glacierss Another factor may be amount of meliwrater within the ice
gince it promotes recrystallization, independent movement of prains, or
transfer of materisl through pressure melting and refreezingy or idiomolecular
movenente Surface gradient differs from the slope of the floor and is so
closely tied up with the supply of ice that it is considered to be an aspect
of the thiclmess factors The characteristies of the chanmel such as width
and roughness influence ice velocitye Other factors beins egual, veloclty
is greater in situations where the ratio of ice volume to conbact surface
is large, as is demontrabed by the fact that the velocity in the center of
a valley sloclier is greater then near its confining wallse {Snerzer, 1907,
pe 893 Ahlnenn, 1940, p. 105; liatthes, 1946, pe 223)

Chamberlin (1928, p. 13) has postulated that glacler movement ocours
2s o series of small Jumps or lititle elesticeaccwmlations and relliefs.

This may well be “rue in the brittle upper portion which is often referred
t0 a5 the zone of fractwee. It seems less likely that the movement in the

zone of flow would be of Lhis nature, however, Sridgmen (1936, pe 661l) reports



that plastic Jlov in 40 per cent ol the subsiences he checked was not pere
fectly smoothe Ile states that e jump is terminated by the automatic healing
of the rupture alter which the phenomenon can be repeated, possibly ad
Infinitume It seems likely that non-uniform movement at the surface would
occur chiefly where the glacier flow meets eny type of obstruction causing
faulting in the ice. o doubt fracture can occur even in the zone of [low
il stresses ere spplied repidly enough, ennlogous to deep focus earthquakes
which are believed to be caused by fracturing in the zone of rock flows Ab
times stresses are probably applied repidly enough to cause deep Iracturing
when & placier neltes a sharp bead or is passing over an umeven Ifloor, if its
velocity is great enouzh to ellow sufficient stresses Lo builld up. The pro-
ducts of this fracturing mey be the blue baxnds and sheer zones geen nsar the
verminus of glecierss. Conclusions reached by one of the more recent studies
(Wasiburn end Goldbtlwait, 1937, pe 1659) that the movement, based on half
hourly observations, is extremely jerky seem unjustified.

fwo types of novement sbudies were made on the Sewnrd firn fields
One wes a relative measuwrement made by recordins through transit surveys,
the movement of a long line of wooden dowels set deeply in the firn surface
near the Alrstrips The other was @ study of ebsolute surfece movements made
with a surveyors level set on bedrock and a level rod in horizontal position
on a valley sleciers

In the relative movement study, 9=-Ioot wooden dowels, -y inch in die=
neter were set ebout G feet deep in a straight line at intervels averaging
600700 feet. Two lines were set sbtarting meer the alrstrip camp, one 4020
fget long with a bearing of 1147%44%, the obher 7184 feet long and bearing
$34°45'E, The lines were established July 29 end August 1, 1948 respoctively

end the relative positions of their dowels were checked on August 25 and
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Avugust 24,1948 in the same ordere The resulis are given in Figure 1l whieh
shows that the Alrsirip was moving more rapldly thexn The extreme ends of
either line., This was expected Irou surface indicetions. The absolute
southwestward velocity of neither the Alrsirip nor any of the dowels is lmovwm,
but the displecenent in 23 days of the Alrstrip reletive to the ends of the
surveyed lines was approximately 118 inches more to the southwest then the
eastermost dowel of the soulheast line and sboubt 37 inches more Lo the
southwest then the westernmost dowel on the northwrest lines. The chief resson
for the dilfference between these relative movemenits is the grest dillerence

in the lensth of

-

the lines.

The study of sbsolute movements was made on ¢ small plecier to vhe
eost of the Dase Numabtal named Institute Glacler by the expeditions, Figwe
12 is en gerial photograph of the area and shows the locetion of the instru=
nentse The measurements were nmade with o Keufel and Dsser level mounted on
e sturdy tripod end shaded by a small terpaulin (fige 13)s A lovel rod
mounted in horigontal position (fige 14), ond capeble of belny read to the
nearest 0605 foot, was used in conjunetlion with the level. The level was
left mounted and was nob touched for the duration of the observabionse Ob-
servetions wore mede every fifteen ninutes part of the time, end the resulis
were very enlighbening though of no velus as to the absolule movement of the
placiers According o the readincs the glacler surface noved upstrean during
part of the deye After checking the instrument on a bedrock reference point
gcross the valley, the conclusion was reached that the instrument wes shiffw
ing sufficiently to alter its angle as much as 0.2 of a foot in 16 minutes
by tempersture expansions on the edjustment screws. The instrumeut,even
thoush shaded, ususlly went throush a diwrnel eycle apparently controlled
by the temperature and position of the sune I the velociby of the glecier

had been seversl times greater, this instrumental shift might not have begn

L
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discovered, and a c¢yclic variation in veloeity for “he placier surface
night heve been assuneds

These results indicabte that some earlicr reports of the placier
novements may be in error, especially whers conclusions are resched that
the glacler moves most rapidly during certein hours of the daye. Sueh tene
perature effects may have caused migration of the instruments producing an
apparent decrease or increase in velocity,

It is believed by the author that such effects may have occurred on
the South Crillon Glmcier, Crillon lLeke, Alaeske, from the study of which
Yashburn and Goldtlwmit (1937, ps 1655) conclude that the rate of movement
of a typlcal Alaskan valley glacier is irregular, varying from geroc to &
mpximum of neerly 6 centimeters an howr. These authors also state thet
sgveral perlods of accelerated velocity occur during the course of each day.
These conclusions may not be valid unless one is sure he has eliminated all
possibilities of tenperatwre effects on the instrument. Decause of the ex-
perience on the Seward Glacisr, the present asuthor wonders if these periods
of faster motlon deseribed by Hashburn end Goldthweit may not have been the
product of a eyclic instrumental veriation found during the Seward worke

It is difficult to believe that a thick mass of ice can be sensitive
to small diurnal changes in tempsrabure, especially since the surface during
nost of the swmer is at o constant temperatures Of course there is the small
possibility of some effect caused by melitweter which varies with diurnal
chamges, but glacler ice in the zone of flow probably is not very pormeables
lleltwaber effects would be so greatly delayed (owing to slow percolation)
a8 to be wholly out of phase with the observed veristions in bemperature.
Also, as nost of the flow spparently occurs ot depth in a glacier, the lawer
ice merely carrying the surface along with it, it does not seen possible

that dlurnal changes con affeet the glacier wvelocity at elle Since only the



surface ice vo n depth of not more than 40~-50 feet appears to experience
annual temperabure change on the Seward firm field, it seems reasoneble that
e thick ice nass such as the South Crillon Glacier could be only slightly
affected even by amnual cycles of vemperature changese A more rigid erust
caused by hard freezing would probebly influence flow more on thin glaciers
than on glaciers where the winter's chilled layer composes but a small pro=
portion of the ‘Lotal thickness,

The acouracy of the measwenments, made by VWeshburn and Goldtlwait
(1937, pe 1658), night elso be questioned because of the slumping of their
marker or targets They stele thet several observabiouns were missed because
of this fects The avthor's linited experience with any object set on the
surface of the lce has shown continuel shifting and slumping by ebletions
Only by sinking a pole or pipe deeply imbo the surface wes o markor nade
sufficlently stable Lo be uselfuls.

It is supgested that the temperatwrs effects on the instrument mey
be almost completely elimineted by constructing a sighting systen with as
long a base as 1s praciical on bedrock. The tslescope of tho observing ine
strunent cen be used es the rear sight, end e pipe with a knife edge for
centering the cross halr as a front sights These should be set firmly to
the bedrock by cement 1f possibles. The disbance between these two sights
could, in many cases, te 50 to 100 feet giving o long sighting base for

greazter acouracye
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