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Summary: Light (video) microscopy and low-temperature
scanning el ectron microscopy (SEM) wereused to examine
and record images of identical precipitated and metamor-
phosed snow crystalsaswell asglacial ice grains. Collec-
tion procedures enabled numerous samplesfrom distant loca-
tions to be shipped to a laboratory for storage and/or
observation. The frozen samples could beimaged with a
video microscopeinthelaboratory at ambient temperatures
or with the low-temperature SEM. Stereo images obtained
by video microscopy or low-temperature SEM greatly
increased the ease of structural interpretations. The prepa-
ration proceduresthat were used for low-temperature SEM
did not result in sublimation or melting. However, thistech-
nique did provide far greater resolution and depth of focus
over that of the video microscope. The advantage of resolu-
tion was especially evident when examining the small par-
ticlesassociated with rimeand graupel (snow crystalsencum-
bered with frozen water droplets), whereasthe greater depth
of focusprovided clearer photographsof large crystalssuch
asdepth hoar, and ice. Because the SEM images contained
only surface information while the video images were fre-
quently confounded by surfaceand internal information, the
SEM images also clarified the structural features of depth
hoar crystalsandicegrains. Low-temperature SEM appears
to have considerable promise for future investigations of
snow andice.

K ey words: low-temperature scanning €l ectron microscopy,
snow crystals, ice, video microscopy
Introduction

During the past one hundred years, the light microscope
and photomacrography have been used to record numerous
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images of fresh and metamorphosed snow crystals, aswell
asto observe and photograph coringsfrom glacial ice. One
of theearliest effortsin thisareawasthat of Wilson A. Bent-
ley who, over the course of 30 years, photographed nearly
5,000 snow crystals (Bentley and Humphreys 1931). Bent-
ley’s pursuits appear to have been influenced mostly by
esthetics. He concentrated on the flat, hexagonal dendrites
and platesthat heilluminated with transmitted light and pho-
tographed with alight microscope. A more scientific study
of snow crystals, both natural and artificial, was pursued by
Nakaya (1954) who observed numeroustypesof snow crys-
talsincluding needles, columns, rime, and graupel (snow
crystals encumbered with frozen water droplets), which he
photographed by using transmitted and reflected light.
Although these photographs provided afairly complete
record of thetypesof precipitated snow crystalsthat occurred
in nature, those crystal swhich exhibited considerable depth
or topography, such as graupel and multiple assemblages,
were poorly resolved dueto the limited depth of field that
was possiblewith alight microscope.

Important structural features of metamorphosed snow
crysta shavelikewise been studied and photographed using
avariety of light microscopic or photomacroscopic tech-
niques (Akitaya1974, Armstrong 1992, Colbeck et al. 1990,
LaChapelle1992, Sturm 1991). Many of the metamorphosed
crystals, which arerelatively thick and structurally complex,
attain sizes of several mm?3. Consequently, when they are
illuminated with either transmitted or reflected light and pho-
tographed, the resulting image generally containsinforma-
tion about theinternal aswell asthe external featuresof the
crystals. Asaresult, determining the surface structure of a
metamorphosed crystal, such as depth hoar, may be con-
founded by the internal faceting that would a so be acom-
ponent of the photographic image (Wergin et al. 1997).

Ice crystals and firn granules have al so been imprinted
and photographed by several methods (Ahlmann and
Droessler 1949, Eckerbom and Palosuo 1963, Seligman
1949). Inaprocedure devel oped by Ahlmann and Droessler
(1949), individua crystalswere photographed by spreading
dyes, which were nonsolublein water, on the smooth sur-
faceof ice. Next, paper was gently pressed onto the surface
of the crystals to create an imprint that could be pho-
tographed. The use of imprintswas limited to relatively
smooth surfaces and prevented observations of magnified
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crystals. However, thistechniquedid provide structura infor-
mation about the external surface asopposed to direct obser-
vationsof crystalsby light microscopy inwhichtheinternal
and externa structural featureswere combinedinasingle
image.

Recently, our laboratory successfully devel oped tech-
niquesto photograph preci pitated and metamorphosed snow
crystalsin ascanning electron microscope (SEM) that was
equipped with acold stage (Rango et al. 1996a, b; Wergin
and Erbe 1994a—; Werginet al. 1995 g, b, 1996a). Thistech-
nique was also used to imageice crystals (Wergin et al.
1996b, 1997). However, SEM images of certain crystals,
particularly those of depth hoar, frequently appeared quite
different from published photographsthat had been obtained
with the light microscope and raised questions about the
extent towhich thel ow-temperature SEM images provided
structural databeyond those attainablewith thelight micro-
scope. To address these concerns, identical snow and ice
crystalswere observed and photographed with avideo (light)
microscope and alow temperature SEM. Theresultsof this
study illustrate and discuss the differencesin the two tech-
niques.

Materials and M ethods
Snow

Snow crystalswere collected and stored as previously
described (Wergin et al. 19953, 19964). Briefly, the snow
crystalsthat were used in this study were collected during
19941997 from sitesnear thefollowing locations. Btsville,
Maryland; Davis, West Virginia; and Fairbanks, Alaska. The
samples, which were obtained when the air temperatures
ranged from—11°C to +18°C, consisted of freshly fallen
snowflakesaswell asmetamorphosed snow collected from
snowpitsthat were excavated in winter snowpacks measur-
ing up to 2 min depth. The collection procedure consisted
of placing athinlayer of either clear (unmodified) or modi-
fied (blackened with Indiaink) Tissue Tek on aflat, rough-
ened copper plate (15 x 27 x 2 mm) that was precooled to
below 0°C. Newly fallen snowflakeswereeither allowed to
settleon the surface of the Tissue Tek solution or werelight-
ly brushed onto its surface and then rapidly plunge-frozen
inliquid nitrogen (LN,) at —196°C. When samples were
obtained from snowpits, aprecooled scal pel wasused to gen-
tly dislodgeasamplefromthepit wall onto the platethat was
either rapidly plunged into asmall styrofoam box contain-
ing LN, or placed on abrass block that had been precooled
with LN,. Next, the plateswereinserted diagonally into 20
cm long segments of square brass channeling and lowered
into adry shipping dewar that had been previously cooled
with LN, The dewar was either sent by ground transporta-
tion or shipped by air to thelaboratory in Beltsville, Mary-
land. Upon reaching thelaboratory, the samplesweretrans-
ferred under LN, to an LN, storage dewar where they
remained for several daysto aslong asayear before being

further processed for observation with light microscopy and
low-temperature SEM.

Glacial Ice

| ce corings were obtained from the South Cascade Glac-
ier, Washington, by using aSipreicecorer to extract a30cm
long core of the upper firn/glacier iceinterface. A modified
cork borer (8 mm in diameter), that had teeth filed into its
cutting edge, was precooled with LN, and used to obtain sec-
ondary cores perpendicular to the main axis of the primary
core. These corings were plunge frozenin LN, and placed
into 8 mm cryotubes that were attached to cryowands. The
wands were placed in aprecooled LN, dewar and shipped
to Beltsville, Maryland, where they were transferred and
stored inthemanner previously described for snow samples.

To preparethe coringsfor video microscopy and low-tem-
perature SEM observations, the sampleswereremoved from
the cryotubes under LN, and were freshly fractured. Next,
segments of the core were mounted on a specimen holder,
which contained Tissue Tek, and plungedinto LN,,. Thehold-
erswerethen either transferred to astyrofoam box for video
imaging or attached to the rod of an Oxford cryotansfer
device so that the specimens could be inserted into the
prechamber of an Oxford CT 1500 HF Cryotrans System,
sputter coated with platinum (Pt) metal, and admitted into a
Hitachi S-4100 SEM that was equipped with acold stagefor
|ow-temperature observations.

Video Images at Atmospheric Pressures

Light microscopic (digitized video) imageswere obtained
either at atmospheric pressure or under high-vacuum con-
ditions. At atmospheric pressure, light microscopy (video
imaging) of previously stored snow crystals was done
through a 1.5 cm thick transparent, lexan plastic cover that
was placed on an open styrofoam box measuring 12 x 20 x
4 cm (depth) and with 4 cm thick walls (Fig. 1). Beforethe
sampleswereplaced inthebox, thefollowing measureswere
taken to prevent melting or sublimation of the crystals. A
metal block of aluminum, 3.5 % 12 x 1 cm (mass= 137 g)
was placed in the bottom of thebox and covered with liquid
nitrogen. A styrofoam cover was placed on thebox until the
block had cooled to LN, temperatures. After the tempera-
ture had equilibrated, apreviously stored sample of snow
was attached under LN, onto amodified Oxford specimen
holder and transferred to the surface of the aluminum block
inthe styrofoam box. Thelevel of the LN, wasthen adjust-
ed so that the sample on the holder was exposed above the
liquid and the lexan cover was placed over the box. At this
time, the aluminum block remained submergedinthe LN,,
while the sample was surrounded by cooled N, gas and
remained near —196°C due to thermal conduction through
themeta holder.

To photograph the sample, aHIROX Hi-Scope KH-2200
Video Microscope System was interfaced to avideo moni-
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tor and computer to acquire, display, and store digitized
images of the sample. The scopewas equipped withan M X-
2507 lensand extension tubethat resulted inaworking dis-
tance of about 20 cm and amagnification of 50x. The Hi-
Scopewas mounted vertically above thebox with abracket
on aring stand. The sample, which could beilluminated
either by thefiber optic system that wasbuilt into thelensor
by fiber optic or incandescent sidelighting, wasfocused and
displayed onthevideo monitor. Additiona flexibility in mag-
nificationsand working distances coul d be obtai ned by sub-
stituting other Hi-Scopelensesor by inserting the Hi-Scope
into the cameratube of aWild Makroskop M420.

To obtain stereo pairsof photomicrographs, theentire sty-
rofoam box was gently tilted 6 to 10° after thefirst image
had been recorded, and animage of thetilted samplewasre-
recorded. These two images contained the parallax infor-
mation that was necessary for stereopsis[three-dimension-
a (3-D) observation].

Afterimagesof the snow crystalswere obtained with the
HIROX system, thestyrofoam box wasfilled with LN,, and
the specimen holder wasattached to the cryotransfer device

Fic. 1 HIROX Hi-Scope KH-2200 Video Microscope System
equipped withan M X-250Z lensand extension tubemounted onaring
stand above a styrofoam box that is covered with athick, transparent
lexan plastic sheet. The video microscopeisinterfaced to amonitor
and acomputer that is used to acquire and display or store digitized
images of the sample. This system, which can be easily and cheaply
constructed, maintains the samplesat —196°C and is usable at atmos-
pheric pressures.

of an Oxford CT-1500 HF Cryotransfer System and trans-
ferred to the prechamber of the Oxford systemwhereit was
lightly etched and platinum (Pt) coated using a magnetron
sputter coater. After sputter coating, the sample wasinsert-
ed onto thecold stage of aHitachi S-4100 low- voltage SEM.
Crystals, which were identical to those that were pho-
tographed with the video microscope, were located,
observed, and photographed in the low-temperature SEM.

Following observation in the low-temperature SEM for
about 4 h, the sampleswere removed from the instrument
and transferred back to the LN,-cooled aluminum block in
thestyrofoam box so that the same crystalscould befurther
observed and photographed with the video light microscope.
Thisprocedure provided imagesthat could be compared with
the SEM micrographsaswell astotheoriginal videoimages.
Finaly, the crystals were either discarded or returned to an
LN, dewar for storage and future observations.

Video Images at High Vacuum Conditions

Videoimagesthat were observed at atmospheric pressure
before and after SEM imaging indicated that no significant
changes resulted from observation in the SEM. Conse-
quently, an alternative method for recording video images
was developed for specimens that had been previously
observed in thelow-temperature SEM.

After observationinthelow-temperature SEM, thefrozen
sampleswere withdrawn under vacuum from theinstrument
with the Oxford specimen transfer device and inserted
through a modified airlock onto a precooled (-190° C)
cryostagein amodified Denton vacuum evaporator equipped
with a DFE-3 freeze-etch unit (Fig. 2). The modified stage
alowed uptoal80° tilt and could betemperature controlled
from +30°to—-196°C.

TheHIROX Hi-Scope KH-2200 Video Microscope Sys-
tem was mounted above the glass cover plate of the freeze-
etch unit so that images of the stage could be viewed and
recorded. Thisinstrument enabled ustolocatetheidentical
snow crystalsthat had been observed inthelow-temperature
SEM and to record images of these same crystalswith the
videolight microscope. Inaddition, thetilt stageinthefreeze-
etch unit enabled specimen tilting so that stereo images of
thecrystals could berecorded. Overall, a180° tilt was pos-
sible with this stage, which allowed recording of stereo
imagesover awiderange of angles. Following observation
and recording of the video images, the sampleswere either
discarded or transferred back to an LN, dewar for storage
and future observations.

Scanning Electron Microscopy Images

To prepare the samplesfor |ow-temperature SEM obser-
vation, the copper plateswereattached to thetransfer rod of
the Oxford cryosystem and then moved under vacuum into
the prechamber for etching and/or sputter coating with Pt
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andtheninserted into aHitachi S-4100field emission SEM
equipped with a cold stage that was maintained at —185°C
(Fig. 3). Accelerating voltagesof 500V to 10kV were used
to observe and record images onto Polaroid Type 55 P/N
film. To obtain stereo pairs, thefirstimagewasrecorded, the
stage wastilted 6°, the specimen was recentered and refo-
cused, and asecond image was recorded.

Results

Images viewed with the video (light) microscope were
illuminated with reflected light; however, light that was
refracted and transmitted back through the sample undoubt-
edly contributed to thefinal image. Some snow sampleswere
mounted in amodified (blackened) Tissue Tek to provide
better contrast between the crystal sand the mounting medi-
um. To obtain arepresentative sampling of all typesof crys-
tal sthat were present inthe snow pack, no attemptswereini-
tially made to separate and mount single, unique crystals
from the snowpack; the crystalsillustrated in thefollowing

i % - : -
Fic.2 Video microscope system that isinterfaced to amonitor and
computer as described above. The microscopeis mounted above the
clear glass cover on amodified Denton DFE-3 freeze-etch module.
With this system, the sample is maintained under vacuum at —196°C.
The stage in the freeze etch-modul e allows the sample to be tilted
through 180° so that multiple views, including stereo pairs, can be
obtained at different angles.

figuresconstituted part of the bulk samplethat was obtained
fromthecollection site.

Video microscopy enabled one to isolate and record
images of asingle crystal in the bulk sample (Fig. 4). With
thevideo system, thearmsof adendritic crystal could bedis-
tinguished and asmaller central hexagonal disc could bedis-
cerned. At similar magnifications, thelow- temperature SEM
images greetly clarified the surface structure of the crystal
(Fig. 5). The hexagona platein the center of the dendrite
was quitedistinct, ridges and groovesinthearmswere dis-
crete, and small hexagona secondary depositionsintheform
of columnswereeasily discerned (Fig. 5 arrows).

In the video images, rimed dendrites frequently exhibit-
ed small white spotsthat probably resulted from direct reflec-
tion of light by uniquely oriented rime particles (Fig. 6).
Although the presence of rime could be ascertained in the
videoimages, the structure of thematerial could not be deter-

Fic.3 Oxford CT-1500 HF Cryotrans System mounted on aHitachi
S-4100 field emission SEM. Thetransfer rod with the attached speci-
menisinserted under vacuuminto the prechamber (black attachment)
for etching and/or sputter coating with platinum and then inserted into
themicroscope that hasacold stage maintained at —185°C.
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mined and the depth of focuswaslimited. Alternatively,
accretion and distribution of rimedeposition wasmuch more
distinct in thelow-temperature SEM images (Fig. 7). Rim-
ing wasmore prevalent at theends of thearmsasopposed to
thecenter of thecrystals. Therimenear thecenter of thecrys-
tal tended to be discrete particles, whereastheriming at the
ends of the arms occurred asinterconnected masses of the
droplets(Fig. 7).

Extensiveriming increased the si ze and thickness of snow
crystals and resulted in graupel. The graupel, which was
observed with the video microscope (Fig. 8), commonly
exhibited the bright reflected light spots similar to those
observedintherimed snow crystals, such asthoseillustrat-
edinFigure6. Thematerial that comprised therimeappeared
to be particulate, but other structural features remained
obscure. Alternatively, thegraupel observedinthelow-tem-
perature SEM was much more clearly defined. It consisted
of massiveaccumulationsof droplets, fairly uniforminsize.
Thedropletsdid not occur asdistinct particlesbut wereinter-
connected in sinuous or amorphous accretionsthat covered
the surface of the crystal (Fig. 9). Thisaccumulation was
more pronounced at the margins of the graupel crystal.

Apart from theimproved resol ution associated with low-
temperature SEM, the most dramatic differences between
the video photographs and the SEM micrographs were
observed when sampleshaving complex internal structures,
such asdepth hoar, wererecorded and compared. To insure
that sputter coating and beamiirradiation inthelow-temper-
ature SEM had not altered the structure of anindividual crys-
tal, adepth hoar grainwasinitially photographed with video

’ WJ 2 g
Fics.4AND 5 Snow sample collected outside the Electron Microscopy Unit at Beltsville, Maryland, mounted in modified Tissue Tek, cooled in
LN,, andtransferred to thelaboratory for observation. Fig. 4: Light micrograph recorded with the video microscope system mounted above the sty-
rofoam box illustrated in Figure 1. Thisfigureillustrates a portion of adendritic snow crystal. Fig. 5: After images were acquired with the video
microscope system, the frozen sample wastransferred to the Oxford preparation chamber, platinum coated, and inserted into the low-temperature
scanning electron microscope to observe and record images of the same crystal shownin Figure4.

microscopy (Fig. 10), then transferred to the prechamber
wherethe samplewas sputter coated, inserted onto the cold
stage of thelow-temperature SEM for observation and pho-
tography (Fig. 11), and finally removed from the low-tem-
perature SEM and rephotographed using video microscopy
(Fig. 12). Initial observations of depth hoar with video
microscopy generally reveal ed the faceted structures that
characterizethistypeof crystal. However, thevideoimages
did not clearly indicate whether thefaceting wasinternal or
external, that is, onthe surfaceor withinthecrystal (Fig. 10).
Alternatively, thelow-temperature SEM provided animage
that clearly portrayed the external surface of the crystal,
which was frequently flat (Fig. 11). External faceting was
not always present, suggesting that the structural featuresin
the video images resulted from internal facets of the crys-
tals. Infact, thevideo and SEM imagescould besodistinctly
different that initial observationsfailedto convincetheview-
er that both images represented the same crystal. However,
close examination of peripheral features of the crystal
revea ed digtinct structuresthat were common to bothimages
(seearrows, Figs. 10and 11).

After Figure 11 was recorded, the sample was removed
from the low-temperature SEM and rephotographed with
thevideo microscope (Fig. 12). Although thegeneral struc-
tureof theimagein Figure 12 wasalittlemore sharply delin-
eated than that shown in Figure 10, the two figures did not
show any distinct differences, suggesting that coating and
observation in the low-temperature SEM did not alter the
origina structure of the depth hoar crystal. The coating that
was applied for SEM observation of the crystal shownin

.
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Figure 11 actually improved the contrast of the subsequent
video image shown in Figure 12. Video and low-tempera-
ture SEM images of large depth hoar crystalsthat did con-
tain extensive external faceting resembled one ancther much
more closely. When the faceting was external, the video
images of the depth hoar crystals were much sharper than
thoseof crystalshaving flat surfacesand internd facets(com-
pare Figs. 10 and 13). However, the degree of faceting and
theindividual steps, which tended to “run together” inthe
videoimage (Fig. 13), were quite distinct and more clearly
discernedinthe SEM image (Fig. 14).

Video micrographs of the corings of glacial iceillustrat-
edthegeneral shapesand sizesof crystals(Fig. 15). Although
the samplewasilluminated with reflected light, transmitted
and refracted light al so contributed to thefinal image. Con-
sequently, the structural features of the fractured surface of
the corewerefrequently confused by information that came
from below the surface. Alternatively, the low-temperature
SEM imagesof theidentical coreillustrated only thesurface
and clearly delineated the boundaries of theindividual frac-
tured crystal sand the adjacent pore spaces (Fig. 16). Three-
dimensional video images of the cores helped to clarify the
topography of the surface and to delineate some of the sur-
face grains (Fig. 17); however, thisinformation was much
more evident in the stereo, low-temperature SEM images
(Fig. 18).

1.0 mm

The additional magnification that was possible with the
SEM enabled observations of singlecrystals, their associa-
tion with adjacent crystals (Fig. 19), and the grain bound-
aries between adjacent crystals (Fig. 20). Neither of these
features was resolved with the video microscope.

Discussion

This study indicatesthat snow crystals of different ages
and morphologies, and crystalsof glacial ice can becollect-
ed from remote locations, transported or shipped to alabo-
ratory, and stored for an indeterminate amount of timewith-
out undergoing structural changes. Specific or uniquecrystas
canthen beprepared for observation with light (video) and/or
low-temperature SEM. Thelight microscopic examination,
using video microscopy, can beperformedinasimpleinex-
pensive styrofoam box that isused to maintainthe snow crys-
tals at LN, temperatures, whereas the investigator can
observe and photograph these samples while working at
ambient temperatures rather than at the subzero tempera-
tures that would be required in a cold laboratory. More
sophisticated equipment, which employs a high vacuum
evaporator, provides acleaner environment for the sample,
enables moreflexibility for specimen tilt during the video
microscopic observations, and permitslonger time periods

=
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=l
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Figs.6AND 7 Samplecollected on Bearden Mountain, West Virginia, air temperatureat 0°C, mounted in modified Tissue Tek, frozenin LN, and
transported to thelaboratory. Fig. 6: Video micrographillustrating arimed dendritic snow crystal. Surface of the crystal appearsgranular duetothe
presence of small super-cooled, frozen droplets (rime). The white specks on the video micrograph of the crystal apparently result fromlight that is
reflected by the rime particles. Thisimage, which was obtained after the sampl e had been observed and photographed in the low-temperature scan-
ning el ectron microscope, was acquired with the video microscopy system that was mounted above the precooled (—190°C) cold stagein the Den-
ton DFE-3 freeze-etch module where the sample was observed for 2 h without any apparent degradation or contamination. Fig. 7: Thelow-tem-
perature scanning el ectron microscopeimageillustratesthat riming wasmore preval ent at the ends of thearmsthan at the center of thecrystals. The
rime particles near the center of the crystal tended to be discrete particles, whereas the riming at the ends of the arms occurred asinterconnected
masses of thedroplets (Fig. 7).
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for observation. Both the simple box and the high-vacuum
evaporator can be used to observe and record images of the
snow crystals prior to and/or after their observation in the
low-temperature SEM.

Comparisonsof imagesof aspecific crystal with thevideo
microscope, then with the SEM, and finally reexamination
with video microscopy indicatesthat sputter coating with Pt
and beamirradiationinthe SEM do not resultin any changes,
that is, sublimation or melting, that can be documented with
the video microscope. Multiple photographs of the same
sampl e can be obtained over severa hourswithout causing
structural changesinthecrystals. Theseconclusionsarea so
supported by the vast literature on low-temperature SEM
investigations of biological materials, which must be coat-
edwith aheavy metal such asgold or platinumto makethem
conductive and to prevent charging during examination and
photographic recording in an SEM. In our laboratory, this
procedure has been used to image intramembrane particles
onfrozen, fractured yeast membranes (Wergin and Erbe
1991). These particles measure < 10 nm and must be mag-
nified about 50,000 timesto be resolved. Successful prepa-
ration and imaging of these small macromolecular particles

10U mm ) o » !

in biological tissue suggest that sputter coating and beam
irradiation would not affect theintegrity of structural fea-
turesinsnow or iceat Similar magnificationsand resolutions.
The only observed effect of sputter coating with Pt wasto
improve dlightly the contrast of the sample inimagesthat
were subsequently captured with the video microscope (com-
pareFigs. 10 and 12).

No indication of sublimation or evaporation is associat-
ed with the collection, preparation and observation of sam-
plesin thelow-temperature SEM. Fresh snow that was col-
lected from remote sites, shipped and stored in thelaboratory
before observation, exhibited the same structural featuresas
fresh snow that was collected at thelaboratory siteand imme-
diately observedinthelow-temperature SEM. Fromthetime
of collection through observing and photographing, thesam-
plesareeither storedin LN, or are being maintained at near
LN, temperatures (-180°C to —196°C) on cold stages. At
thesetemperatures and storagetimes, sublimationwould be
< 1.49 x 10°° nm/s (Umrath 1983), arate that would not be
detectible under our working conditions.

Whether the resolution and depth of focusinthelow-tem-
perature SEM exceedsthat of alight microscopic systemfor

¥
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Fics.8AND9  Samplecollectionand preparation similar to those described for Figures6 and 7. Fig. 8: Video micrographillustrating graupel. The
general shape of the grain indicatesthat the original crystal may have been a dendritic form; however, extensive accretion of small particleshave
covered its surface. Fig. 9: Low-temperature scanning electron microscope (SEM) micrograph of the same crystal shown in Figure8. Low-tem-
perature SEM illustratesthat the accretionisheaviest at the periphery of the particle and appearsto accumulate preferentially on oneface, possibly
dueto aunidirectional descent through the atmosphere. The particle has the appearance of “cora” resulting from the massive accretion of fused
droplets.
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the purposes of investigating snow crystals has been ques-
tioned. Under ideal conditions, thelight microscope hasuse-
ful magnification to about 1,200 x and theoretical resolution
to about 0.2 pm; however, asaresult of the technical diffi-
culties of working with snow, most of the published pho-
tomicrographsthat have been successfully takenwith alight
microscope or macrophotography are published at magni-
fications of <200x (Ahlmann and Droessler 1949, Akitaya
1974, Armstrong 1992, Bentley and Humphreys 1931, Col-
beck et al. 1990, Eckerbom and Palosuo 1963, LaChapelle
1992, Nakaya 1954, Seligman 1949, Sturm 1991). Alterna-
tively, the SEM has useful magnificationto at |east 40,000
and resolutions of 5 nm. We have published several figures
of snow crystals at magnifications above 10,000x% toillus-
tratestructural featuressuch asmicrocrystalineextensions,
which are minute structureswell beyond the limitations of
alight microscope (Werginet al. 1996a). Likewise, thedepth
of focusfor the SEM is considerably superior to that of the
light microscope. Depth of focus (D) for any microscope
is dependent upon the magnification (M), resolving power
(R) of theinstrument, and aperture angle (a) of theobjective
lens (D,, = M2 x R/a). Simple cal culationsindicate that the
low-temperature SEM has a depth of focus approximately
1,000x greater than that of the light microscope. Thisfea-
tureaccountsfor thewell-focused micrographs of snow and

1 ( ' " F ilognT

icecrystalsthat contain considerable vertical relief such as
that whichispresent in multiple aggregations, graupel, and
depth hoar.

Theapplication of |ow-temperature SEM for observation
of snow crystals has been previously demonstrated by our
|aboratory (Wergin and Erbe 1994a-c; Wergin et al. 19953,
b, 1996a; Rango et al. 19963, b). This current study indi-
cates that the same procedure has application to the study
of ice cores. Unfortunately, regardless of how anice speci-
menisilluminated for observation and photography witha
video or light microscope, thefinal image contains at least
someinformation that resultsfrom reflected, refracted, and
transmitted light. Asaresult, interpreting the surface fea-
tures of the specimen isfrequently confounded by subsur-
facestructurewhich also contributesto thefinal image. Tilt-
ing the specimen and stereo photography aid in the
interpretation of the images; however, the boundaries of
individual ice grains and the adjacent pore spaces as they
exist on the surface of ice cores are frequently difficult to
discern. Alternatively, an SEM image resultsfrom the sec-
ondary and backscattered el ectrons that emanate from the
surface of the specimen. Conseguently, intheseimagesthe
boundaries of theindividual ice grainsaredistinctly dis-
cerned and could be easily used to distinguish and charac-
terizeglacia iceandfirn.

1.0 mm

Fics. 10-12 Samplecollected near Fairbanks, Alaska, mountedin Tissue Tek, frozenin LN,,, shippedtothelaboratory. Fig. 10: Videolight micro-
graph recorded with the video microscope system mounted abovethe styrofoam box illustrated in Figure 1. Thefigureillustratesasingle depth hoar
crystal with characteristic “facets.” Fig. 11: After imageswere acquired with the video microscope system, thefrozen samplewastransferred to the
Oxford preparation chamber, platinum coated, and inserted into the low-temperature scanning €l ectron microscope (SEM) for further observation.
Figure 11isalow-temperature SEM micrograph of the same crystal shownin Figure 10. Because the low-temperature SEM only provides surface
information, the faceting, whichisinternal, isnot evident. Alternatively, the surface of the depth hoar crystal appearsrelatively flat. Fig. 12: After
the sample had been observed and photographed in thelow-temperature SEM (Fig. 11), the samplewas removed and transferred back to the styro-
foam box and reexamined with the video microscopy system. The depth hoar crystal appears faceted and similar to that shown in Figure 10. This
indicates that sputter coating and | ow-temperature SEM examination did not alter the general structure of the crystal. The coating, which had been
applied for low-temperature SEM examination, appeared to enhance the general contrast of theimage. Because the “facets’ associated with this
crystal areactually internal structural features, they do not appear as sharp or distinct asthe external facetsthat are present on the crystal shownin
Figure13.
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Fics. 13AND 14 Sampleof depth hoar crystal collected at the base of asnow pit, 21 cm deep, near Marbleton, Wyoming. Video and low-temper-

ature scanning el ectron microscopy (SEM) images of large depth hoar crystal that exhibits pronounced external faceting. The degree of faceting
andtheindividual stepstendto“runtogether” inthevideo image (Fig. 13); however, thesefeaturesare quite distinct in the SEM image (Fig. 14).

. = LUaial 1 (_) ' 1.0 mm

Figs. 15AND 16 Sample of anice core collected at South Cascade Glacier, Washington. Theice corewasfractured under LN, just before obser-
vationtoreveal afreshly fracturedinternal surfaceinthecore. Fig. 15: Inthevideo microscopeimage, reflected and refracted light fromwithinthe
sampleresultsinanimageinwhichtheindividual ice grainsand the pore spacesare not easily distinguished. Fig. 16: In thelow-temperature scan-
ning el ectron microscope micrograph of theidentical sample, theimageisformed only from the secondary el ectronsthat are emitted by the surface.
Consequently, individual grainsand pore spacesthat exist at the fractured surface are sharply delineated.
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Fics. 17AND 18  Samesampleasdescribed for Figures 15 and 16. Stereo micrographsof aportion of thecoreillustratedin Figures 15 and 16. Fig.
17: Thislight micrograph was recorded with the video microscope system mounted above the styrofoam box illustrated in Figure 1. The topogra-
phy of thesurfaceismoreclearly evident in the stereo pair. Fig. 18: L ow-temperature scanning el ectron microscope stereo imageillustratesfusing
icegrainsand theair spacesthat exist between them. Boundaries of individual ice grains can be easily resolved. A three-dimensional (3-D) image
of thisstereo pair can be obtained either by the unaided eyes or with the hel p of asimplelensviewer by entraining theleft and right eyes on theleft
and right micrographs, respectively. When the stereo pair isviewed in thismanner, threeimageswill be seen; the center imagewill bethe 3-D view
that resultsfrom cortical fusion.
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Fics. 19aND 20  Same sample asdescribed for Figures 15 and 16, recorded at successively higher magnificationsto reveal further details of the
icegrainsthat are shownin Figures 17 and 18. Fig. 19: Stereo low-temperature scanning el ectron microscopeimageillustrating anicegrainthatis
fusing with adjacent particles. Abundant air space would apparently allow for the passage of water at this stage. Fig. 20: Grain boundary between
adjacenticegrainsthat areillustrated in Figure 19.
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Conclusion

This study attemptsto illustrate that an identical snow
crystal or ice grain can be easily imaged by video (light)
microscopy and low-temperature SEM. The collection pro-
cedures enable samplesfrom distant locationsto befrozen
and shipped to alaboratory for storage and/or observation.
Imaging of the samples, which are maintained in their
frozen state, can be performed with avideo microscopein
any laboratory at ambient temperatures. Neither the expense
nor the discomfort of acold laboratory are necessary. Stere-
opsis (3-D viewing) used in association with low-temper-
ature SEM greatly increases the ease of structural inter-
pretations. The preparation procedures that are used for
SEM do not result in sublimation or melting. Furthermore,
the low-temperature SEM providesfar greater resolution
and depth of focus than that of alight microscope so that
detailed surface structure not previously attainable can be
imaged and recorded.
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