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ABSTRACT. A laboratory experiment was conducted in which new ice crystals were
nucleated from the vapor phase onto large existing ice crystals obtained from Antarctic lake
ice. Flat, smooth ice-crystal surfaces were prepared, with c axes oriented either vertically or
horizontally. When these were subjected to a supersaturated vapor environment, multiple
individual crystals nucleated onto the substrates adopting the same crystallographic orien-
tation as the parent. A dominant grain-growth scenario for kinetic-growth metamorphism
in snow, which in some ways is analogous to the oriented morphologies in lake ice, is
hypothesized. In the lake-ice-growth scenario, optimally oriented crystals will grow at the
expense of those less preferentially positioned.The proposeddominant grain-growththeory
for snow is in agreement with the observed decrease in the number of grains and the prox-
imal similarity of crystal habit in kinetic-growth metamorphism in snow. Similarly, kinetic
crystal growth on the interior of gas inclusions in Antarctic lake ice will also acquire the
crystallographic orientation of the substrate ice.These small-faceted interior crystals signifi-
cantly influence light scattering and penetration in the lake-ice cover.

INTRODUCTION

Ice has a hexagonal crystallographic structure, which is
defined by three a axes orientated at 120³ to one another on
the `̀ basal plane’’ with the c axis defined as normal to this
plane. Perpendicular to the basal plane (parallel to the caxis)
are the six `̀ prism faces’’.

Water freezing from the liquid state onto an existing ice
crystal will tend to take on the crystallographic orientation
of the substrate. In the formation and growth of ice covers,
several different crystallographic structures may develop
(Michel and Ramseier, 1971). For example, ice covers grown
slowly under quiescent conditions on lakes have a propensity
towarda c-axis vertical orientation (Gow and Langston,1977;
Lock, 1990; Petrenko and Whitworth, 1999). The nomen-
clature on lake ice describes this c-axis vertical structure as
S1 ice. The S represents a secondary growth pattern, which
follows the primary, P, formation (Michel and Ramseier,
1971). However, an ice cover formed and grown more rapidly
from the liquid phase has a preferentially higher growth rate
parallel to the basal plane (Gow and Langston, 1977; Lock,
1990; Petrenko and Whitworth,1999). Therefore, a vertically
oriented basal plane will grow deeper into the liquid phase
than an adjacent c-axis-vertical crystal. As this process pro-
gresses, the temperature gradient and thus the heat-conduc-
tion rate in the ice at the tip of the vertically oriented basal
plane is increased, further benefiting its natural growth
advantage. Basal-plane-growth dominance results in the
crowding out of c-axis-vertical crystals, and the ice sheet
may develop with a c-axis-horizontal preference, referred to
as S2 ice. The crystals which comprise the secondary ice are

larger and fewer in number than those of the primary ice
(Petrenko andWhitworth,1999).

Snow on the ground will undergo significant morpho-
logical changes following its initial deposition. The crystal
forms resulting from two different thermal environments
generally categorize metamorphism in a `̀dry’’ snowpack,
where vapor-diffusion processes are generally considered to
dominate. In the absence of a `̀ significant’’ temperature gra-
dient, rounded well-sintered grains develop, resulting in a
snowpack with a generally high structural integrity. This is
commonly referred to as the equilibrium-growth form. In
the presence of a sufficient temperature gradient, nominally
taken to be 10^25³C m^1 (Akitaya, 1974; Armstrong, 1980;
Marbouty, 1980; Colbeck, 1983a,b), snow metamorphoses
into a structure composed of large faceted crystals, known as
depth hoar or the kinetic-growth form. This process is
referred to as kinetic-growth, temperature-gradient meta-
morphism, or recrystallization. This often results in a snow-
pack of low structural integrity yielding increased avalanche-
hazard and vehicle-mobility problems. It has been suggested
that in this metamorphic process, the total number of crystals
decreases (Colbeck, 1983b; Sturm and Benson, 1997). Given
sufficient time, chains of cup-shaped crystals (usually partial
cups) may form with the open end downward, accompanied
by complimentary pore channels parallel to the vertical tem-
perature gradient (Trabant and Benson, 1972; Akitaya,1974,
Adams and others,1995).

The importance of crystal growth from vapor in existing
ice structures is not limited to snow. Studies in the McMurdo
DryValley lakes of Antarctica indicate that in the presence of
temperature gradients, the interior top of gas bubbles in the
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ice develop frost (Fig.1)(Adams and others,1998).This causes
light scattering, thus affecting the amount of photosyntheti-
cally active radiation and thermal energy that is available
for microbial communities in the ice and lake water below
(Priscu and others,1998).

In the case of atmospheric ice crystals formed from
vapor, it is the temperature that primarily determines the
habit. Secondary growth features (such as dendrites devel-
oping along the a axis on plate crystals) are determined by
the degree of vapor supersaturation ( Nakaya and others,
1938; Hanajima, 1949; Kobayashi, 1957; Lamb and Hobbs,
1971; Hobbs,1974). Crystals grown from the vaporphase have
been examined using various fibers (Nakaya and others,
1938; Hallet and Mason,1958), and other nucleation sources
(Aufm Kampe and others, 1951; Fukuta, 1968; Schaefer and
Cheng, 1968), including glass (Kobayashi, 1957) and metal
substrates (Isono and Iwai, 1969; Lamb and Hobbs, 1971).
Surprisingly, to our knowledge, the habit of crystals grown
from vaporonto ice substrates has notbeen explicitly demon-
strated in the literature. A laboratory study was designed to
verify the supposition that heterogeneous ice nucleation and
growth from the vapor phase will result in crystals with the
same crystallographic orientation as a large crystal sub-
strate. Verification that accreted crystals do inherit parent-
crystal orientation will lead to an enhanced understanding
of depth-hoar development, as well as mass-adhesion pro-
cesses on cavities in the interior of ice sheets.

METHODOLOGY

The McMurdo Dry Valley lakes are a unique ecosystem of

perennially ice-covered liquid-based lakes (Priscu and
others, 1998). One such lake, Lake Bonney, has about 4 m of
ice cover composed (at least in the lower regions) of S1 ice
(Adams and others, 1996). Since it is composed of large
oriented crystals, an ice-core sample from Lake Bonney was
used as substrate for the crystal-growth experiment. A uni-
versal stage for ice (Langway, 1958) was employed to deter-
mine the crystallographic orientation and to verify the S1
structure of a sample from 2.4 m below the lake-ice surface.
From the S1 ice, two thin (approximately 2 mm thick) plates
were cut as coupons from the 8 cm diameter core. One of the
ice coupons was cut so the c axis was contained in the thin
plane of the sample while the other coupon had the c axis
perpendicular to the thin dimension (accuracy estimated at
§5³). The ice samples were then mounted on a Plexiglass
plate. Once attached to the Plexiglass, the samples were
melted slightly by simultaneously placing the exposed faces
of both ice samples in contact with a`̀ warm’’aluminum plate.
This provided a smooth face as well as a uniform thickness
for both ice coupons. The thin liquid layer resulting from
this melt adopted the crystal orientation of the substrate
upon freezing, which was verified using cross-polarization.
The experiment was also executed when the ice surface was
exposed using a razor blade and no melting.

A small, insulated box was constructed in which the
Plexiglass plate served as a top seal (Fig. 2). The insulation
served to minimize horizontal temperature gradients. Snow
was placed in the box with a ¹3 cm gap between the snow
and the ice samples. The package was placed on a ^1³C
plate in a ^17³C cold laboratory to establish a temperature
gradient and thus a supersaturated environment at the ice
coupon. Although vapor pressure was not actually meas-
ured, the resulting kinetic crystal growth implied supersat-
uration relative to the ice surface. One ice sample’s c axis
was oriented parallel to the temperature gradient (vertical)
and the other’s perpendicular to the temperature gradient
(horizontal). The ice temperature, measured by placing a
typeT thermocouple in contact with the ice, remained near
^12³C throughout the experiment, even during the periodic
defrost cycles of the cold room.

Crystal development under the conditions described
was examined daily by removing the Plexiglass plate with
the attached ice coupons from the insulated box. Crystals
were examined with a binocular optical microscope and
photographed periodically. The experiment was repeated
several times with each test lasting 7^10 days.

Fig. 1.Typical inverted teardrop and fine tube-like bubbles that
predominate in the upper regions of the McMurdo DryValley
lake-ice covers.This sample is from Lake Bonney, a liquid-
based lake. The largest bubble is approximately 2 mm. The
crystal growth displayed here, on the top sections of the bubbles,
is common. Temperature gradients drive this crystal growth
within the bubbles.

Fig. 2. Crystal-growth experiment configuration and conditions.
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RESULTS

Examination of the substrate coupons after a few days
revealed multiple individualcrystals on each of the large, flat
c-axis- vertical and -horizontal crystal surfaces. These crys-
tals developed with the same orientation as the large sub-
strate parent crystals in both c-axis configurations
(horizontal and vertical) (Fig. 3). In the c-axis-horizontal
sample (Fig. 3c and d), the crystal c axes are also parallel,
which is analogous to S3 ice grown from the liquid. S3 ice is
defined as the c axes being parallel as well as horizontal
(Petrenko andWhitworth,1999).The hexagonalorientations
of the c-axis-vertical crystals (Fig. 3a and b) are also uni-
formly oriented with regard to the six prism faces. The hop-
per-type crystals, which are manifest as hollow prismatic
columns and dish-shaped hexagonal plates (Mason and
others, 1963), were well developed both on the basal and
prism faces (Fig. 3b and d). It should be noted that scratches,
corners and imperfections all showed enhanced growth
rates. In fact, the well-developed prism-face crystal seen in
Figure 3c developed on an edge of the c-axis-horizontal ice

coupon. Even across the flat, relatively uniform, substrate
surfaces there was variation in growth rates. Off the ice cou-
pons, on the Plexiglass substrate, crystals also developed, but
no preferential orientation could be discerned. Well-devel-
oped cup shapes were not apparent on the Plexiglass,
although partial cups and columns were evident.

Figure 4 is an in-situ image of several faceted crystals
produced on the ice coupons. Notice that the crystals are
not touching, but complete development is impeded, pre-
sumably by the competition for a limited vapor supply.

DISCUSSION

In light of this study, we hypothesize about morphological
processes in a snowpack. We conjecture that, in general,
atmospherically formed snow crystals will be deposited onto
the ground with a random crystallographic orientation. This
is analogous to randomly oriented P4 (primary type 4) crys-
tal development in lake ice, which develops from nucleationof
snow that falls on the liquid-water surface (Petrenko and

Fig. 3. Ice crystals grown from vapor phase onto existing ice substrates.View is normal to substrate plane. (a, b) formed on crystals
with c axis parallel to the temperature gradient. (c, d) formed on crystals with the c axis perpendicular to the temperature gradient.
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Whitworth,1999). Further to this, we speculate about second-
ary morphologies that develop in a snowpack. When sub-
jected to a temperature gradient, the `̀new’’ crystals acquire
the orientation of the substrate snow grains onto which they
accrete. A particular kinetic-growth crystal is at an advan-
tage if the substrate crystal orientation is better situated to
grow by extending downward into warmer pore vapor unim-
pededby neighboringgrains. As in the development at the S2
freezing front in the liquid environment, this will establish a
larger temperature gradient and faster growth rate at the tip
of the crystal. Developing crystals that are favorablyoriented
would crowd out those with less advantage. In a natural
snowpack, fully developed cups may be relatively rare due to
the close proximity of other grains. Identification of crystallo-
graphic orientation is not as obvious in the case of partial cups.

In the presence of a sufficiently large temperature gradi-
ent, and thus mass flux, we hypothesize that numerous het-
erogeneous nucleations will activate on each grain,
inheriting that orientation, as was demonstrated in this
study on large crystallographically oriented substrates (Fig.
3). When a locally preferred crystal-growth environment
dominates, less-ideally oriented crystals will have their
advance curtailed.

Depth-hoar crystal morphologies within the same
region of a snowpack are of similar habit (Akitaya, 1974)
and are correlated with temperature and temperature gra-
dient.This, coupled with the fact that crystals grow with the
same orientation as the substrate grain, makes a dominant-
grain theory (analogous to lake-ice development) plausible.
The reported reduction in the number of grains (Colbeck,
1983b; Sturm and Benson,1997) during kinetic growth in a
snowpack is supported by the dominant-grain theory.

Depth-hoar crystals are similar in morphology to hopper
crystals that develop in the atmosphere due to high supersat-

uration and which grow on facial edges and corners where
temperature and concentration gradients are greatest (Lock,
1990). The hollow or partial cups commonly described in a
snowpack (Akitaya,1974) imply a significant supersaturation
leading to these secondary features. They can develop on
either the basal or the prism faces (Fig. 3). However, the
actual orientation may not be readily apparent in a snow-
pack, since surrounding crystals usually impede their full
development (Fig. 4).

In addition, the experimental result has implications
where ice accretes from the vapor phase onto an existing
ice surface (e.g. bubbles in lake ice). Light-scattering bubbles
on top of the interior of the air bubbles in lake ice will also
adopt the orientation of the parent crystal at the top of the
bubble when subjected to a temperature gradient (Adams
and others, 1998). The development of the highly light-scat-
tering steps depends on the supersaturation.

CONCLUSION

It hasbeen clearly verified that an ice substrate, subjected to
a supersaturated water-vapor environment, will nucleate
numerous crystals across its surface with the same crystallo-
graphic orientation as the parent substrate.

With regard to the morphology of a snow cover subjected
to a temperature gradient, we suggest that there is potential
for a preferred structure to develop, analogous to that often
seen in lake and sea ice, where the ice cover has a distinct
crystallographic orientation. A fresh deposit of snow, or snow
metamorphosed to the equilibrium form, will be composedof
randomly oriented crystal grains. However, when such a con-
figuration is subjected to a large temperature gradient, the
ensuing supersaturation will induce the nucleation of

Fig. 4. Crystals competing for limited vapor resulting in incomplete growth.
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numerous crystals onto the existing ice-grain network. De-
pending on the temperature and level of supersaturation, a
particular crystal habit grown from the vapor will be prefer-
ential. Some of these developing crystals will naturally be
sited within a region of the snowpack more optimally due to
the orientation of the substrate or parent crystal. This, when
coupled with an ice-grain/pore-space configuration that af-
fords space in the preferred growth direction, results in some
of the crystals being at a developmental advantage. As the
optimally sited growing crystals progress, others will have
their development arrested in the competition with the pre-
ferred-configuration crystals. This reduces the number of
grains and leads to a (locally) crystallographically oriented
snow cover.

This has implications for cold-region limnology since
the development of highly faceted kinetic-growth crystals
on the interior of vapor inclusions in lake ice are similarly
prescribed. Configurations of the faceted crystals in the
bubbles that develop in the presence of a temperature gradi-
ent impact the optical properties of the ice cover as a whole.

An enhanced perception of small-scale mass transfer and
recrystallization processes evident in snow and ice inclusions
are the thrust of this study. We feel that the microstructural
morphologyand the processes that govern its metamorphism
are of paramount importance in understanding the proper-
ties of snow and ice andthe macroscopic consequences.While
the hypothesis presented seems to be supported by obser-
vations made to date, additional observational and quantita-
tive work at the microstructural level is warranted in order to
verify and elaborate these conjectures.
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