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ICE FABRICS AND PETROGRAPHY, MESERVE GLACIER,
ANTARCTICA*

By P. W. ANDERTONT
(Institute of Polar Studies, Ohio State University, Columbus, Ohio 43210, U.S.A.)

ApsTrAacT. Results of petrographic and fabric analysis of fine-grained cold ice from the tongue of Meserve
Glacier, Antarctica, are described. Most of the basal ice is remarkably uniform in texture and shows an
optic-axis fabric with a single strong maximum, which is consistent with the steady-state conditions of flow.
Within 0.5 m of the ice-rock interface, irregularities in the bed cause flow perturbations which are correlated
with recrystallization and changes in fabric of the ice, Optic-axis fabrics in the basal ice show close symmetry
relationships with dimensional fabric and deformation symmetry. Grain-size of the ice increases towards
the surface of the glacier and the single maximum of the optic-axis fabric undergoes a rotation about the
flow vector. In the near surface, where strain-rates are relatively much lower, the optic-axis fabric symmetry
is not closely related to either deformation symmetry or the dimensional fabric. Syntectonic recrystallization
of ice throughout the glacier tongue characteristically produces a strong single-maximum fabric, the orienta-
tion of which in relation to the stress field is apparently determined by stress level. Under steady-state
conditions of flow, the strength of the maximum also appears to be a function of stress level.

RESUME. Structure et pétrographie de la glace dans le Meserve Glacier, Antarctique. On rend compte des résultats
d’analyses pétrographiques et structurelles de glace froide a grains fins, issue de la langue du Meserve
Glacier, dans I’Antarctique. La plus grande part de la glace basale est remarquablement uniforme dans sa
texture et montre une orientation d’axe optique avec un scul et important maximum, ce qui corrobore
I'’hypothese de conditions stables d’écoulement. A moins de 0,5 m de I'interface glace-roche, les irrégularités
du lit entrainent des perturbations qui sont liées a une recristallisation et a des changements dans la structure
de la glace. Les orientations d’axes optiques dans la glace basale, montrent d’étroites relations de symétrie
avec la structure dimensionelle et la symétrie de déformation. Le grain de glace s'aceroit en allant vers la
surface du glacier et le maximum unique de la direction des axes optiques subit une rotation autour du
vecteur écoulement. Prés de la surface ou les vitesses de déformation sont relativement beaucoup moindres,
la symétrie des orientations d’axes optiques n’est plus étroitement liée soit a la symétrie de déformation,
soit a la structure dimensionelle. La recristallisation syntectonique de la glace a 'intérieur de la langue du
glacier produit de maniére caractérisée un important maximum unique d’orientation structurelle, dont la
direction en relation avec le champ de contrainte est apparemment déterminée par le niveau de contrainte.
Dans des conditions stables d’écoulement, I'intensité du maximum semble étre une fonction du niveau des
contraintes.

ZUSAMMENFASSUNG.  Eisstruklur und -petrographiec am Meserve Glacier, Antarkiika. Es werden Ergebnisse
petrographischer und struktureller Analysen von feinkérnigem, kaltem Eis aus der Zunge des Meserve
Glacier, Antarktika, beschriecben. Der griosste Teil des Eises am Untergrund hat ecine bemerkenswert
einheitliche Textur und zeigt in der Anordnung der optischen Achsen ein einziges kriftiges Maximum, was
mit dem Zustand stationidren Fliessens tibereinstimmt. Unregelmissigkeiten des Bettes verursachen innerhalb
von 0,5 m der Eis-Fels-Grenzschicht Fliessstorungen, die mit Rekristallisation und Verinderungen der
Struktur des Eises verbunden sind. Die Anordnung der optischen Achsen im Eis am Untergrund steht mit
ihren Symmetrie-eigenschaften in enger Beziechung zur raumlichen Struktur und zur Symmetrie der Verfor-
mung. Die Korngrisse des Eises nimmt zur Gletscheroberfliche hin zu, wobei das Maximum in der
Anordnung der optischen Achsen eine Drehung um den Fliessvektor erfihrt. Nahe der Oberfliche, wo die
Verformungsgeschwindigkeiten relativ viel niedriger sind, steht die Symmetrie in der Anordnung der
optischen Achsen weder mit der Verformungssymmetrie noch mit der rdumlichen Struktur in engerer
Bezichung. Syntektonische Rekristallisation von Eis innerhalb der gesamten Gletscherzunge erzeugt
charakteristischerweise eine Struktur mit einem kriftigen Einzelmaximum, deren Orientierung zum Span-
nungsfeld offenbar vom Spannungsniveau bestimmt wird, Bei stationdren Fliessverhiltnissen scheint die
Grosse des Maximums ebenfalls eine Funktion des Spannungsniveaus zu sein.

InTRODUCTION

Meserve Glacier is a small “alpine” glacier located on the south side of Wright Valley in
the “Dry Valleys” area of southern Victoria Land, Antarctica. Since 1965, this cold glacier
has been the subject of a number of studies concerned with ice physics (Holdsworth, 1969,
unpublished ; Holdsworth and Bull, 1970) and mass balance (Bull and Carnein, 1970). The
purpose of this paper is to present the results of petrographic and fabric studies of ice samples
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collected from the tongue of Meserve Glacier in conjunction with the investigations of ice
flow. Some preliminary findings have been reported by Holdsworth (unpublished), and
Holdsworth and Bull (1970).

SAMPLING SITES

The tongue of Meserve Glacier is about 600 m wide and extends for 2 km down the valley
wall with an average slope of about 12°. It is not significantly incised into the valley wall, and
terminates in a cliff about 20 m high. Full descriptions of the glacier have been given in the
earlier publications.

Most of the ice samples were taken from a tunnel excavated during the 1965-66 field
season at the base of the glacier, roughly perpendicular to the eastern cliffed margin about
400 m from the glacier terminus (Fig. 1). Sample blocks were cut from the tunnel walls by
chain saw. Samples were also obtained from two locations at the glacier surface above the
tunnel. During the 1966-67 season, ice samples were recovered from a vertical bore hole
(Mz2) drilled from the surface to the tunnel. Sampling sites are shown in Figure 1 and a list
of samples is given in Table I.

TABLE I. SUMMARY OF ICE-SAMPLE DATA

Average
Sample Locality Thin grain
number (Fig. 1b) section Replica Fabric type area
mm?
White ice below amber layer

Ag.1 A 3H - 1 max. +girdle =
As.1 A 4H — 1 max. —
Ba.2 B A% —_ — —
By B B4 - 1 max, +girdle —-
Cz C a — 2 max. +girdle —
Ca2 C b - -
Y Y 1V — girdle —

Amber ice
Agz.2 A 2V — I max. —
Cr C a, b — — =
D3 D Ds D3 = 0.15
Hi H a, b — — —
J3 J = J3 = =
X X 1V —_ — —_
X X 2V — 1 max. -+ girdle —
White ice above amber layer

Al.1 A 3V - 1 max —_—
Aga A 4V —- 1 max
Bg B Bg Bg 1 max 2.2
Dy D Dy4 Dy —
E2 E Ez2 =— . —_
E7 E E7 — — -
Fz F Fa - I max —
Gy G Gg - - -
Hs H Hs - 1 max. -

5 Mz B — 1 max. +girdle 6.8

7 M2 7 — 1 max. | girdle 7.1
13 Mz 13 — I max. 6.2
17 Mz 17 -_ I max. 4.3
20.1 Mz 20.1 — I max. 3.8
25.1 Mz 25.1 — I max. 3.3
TS3 TS3g gH — 1 max. +girdle -
TS6 TS6 TS6 — - -

Fig. 1. (a) Plan of surface stakes above tunnel showing orientations of bubble lineation, flow vectors and principal strain-rates.
(b) Plan of tunnel showing sampling locations and orientations of bubble lineation and flow vectors. (c) Vertical section
along centre line of tunnel. Inset abed shows the basal amber layer and the underlying wedge of white ice.
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STRUCTURE AND FLOW

Full structural descriptions and analysis of the flow of Meserve Glacier in the vicinity of
the tunnel have been given by Holdsworth (unpublished) and Holdsworth and Bull (1970).

The bed of the glacier, as observed in the tunnel, comprises ice-cemented rock debris,
including boulders projecting as much as 0.3 m above the general level of the bed. Near the
tunnel entrance, a wedge of white bubbly ice was observed at the base of the glacier. This
layer is about 0.4 m thick at the glacier edge, where it merges with an apron of accumulated
ice debris and snow at the foot of the cliff, and it wedges out about 20 m in from the cliff
(Fig. 1c). The origin of this layer is attributed to over-riding and assimilation of the snow and
ice apron during an advance of the cliff. Overlying this wedge of white ice, and forming the
basal layer of the glacier elsewhere in the tunnel, is a layer of amber-coloured bubbly ice
varying from 0.4 to 0.6 m in thickness. This amber ice contains high concentrations of salts
and insoluble rock debris, and the distribution of macroscopic debris within the layer is
remarkably uniform. Above the amber layer, white bubbly ice containing very little debris
forms the bulk of the glacier tongue.

Flow rates are very low, ranging from about 1 m a—! at the surface to zero at the base
where the ice is in contact with the bed. Basal flow vectors in the vicinity of the tunnel are
orientated parallel to the bed of the glacier at about 40° to the glacier margin (Fig. 1b).
Measurements indicate that the plasticity of the amber ice is much greater than that of the
white ice. Surface flow vectors are approximately horizontal and orientated at 33° to the
Jacier edge. The azimuth of the flow vectors is assumed to vary linearly between the bed
and the surface.

At the base of the glacier the flow vectors are coincident with the direction of maximum
shearing strain-rate which is parallel to the ice-rock interface. Trajectories of principal
strain-rates (averaged over distances of 1 m) in the plane of the glacier bed are assumed to
be parallel to and perpendicular to the flow lines. At the surface, however, the measured
trajectories of principal strain-rates (averaged over distances of 200 m) diverge from the flow
lines (Fig. 1a). Well-developed bubble lineation occurs parallel to the flow vectors at the
base of the glacier, whereas at the surface a weaker bubble lineation occurs parallel to the
longitudinal axis of the tongue at an angle of 23° to the flow vectors.

Cavities were observed on the down-glacier side of large boulders projecting above the
glacier bed. These cavities contain well-developed sublimation crystals of ice and in the
larger cavities masses of almost bubble-free stagnant ice are often found adhering to the
lower part of the boulder and the floor of the cavity. The stagnant ice is probably “fossil”
congelation ice preserved by advance of the glacier tongue.

PETROGRAPHIC ANALYSIS

Thin sections of ice samples were prepared in the field and at McMurdo Station during
the 1965-66 season. The sections were cut by band saw and then ground by hand to a thick-
ness of about 0.5 mm for examination between crossed polaroids on a Rigsby stage. Some of
the samples were returned to the Ohio State University for further investigation. Samples
from the bore hole drilled in 1966-67 were also returned for analysis. These latter samples
were not examined until early 1969 and may have undergone changes in grain texture during
storage. However, the samples collected in 1965-66 showed no significant change during
their longer period in storage.

Considerable difficulty was experienced in preparing thin sections of debris-rich amber ice.
Consequently, some samples were studied by replica techniques. The plastic (formvar)
replicas of thermally etched surfaces were studied under a microscope, which permitted
detailed observation of grain texture. Formvar replicas taken from the coarser-grained
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white ice also proved useful for grain-size analysis. However, this phase of the studies was not
completed.

Petrography of the basal ice

White ice above the amber layer. Above the amber layer and extending up to a height of
6.5 m above the glacier bed, the basal ice encountered in the tunnel appeared to be remark-
ably uniform in composition. This ice contains abundant small bubbles, most of which are
needle-shaped (up to 5 mm in length) and aligned parallel to the measured flow direction,
producing a well-defined lineation structure. A weak foliation structure defined by subtle
variations in bubble content was observed in the tunnel walls, but it could not be detected in

the hand specimen or thin section. The foliation layers are parallel to the plane of the glacier
bed.

Fig. 2. Thin section of lypical white bubbly ice. For scale see Figure r1. (Section By, between crossed polaroids.)

The ice is uniformly fine-grained, as seen in thin section (I'ig. 2) and on thermally etched
surfaces on the tunnel walls. Most grains are about 1-3 mm in maximum dimension and form
an interlocking aggregate. Grain shapes are generally fairly equant but the larger grains tend
to be more irregular. Very few grains show undulatory extinction.

A representative sample, Bg, was sectioned parallel to four planes varying in orientation
relative to the bubble lineation and the apparent grain-size in each plane was measured from
formvar replicas. Cumulative grain-size curves, based on measurements of the long axis of
each grain, are shown in Figure 3. All four curves are similar and indicate a median grain-
size of about 1.5 mm. Counts of the density of grain boundaries recorded in traverses in
selected directions across each plane show a slight flattening of the grains (flattening ratio
0.84-0.90) normal to the glacier bed.
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Amber ice. 'The amber ice contains numerous small debris particles and abundant bubbles,
which are somewhat smaller than those in the overlying white ice. Most of the bubbles are
needle-shaped and aligned parallel to the measured flow vector, defining a strong lineation
structure. The ice is typically very fine-grained, most grains having a maximum dimension of
less than 1 mm in section (Fig. 4). Without magnification, the texture appears to be cata-
clastic, but under the microscope the grains show simple polygonal shapes. Grains are
noticeably flattened normal to the plane of the amber layer (flattening ratio about 0.7).

Formvar replicas were used to measure the apparent grain-size (long axis) in two mutually
perpendicular planes in a representative sample, Dg. Cumulative grain-size curves derived
from these measurements are shown in Figure 3 and indicate a median grain-size of 0.6 mm.
The average grain area, determined by counting the number of grains in a measured area of
each replica, is 0.15 mm?.
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Fig. 3. Cumulative grain-size curves for samples of white ice (Bg) and amber ice (D3), based on measurements of long axis in
section.

Within the amber layer, lenses of debris-free ice occur. This ice contains only scattered
bubbles and the bubble lineation may be absent. Grain-size is coarser than that in the over-
lying white ice. Grains have maximum dimensions of 2-5 mm in section and show an irregular
interlocking texture (Figs. 4 and 5).

In some cavities at the base of the glacier, tongues of amber ice having a “ropy’’ appearance
have been extruded into the opening. Samples were taken from a tongue of “ropy” ice which
had been forced round the side of a boulder at locality X. This ice contained less debris than
the typical amber ice and contained numerous highly elongated bubbles which were strongly
aligned parallel to the direction of extrusion. Grain-size was greater than in the typical amber
ice, the grains having maximum dimensions of 1-§ mm, and the texture was similar to that
of the overlying white ice.
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Fig. 4. Thin section of lypical amber ice showing coarser-grained clear layers. For scale see Figure rr. (Section Ag.2 Ve,
between crassed polaroids.)

Fig. 5. Thin section of amber ice showing well-developed fabric domains and a sharply defined clear layer at the base. For scale
see Figure 11. (Section Crb, between crossed polaroids.)
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White ice below the amber layer. Where the geometry of flow is simple and the ice flows over
a planar rock surface, the basal white ice below the amber layer is similar in grain-size,
texture and bubble content to the white ice above the amber ice. In one section, B4, which
extended to the rock—ice interface, grains less than 1 mm in size occurred at the interface
(Fig. 6).

Where the flow of this basal ice is disturbed by irregularities in the glacier bed, the ice
shows variations both in bubble content and grain-size, and undulatory extinction was
observed more frequently in thin sections. On the up-glacier side of a large boulder 5 m

Fig. 6. Thin section of basal while ice. Botlom of section marks the rock—ice interface. Centimetre scale al lop left. (Section
By, between crossed polaroids.)

—» Flow direction
White [ce

Glacier bed

!.a)/sfy of sand paf’flb/&s Fara//e/
1o bubble lineation and foliation

Fig. 7. Vertical section across 5 m boulder, approximately parallel to direction of ice flow, showing location of samples C1 and Cz,
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from the tunnel entrance, basal white ice showed steeply dipping bubble lineation and folia-
tion defined by layers of bubbly and clear ice (Fig. 7). Ice immediately adjacent to the boulder
was almost bubble-free and relatively coarse-grained (maximum grain dimensions up to
1o mm) and showed an irregular interlocking texture (Fig. 8). Down-glacier from small rock
steps at localities A and B (Fig. 1b), well-defined layers of bubbly and clear ice were also
observed. The clear ice was coarser-grained than the bubbly ice and showed a more irregular
interlocking texture (Fig. g).

Fig. 8. Thin section of basal white ice cut parallel to the up-glacier face of the 5m boulder, showing coarser grain-size and
irregular interlocking texture. Centimelre scale at bottom. (Section C2a, belween crossed polaroids.)

Fig. 9. Thin section of basal white ice cut parallel to the flow direction down-glacier from a rock step in the glacier bed, showing
coarser grain-size associaled with clear layers. For scale see Figure rr. (Section Bz.2 1V, between crossed polaroids.)
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A sample of stagnant ice from a cavity at locality Y was relatively coarse-grained and
showed simple polygonal grain shapes unlike those in the actively deforming ice (Fig. 1o).

Petrography of ice above the tunnel

Ice cores were recovered from bore hole M2 which penetrated the glacier from the surface,
approximately 35 m above the bed, to the tunnel. Up to a height of about 20 m above the
bed, the ice appears to be similar to the ice above the amber layer in the tunnel (Fig. 11).
Measurements of average grain area in the thin sections indicate a gradual increase in grain-
size with height above the glacier bed.

Fig. ro. Thin section of stagnant ice from the base of a cavity. Centimetre scale at bottom. (Section Y, between crossed
polaroids.)

Grain-size increases significantly in the upper 15 m of the glacier. Most grains have
maximum dimensions of 2-6 mm in section and show an interlocking texture (Fig. 12).
Bubble content is lower and the bubble lineation is weaker in the near-surface ice. The bubble
lineation is orientated at 23° to the flow direction and is presumably a relict structure, derived
from the “ice fall” at the head of the glacier tongue.

The variation of grain-size from top to bottom of the glacier is shown in Figure 13. Above
the amber layer grain-size increases approximately linearly to 18 m above the bed. Between
18 and 23 m above the bed there is a discontinuity in the curve and above 25 m the grain-size
is distinctly coarser. Sampling of the near-surface ice is insufficient to confirm the grain-size
trend suggested in the diagram.
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wn

Fig. 11. Thin section of ice from 13 m above the glacier bed showing weakly developed fabric domains. Centimetre grid super-
imposed. (Section Mz 20.1, belween crossed polaroids.)

Fig. 12. Thin section of ice from the upper surface of the glacier tongue. Centimelre scale al lop. (Section TSg gH, belween
crossed polaroids.)
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Fig. 13. Variation in grain-size of ice from base of glacier to surface as shown by measurements of average grain area in thin
section.

ICE FABRICS

The term “ice fabric” refers primarily to the preferred orientation of crystallographic
fabric elements (a-axes and optic or c-axes) in ice, but should also include the preferred
orientation of dimensional elements such as bubbles.

Optic-axis orientations were measured in thin sections on a Rigsby universal stage. Some
difficulty was experienced in measuring the orientations of crystals in the fine-grained samples
and the very fine-grained samples of amber ice could not be analysed by this method. Attempts
were made to measure the crystal orientations in thin sections of amber ice using a standard
petrographic microscope and universal stage, but the debris content of the ice prevented
preparation of satisfactory thin sections.

As an alternative to thin sections, formvar replicas were prepared with the aim of using etch
pits to determine ¢-axis orientations in amber ice. The techniques used have been described
by Aufdermaur and others (1963). Suitably developed etch pits proved difficult to produce
in this type of ice, however, and no satisfactory measurements were obtained. Well-formed
etch pits were observed in some replicas of white ice and were used to determine a-axis
orientations.

The orientations of optic axes were measured in 20 thin sections of ice. Approximately
100 crystals were measured in each thin section and the optic-axis orientations were plotted
on equal-area diagrams. These point diagrams were contoured using a 1%, counting circle.
Most of the fabric patterns show such a high degree of preferred orientation that statistical
tests of significance are considered unnecessary.
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Only the gross features and symmetry of the fabric patterns have been used in interpreta-
tion of the diagrams. Strong discrete maxima having point concentrations greater than 109,
per 1%, area are assumed to be real, especially where they recur in different samples. The
symmetry of the optic-axis fabrics is described in terms of symmetry planes, m and axes of
symmetry oo-fold and 2-fold (Turner and Weiss, 1963, p. 44, 64-67). Fabric patterns can
be classified as axial if they show a single oo-fold axis of symmetry, orthorhombic if they
show three mutually perpendicular planes of symmetry, monoclinic if they show a single
symmetry plane, and triclinic if no symmetry planes are present. Non-crystallographic or
dimensional fabrics are described in terms of mutually perpendicular geometric axes, a, b
and ¢ (Turner and Weiss, 1963, p. 86-9o). Where a planar structure, S, is present, § defines the
ab plane and ¢ is the pole to S. Where a lineation occurs it defines b.

In the fabric diagrams, the optic-axis and dimensional fabric symmetries are indicated,
together with the flow vector and, where applicable, the orientation of the principal strain-
rates. Most of the diagrams representing samples of ice from the tunnel have been rotated
so that the plane of projection coincides with the plane of the glacier bed, while the diagrams
representing core samples from above the tunnel are projected in the horizontal plane. An
explanation of symbols used in the fabric diagrams is given in Figure 14.

Fabric patterns in the basal ice

White ice above the amber layer. Visual inspection of thin sections between crossed polaroids
is enough to reveal the strong preferred orientation of optic axes in the white ice above the
amber layer. Optic axes are so strongly clustered about the pole to the plane of the glacier bed
that the optical behaviour of the polycrystalline aggregate approaches that of a single crystal.

h____Horizontal plane
a,b c._ Symmetry axes of dimensional fabric’
m____Symmeltry plane of opfic~axis fabric
A____Direcfion of principal compressive (E.)
fensile(€¢) or shearing(€s) strain-rafe

Confours 1-10-20-30-40]

M2 20.1____ Core localily and number
oe_ Number of measurements
AXIAL ___ Symmelry of optic-axis fabric

Fig. r4. Explanation of fabric diagrams.
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Short-range ordering of the fabric was frequently observed in thin section. Groups of
crystals showing similar orientations tend to occur in planes approximately perpendicular to
the bubble lineation. These fabric domains are best seen in thin sections cut normal to the
single maximum of the fabric and are visible as bands of optically extinct crystals (Fig. 11).

MONOCLINIC

0'25m
above
base

A4-1 4V
049
AX/AL

Fig. 15. Fabric diagrams of ice from tunnel locality A. Plane of projection contains flow vector and is parallel to the glacier bed.
Diagrams Az.1 3H and g¢H represent basal white ice, diagram Agz.2 2V represents a clear layer within the amber ice, and
diagrams Ar.r 3V and Ag.1 4V represent while ice above the amber layer.
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Measurement of optic axes from five samples showed, as expected, that the ice has a
strong single-maximum fabric. In view of the optical similarity of all samples examined,
further fabric measurements appeared to be unnecessary. Four samples (A4.1 4V, Bg, F2
and Hj) taken from 1—4 m above the bed show a strong maximum with concentrations of
optic axes up to 35-509%; per 1%, arca of the diagram, orientated close to the pole to the
glacier bed (Figs. 15 and 16). One sample, A1.1 3V, taken from a site where flow geometry
is more complex, shows a weaker (30%,) maximum orientated at an angle of 20-25° to the
pole to the glacier bed in the direction of flow (Fig. 15).

In order to determine whether the a-axis of the crystals also showed preferred orientation,
etch pits in formvar replicas from sample Bg were measured. The results did not indicate any
significant preferred orientation of the a-axes.

Amber ice. Strong preferred orientation of optic axes in the amber ice can be seen from the
optical behaviour of thin sections examined between crossed polaroids. Optic-axis orienta-
tions are clustered around the pole to the glacier bed, but to a lesser degree than in the white
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Fig. 16. Fabric diagrams of ice from tunnel localities B, I and H. Plane of projection contains flow vector and is parallel fo

the glacier bed. Diagrams Bg, F2 and Hj represent white ice above the amber laver, and diagram By represents basal
white ice.
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ice. No successful measurements of optic axis orientations were made in samples of amber ice.
However, optic-axis orientations were measured in sample A3.2 2V in a lens of clear ice within
the amber layer (Figs. 4 and 15). The fabric shows a weak single maximum orientated
similarly to the maximum recorded in sample A1.1 3V representing white ice above the amber
layer at this locality.

Two thin sections, C1a and Cib, were prepared from the amber layer where it flows over
the large boulder, 5 m from the tunnel entrance (Fig. 7). These sections showed fabric
domains orientated similarly to those observed in the overlying white ice but much better
developed. The clear layer in section Cib, close to the rock-ice interface, was sharply
defined and did not show the fabric domains present in the enclosing amber ice (Fig. 5). The
layer probably represents a zone of concentrated shear deformation which has undergone
recent recrystallization.

Optic-axis orientations were measured in a tongue of “ropy” ice from locality X (Fig. 17).
The fabric of the upper part of the tongue (X1) shows a broad single maximum centred

0
..\
MONOCLINIC (L —

Fig. 17. Fabric diagrams of ice from tunnel localities C, X and V. Diagrams X1 and X2 represent “ropy” amber ice, and
plane of projection is vertical and parallel to the flow. Diagram C2a represents basal white ice and plane of projection is
parallel to the up-glacier face of the 5 m boulder. Diagram Y represents stagnant ice from a cavity, and plane of projection
is vertical and normal to the face of the boulder.
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approximately on the pole to the face of the boulder, while the fabric of the layer immediately
adjacent to the rock (X2) shows a similarly orientated maximum associated with a girdle
about the flow direction.

White ice below the amber layer. The optic-axis fabric of sample B4 shows a strong single
maximum centred on the pole to the glacier bed and a girdle parallel to the measured flow
direction (Fig. 16). The symmetry of the fabric is monoclinic. The single maximum has a
similar orientation to the single maximum recorded from sample Bg taken above the amber
layer at the same locality.

Two samples of basal ice from locality A (Ag.1 3H and 4H), where flow geometry is more
complex, both show identically orientated single maxima about 20° from the pole to the glacier
bed (Fig. 15). Section Ag.13H, taken close to the bedrock interface was coarser-grained and the
fabric shows monoclinic symmetry with a girdle approximately parallel to the flow direction.

Sample Cza, cut parallel to the up-glacier face of the 5 m boulder shows a fabric with a
partial girdle parallel to the flow direction (Figs. 4 and 17). Two maxima are present, one
centred approximately on the pole to the glacier bed, and one centred approximately on the
pole to the face of the boulder. These maxima represent two fabric domains in the section, an
upper zone of finer-grained ice which appears to be forced over the top of the boulder, and a
lower zone of relatively bubble-free coarser-grained ice which apparently retains the fabric
maximum normal to the glacier bed (Fig. 8).

The sample of stagnant ice from a cavity at locality Y shows a very weak preferred orienta-
tion of optic axes suggesting a girdle normal to the surface of the boulder (Fig. 17).

Summary. In the basal cold ice undergoing flow, strong symmetry relationships exist
between optic-axis fabric, dimensional fabric, flow geometry and principal strain-rate
orientations. These relationships are independent of the type of ice sampled. All optic-axis
fabrics show a strong single maximum located close to the pole to the local bedrock interface
which controls the flow geometry. Where foliation layering is present, the single maximum
of the optic-axis fabric is approximately coincident with ¢ of the dimensional fabric. Close to
the ice-rock interface, where irregularities of the bed complicate the geometry of flow, optic-
axis fabrics also show girdles with planes parallel to the be plane of the dimensional fabric and
to the flow vector. An optic-axis girdle normal to the flow direction was recorded in the fabric
of “ropy” ice and is presumably associated with rotational flow during extrusion. Fabric
domains appear to be weakly developed in the white ice throughout the tunnel and strongly
developed in amber ice subjected to intense shearing deformation.

Fabrics of ice above the tunnel

Optic-axis orientations were measured in six samples from bore hole Mg, and in one
sample of surface ice, TS3. Visual inspection of the thin sections between crossed polaroids
was sufficient to reveal a gradual weakening of preferred orientation towards the glacier
surface. Fabric diagrams substantiate this trend, showing a single maximum which becomes
more diffuse towards the surface (Fig. 18). The fabric patterns of samples 25.1, 20.1, 17 and
13 are similar to those observed in the white ice in the tunnel, while the fabrics of the upper-
most samples (7, 5 and '1'Sg) show a single maximum associated with a partial girdle. Samples
25.1, 20.1 and 17 showed the weakly developed fabric domains characteristic of the tunnel ice
but these domains were absent in the upper ice.

Fabrics of the bore-hole samples show that between the bed and the surface of the glacier
the single maximum undergoes a rotation of approximately 45° away from the pole to the bed.
Assuming that the azimuth and plunge of the flow vector vary linearly with height above the
glacier bed, the observed rotation of the single maximum is equivalent to a rotation about the
flow vector (Fig. 18). At the surface of the glacier, the symmetry of the optic-axis fabric is
obviously related to the flow vector, but it is not simply related to either the measured principal
strain-rates or to the relict bubble lineation.

https://doi.org/10.3189/50022143000023091 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000023091

M2 7
105

0-8m -
below /A’éT

surfbcc

108
MONOCLINIC

Maxima relative ——

/ F/om

[ 17 Tsa

|H5 5

\ |
M2 |

Positions of\\_ ~

Pag

fo flow vector

Fig. 18.

https://doi.org/10.3189/50022143000023091 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000023091

ICE FABRICS AND PETROGRAPHY, MESERVE GLACIER 303

Discussion
Textural relationships with deformation

Basal ice in the vicinity of the Meserve Glacier tunnel is fine-grained throughout. The
white ice is remarkably uniform in grain-size and texture, suggesting that steady-state condi-
tions of flow prevail in the glacier tongue. The almost complete absence of undulatory
extinction in the crystals can be attributed to syntectonic recrystallization during long-
continued flow.

Significant variations in grain-size occur within the ice. Samples from bore hole Ma show
an increase in grain-size from the base of the glacier to the surface which is correlated with
changes in shear stress and temperature regime. Experimental deformation of ice samples
in the laboratory has demonstrated that grain-size after syntectonic recrystallization is con-
trolled by stress level and by temperature (Steinemann, 1958; Rigsby, 1960; Kamb, 1972).
In these experiments, grain-size varied inversely with magnitude of the applied stress and
varied directly with temperature. The approximately linear increase in grain-size of the
Meserve Glacier ice up to the height of about 20 m above the bed is correlated with decreasing
shear strain-rate and also with an approximately linear decrease in temperature. This
negative temperature gradient must reduce to some extent the grain growth expected from
the decrease in shear stress alone. The significantly coarser grain-size of the near-surface ice is
correlated with the zone of greatest annual temperature fluctuations (Holdsworth, un-
published).

The high concentration of salts in the amber ice is probably responsible for its greater
plasticity relative to the white ice (Holdsworth and Bull, 1970). Deformation of the amber
ice is influenced by its extremely fine grain-size which is determined in part by the increase in
shear strain-rate and in part by the inhibiting action of the uniformly distributed debris
content on grain growth. Holdsworth and Bull (1970) suggested that grain-boundary creep
may be involved to a significant extent in the flow of the amber ice. The small size and
flattening of the grains would facilitate this process, especially if intercrystalline saline films
are present. In the overlying white ice the coarser grain-size and more interlocking texture
would inhibit grain-boundary creep as a deformation mechanism.

Bubble segregation and recrystallization of ice leading to grain growth occur in regions
of stress concentration near irregularities in the glacier bed, affecting both the basal layer of
white ice and the amber layer. Coarser grain-size is associated with development of a more
highly interlocking texture, which is characteristic of ice subjected to syntectonic recrystalliza-
tion and which has been produced experimentally in the laboratory (Steinemann, [1956];
Kamb, 1972). This increase in grain-size with increase in shear strain-rate appears to contra-
dict the general inverse correlation between grain-size and stress level, but at these localities
the recrystallization is not occurring under steady-state conditions and there is also a possi-
bility that the unusually high strain-rates may lead to localized increases in temperature which
would favour grain growth and also bubble migration.

Ice fabrics

A strong single maximum is characteristic of the optic-axis fabrics of the ice in the Meserve
Glacier tongue. This fabric pattern has been recorded in other studies of fine-grained ice in
cold glaciers (Shumskiy, 1955; Goldthwait, 1960; Rigsby, 1960; Kizaki, 1969) and in the
Antarctic ice sheet (Gow, 1970). In the basal ice of Meserve Glacier the single maximum is
orientated approximately normal to the plane of maximum shear stress, in this case, the

Fig. 18. Fabric diagrams of ice from above the tunnel. Plane of projection is approximately horizontal. Diagram at lower right
shows the variation in position of the single maximum in relation to the flow vector.
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glacier bed, and is coincident with ¢ of the bubble foliation. Single maxima of this type are
commonly orientated normal to a controlling shear plane and show that the majority of
crystals in the ice are orientated so that their basal glide planes are aligned close to the plane
of maximum shear stress. The crystal orientations are therefore the most favourable for plastic
deformation by basal glide.

The uniformity of the single-maximum fabric in the basal white ice of Meserve Glacier
suggests that steady-state conditions of flow exist in the ice. However, the presence of weakly
developed fabric domains in the ice suggests that minor local departures from steady-state
flow occur as the ice accommodates its flow to the irregularities of its bed. The fabric domains
appear to be analogous on a much larger scale to the undulatory extinction or kink banding
produced by plastic deformation of single crystals of ice. Orientation of these domains with
respect to the single maximum of the highly orientated polycrystalline aggregate is similar to
the orientation of extinction bands with respect to the ¢-axis of a single crystal.

Close to the ice—rock interface, irregularities in the glacier bed cause greater perturbations
of flow which are reflected in the optic-axis fabric of the ice. The single maximum tends to
weaken and weak girdle patterns with monoclinic symmetry are developed. The orientation
of the single maximum is controlled by the local orientation of the ice-rock interface rather
than by the average bed of the glacier. In the amber ice, locally increased strain-rates appear
to produce fabric domains similar to those in the overlying white ice but much more strongly
developed.

The optic-axis fabric patterns in the basal ice have been recorded in the typical white ice,
which is a product of long-continued flow in the glacier tongue, in clear ice formed by rela-
tively recent recrystallization in the amber layer, and in basal white ice which has probably
been formed by assimilation of snow and ice debris from the foot of the ice cliff. These fabrics
all show close symmetry relationships with the dimensional fabric (bubble lineation and
foliation) and the deformation geometry (low vectors, principal strain-rate orientations and
orientation of the rock—ice interface) and are therefore “imposed™ fabrics controlled by
deformation.

The observed weakening of the single maximum in the optic-axis fabric from the base of
the glacier to the surface appears to be related to the decreasing intensity of shear deforma-
tion. However, the rotation of the maximum about the flow vector cannot be explained
satisfactorily. Kizaki (1969) has suggested that increase in grain-size of deforming glacier ice
is correlated initially with rotation of the single maximum away from the pole to the controlling
plane and, at a later stage, with increase in the number of maxima and further rotation.
Both of these processes are attributed to the de-orientating effects of annealing recrystalliza-
tion. Comparison of the Meserve Glacier ice samples with those examined by Kizaki suggests
that the near-surface ice of Meserve Glacier is too fine-grained for multiple-maximum fabrics
to develop, but it would be expected to show rotation of the single maximum, as observed in
the bore-hole samples. Fabrics of coarser-grained ice near the ice—rock interface also show
some rotation of the single maximum about the flow vector. Kizaki suggested that rotated
maxima show certain preferred or stable positions with respect to the pole to the controlling
shear plane, but the Meserve Glacier data are insufficient to substantiate this hypothesis.

In the near-surface ice of the Meserve Glacier tongue, the optic-axis fabrics do not show
close symmetry relationships with the dimensional fabric or with the principal strain-rate
orientations (averaged over 200 m from surface measurements). Deformation rates are not
sufficiently high to re-orientate the relict bubble lineation, but the recrystallization mechanism
producing the optic-axis fabric patterns is controlled to some degree by deformation as
indicated by the close relationship of the patterns to the flow vector.

The observed close relationships in symmetry between optic-axis fabric, dimensional
fabric and deformation symmetry in ice subjected to relatively high strain-rates and the lack
of correlation between these clements in ice subjected to relatively much lower strain-rates
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are consistent with the author’s observations in temperate glacier ice (Anderton, 1970).
Where dimensional and optic-axis fabrics are closely related in symmetry, the fabrics show
direct control by deformation and the optic-axis fabric can be used to interpret deformation
conditions, but where these fabric elements are divergent, the optic-axis fabrics, even when
strongly developed, show indirect control by deformation and are not reliable indicators of
deformation conditions. It appears that the characteristic optic-axis fabric patterns developed
by glacier flow are determined by stress state, by temperature regime and by grain-size which
is in part a function of stress level, in part a function of temperature, and must be influenced
by initial grain-size and texture prior to deformation. Where stress state and temperature
regime are relatively constant, increase in stress level has the effect of rotating fabric patterns
towards closer coincidence with symmetry of the stress field and generally leads to strengthen-
ing of the fabric pattern.

It is likely that the symmetry of optic-axis fabrics in deforming glacier ice is related to the
symmetry of the movement picture (or plan) which is defined in structural petrology as the
pattern of small-scale movements resulting in the observed gross deformation (Turner and
Weiss, 1963). This is supported by experimental deformation of ice in the laboratory (Kamb,
1972). According to this hypothesis, crystallographic fabries reflect the symmetry of movement
and not the symmetry of the stress field. The mechanism of deformation cannot be determined
from the crystallographic fabric alone. Thus the strong single-maximum fabric of the Meserve
Glacier ice supports the hypothesis that the flow occurs primarily by basal glide of individual
ice crystals (combined with recrystallization to permit long-continued flow), but the fabric
evidence alone cannot be taken as proof that only this process of flow is occurring. A similar
fabric is evident in the amber ice which probably deforms to a considerable extent by grain-
boundary creep.

The single-maximum fabric has not been produced experimentally under deformation
conditions comparable to glacier flow. Kamb (1972) has produced a two-maximum fabric
in ice of similar grain-size to the Meserve Glacier ice, deformed under simple shear similar to
the deformation at the base of Meserve Glacier, but at higher temperatures. One of these
maxima is identical to the naturally occurring single-maximum and Kamb suggested that the
single-maximum fabric may be produced by gradual rotation of the unstable second maximum
into coincidence with the primary maximum during long-continued flow. Kamb also postu-
lated that syntectonic recrystallization under long-continued flow involves mechanisms which
are not yet understood and are not reproduced in laboratory experiments, and that fabrics
similar to those produced experimentally should be produced only in the early stages of glacier
deformation. Meserve Glacier could provide a means of testing this hypothesis by tracing the
sequence of optic-axis fabrics developed along a flow line in the basal layer of white ice which
has been incorporated relatively recently by assimilation of snow and ice debris.
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