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Thin-sectioning of wet snow after flash-freezing 
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ABSTR ACT. A new method for preparing thin sections of wet snow is described . 
Samples are fl ash-frozen to immobilise the liquid wa ter content (LWC ). Next, the pore 
space is fi lled with ester, and the entire sample is frozen to a solid, sliceable block. Micro
g raphs of slices a re obtained using transmitted and specular illumination. The proportion 
of LWC is measured on the micrographs and compa red with LWC m easured indepen
dently using calorimetry. Section ana lysis is both facilitated and complicated by sm all 
bubbles which form during sample prepa rati on. Flash-freezing and bubble formation a re 
discussed theoretically. 

INTRODUCTION 

Understanding and modelling percolation of water through 
snow requires knowledge of the liquid water distribution 
within the snow. H owever, simple sectioning of wet-snow 
samples is not p ossible, since we t snow contains a liquid 
phase. This paper presents a method of preparing wet-snow 
samples by fl ash-freezing, so that they can be sectioned and 
observed by standa rd techniques. In the paper, an expla na
tion is given for choosing flash-freezing, foll owed by a des
cription of its use, some results, and a discussion of the 
method's accuracy. A parallel is draw n with some recent 
work on the directional solidification of organic a lloys. 

1. CHOICE OF METHOD 

Wet snow contains three phases of the same compound ice 
(ice, liquid water, vapour). Although thin-sectioning of dry 
(two-phase) snow has been taking place for over 50 years 
(Bader and others, 1939), sectioning of wet snow, which 
requires refreez ing of the sample, is far more difficult: the 
different phases must remain distinguishable. We a re not 
aware of any p revious published work on the visualisation 
of three-phase slices (or sections) of wet snow. 

One possible technique is to dye the liquid water prior to 
freezing and sectioning the sample. H owever, a growing 
crystalline phase generally expels soluble impurities such 
as dye towards the liquid side of the interface; these impuri
ties concentrate a head of the freezing front and m ay a lter 
the dynamics of cr ystal growth by lowering locally the melt
ing point of the liquid phase (Mullins and Seker:ka, 1963). 
The use of extremely dilute fluorescent dyes might provide 
a solution. Some of them are detectable even at a m onomo
lecula r thickness (Akamatsu and R ondelez, 1991): th e few 
m olecul es of dye which can "dissolve" into the growing ice 
front might be sufficient to allow discrimination of water 
from ice. However, fluorescence microscopy requires so
phisticated and exp ensive equipment (especially a high-sen
sitivity video cam era), all of which would need heavy 
modification to be operated properly in a cold laboratory 
a t - 15°C. 
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"Ve have used another approach, the fl ash-freezing of the 
wet-snow sample, in order to give the artificiallyfrozen water 
menisci a texture different from that of the naturally frozen 
grains a nd ice necks of the we t snow. 

Under some conditions, the freez ing of wa ter can nucle
ate gas bubbles. The difference in texture a rises from differ
ences in the number a nd size of gas bubbles trapped in the 
ice. In general, increasing the freezing rate increases the 
number of bubbles and decreases their size (Brownscombe 
and H allett, 1967; G egu zin and Deiuba, 1977). However, 
other p a rameters can a lso act on the fo rmation of such bub
bles; some of them will b e discussed here. 

Two-dimensional sections of these bubble zones can be 
observed using either thick secti ons (a lso called section 
planes ) under specula rly refl ected ligh t (metallographic 
techn ique) or thin sections (slices ) under transmitted light. 
In principle, the observation of section planes is the m ore 
powerful technique since it allows, without further prepa ra
tion, quick and seri a l image acquisition. However, the 
observation under refl ected light of a secti on plane of ice 
presents serious experimental difficulties (see below). Con
sequently, most of the following work has used thin sections, 
a tedious but reliable technique. 

2. SOME EFFECTS OF FLASH-FREEZING 

The qu ick solidification of a melt is often reported to form a 
microcrystalline phase (Wilcox and Kuo, 1973). Such proce
dures a re well known in biology (cryofix a tion) for freezing 
microscopic biological structures without damage before 
electronic microscopy observation (Bald, 1987), and in 
meta llurgy (tempering ). For instance, two-phase views of 
alloys were obtained after quenching (fl ash-freez ing) by 
Molla rd and Flemings (1967). They showed that a patch
work of microcrystals developed at the ini tial place where 
the liquid phase was present. 

H owever, in the case of snow, a neighbouring solid phase 
(the snow grains) is a lways present. vVhen compared to the 
"comm on" freezing nuclei (micron size) tha t a re involved in 
heterogeneous nucleation, these grains can be considered as 
"infinite plane surfaces of ice", where crysta l growth is ener-
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geti cally favoured. Moreover, heterogeneous ice nucleation 
takes time, typicall y minutes for millimetre drops of dis
tilled wa ter at - 20°C (Hobbs, 1974, p. 429). We will see later 
that the cha racteri stic velocity for fl ash-freezing of a water 
meniscus from an ex isting snow grain is about I m s \ which 
g ives freez ing times of the order of Ims, negligible as com
pared to the heterogeneous nucleation time. \"'hen obse r
ving slices of l1 ash-frozen wet snow under crossed 
pola ri sers, we did not see the cha racteri stic "patchwork tex
ture" of microcrys ta lline materi als which is found in tem
pered a lloys (Cha lmers, 1964; Molla rd a nd Flcmings, 1967). 
The puri ty of atmospheric water is high compared to a lloys 
(which generally contain desired impuriti es ), and the 
expec ted density of la rge freez ing nuclei is much lower fo r 
wet snow than for meta llic a lloys. This could ex plain the 
difference in texture observed between fl ash-frozen we t 
snow a nd tempered melted alloys; unlike snow, alloys con
tain m a ny large nuclei on which microc rysta ls can [orm. 

Experiments have recently been performed to study the 
fo rm ation of gas bubbles ahead of a freez ing front, and their 
ubsequent entrapment in the solid ph ase (Akam atsu a nd 

Faivre, 1996). Because of the low solubility of impurities in 
the solid , the di ssolved gases concentra te a head of a growing 
freezing fronl. If the freez ing-front velocit y is high enough, 
supersaturation of the gas can be reached a nd the nucleatio n 
of bubbl es begins in the vicinity of the freezing front. Once a 
bubble is formed, it can absorb the excess of dissolved gas in 
the neighbouring liquid , whose melting point increases lo
cally. This neighbouring liquid then freezes a round the 
g rowing bubble. If the dynamics of bo th freez ing and gas 
abso rption match, a bubble will be entrapped inside the 
sol id pha e. Based on our observations, we bel ieve th i 
process takes place during l1 ash-freez ing of we t snow. 
Simila r features of entrapped gas bubbl es in the solid phase 
have been described for the ice-water system (Geguzin a nd 
Deiuba, 1977). 

3. EXPERIl\1ENTS 

'I'Ve conducted studies on a rtificia l samples of homogencous 
wet snow. They were prepared in a cold labora tory using th e 
following procedure. 

3.1. P reparation and characterisation of wet-snow 
satnples 

(I) Na tural snow was sieved (mesh size 5 mm ) into a 25 cm 
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cubic Plex iglas box with a perforated bo ttom. Sieving 
destroyed most prev io us bonding of the snow grams, 
creating a homogeneous sample. 

(2) The box fill ed with sieved snow was put into an iso
therm a l chamber held a t Doe, described in Figure I. 
After the sample was in thermal equilibrium, Doe water 
was then fill ed in from the bottom until it ove rl1owed the 
sample. This stage took a round 10 min. 

(3) Snow gra ins were grown in the slush until the desired 
size was reached (Raym ond and Tusim a, 1979). Depend
ing on the experiment, this took from 20 min to 3 days. 

(4) Excess wa ter was removed from the bottom of the box 
(elapsed time "'IOmin ), a nd the sample was allowed to 
evo lve in the Doe isothe rmal chamber [o r the desired 
time ([rom I hour to seve ral days). 

(5) The sample was then taken out of the O°C chamber. It 
was placed in the cold laboratory (held during this stage 
be tween - 3° and - 1°C ), and two horizonta l cores were 
taken simultaneously a t the same height from the snow 
sample. The former was used for a volume determina
tion of liquid water content (LWC) by calorimetry 
(Boyne a nd Fisk, 1990); the latter was prepa red for the 
thin-sec tion experiments by l1ash-freezing. l'vloreover, a 
few g ra ins were taken to compute the mean convex ra
dius o[ curvature (TJ from thcir shadow (Brun and 
others, 1987). 

3.2. Flash-freezing procedu re 

To ensure capturing the actua l distribution o[ liquid water 
of the wet snow, the sample was l1 a h-frozen in the sampler 
itself. Ta king adva ntage of the high permeability of snow to 
l1uids, the fl as h-frccz ing was achievcd by po uring a cold li
quid across the sample. ''''e used for thi s purpose n -pentane, 
cooled at - 70°C by indirect contact with CO2 dry ice. This 
liquid presents the foll owing advantages: 

It is not m isc ible with water. 

It rema ins liquid down to - 1200 e, and a t temperaLUres 
near O°C has a much hig he r vapour pressure than water. 
After freez ing the sample, it can eas il y be removed by 
vacuum evaporation without the risk of etching the 
ample by sublimation. 

O wing to its low viscos ity, it can 110w quickl y (severa l 
cm s ') ac ross the sample without induc ing excessive 

cold room ambient air (T <DOG) 

klegecell 
insulation 

handling device 

periorated plate 

ice/water mixture: 

I---=='-r--=~:::::. ::::::-..:<V:::.::.....- --"=l..:=::t.t::II---- top: 1 0 litre 
: t':I. wet snow sample double wall: 50 I 

' 'V 

"<V 

water saturated layer 

thermoregulated 
heating coil 

Fig. I. Device to prepare we! snow in the cold laboratmy. The heating coil contTOls the temperature qf the air surrounding the ice/ 
water{illed containe1; which is kept at approximately ±o.re. This allows us to balance the natural thermal leakage if the Doe 
chambe1; regardless if the temjJerature if the cold r00111. 
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shear stress on the snow-grains/liquid-water arrange
ments. At the observed filtration velocity ( ~5 cm s \ 
velocity in the pore space (v) would be abo ut 10 cm s- '. 
At thi s velocity, the cha racteristic dynamic press ure ex
erted by the pentane in the pore space (pv2/2, p being 
the density of n -pentane) is 5 Pa, compared to the 
"-'600 Pa capilla ry pressure of a water meniscus of 
0.25 mm mean radius. 

lL spreads naturally (Meunier, 1995) on both ice a nd 
water. The formation of "lenses" of coolant when the lat
ter reaches water menisci is then avoided, which reduces 
the risk of deforming the menisci (Adamson, 1990). 

3.3. Thin-seetion making 

After fl as h-freez ing, the pentane was removed by vacu um 
evaporation during "-'I min. The sample was then ready for 
sectioning. The experimental procedure used by the Swiss 
Federal Institute for Snow and Avalanche research at Davos 
(Good, 1987, 1989) was used. Briefl y, since snow is a low-co
he ion material, it has to be strengthened before cutting. 
This was achieved by filling a ll the open-pore \'olume with 
diethyl phthalate (DEP; purchased from J anssen Chimica, 
C6H + (C02C2H 5h melting point - 5°C ) at a temperature 
between the melting temperatures of DEP and ice. The 
sample was then stored for a few hours at - 25°C to freeze 
the DEP, which is prone to supercooling. 

A slice a few millimetres thick was sawn from a sample, 
stuck on a glass pl ate and surfaced with a sliding-blade 
microtome (Leica Histos lide 2000). This operation was re
peated on the other side of the sI ice to obtai n a thin section 
surfaced on both sides a nd attached to a fl a t glass substrate. 
To stick a nd unstick sections to the microtome, the DEP em
bedded in the sampl e was used as a glue. Sections were put 
on a Pelti er thermoregulated plate. This plate was set to 
- 2°C (above the melting point of phthalate) for unsticking, 
and - 15°C for sticking. A few drops of tetrahydronaph
thalene (Tetralin; melting point - 35°C) were added prior 
to covering the sample (with a glass pla te ) to dissolve and 
make transparent the filling DEP. The sample was then 
ready for observation. 

To en hance the automatic detection of pores, the Tetralin 
was dyed with fat black for microscopy (Fluka, Nr 46300). It 
appeared dark blue once disso lved into the DEP. 

3.4. Image aequisition 

The observations were performed on a microscope Leica 
M4·20 using transmitted light. Images were taken using a 
Sony, 1024 x 760 pixels, 3CCD video camera, and were 
recorded on an analogue videodisc recorder. As explained 
in section I, a few images (details of the ice phase) have been 
taken a t high magnification under specula rl y reflected light. 

We had to observe scattered features, expected to cover 
only a few per cent of a total picture (ice + water zones + 
pores ), and this picture had to be large enough to contain a 
statistically significant number of grains (about 100). Since 
the resolution of the camera is limited, a micrometric x y 
displacement device was adapted to the macroscope. Com
posite pictures consisting of 16 separate images, each of 
N pix = 768 x 576 pixels, were built. We have processed 
each of these 16 elementary pictures separately to analyze 
one thin section. 
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4. RESULTS 

Twelve measurements were performed on SI X wet-snow 
samples prepared as described above, with LvVC elose to 
common values of irreducible water content a nd densit ies 
of 400- 500 kg m 3. T he last two samples (respective mean 
grain diameters 0.9 and 0.45 mm ) were sectioned at different 
depths. After a description of typical observations and den
sity checks, the analysis of thin-section images is presented. 
Res ults are then compared to calorimetric L'!\fC measure
ments. Quantitative data are summarised in Table 1. 

Table 1. Fraction ofliquid water "captured" by quickji-eez:.ing 

Sam/J/e Pt (d) 
No. 

2 
3 
4 
5 

6 

kgm 3 mm /lm 

',20 0.4' 70' 
413 0.9 60' 
415 0.5 20 
526 0.8 30 
477 0.9 70 
477 0.9 40 
477 0.9 50 
477 0.9 40 
414 0.45 30 
414 0.45 20 
414 0.45 100' 
414 0.-1-5 50 

0/0 

4.8 
3.0 
4.3 
3.9 
4.8 
4.8 
4.8 
4.8 
4.2 
4.2 
4.2 
4.2 

% 

2.22 
1.88 
2.26 
1.08 
4.22 
2.32 
I.U 
1.96 
1.79 
1.57 
2.52 
1.04 

0.17 
0.07 
0.04 
0.Q4 
0.08 
0.04 
0.05 
0.04 
0.07 
0.05 
0.23 
0.11 

% 

46 
63 
53 
28 
88 
48 
36 
40 
42 
37 
60 
24 

mm 

n.d. 
n.d. 
n.d. 
n.d. 

7 
12 
18 
18 
5 
10 
20 
25 

• \ 'o les: Temperature of nash-freezing: 73 < T < 67 C; Pt: tota l density of 
snow (including liquid water); (d) : mean grain diameter, defined by 
(cl) = 2(Tc), where (T,) is the average convex radius of curvature, com
puted frolll the shadow of (3-D) isolated grains; ec : sec ti on thickness; 
LWCvol: (volume of liquid water)j( total volume of sample); Sb: area of 
bubble zones (pixc1) in the composite image; Npix: total area of the com
posite im age; /';. = (l / LWCvol ) (Sb/Npix ) = (visua lised watcr)j( mea
su red water); Dc: cutl ing dcpth (fi'om thc lOp of the sample) . 

• Estimated ,·alue. 

n.d. , no data. 

4.1. Example of thin-section observation 

Figure 2 presents different views taken from the same 
sample, a slice of fl ash-frozen snow ~30f.lm thick. Figure 
2a shows the composite view of the analyzed part (7 mm x 
10 mm ) of the slice. The presence of several hundred snow 
grains ensures a statistically significant sample. Figure 2b 
shows one of the 16 elementary images of Figure 2a at full 
resolution (768 x 576 pixels ). The contouring of these bub
ble zones, which present a n irregular texture, is not straight
forward and will be detailed in the discussion. We have used 
colour separation to detect crudely but automatically (Fig. 
2b and c) these regions, which appear grey under white 
transmitted light whatever the colour of the pore-space fil
ler. Steep grain edges, which are dark and therefore present 
a low colo ur saturation, were removed by a two-pixel dila
tion (their contribution to water zones is negligible). A 
thresholding of the remaining grey tones gives (s uperim
posed in black) an approximate visualisation of water zones. 
This procedure was used to validate the manual contouring 
used in this work (Fig. 2d ). 

Figure 3, taken from another part of the same slice, 
shows the appearance of the "grey zones" of the same pattern 
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a b 

Fig. 2. Thin section of flash frozen wet snow. Slice thickness 35J.lm; mean grain diameter 0.8 mm; flash freezing temperature 
- 6ff'C; views taken under non-polarised transmitted white light. (a) Composite view of 16 images, each 768 x 576 pixeLs in 
size. One of the images (white rectangle) is magnified in ( b). (b) Magnification if one image from (a). The grains are white to 
grey; the water zones appear clearly as cross-like regions, pLain grey or finely dotted. The dyed pore fiLLer appears blue. (c) Elim
ination of high-saturation regions. The visible "thread" of the picture is due to cutting difects (on both sides of the slice). ( d) 
Manual contouring (superimposed in black). 

under transmitted ordinary (Fig. 3a) and polarised (Fig. 
3 b) light. In these images, the grey or dotted patterns retai n 
the same appearance: they darken the background. There
fore, these features are not made of microcrystals, but of 
bubbles. This interpretation is supported by the low colour 
saturation (i. e. a strong grey component) of these features. 
Concerning shapes, it can be noticed that: 

The contours of bubble zones are curved and suggest 
capillary effects; they are consistent with the reported 
shape of water menisci in snow (Colbeck, 1979). 

Conversely, the final features of grain boundaries are 
straight lines. 

At triple points, tangents of grain and bubble-zone con
tours are different (see section 6.2). 

Figure 4 shows a wet-snow sample (prepared in the same 
conditions as in Figure 2), slowly frozen in the cold labora
tory at - 5°C instead of being flash-frozen: no bubbles can be 
seen. 

4.2. D en s ity check 

Concerning isotropy, we did not observe anisotropy of 
either density or water menisci distribution, whatever the 

plane ofseclioning for wet-snow samples (for dry snow, siev
ing introduced a vertical anistropy). Some test comparisons 
have been done between two-dimensional (pixel count) and 
three-dimensional (weighing) density of wet snow. Colour 
separation of slice images gave the area Sp (in pixels) of 
the pore space (Fig. 2d; region depicted in white). It was 
the region of high colour saturation (blue in our experi
ments ). The two-dimensional density d(2-D ) was given by 
d(2-D) = dill - (Sp/Npix )], with ice density di = 0.917. 
For these tests, the difference between d(2-D ) and d(3-D ) 
was of the order of ±5%, within the estimation of digiti sa
tion errors of our images. 

4.3. COD1.parison w ith bulk LWC rneasureD1.ents 

From the determination of the contours of bubble zones, the 
number of pixels Sb inside these contours was computed, 
giving the estimated area of the slice occupied by bubbles. 

The ratio Sb/ Npix gives the estimated two-dimensional 
density of liquid water for the considered thin section. 
Assuming the isotropy of our samples, the density remains 
invariant from 2-D to 3-D (Serra, 1982, p.253- 254), and 
Sb/ N pix can be compared to the volume LWC of the 
sample, whatever the shape of water menisci. The only re
quirement is that the number of objects should be statisti-
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grain 
• 

1 mm 

grain 
boundary 

water zone 
(bubbles) 

'Fig 3. Detail view rifanotherpart qfthe slice usedJor Figure 2, 
at a higher magnification, under different kinds rif illumina
tion. (a) Transmitted ordinary light. T he variability rif the 
texture rif water zones (plain grey or finery dotted), which 
complicates image processing, appears clearry. However, the 
contours rif these zones remain sharp at a local scale (a Jew 
pixels); this allows accurate manual contouring. (b) The 
same view under polarised light; the bubble patterns are kept 
unchanged by changing the orientation rif the polariser. It can be 
noticed ( white circle) that the contours rif these patterns are not 
tangent to grain contours at the grain/ bubble/pore junction. 

cally sufficient. This was the case for our composite pictures 
which a lways contained more than 200 g rains. Compa ri son 
of Sb/ N pix to calorimetric LWC measurements was done for 
four samples. For each of them, the fl ash-freezing was done 
using pentane at -67° to - 73°C, and the thin sections were 
cut near (generally less than I cm from ) the side of the 
sample which was first reached by the p entane. To cla rify 
the influence of pentane temperature, thin sections have 
been m ade at different depths Dc, sta rting from the top of 
samples (which had first received cold pentane). T he results 
are given inTable 1. For the few points fo r which the cutting 
depth D c is known, Sb/ N pix decreases when increasing Dc 
(except for sample 6 at Dc = 20 mm, coming from a thick 
slice; see section 5.2). In a ll cases, Sb/ N pix was lower than 
bulk LWC. The mean observed difference between these 
two measurements was g reater than the reported absolute 
error of the freezing calorimetry technique of LWC m eas
urement (Boyne and Fisk, 1990). 
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Fig. 4. A similar sample (thickness ",30 J.lm), previously 
allowed tofreeze slowry in the cold laborat01Y (1 h at - saC). 
No dotted region can be seen. 

5. EXPERIMENTAL DISCUSSION 

The fl ash-freezing of wet snow produces zones of bubbles 
between grains, and these zones clearly suggest the shape 
of origina l water menisci. H owever, comparison of the area 
extent of bubbles with LWC m easurements shows that the 
bubble areas do not define the entire liquid water area. 
These findings suggest that side effects of fl ash-freezing a 
material which initially con tains a liquid phase cannot be 
neglected a priori . A discussion of potenti al errors resulting 
from these side effects follows. 

5.1. Errors related to image processing 

( a) Digitisation errors 
Since the delerminalion of bubble zones required some 
manual contouring, the impact of digitisation errors is 
difficult to define. However, it seems reasonable to assume 
that where sharp contras ts existed (at least at the sca le of a 
few pixels, which is the case of our bubble-zone contours; see 
Fig. 2b), the accuracy of m anual contouring was ± I pixel. If 
this was the case, then exa mining the number of pixels 
belonging to the bubble zone (see Fig. 2d ) through a one
step erosion or one-step dil ation image processing provides 
an estima tion of digitisation effects. These effects are rela
tively la rge for thin zones (few pixels are concerned ) and 
moderate for massive zones. On ten images (each of 
768 x 576 pixels) from the same composite view, the num
bers of bubble-zone pixels of respectively one-step eroded 
(5e ) , normal (5n ) and one-step dilated (Sd ) were com
pared. The ratios (Sn - Sc)/5n and (Sd - S")/5,, re
mained of the order of 0.3. Assuming a drawing accuracy 
within I pixel (what is gained or lost by one-step erosion or 
dilation ), one obtains an estimated digitisation error of 
± 15%. 

( b) Automatic vs manual detection rif bubble zones 
Colour decomposition was used to select the "greyest" pixels, 
more exactly the lowest colour-saturation pixels. Since 
saturation is a measurem ent of the colour level (in our 
colour system, RGB, mostly the level of the "blue" canal), 
this di scrimination is not accurate for dark (all values close 
to 0) or p a le (R , G, B close to 255) patterns: the number of 
available colour levels is too sm all (Seve, 1996). 
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The contours of grains, always dark even at high values 
of ill umination (close to the video saturation of the CCD 
camera), were generally included in a se t of "greyest" pixels. 
They were partly removed by eroding this set (see Fig. 2c). 
However, because of the va riability of grey tones in bubble 
zones (som e of them were dark ), the extensive di scrimina
tion of bubble zones was not possible us ing colour decompo
sition. 

We were not able to apply the standard m e thods of tex
ture analysis, such as covariance (Serra, 1982, p.280- 282), 
radial distribu tion function (Coster and Chermant, 1989, 
p. 24·5) or histogram of random line intercepts (Eicken, 
1993), sincc bubble zones could appear as eithe r plain grey 
(bubble texture finer than the image resolution) or finel y 
dotted (bubbl e texture can be seen) regions. For instance, 
these two textures a re present in Figure 3a. 

Finally, a manual contouring of bubble zones has been 
used in this work (Fig. 2d ); the automatic de tection using 
co lour decomposition (incomplete; see Fig. 2c ) was used as 
a valida tion. M a nual discrimination of bubble zones was 
possible because the bounda ry between these zon es and the 
rest of the grains was sharp. vVh atever the texture a nd local 
grey tone of a zone, when compared to the neighbouring 
grains, the bo undary remained sharp within the "mesh" of 
the bubble-zone texture. Because of the occurrence of dotted 
features, the class ical edge-detec tion algorithms (gradient, 
etc.) could not be used, and because of the need to detect a 
sha rp boundary, we could not use any preliminary smooth
ing procedure. As a further improvement, a fu ll y automatic 
detection algorithm would have to combine tex ture analysis 
(iso tropic) a nd edge detection (one of the poss ible textures 
being "plain grey" ). Because o f the la rge-scale vari ability of 
the background grey tones (illumination, dyeing condi
ti ons), thi s a lgo rithm might scan the image with small sub
se ts (typically 50 x 50 pixels), working sepa ra te ly on each 
of them. 

5.2. Possible e r rors cotn.ing f rOITI slice t hickness 

From a single sample (gra ins of 0.5 mm diameter ), we have 
prepa red two sections of different thickness (20 and 
100 f-lm ); the views were recorded at the same magnifica
ti on. We did no t measure significant difference in g rain area 
(two-dimensiona l density). Even if the bottom a nd top sec
ti on planes a re different, internal refl ection allows a full illu
minati on of the upper surface. However, the use of such 
"thick" sections may be misleading, because bubbles can be 
entrapped in g ra in boundaries without quick freez ing 
(Hobbs, 1974, p. 328). If a g ra in boundary has a tilted posi
tion in the section, such bubbles (typical di a me ter 10 f-lm ) 
could be confused with bubbles due to flash-freez ing (Fig. 
5). For a thin enough section (:S IflO of grain radius), these 
"natural" bubbles generally appear as a line of "large" bub
bles at g ra in boundaries, and cannot be confused with nash
freez ing bubbles. For the sample li sted in Table I, the ratio 
eel (d) (ec and (d) being respectivcly section thickness and 
mean grain diameter) was in m ost cases less th an 0.1. There
fore, these sections were thin enough not to introduce addi
tional errors into Sb as a result of gra in-bounda r y bubbles or 
superposition of nash-freezing bubbles at different depths. 
On the contra r y, the point of Table I for which eel (d) = 
0.23 (sample 6) clearly overestimates the a rea of bubbl e 
zones. 
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Fig. 5. Thick section (150 f-lm ) under poLarised transmitted 
Light: mean grain diameter 0.7 mm; sample sLowly frozen at 
-se T he bubbles are much bigger than those jJTOduced by 
quick freezing, and are alwa)ls located inside regions qf colour 
gradation. These regions, denoted between arrows on the pic
ture, are vertical or tiltedgrail1 boundaries (g. b). 

5.3. Sample d efortn.ation dur ing flash-freez ing 

Fl ash-freez ing is a strong thC'rm a l shock. Because of the ex
pansion of wa te r, it is possible that grain deformation can 
occur during Oa. h-freez ing. If it does, such deformation 
would most probably occur during the freez ing of the water 
between gra ins a nd would lead to cracks, because a t this 
rapid rate of freezing (<<I s), ice can be considered a brittle 
ma terial. Such c racks were not observed in the ice phase 
(g rains or menisci) of our thin sec ti ons. Also, fo r similar 
sa mples, wc obse rved littl e difference in gra in structure 
between nash-frozen and slowly frozen sam ples (cr. Figs 2b 
a nd 4). Moreover, wc did not no ti ce changes in grain shape 
between two sec tions made in the same sample, one near the 
top and the othe r near the bottom. It seems tha t the risk of 
meniscus displacement by freezing is minima l. 

6. BUBBLE FORMATION PROCESS 

6.1. Efficiency of f reezing 

The formati on of bubbles in the freezing water menisci IS 

governed by the local conditions of solidificat ion, i.e. the 
vclocity of the freezing fronL. This velocity depend s upon 
the temperature profil e of the water in contac t with pen
ta ne, and this profile depends upon the instantaneous tem
pcrature profile in the Oowing pentane. 

(a) Warming qfjJentane 
As pentane nows ac ross the snow sample (initially at O°C ), it 
gets warmer. This problem is 'imilar to the calcul a ti on for 
heat exchangers in la minar fl ow (beca Llse of the size of pores 
in snow, now is laminar). Consider a pore netwo rk o f pa ra 1-
Icltubes of consta nt di ameter d (a classic industrial exchan
ger ). For sLlch problems, heat engineering prov ides the 
notion of therm a l ml xll1g leng th em (Eckert a nd Drake, 
1972), defined as: 

)...Ud 2 

em =-
D t h 

where)... is a numerical coefficient (r-..D.05 for a cylinder ), U is 
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the mean Ouid velocity in the tube (here ",0.1 m s- I), a nd D lll 

is the Ouid thermal diffusivity ("",10 7 m 2 s - I for penta ne). 
Practically, one can consider tha t below a penta ne path 

leng th of Cm (along a pore), there remains in the centre of 
the Oow some liquid at its initia l temperature To. vVithin this 
leng th, the presence of a heat sink a t the known tempera ture 
To can be assumed, and the estim ate of the freezing velocity 
of wa ter remains possible. In our case, one obtains for Cm a 
value of ~ I cm. According to our few res ults at different 
depths (samples 5 and 6), it appears that most of the sections 
have been made beyond the effective thermal mixing leng th 
of our system. 

( b) Velociry qf f reezing 
Since quick freezing is needed to form bubbles, we look for a 
conse rvative estimate of the freez ing-front velocity. The 
slowest rate of freezing is expected when the cold p enta ne 
has to supercool the whole meniscus depth e before the 
freezing begins. 

We have not heard of an a na ly tical solution to this 
problem. However, there exist experimental laws g iving 
the freez ing velocity v vs thc supercooling D.T, a nd the 
mean bubble diameter db \·s v (Hobbs, 1974, p.584, 620- 621). 

Because of the no-slip condition of hydrodynamics, v is 
very low near the meni scus (moreover, e « d ). vVe can 
assume that this zone is governed by diffusion ( thi s si
tuation leads to the slowest freez ing rate). 

The freez ing begins once the supercooling reaches the 
g rain (this statement is supported by experiments). At 
this moment, the water layer presents an "S curve" 
temperature profile simila r to the steady profile ahead 
of a freezing front growing in a supercooled liquid. 

Fina lly, the thermal diffusivities of liquid water and 
a lkanes are close together. One can therefore a ssume 
that the steady temperature profile of supercooled water 
does not change at the approach of the liquid-water/pen
ta ne interface. 

Consequently, it seems reasonable to assume that the 
ve locity of freezing in the menisci v is close to the free 
g rowth velocity described by Hobbs. A direct extrapola tion 
of the curves gives v '" I m s 1 fo r D.T = 50°C with a mean 
bubble diameter of db '" 0.7 p,m (j ust la rge enough to be seen 
in visible light ). 

6.2. Delay in bubble fOrIllation 

The process of bubble formation a nd entrapment described 
in section 2 (Akamatsu and Fa ivre, 1996) could expla in the 
di screpancy between the area of bubble zones and U l\lc. 
The nucleation of bubbles needs a local supersaturation of 
gas in the liquid phase; the occurrence of such a super
saturation is preceded by a tran. ient g rowth stage, which is 
necessary to accumulate enough gas ahead of the freez ing 
front. During this stage, bubbl es do not materialise, a nd so 
it becomes an invisible zone. By increasing the ra te of the 
freez ing process, one can shrink this "invisible" freezing 
zone (Hobbs, 1974, p.601). 

These explanations are supported by the few ITleaSUre
ments made at different depths of a flash-frozen sample. Far 
from the top of the sample, the pentane, warmed up by its 
Oow across the upper part of the sample, applies a weaker 
therm al gradient to liquid pa rts. The lower induced peak 
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of di ssolved gas concen tra tion ahead of the freez ing fron t ex
plains a longer delay in bubble formation. 

The geometry of bubble zones a lso supports the above 
expla na tions of "miss ing water". At T = Td = O°C, the re
ceding contact angle of water on ice is zero, and on the con
tact line, ice/water, ice/pore and wa ter/pore interfaces 
should present the sarne ta ngent plane. On a two-dimen
siona l sec ti on plane, these interfaces should therefore pre
sent the same tangent. In general, thi s was not the case in 
our experiments (see Fig. 3b). This suggests that something 
has delayed the formation of bubbles. However, this a rg u
ment would be restricted to capillQ1)1 wa ter menisci, and 
could not account for the thin film of wa ter that is presum
ably present around the convex parts of grains. This wa te r 
a lso contributes to L'I\IC, but probably no more tha n 
10- 15% . For large grains and at a low cutting depth (sample 
5 in Table I) the proportion D. of vi sualised LWC reached 
88% . 

Naturall y, all these a rguments assume a freezing front 
moving from existing g ra ins towards thc water/pore inter
face o f menisci. This is consistent with thermodynamics (ex
isting snow gra ins are low-curvature ice surfaces) and 
supported both by observa tions under pola rised light (Fig. 
3b; no change of crysta l o ri entation from plain grain to bub
ble zone) and by "streetlike" alignments of bubbles (Fig. 6) 
pa ra llel to the direction of freez ing (Ca rte, 1961). 

• 

snow 
grain 

... 

.. 

tOO 

" 

.' 

Fig. 6. fillet-snow sample,flashfrozen at - lO°e, viewed in 
specularly riflected light ( metallographic microscope, magni
fica tion x 200), which shows the nature qf these dotted 
regzons. 

6.3. Seria l cuts 

Besides having experimenta l difficulti es, the above tech
nique of thin-sectioning destroys at leas t the neighbouring 
5 mm in the sample. Therefore, it is impossible to obta in 
seria l cuts of a sample by this method. To obtain the exp eri
menta l three-dimensio na l fil es of wa ter menisci necessar y 
to understand and m od el water percola tion at fine scale, a 
means of "scanning" m ass ive samples of fl ash-frozen we t 
snow must be designed . 

Serial cuts allowing obse rvation of bubbles within the ice 
phase require specularly reOected light. Under such condi
ti ons of illumination, freshly cut samples generally present 
a haze of small dots a ll over ice surfaces, which impedes 
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the acqu isition of clear bubble images. In the range of tem
p era ture T of the co ld laborato ry (- 12° to - 30°C) and 
mic rotome blade velocity V (",I to 50 cm s 1) used in our ex
periments, the dens ity of dots decreased w ith both V and T 
( the necessity of a low-speed cutting had a lready b een 
noticed by Good (1987)), but not enoug h to make the images 
clear. These dots, present immedi ately behind the blade 
whatever the ambient humidit y of the co ld room, seem to 
be caused by gas bubbles rather than rime. \Ve suspect the 
mecha nism of their form ation is bubble nucleation in liquid 
water (see Fig. 7) generated by the fricti on of the cutting 
blade (Colbeck, 1992). 

ice 
\ 

"- ..... 

v -

region of 
melting 

ice + 
bubbles 

clear 
ice 

region of quick 
freezing 

Fig. 7 A jJossible e.\planalioll Vlh e bllbbLeJomwlioll during 
cUlling. Both (omjnession (which lowers the melling jJoinl ) 
and bLadejrictioll (which increa.fes the lemperalllre ) acl CO/l7 -

monly lojorm ([ IiquidfiLI1l dose 10 Ihe bulk ice, able 10 calJlure 
ambient air: Ihe subsequenl quickJreez ing f!/thejilm would 
produce the slllface bubbLes. It is difficult to measure the Ihick
ness rift/le altered region. r 1 'helllhe erjJeriment wa.f jmfonned 
a I - 1 SO C ( cold Labora tOl)' dell' jJoinl ~ - 35" C), we observed 
a sublimation rale rif ~IIBn mill 1([lId Ihe dOlled la)er disajJ 
peared in ",l5 mill. AI - 15°C; Ih e Lc~ver rifsuiface bubbLe.f was 
probab!y 10- 20 Mm thick. 

Sublimation in th e cold labora tory ( ~I O min at - 15°C; 
a mbi ent dew point Td '"'-' - 35 C) is sufficient to remove these 
do ts, but creatcs an uneven ice surface from which it is im
possibl e to take im ages in spec ularly refl ected light. \Ve 
could obtain a few im ages of the 0110' ice phase (at high m ag
nifica tion such as Fig ure 6). They gave valuable inform ation 
on fl as h-freez ing processes, but did not a llow the sys tema tic 
a na lys is ofa whole sec ti on plane of snow, which conta ins en
ta ng led phases of ice a nd DEP. If we co uld use the sa me 
(Iow) mag nifications as used for thin sec tions, but still use 
refl ec ted light, se rial c uts (three-dimensional ) could a lso 
be obtaincd . Cu tting at lower temperature (T« - 20°C ) 
may provide an a nswer to the "dot" probl em. Experi ments 
a re now in progress in this directi on. 

CONCLUSION 

The m ain concl usion from the above experimental discus
sion is the persistence of a di sc repancy bct wee n L\vC 
ded uced from thin sections and calorimetri c measurements. 
Fl as h-freez ing i not a suit able method for LWC measure
ments. Our practi cal motivation in thi s work was to locate 
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and descr ibe acc urately th e most probable pa ths of percola
tion water in a lready wet snow. At leas t [o r low p ercolation 
rates (the m ost frequent case in the field ), these channels a re 
expec ted to connect some of th e ex isting wa ter meni sci that 
ha\·e the la rgest section. \Ve have shown tha t fl ash-freezing is 
able to visua li se these wide m enisci, i. e. the interesting data 
for perco lat ion modelling. H owever, the "reso lution" (in 
terms of m eni sc i sec tion) need s to be estim a ted. 

More th a n potential errors related to dig iti sation, a phy
sical reaso n is suspec ted: the existence of a lransienl stage 
between the beginning of th e freez ing and the nucleation of 
firsl bubbles. Some measurements performed at different 
depths of fl as h-frozen samples support thi s sta tement: the 
'\· isuali satio n efficiency" of fl ash-freez ing decreases with 
the appli ed thermal gradien t (in deeper regions of the 
sample). 

Concerning visualisati on techniques, the feasibilit y of 
observalio n under specul a rl y refl ected lighl has been shown 
at high m agnifications, and the problem of sur[ace defects of 
fresh ly cu t ice has been add ressed. \Ve bcl ievc tha t a solution 
lo this problem wou ld prov ide a much more practica l 
method fo r C'x tensive study of wet snow lhan the difficull 
and timc-co nsuming tech nique of thin sec ti ons. Moreove r, 
unlike thin scct ions, the observation ofa mass ive secti on of 
fl as h-frozen we t snoll' mighl a llow in principle the three-d i
mensiona l reconstruction of water meni sc i. In the more di s
tant future, "remote" lomographic techniques such a 
nuclea r resonance microscopy (able to di sling uish ice from 
water ) mig ht perform such a reconslrucli o n. H owC'\"Cr, a 
very careful (a nd difficult ) control of eq uilibrium concli
lions of wel snoll' (T = T,1 = O°C) wou ld be necessary 
througho ut th e time ofmeasuremenl. 
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