280 Physics and Chemistry of Ice
5 CONCLUSIONS

The multitude of unstable phonons in ice XI under compression, each one leading to a
different metastable structure. may interpreted using AIM by the appearance of O—O
interactions. since they are markers of structural instability. as bondpaths switch easily
between such bonding interactions. The e, eigenvectors provide a novel tool for predicting
structural change, though they may be most successful when they are sued to describe the
rearrangement of hydrogen atoms due its extreme lightness. The findings of this work are
consistent with the conclusions of previous work', namely that a more drastic molecular
reorientation is required to produce an anti-ferroelectric ice VIII structure, which must
involve a higher energy barrier. This we demonstrate by showing that the ice VIII-like
structure is much more unstable than ice VIIL, since the values of the BCP ellipticities of the
O—0O interactions are much higher in the former, as can be seen from Table 1. Further work
underway is to understand how the O—O bonding interactions are related to soft phonon
modes by using a supercell approach’ and to develop a theory of pressure amorphisation
through, for example, displacive disorder as inspired by the work of Morrel Cohen',
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1 INTRODUCTION

Snow crystals change their shapes and states of bonding to each other. after depositing and
accumulating on the ground. There have been many basic research studies of snow
metamorphism because the dynamic and thermal properties change drastically through it.
Water vapor transport in the snow is the cause of dry snow mctamorphi'SIn. like an
isothermal process and temperature gradient process.'

Depth hear grows under a temperature gradient. There have been much research about
depth hoar since it can be a major factor in avalanche initiation. It was reported that the
growth rate of depth hoar snow was proportional to the temperature gradient and the
crystal size was a decreasing function of initial density.***® Those researches were about
depth hoar in the temperate region and the effect of the temperature gradient was
cqrasidel'ed important. Depth hoar snow also exists widely in the Arctic region during
winter period.” Such Arctic region snow is important as a cold source, when the heat
balance of the climate is considered. From observations in Arctic regions such as in Alaska,
or Finland, during the severe winter, the lowest temperature is about -40 “C and depth hoar
forms under a large temperature gradient even at these low temperatures.® > '

It was reported that depth hoar crystals developed mostly near the ground although
temperature gradient near the ground was smaller than near the surface layer.™ ' Such
te.ndenc_v was inconsistent with previous reports and was thought to be due to the
difference in growth conditions. It was reported that depth hoar in the Arctic region was
affected firstly by temperature and secondarily by temperature gradient due to water vapor
concentration.'” Sturm and Benson (1997) were pioneers. who studied the relationship
between water vapor transport and depth hoar development in the subarctic snow with field
e.\‘;pcrimenl.” Our previous study also presents the possibility that water vapor transfer
affected density change, snow temperature distribution, and crystal growth.” However,
sufficient experimental confirmation of mass transfer have not occurred.

In this study, to clarify the effect of water vapor, we chose a wide temperature range
(-65 °C to -12 °C), for which the water vapor concentrations differed by a factor 1000
be!we-en the lowest and highest temperatures, and carried out snow metamorphism
experiment under high temperature gradient in a cold room. The density change with water
vapor was measured and the effects of water vapor transport on crystal growth. and on
density change were examined experimentally.
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Figure 1  Schematic experimental equipment and wooden frame affixed nylon mesh.

2 EXPERIMENTAL

Figure 1 presents schematic of the experimental equipment. A constant-temperature
container (0.6x0.7x1.2 m) was installed in a -15 °C cold room. The inside temperature was
maintained at -10+1 “C by heater and fan connected to a thermo regulator. A sample box
was made of 0.1 m thickness insulator, blocking heat from the outside. In order to measure
the change of mass due to water vapor transfer, wooden frames affixed with a nylon mesh
were used; the frame size was 250%250%25 mm, the frame thickness was 10 mm and the
mesh opening is 105 pm. The nylon mesh can be penetrated by water vapor. but it prevents
the transfer of snow particles. The frames were superimposed in four layers. in order from
the bottom. layer 1. layer 2. layer 3. and layer 4. The snow sample was sieved in the frame
and then installed in the sample box. We used lightly compacted snow (Class 2dc) for the
initial stage: the calculated average diameter was 2.7%10" m, and the density was 165
kg m (Figure 2(a))."" The top and bottom ends of the box were fully covered with cold
plates, to prevent inflow of water vapor {rom the outside and then the box was installed in
the container. The plates were connected to a circulating cryostat, so that temperatures can
be individually controlled. Copper-Constantan thermocouples were installed at the
positions 0. 12.5, 37.5. 62.5. 87.5. and 100 mm from the bottom. The thermocouple has
been connected to a digital multimeter using zero-temperature standard. The temperatures
were recorded at one-minute intervals.

The snow sample was kept at -10 °C as an initial state. Next. the cooling plate was set
at a fixed temperature (bottom end: -12 “C. top end: -65 °C). Therefore, the snow sample
was subjected to a 530 K m™ temperature gradient condition for 133 hours.

3 ANALYSIS

Crystal shapes of each layer were observed and classified into three types: the initial
crystal type (lightly compacted snow (Class 2dc)). solid type depth hoar (Class 3mx. da)
and skeleton type depth hoar (Class 5¢p)."* Snow erystal photomicrographs of each layer
were taken and then the proiected area of the crystals were obtained.
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Figure 2 Photograph of snow crystal at initial and final stage of this experiment.
(a) initial snow: lightly compacted snow (Class 2dc), (b) layer 1: skeleton type
depth hoar (Class 3cp). (c) layer 2: solid and skeleton type depth hoar (Class
3mx, 4a. Sep). (d) laver 3: solid type depth hoar (Class 3mx, 4a). (e) layer 4:
lightly compacted snow (Class 2dc).
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Figure 3  Quasi-steady state temperature distribution and caleulated temperature
gradient. Solid circles are measured temperature and are connected by smooth
solid line. Open triangle is calculated temperature gradient.

The circle diameter equivalent to the projected area was calculated. Such diameter of the
initial snow crystal was also calculated using the same method. We calculated 250 ~ 400
crystals in each layer. In this paper, we use the statistically averaged diameter and the
growth rate, which is the amount of change in the diameter per unit time.

The density change of each layer was measured in the following method. First, we
measured the weight of each wooden frame. Second. initial snow was sieved and initial
mass of each layer was weighed. Third, after the experiment, we confirmed there were no
voids between the layers and mass of each layer was weighed. The density of each layer
was calculated from the volume and mass of the sample.

The mass difference between layers was divided by the cross-sectional area of the
snow sample and the duration of the experiment, and the measured water vapor tlux f,, was
obtained. The measured mass flux M,, was calculated from the density change divided by
the duration of the experiment.

The calculated water vapor flux £ was calculated from the quasi-steady state
temperature distribution in the snow sample. Fick's law was used to model the vapor flux.
The calculation was performed as follows:

j‘=0D,££=f)D,dC ()
“ ST -

¢

Jz dz
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Here, f'is the water vapor flux, C is the saturated water vapor concentration, D, is the
water vapor diffusion coefficient in air. 7" is the temperature, and z is a position in the
sample. In this study, it was assumed that the water vapor in the snow sample was
saturated. Although there were some arguments about water vapor diffusion coetficient in
snow and tortuosity dependence, we did not use those values because we have no data on
how those values change during dry snow metamorphism.'i' '® {n reality, we think those
values probably affect the water vapor flux.

The saturated water vapor concentration C was calculated from the temperature at each
position. The distribution of the water vapor flux was then calculated using the water vapor
diffusion coefficient D,. Finally, we compared f; and £, and examined the relationship
between the water vapor flux and the crystal growth rate.

It is possible to require a change of mass per unit volume and unit time, by
differentiating equation (1), that is, the calculated mass flux A/, at position z.

do _df ., &C (2)
dt d: o2t

Here, p is density of each layer, and ¢ is time. M. and M,, were compared and the
relationship between the density change and the mass flux were examined.

4 RESULTS AND DISCUSSION
4.1 Snow type and temperature distribution

The snow type of each layer after metamorphism is given in Figure 2. Layer 4 consisted
entirely of lightly compacted snow (Class 2dc) that had not changed from its initial stage.
1t changed to solid (Class 3mx, 4a) and skeleton type (Class 5cp) depth hoar snow in layers
3.2, and 1. Especially, layer | had many greatly developed skeleton type (Class 5cp) depth
hoar snow crystals and was very fragile.

Next. the distribution of temperature and temperature gradient of the quasi steady state
is depicted in Figure 3. The snow sample was initially kept at -10 °C, and was cooled from
the top cooling plate to -65 “C. reaching a quasi steady state in about 6 hours. The
temperature distribution showed upward convex curve. Therefore, the temperature gradient
was not uniform in the sample. This tendency is same as a typical temperature profile in
subarctic snow.'" In addition, the nonlinearity of the snow temperature distribution resulted
from water vapor transport in the snow."”

The results of the crystal growth rate in each layer, along with the temperature and the
magnitude of the temperature gradient. are listed in Table 1. The growth rate is not always
proportional to the temperature gradient. Layers with a higher mean temperature yielded
larger particles, as has been reported for subarctic snow.% 1112

Table 1 Temperature, temperature gradient. and growth rate of each layer.
Temperature was measured value in the layer. Temperature gradient was
inside value of each layer. Growth rate was averaged value of each layer.

laver Temperatwe Temperature gradient  Growth rate
! /

(°C) (Km™) (x10"ms?)
] -16 =270 10.3
2 26 -500 49
3 -40 -480 0.8
4 -56 -700 -0.5
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4.2 Water vapor flux and growth rate

Water vapor transport develops depth hoar crystals. It has been reported that the I
rate agrees well with the calculated water vapor flux."” Figure 4 shows the rel t'grmlw' ]
bfatw-een' the water vapor fluxes (£, and £) and the gro‘vth rate of each Iqaf l(-mfrlllp
dIS[rIbUtI.OIl of the water vapor fluxes and the growth rate agreed well. £, and 7. ;.)EL ; -
well. This indicates the validity of £ and the temperature ‘aistributiolﬁ ”i,n( the Mo v
reflected crystal growth. e
Figure 5 re-expresses the relationship between £, and the growth rate seen in Figure 4.1t
was demonstrated that depth hoar crystals could not grow very large in a layer \g\fith II /
water vapor flux, even if the temperature gradient is large. We can see this tendency w[ow
the' temperature is very low. In the figure, it also accounts for the result at 290 k o
\\ihlch was O!Jtained under conditions similar to those reported in Kamata et ;I (19993(;'5“}\
high proportion coefficient was required when the initial density was low ln'shorf d t
hoar crystal was able to grow extensively when the initial density was Iow. since s :ac:sp' :
the snow were large. This agreed with ?revious studies. in which de; th | s W
developed when the initial density was low.” ¢ P oar smaw
In this study, the range of water vapor flux was from 0.3 to 8 x107 ke m™s". Stur
and Benson (1997) observed temperature profiles in snow and calculated la\'er-t'o-lzt”"ni
vaporﬂﬂ}:.\' ulsing Fick's law." They obtained an average water vapor flux about 2.5 x i}Oe';
kg m™ s, with peak values at 15 <107 kg m™s"'. Our results fell within their V‘li-t.tt.? rang
with the exception of the extremely low temperature layer (less than about -40 °C‘} b

largely
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Figure 4 Relationship between the water vapor fluxes and the crvstal grovth rate in
each layer. Solid circle is the caleulated water vapor flux. Open circle is the
measured water vapor flux. Columns are the average growth rate of each layer.

4.3 Mass flux and density change

:ﬁf;?n\;gt[eliq:rir\)zzhﬂlt\ seem‘s to affec‘l significantly ‘the growth rate of depth hoar snow. It

<ok l:iensil\.f r t\‘dpolr 5[3{15P911§110t1 also _caus.ed a density change in snow. The initial

s of each layer is 1[lusllrated in Figure 6. Before and after the experiment,
st mass was only 0.5 %. The density of layer | (warmest) decreased,
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Figure 5  Re-expressed relationships between the water vapor flux and the growth rate
seen in Figure 4. Previous result reported in Kamata et al. (1999) was also
shown to examine the density dependence.

while the densities of layers 2, 3, and 4 increased. We calculated the density change
subtracting initial density from final one. Figure 7 shows the relationship between the mass
fluxes (M,, and M.) and the density change. M, and M, were of the same order, and the
distribution of both mass fluxes showed the same tendency as the density change. In the
layer 1. M, showed a negative value where the density decreased. This result shows that it
might be possible to estimate the amount of density change from the temperature
distribution within the snow.

An average mass flux reported in Sturm and Benson (1997) was about 50 <107
kg m™s”, with peak values at 500 x 107 kg m”s"."" The range of our mass fluxes was

within their values.
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Figure 6  Density change over the duration of the test. Blank colunins show initial
density of each layer. Black columns show final density of each layer.

4.4 Snow metamorphism under high temperature gradient
Water vapor transport in snow not only greatly affected the crystal growth. but also caused

density change. We tried to examine depth hoar growth for a wide range of temperalllfe
and temperature gradient from the viewpoint of water vapor flux (Figure 8). The isogram
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line of water vapor flux was ideally obtained using equation (1) in the following way. The
value of water vapor flux was fixed and then temperature gradient was calcu!alez atc I t n
temperature value. We connected those values on the graph. e
The hatched area is the region where observations and experiments of previous studi

on depth hoar snow have been carried out. This area is sensitive to the temperature nralclliéei
even if the temperature gradient changes only slightly, since the isogram line EI'IdiC;leS 1h:l
the water vapor flux changes significantly. This accounts for prezious studies re or{in‘t’
that the growth rate of depth hoar is proportional to the magnitude of the tem [;r'll -
gradient. > **® In contrast, the experiment in this study was carried out in lhepci:'cLlle[j
region. The isogram line stands in this region. Therefore, the amount of change in the
water vapor flux is slight even if the temperature gradient changes significantly However

the water vapor flux changes greatly. when the lempera[ure»chanhges. In ti-1ils way b\
analyzing the water vapor flux distribution. we could understand temperature ﬂr';d.ie 1
metamorphism over a wide temperature range. .

s
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Figure 7 Relationship between density change and mass flix. Solid circle is the
calculated water vapor flux. Open circle is the measured water vapor flux.
Columns are the density change of each layer. .
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5 CONCLUSIONS

Using equipment that can measure water vapor transfer. (o examine the effect of water
vapor transport on growth rate of grains and on density changes over a wide range of
temperatures and temperature gradients, an experiment under high temperature gradient
was carried out. The growth rate of depth hoar snow was found to be proportional to the
water vapor flux. The measured water vapor flux and the water vapor flux calculated from
the temperature distribution agreed well. In addition, the calculated mass flux and the
measured mass flux also agreed well. These results helped us understand the relationship
between temperature gradient metamorphism and water vapor flux over a wide
temperature range. In the future. the experiments would be carried out under various
conditions exactly. and these kinds of data might be accumulated.
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EXPERIMENTAL GEOSCIENCE IN A FREEZER: ICE AND ICY C S

. ‘ : OMPOUN S
USEFUL EDUCATIONAL ANALOGUES FOR TEACHING EARTH AND DEAS
PLANETARY MATERIALS SCIENCE AND THE PHYSICAL SCIENCES

S.H. Kirby'

ll_ljéS. Geological Survey MS 977, 345 Middlefield Road, Menlo Park, California 94025
A

1 INTRODUCTION AND BACKGROUND

As our societies become ever more technologically complex, citizens and decision makers
need to become more knowledgeable about the science of materials if they are not to
be.come victims of technology rather than the masters of it. Many recent examples of
fqﬂurcs of public-works projects, such as collapses of airport terminals, tunnels krmd
aircraft losses, have issues regarding materials selection and properties. Décision n{alzers
have learned that they cannot passively accept expert opinion and need to be
knowledge.abie enough to ask the right questions concerning complex public-works
tran‘spo_rlatmn and other large and costly projects. Moreover, many science students anci
professionals generally have but a rudimentary knowledge of the science of materials and
hence are ofien unprepared for research involving knowledge of material propertie:;, and
processes.

The purpose of this paper is to stimulate interactive discussion on how to exploit
what we have learned about the physics and chemistry of ice in the PCI community by
developing engaging, inexpensive, and safe laboratory experiments on ices for use in
classr(_)oms at the primary school to lower-division undergraduate university level. The
behavior of terrestrial glacial ice (plastic flow, brittle behavior developmei.lt of
cryslall.ographic preferred orientations and property anisotropy, et(;.) has long been
recognized by our community as instructive to students of Earth’s interior and the ic
pl‘a‘net.s and moons and the physical sciences in general. Education for students is mosyt
effective when it uses a balance of classroom instruction, personal reading, and “hands on”
labor_atmy experience in working with real materials. This process of dOi]{U science rather
?hﬂl’l_]llSt regding about it is often called "active learning” and experience h;s shown that it
1s an effective tool in demonstrating scientific principles and also showing how science is
actuail:l,r done. In the geosciences, lab experience of beginning students is usually limited to
lfjllild mps_ and clalssroom idfmtiﬁcation of rocks and minerals. What is typically lacking is
p‘ro pt:;[l);rslearﬁ.g ;{s)::::gn ﬁﬁge;;;l::;sesll mipera] systems in which the fundalnental m:.n‘erial
e i re 111_vesi1gated. To do such experiments on silicate
mineral - systems, particularly at the high-school or undergraduate level, is often
;)nr‘l;);‘::‘tlcal, given lthe high-temperatures required to investigate tllerlllall;r-acti\'ated
metamiers[; lﬂlzcie;tfllsl?sg and the high pressures that are often necessary to investigate

Thus not only do ice and icy compounds occur on Earth, in polar planetary regions,



