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ABSTRACT

An experiment is described in which a laser interferometer was used to
measure the strain rate on the surface of Fletcher's lce Island T 3, which is a
drifting slab of shelf ice averaging 30 m thick and measuring 6 km by 11 km.

The island is currently less than 100 km off the north-west coast of Ellesmere
Island, and during most of the time of the experiment, it appeared to be gripped
in the pack ice. According to Weertman's creep theoryl! the maximum "effective
shear stress' is 0.010 MN m_2 at the site of the laser experiment. Using
current flow law data and some field measurements from ward—Hynt lce Shelf, the
expected creep rate corresponding to this stress acting withiﬁ the ice at an
T2 gy 3 x 107 s71 The

preliminary strain rate data obtained over 50 and 100 m line lengths indicates

average temperature of -8.3°C is in the range 3 x 10

that predominantly compressive stresses were acting in the general direction of
the line throughout the measurements. The compressive strain rates were of
order 10 11 to 10710 g7 1, Superimposed on the compression were cyclical strain
oscillations, one of which had an average period of about 35 s. This was close
to the average period of beam swing (37 s) of a gravity meter mounted near the
edge of the island. These observations are consistent with the existence of

flexural waves in the island.

INTRODUCT ION

Fletcher's Ice Island T 3 is a drifting fragment of a former N.W.
Ellesmere Island ice shelf. |t was first sighted in 1947 and occupied by the
U.S.A.F. since 1952. At that time it measured 17 x 8 km and was up to 60 m
thick in some places. |t now averages 30 m thick and measures 11 x 6 km. At
the time of the experiment, it was situated between 82° 40' - 82° L6' latitude
and 85° - 86° longitude and appeared to be gripped in the pack ice (Fig. 1).

The present work was done between the 16th of April and the 26th of May,
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1973, at which time the surface was covered by about 0.4 - 0.5 m of winter snow
and no melt water was present.

No previous measurements of strain rate on the island have been reported,
although some attempts have been made (Hunkins, personal communication).

The average movement for the latter half of April and up to the 19th of
May was about 0.5 km day_l. During a storm from May 20-22, the island was dis-
placed over 12 km, after which the movements returned substantially to the
previous rates. |t appears that in moving wit% the pack ice, and in convergent
conditions, pieces of the edge of the island may be broken off due to thrusting
of pressure ridges up onto the island (Fig. 2). This seems to be the main cause
of (areal) size reduction of the island. Net surface ablation rates? are of
order 0.5 - 1 m. a-'1 whereas bottom melting is probably much less. Compressive
horizontal strains are interpreted as being caused by pack ice thrust and thermal
strains by cooling. Extensive horizontal strains are interpreted as being caused

by Weertman creep! and thermal strains due to warming. The magnitude of these

net strains appears to lie between 10"'% and 107%% 571 and any one component
might not act continuously. Under divergent conditions and temperature increase
the island will expand horizontally; under convergent conditions with cooling it
will contract. Under various other combinations of these conditions, the

determination of behaviour requires rigorous measurements.

With the recent developments in laser metrology, it is now possible to
measure displacements between two points about 100 m apart, in an 8 hour working
=30 =1
5 i

-11
day, when the average strain rate is between 10 and 10 This has been

done using a Hewlett Packard laser interferometer.

INSTRUMENTAT ION

The system used consisted of the following Hewlett Packard units:
{ 5505A laser display unit;
1, 5500C laser head with tripod;

1, 10565B remote interferometer;

1, 10550B reflector and mount.

Principle Of Operation (modified from Hewlett Packard Manual No. 05526-90001) .

The laser head consists of a low power Helium-Neon, 2 frequency laser

with automatic tuning and instant warm up capabilities. The two different
frequencies are of opposite circular polarization. The experiment used an
external remote interferometer and reflector. The beam exiting from the laser
head is split at the surface of a polarizing beam splitter, with one (reference)
frequency reflected from the reference corner cube mounted on the housing of the
interferometer. The other frequency is transmitted to the reflector, and
returns, to be passed with the reference frequency back along a common axis

through a demodulating polarizer to the photodetector block in the laser head.
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Relative motions between the interferometer cube and the reflector cause

a difference in the Doppler shifts in the frequencies of the returning beam,

The difference between the frequency registered by the measurement photocdetector
and the frequency registered by the reference photodetector is monitored by a
subtractor and accumulated in a fringe-count register. A digital calculator
samples the accumulated value every 5 ms and performs a two-stadge multiplication:
one for refractive index correction and the other for conversion to inches or
mm. The display shows, on selection, either distance or velocity. The distance
shown on the laser display at any time is equal to the product of the laser

(air) wavelength x the number of wavelengths of motion counted since the reset
air wavelength

vacuum wavelength
tion and for normal conditions of use the value is 0.999,XXX,X where the last

button was last pressed. The ratio of is used in the calcula-

four places are determined from the temperature, pressure and humidity of the
air. Neither the automatic compensator (model 5510A) nor the compensation
tables covered the appropriate range of conditions, therefore it was decided to
leave an arbitrary value of XXX,X set in the instrument (by thumbwheel switch
control) and correct for the change in pressure, temperature and humidity laterJ
It turned out that this correction was negligible when rounding off readings to
the 4th decimal place of mm. The stated accuracy is +0.5 ppm +2 counts in the
last digit; resolution in smooth or normal modes is 0.0001, in x 10 mode,
0.00001 mm.

The reset signal is triggered (1) by beam interruption (< 5% of beafl
returned), -(2) when there is a tuning error, or (3) when the maximum allow=
able measuring velocity (0.3 m. s"1) is exceeded. Rather than use a digital
recorder, it was decided to manually record the readings from the display
because of the (periodically) high rate of reset and the general lack of re-
quirement for very closely spaced data. Furthermore, the necessity for oc- :
casional re-alignment of the beam and of reading the pressure, and temperature ¥
and ensuring a steady flow of air through the laser box, required an operator te

be present. 1

Operation Of The System 4

The final arrangement is shown in Figures 3 and 4., To ensure stabi];
ity of the laser, the tripod was mounted on the ice through holes in the floor
of the operating hut. The feet of the tripod were frozen into shallow holes iﬁ
the ice. The laser head‘and tripod were surrounded by a lagged box, the |n5|d1
temperature of which was maintained at approximately the same value as in the
tunnel. Access to the interior was gained by a side door. The remote inter-
ferometer was mounted on an adjustable post consisting of a 10 cm diameter,

4 m long tube, 3% m of which was frozen into the ice. |Inside this tube was

fitted a 2 m long sliding tube, on top of which was mounted a plate. The tubcl

could be clamped at any level by a rod and cone system and locked by a knurled

I i ﬂ
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ring. The reflector was mounted on a similar post at distances of 52.85 m and
99.76 m from the remote interferometer. The laser hut, remote interferometer,
and reflector housing were all linked by a tunnel made from 44 pairs of
connected 4' x 8' plywood sheets set in the shape of an A-frame and covered by
snow to reduce radiation heating inside the tunnel and stabilize temperatures
along the path of the laser beam. The tunnel had the effect of sustaining a
draft through the laser box if there was a slight wind. |In addition, the
tunnel allowed the experiment to be run under adverse weather conditions.

The beam alignment was achieved by trial and error before the comple-
tion of the laser box and tunnel. Any further adjustments were made either by
rotating the rear levelling thumb screw of the laser head, or by slight re-
positioning of the interferometer and/or the reflector. Severe flutter of the
return beam at the entrance port to the laser head was the only apparent problem.
When less than 5% of the return beam was intercepted the reset warning would be
triggered, and the display reading would return to zero. As a result, the
longest period of operation without a reset was about L hours. A system of fans
was installed to induce draft when the wind was insufficient to maintain a
steady flow of air through the tunnel, laser box and hut. This was necessary to
prevent excessive beam flutter due to strong temperature gradients in front of
the laser head. After switch on a period would usually be allowed to elapse
until the system stabilized. Beam flutter was prevented (for limited periods of
time) by adjusting the forced draft and waiting until the box temperature was
close to the tunnel temperature.

For the longer measurement runs, display readings would be taken every
minute, temperature and pressure every 10 minutes. Humidity was automatically
recorded in a meteorological screen and was mostly between 90-100%, (Appendix).

Several shorter runs were made. Over a period of an hour readings
were recorded about every second, simultaneously with gravimeter measurements
taken near the north edge of the island. Generally, with the successful runs,
the beam alignment meter (indicating strength of 'signal) would normally indicate
7 + 0.5 whereas the cutoff signal strength for reset is L4L.0. Since resets could
occur even with this relatively high signal strength, it was deduced that there
occurred large fluctuations in the signal of higher frequency than the meter
could respond to. The possibility of pulses of strain produced by pack ice

interaction with the island remains open to question.

RESULTS

A 24 hour run was made using the 99.76 m line, from May 18, 2000 hrs
to May 19, 2000 hrs. Figure 5 shows the values of temperature, pressure and
humidity as well as the compensation thumbwheel setting XXX,X at ten minute

intervals. The corrected distance d' is calculated from:
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0.999XXX, X

| = ——
d d X §.999725,0

where d is the distance read off the instrument and the digits 725,0 were
arbitrarily left in the instrument. Figure 6 shows the corrected time-displace-
ment plot where each point represents a ten minute mean. The reset points have
been joined using separate plots of differences between readings versus time and
interpolating to the reset time. The smaller fluctuations are filtered out.
There appears to be an oscillation of average period 1 hour. This may be due to

wave motion3 causing flexure of the ice and hence alternate compression and ex-

tension as will be shown for the case where the period of oscillation is about

35 s. Nevertheless, there is net compression when averaging is done over times
. =11 =1

greater than about L4 hours. The average strain rate is about -2.64 x 10 S .

Figure 7 shows two other runs of shorter duration (4 hours), along the same line
but for a distance of 52.85 m. As before, the averaging has been done over
intervals of 10 minutes and it can be seen that an oscillation of period about

| hour is still evident. The apparent net compression is again in accordance
with the observed boundary conditions. Both Figure 6 and 7 show compressive
strain rates which are composed of a strain rate of mechanical origin and one of
thermal origin. As a result of clock calibration, times must be reduced by 1.6%

in order to obtain correct strain rates.

ADDITIONAL STRAIN MEASUREMENTS

An hexagonal strain net was established (Fig. 3) consisting of 7;
21'(5.08 cm) diameter, 10'(3 m) long capped aluminum tubes resting on a 6'"(15 cm)
wooden base plate and frozen into the ice in a vertical position. The tubes
were all installed by April 25. Because of the freezing-in process, a therm-
istor line was installed beside one of the tubes (K - Fig. 3) and the
temperature was monitored until the ice temperature had returned essentially to
its former value. This occupied about 1 week. Taping measurements were made on
May 1, 14, and 24.

The tubes had been installed so that the taping spikes mounted on the
upper caps were all level. Because of variations in the elevation of the ice _
surface (Fig. 8), tubé lengths above the snow level varied from about 0.5 to 1 m, °
This was done so that all lines were horizontal. Each side, of length '
50 m + 0.07 m was measured with a calibrated 50 m K and E Lovar tape supported
at mid-span. At either end,’Kern tension frames - modified to be self-support-
ing - were used. The weights were 15 Kg each. The tape was read at both ends
using a reader band. A minimum of three readings were taken at each end until

the spread in readings was within 0.2 mm, although individual readings were

estimated to 0.1 mm. Distances were corrected for air (tape) temperature.

The measurements were made initially without shading the tubes which,
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because of their different lengths might be caused to bend by different amounts
due to differential radiational heating. This effect, tested rigorously by
repeated measurement of a single line under shaded and unshaded conditions
alternately, at each end, proved to be indetectible at the 0.1 mm resolution.
The results of the hexagon measurements proved irregular and this may be due

to the presence and distribution of cracks, some of which are shown in Figure 3.
These cracks probably form beginning in the fall when there is a rapid
temperature drop and cracking sounds are frequently heard. The cracks, some of
which are up to 1 cm wide, are expected to influence the surface strains depend-
ing on whether two adjacent poles straddle a crack or whether they occupy an
inter-crack block. Table 1 shows the displacements occurring between poles in
each line over the three time intervals taken.

_A resurvey at a future date will be undertaken to clarify the nature
of these strains. |In general, however, the largest apparent compressive strain
rate is compatible with the results obtained by the laser interferometer. For
example, the line EF showed for the 14-24 May period a compressive strain rate
of =Z % 10—11 5_1. An adjacent line, FG, shows an extension, therefore, no

direct comparisons between the hexagon and the laser line are yet possible.

TABLE 1.

Line Length Length Strain rate Length Strain rate

1 May 12 May xlOul] s_1 24 May xIO_11 sﬂl
EF 50.0449 50.0438 =1.9 50.0429 =20
EG 49.9555 49.9564 +1.6 49.9568 +1.3
EH 50.0264 50.0269 +0.9 50.0272 +0.8
El Lg.9412 49.9414 +0. 4 49,9419 +0.7
EJ 49.9628 49,9624 -0.8 49,9621 -0.7
EK 50.0009 50.0003 =152 50.0002 -0.7
JK 50.0126 50.0133 +1 .2 50.0133 +0.7
KF 49.9851 49.9849 -0.4 49.9849 -0.2
FG 50.0262 50.0264 +0.4 50.0269 +0.7
GH 49.975) 49.9754 +0.5 49.9753 +0.2
HI 50.0001 49.9999 -0.4 49.9992 -0.9
1J 49.9324 49.9323 -0.2 49.932] -0.3

Note: Lengths are reduced to apply at temperature of 5% (-20%). Al

distances measured in catenary with central support and 15 Kg weights.
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SURFACE SURVEY AND THICKNESS PROFILE

A levelling traverse was made across the short axis of the island
using an Ni2 Zeiss automatic level on April 16. The resulting elevation profile
is shown in Figure 9. The site for the laser experiment was selected from this
on the basis of the location of the thickest ice, which under a free boundary
condition would have the highest spreading rates. A 30 m SIPRE hole was
drilled near the laser hut (Fig. 3). On the basis of the measured temperature
profile (Fig. 10), a value for the probable thickness of the ice has been
obtained. The density of the ice has been determined in the following way:
let H be the thickness of ice, h be the height of the ice above water level,

h' be the height above water level of the top surface when the snow has been
converted into the equivalent thickness of ice, p, be the density of sea water
and E} be the average density of the ice column.

Then for equilibrium:

hl
. = o (1- ) (1)
! v (H+ h' - h)

1.0258 g em ° (Fig. 11)

Using values of

°
I

- 34.5 + 0.5 m (Fig. 10)
= 3.75m
and h' = 3.91
we obtain p. = 0.91 g a::m_3

On the basis of this result, assuming that the average ice density has the same
value everywhere, the approximate ice thickness profile across the island has
been determined (Fig. 9). Figure 12 shows measured ice density and salinity

values plotted against depth.

WEERTMAN CREEP

Under conditions of a free boundary the expected creep strain rate can

be obtained by computing the 'effective shear stress' and then using the avail-
able stress-strain rate relationship for the appropriate temperature. According

to the Weertman theoryl!, the 'effective shear stress'

i jﬂ"gi,i!')dz H ﬁp(z; 5
LLF;(Z)dZdz _IOD Lﬁ{Z}dza’z # 5‘:,3“,[/0 s a’%/ 2
V3 g~ AT [T4dz
0

for a semi-infinite slab of floating ice of thickness H and variable density
Di(z) and modulus of plasticity A(z). g is the acceleration of gravity. |If the

density is assumed constant throughout, then (2) reduces to
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SEA WATER: TEMP-SALINITY-DENSITY
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University of Washington, Seattle.
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Pi 3H”7
243 A7 [T Adz (3)
ad

- ’C’ n
The flow law of form e = (———) , (&)
: A
where n is a constant, enables a value of the 'effective shear strain’ rate e to

be determined. To obtain a first approximation for T equation (3) is used.

I f we neglect variations in A, then for a 30 m thick ice slab where

5} = 0.91 g cm“3, h=3.39m; t =0.087 bar (0.0087 MN mpz). Converting to
octahedral values and using the idealized flow law curves of Budd“, we obtain

an 'effective shear strain rate of 4.9 x 10—11 5_1.

For equal creep in all directions (x, y horizontal, orthogonal axes;

z vertical):

€
XX vy
thus e . =-2¢
zz XX
assuming the condition of incompressibility €.. = 0. Therefore, using the exf

ii
pression for the 'effective shear strain rate'

2 e2 = g,
1 1]
% i kS =31 =
we obtain B ™ e/ /3 = 2.8 x10 s .
s . " . -11 -1
Where the ice is 35 m thick, the strain rate should be about 3.5 x 10 s .

In order to obtain a possible range for the expected strain rate, the measure=
ments of Dorrer® are referred to. Dorrer measured a surface strain rate whic}
he apparently attributed to Weertman creep. The extension rate was about .
3 x 10712 57! for a total ice thickness of 35-41 m. Hence, for a slightly
thicker slab, the strain rate is a full order of magnitude less than that
obtained using the data of Budd. Without entering into the validity of app}yi
ing Weertman's theory, unmodified, to the results of the Ward Hunt Ice Shelf9,
we will simply specify that the expected Weertman creep rate for T 3 lies _
between about 3 x 10—12 ;-1 and 3 x 10—11 5-1. Thus, the strain rates would_?

measureable using the system that we have described. The only possibility tha

strain net. y

We conjecture that where extension has apparently occurred the poles
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i were located on an inter-crack block. The cracks are assumed to take up the
compressive strains which allows the inter-crack blocks to creep or expand due
to warming without constraint, until the cracks are closed. This implies that
rf the expansive creep strain and the thermal expansion both overcome the compres-
.? sive strain produced by the pack ice thrust. At the centre of the island this
compression is expected to be more or less uniform with depth. The strain rate

=12 -1

value of +7 x 10 s inciudes thermal strain, which should also be extensive.

NEAR SURFACE TEMPERATURE CHANGES

For two poles spaced distance d apart on an inter-crack block, the

spreading strain rate is about
aAT . (L/z% + 1) (5)

where AT is the average warming rate of the surface ice;
a@ is the linear coefficient of thermal expansion of the ice;
is the length of the pole above the ice;
is the depth below which daily temperature changes (averaged from

one month's data) become negligible.

The value of AT at the surface is about 0.2°C per day (averaged over 1 month)
(Fig. 13) '

e

z*% is < 6 m

-6 -1
o~ 50 x 10 %

Thus thermal strain rates could be as high as 10“10 5—1. However, there are
open cracks along the line of the laser. The average spacing of these cracks
is 15 m and the width up to 1 cm, on the surface, at the time of the experiment.
Thus any thermal expansion will be largely taken up by closing of the cracks.

If the poles were situated in the centre of the inter-crack block, then the

thermal corrections to the measured strains could be ignored. Otherwise, the

thermal strain could be as high as:

-10
10 x 15

e = +1.5 x 10_11 s
100

-1

EXPERIMENT TO DETECT SHORT TERM VARIATIONS IN STRAIN RATE

Figure 14 shows readings taken simultaneously from the laser display
and a Lacoste and Romberg gravimeter situated in the Lamont Observatory hut
located on the edge of the island. Readings were taken over a period of an

hour. An average period of oscillation of the gravity meter beam is found to be
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reside time was taken as the turning point of the oscillation.

19

437



37 s. The natural frequencies of the island, up to the fourth mode, are less
than about 11 s, thus the measured period must be the result of a character-
istic ocean wave component. Crary® found from numerous gravity measurements :
made in 1952-54 that 70% of the periods fell between 33 s and 43 s, therefore, i

we conclude that this is a common period of oscillation for which the gravity

]

|
|
meter is suitable for measuring. The average period of oscillation of the laser]
readings was found to be about 35 s with a spread from about 25-45 s. The {

interpretation of these data is that the island is undergoing flexural 1
oscillations. Because there does not appear to be a phase relationship between
the edge oscillations and the oscillations detected by the laser, the existence

of travelling waves is expected3. 1

ttin:
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DISCUSSION

Professor R. Parmerter, AIDJEX, University of Washington, Seattle,
Washington, U. S. A.:

What was the motivation behind this feasibility study? What con-
" clusions do you hope to draw from this type of strain data?

Mr. G. Holdsworth, Glaciology Division, Inland Water Directorate,
Department of the Environment, Ottawa, Canada.

First we set out to test the laser interferometer on an ice sur-
face. Providing that our instrumentation would prove successful,
our original intention was to measure the Weertman creep directly.
Thus we would get a (stress, strain rate) point for ice for that
particular temperature. This is in the low stress range where many
of the laboratory results are in dispute. We were not able to do
this because of ‘the boundary conditions. However the strain rates
that we did measure appeared to have a significance in relation to {
such studies as AIDJEX. They also have a bearing on the mechanical |
stability of the island. {

Allowing for thermal and Weertman strains, the magnitude of the
measured strain rates indicates compressive stresses existing in
the island of at least 0.01 MN m-2 *50% if we use stress-strain :
rate data of Budd. The ratio: ice island thickness/ sea-ice thick- |
ness = 10, therefore the comgressive stresses in the sea-ice could |
have been at least 0.1 MN m~4 (1 x 106 dynes.cm-2)+ 50%. However
these values do not apply at the time of the observed ridging shown
in Fig. 2 of our paper. At that time the stresses could very well
have been higher. During this period, the motion of the gravimeter
became very irratic (Alan Gill, personal communication) implying a
Jerky application of stress to the island. Although there is a
different model involved here this behaviour is consistent with
Parmerter and Coon’s kinematic ridge model and with the general
observation that ridging occurs in "fits and starts". 1

Professor R. Parmerter:

The stress value given is equivalent to 3 x 108 dynes. cm~1 (force
per unit length, integrated through the sea ice sheet). This
number is consistent with the forces required to ridge strong 3M ]
ice, as calculated from the model proposed in the paper "On the :
mechanics of pressure ridge formation in sea ice", Proc. 5th Off-
shore Technology Conference, Parmerter and Coon, 1973. You men-
tioned that ridging had occurred around the island. This is the
only example I know of where the ice pressure close to the conditio
of ridging has been determined, and it is very gratifying to learn 3§
that the value required by our model seems to be of the right order.

= i

2.9 Ly






