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Cryolite made up about 75 per cent of the deposit in Ivigtut, South Greenland. Its mechanical properties
seem important for the shaping and for the internal build-up of the deposit of which a major part, siderite-
cryolite with about 15 per cent siderite and a few per cent of sulphides, quartz etc., consolidated between
500 and 600°C.

Thermal expansion, by volume, of cryolite is shown to be two to five times greater than the expansion of
the accompanying minerals and rocks. The elastic constants of cryolite are found to be: E = 6.8 - 10° bars,
G = 2.7 - 10° bars and Poisson’s No. = 0.24. Compressive strength at room temperature 919 bars.

Uniaxial compression tests at atmospheric pressure showed strength to increase to 1360 bars at 200°C
and strain rate 0.05 mm per minute. Cryolite behaved in the tests up to 300°C as a brittle substance. Duc-
tility was noted at temperatures from 400°C and, depending on strain rate, cryolite was found to exhibit
unrestricted plastic deformations above 450°C. Ductility of cryolite around 500°C was found to be about
the same as found for halite, tested in the same instrument, at 150-200°C.

It is to be noted that the plastic deformation observed in these uniaxial compression tests dominantly
appeared as bending of lamellae developed parallel to the load axis both in cryolite and in halite.

In the siderite-cryolite, representing the earliest formed part of the deposit, siderite exhibits a pronoun-
ced cataclastic structure. This is attributed to the high ductility of cryolite at temperatures around 500°C.

The contraction on cooling of cryolite appears important in judging joint patterns of the intrusion as
well as macro- and microfissures within the deposit.

Hans Pauly, Technical University of Denmark, bg. 204, Lyngby, 2800 Denmark. December 12th, 1983.

Introduction

The cryolite deposit at Ivigtut, South Greenland,
was located in the exposed roof zone of a small
granite stock 270 m across which was emplaced at
levels corresponding to a load pressure of 1-2
kbar, Bailey 1980.

Cryolite with about 15% siderite, a few per
cent quartz and a few per cent sulphides made up
% of a flattened, lens-shaped body, about 170 m
in diameter and up to 70 m high. Its western and
lower part had a shell of cryolite mixed with fluo-
rite, topaz etc. Intercalated between this shell of
fluorite-cryolite and the main mass of the lens,
the siderite-cryolite, quarrying revealed around
the year 1900 the presence of a considerable mass
of pure, white, coarse grained cryolite about 150
m long, 40 m wide and 30 m thick. Further details
with a map and a longitudinal section through the
cryolite deposit is given in Karup-Mgller & Pauly
1979.

The siderite-cryolite consolidated at temper-
atures between 500 and 600°C, Pauly 1960. Ac-

26"

cording to Oen & Pauly 1967, siderite formation
at these temperatures seems to demand a rather
high partial pressure of CO, i.e. the fluid pres-
sure in the earlier stages of mineralisation was
probably in excess of load pressure. The relations
between siderite-cryolite and fluorite-cryolite in-
dicate that the latter consolidated later. Sulphide
parageneses belonging to the fluorite-cryolite
seem to have consolidated between 300 and
200°C, Karup-Mgller 1973. The intercalated mass
of pure cryolite apparently formed at temper-
atures between those relevant to the two other
units of the deposit.

Cryolite appeared as a matrix for the accompa-
nying minerals in the greater part of the lens
shaped deposit. This is particularly clear for cryo-
lite in the siderite-cryolite. The behavior of cryo-
lite may therefore have played an important role
both in the shaping of the deposit and in the de-
velopment of structures and textures within the
deposit. The salt-like character of the mineral
cryolite suggests the possibility that it has me-
chanical properties comparable to halite, i.e. the
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ability to flow plastically. Pauly 1982 found it
likely that plastic deformation of cryolite con-
tained the clue to the formation of breccias where
pure cryolite cements rock xenoliths which show
no signs of chemical reaction rims towards the
cryolite. It was assumed that the plasticity char-
acteristics of cryolite are intermediate between
those of halite and fluorite or calcite.

Strength and ductility tests to elucidate the
properties of cryolite would have to be per-
formed under conditions relevant to the forma-
tion of the deposit in Ivigtut i.e. temperatures up
to 500-600°C and confining pressures around 2
kbars. The available experimental equipment
only allowed uniaxial compression tests at atmos-
pheric pressure. In judging the results obtained it
is, however, worth noting that confining pressure
enhances both ultimate strength and ductility
(Hardin 1966). Incidentally his work reports on
two tests on cryolite at 24°C and at a confining
pressure of 5000 bars which Dr. Handin was kind
enough to perform for the present author a cou-
ple of years ago. A summary of the results will be
given below.

The thermal expansion, or rather the con-
traction on cooling, of cryolite and the other min-
erals constituting the deposit becomes of interest
in the evaluation of the mutual relations of the
minerals, the development of microfissures
within the single minerals and macrofissures
transecting the units of the deposit as well as the
border relations of the deposit towards the rocks
of the surrounding intrusion.

Before entering upon these various mechanical
properties of cryolite it is necessary to recapitu-
late the main crystallographical properties of the
mineral.

Crystallographic properties of cryolite

Cryolite, Na,A1F,, monoclinic, P2,/m, is pseudo-
cubic in appearance. The transformation 110/110/
001 leads the cryolite lattice over into a quasi-cu-
bic “double lattice” so termed because its cell has
twice the volume of the cell in the true cryolite
lattice (Donnay 1952). On heating it inverts to a
true cubic modification (Miigge 1908) at 560°C
(Holm 1965). Steward & Rooksby 1953 investi-
gated the structure of B-cryolite.

Cryolite is invariably twinned. Theoretically 13
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different twin laws are possible (Donnay 1952)
reflecting the 13 independent symmetry elements
which with those of the monoclinic crystal con-’
stitute the complete cubic symmetry (Wrinch
1952). Bgggild 1912 showed 8 of these twin laws
to be present in cryolite from Ivigtut. In freely
developed crystals, lining fissures in cryolite, 4 of
the laws were found; 3 of these may have formed
during growth [110]*, [110] and [111]. In the pure
white, coarse grained cryolite 7 twin laws were
observed: {110]°, [110], [021]'®, (001), (100),
(112) and (112), see also Pauly 1978. It should be
noted that the first and the third of these laws in-
terchange the faces of {110} and {001} which in
the “double lattice” correspond to the quasi-
cube.

On heating to temperatures about the inver-
sion temperature the birefringence of cryolite
gradually disappears leaving the mineral optically
isotropic (Beggild 1912). On heating cryolite
Steward & Rooksby 1953 noted: between 500
and 550°C the departure from a cubic arrange-
ment became rapidly smaller and at 550°C the
lines of the powder photograph fell precisely in
the sequence demanded by a cubic space group.
Yurk et al. 1973 reported that twinning and bire-
fringence gradually disappeared when the min-
eral was heated between 470 and 520°C.

Fragments of the freely developed crystals af-
ter heating to near disappearance of birefrin-
gence were observed by Beggild 1912, to be
transected by relatively few, regular twin lamel-
lac identified by goniometer measurements to
represent [110], [110]*, and [021]'*. The first two
may as mentioned also be formed by growth.
They can, with difficulty, be produced mechan-
ically at room temperature. Bgggild observed
this on crystals accidentally broken during exam-
ination. The rarity of such crystals prevented him
from undertaking more than a few experiments
of this kind. The pure, white, coarsegrained cryo-
lite was observed in the quarry to occur as indi-
viduals up to 6 m (Bgggild 1905). The grain size
was commonly of dm sizes. Broken pieces were
often bounded by 3 mutually nearly perpendi-
cular, plane surfaces. Two of these represent a
strong parting along the prism faces (Bgggild
1912). The third, less well developed fracture
plane may reflect a fair cleavage along (001)
(Pauly 1978). .

The density of cryolite at room temperature is
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2.973 as calculated from the X-ray data of Haw-
thorne & Ferguson 1975. Cryolite from lvigtut
was shown to melt at 1013.5 * 0.3°C (Landon &
Ubbelohde 1957).

Thermal expansion of Cryolite

Cryolite expands 14% when heated to the melt-
ing point; on melting it expands a further 25%
(Landon & Ubbelohde 1957). The cubic modi-
fication has a unit cell (Steward & Rooksby
1953), whose volume is 7.2% larger than the cor-
responding double cell at room temperature
(Hawthorne & Ferguson 1975). The volume of
the unit cell at 625°C, Holm & Holm 1970, is
7.8% larger than the double cell at room temper-
ature.

The data for cryolite have been plotted to-
gether with data from Skinner 1966 for minerals
occurring together with cryolite. Data for NaCl
"and for calcite have been included for compar-
ison (fig. 1).

It is seen that cryolite on cooling from 560°C
contracts twice as much as galena and quartz, five
times as much as sphalerite and seven times as
much as topaz. No data were available for side-
rite but if its contraction on cooling is similar to
that of calcite it should be comparable with spha-
lerite.

Stress strain relationship of cryolite at
24°C and 5000 bars confining pressure

Two cm-sized samples of the white coarsegrained
cryolite from Ivigtut have been tested at 5000
bars confining pressure at room temperature
(Handin 1966). One brass jacketed sample was
subjected to compression the other to elonga-
tion.

In the compression test the following strain (in
%) and stress (differential stress in bars) values
were recorded: 1% - 1180, 2% ~ 3840, 5% -
3630, 10% — 3470 and 42.1% — 3840. In the elon-
gation test the following values were recorded:
1% - 1890, 2% — 3180, 5% — 4470, 10% — 4770
and 21.2% - 5120. Both tests terminated before
rupture with the stress-strain curves still rising.

When the jackets were opened both samples
were found to have changed from white to a light
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Fig. 1. Volume expansion of cryolite as percentage change of
volume at room temperature. For comparison values for halite,

calcite and some minerals accompanying cryolite are plotted af-
ter Skinner 1966.

purple colour. This colour is still preserved 24
years later. Activation of colour centers through
the plastic deformation of the samples seems to
explain the phenomenon. Cryolite is known to
take such a colour in the immediate surroundings
of dynamite charges used in blastings in the mine.
The left over parts of drill holes for blasting
showed this colour in the cryolite up to about 15
cm from the drill hole in the bottom part of the
hole where the charge was placed. The colour
disappears if the cryolite sample is heated to a
few hundred degrees. Another colour mechanism
in cryolite is triggered by irradiation; cryolite sur-
rounding minerals with radioactive elements is
smoky to nearly black. The smoky cryolite also
aquires the purple colour in the vicinity of blast-
ing charges (Pauly 1962).

Elasticity constants and compressive
strength of cryolite at 24°C and
atmospheric pressure

Dynamic elasticity constants determined by the
resonance frequency method, Pickett 1945, are
summarized in table 1 from unpublished reports
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Table 1. Dynamic elasticity constants for cryolite at room temperature, determined by the Resonance Frequency Method, by Erik
Trudsg, M.Sc.
Sample Weight Density ~ E, E, G Pois-
Dimensions inkg ‘g/em® bar bar bar son’s
in cm x10° x10° x10° No. v
1 23.83 x 4.00 x 4.00 1.129 2.961 6.74 6.82 2.75 0.23
(3129) (9945) (5812)
2 26.15 X 8.97 x 8.84 6.126 2.954 6.78 - 6.82 2.77 0.23
(4855) (9100) (5327)
3 24.12 x 8.88 x 8.84 5.577 2.956 7.00 7.10 2.81 0.24
(5578) (10095) (5832)
4 23.90 x 5.89 x 5.67 2.345 2.938 6.17 6.27 2.49 0.25
(3930) (9570) (5547)

E
Poisson’s No: v = — ~1
2G

Numbers in parenthesis = fundamental frequency in kHz.
Density of cryolite from X-ray data: 2.973.

Table 2. Compressive strength, static and dynamic elasticity constants for cryolite at room temperature, by P. Nepper-Christensen,

M.Sc.
Sample E E G Poisson’s Compressive
Dimensions static dynamic static No.v strength
incm bar X 10° bar x 10° bar x 10° in bars
3a 15.9 x 8.9 x 8.8 6.5 71 2.6 0.24 919
4a 21.6 X 5.9 X 5.6 6.7 6.27 2.7 0.24 753
5 3.0 x 1.46 x 1.46 6.7 - 2.7 0.23 900

E-dynamic calculated from E = d - v?, d = density and v = sound velocity; frequency used was about 60 kHz,

G calculated from G =
2(1+v)

Samples 3a and 4a are the same as No. 3 and 4 in Table 1, but shortened.

by Mr. E. Trudsg 1957 and 1961 to the present
author. The low values for E and G of sample
No. 4 are probably due to specific weaknesses of
this sample; its low density and the low strength
reported for this sample from the following expe-
riment, see table 2, support this assumption.
Samples 1, 2 and 3 gave as average values E, =
6.84 - 10° bars from bending vibrations, E, = 6.91
- 10° bars from longitudinal vibrations and G =
2.78 - 10° bars from torsional vibrations. Calcula-
tions gave Poisson’s No. = 0.24.

Samples 3 and 4, trimmed so as to have a bet-
ter shape, together with some small-sized sam-
ples were examined in a series of compression
tests. On the two first samples E-dynamic was de-

termined from sound velocity measurements. In
the compression tests the samples were subjected
to stepwise loading and the strains were regis-
tered by strain gauges placed on the vertical sides
of the samples, parallel with and perpendicular to
the load axis. The results obtained are summar-
ized in table 2 from an unpublished report by Mr.
P. Nepper-Christensen 1968 to the present au-
thor. It is interesting to note the closeness. of
these values to those determined in the first expe-
riment. The recorded stress-strain curves were
virtually straight lines right up to the point of
fracture where the recorded strains were about
0.14% with a compressive strength of about 900'
bars.
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Uniaxial compression of cryolite at
temperatures up to 550°C and .
atmospheric pressure

The test specimens, 15 X 10 X 10 mm, were cut
from samples of the white, pure, coarse grained
cryolite so that the sides of the prisms were paral-
lel to the parting faces of the cryolite (110), (110)
and (001). The square end faces were rubbed
with MoS,-powder in order to reduce friction.
The specimens were generally heated to 300-
400°C before testing in order to eliminate frail
specimens. The first batch cut from one large
cryolite block gave an 80% recovery or nearly 50
specimens whereas in later batches cut from
other blocks the recovery was only about 10%.
This was presumably due to variations in the con-
tent of vacuoles of the various blocks of cryolite.

The specimens were placed in the bore, 30 mm
across, of a steel cylinder 70 mm in diameter and
120 mm high, fig. 2, which was heated through 4
heating elements placed in vertical holes drilled
in the wall of the cylinder. A thermocouple re-
corded the temperature in the bottom of the
bore. The temperature_was kept constant to
within 1°C and the temperature readings seemed
to be within 10°C.

An isolating asbestos mantle was wrapped
around the cylinder. In order to prevent undue
heating of adjoining parts of the testing machine
the cylinder was placed on a sheet of asbestos
precompressed from 4 mm to 3 mm. The reduc-
tion in strain sensitivity caused by this arrange-
ment did not interfere with the main aim of the
experiments: to show variations in strength and
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Fig. 2. Steel cylinder with piston for uniaxial compression tests
at elevated temperatures. A: steel-ball transfer of load to pi-
ston, B: electric heating elements, C: thermocouple for tem-
perature control, S: sample.

ductility of cryolite with increase in temperature.
Calibration of the set-up was obtained through
tests on a steel prism of the same dimensions as
the cryolite test samples. Evaluations of the re-
corded load-strain curves were moreover based
on the measured ultimate lengths of samples re-
covered unbroken after tests. Table 3 summarizes
the results obtained in a series performed in a 10-
ts Amsler Tensile Testing Machine with manual
load control. Tables 4 and 5 give the results from

Table 3. Strength and stress-strain values for cryolite at 442-530°C, tested in a 10 ts. Amsler Tensile Testing Machine. Strain rate,
manually controlled, estimated to be around Ymm/min. Strength and stress in bars.

T°C eyp 1%% 5% 6%% 8% 10% 12% 30% 34% 50%
42 500 600 665* - - - - - - -
450 380 443 *(499) - - - - - - -
460 360 428 485 490 504 504 506* - - -
470 325 389 404 397* - - - - - -
480 200 305 361* - - - - - - -
490 190 286 337 346 350 *(351) - - - -
528 100 163 181 187 193 194 198 193 188 200
530 60 103 133 140 147 153 158 154 149 -

* indicates rupture of sample.
parentheses indicate extrapolated values.

eyp = estimated yield point, here taken as the strength or resistance to failure (Handin 1966).
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Fig. 3. Stress strain curves for cryolite from uniaxial com- St r ai n ér 0/o

pression with strain rate 0.2 mm/min in at temperatures from 400° to 550°C.

Table 4. Strength and stress-strain values for cryolite at 400-550°C, tested in a 10 ts Instron Tensile Testing Machine. Strength and

stress in bars.

Temp. Strain rate 0.2 mm/min Strain rate
in°C 0.5 mm/min
eyp 1A% 2%% 3% 15% 30% 15% 30%
400 620 740*
450 400 540*
470 290 400"
480 240 300 330 360 390*
520 140 175 200*
550 80 115 145*
Temp. Strain rate 0.05 mm/min Strain rate
in°C 0.5 mm/min
eyp 3% 4% 7-8% 12% 15% 7-8% 30%
400 375 435 440*
430 320 405*
450 280 345 365"
470 200 260 340"
490 80 112 112 180 210*

+ Hereafter sample deteriorated by spalling.
v Compression terminated.
* Compression continued.

NB: Note change in strain rate in test runs at 480 and 490°.
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Fig. 4. Stress strain curves for cryolite from uniaxial compression with strain rate 0.05 mm/min at temperatures 400° to 490°C.

tests in a 10-ts Instron Tensile Testing Machine

with automatically controlled, constant strain

rates. Figs. 3 and 4 show the stress strain curves
- obtained from the tests in this machines.

Uniaxial compression of halite at
temperatures from 100 to 400°C and
atmospheric pressure

For reference, test specimens were cut from a 6
cm cleavage piece of glass-clear halite from Gras-
leben, Helmstedt, Niedersachsen, Germany. The
sides of the 15 X 10 X 10 mm prisms were cut
parallel to the cleavage planes (001) of the halite.

These samples were tested at 100, 150, 200 and
400°C with the same procedure as was used for
cryolite, in the 10-ts. Instron Tensile Testing Ma-
chine. Table 5 summarizes the obtained results
and fig. 5 shows the corresponding stress-strain
curves. The results seem to be broadly consistent
with known data for halite e.g. such as reported
by Heard 1972. His experiments, carried out at
2000 bars confining pressure resulted in some-
what higher stress values than those observed in

the uniaxial compression tests. The temperature
influence, however, is much the same.

Strength of cryolite up to 550°

According to Handin 1966, strength is qualita-
tively defined as resistance to failure: continuing
flow or fracture. As a measure for strength we
here take the stress value recorded on the load
strain curves at the point of fracture or the value
estimated to correspond to the point where the
curve starts to deflect from the straight line, the
yield point e.y.p. as given in the tables 3 and 4.

Table 5. Stress-strain values for halite at 100400°C, tested in a
10 ts. Instron Tensile Testing Machine. Strain rate 0.2 and ital-
ized values represent 0.5 mm/min. Stress in bars, strain in per-
cents.

Temp. 5% 10% 12%  16%% 25% 30%

in°C
100 130 170185 245
150 120 150 165 195 250 280
200 90 110120 145
400 32 60




408 Pauly: Mechanical properties of cryolite
Stress
in bars
400+
100°C 0.2 150°C
2001 0.2 05 200°C
100t 0.5 400°C
5 10 15 20 25 30 %, l

Strain ~ [ %

Fig. 5. Stress strain curves for halite from uniaxial compression, strain rates 0.2 and 0.5 mm/min at temperatures from 100° to 400°C. ’
Halite samples 15 X 10 X 10 mm cut from a 6 cm piece of a crystal from Grasleben, Helmstedt, Niedersachsen, Germany.

Cryolite tested at temperatures of 24°, 100°,
200° and 300°C gave stress strain curves which ap-
peared as steeply rising, straight lines terminating
with rupture of the samples. These curves were
indistinguishable from curves obtained in runs
where the test sample was a steel block of the
same dimensions as the cryolite samples. Table 6
gives the maximum crushing strengths recorded
in runs with strain rates 0.05 and 0.2 mm/min.
The crushing strength obtained at room temper-
ature is in keeping with the values obtained on
the dm-sized samples, table 3.

Whereas the maximum strength recorded at
room temperature was 919 bars the tests at 100,
200 and 300°C showed significantly increased
strength values. At 200°C with a strain rate of
0.05 mm/min. a strength of 1360 bars was re-
corded. This increase might reflect destressing, at
the higher temperatures, of microstress accum-
ulations otherwise serving as starting points for
fissure formation. Because samples allowed to

Table 6. Maximum crushing strength of cryolite in uniaxial
compression tests.

TC " Strain rate Strain rate
0.2 mm/min 0.05 mm/min

24 840 bars 747 bars

100 1110 bars 820 bars

200 1165 bars 1360 bars

300 1000 bars 1200 bars

cool after annealing at 300°C invariably showed
low strengths between 600 and 900 bars, it is as-
sumed that the destressing of micro-stress accum-
ulations is active only while the higher temper-
ature is maintained.

Appearance of the samples after
uniaxial compression

The dm-sized samples, see tables 1 and 2, frac-
tured parallel to the load axis, essentially along
the parting directions of the cryolite. All the cm-
sized samples tested at temperatures up to 300°C
were crushed to flakes and smaller particles; a
clear picture of the fracture pattern could not be
established.

The cm-sized cryolite samples tested at tem-
peratures of 400°C and higher were recovered in
full but reduced lengths more or less reduced in
widths by spalling along planes parallel to the
load axis, again reflecting the strong parting of
cryolite. :

Samples strained 12-15% showed bulging, see
fig. 6. A number of fissures, tapering towards
both ends, had developed parallel to the load
axis. The compression of the samples was to a
high degree brought about through bending of
the lamellae into which the samples were split up.
Samples strained to about half their length also
showed this bending, but at the same time the



Fig. 6. Cryolite sample recovered after uniaxial compression
12-15% strained at 490°C. Height of sample 13 mm,

endfaces had increased up to 50% in area. In
these cases bending as well as outwards flow
seemed to have been active in the deformation of
the samples. The sample tested at 480°C, fig. 7,
developed a nearly horizontal wing to one side
presumably due to partial spalling connected
with the shift in strain rate from 0.2 to 0.5 mm/
min., fig. 3. Rotation of the material at the root
of the protruding wing concurrently with the pro-
ceeding deformation would explain its peculiar
position.

The halite samples tested at temperatures from
100 to 400°C were all recovered in full but re-
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duced lengths but reduced in widths by spalling
along planes parallel to the load axis reflecting
the strong cleavage of the mineral after the cube
faces. The compression of the samples took
place, as for cryolite at temperatures above
400°C, through bending of the lamellae into
which the samples were split up and as seen in
fig. 7, outwards flow played a substantial role in
the deformation at 400°C.

Ductility of cryolite up to 550°C

All tests conducted at temperatures up to 300°C
indicate that cryolite within the limits of the pres-
ent experiments. is to be regarded as a perfectly
brittle material for strain rates of 0.05 mm/min.
and above. The remarkable stiffness of eryolite at
these temperatures is not surprising in view of the
multitude of polysynthetic twins present in the
samples from Ivigtut. [t seems probable that
cryolite mainly deforms through twin gliding and
these possibilities are obviously thoroughly ex-
hausted following its carlier history in the de-
posit. At 400°C slight but recognisable plastic de-
formation took place before fracture in tests with
a strain rate of 0.2 mm/min. Depending on strain
rate cryolite was found to exhibit unrestricted
plastic deformation at 450°C and higher temper-
atures. Above 400°C work hardening was moder-
ate, and the deformation took place under
stresses between 100 and 200 bars. The gradual
disappearance of the twinning in cryolite ob-
served by Yurk et al. 1973 is of particular interest
because they noted this to take place between
4707 and 520°C. This seems to underline the role
of twin formation in the deformation of cryolite.

Fig. 7. Samples recovered after uniaxial compression: Cryolite 60% strained at 480°C, 40% at 520°C and 41% at 550°C; halite 63% at
400°C. To the left an undeformed sample of cryolite 15 % 10 % 10 mm,
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The compression tests on halite showed this
mineral to be ductile and capable of unrestricted
plastic deformation already at temperatures
around 100°C. At 150° to 200°C it deformed
about as easily as cryolite at temperatures around
500°C.

According to Phillips 1961 fluorite shows ap-
preciable ductility above 400°C but the results re-
ported seem to indicate that fluorite only become
comparable to cryolite (at about 500°C) when flu-
orite is heated to temperatures above 600° up to
800°C. The compression tests on fluorite were
performed with strain rate 0.02 in./min. corre-
sponding to about 0.4 mm/min.

Implications for the interpretation of
the development of the Ivigtut cryolite
deposit

Ductility of cryolite

In as much as the main part of the cryolite de-
posit consolidated at temperatures between 500
and 600°C the highly ductile behavior of cryolite
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observed in the tests at 490 to 550°C becomes of
major importance in unravelling the develop-
ment of the deposit, especially the mutual relati-
ons between the minerals, and the rocks building
up and enclosing the deposit.

Pauly 1982 suggested plastic flow of cryolite to
have introduced pure cryolite as a cement for
rock xenoliths in the breccias along the border
between the deposit and the rocks of the intru-
sion enclosing it. According to the results of the
compression tests, this should have taken place at
rather elevated temperatures, i.e. early in the
formation of the deposit. Confining pressure en-
hances ductility, Handin 1966, and would allow
for an extension of the temperature interval to
lower values permitting these phenomenas to
take place also in the later stages of the devel-
opment of the deposits. Further parameters such
as geological setting, temperature-indicating par-
ageneses etc. are needed in order to establish the
stage at which a particular breccia formation
arose.

The siderite-cryolite itself seems to present the
most convincing illustrations of the influence of
the high ductility of cryolite at elevated temper-

Fig. 8. Thin section of siderite cryolite, 14.5 em across, plane light. Cryolite, colourless with shrinking fissures. Siderite greyish, with
abundant cleavage fissures accentuated by limonite films, Shapes of siderite grains mainly determined by the cleavage. Shattering of
siderite particularly well developed in the right hand side. Black, opaque grains are sulphides, here mainly chalcopyrite.
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atures. Fig. 8 shows a thin section of this mate-
rial. Although the concentration of siderite is
larger than average, it can be seen that siderite
and sulphides are placed between more or less
rounded areas of cryolite. This reflects the gen-
eral texture of this material where cryolite occu-
pies the masks of a three dimensional network
formed of siderite with sulphides, Pauly 1960.

The excellent cleavage of siderite very clearly
brings out the cataclastic structure of the mate-
rial. Such a picture seems to be what would be
expected if cryolite with siderite dispersed
throughout the mass had been in a state compar-
able to a dough being thoroughly kneaded.

Although the straight-lined cleavage-induced
borders between cryolite and siderite dominate
as fig. 8 shows, one can here and there in thin
sections also observe smooth, or slightly serrate,
curving border lines between the two minerals.
Smaller grains of cryolite wholly included within
single individuals of siderite usually shows such
border relations. These features are regarded as
relics from a stage where siderite consolidated
within a viscous mass of cryolite.

This took place above 500°C and means that
the assemblage existed under conditions where
the ductility of cryolite.is very high and the mate-
rial would be expected to yield in response to
even fairly small stress differences.

Between the units of the deposit — the siderite-
cryolite, the fluorite-cryolite and the intercalated
body of pure cryolite — the borders were charac-
terised by brecciations, veins and protuberances
of pure cryolite. In some parts of the cryolite
quarry large structures have been observed which
seem to indicate relative movements between the
units, involving disruption and injection of cryo-
lite in between displaced parts of the involved
units. These phenomena lend themself to an in-
terpretation related to the high ductility of cryo-
lite.

Brecciation of cryolite in the deposit

Shattering or brecciation of cryolite has been ob-
served in various parts of the deposit. Cryolite
originally cementing rock xenoliths in a breccia
has been found thoroughly shattered and ce-
mented by narrow veins filled by fine-grained

mica and small grains of cryolite (Pauly 1982).

Similar masses of shattered cryolite have also
been observed within the deposit in certain parts
of the fluorite-cryolite. In these cases it is clear
that cryolite has behaved as a brittle material.

As no bending of cryolite fragments was ob-
served the crushing may have taken place at low
temperatures where yielding was inconspicuous
or, alternatively, strain rates may have been high
as might be the case if sudden changes took place
within the deposit.

Contraction on cooling of cryolite

As long as cryolite behave reasonably plastically
its contraction on cooling may have resulted in a
shrinking away of the whole deposit from, proba-
bly, the upper border to the rocks of the intru-
sion. The linear contraction on cooling down to”
300°C is about 1.5% and would account for about
3 m reduction in height of the deposit simultane-
ous with lateral plastic displacement of its mate-
rials. This would most probably also affect the
overlying rocks.

At lower temperatures where plasticity of
cryolite becomes insignificant, macrofissures and
microfissures may have developed both in cryo-
lite and in the accompanying minerals. Meter-
long vertical fissures observed at various times in
the exposed walls of the quarry may have ori-
ginated in this way. Filled with secondary miner-
als, in particular with prosopite, thomsenolite
etc., they have served as depositories for late,
mineralising fluids. Shattered fragments of cryo-
lite embedded in the masses of the secondary
minerals (unpublished observation by the late R.
Bggvad) indicate movements in a state where
cryolite behaved as a brittle material. Also the
open fissure between the deposit and the hanging
wall, observed already in 1867 by Sgren Fritz
(unpublished report) may have its origin in the
contraction on cooling of the cryolite mass.

The microfissures in siderite stand out in thin
sections, see fig. 8, due to the presence of lim-
onitic films (Steenstrup 1910). These microfis-
sures are probably in part caused by the con-
traction of the cryolite. The formation of the iron
oxide may be the result of disintegration and de-
gassing of the ironcarbonate at higher temper-
atures. Oxidation of ferrous to ferric iron may be
of much later origin.
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It should appear from this brief account that
ductility of cryolite may have played a prominent
role in the development of the deposit. Primary
structures may have become masked if not oblit-
erated and many phenomena may be difficult to
understand unless plastic flow of cryolite is taken
into account.

The contraction on cooling of the mineral, con-
trasting markedly with the contractions of the as-
sociated minerals and rocks seems of interest
both for the study of joint formations comepris-
ing the whole intrusion and for detailed studies of
macro- and microfissures within the deposit.
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Dansk sammendrag

Kryolit udgjorde % af forekomsten i Ivigtut, S-Grgnland. Dets
mekaniske egenskaber anses for at have varet af betydning for
sivel formen som dén indre opbygning af forckomsten hvis ho-
vedpart - jernspat-kryolit, med ca. 15% jernspat og et par %
kvarts, sulfider etc., dannedes mellem 500 og 600°C.

Kryolits rumfangsudvidelse ved opvarmning er fundet at
vare 2 til 5 gange stgrre end de ledsagende mineraler og bjerg-
arters varmeudvidelse.

Kryolits elastiske konstanter er bestemt til: E = 6.8 - 10° bar,
G = 2.7 - 10° bar og Poissons forhold er 0.24. Kryolits brud-
styrke ved stuetemperatur er ved enaxede trykforsgg pa pris-
mer, 15-20 cm lange med kvadratiske tversnit pa fra 4-9 cm
kantlzngde, fundet at vare op til 919 bar.

Ved enaxede trykforsgg ved atmosferetryk, pé 1,5 cm lange
prismer med kvadratisk tvarsnit pa 1 cm?, er observeret brud-
styrker op til 1360 bar ved 200°C med 0.05 mm sammentryk-
ning pr. minut. I alle forsgg op til 300°C viste kryolit en retlinet
arbejdskurve indtil brud dvs. mineralet viste sig fuldstzndigt
spradt. Ved 400°C og hejere temperaturer iagttoges plastisk de-
formation. Afhzngig af sammentrykningshastigheden viste
kryolit ubegrenset plastisk deformation over 450°C. Kryolits
‘plasticitet ved temperaturer omkring 500°C var nogenlunde
som stensalts prgvet pi samme méde ved temperaturer pa 150-
200°C. :

Det ma bemerkes at den plastiske deformation i disse enax-
ede trykforsgg iser giver sig til kende som bgjning af lameller

parallelle med trykretningen, men nogen horisontal forskyd- .

ning iagttoges ogsé. Dette gzlder savel den undersggte kryolit
som den undersggte stensalt.

Jernspat i jernspat-kryolit viser altid en udpreget opknust,
kataklastisk struktur. Dette fremhaves af jernspats udpregede

Pauly: Mechanical properties of cryolite

spaltelighed. Denne opknusning tilskrives mekaniske pavirk-
ninger af forekomsten ved hgje temperaturer hvor kryolit ned
de deri indlejrede andre mineraler, takket vare sin udprzgede
plasticitet, har opfert sig som en dejg der #ltes. Primzre struk-
turer i denne del af kryolitmassen er formentlig vidtgiende for-
svundet ved den plastiske deformation af massen.

Formen af kryolitlegemet, en affladet drébeform, tilskrives
ogsd den plastiske deformation af legemet. Breccieret og op-
knust kryolit kan vere udtryk for mekaniske pavirkninger ved
lave temperaturer hvor kryolit fandtes at opfgre sig som et
sprgdt materiale, mén disse dannelser kan ogsa skyldes meget
hurtige trykpavirkninger under hvilke mineralet ikke har kun-
net nd at reagere ved plastisk flydning.

Kryolits varmeudvidelse, eller her rettere sammentrekning
under afkgling, der er 2-5 gange stgrre end den de indesluttede
og de omgivende mineraler og bjergarter viser, anses for vigtig
for forstaelsen af bAde makro- og mikrorevner i forekomsten,
blandt andet den sine steder abne flekkegrense kryoliten viste
mod den omgivende granit.
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