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INTRODUCTION

This manual describes the terrain and
environmental features in the vicinity of
McMurdo Station, Antarctica, and presents
engineering methods and operational
procedures for working within these natural
constraints., The information contained has
been developed from experience as well as
from direct applied research.

The manual deals specifically with
McMurdo Station and is not intended to
apply to other areas even though it
undoubtedly could have broader application.
No information is contained on operation of
the Williams Field air facility since this is
intended to be the subject of a supplemental
manual when that facility is relocated in 1975
or 1976.

It is intended that the manual will serve
to maintain a record of successful operating
methods and provide sufficient background to
prevent duplication of previously tried
ineffective methods. Considerable technical
data are contained which should be of value
in the solution of problems on-site.

BACKGROUND

The participation of the Navy in
antarctic exploration began in 1839 when LT
Charles Wilkes explored the coastal waters
east of Palmer Peninsula. This was at a time
when the actual existence of the antarctic
continent was in dispute.

Establishment of McMurdo Station

The current Navy operation in
Antarctica began in the austral summer of
1954-65 when the ice breaker USS Atka was
sent to Antarctica to look for sites for bases
to be established as part of the International
Geophysical Year (IGY) scientific effort. One
of the sites investigated was Kainan Bay, 30
miles east of the Bay of Whales (Figure 1). It
was decided that a tractor train could be sent
overland from this point to establish a station
at 80°S, 120°W (Byrd Station). However, it
was quickly apparent to the Navy that neither
the equipment nor the personnel were avail-
able to establish or support a station at the
geographic South Pole from Kainan Bay.
Instead it was proposed to establish an air
logistics station on Ross Island in McMurdo
Sound. The site for this station was finally
selected at Hut Point because Frank
Debenham, a veteran of the second Scott
expedition, was able to assure U.S. planners
that the bay ice would support heavy cargo
aircraft [1].*

Construction of the Naval Air Facility,
McMurdo Sound, renamed McMurdo Station
in 1961, began in the autumn of 1955 in
order to be ready for the IGY which began in
July 1857. On 20 Dec 1955, four Navy
aircraft (two standard C-54's and two ski-
equipped P2V Neptunes flew from
Christchurch, New Zealand to McMurdo
Sound in 14-1/2 hours, the first large cargo
aircraft to take off from a distant land mass
and set down in the Antarctic.

{1] Encyclopaedia Britannica, vol. 2, 1971 ed., Chicago, Ill., p. 17.
* For the remainder of the Manual, references will be listed at the end of each chapter.
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The IGY was scheduled to end on 31
Dec 1958. Originally, it was expected that the
United States would withdraw early in 1959
but the success of the IGY scientific program
resulted in a decision to continue the program
for an indefinite period. The principal impact
on McMurdo Station was the change in status
from a temporary camp to a permanent
station and the inauguration of a long-term
redevelopment program to improve or replace
the temporary station facilities.

NCEL Participation in Antarctica
Participation of the Naval Civil

Engineering Laboratory in Navy antarctic
operations began in 1955 with the site-

selection expedition of the ice breaker USS
Atka and in 1956 with a performance study
of mechanical equipment specially built or
modified by NCEL for antarctic operation.

Though not active in Antarctica during
the IGY, NCEL resumed participation in
Deep Freeze (DF) operations in the austral
summer of 1959-1960 (Deep Freeze 60) and
each year since has had representatives in
McMurdo during the summer construction
seasons. This work was primarily a research
and development effort to improve Navy
operational capabilities in polar regions.
Funding for this work was provided by the
Naval Facilities Engineering Command which
was previously known as the Naval Bureau of
Yards and Docks. The largest participation by
NCEL occurred in 1964 when a self-sufficient
camp for 24 people was established near the
edge of the McMurdo Ice Shelf 2.5 miles from
Pram Point. During this season, a 5,000-foot
runway of compacted snow was constructed
which successfully supported fully loaded
C-130 aircraft on wheeled take-off and
landings.
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Chapter 1

PHYSIOGRAPHY OF THE MCMURDO AREA

INTRODUCTION

The dominant physiographic features in
the McMurdo Station area include part of the
Ross Ice Shelf, the annual sea ice on
McMurdo Sound and the bare, volcanic rock
hills of Hut Point Peninsula. Experience has
emphasized the need for a knowledge and
understanding of these areas. This was illus-
trated in DF-61 and again in DF-64 when
unstable ice conditions not previously
recognized or known required an unscheduled
and hurried dismantling and relocation of the
Williams Field Air Facility when ice breakup
engulfed the area.

GEOGRAPHY

The McMurdo Station complex is
located on and adjacent to the southern end
of Hut Point Peninsula, a prominent land
feature extending 11 miles south from the
main mass of Ross Island (Figure 1-1). The
station complex consists of McMurdo Station
on Hut Point Peninsula, the Williams Field Air
Facility on the deep snow of the ice shelf, and
the ice runway on the annual sea ice of the
McMurdo embayment. This embayment is
about 4 miles wide and 6 miles long in an
east-west direction (Figure 1-2). Since it is
covered with sea ice for about 10 months
each year and used extensively for roads and
runways, it should be considered as part of
the McMurdo complex.

The map in Figure 1-3 shows the
McMurdo area in greater detail and covers
approximately 80 square miles. The Ross Ice
Shelf and the ice covered embayment of
McMurdo dominate the area in relation to the
land mass. The ice shelf south and west of
Hut Point Peninsula and east to a line con-
necting the northern tip of White Island with
Cape MacKay is significantly different from
the rest of the Ross Ice Shelf and has been
called the McMurdo Ice Shelf [1]. (Maps in
this manual do not show Cape MacKay and
Cape Crosier.) A zone of pressure ridges 2 to
4 miles wide extends for about 30 miles
southwest from Cape Crosier and represents a
transition between the northward-moving
Ross Ice Shelf and the westward-moving
McMurdo Ice Shelf.

METEOROLOGY

The climate of the McMurdo Station is
less severe than many areas of the Antarctic,
being tempered by the proximity to the ocean
and the near sea level elevation. The local
climate has not been studied in detail but is
known to vary significantly with changes in
location of a few miles.

Temperature
The average monthly temperatures at

McMurdo Station for a 13-year period are pre-
sented in Table 1-1. Averages for other
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antarctic locations are also shown for
comparison. As may be seen, the coldest
temperatures occur in July and August with a
mean monthly temperature of -15 and -19°F,
respectively. The warmest temperatures occur
in December and January with a mean
temperature of 26°F for both montiis. The
average mean temperature during the summer
construction (November through February) is
209F and the mean temperature for the entire
year is Q°F .

Precipitation

All of the precipitation at McMurdo
Station occurs as snow. The annual total as
shown in Table 1-2 is equivalent to 6.84
inches of water. January, February, and June
are the months of heaviest precipitation. The
distribution of the annual snowfall is highly
dependent on winds. Exposed land areas are
essentially snow-free year-around and
sheltered areas accumulate heavy drift.

Winds

Winds at McMurdo Station are strongest
during the winter months and prevail from
the east with storm winds from the south.
The mean monthly wind velocities are pre-
sented in Table 1-3. The velocity of peak
wind gusts for McMurdo and other antarctic
stations is shown in Table 1-4. Winds often
result in blowing surface snow which reduces
visibility and increases the difficulty of out-
door work. In winter when surface snow is
dry, blowing snow can be expected at wind
velocities of about 10 knots and above. In
summer, when the surface snow is warmer
and more dense, higher wind velocities of 15
to 20 knots are required to produce a similar

condition, Figure 1-4 shows the average
number of days with blowing snow for the
different months of the year.

Sunlight and Solar Radiation

With the extreme southern latitude,
McMurdo Station is subject to seasonal
periods of continuous daylight and
continuous darkness. The sun first rises above
the horizon on 19 August following a period
of winter darkness and sets for the final time
each fall on 12 April. The number of hours of
sunlight and twilight each day can be deter-
mined from Figure 1-5.

Solar radiation during periods of sunlight
has a significant warming effect on people and
materials. Melting of ice and snow is common
during periods of bright sunlight even when
air temperatures are below 32°F. The average
numbers of cloud-free hours and of bright
sunlight. each day during the daylight period,
are also shown in Figure 1-5. These data are
available for only 2 years but show reasonably
close agreement. Figure 1-6 shows the heating
produced by short-wave solar radiation in the
McMurdo Sound region during different
months of the year and varied cloud cover.

Wind Chill

Wind chill is the cooling effect of moving
air on a body, taking into account both tem-
perature and wind speed. It is expressed as the
amount of heat lost per unit area per unit of
time. The effect of wind chill is most
apparent in the increased rate of heat lost
from the human body as wind velocities
increase. Wind chill also affects heat loss rates
from any warm body and causes, for example,
the engine of a vehicle i ool more rapidly




when shut down or causes a pipeline carrying
water to freeze at an air temperature where
freezing had not occurred previously when
the air was still. Wind chill does not change
the reading on a thermometer nor change the
characteristics of a material which is already
at the air temperature, such as the impact
strength of steel. Figure 1-7 shows the cooling
rate on a warm body as a resultant effect of
wind and temperature. Degrees of human dis-
comfort are also indicated for an individual in
a state of inactivity. Figure 1-8 presents the
cooling power of wind expressed as equivalent
chill temperature and is more convenient to
use in assessing the protection required for
human comfort and safety.

GEOLOGY AND GLACIOLOGY

Land not covered by ice and snow
amounts to only a few percent of the total
area of Ross Island. Most of the exposed land
in the southern McMurdo Sound area occurs
at Cape Royds, Cape Evans, the Dellbridge
Islands, and on Hut Point Peninsula. Approx-
imately 2 square miles of land is exposed in
the vicinity of McMurdo Station, of which
less than 0.5 square mile is utilized for the
station complex. Figure 1-9 shows distri-
bution of permanent snowfields and bare
ground in this area.

Topography

McMurdo Station is constructed on the
south-facing slope of a cirque-like basin
surrounded on three sides by hills 400 to
about 700 feet high (Figure 1-10). The
topography is hilly, moderately rugged, and
has high local relief. Observation Hill is one of

the prominent and historically famous
landmarks and rises from sea level to 747 feet
within a horizontal distance of about 2,000
feet. The Arrival Heights area consists of a
broad, north-south trending range of volcanic
hills having elevations of 900 to almost 1,000
feet and descending southward to the low,
elongated hill of Hut Point on the western
side of Winter Quarters Bay. Crater Hill is
about 1 mile north of Observation Hill and is
also a prominent landmark having an eleva-
tion of 987 feet. The Pram Point basalt flow,
upon which Scott Base is located, originated
from the Crater Hill volcano during its active
stage sometime in the prehistoric past.

Hut Point Peninsula consists entirely of
volcanic rocks that are predominantly olivine
basalts with smaller amounts of associated,
less basic rocks such as trachite, tuffaceous
agglomerate, phonolite, and kenyte. The
basalt ranges from black, dense, micro-
vesicular rocks through vesicular basalt.
Scoriaceous and cindery masses are found on
the surface and as irregular, interflow layers
and lenses. The basalts occur as flows of
varying thickness and extent, and as massive,
but small, volcanic necks such as Crater Hill
and Observation Hill,

Rock debris 6 inches thick or more
covers most hill slopes and fills small valleys
and other low areas. Most of the surface
consists of wind-swept lag gravel that is
underlain by varying amounts of dry silt and
sand-sized particles. Perennially frozen ground
(permafrost) is continuous and, during the
middle-to-late summer season thaw, occurs at
depths of 8 to about 12 inches depending
upon location, slope angle, and slope orienta-
tion. All unconsolidated material is frozen
from these depths down to solid rock. A
description of the permafrost conditions at
McMurdo Station is contained in Chapter 4.




Rock Quarry

The Fortress Rocks, about 3,000 feet
north of the central McMurdo Station
complex, is the most suitable source for large
quantities of high quality concrete aggregate
and fill material in the McMurdo area. This
site consists of a small elliptical knoll about
1,000 feet long and 500 feet wide. The knoll
rises 20 to 60 feet above the surrounding,
south-sloping hillside and could provide
500,000 cubic yards or more of rock fill.

The rock is of local volcanic origin and
consists predominantly of slightly to moder-
ately vesicular olivine basalt. Most of the rock
is dense, hard, solid basalt or hard, vesicular
basalt with small amounts of cindery rock.
The entire deposit is closely jointed and, with
proper blasting, should be easy to quarry. The
quarry has been thoroughly sampled and
tested as a source for concrete aggregate [4].

Fast Ice

Fast ice is defined as sea ice more than 1
yvear old that has frozen to and accumulated
along the shoreline. Fast ice can also form in
protected embayments where the annual sea
ice may remain for 1 or more years without
breaking up and going to sea.

The amount of fast ice along the
McMurdo shoreline has not been fully deter-
mined but it is believed to extend from the
tip of Hut Point Peninsula around Winter
Quarters Bay at least as far as Cape Armitage.
The most satisfactory method of determining
the presence of fast ice is by core drilling with
the tube core bit described in Chapter 8.

The largest area of fast ice is that
comprising the ice wharf used for cargo ship
off-loading since DF-64. This section of ice,
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which is about 150 feet wide and 400 feet
long, is described in detail in Chapter 6. Fast
ice was found beneath the sewage outfall
structure in DF-71 when wave action
undercut the piling set into it causing separa-
tion from the land (Figure 1-11). Drilling has
also shown the presence of fast ice on the
shoreline at VXE-6 Hill Road, but the full
extent has not been determined.

Snow-Drift Ice Slabs

These features form in areas where the
annual accumulation of windblown snow
exceeds the annual loss by sublimation or
melting. A permanent snowfield results that
usually consists not only of snow and firn
(dense, old snow) but may grade downward
into ice (density 0.81 gm/cm?3) if the deposit is
thick enough. These snowfields are common
in the McMurdo Sound region [5] and can
occupy a shoreline position similar to fast ice.
The two deposits may appear to be similar
topographically but can easily be differen-
tiated by differences in ice crystal
composition, origin, and the fact that snow-
drift ice slabs have an upper surface usually
well above sea level. A good example of
coastal slabs can be found along the shoreline
of Cape Armitage.

Lakes

Three perennially frozen, freshwater
lakes occur in the Arrival Heights area about
0.75 mile north of McMurdo Station. Two of
the lakes are located within a small crater and
the third, known as Star Lake, occupies a
shallow depression north of the crater. During
December and January, the greenhouse effect
of intense solar radiation, low reflectivity of
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the blue, bubbly ice, and dark colored dirt in
the ice causes subsurface melting similar to
that in the snow free area of the McMurdo Ice
Shelf described in Chapter 2. By midsummer,
the ice cover over Star Lake may thin to as
little as 4 inches and water beneath the ice
may be as much as 3 feet deep.

Star Lake has often been used as an
extra source of freshwater for McMurdo
Station, and during DF-67, was estimated to
contain 70,000 gallons by late December. To
promote subsurface melting and a maximum
continuing summer water supply, the ice sur-
face of the lake should be kept clear of any
snow cover that may collect during the
summer months.,

OCEANOGRAPHY

The water depths in McMurdo Sound
embayment south and east of McMurdo
Station are shown in Figure 1-12. As may be
seen, the depth increases rapidly from the
shoreline, and the water is over 1,800 feet
deep in the vicinity of the Williams Field 3
annual ice runway.

Tides in the McMurdo area are small
ranging from less than half a foot above and
below mean tide level to a maximum of 1.7
feet above and 2.0 feet below. The most
current tide tables are available from the
Naval Oceanographic Office, Oceanographic
Analysis Division, Washington, D.C. 20390.

NATURAL HAZARDS
Various natural hazards exist in the

vicinity of McMurdo Station that shculd be
avoided by inexperienced personnel t:aveling
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on foot or in vehicles. These areas are
described by the following letter designations
and relate to the map in Figure 1-13.

A. The hillside area above the big curve in
the compacted snow road is heavily crevassed
both by visible and by hidden crevasses and
should be avoided by vehicles or personnel on
foot. A Trackmaster vehicle and a rescuing
D-8 tractor each fell into separate crevasses in
this area in DF-72. Crossed flags traditionally
warn of crevasses and should be taken
seriously at all times.

B. One large crevasse occurs along the
compacted snow road between the road and
the cliffs north of Scott Base. This crevasse is
covered by wind-packed snow and has been
filled and compacted in the road area. As a
result, it is usually not visible even in late
summer.

C. There are many crevasses in the pressure
ridge zone near Scott Base. These crevasses
are oriented both parallel with and perpen-
dicular to the long axis of pressure ridges.
Most of the crevasses are small and well
hidden and can easily cause leg injuries to
careless personnel on foot. Slush pools also
occur in the swales between pressure ridges
and can be dangerous during late summer
(Figure 1-14). Slush zones are often bridged
over with dry snow and are indistinguishable
from the surrounding safe areas.

D. A narrow zone of intensely ridged and
broken sea ice forms each season in the area
between Scott Base and Cape Armitage
(Figure 1-15). These pressure ridges, along
with downwarped, flooded areas, usually
occur at the sea ice-to-land contact and are
easily avoided because of their prominence.
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Slush zones also form in this area and are
different from the slush pools associated with
pressure ridges. Slush zones form in the area
between Scott Base and Cape Armitage where
the snow cover is often more than 1 foot
thick. By midsummer, large areas of snow
may become flooded with seawater to form
strengthless slush. Flooding is usually caused
by tide cracks or seal breathing holes. Slush
zones can be several hundred square yards in
extent and may not be visible because of an
undisturbed crust of wind-packed snow.
Vehicles can break through the crust and
become stuck in the slush (Figure 1-16).

E. Areas “E" and "E, " are zones of sea ice
that become dangerously thin when the sea
ice elsewhere in McMurdo Sound is still thick
enough for safe travel. The most important,
and dangerous, thin ice area is off Cape
Armitage and covers about 90 acres (Figure
1-17). During DF-63 a driver and passenger in
a D-8 tractor taking a shcrtcut from McMurdo
to Williams Field broke through the ice in this
area and sank in 35 feet of water. The driver
and passenger survived through considerable
luck and the tractor was recovered.

F. This small area of steep ice slopes
should be avoided by the casual hiker. The
sailor from Scott's crew commemorated by
the cross on Arrival Heights was believed lost
in this area.

G. Crevasses like cornices often form
between the vertical face of the ice shelf and
the wedge of drifted snow resting on the sea
ice. These crevasses are seldom dangerous but
could cause injury to personnel on foot.
Figure 1-18 shows a vehicle immobilized in
this hazard.
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Table 1-1. Air Temperatures at Selected Antarctic Stations (°F)
®
o]
Elava: é January February March
Stations Lat Long. tion S
"
Ll 3 G S e g R i
> © o = © 3 < © 3 =
s s s s s s s b
McMurdo (USA) 77°51's | 166°40'E 59 | 13 | 42 26 4| 3 17 = 26 0 -46
South Pole Station (USA) 90°00°s 9186 | 12 6 | -20 | -42 7| 40 | 69 | -19 | -66 -95
Byrd (USA) 80°01's | 119°32'w 4959 | 12 | 31 5 | -21 26 -4 | -38 16 | -19 -64
1 Cape Hallett (US-N2) 72°19's | 170°13°E 16 9 | a7 30 9| 4 27 15 31 13 12
Eights (USA) 75°15°S 77°086'W 3| 34 14 9| 2 2l 2o 28 { =13 -43
Ellsworth (USA) 77°43's 41°08'W 131 6 | 33 17 9| 27 4 | -23 25 | -10 -40
Little America (USA) 78°11's | 162°12'w 138 3 | a2 20 6| 32 12 | -36 29 -9 -52
Plateau (USA) 79°15°s 40°30°E | 11,890 3 |'=1 |} 30 | 56| =13 | <48 | -72:.} 33 | <72 | 104
Vostok (USSR) 78°27's | 106°52'E | 11,200 3 -a k-3 | 572] 3] «a9]| 83| 86| 67 | -102
Davis (Australia) 68°35°s 77°58'E 40 7 | a5 32 i e 27 5 37 17 -16
Wilkes (Australia) 66°01'S | 110°32°E 31 7 | 48 31 18| a2 28 10 37 20 =
Decepcion (Argentine) 62°59'S 60°43'W 26 8 | 51 34 19| 48 34 20 46 32 12
Dumont D’urville (France) 66040'5 140°01°'E 8 41 30 16 40 23 5 37 17 -8
Halley Bay (Base Z)
(United Kingdom) 75°31's 26°36'W 6 | 36 22 gl 22 T 26 2 -35
July August September October November
Stations
x S x s & x S = x s & x s
gl 2t gl 2} s i3St ({221 s12]3
McMurdo (USA) 24 | -15 -59 18 | -19 57 19 =13 -47 24 -4 -39 37 16 | -
South Pole Station (USA) 29 | -75 |-113 | 27| -75 | -108 | -35 [ -75 | -110 | -21 | -60 -89 =2 | <38
Byrd (USA) 10 | -33 -82 8 | -34 -80 14 | -35 -80 12 | -24 73 | 24 F 4
Cape Hallett (US-NZ) 25 | -16 -44 20 | -16 54 21 | =12 -4 28 % 41 38 17 | &
Eights (USA) 15 | -29 -62 8 | -36 -76 17 | -30 -61 26 | -20 -69 24 1
Ellsworth (USA) 10 | -28 -61 20 | -28 -61 20 | -23 -60 25 9 -70 31 5
Little America (USA) 23 | -30 =70 | 22| -35 -78 210 |27 73 | 2 |3 -53 30 6
Plateau (USA) 47 | 91 (-123 | 42| 96 | -121 | 36 | 86 | -120 | -35 | -75 |-112 | <16 | -a8
Vostok (USSR) 47 | -89 j-17 | 62 <96 | ~127 | <48 | WO | <16 | 41 | <v5 |<won | 28 | w0 |
Davis (Australia) 30 1 -36 [ 30 1 -34 29 1 -30 33 11 -18 38 23
Wilkes (Australia) 34 3 -35 31 5 -30 30 5 -30 30 11 -19 40 22
Decepcion (Argentine) 40 16 -13 41 7" -18 39 22 -10 45 27 2 42 29
Dumont D’urville (France) 32 0 -28 31 1 -29 30 3 -34 32 9 -19 38 19
Halley Bay (Base Z)
(United Kingdom) 23 | -18 -60 2a | 21 -58 23 | -16 -58 29 <2 -50 30 1




Record

December § Temp

2

S

5
s 8l 2| 3 §
= 2 =S s s
42 26 P 0| 42 -59
-2 -19 | -38 | -57 6 [-113
27 5 | 22 | 119 | 3 82
44 28 8 4 47 -54
36 1" -19 -15 | 36 -76
32 18 -4 9| 36 -70
39 22 -2 8 | 42 -78
5 | -28 | 54 | -70 -1 -123
-6 | -28 | -54 | -68 -6 [-127
49 31 14 13 | 49 -36
42 30 6 15 | 48 -35
45 33 18 26 | 51 -18
43 28 13 12 | 43 -34
36 21 -6 -2 | 36 -60
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Table 1-2. Precipitation Data for Antarctic Stations (Inches of Water)

Years Total
Stations of Jan | Feb | Mar | Apr |May |June |July | Aug |Sept | Oct | Nov | Dec
Annual
Record
McMurdo (USA) 13 0.79 |1.14 |0.47 |0.41 |0.60 [0.85 | 0.39 | 0.64 |0.49 | 0.33 | 0.32 | 0.41 6.84
South Pole Station
(USA) 12 0.02 [0.03 001 | T* m i 1 T 17 T ¥ T 0.01 0.07
Byrd (USA) 12 0.25 ({0.22 [{0.13 |0.14 | 0.20 |0.21 | 0.31 |0.29 |0.14 | 0.30 | 0.11 | 0.23 2,53
Cape Hallett
(US-N2Z) 9 0.60 [0.76 [ 1.22 |0.50 {0.74 | 0.27 | 0.89 |0.54 [0.64 [0.32 |0.11 |0.31 6.90
Eights 3 1.21 11541158 {058 {208 153 11.29 10.49 }11.31 ] 0.86 |0.56 | 0.82 | 13.85
Ellsworth (USA) 6 0.25 {0.1510.25 {055 | 0.19 | 0.24 |1 0.20 | 0.20 |0.27 | 0.39 | 0.47 | 0.20 3.36
Little America
{USA) 3 0.41 |1.33/1.63|0.78 | 1.07 |0.84 |0.66 |0.48 |0.92 | 0.83 |0.48 |0.95 | 10.38
Plateau I T 1o T 5 S (s o] L0 O e s s o R o o (5 T
Vostok (USSR) 2 0.02 |0.04 |0.28 |0.17 [0.33 | 0.49 | 0.23 [0.21 |0.19 | 0.07 | 0.02 | 0.03 2.08
Wilkes (Australia) 7 0.54 1039168 |1.09 |1.351.17 | 1.28 |0.83 |1.62]1.15]|0.84 |0.31 | 12.15
Decepcion
(Argentine) P 2.30 |12.10 [ 2.70 | 2.00 | 0.20 | 0.30 | 0.60 | 1.00 |0.90 | 4.30 | 3.80 | 2.00 | 22.20
*T = Trace.
Table 1-4. Wind Data for Arctic and Antarctic Stations
Years Peak Gusts (mph) and Direction
Stations of
Record Jan Feb Mar Apr May Jun Jul Aug
McMurdo 13 62S 75S 81SE 79SE 958 99s 116SSE | 100SE
South Pole Station (USA) 12 48NNW | 45N 36NW 39N 54NNE | 40N 43NNE | 51N
Byrd 12 47NE 60NNE 67N 71NNE 71NNE 87N 83NW 82NE
Cape Hallett 9 728 928 89S 87S 120SSW | 92SSW | 928 99S
Eights 3 44S 44SE 58ENE | 82NNE 71N 77NNE | 75NNE | 75N
Ellsworth 4 35S 46S 47NE 65E 63NE 61ENE | 81SW 81S
Little America 3 37SwW 40NNE 48NNW | 46NNE T7NNE SONNE | 7BNNE | 8ONNE
Plateau 2 20WNW | 27N 35NE 40NE 35W 48NNE | 30N 33NNE
Vostok4
Davis 5 67NE 96NE 101NE | 116ENE | 100ENE | 99NE 96ENE | 81ENE | 98NE 111N
Wilkes (Australia) 7 89ESE 113ESE | 101E 134E 136E 131E 121E 128E 111E 1383
Decepcion (Argemine)b 4
Dumont D’urville (France)¢
Halley Bay 6 66 48 85 74 77 89 86 81 77 94
2 Gust data not available, but estimates would place the peak at about 100 mph.
b Data not available.
€ Gust data not available, but estimates would place the peak at about 130 mph.
- _— ik —_— 2 - P



Table 1-3. Average Mean Monthly Wind

Direction and Velocities for
McMurdo Station (Knots)

Month Direction Speed
! Jan = 9.7
~ Feb E 12.1
Mar E 148
~ Apr E 12.7
. May = 12.4
Jun E 13.5
Jul E 12.6
Aug E 129
E 12.6
E 11.5
Nov E 10.6
Dec SE 10.5
Nov Dec Annual
76SSW | 77SSE 116SSE
38NNE | 30NNW | 54NNE
62N 62NE B89ENE
97S 67S 120SSW
71N 39S 82NNE
43NE 33S 82NE
44NE 61NNE | BONNE
55NNE | 28WNW | 556NNE
88ENE | 105NE 116ENE
115E 76ESE 138ESE
68 84 94
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Figure 1-3. Facilities and features on the McMurdo Ice Shelf.
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]
!
i

WIND SPEED COOLING POWER OF WIND EXPRESSED AS “EQUIVALENT CHILL TEMPERATURE"
KNOTS | MPH TEMPERATURE (OF)

CALM | CALM -2;[-30 I -36 J 40 ]454! 50 l 65] 60

EQUIVALENT CHILL TEMPERATURE

36 5 -26 | -30 -36 40 45 50 55 €5 -70
7-10 10 -26 | -36 | 40 | 45 | 50 60 €5 -70

11156 15 265 | -30 | 40 | 45 | -50 | 60 | 65 -70

16-19 20 25 |-30| -35 | 45 | 50 | 60 | 65

20-23 25 30 | -35 | 45 | -50 | 60 | 65

24-28 30 26 | -30 | 40 | 50 | 55 | 65 | -70

29-32 35 30 | 35 | 40| 50 | 60 | 65

33-36 40 -30 | -35 | 45 | -65 | 60 | -70

WINDS ABOVE INCREASING DANGER

40 HAVE (Flesh may freeze within 1 min.)

LITTLE

ADDITIONAL

EFFECT

DANGER OF FREEZING EXPOSED FLESH FOR PROPERLY CLOTHED PERSONS

INSTRUCTIONS

MEASURE LOCAL TEMPERATURE AND WIND SPEED IF POSSIBLE; IF NOT, ESTIMATE. ENTER TABLE AT CLOSEST 5°F INTERVAL
ALONG THE TOP AND WITH APPROPRIATE WIND SPEED ALONG LEFT SIDE.
CHILL TEMPERATURE. THAT IS, THE TEMPERATURE THAT WOULD CAUSE THE SAME RATE OF COOLING UNDER CALM

CONDIT

WIND

1ONS.

ACTIVITY

PROPER USE OF CLOTHING and ADEQUATE DIET are both important.

COMMON SENSE

NOTES

INTERSECTION GIVES APPROXIMATE EQUIVALENT

1. THIS TABLE WAS CONSTRUCTED USING MILES PER HOUR (MPH), HOWEVER, A SCALE GIVING THE
EQUIVALENT RANGE IN KNOTS HAS BEEN INCLUDED ON THE CHART TO FACILITATE ITS USE

WITH EITHER UNIT.

2. WIND MAY BE CALM BUT FREEZING DANGER GREAT IF PERSON IS EXPOSED IN MOVING
VEHICLE, UNDER HELICOPTER ROTORS, IN PROPELLOR BLAST, ETC.
RELATIVE AIR MOVEMENT THAT COUNTS AND THE COOLING EFFECT IS THE SAME WHETHER
YOU ARE MOVING THROUGH THE AIR OR IT IS BLOWING PAST YOU.

3. EFFECT OF WIND WILL BE LESS IF PERSON HAS EVEN SLIGHT PROTECTION FOR EXPOSED
PARTS — LIGHT GLOVES ON HANDS, PARKA HOOD SHIELDING FACE, ETC.

1T IS THE RATE OF

DANGER IS LESS IF SUBJECT IS ACTIVE. A MAN PRODUCES ABOUT 100 WATTS (341 BTUs) OF HEAT
STANDING STILL BUT UP TO 1000 WATTS (3413 BTUs) IN VIGOROUS ACTIVITY LIKE CROSS—COUNTRY

SKIING.

THERE 1S NO SUBSTITUTE FOR IT. THE TABLE SERVES ONLY AS A GUIDE TO THE COOLING
EFFECT OF THE WIND ON BARE.FLESH WHEN THE PERSON IS FIRST EXPOSED. GENERAL BODY
COOLING AND MANY OTHER FACTORS AFFECT THE RISK OF FREEZING INJURY.

(REVISED FROM ARCTIC AEROMEDICAL LABORATORY TECHNICAL

REPORT 64-28)

CONTRIBUTORS:

ARCTIC AEROMEDICAL LABORATORY — FORT WAINWRIGHT, ALASKA
SCIENTIFIC SERVICES, 11th WEATHER SQDN — ELMENDORF AFB, ALASKA

Figure 1-8. Cooling power of wind expressed as equivalent chill temperature.
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Figure 1-11. Separation of undetected fast ice from shoreline
beneath sewage outfall structure.
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Figure 1-156. Hazardous pressure ridge and slush pool between Scott Base and Cape Armitage.
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Figure 1-16. LGP-D8 tractor immobilized in slush pool covered by dry snow on sea ice between

Scott Base and Cape Armitage.

Figure 1-17. Sea ice melted away in-place off Cape Armitage.
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Chapter 2

MCMURDO ICE SHELF

INTRODUCTION

The McMurdo Ice Shelf extending south
and east of Hut Point Peninsula is a key part
of the McMurdo Station complex because of
the Williams Field aircraft runways and camp
which are located on the deep snow surface.
In the history of McMurdo operations, this
airfield has been located in three different
areas on the shelf.

Williams Field 1

From the beginning of the IGY until
DF-62 the Williams Field runways were
located about 2.5 miles southwest of Hut
Point on 30-foot thick ice covered with 12 to
30 inches of snow. The runways for wheeled
aircraft were prepared by bulldozing the snow
to the edge of the runways. The resulting
berms accelerated accumulation of drift snow
and by DF-62, these berms were over 20 feet
high and tapered out 150 to 200 feet on each
side of the two runways. The weight of this
snow overburden depressed the surrounding
ice and produced visible cracks in the runway
surface and unseen cracks in the surrounding
area. At the close of the DF-62 summer
season, the ice on which the airfield was con-
structed calved off and went to sea.

Williams Field 2

In October, DF-63, Williams Field 2 was
established on the ice shelf almost directly
south of McMurdo Station (Figure 2-1). The

ice in this area was buckled by pressure ridges
up to 2 feet high and the entire area covered
with snow 4 to 5 feet deep. To prepare the
two runway complexes, snow was again dozed
from the ice surface and distributed along the
edge of the runway. Undulations were leveled
by chipping down high areas with snow-
processing pulvimixers and by flooding low
areas with seawater which eventually froze.
By DF-65 the snow berms along the runways
were over 30 feet high in some areas and the
runways resembled broad trenches with
sloped sides. In February 1965, ice breakup
again resuited in the loss of several thousand
feet of the crosswind runway and threatened
the remainder. In a period of three days, the
facility was disassembled and moved to
safety.

Williams Field 3

In DF-66, Williams Field was
reestablished on the barrier about 3 miles
southeast of Pram Point (Figure 2-1). The
structure of the barrier at this location pro-
vided greater security from ice breakout but
was not suitable for construction of runways
for wheeled aircraft. As a result skiways were
prepared on the barrier and a runway for
wheeled aircraft constructed on the annual
sea ice (Figure 2-1). This ice runway met most
requirements for wheeled aircraft operation
but could not be used after early January
because of deterioration of the ice sheet. To
accommodate wheeled aircraft after early
January (primarily C-121 aircraft used for

T e




redeployment) another runway was
established 8.5 miles south of McMurdo
Station as shown in Figure 2-1. This runway
was designated Outer Williams Field and was
built on snow-free glacier ice. Buildings at this
location were minimal and housed only a
maintenance crew. When use of C-121 aircraft
was discontinued in DF-71, the operation of
this outer runway was also discontinued.

CHARACTERISTICS

East and south from Hut Point
Peninsula, the ice shelf appears to be a flat,
featureless plain broken only by White Island
and Black Island far to the south (Figure 2-2).
To the west, the white snowfields gradually
change to a mottled white, then blue, as
glacier ice becomes exposed at the surface.
Near Black lIsland, drainage channels and
black streaks of rock debris appear as ridges
trending north from Black Island and Brown
Peninsula. Closer inspection reveals, however,
that the ice shelf within the map area is not
completely featureless. The vertical face of
the ice shelf around the McMurdo Sound
embayment gradually rises from a height of 8
feet near Pram Point to a maximum of about
22 feet near Williams Field (Figure 2-1).
Continuing clockwise around the shelf, the
edge then trends westward and the height
diminishes to 3 feet about 4 miles west of
Cape Armitage.

Two pressure ridge areas form the most
prominent surface features on the ice shelf.
One area is northeast of Pram Point and is
caused by the ice shelf moving against Hut
Point Peninsula. The other zone on the ice
shelf is less obvious and is located across the
annual ice about 3 miles south of Cape
Armitage where ice shelf movement decreases.

The topography of the ice shelf is
subdued and consists of broad, gentle undula-
tions. The elevation at the present Williams
Field (Williams Field 3) is about 33 feet and
rises to the east at 8 to 10 feet per mile. To
the southwest of Williams Field, the surface
elevation rises almost imperceptibly for
several miles then decreases to about 20 feet
at the former Outer Williams Field site.

Movement

Studies of the ice shelf started in 1957
[1] near Scott Base and were expanded in
1963 [2] and 1967 [3] indicated that the ice
shelf was moving westward at a rate of about
270 feet a year near Pram Point and
increasing to 373 feet a year near the Williams
Field 3 location. These surveys were accom-
plished by triangulation from a fixed baseline
or by a resection from outlying observation
stations.

In DF-66, the Naval Civil Engineering
Laboratory (NCEL) established a series of
movement markers near the edge of the ice
shelf around the embayment south of Cape
Armitage [4]. Angles and distances were
measured by theodolite and electrotape twice
each season during DF-66, 67, and 68. The
object of this study was to determine move-
ment and stability conditions around the
margin of the ice shelf where travel routes and
other installations are most often focated. The
location of these movement markers is shown
in Figure 2-3 with the average movements
observed,

From this it can be seen that rates of
westward movement diminish from 347
feet/year at Station A to 54 feet/year at
Station C" which is located 4.5 miles to the
west. The greatest difference in movement
occurs between Stations B-68 and C-68 where




the rate decreases from 350 feet/year to 124
feet/year over a 2-mile distance. This disparity
of 226 feet per year is manifested in the
pressure ridges between the two stations
where compressive forces deform the ice
shelf. As of DF-69, Williams Field 3 was
moving westward at 350 feet/year.

In the area between D-68 and Outer
Williams Field, movement decreases to less
than 100 feet/year and attains a northwest
component caused by ice moving northward
from between Brown Peninsula and Black
Island. The dominant movement direction is
still westward as indicated by the westward
deflected moraines and drainage channels
north of Brown Peninsula (Figure 2-2).

Thickness

Thickness differences in the McMurdo
ice shelf were first discussed in 1961 in
describing equilibrium and westward
movement of the ice shelf. In 1963 data
collected from pits, bore holes and surface
elevations showed the ice shelf to be wedge-
shaped with drastic thinning in the direction
towards Hut Point Peninsula. Accurate
thickness data were obtained by NCEL in
DF-71 and DF-72 when eight holes were
drilled through the ice shelf for direct mea-
surement at key locations.

The map in Figure 2-3, which shows
thickness contours, was prepared from these
measurements and from temperature, density,
and salinity data from numerous core holes.
Cross sectional elevations of the ice shelf were
also prepared and are shown in Figures 2-4
and 2-5,

Cross section A—A' located along an
east-west flow line west of Williams Field pro-
vides valuable information on thinning, and
stability at the ice shelf edge. Drill holes H3
and H4 gave thicknesses of 146 and 91 feet,

respectively. The known movement rate for
the Williams Fiela area is 350 feet per year
and the annual net snow accumulation is
about 11 inches. As a unit column of ice
moves westward between these two points,
the ice shelf thickness decreases by a net 55
feet (from 146 feet at H3 to 91 feet at H4).
However, snow continues to accumulate on
the surface during the 15.8 years required for
the unit column of ice to move the 5,500 feet
between H3 and H4. This accumulation ic
equivalent to 14.5 feet which, when added to
the 55-foot net decreases in thickness, indi-
cates that the total loss by bottom melting is
69.5 feet or 4.4 feet per year in this part of
the ice shelf.

The data in cross section A—A' also
show that the ice shelf is in a state of negative
budget: losing more mass by bottom melting
and calving than is gained each year by flow
and accumulation. Calving accounts for the
greatest loss but is not a regular occurrence.

The process of bottom melting and
calvin'g apparently decreases westward and is
replac,éd by bottom freezing of freshwater
underflowing the ice shelf from the Koettlitz
Glacier [5]. This accretion by bottom
freezin'q may also be important beneath much
of the ice shelf east of the Koettlitz Glacier.
No calving has occurred along the ice shelf
edge near Station D68 (Figure 2-3) since
1965, nor has there been any appreciable
decrease in thickness. This suggests that much
;)f the ice shelf in this area may be in equilib-
ium.

|

Stability

The calving of large, tabular icebergs is
the” only event that seasonally affects the
marginal stability and safety of the ice shelf.
This calving is controlled by various factors
such as thickness, stiength, internal structure




of the ice shelf, and the existence of the
annual sea ice facing the ice shelf. The sea ice
on the embayment south of Cape Armitage
and portions of the adjacent icc shelf have
gone to sea many times during the recorded
history of this area. No two breakouts have
occurred at precisely the same time of year
nor has the extent of the breakout been the
same [6]. Generally, breakouts occur in
February and new sea ice begins to form in
late March or during April. A detailed record
of sea-ice and ice-shelf breakout has been
reported for the years 1962 to 1966 [7].

The sea-ice breakout in 1965 was
followed by extensive calving of the ice shelf
from Pram Point around the embayment to
the Williams Field 2 location (Figure 2-1).
The DF-63-65 Williams Field camp area was
damaged by active cracks during this breakout
and had to be relocated. Calving occurred
following sea-ice breakouts in DF-66, 67, and
68, but the total mass of ice lost was minor
compared with the DF-65 breakout. After the
DF-67 breakout, all of Pram Point was
surrounded by open water. Old records
indicate that only four previous breakouts of
similar magnitude occurred; those were
between 1901 and 1915 [6].

Calving cannot occur as long as the
annual sea ice remains in the embayment
south of Cape Armitage. If the restrictive
effect of the sea ice sheet is removed, thick-
ness and strength are then the most important
factors controlling calving. The extensive
calving that occurred between DF-63 and
DF-68 involved ice-shelf thicknesses varying
from about 35 feet at the seaward edge to
about 80 feet at the DF-68 edge. This was
determined by projecting the bottom slope,
based on known thinning rates, to the known
position of the DF-63 edge. Thickness

measurements show that the 1968 edge was
50 feet thick near Pram Point, 90 feet thick
west of Williams Field, 67 feet thick at DH
C-1, 33 feet thick at C-68, and 37 feet thick
at D-68. As previously stated, records indicate
that the ice-shelf breakout has never extended
eastward beyond the DF-68 edge. This
suggests that the critical thickness beyond
which calving does not occur is 80 to 90 feet
for the area west of Williams Field [8] .

Brine Penetration

The presence of brine 20 to 30 feet
beneath the snow on the ice shelf was first
observed during core and pit studies in 1963
{2]. In 1967 a comprehensive study and
analysis was made of this brine layer from
which it was shown conclusively that the
brine originates by lateral infiltration from
the face of the ice shelf rather than by
upward infiltration as first considered [9].
Lateral penetration has been observed up to
9.9 miles eastward from the edge of the shelf
[9].

Cross sections A—A’ and B—B’ (Figure
2-4), which are based on accurate thickness
and elevation measurements, show that the
upper surface of the brine layer is found at
increasing depths below sea level as distance
from the edge increases. The brine layer can
be detected in three ways: visually, by deter-
mining salinity, and by a sudden increase in
density as shown in Figure 2-6. By projecting
density curves downwards, it can be shown
that the impermeable density of 0.81gm/cm3 is
reached at various levels above the bottom of
the ice shelf. The density profiles and the
increasing depth of the brine layer below sea
level, as well as hydrostatic considerations
support the belief that the brine layer flows
inward from the seaward edge of the ice sheif.
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One important effect of brine
infiltration is in raising the temperature of the
ice shelf and decreasing its strength. The
subsurface temperature increase is greatest
near the edge and decreases in magnitude
farther from the edge as shown in Figure 2-7.
The temperature of the upper surface of the
brine layer decreases from about 28.8°F at
the ice-shelf edge to 24°F about 5,000 feet
back from the edge. Within the marginal
1,000 feet, the warming of the ice shelf is
considerably more than that which would
occur if the ice shelf were devoid of brine.
Much of this heat comes from the latent heat
of fusion released when salt-free ice forms
from the seawater upon initially entering the
cold ice shelf. The warming and weakening of
the ice shelf is greatest at the seaward edge
and at the bottom. Sagging along a newly
formed edge soon after calving occurs has
been observed during extensive breakout
periods. This warming, weakening, and sag-
ging probably initiates breaking and calving
under marginal thickness conditions.

Surface Features

Several surface features appear on the
McMurdo Ice Sheif, with which station
personnel should be familiar. These features
are crevasses, tide cracks, pressure ridges, and
melt pools. The hazards of these and their
location is outlined in Chapter 1.

Crevasses. Crevasses are generally rare in
the marginal area of the McMurdo Ice Shelf
south and east of Cape Armitage. Two large
crevasses which are similar are known to exist
at present near the current Williams Field 3
skiway and are located on the map in Figure
2-1. The crevasse south of the Williams Field
Skiway is the older of the two and the
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changes in its dimensions from season to
season are considered typical of crevasses in
the area. In DF-64 this crevasse was about 3
feet wide (Figure 2-8). By DF-68 it had
widened to 6 feet at the widest point and was
found to extend about 1,000 feet east at right
angles to the barrier face. Early in DF-69 it
had begun to close and was only 2 to 4 feet
wide. In cross section it was wider at the
bottom and was floored with sea ice during
most of the year. The snow bridge covering
the crevasse varied in thickness ‘from a few
inches to 12 inches and often sagged down-
ward during the summer, thus warning of its
presence.

Tide Cracks. Only one prominent tide
crack occurs where the ice shelf is in contact
with Hut Point Peninsula. This crack has been
traced at least 5 miles north along the eastern
side of the peninsula. North of Pram Point for
a distance of about 1 mile, the crack becomes
a crevasse and intermittently widens to 6 or 8
feet but is almost always covered and is con-
sidered dangerous. In DF-67, a section of the
snow roof collapsed and permitted entry for
measurements (Figure 2-9). The walls were
very erratic and the crack alternated between
widths of 8 feet to only a few inches. The
total depth was about 45 feet to unfrozen
seawater.

Pressure Ridges. Pressure ridges occur in
only two areas as shown on the map in Figure
2-1. The most prominent pressure ridges are
adjacent to Hut Point Peninsula north of
Pram Point, and trend roughly north-south,
normal to the direction of maximum com-
pression and about 30 degrees north of the
direction of movement. The wavelength of
the ridges varies between 180 and 300 feet
with an average of about 260 feet. The




amplitude increases southward and attains a
maximum of about 12 feet near Pram Point.

The second pressure ridge area is south
of Cape Armitage and is about 9,000 feet
wide parallel to the direction of movement.
These ridges are smatler than those near Pram
Point and have wavelengths of 80 to 120 feet
with an amplitude not exceeding 6 feet. The
major hazard in both pressure ridge areas con-
sists of numerous cracks, or crevasses, in the
crests. These cracks occur both parallel with,
and perpendicular to, the axis of each ridge.
They are usually only 8 to 12 inches wide and
seldom more than 20 feet deep; however,
they are hazardous to personnel on foot and
can also cause trouble for vehicles.

Melt Pools. During DF-66, the Outer
Williams Field alternate runway was located
on glacier ice 8.5 miles south of McMurdo
Station (Figure 2-1). The surface in this area
has a mottled appearance caused by thin,
patchy snowdrifts and low mounds of white
bubbly ice distributed in a random pattern on
clear, blue glacier ice. While building the
runway and access road, subsurface melt
pools were discovered that presented a serious
hazard to aircraft traffic and a troublesome
obstacle to road construction (Figure 2-10).
Although this area is no longer used, the
subsurface melting can occur anywhere clear
blue ice is exposed and is, therefore, described
in detail.

The melt pools found at Outer Williams
Field vary widely in size and shape but are
usually 3 to 4 feet deep and span circular or
elliptical areas 40 to 70 feet in diameter. They
occur only beneath blue ice and are caused by
the greenhouse effect of intense solar radia-
tion, low reflectivity of the surface, and heat
absorption by dirt in the ice [10] . Subsurface
melting begins in mid-December at a depth of

18 inches or more and progresses until late
January when refreezing begins. The ice cover
may decrease to as little as 3 inches in thick-
ness during the warmest part of the summer.
Subsurface melting can be prevented by
maintaining a cover of snow or ice chips over
surface to reflect solar radiation. To be effec-
tive the cover must be at least 2 inches thick.
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\ Contour lines are ice shelf thickness.

-5 o\ © Elevations (EL) in feet.
& 350 denotes ice movement direction
e < v i
- Outer Williams Fisld © C, ASB, H3, etc., denote location of ice
movernent stations.

Figure 2-3. Movement and thickness of the McMurdo Ice Shelf.
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Figure 2-4. Cross sections of the McMurdo Ice Shelf along A—A’ and B—B'.
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Horizontal scale

Figure 2-5. Cross sections of the McMurdo Ice Shelf along C—C’ and D—D'.
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Figure 2-8. Crevasse in McMurdo Ice Shelf south of skiway.

Figure 2-9. Hazardous tide crack between McMurdo Ice Shelf and
Hut Point Peninsula.
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Chapter 3

SEA-ICE SHEET

INTRODUCTION

The sea-ice sheet which covers the
McMurdo embayment is used throughout the
summer for travel, for freight hauling, and as
a runway site for operation of heavy cargo
aircraft. Continued safe utilization of the sea
ice requires an understanding of the hazards,
the history, and the basic properties of the sea
ice such as thickness, strength and the effect
of temperature variations. This chapter deals
with the seasonal history and thickness of the
ice sheet and describes the location and causes
of common operational problems.

FEATURES AND SEASONAL VARIATION

The embayment south of McMurdo
Station is covered by sea ice for about 10
months each year. This ice sheet generally
appears as a flat, featureless surface with a 6
to 8-inch-deep snow cover and low, wind-
carved drifts rarely more than 18 inches in
total height. On rare occasions, pieces of
2-year-old ice or small bergs may be frozen
into the annual ice sheet. By mid-December,
the ice reaches a maximum thickness of 8 to
11 feet if less than 1 year old but begins to
deteriorate internally and thin by bottom
melting in late December. In February or
early March, cracks generally appear and the
ice begins to break up into individual floes
and drift out to sea. By April, new sea ice has
formed and grows at an average rate of 1 to
1.5 feet per month until November when the

growth rate decreases [1]. Figure 3-1 shows
the growth and thinning rate of the sea ice for
2 summer s$easons.

To determine a complete and detailed
history of the ice sheet, accurately located
thickness measurements are needed over a
large area for an extended time period. Mea-
surements that meet these requirements are
available only for a few summer months
during DF-66 and DF-67 [1]. Because of this,
continued reference will be made to these 2
years throughout this chapter. From these
data, the general history of the sea-ice sheet
can be described through its various stages of
growth. These stages may be defined for the
McMurdo area in the following manner:

1. Young Ice. The ice sheet is growing
rapidly in thickness and extent. This period
lasts from late March to late November.

2. Mature Ice. The ice sheet has attained
its maximum thickness for the season and is
in equilibrium with the environment. It is no
longer growing and has not begun to deterio-
rate internally or to lose ice by bottom
melting. This stage usually lasts only from late
November to mid-December. At the peak of
maturity, the ice sheet is nearly isothermal
(Figure 3-2).

3. Old-Age. The ice sheet becomes warmer
and thins rapidly by bottom melting. Internal
deterioration of strength is also rapid and is
expressed by accelerated brine drainage and
the enlargement of brine channels and
cavities. This stage lasts from late December
until breakout or the coming of winter.




In DF-69, the sea ice did not break up
but remained in the McMurdo embayment for
a second season. When this occurs, the ice
again grows in thickness during the winter and
the stages of young and old ice are super-
imposed.

Thickness

The average thickness of the ice sheet at
different locations at different times during
the summer is shown in Figure 3-3. These
variations in thickness with location are
typical and result from variations in water
depth and circulation beneath the ice, and by
difference in exposure to wind and depth of
snow cover on the ice surface. An unusually
deep snow cover on young ice resulis in a
thinner mature ice sheet with other factors
being equal.

Thinning of the Ice Sheet

December and January are the
midsummer months at McMurdo Station and
are characterized by ambient temperatures as
high as 429F, intense solar radiation, and a
general warming of the upper few feet of the
land, ice, and snow surfaces. The annual sea
ice in McMurdo Sound also becomes warmer
and begins to decrease in thickness by bottom
melting.

The DF-65 thickness-versus-time curves
in Figure 3-4 illustrate the typical trend of
thinning that occurs each season. The mature
stage lasted throughout December in DF-65,
but ended in mid-December during DF-64.
The thickness, growth, and thinning rate
varies from season to season anc from place
to place. For example, during DF-64, the ice
over most of McMurdo Sound remained thick

enough to support heavy vehicle traffic
almost until breakout. However, by
mid-January of DF-66, the sea ice in the
entire central part of the embayment had
thinned and deteriorated to a dangerous con-
dition,

The start of deterioration for the annual
sea ice is also the beginning of the most
critical period for safety considerations.
Surface melting is negligible in McMurdo
Sound but melting at the bottom of the ice
sheet is rapid and of considerable magnitude
in certain locations. This rapid melting is
attributed to increasing temperature of the
sea water near the surface. Studies have
shown that the seawater temperature to a
depth of 5 meters (16 feet) below the surface
has reached the melting point of sea ice by
mid-December and that by early January the
seawater temperature is warmer than that
required to melt the overlying ice [2]. This
temperature rise takes place while most of
McMurdo Sound is still covered with sea ice.

Sea-Ice Breakout

The sea ice in the McMurdo embayment
breaks out and goes to sea nearly every fall.
No two breakouts have occurred at the same
time or rate and are not readily predictable, In
DF-65, breakout continued for 13 days
before the embayment was clear of annual sea
ice, but the following year most of the Sound
was clear of ice in less than 30 hours. The
slow progression of the DF-65 ice breakout is
mapped in Figure 3-5. The history of annual-
ice breakout is shown in Table 3-1.

Sufficient data are not available to
predict breakout although various events may
indicate that it is imminent. A decrease in the
strength and thickness of sea ice, internal
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deterioration, a temperature gradient near the
melting point, and accelerated brine drainage
are some of the intrinsic factors that precede
breakout. The appearance and enlargement of
numerous seal breathing holes, the formation
of working cracks, and areas where the sea ice
melts away in situ, have also preceded most
recorded breakouts since DF-63.

Table 3-1. Record of Annual-lce Breakout
at McMurdo Station

Year Breakout
DF-60—DF-62 Complete
DF-63 Partial to Cape Armitage
DF-64—DF-68 Complete
DF-69 Partial to Cape Armitage
DF-70-DF-72 Complete

Special Features

As outlined in Chapter 1, certain
features occur each year on the sea ice that
are hazardous or constitute an obstacle to
travel. Some reoccur in the same area each
year and some have a random location. These
features are pressure ridges, slush zones,
anamolous thin areas, cracks, and seal
breathing holes.

Pressure Ridges. Pressure ridges are a
common feature on the sea ice and result
from horizontal stresses caused by the adja-
cent, westward-moving ice shelf. Their
magnitude, size, and extent vary from year to
year depending partly on the position and
configuration of the ice shelf edge. Pressure
ridges form every year along the sea ice-land
contact between Pram Point and Cape
Armitage and become a definite obstacle to
travel by midsummer. Pressure ridges and
downwarped areas are also common for about

3 miles along the ice shelf edge from Pram
Point southward.

The surface of the ice in downwarped
areas or in the swales of pressure ridges is
usually below sea level. These areas collect
snow that eventually becomes soaked with
seawater to form a slush pool. Slush pools are
common by late summer and are dangerous;
however, they are usually easy to avoid
because of their location in zones of
obviously deformed ice.

Slush Zones. Slush zones are different
from the slush pools that are associated with
pressure ridges and usually form in areas
where the snow cover is 1 foot deep or more.
Flooding is a result of proximity to tide
cracks, open cracks, or seal breathing holes.
Slush zones may be several hundred square
yards in extent and may not be visible
because of an undisturbed crust of wind-
packed snow. Vehicles can break through this
crust and become immobilized in the slush
(Figure 1-16). These zones usually form in
middle or late summer and are common in the
Pram Point to Cape Armitage area.

Thin-lce Areas. Three known areas of
thin ice occur on McMurdo Sound that are a
serious danger to middle and late summer
travel on the sea ice. These areas are
anomalous because the ice becomes dan-
gerously thin when the sea ice elsewhere near
McMurdo Station is still thick enough for safe
travel. The most important thin-ice area is off
Cape Armitage. Less well known areas are the
central part of the embayment south of Cape
Armitage and a small area west of Arrival
Heights (Figure 3-6).

The shoal-water area off Cape Armitage
is about 90 acres in extent where the sea ice
becomes dangerously thin by early January.
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The amount and rate of thinning varies from
season to season; however, a typical example
is shown by the thickness-versus-time curves
in Figure 3-7. In DF-73, the ice melted away
in situ, leaving an area of open water in an
otherwise continuous ice sheet. This thin ice
was attributed to high surface water temper-
atures during the summer, an early thick snow
cover that insulated the ice to retard growth,
and to shoal-water currents as high as 3 or 4
knots [2].

Thickness measurements during DF-66
show that the sea ice in the central part of the
embayment south of Cape Armitage can
become dangerously thin late in the summer
(Figure 3-8). Bottom melting started between
20 and 23 December 1965 and progressed
rapidly until mid-January when the rate
decreased. At the far end of the annual-sea-ice
runway, the ice had deteriorated badly and
had thinned to about 2 feet 10 inches by late
January. At the same time, and even up to
breakout on 3 February 1966, the sea ice
along the margin of the ice shelf varied in
thickness between 4 and 6 feet. DF-66 is the
only known season in which this unusual
thinning occurred; nevertheless, it is evident
that late season thickness monitoring in this
area is essential for safe operation. Techniques
for thickness monitoring are described in
Chapter 4.

Airphotos taken in DF-66 showed an
area of open water west and north of Hut
Point. The sea ice had melted away in-place,
which indicates conditions similar to the Cape
Armitage thin-ice area. Shoal water in this
area is probably responsible for currents that
are capable of eroding and melting the ice at
an accelerated rate. This area is frequently
traveled by scientists visiting the seal
rookeries in Erebus Bay and should be flagged
as dangerous.

Cracks. Cracks are a common feature in
sea ice and occur in one or a combination of
the following forms:

1. Tidal cracks which occur at sea
ice-to-land and sea ice-to-ice shelf contacts.

2. Dry surficial cracks that are usually
narrow and penetrate only a short distance
into the ice.

3. Wet cracks that do not penetrate the
ice sheet but that are partly filled with brine
that has drained from the adjacent ice.

4. Wet, working cracks that completely
penetrate the ice sheet with the ice on one
side moving relative to the ice on the other
side.

Tidal cracks occur completely around
the periphery of the sea ice in the McMurdo
Station area. They are crossed by numerous
travel routes and can become troublesome
when they tend to widen. Cracks up to 14
inches wide have been observed in the sea ice
and were probably formed by a combination
of thermal stresses and stresses caused by
movement of the ice shelf. During the
summer of DF-65, a wet, brine-filled crack 14
inches wide occurred on the crosswind
annual-ice runway at Williams Field 2 but
penetrated only 44 inches in sea ice 105
inches thick [3].

Seal Breathing Holes. Seal breathing
holes are rare early in the summer around
McMurdo Sound and occur only in pressure
ridge areas, near tidal cracks, or in other areas
of broken or disrupted ice. As the ice sheet
progressively thins and weakens, seal holes
appear in greater numbers in the thinnest
areas but are still somewhat restricted to the
area of thin ice off Cape Armitage, Hut Point,
and the pressure ridge and tidal crack areas
south and east of Pram Point. Seal holes are a
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warning of thin ice and can become enlarged
enough to be dangerous even to small
vehicles.

Two-Year-Old Sea Ice. As mentioned
earlier in this chapter, the annual sea ice did
not break out of McMurdo Sound in DF-69.
Figure 3-9 shows the thickness record for this
19-month-old ice. No direct measurements
were made from February to September and
the data shown for this period are based on a
salinity profile and core study made in
October of DF-70.

First consideration would indicate that
preserving the sea ice for 2 years or longer
would be desirable because it results in a
thicker ice sheet and greater safety for aircraft
and vehicle operations. The experience on the
2-year-old ice during DF-70 does not support
this idea and indicates that the presence of
the older ice may be detrimental. The
pressure of the westward-moving ice shelf on
the annual sea ice during DF-70 caused the
formation of pressure ridges and both down-
ward and upward warped sea ice over large
areas.

About 1,000 feet of the west end of the
sea-ice runway was closed early in DF-70
because of low pressure ridge formation. The
2-year accumulation of snow on the sea-ice
runway is also a detrimental factor because
repeated snow removal increases the height
and weight of the snow berms along the edges
of the annual-ice runway and around the
parking area. The added weight of these
berms caused additional local downwarping
and flooding that increased in severity later in
the DF-70 season. L.ongitudinal cracks along
the centerline of the runway were also caused
by edge loading and can become a traffic
hazard. Figure 3-10 shows the Williams Field

ice road crossing a flooded downwarped area
and the high snow berms resulting from the
2-year snow accumulation.

Whether or not the 2-season DF-70 sea
ice would have gone to sea under natural
conditions is not known. However, in late
February 1970, the Coast Guard icebreakers
cleared the embayment south of Cape
Armitage to assure the formation of new,
undeformed sea ice for DF-71. The use of
icebreakers to break up the annual ice in
McMurdo Sound at the conclusion of each
summer season is recommended.
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Figure 3-10. Ice road crossing flooded downwarped area on 2-year-old
sea ice near Williams Field 3 ice runway.
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Chapter 4

PROPERTIES OF SNCW, ICE, AND PERMAFROST

INTRODUCTION

This chapter presents a summary of the
principal characteristics of snow, ice, and
permafrost as apply to McMurdo Station. A
more general discussion on this subject is
presented in NAVFAC Design Manual DM-9.

SNOW PROPERTIES

The properties of natural snowfall are
the result of a combination of many con-
ditions, three of which are:

1. Meteorological environment at the
time the snow was iormed.

2. Degree of deformation of the snow-
flakes while falling.

3. Increased density of the snow cover
caused by gravity, warming of the snow
followed by subsequent freezing (recrystalli-
zation), and firnification and the mechanical
effects of wind.

Density

The density of snow is one of its most
important physical characteristics because all
other properties relate drectly to it. Snow
density is often used as an index for its
utilization with respect to construction and
transportation.

The density of snow can vary from 0.01
to 0.80 gm/cm3, depending upon many
factors; however, if the density is greater than
0.80 gm/cm?3, the material is considered to be
ice. A classification that describes snow cover
in general terms according to its density is

4-1

given in Table 4-1. All other factors being /
equal, the density of newly fallen snow /’
increases with higher air temperature and

wind velocity at the time it is deposited ap/

with depth within the snow cover.

Table 4-1. Snow Cover Dtyﬁy
Classificatiy
f Density
Ciassification ; <

 (gm/em®) (Ibs/f13)
Very loose 0.01t0 0.1 06to06
Loose 0.1 t0 0.25 61to 16
Medium 0.25 t0 0.35 16 to 22
Dense 0.35 to 0.45 22 to 28
Very dense Over 0.45 Over 28

Porosity and Permeability

Another important property of snow
which can be calculated from its density is
porosity. Absolute porosity is defined as the
ratio of void volume to total volume and can
be calculated from

—di—(100)

where n the absolute porosity in

percent

the density of solid ice
(0.917 gm/cm? for most
purposes)

d =

. = the density of the snow

A condensed table for conversion of density
to porosity is given in Table 4-2.




When the density of snow is less than 0.6
gm/cm3, there is almost complete communi-
cation between the voids in snow and
consequently, the snow is quite gas (air)
permeable. At higher densities, the voids
begin to separate from one another until at a
density of about 0.8 gm/cm3, the perme-
ability to air becomes zero and snow becomes
ice by definition. Air permeability is
determined by drawing air through a sample
and measuring the pressure drop across the
sample. Figure 4-1 shows the relationship of
permeability to density.

Table 4-2. Conversion of Density

to Porosity
Density Porosity Density Parosity
(gm/cm3) (%) (gm/cm3) (%)
0.05 94.5 0.35 61.8
0.10 89.1 Q.40 56.4
0.15 83.6 0.45 50.9
0.20 78.2 0.50 455
0.25 72.7 0.55 40.0
0.30 67.3 0.60 34.6

Mechanical Properties

Natural snow has poor strength
characteristics. Vehicles with standard tires
used on normal hard-surfaced roads become
hopelessly mired, and tracked vehicles with
ground pressure of only 3 to 5 psi may sink
several inches into the snow.

It is difficult to associate the mechanical
properties determined by experimentation
with the real-time properties of a particular
snowfield. Snow is in a continuous state of
metamorphism. [ts strength properties are
greatly affected by combined infiuence of
crystal size (particle size), density, age, and
temperature. The surface temperature of the

snow corresponds closely with the air
temperature. For practical purposes, it can be
assumed that little temperature change occurs
at a depth below 25 feet where it is at a value
close to the annual mean air temperature.

It has been concluded from experiments
that maximum strengths are achieved at or
near a critical density of 0.60 gm/cm3, where
the snow is permitted to achieve bond
growth, or age hardening, at temperatures
between -7°C and -12°C. The critical density
is considered to represent a limit beyond
which grain packing is no longer effective as a
mechanism for developing strength. Dense,
well-bonded snow may be considered as a
compressible viscoelastic material. However,
for a very short time interval, it can respond
elastically under moderate load with strains
which are proportional to stress and which are
recoverable on removal of the load. For sus-
tained loads, the deformation that occurs is
practically all irrecoverable after the load is
removed.

1f one considers the complex effect of
the several variables that determine the
mechanical properties of snow at particular
stages in its metamorphic history, it is not
surprising to find a wide variation in the
definition of the mechanical behavior. A
deterrent to a systematic study of snow has
been the necessity of conducting most of the
research in the field under variable and
existing conditions as opposed to the
controlled condition of the laboratory. Most
published data define the strength properties
as related to density whereas there are many
other influencing parameters (e.g., sensitivity
of the mechanical properties to temperature
has not been adequately studied). In general,
the information on the rmechanical properties




of snow shown in the figures to follow have
been obtained from a wide distribution of
geographical locations.

Test results of the crushing strength of
snow as a function cf density are shown in
Figure 4-2. Figure 4-3 provides the shear
strength versus density relationship. The
elastic modulus (Young’'s modulus)
determined by dynamic techniques as related
to density is shown in Figure 4-4, The
dynamic modulus is measured by applying
high frequency vibrations to a specimen of
snow or to snow in situ using seismic
methods. It has been found generally unsatis-
factory to measure this property by static
methods. The fact that snow has very little
mechanical strength until the density becomes
greater than 0.4 gm/cm3® is a prominent
feature in the three preceding figures. An indi-
cation of the temperature effect on the shear
and elastic modulus property of snow is
provided in Figures 4-5 and 4-6.

The snow processing techn':que for
constructing roads on the McMurdo Ice Shelf
is an attempt to densify the snow to a value
near 0.6 gm/cm? for best strength develop-
ment (Figure 4-7). Figure 4-7 also shows that
little change in density occurred during the
month of December due to aging or sintering
for the two construction seasons. Figure 4-8
provides a record of the confined shear
strength of the snow due to sintering for the
same construction. It can be noted that the
1973 construction, though having a higher
density, did not develop as much shear
strength as the previous construction. Based
on ideal conditions during the sintering
period, the higher snow density for the 1973
construction should have developed the
highest strength. The temperature of the snow
during this period provides the obvious

answer since it was above the -7°C to -12°C
(+199F to 10°F) range that has been deter-
mined to develop the best bond growth
between snow particles. The experimental
evidence in Figure 4-9 illustrates the
detrimental effect of having too cold a tem-
perature during the sintering stage for
developing strength.

Hardness and Bearing Capacity

Hardness is defined as the resistance of a
material to penetration by another material
without undergoing permanent deformation.
The hardness of snow is important as an
indicator of its bearing capacity with respect
to over-snow travel by various types of
vehicles. The hardness of snow is affected by
many variables, the principal of which are the
density and the cohesive bond strength
between the snow crystals. Snow hardness
values for various types of snow are shown
along with other descriptive data in Table 4-3.

The hardness of a snow cover is quite
susceptible to alteration by compressional
processing. The fact that the hardness of a
snow cover tends to increase as the tem-
perature drops is illustrated in Figure 4-10.
Hardness also increases with increasing
specific pressure; and, for a given temperature
and pressure, the hardness of processed snow
will increase with the number of processing
passes, as is shown in Figure 4-11. The rela-
tionships between hardness and various types
of mechanical processing treatments are
discussed further in Chapter 6.

Friction
Experiments have shown that the

coefficients of friction between snow and skis
or runners depend upon the material involved,

it Rl M dnteaiit. .
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Table 4-3. Description of Various Types of Snow

Grain Size Specific Hardness—Usual Range
Type of Snow (mm) Gravity

min-max {usual range) (gm/cmz) (psi)
Dry new snow 0.2-7 0.07-0.10 1-10 0.01-0.14
Dry settling snow 0.25 0.10-0.20 10-100 0.1414
Wet settling snow 0.2-5 0.15-0.20 20-100 0.28-1.4
Dry settled snow 0.2-1 0.25-0.35 100-6,000 1.4-85
Loose granular snow 1-9 0.18-0.28 20-100 0.28-14
Dry old snow 1-8 0.25-0.45 100-20,000 1.4-284
Wet old snow 1-4 0.35-0.50 50-500 0.57-5.7

the temperature, load, snow type, and water
content, and that the dynamic coefficient
(sliding friction) varies with velocity.

The static coefficients of friction are as a
rule greater than the dynamic coefficients of
friction. On snow the difference may be even
greater due to the adhesion, or “adfreezing,”
of snow to the runner, which occurs whenever
the surface snow directly beneath the runner
melts and subsequently refreezes. Static and
dynamic’ coefficients of friction for various
ski materials on snow are shown in Table 4-4.

Thermal and Radiation Characteristics

The specific heat and the latent heat of
fusion of snow are generally assumed to be
the same as for ice.

Snow is a good absorber of
long-wavelength radiation (infrared). For
wavelengths longer than 1.5 microns, snow
acts like a blackbody (that is, the radiation is
approximately 100% absorbed). For visible
radiation, snow is a good reflector. The
albedo (ratio of reflected to incident radia-
tion) of a snow cover depends upon the
character of the snow surface and varies with

Table 4-4. Static and Dynamic Coefficients of
Friction for Various Ski Materials
on Snow

Dynamic Static
Material of Ski Surface

Min Max Min Max

1/16-in.-thick beeswax 0.029 | 0.288 | 0.092 | 0.808

16 ga. brass 0.122 | 0.428 | 0.226 | 0.977
16 ga. monel metal 0.103 | 0.167 | 0.197 | 0.847
22 ga. stainless steel 0.128 | 0.322 | 0.056 | 0.992
Bakelite varnish 0.072 | 0.211 | 0.336 | 0.631
American White Ash 0.069 | 0.215 | 0.420 | 0.811
treated with raw
linseed oil

1/8-in.-thick bakelite 0.064 | 0.223 | 0.227 | 0.620
Grade F14-2, fabric
base

1/8-in.-thick bakelite 0.068 | 0.162 | 0.145 | 0.605
Grade F15-1, fabric
base with graphite
incorporated in surface

snow type, age, and the presence of
impurities. Albedo values for many types of
snow cover are given in Table 4-5,

The albedo of snow decreases with
increasing snow compaction and age, with
increasing size of the snow crystals on the
surface, and with increasing water content or

T —




Table 4-5. Albedo Values for Ice and Snow

Albedo
Material

Avg Max Min
South-Pole snow 092 0.84
Fresh snow—wind crust 0.88 0.81
Old, dry snow—sun crust 0.81 0.65
Wet snow 0.65 0.52
lce 0.50 0.43
Snow or ice covered with impurities 0.45 0.30
Dry, bright-white, clean, freshly fallen snow 0.88 0.98 0.72
Wet, bright-white, freshly fallen snow 0.80 0.85 0.80
Dry, clean, loosely packed, freshly drifted snow 0.85 0.96 0.70
Moist, gray-white, freshly drifted snow 0.77 0.81 0.59
Dry, clean snow, fallen or drifted 2 to 5 days ago 0.80 0.86 0.75
Maist, gray-white snow, fallen or drifted 2 to 5 days ago 0.75 0.80 0.56
Dry, clean, dense snow 0.77 0.80 0.66
Wet, gray-white, dense snow Q.70 0.75 0.61
Dry, gray-white snow and ice 0.65 0.70 0.58
Wet, gray melting ice 0.60 0.70 0.40
Moist, dirty gray melting ice hummocks 0.55 0.65 0.36
Light green snow, saturated with water (snow during intense thawing) 0.35 - 0.28
Light blue-water melt puddles in last period of thawing 0.27 0.36 0.24
Green-water melt puddles, 30-100 cm deep 0.20 0.26 0.13
Blue-water melt puddles, 30-100 cm deep Q.22 0.28 0.18
Gray-green melt puddles covered with smooth ice 0.25 0.30 0.18
Smooth ice, covered with icy white hoar frost,over melt puddles 0.33 0.37 0.21

impurities at the surface. The albedo of a
natural snow cover is generally independent
of the angle of light incidence.

This summary on the characteristics and
mechanical behavior of snow is based on
information contained in References 1, 2, 3,
and 4.

ICE

Ice found in the McMurdo Station area is
nearly all formed from seawater. The only
significant amount of freshwater ice is on Star
Lake and in the fast ice in the McMurdo lce

Wharf which was formed by glaciation. A
more detailed description of these areas can
be found in Chapter 1 and Chapter 7.

Ice Formation and Growth

Freshwater freezes at, or slightly below,
32OF; seawater freezes at, or slightly below,
299F. The rate at which the ice forms is
dependent upon the air temperature, water
temperature, wind velocity, and the presence
of snow on the water (ice) surface. The
typical growth rate with little snow or wind is
shown in Figure 4-12. Snow cover and solar
radiation decrease the growth rate, whereas
wind and effective radiation increase it.

4-5
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When ice begins to form, snow or rough
water will promote the formation of small
crystals, usually averaging less than 1 mm by
3 mm, at or near the surface; below these, the
crystals grow larger with a long axis that is
perpendicular to the ice surface and is often
many times longer than the diameter of the
crystal.

In freshwater ice, the strength of the ice
during the melt season and its resistance to
deterioration appear to have a strong
relationship to the long axis (c-axis) orienta-
tion of the ice. Those areas in which the
orientation is predominantly vertical are often
stronger and deterioration is slower than ice
areas in which the c-axes are predominantly
horizontal. These differences are attributed to
the fact that the albedo of ice with vertical
c-axes is much higher than that of ice with
horizontal c-axes. However, no similar resis-
tance or susceptibility has been noticed in sea
ice.

The temperature gradient through an ice
sheet is nearly linear under basically steady
state conditions since the temperature of the
ice depends primarily upon the air and water
temperatures. Temperatures are usually
slightly below the freezing point at the ice-
water interface and slightly above or below
the air temperature at the ice-air interface.
This temperature fluctuation at the surface is
due to the lag of the ice in attaining an
equilibrium temperature with the air; hence,
if the air temperature is rising, the ice temper-
ature will be lower and vice versa.

The rise in ice temperature during the
spring is caused mainly by solar radiation
absorption. Snow cover reflects about 75% of
this radiation, but an exposed ice surface
reflects only 50%. Consequently, if the ice
surface is exposed, melting proceeds at a
faster rate; this is further accelerated as melt

water accumulates on the surface, since water
reflects only 8% of the incident solar
radiation. In addition, any dark material on
the ice such as mud or gravel absorbs a great
deal of radiation, causing accelerated melting
in that area.

Physical Properties of Ice

Density. The density of clear freshwater
ice produced in a laboratory is 0.917 gm/cm?3
at 32°F, increasing slightly as the temperature
is lowered. Density values by field measure-
ment generally range from 0.80 to 0.91
gm/cm?® depending upon air content. Sea-ice
density is also reduced by the presence of
entrapped air but tends to be increased by
entrapped brine. Field measurements of the
density of sea ice range from 0.85 to 0.96
gm/cm3. The difference between the theoret-
ical and measured densities of sea ice is a
measure of the air content of the ice. An
increase in the density of sea ice as the melt
season progresses has been noted as surface
melt water fills the air cavities in the ice.

Salinity. Seawater normally has a
salinity of 30 to 34 parts per thousand (ppt).
When first formed, the sea ice has an average
salinity of nearly 20 ppt, which decreases
rapidly to less than 10 ppt in one week. After
six months, the average salinity of sea ice is
nearer 6 ppt. Sea ice that has lasted through a
thaw season can have nearly no salts and can
approach the purity of freshwater ice. The
salts of sea ice are concentrated in brine cells
that form between parallel platelets of pure
ice. The dimensions and spacing of the brine
cells are controlled by the ice crystal and vary
in width from 0.39 to 0.5 mm as measured
along the c-axis. As a result of gravity and the
thermal gradient, the brine cells are longest in

4-6

el e b i




s e

the direction of ice growth and, tend to
migrate in the direction of the warmer
temperature and with gravity.

Heat of Fusion. The heat of fusion of
freshwater air-free ice at 329F is 143.49
Btu/Ib, and its specific heat at 32°F is 0.487
Btu/OF/Ib. The specific heat of pure ice
decreases with lower temperatures. The
thermal conductivity of freshwater ice is 1.34
Btu/hr/ft2 /OF/ft.
melting point, a change in the temperature of
sea ice will involve melting or freezing and a
change in the constituent salt phases. The
heat required to completely melt and bring
one gram of sea ice to 32°F versus initial
temperature is shown in Figure 4-13. The
coefficient of expansion varies over several
orders of magnitude and can be negative
(expansion) or positive (contraction).

Electrical Resistivity. The electrical
resistivity of sea ice is extremely variable and
inconsistent, probably because the overall
resistivity of sea ice is a combination of the
resistivities of the ice, brine, and salt, as well
as the ice crystal orientation. Values range
from 3 x 103 ohm-cm (10°F, parallel to
c-axis) to 3 x 106 ohm-cm (-12°F, perpen-
dicular to c-axis). The dielectric constant of
sea ice has been found to vary from 3.1 to
4.3, increasing as temperature and salinity
increase.

The electrical resistivity of freshwater ice
varies with the amount of impurities and the
temperatures with values from 2,240
megohms/cm® (10°F) to 284 megohms/cm3
(329F). Specific conductivity of freshwater
ice has been found to vary in a linear fashion
with temperature from 0.6 x 107 ohm/sec
(32°F) to 21 x 107 ohm/sec (-13°F). Small
inclusions of sodium chloride result in a large

increase of conductivity. The dielectric
constant of freshwater ice has been
determined to be 86.4.

Mechanical Properties of Saline Ice

At McMurdo Station, the sea ice in
McMurdo Sound is used extensively for sur-
face travel by vehicles and as a runway site for
wheeled heavy-cargo aircraft. The load
carrying capacity of the ice sheet is the
combined effect of the unit strength
(mechanical properties), thickness of the ice
sheet, and type of loading. Heavy, long-term
loads cause the ice to deform or creep. Under
short-term loads, the ice behaves like most
other materials, e.g., it returns to its original
state once the load is removed. Extremely
high rates of loading on very cold ice can
result in failure typical of brittle materials.

Sea ice is a crystalline material with the
long axis of the crystal growth in a generally
vertical direction. Figure 4-14 shows the
typical crystal structure of sea ice as it
appears under polarized light. The mechanical
properties of sea ice are influenced by
temperature, salinity, crystal size and
orientation, and previous thermal and strain
history. Though much knowledge is still
missing on how these variables affect the
strength properties, there presently is
sufficient understanding to make possible
strength prediction by analytical methods.
The discussion of the mechanical behavior of
sea ice in this chapter will be limited to the
elastic response of such fundamental strength
properties as tensile strength, flexural
strength, compressive strength, and elastic
modulus (Young's modulus). Only the salinity
and temperature effect on these strength
properties will be presented leaving creep




behavior, effect of load rate, and effect of
previous thermal and strain history to future
discussion when more detailed knowledge has
been obtained.

Exposure to cyclic temperatures ranging
from near melting to very low over a period
of time (generally at least a calendar year) can
result in considerable expulsion of concen-
trated brine from the ice and a certain
amount of recrystallization which tends to
increase the strength properties as related to
temperature. Essentially no effect of thermal
cycling is observed in the annual sea ice
during the spring-summer operating season at
McMurdo. The general influence of temper-
ature and salinity on the mechanical
properties of ice are graphically depicted in
Figure 4-15.

Seawater contains several salts in
solution. These salts, during the freezing
process, become a brine concentrate encap-
sulated in a highly dispensed fashion between
the fresh ice plates that form the ice crystal
(Figure 4-14). They are commonly referred to
as brine pockets. The precipitation temper-
ature of the two major salts, sodium sulfate
and sodium chioride, has been found to have
a definite association with the strength
behavior. Figure 4-16 shows the temperature
and salinity effect on the tensile strength as
determined by the Naval Civil Engineering
Laboratory tests. The curves in Figure 4-16
represent the tensile strength in the horizontal
plane of an ice sheet. A much higher tensile
strength is exhibited by the ice crystal in its
vertical growth direction (Figure 4-17). An ice
sheet, therefore, can resist a much higher
tensile load in the vertical direction than it
can under horizontal loading. Unfortunately,
most load applications on an ice sheet such as
aircraft, vehicles, etc., create forces that are
resisted by the horizontal tensile strength.

Flexural strength is the measure of the
ability of a material to resist bending whether
it be a beam, a plate, or some other shape.
The unit failure strength of a material under
bending is technically known as rupture
modulus. Since the compressive strength of
ice is many times higher than its tensile
strength, the bending failure will always occur
on the tensile side of the ice plate or beam
resisting the load. Figure 4-18 shows the
temperature influence on the flexural strength
of seawater ice as determined from beam tests
made in both the laboratory and the field.
Laboratory data were obtained from tests on
small beams of 2 x 2-inch cross-sections while
the majority of field data were from large
in-situ tested beams cut from the natural ice
sheet in McMurdo Sound (normal site of
annual-sea-ice runway) and the Arctic Ocean
off Barrow, Alaska. The annual-sea-ice sheet
at McMurdo during the beam tests was
between 7 and 8 feet thick while at Barrow it
was approximately 5 feet thick. The data in
Figure 4-18 show a strong linear strength-
temperature trend for temperatures up to
-109C. Beyond this, more data are needed to
define the curve. The data for beams with a
temperature gradient are plotted as strength
versus average temperature of the beam. Such
data, therefore, have to be considered as
representing an effective strength due to the
variable strength as related to the temperature
gradient across the beam. Comparing the
flexural strength property determined from
beam tests (failure of tension area) with the
horizontal tensile strength property deter-
mined from uniaxial tests, it was found that
the flexural strength is greater by a ratio
ranging from 1.3 to 1.7. This difference in
strength values, however, is not uncommon to
materials having different compressive and
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tensile strengths, e.g., cast iron has a ratio of
approximately 1.8, while for concrete the
range is from 1.5 to 2.0.

The temperature effect on the compres-
sion strength of sea ice at the present time has
not received as detailed a study as has the
tensile strength property. A survey of the
literature indicates the compressive strength
will generally range from 400 to 800 psi. The
lower strength values are associated with the
higher ice temperatures and the higher
strengths with the lower temperature.

Although the elastic modulus (Young's
modulus) property of sea ice has received
rather extensive study by various researchers,
it is not as well defined as it should be for
application with recently developed sophis-
ticated methods for problem solution. The
literature reveals that reported values for this
property are influenced by the test method
used for its determination. For example,
values derived by seismic techniques are on
the order of two to three times greater than
those derived by less dynamic test methods.
At present, the generally accepted values used
for analytical purpose range from 250,000 to
800,000 psi. The lower value being associated
with sea ice near its melting temperature
while the higher value of 800,000 psi is asso-
ciated for cold ice in the temperature range of
-259C to -309C. Figure 4-19 shows the
temperature effect on the elastic modulus
property. The modulus values shown in this
figure are considered apparent values for the
property since they were determined from the
stress-strain behavior of small beams tested in
the laboratory, whereas the usual method for
determining this property is from true tensile
tests.

Thickness Measurement

An area of the sea-ice sheet that is used
for vehicle travel or for aircraft landings
should be monitored for thickness throughout
the period of use. For frequent monitoring, a
network of permanent thickness-measuring
stations is the most efficient method. Deter-
mining the thickness by using a permanently
installed device is rapid and provides an
accurate record of changing conditions since
it is made at the same location each time. The
thickness of an ice sheet sometimes varies
over relatively short distances.

A simple, good method for establishing a
permanent thickness station is to install the
pipe device detailed in Figure 4-20. It consists
of a length of galvanized pipe (3/8-to-1/2-inch
diameter) fitted with a toggle bar at the
bottom to catch the bottom of the ice sheet,
and a cross-bar at the top end for manipula-
tion. A short wooden post is generally placed
between the cross-bar and ice sheet during
nonuse periods to prevent loss by drifting
snow. The galvanized coating on the iron pipe
reacts with the seawater to form zinc
hydroxide which prevents the ice from
adhering to the pipe.

Bearing Capacity and Operation Safety

The bearing capacity and operation
safety procedures for vehicle and aircraft
operation on the annual sea ice are defined in
the Official Operations Manuals used by the
Naval Task Force. It purposely has not been
included here by the fact it would soon
become dated for lack of established pro-
cedure or assurance that the content would
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include updating for new developments in
operation criteria and procedures. This type
of critical information is considered best
obtained from a single source.

This summary of the characteristics and
mechanical behavior of ice is based on
information contained in References 1, 5, 6,
7, and 8.

PERMAFROST

Permafrost refers to any earth material
that is frozen continuously for more than one
year. |f water is present in the permafrost, a
sufficiently high percentage of it will be
frozen to cement the material together.

A temperature definition alone for
permafrost is not considered sufficient
because a geothermal condition could exist in
which a frozen or cemented state has not
been attained even though a temperature of
the material has been well below 32°F. This
may result from either the salinity of the
water and soil, the pressure or stress
conditions, the soil-water chemical and
physical interactions, or the migratory
potential [9]. A detailed discussion of various
permafrost phenomena is contained in
References 1 and 9. These are generally not
applicable to McMurdo Station because of the
different composition of the permafrost.

Permafrost at McMurdo

In perennially snow-covered areas of
McMurdo Station, the permafrost will be
found at the ground surface. The depth of the
permafrost at McMurdo has not been deter-
mined but may extend to 1,000 feet or more.
In snow-free areas, permafrost is generally

encountered 6 to 18 inches below the surface.

Most of the permafrost at McMurdo consists
of rock with interstitial ice in joints and other
voids within the upper few feet of the surface.
Even if this material were to thaw, overall
settiement would be minor except rarely
where an unusually large mass of ice occurs,
then settlement may be large but would
probably be highly localized. In the McMurdo
Station area, there are no known occurrences
of high-ice-content silty fine-grained soils of
the type typical to the arctic and sub-arctic
regions which are considered detrimental for
building foundations if thawing is permitted.

In a few small drainage areas, such as the
gulley between the diesel power plant and the
USARP warehouse, permafrost consists of
angular gravel-to-boulder-size rocks in a
matrix of ice. This material has been called
ice-rock conglomerate and is potentially
troublesome for foundations because, if
thawed, the voids formed by melting ice may
cause differential settlement.

Other potential problem areas in
McMurdo Station are the flat areas
overlooking Winter Quarters Bay in front of
the photographic laboratory (building 105)
and the area in the vicinity of the proposed
fuel fill stand behind buildings 110, 111, and
112. Both of these areas have been used as a
repository for snow and dirt removed from
the McMurdo streets and from between the
buildings. Melting of the snow has concen-
trated the dirt content on the surface which,
in turn, insulates the material below. Core
drilling would indicate the ice content and the
size of the area involved. Any structure in
these areas which increased the heat input to
the ground would undoubtedly result in
severe settlement.
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Ground Temperatures

Ground temperatures have been
measured to a depth of 10 feet at McMurdo
Station during the summer months. Figure
4-21 shows a temperature profile with depth
in jointed rock covered with 2 feet of earth
fill near the U.S. Antarctic Research Program
(USARP) warehouse. These data show ground
thawing to a depth of at least 2 feet in this
one area. Figure 4-22 utilizes the same data
plotted to show change in ground
temperature for specific depths with time,.
Observations in other areas of McMurdo
Station, ‘-made when scraping fill material
from the hillsides and when drilling con-
struction holes, do not support this 2-foot
depth of thaw and suggest it is 6 to 12 inches
maximum. Until more data are available, each
area should be considered individually.

REFERENCES

1. NAVFAC Design Manual DM-9,

2. M. Mellor. "Polar snow—a summary of
engineering properties,” in lce and snow,
edited by W. D. Kingery. Cambridge, Mass.,
M.I.T. Press, 1963, pp. 528-559.

3. Naval Civil Engineering Laboratory.
Technical Report R-706: Snow compaction—
investigation of metamorphism of snow, by
N. S. Stehle. Port Hueneme, Calif., Dec. 1970.

4, . Technical Report R-480:
Compacted snow runways in Antarctica Deep
Freeze 65 trials, by E. H. Moser, Jr., and G. E.
Sherwood. Port Hueneme, Calif., Sept. 1966.

5. . Technical Report R-689: Ice
engineering—tensile properties of sea ice
grown in a confined system, by J. E. Dykins,
Port Hueneme, Calif., July 1970.

6. . Technical Report R-720: Ice

engineering—material properties of saline ice -

for a limited range of conditions, by J. E.
Dykins. Port Hueneme, Calif., April 1971.

7. Cold Regions Research and Engineering
Laboratory. Monograph CRSE 11-C3: Cold
Regions Science and Engineering, pt. 2,
Physical Science, Sec. C3: The mechanical
properties of sea ice, by W. Weeks and A.
Assur. Hanover, N.H., Sept. 1967. (AD
662716)

8. University of Alaska. Geophysical
Institute. Technical Report UAG R-182: Sea
ice strength, by H. R. Payton. College, Alaska,
Dec. 1966 (Contract NONR-2601(01)
(AD653883)

9. Cold Regions Research and Engineering
Laboratory. Monograph CRSE [-A2: Cold
regions science and engineering, pt. 1.
Environment, Sect. A2: Permafrost
(perennially frozen ground), by S. Stern.
Hanover, N.H. Aug. 1966.

4-11

G




0, ,CRUSHING STRENGTH (kg /cm?)
3
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