FORMATION OF “BLUE” GLACIER ICE BY HORIZONTAL
COMPRESSIVE FORCES

By A. P. Crary and Cuarres R. Wirson*
(Arctic Institute of North America)

AgpstrACT. Data are supplied to show that the “blue” surface ice zone encountered in the Skelton Glacier,
Antarctica, results from horizontal compressive forces. Examples of the densification of surface snows of the
Ross Ice Shelf by this means are also given. Such density changes should be expected in any area where either
of the principal horizontal strain-rates is negative.

Resume. Les auteurs fournissent les données montrant que la zone de glace bleue superficielle rencontrée
sur le Glacier de Skelton dans 'Antarctique résulte de forces horizontales de compression. Ils donnent de
plus des exemples de densification de la neige superficielle du Ross Ice Shelf ayant les mémes causes. On
peut prévoir de tels changements de densité dans toute zone ol 'une des principales vitesses horizontales de
déformation est négative.

ZusammenFasstNG. Die vorliegenden Untersuchungen zeigen, dass die Zone “blauen” Oberflicheneises,
die im Skelton Gletscher, Antarktika, anzutreffen ist, durch horizontale Druckkriifte hervorgerufen wird.
Auf dieselbe Weise werden Verdichtungserscheinungen im Oberflichenschnee des Ross-Eisschelfes erklirt,
Solche Dichtednderungen kénnen {iberall dort erwartet werden, wo eine der horizontalen Hauptspannungen
negativ ist.

DuriNG the 1958-59 traverse into the Victoria Land plateau from the Ross Ice Shelf,
the party passed through the Skelton Inlet and Glacier, where several geophysical stations
were established en route.™ * Along the central part of the floating ice of the inlet, an extensive
“blue” ice area with high surface densities was encountered. The approximate extent of this
area is shown in Figure 1 which shows also the main sources of ice flowing into the inlet and
some of the flow patterns as observed on aerial photographs. Though the traverse schedule
did not permit detailed examination of this “blue” ice area, sufficient data are available to
permit a postulation on its mode of formation.

“Blue” ice has been encountered in nearly all areas of mountain glacierization, both in
Antarctica and in the northern hemisphere, though generally little attempt has been made to
explain its presence other than through meteorological parameters. Swithinbank 3 has des-
cribed briefly a “blue™ ice area in the mountains of western Dronning Maud Land which is
attributed to meteorological factors, and Schytt 4 has expanded on this. Wade, in the Edsel
Ford Mountains, describes a small “blue” ice area as perhaps originating from percolated
melt water. There are undoubtedly several factors which may cause abnormal densification of
ice, particularly ice found near exposed rock outcrops where little or no accumulation
occurs, and where the ice movement is small. However, it is believed that the “blue’ ice
encountered in the central part of the Skelton area is caused by the combination of horizontal
compressive forces and the absence of accumulation due to strong katabatic winds.

At the main traverse stations, density values were generally obtained to 10 m. from the snow
pits and ice cores taken from the hand-drilled holes used for temperature measurement and
seismic shots. At Sites 63 and 64, in the hard ice area, these values are very limited because of the
difficult drilling. Some holes were drilled to a meter or more between Sites 64 and 65 to obtain
information on the transition zone to the “blue” ice. All available density variations with depth
in this area are shown in Figures 2a and 2b. Figure 2a is also drawn as a section, and lines of
equal density have been roughly sketched in from the available information. These show a
progressive increase at all depths approaching the hard ice area from Site 66 with the maximum

* Presently at University of Alaska, College, Alaska.
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density observed at Site 63; 085 to 0-8g g./cm.3. Sites 61 and 62 were on the west side of the
glacier and are not included in this section.

At a point about a kilometer south of Site 66, a strain line 1,550 m. long and parallel to
the glacier movement showed a shortening of 32 ¢m. in an elapsed time of about two months.*
This is equivalent to a decrease in the absolute velocity to the south which for continuity
would require ice thickening in this direction. In Figure 2a there is shown also a section of
this part of the glacier as obtained from the seismic results. There is considerable ice thickening
noted from Sites 66 to 65, then thinning to 64. It can be inferred from this section and from
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Fig. 1. Sketch of lower Skelton Glacier area showing ice features, including approximale location of the ““blue” ice

the map of Figure 1 that the ice moving south from Site 66 encounters great pressure from the
ice flowing in from the main névé fields across the glacier. This pressure slows down the ice
from Site 66, causing the compressive strain and consequent thickening. It is this compression
that is believed also to cause the densification of the surface snows, and with the winds that
reduce accumulation to a minimum, the “blue’ ice results. Such densification of the surface
snows should be directly related to the negative velocity gradient, providing the other factors
such as splaying of flow lines, unsteady state conditions, etc., are negligible. To be more
specific, the principal horizontal strain-rates and their variation over the glacier would be
required.

There appears to be an anomalous condition between Sites 65 and 64 where the ice thins
rapidly. In Figure 2a this thinning has been shown as taking place near Site 65, although
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Fig, 2a. !Cw;po;zte section of Skelton Glacier, showing density changes in surface layers, and seismic results of ice thickness and
waler depths
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Fig. 2b. Density values obtained approaching the “blue’ ice zone
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densification appears to continue nearly to Site 64. Without additional information on strain-
rates and ice thickness values, it is impossible to reconcile these factors. Near Site 64 and
extending south several kilometers the ice is pushed into surface ridge and trough systems
running north and south which have wave lengths of about 250 m. and amplitudes from ridge
to trough up to 15 m. Considerable crevassing also occurs in a direction normal to the ridge
systems. It is assumed that, while the vertical strain-rate has become negative somewhere
between Sites 65 and 64, the principal horizontal strain-rate in the east and west direction is
also negative, and is responsible for the continued densification of the surface ice. From the
seismic soundings at Sites 64 and 65, it appears that the ice is grounded, but in both cases the
ice thickness and elevation figures correspond closely to the ratios required for floating
equilibrium. Perhaps, in view of the lack of major surface expressions at Site 64, the material
under 64 and also 65 is glacial debris which forms no barrier to the forward movement, and
the controlling factor in the thinning in this area is the large positive principal horizontal
strain-rate in the north and south directions. There may also be convergence of flow lines in
this area which would further complicate the ice behavior.

Following the release of the horizonal pressures, there would be some relaxation of the high
density ice, but this would be very small.% As the “blue” ice area moves out of the compressive
region and enters an accumulation zone, it would become buried, and there should be a
definite unconformity with the overlying snows. Such an unconformity was located at the
station east of Site 62 where a two-meter hole was drilled for a seismic shot. As seen in Figure 2a,
the ice in the first meter had a density of 0+ 4 to 05 g./em.3, while the four values for the second
meter were all above 0+8 g./cm.3. This high density ice was not encountered in the four-meter
holes drilled across the mouth of the glacier near Site 61, and presumably it was below this
level,

Although the traverse party was not in the Skelton area in midsummer, there was no evi-
dence of melting in late January on the return trip, except perhaps in the very near vicinity
of some exposed rocks. On the “blue” ice the only evidence of the effect of summer tempera-
tures and radiation is the cup-shaped rippled appearance of the ice surface. Though there
would be compaction of the snow if no accumulation were to take place, it is difficult to sec
how this could reach values of 0-89 g./cm. density without melting or pressures as described
above. Also, as seen in Figure 1, the ice area lies on the eastern side of the glacier because of
the greater volume of ice coming from the western ice falls. If the “blue” ice were the result
of meteorological factors, the anomalous area would be symmetrical with the inlet which
runs nearly due north and south.

The effects of horizontal pressure on the snow densification in zones of accumulation have
been noted in areas of the Ross Ice Shelf. During the Little America Traverse in 1957-58,"
Sites 27 and 40 were in crevassed areas. In Figure 3 are shown density values obtained at these
sites compared in each case with the density from the adjacent site. Values of density to 3
meters were taken from pit studies by Boyd,” while values from 3 to 10 meters are unpublished
data taken from the cores of hand-drilled holes. It is seen that the density at depth is higher in
the crevassed areas while near the surface the density values are much the same. This should
be expected in an accumulation area, since the deeper layers have been subjected to the
compressive forces for a steadily increasing length of time. Site 40 was at Camp Michigan
where Zumberge and others® have made detailed studies of the ice deformation. They also
find increases in density related locally to forces that are responsible for the anticlinal ice
structures. In areas of crevassing caused by shearing or compressive forces some abnormal
densification should be expected.

Other evidence was obtained on the Victoria Land Traverse of 1958-59 south of Mt.
Discovery, where there was no evidence of crevassing. At Site 57 (lat. 79° 03’ S., long. 169°
11’ E.) and at Site 59 (lat. 79° 05" S., long. 165° 38" E.), north-south and east-west
strain lines of about 1-5 km. length were chained in October 1958, January 1959 and in
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October 1959, the latter by the Victoria Land Traverse party of 1959-60. Results were as

follows:
Site N-§ strain-rate E-W strain-rate  Vertical strain-rate  Ice Thickness
57 +85x 1075 /yr. -6 107 5/yr. —QI X 107 3/yr. 387 m.
59 --215 X 107 5/yr. —57X1073/yr. 132X 10 5/yr. 488 m.

The additional thickness at Site 59 is assumed to be the result of this positive vertical strain,
although there is insufficient data to determine the velocity gradient vectors. Sites 58 and 59
are south of the Mt. Discovery—Minna Bluff peninsula while Site 57 is east of this obstruction
to normal northerly flow. The density values for these three stations are shown in Figure 3.
Though the increase at Site 59 where negative horizontal strain was observed is less pronoun-
ced than at Sites 27 and 40, it is nonetheless present.
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Fig. 3. Densily variations with depth in selected Ross lce Shelf areas

Studies of the vertical densification of snow are complicated by many factors such as the
accumulation, temperature, temperature gradients, snow character and cataclysmal slumping of
incompetent layers, and it is unfortunate to find that horizontal strains must also be considered.
However, the horizontal strain-rates contain the clues to glacier behavior 9 and with the use
of the distance-measuring tellurometer for determining distances rapidly and accurately, it
should soon be possible to outline completely the velocity fields for glaciers, ice caps or ice
shelves.

The authors wish to acknowledge the helpful assistance and discussions of Dr. Trevor
Hatherton, Stephen den Hartog and Al. Stuart.
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