THERMOLUMINESCENCE TECHNIQUES IN DETERMINATION
OF THE STRESS AND CRYSTALLIZATION HISTORY OF ICE

By E. J. ZeLLer and L. B. Ronca*
(Department of Geology, University of Kansas, Lawrence, Kansas)

ApstracT, A series of glow-curve measurements were made to determine the general nature of the
thermoluminescence of natural ice. The curves were made by subjecting the samples to ultraviolet radiation
from a quartz-envelope mercury arc lamp while keeping the samples at liquid air temperature. The samples
were then heated by passing a stream of air over the sample container. The resultant rise in temperature is
non-linear but is nearly uniform from run to run. The light emitted was measured by the microphoto-
metric portion of the standard apparatus for determination of mineral thermoluminescence.

Curves were obtained on samples collected from the ice tunnel in the ice cap at Jungfraujoch and from
freshly fallen and old snow at Bern in Switzerland. A systematic variation in glow-curve shape was found.
This variation appears to be directly related to the stress history of the ice. Ice which has been subjected to
high shearing stress can be readily distinguished from ice which has not.

Risumi. Une série de courbes d’incandescence a été enrégistrée pour étudier la nature générale de la
thermoluminescence de la glace naturelle. Les échantillons ont été mis 4 la température de P'air liquide et
irradiés par la lumiére ultraviolette d’une lampe & mercure avec fenétre de quartz. Pour obtenir une courbe
le récipient contenant 1'échantillon a été chauffé par un courant d’air. L’augmentation de la température
n’était pas linéaire, mais elle ne variait pas d’une courbe a 'autre. La lumiére émise a été mesurée par la
partie microphotométrique de Pappareil standard pour la détermination de la thermoluminescense des
minéraux.

Des courbes ont été obtenus pour des échantillons pris dans la galerie du glacier du Jungfraujoch et des
échantillons de neige fraiche et ancienne de Berne. Une variation systématique de la forme des eourbes a
été trouvée. Cette variation apparait étre en relation directe avec Ihistoire de la déformation de la glace.
La glace qui a été soumise 4 de grandes tensions de cisaillement peut facilement étre distinguée de 'autre
glace.

ZUSAMMENFASSUNG. Es wurde eine Serie von Glowkurven aufgenommen, um die allgemeine Natur der
Thermolumineszenz von natiirlichem Eis zu bestimmen. Die Proben sind unter einer Quarz-Quecksilber-
dampflampe der Ultraviolettstrahlung ausgesetzt worden, wobei sie unter Temperatur der flissigen Luft
gehalten wurden. Die Proben wurden dann erwiirmt, indem man einen Luftstrom tiber den Probenbehilter
leitete. Der resultierende Temperaturanstieg ist nicht linear, jedoch von Aufnahme zu Aufnahme fast
gleichférmig. Das emittierte Licht wurde mit der Standardapparatur zur Bestimmung der Thermolumines-
zenz von Mineralen gemessen.

Es wurden Kurven von Proben erhalten die im Eistunnel des Gletschers am Jungfraujoch gesammelt
worden sind, sowie von [risch gefallenem und altem Schnee von Bern (Schweiz). Es konnte eine systematische
Variation der Glowkurvenform festgestellt werden. Diese Variation scheint in direkter Beziehung zur
Druckgeschichte des Eises zu stchen. Man kann leicht unterscheiden, ob Eis hohen Scherkriften ausgesetzt
war oder nicht.

InTRODUCTION

The thermoluminescence of ice was first noted by Grossweiner and Matheson (1952) who
irradiated artificially frozen ice with X-rays and measured a glow-curve. Later it was dis-
covered that pressure had marked effects upon the glow-curves of artificially irradiated
limestone samples (Zeller, 1954). By working on limestones (Zeller and others, 1955; Angino,
1959) it was found that pressure, crystallization and shearing effects could produce thermo-
luminescence in samples which were previously drained or in precipitates formed in total
darkness and without subsequent exposure to high energy radiation.

The complex nature of the thermoluminescence phenomenon in rocks and its dependence
upon mineral composition, impurity content, age, radiation, thermal and pressure history
causes much difficulty in the interpretation of the data obtained from glow-curve measure-
ments. Ice, on the other hand, offers some major advantages in that many of these complicating
factors are confined within very narrow limits. Natural ice is much more limited than rock in
the range of variation in composition and physical and chemical history. In view of this fact,
an investigation was undertaken to determine whether systematic variations in the glow-curves

* This work was carried out while the authors were at the Physikalisches Institut, Universitit Bern.
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of natural ice could be found which would bear a direct relation to known conditions of
crystallization and stress history.

EXPERIMENTAL PROCEDURE

The apparatus used for these measurements was modified from equipment normally used
for measuring mineral thermoluminescence. This equipment has been described in detail by
other workers (Danicls and others, 1949; Houtermans and others, 1957; Angino, 1959)
and can be very much simplified for making glow-curve measurements of ice. The measure-
ments were made by using a multiplier type phototube (RCA 6810 A) which was mounted
in a light-tight box directly over the sample. A standard 2,500 V. regulated power supply
furnished the required voltage for the phototube. The output of the tube was amplified by a
d.c. current amplifier and the resultant signal recorded by a 10 mV. recorder. The heating
rate was controlled only indirectly by passing a stream of air over the sample. Indirect control
of this type is adequate because of the relatively small range of temperature through which the
sample emits thermoluminescence. Increased uniformity in heating was also attained through
the use of a copper block which served as a heat sink and upon which the metal cup containing
the sample was placed. This heat sink together with the air flowing over the sample provided
a uniform temperature rise from liquid air temperature to about —140° C. Above this
temperature the rate of rise was significantly slowed and above about —40° C. thermo-
luminescence of ice irradiated by ultraviolet is undetectable.

The source of radiation used to activate the samples studied was a high-pressure mercury
arc lamp with a quartz envelope. No attempt was made to restrict the radiation to any
specific wave-length through the use of filters. Irradiation periods of the order of a few
minutes were adequate to produce substantial amounts of thermoluminescence in the samples.
Irradiations were carried out both with and without direct contact between the liquid air and
the ice samples. No significant difference could be observed in the general shape of the glow-
curves of samples which had been totally immersed in liquid air as compared to those which
were irradiated “dry” in cups floating in a liquid air bath. Some difficulty was found in
making the transfer from the liquid air bath to the heating chamber rapidly enough to
prevent the loss of part of the lowest temperature peak in the “dry” samples. For this reason
irradiations were normally carried out with the sample partially immersed in liquid air and
the sample cup was transferred to the heating chamber with a small amount of liquid air
remaining in it. This method provided the maximum convenience and yielded the most
consistent results. Sample sizes varied somewhat but an attempt was made to hold these to
about 15 g. It was found that extreme care was necessary in controlling the radiation dosages
and the time for which the sample was held at liquid air temperature after irradiation. All
of the samples studied were irradiated for two minutes and allowed to stand for two minutes.
Except for the unconsolidated snow and firn, all of the samples were broken into g to 5 pieces
which could be fitted into the sample cup. It was feared the grinding might influence the
thermoluminescence characteristics of the samples. These effects were tested by crushing
several samples to chips smaller than 5 mm. Except for the expected decrease in the absolute
amount of thermoluminescence due to light scattering, there was no significant difference in
the observed peak ratio. The short duration stresses produced by sharp blows do not appear
to affect the thermoluminescence, probably because plastic deformation does not occur.

Resurts FROM NATURAL [CE SAMPLES

Relative to other crystalline solids, ice has a low luminous efficiency in terms of its ability
to store energy in the form of thermoluminescence. It is approximately 10,000 times less
thermoluminescent than an equivalent amount of calcite subjected to an equal dosage of
ultraviolet. In spite of this low emission level, glow-curves can be easily obtained and are
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reproduceable within the limits of sample homogeneity, size and transparency. Lack of
homogeneity is always a major problem in dealing with naturally occurring material. How-
ever, this study indicated that the most significant data furnished by the glow-curves is the
peak-height ratio which is essentially independent of sample size or transparency. Two peaks
are normally present, a narrow peak at approximately —19o° C. and a much broader peak
with its maximum at about —140° C.

For purposes of comparison a series of artificially frozen ice samples were studied. A
relationship was found to exist between the shape of the curve and the rate of crystal formation.
Ice which was frozen as rapidly as possible by chilling water in a metal cup placed in a bath
of liquid air (Fig. 1a) shows only one peak. The extremely rapid rate of freezing influenced
the crystal growth resulting in the development of either a very fine crystallite or a glass type
of structure. None of the other samples tested showed a total absence of the — 140” C. peak.

A glow-curve was obtained from f{reshly fallen snow at Bern, Switzerland, on 23 February
1962. The snow fell during a time when the temperature was only —2 or —3° C.. and the
glow-curve was made as quickly as possible to prevent significant recrystallization. The glow-
curve is shown in Figure 1b. The low level of the total light emitted results at least partially
from the high degree of light scattering caused by the finely crystalline nature of the fresh
snow. In addition, the mass of the sample was somewhat smaller than for the others owing to
its low density. The —140° C. peak is clearly present as it is in all of the other natural samples.
The ratio of the —140” C. to the —190” C. peak is lower than in any other naturally
occurring ice sample.

A heavy snowlfall took place on 1 January 1962 in Bern and this was followed by several
periods of warm weather during which much of the snow which remained in protected places
melted and recrystallized. Nearly two months after this snowfall a glow-curve was made on a
sample taken from one of the piles of snow which was found in the shadow of a building. The
snow had by this time much the same coarsely granulated appearance as normal firn. The
resulting glow-curve (Iig. 1c) differs somewhat in form from that of the freshly fallen snow
and the peak-height ratio shows a significant increase. The —140° C, peak appears as a
plateau on the side of the —190” C. peak. This sample showed a much larger grain-size than
the fresh snow and there is no doubt that more of the total light emitted reached the photo-
multiplier because of reduced light scattering. Nevertheless, it is likely that the actual
luminous efliciency of the old snow is substantially higher than that of the new snow.

Six localities within the ice tunnel through the Jungfraujoch ice cap were chosen to test
the effect of pressure, flow, ageing and recrystallization upon the thermoluminescence of
glacier ice. This excellent facility (Haefeli, 1961; Kamb, 1961) is connected with the
Jungfraujoch scientific station and permission to make the collections was kindly granted by
the Swiss Post-"Tclephone-Telegraph Administration. The tunnel passes from rock in which
the Jungfraujoch railway terminal is located westward into the Jungfraujoch ice cap. The
tunnel provided a means of sampling ice which varies from the coarse, polycrystalline, highly
compacted firn to the finely banded flow structures which can be seen in the ice at its contact
with the rock. Most of the ice was collected in a lateral tunnel which ends in an open crevasse
approximately 8o m. north of the axis of the main tunnel.

The first sample to be investigated in this series consisted of frost crystals found growing
on the walls of the open crevasse.* These were chosen as a control since they could not have
been subjected to pressure and could be expected to have a substantially lower impurity
content than the glacier ice itself. The glow-curve of the frost crystals (Fig. 1d) shows a peak-
height ratio larger than that of the old snow from Bern and the —140° C. peak appears more
distinctly separated from the —19o” C. peak. As in the case of the snow samples, the frost

* See Hacfeli, 1961, p. 197, fig. 6, for exact locations of collecting sites. Frost crystals came from walls of 53

clear ice crevasse filling from s2; compacted firn from end of tunnel in s3: old ice with random bubbles from
near point g: ice with aligned bubbles near point k.
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crystals caused significant light scattering. In view of this fact it appears that their luminous
efficiency is relatively high.
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Fig. 1. The glow-curves of the different ice samples. The temperature in degrees centigrade is plotted on the horizontal axis, the
light inlensity in arbitrary units on the vertical axis. Curve a: ice frozen with liquid air. Curve b: fresh snow. Curve ¢ :
snow, two months old, showing recrystallization. Curve d: frost crystals from a crevasse. Curve e : clear ice crevasse filling.
Curve f: compacted firn. Curve g : glacier ice with randomly distributed air bubbles. Curve h: glacier ice with aligned air
bubbles and flow structures. Curve i: glacier ice at contact with bedrock, showing shear and flow structures
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The clear ice from one of the crevasse fillings was chosen as an example of material which
had been crystallized under zero stress and had probably been subjected to relatively mild
stress after formation. Its age is obviously younger than that of the surrounding ice and it
appears to have formed through the flooding of an open crevasse. Evidence of deformation
would be difficult to find in such massive fissure fillings because of their freedom from bubbles,
cracks, or stratification. Tt seems likely, however, that massive blocks of ice of this type would
act as structural units around which the relatively weaker surrounding ice would flow. The
total light emission (Fig. 1e) is surprisingly small in view of the fact that such clear ice would
necessarily show significantly less light scattering than finely crystalline snow and frost. The
peak-height ratio is larger than that of the frost crystals, but the —190” C. peak continues to
be higher than the —140° C. peak.

The next sample (Fig. 1f) was taken from the end of the tunnel in the wall of the open
crevasse. This sample is here designated as compacted firn mainly because of its coarsely
granular nature and the fact that its density and transparency were reduced by the presence
of many air bubbles as in the case of normal firn. It did possess good structural rigidity,
however, and was collected at a point about 20 m. below the surface of the ice cap. There is
little doubt that ice in this location has been subjected to stress and that flow has occurred.
The relatively porous nature of the ice might permit much of the flow to take place at grain
boundaries, however, rather than involving the total mass of the grains. The glow-curve
shows a 1:1 ratio of the two peaks and an average total light emission.

More dense ice containing few but still randomly oriented bubbles was tested. This ice
occurred in a zone of somewhat higher pressure at some distance {rom the open crevasse and
approximately 25 m. below the surface. Actual flow structure was not visible at the point
where the ice was collected. The resulting glow-curve (Fig. 1g) shows an average total light
emission but the —140° C. peak is higher than the —190° C.. peak.

In the lateral tunnel, near its junction with the main tunnel, a zone can be found which
shows strong evidence of flow. The ice contains about as many bubbles as in the previously
described sample, but the bubbles are aligned and definite flow lines are visible. The glow-
curve (Fig. th) indicates a sharp rise in the —140° C. peak. The peak-height ratio has risen
to 1-47. The purity of the ice appears to be very high and the density is not significantly
different from that of ice free from bubbles. A significant increase in the total light emission
of the sample indicates that its luminous efficiency is affected in the —140° C. peak but not in
the —1go” C. peak.

The main tunnel cuts the contact between the ice and rock at two points. The lower of
these contacts is in the zone of highest pressure and this is clearly indicated by the presence
of a narrow zone of banded ice immediately adjacent to the rock surface. This banded zone
is thought to result from the accumulation of a series of highly thinned annual firn layers.
Since the thinning of the original firn layers occurs by lateral flow of the ice, this sample
should represent a high degree of deformation (personal communication from R. Haefeli).
Care was taken to avoid fragments of rock in selecting the ice for testing. The narrowness
of the banded zone made it impossible to obtain a perfectly homogeneous sample and the
lack of homogeneity became evident when the glow-curves were being measured. A much
wider variation in glow-curve shape was encountered than was found in repeated runs of
any of the other samples tested. The glow-curve (Fig. 11) is a composite of four determina-
tions. All, however, showed a peak-height ratio higher than 3 and all showed a total light
emission higher than average.

It is clear from these studies that a systematic variation in peak-height ratio can be found
and that this is dependent at least in part upon the stress and flow history of the ice. Future
workers should be cautioned that these results were obtained using very carefully controlled
irradiation dosages and time intervals between the end of the irradiation and the running of
the glow-curve. Different irradiation and standing times result in large variations in glow-
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curve shape and peak ratios; however, the sequence of ratios from the least stressed to the
most stressed ice remains the same. In general, longer standing times result in an increase in
the value of the ratios.

B-radiation was also found to produce thermoluminescence in ice. The principal peak
occurs at approximately —140° C., which is in good agreement with the glow-curve resulting
from irradiation with X-rays (Grossweiner and Matheson, 1954).

REsuLTS FROM ARTIFIGIALLY PRESSED SAMPLES

In order to test the hypothesis that pressure had produced the systematic variation seen
in the glow-curves of glacier ice, a sample of ice was subjected to a pressure of approximately
60 kg./cm.* in a chilled cylinder. The pressure applied corresponds to an ice depth of
approximately 640 m., which is in excess of the thickness of ice in most Alpine glaciers.
This was done primarily because of the limitations of the hydraulic press which was used
and which could not be read accurately for lower values. In addition, however, the high
pressure permitted flowage to take place in a much shorter time than under natural conditions.
The ratio obtained corresponds closely to the trend shown by the samples taken from the
tunnel at Jungfraujoch. A cylinder of ice 2 cm. thick and 5 cm. in diameter was frozen from
tap water using dry ice as the freezing agent. The first glow-curve of the sample showed a
peak ratio of 1-7, indicating that stresses had been developed in the mass as a result of the
crystallization process. Repeated runs of the same sample showed a decrease in the ratio
suggesting that relaxation of these stresses was taking place. After approximately one hour the
ratio had declined to 1-2. At this point the sample was subjected to the previously indicated
pressure treatment. The ice cylinder was approximately one millimeter smaller in diameter
than the mold in which it was pressed. Thus, the pressure was uniaxial until lateral flowage
caused the sample to fill the mold completely, after which the pressure was essentially hydro-
static. The glow-curve run immediately after pressure showed an increase in peak ratio to
17-00 and an increase in absolute intensity of approximately 130 times. The resultant glow-
curves are plotted in Figure 2. It appears from these studies that the peak-height ratio

Tarre 1. Rato oF HElgaT 0oF —140° C. PEAK TO HEweur or —i190” C. PEak 1N Grow-CURVES OF
Various Ice SAMpLES
Sample Peak-height ratio
Fresh snow 0-32
Old snow 0-55

Frost crystals
Clear ice crevasse filling -93
Compacted firn <00

0-85

0

1

Ice with random bubbles 1-10
1

3

7

Ice with aligned bubbles 47
Ice at rock contact (with flow structure) c12
Ice artificially subjected to pressure corresponding to 640 m. ice depth 17-00

sequence shown in Table I is primarily related to the natural pressure to which the sample
has been subjected. Studies of the effects of hydrostatic versus uniaxial stress are currently in
progress.

ANNEALING AND DEcay EFrecTs

All of the natural samples were run within one day after they were collected. The high
peak-height ratios which characterize samples which have been subjcted to pressure show a
marked decrease after the ice has been stored in a refrigerator for a period of time. For example,
the ice with aligned bubbles shows a reduction in the peak-height ratio from 1:47 to 0-55
after approximately two weeks, and the peak-height ratio of the artificially pressed sample
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fell from 17-0 to 11-5 in fifteen days. It is probable that storage under very low temperature
conditions would retard this annealing effect; however, care must be taken in future work to
allow for this phenomenon.

All of the samples have been observed to exhibit an intense blue phosphorescence at
liquid air temperature after exposure to ultraviolet radiation. It is very likely that this
phosphorescence results from the decay of a glow-curve peak which has its maximum below
liquid air temperature, in which case the —190” C. glow-curve peak described in this report

S

Peck rono

-150 E i

Temperature C,

Fig. 2. A is the glow-curve of artificially frozen ice; B. of the same sample immedialely after pressure has been applied, and C,
15 days after application of the pressure. The thrce curves have been normalized with the — 1go° C. peak height being made
equal lo one. The actual inlensity from the pressed sample is aboul 130 times larger than the intensity from the unpressed
sample

is actually a remnant of this lower temperature peak. Therefore, the period of time for which
the sample is kept at liquid air temperature after ultraviolet irradiation and before the glow-
curve is run has a critical significance upon the peak ratio obtained. So long as this period of
time is kept constant the peak ratios obtained will be consistent. However, much better results
could be expected if glow-curves could be obtained starting at temperatures substantially
below that of liquid air. Work is in progress to design apparatus which will permit these
measuremnents.

MS. received 31 July 1962
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