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ABSTRACT. The growth modes of ice crystals in supercooled water and various aqueous solutions were 
studied at different supercoolings by a motion-picture technique. In pure water contained in plastic capillary 
tubes, ice dendrites formed which at supercoolings between I and 4°C. grew parallel to the tube axis. At 
supercoolings larger than 4 cC. the direction of growth was inclined to the tube axis such that the dendrites hit 
the tube wall and afterwards proceeded growing in a new direction. As a result it appeared that the ice 
crystals grew in a zig-zag or screw fashion. This growth mode became enhanced when the supercooling was 
increased or salts were dissolved in the water. In large water drops, ice dendrites formed which at super­
coolings smaller than I cC. were co-planar with the seed crystal and between I ° and 5°C. split into two dendritic 
segments. At supercoolings larger than 5°C. multiple splitting of the seed crystal was observed and this 
became strongly enhanced when salts were dissolved in the water. Tentative explanations for these results 
are given. 

REsuME. Modes de croissance de cristaux de glace dans de l'eau surfondue et des solutions aquellses. Les formes de 
croissance de la glace, dans de l'eau surfondue et dans des solutions aqueuses variees, furent etudiees a 
differents stades de refroidissement a l'aide d'une technique cinematographique. Il fut trouve que la forme 
de croissance de la glace dans l'eau et dans des solutions aqueuses etait dendritique. Des tests, effectues dans 
des tubes capillaires de plastique, ont montre que, a des refroidissements compris entre I et 4°C, deux 
dendrites, dont la direction de croissance etait parallele a l'axe du tube, furent formees dans l'eau surfondue. 
A des refroidissements plus grand que 4°C, des dendrites de direction de croissance inclinee par rapport a 
l'axe du tube se formerent en nombre croissant touchant la paroi du tube pour croitre dans une nouvelle 
direction. 11 en resulte une croissance des cristaux de glace en zigzag ou en helice, renforcee quand le re­
froidissement augmentait ou quand des sels etaient dissous dans l'eau. Dans de grandes gouttes d 'eau, des 
cristaux dendritiques de glace qui, a des refroidissements plus pettits que 1°C etaient coplanaires avec le 
cristal-semence et qui, a des refroidissements compris entre I c et 5°C se scinderent en deux segments dendri­
tiques, furent formes. A des refroidissements plus grands que 5 cC, une multiple scission du cristal-semence, 
fortement accrue par des sels dissous dans l'eau , fUt observee. Des tentatives d'explication de ces resultats sont 
donnees. 

ZUSAMMENFASSUNG. Wachstumiformen van Eiskristallen in unterkiihltem Wasser und in wiisserigen L6s11ngen. Die 
Wachstumsformen von Eis in unterkuhltem Wasser und verschiedenen wasserigen Losungen wurden als 
Funktion der Unterkuhlung mit Hilfe einer kinematographischen Methode untersucht. In reinem Wasser, 
das sich in Plastikkapillaren befand, bildeten sich Eisdendrite, die bei Unterkuhlung zwischen 1° und 4°C 
parallel zur Kapillarachse wuchsen. Bei Unterkuhlungen grosser als 4°C neigte sich die Wachstumsrichtung 
gegen die Kapillarachse so, dass die Dendrite gegen die Kapillarwand stiessen und von dort in neuer Richtung 
weiterwuchsen. Als Folge erschien das Wachstum zickzack - od er schraubenfOrmig. Diese Wachstumsart 
steigerte sich bei verstarkter Unterkuhlung oder wenn Salze im Wasser gelost wurden. In grossen Wasser­
tropfen bildeten sich Eisdendrite, die bei Unterkuhlung von weniger als 1°C coplanar mit dem Impfeiskristall 
waren, zwischen 1° und 5°C sich aber in zwei Dendritsegmente aufspalteten . Bei Unterkuhlungen grosser als 
5°C wurden mehrere Spaltungen des Impfeiskristalls beobachtet, was si ch noch verstarkte, wenn Salze im 
Wasser gelost wurden. Es werden mogliche Erklarungen fur diese Ergebnisse angegeben. 

INTRODUCTION AND LITERATURE REVIEW 

The growth forms of ice in supercooled water and aqueous solutions have been studied 
by various investigators. The purpose of this section is to summarize briefly the results of 
investigations reported in the literature. 

Kumai and Itagaki (1953) examined the growth forms of ice crystals in the surface of 
supercooled water by a motion-picture technique. Their results showed that at supercoolings 
smaller than I QC. crystals grew as circular discs which often developed notches at the edges. 
The crystallographic c-axes of these discs were found to be perpendicular to the plane of the 
discs. At supercoolings larger than I QC. six-armed dendrites developed from the discs which 
grew so rapidly that the disc stage often could not be recognized. If a disc was inclined at an 
angle to the surface, growth proceeded in the liquid surface from the edge of the disc in the 
form of a long thin needle. Hallett (1960) examined the mode of growth of ice crystals in a 
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water surface in greater deta il. H e showed that ice crystals grown on the surface of super­
cooled wa ter had a composite structure which he called "surface needle" . Each such needle 
consisted of dend rites growing into the liquid bulk and of ribs growing in the liquid surface. 
Each needle was a single crys tal with its optic axis p erpendicula r to the pla ne of the dendrite. 

Knight (1966) m ade a series of laboratory investigations in an at tempt to expla in the 
preferred ice-crys ta l orientation found in lake ice which even in different pa rts of the same lake 
varied from c-axis vertical to c-axis horizonta l to random. With the a ir tempera ture set 
between - 13 a nd - 16°C ., Knight g rew sheets of ice a bout 3 cm. thickness in the surface of 
pure wa ter and he investigated them between crossed polaroids. H e found tha t the c-axes of 
the individual ice crystalli tes of the polycrys ta lline sheet of ice were mostly horizontally 
orienta ted. By plotting the length of the inter-grain boundary against the angular di ffe rence in 
c-axis orienta tion between adjacent crystallites, he obtained m ax ima at 15, 35 and 90 angula r 
degrees. Knight concluded that the final preferred crys ta l orienta tion was affected by the 
initial orienta tion, by selected wedging cut of grains of certain orienta tions and often by 
gra in-boundary migration . Knight (196'2 ) studied the dendritic growth of ice on glass, m etal 
and plastic surfaces . H c found that the ice d endrites which g rew from supercooled wa ter on 
these su rfaces changed their orien tation in response to asymmetrical tempera ture gradients. 
The growth was stable only when the c-axes of the growing ice crystals were perpendicular 
to the surface. I ncreased initia l supercooling caused the curved g rowth to be more pronounced 
while dissolved sodium chloride inhibited it. 

Camp (1965) studied the g rowth forms of ice on g lass, lucite a nd aluminium by a photo­
graphic m ethod. H e showed tha t on these su rfaces they were different from each o ther. M os t 
of the g rowth forms were curved and could be divided into three classes : those having their 
c-axes approxima tely perpendicular to the surface, those having their c-axes making a small 
a ngle with the surface and those which cha nged orienta tion as they grew. Camp concluded 
that a knowledge of the thermal properties of th e substrate a lone did not suffice to explain his 
observations. 

H a llett ( 1964) used a motion-picture technique to study the growth of ice crystals in 
supercooled water which was conta ined in Pyrex vessels of volumes between I · 0 and o· 1 cm .3 
submerged in a co ld bath . Freezing was ini tia ted by a pre-grown single ice crysta l. Viewing 
the g rowing crystals p erpendicular to the basal plane of the seed crysta ls, h e found tha t a t 
supercoolings between 0 and 5 ac. growth took place in the form of a thin dendritic sheet of ice 
along the direction of the basal plane of the seed crystal. A t lower tempera tures other orienta­
tions were nucleated as the seed crysta ls entered the supercooled wa ter drop a nd three­
dimensiona l ice structures were form ed. Drops which h ad diam eters between I ,SOO and SOO fJ. 
and which were supercooled between 0 and SoC. froze on a single ice crystal with the sam e 
crysta l orien tation as the substrate. A t supercoolings between sand 1 SoC. the drops froze 
polycrysta lline with the c-axes of m ost crysta llites either pa rallel or at 90° to the c-axis of the 
ice substra te. At supercoolings b etween [5 and '25 °C. the orientations of the crystallites were 
no longer simply related to the ice substrate. A t supercoolings of 6°C. a bout two to four 
crystals were formed in a frozen drop, a t supercoolings of IS QC. a bout five to I S crystals, and 
at supercoolings of '20°C. about 30 to 70 single crystals were formed in a frozen d rop. 

Lis t ( [ 9S8, 1960) a nd Aufdermaur and others ( 1963) found that the ice of m ost natura l 
hailstones is polycrystalline despite the fact tha t most hailston es originate on single ice crystals 
from which they grow by accretion of supercooled water drops. They found tha t ice crysta lli tes 
in a h a ilstone were large when the growth tempera ture of the h a ilston e was close to o°e. and 
they were sm a ll when the growth tempera ture of the ha ilstone was close to the ambient air 
temperature, which is considerably below o°e. in a cloud in which ha il is developed. In m ost 
cases the individ ua l crysta lliteswere found to be orien tated either with their c-axes in the growth 
direc tion or at random. In a few cases the crys tallites were orienta ted perpendicular to the 
growth direction of the hailstone. 
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Lindenmeyer (unpublished ) and Macklin and R yan ( 1965) studied the free growth of ice 
in bulk supercooled water at supercoolings between 2' 0 and 6· 5°C. Lindenmeyer (un­
published) m easured the growth rate a nd the growth forms of ice in supercooled water and 
supercooled aqueous solutions of sugar, acetic acid and potassium chlo,-ide. The water or a 
particular solution was contained in a glass vessel with a volume of 2 1. which was submerged 
in a cold bath . Freezing in the stirred supercooled water or solution was initiated by m eans of 
small pieces of dry ice . Macklin and R yan (1965) d etermined the growth forms of ice in 
supercooled water and sugar solutions which were conta ined in cubic Plexiglass vessels of 
4' 2 cm . internal dimensions submerged in a cold bath. Freezing was initiated by pre-grown 
single ice crysta ls. Lindenmeyer, and M acklin a nd R yan, observed that ice structu res formed 
a t supercoolings larger than 3°C. were not co-plana,- with the basal planes of the seed crystal 
but were split into two and occasionally m ore segm ents. Their photographs show that the split 
was symmetric with respect to the a- and the c-axes of the seed crys ta ls. At supercoolings 
larger than 5' 5°C. they observed secondary splitting on the major growth segments. The angle 
of split varied from II angular degrees at - 3°C. to 30 angular degrees a t - 6°C. Lindenmeyer 
(unpublished ) showed that the angle of split in a o' 1 mola r sugar solu tion was larger than in a 
0' 1 molar potassium chloride solution. The angle of split in all three so lutions was larger than 
that in pure water. 

In a later section the present results of experiments on the growth m odes of ice crystals 
in supercooled water and aqueous solutions are discussed and they are compared with the 
results quoted in the literature. 

EXPERIMENTAL PROCEDURE 

In conjunction with a n investigation of the growth rates of ice crysta ls in supercooled 
wa ter a nd various aqueous solutions (which will be reported elsewhere) the growth forms of 
ice crystals were studied at supercoolings ranging from o· 5 to 20°C. The water used was 
purified by distilla tion and de-ionization according to the m ethod described by Pruppacher 
and Neiburger (1963). The aqueous solutions were prepared from this water by dissolving 
reagent-grade salts in it and filtering the solutions through Millipore filters of o' I fl. pore 
size. The solutions, which had concentrations of 10- 5, 10- 4, 10-3, 10- " I X 10- ' , 2 X 10- ' , 
4 X 10- 1

, 6 X 10- ' and 8 X 10- ' moles 1. - ' , were prepa red from the following substances: 
HF, NaF, KF, CsF, NH4F, LiCl, NaCl, K Cl, CsCl, N H 4Cl, LiBr, NaBr, KBr, CsBr and 
NH4Br. 

In the first set-up the water or aqueous solutions were filled into polyethylene tubes of 
I' 2 mm. diameter, suspended horizontally a nd submerged in a continuously stirred cold 
bath oflow-viscous silicone oil. The test section of the tube was 60 cm. long. After temperature 
equilibrium with the surrounding bath, freez ing of the water or solution was initiated by 
touching one tube end sticking out of the bath with a piece of dry ice at a point about 20 cm. 
away from a test section. The growth modes of ice in the water and solutions were determined 
by a motion-picture technique. A Bolex motion-picture cam era operated at 64 frames sec. - ' 
a nd K odachrome 11 film were used in this technique. The growing ice crystals were filmed 
between crossed polaroids. 

In a second set-up, wate,- or solution drops of volumes o · 5 to 2' 0 cm .> were formed with a 
syringe and placed a t the interface of Fluorochemical-75 a nd Squibb paraffin oil. Alternatively, 
the drops were placed at the interface of carbon tetrachloride and paraffin oil or placed on a 
hydrophobic surface in air. * The different environments of the drop did not a lter the results 
ll1 any way. After the drops had come into complete temperature equilibrium with the 

* The so lubil ity of carbon tetrachloride in water a t room tempera ture is o · 08 g.! I 00 cm .l. The solubi li ties of 
Fluorochem ica l- 75 a nd Sq uibb paraffin oi l in water a re at least two orders of magni tud e sma ller than that of 
carbon tetrachloride. 
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environment, crystallization was initiated by a single ice crystal which had the same tempera­
ture as the drop. The seed crystal had the form of a thin dendrite, was several millimeters in 
diameter and was grown by a special technique in slightly supercooled water. Each crystal 
was held by a specially constructed clip mounted on a micrometer device which was movable 
along three perpendicular directions. In this way one dendrite tip of the seed crystal could be 
brought exactly into the desired position for nucleating the supercooled drop. Each drop was 
nucleated with a new seed crystal. The seed crystal was mounted with its crystallographic 
c-axis either perpendicular or parallel to the plane of the motion-picture film. Best results were 
obtained with the latter orientation. The growth mode of ice in these supercooled water and 
solution drops was recorded by m eans of a Bolex motion-picture camera operated at 64 
frames sec. - I and Kodak Plus-X reversal film. 

RESULTS 

By investigating the growth of ice crystals in water and aqueous solutions with the first 
set-up the following observations were made. At supercoolings smaller than 1°C. one ice 
dendrite and at supercoolings of I to 4°C. two ice dendrites were formed which grew along their 
crystallographic a-axes parallel to the tube axis. At supercoolings larger than 4°C. several ice 
dendrites formed whose direction of growth was inclined to the tube axis such that the dendrites 
hit the tube wall and afterward proceeded growing in a new direction. As a result it appeared 
that the ice crystals grew in a zig-zag fashion which became more pronounced when the super­
cooling was increased or salts were dissolved in the water. With increased supercooling and 
addition of salts even in small concentrations the number of ice dendrites formed in water or 
solution increased . No specific action of different dissolved salts on the growth modes could 
be detected with the exception that in the solution of a few salts the ice dendrites followed, 
instead of a zig-zag path, the path of a tightly wound screw. Such screw motion was observed 
in o · I molar potassium fluoride and sodium fluoride solutions at supercoolings between 6 and 
BOC. Occasionally, screw motion was also observed in sodium chloride and potassium chloride 
solutions of a concentration of o· I mole I. - I or larger. 

In an attempt to investigate the reason for the growth modes in capillary tubes, the growth 
modes of ice under free-growth conditions were carefully studied by means of the second 
experimental set-up. A selected number of photographs made from chosen frames of the 
motion-picture films are reproduced here to illustrate the arguments. Figure I a- I is a series 
of photographs which show how the growth form of ice in pure water varied with increasing 
supercooling. It is seen from these photographs that the basic growth form of ice was dendritic 
at all tested supercoolings. Several modes of this dendritic growth, however, were observed 
which varied systematically with supercooling. At supercoolings smaller than about r cC. the 
ice seed crystal continued its growth into the drop as a thin dendrite whose secondary branches 
grew slowly out to form a sheet of ice which was co-planar with the basal planes of the seed 
crystal. At supercoolings between about 1°C. and about 3·5 cC. the ice seed crystal split into 
two thin dendritic segments whose secondary branches grew out in such a way that two 
sheets of ice were formed. These segments enclosed an angle which increased with increasing 
supercooling. The variation of the angle of split with supercooling is shown in Figure 2, in 
which it is seen that between a supercooling of rand BOC. the angle of split varied almost 
linearly with supercooling. At supercoolings larger than 8°e. the angle of split increased less 
and at a supercooling of about 12°C. it reached a limiting value of about 45 angular degrees. 

At supercoolings between 3·5 and 5 · o°C. the seed crystal still split into two primary 
dendritic segments. Each of these, however, underwent secondary and higher-order splitting 
to form a three-dimensional ice network . At supercoolings between about 5 and gOC. the seed 
crystal itself underwent multiple splitting into dendritic segments, the number of which 
increased with increasing supercooling. At supercoolings larger than about gOC., primary and 
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Fig . 2. Variation with supercooling Q(the angle 2a between the two principal growth directions of ice in pure water (a = angle 
between principal growth direction and basal plane of seed crystal ) 

higher-order segments with the side bra nches combined to form a three-dimensional ice 
network of dense m esh and rectangula r g rowth front. When growth was initia ted by a 
single ice crysta l, whose c-ax is was perpendicular to the photographic plane, the g rowth front 
was hexagonal as shown in Figure I I. 

The varia tion of the g rowth modes of ice crysta ls in aqueous solu tions with supercooling 
below the equilibrium freezing tempera tu re of the solu tions is illustra ted by Figure I m- q . 
The growth modes of ice crystals in solu tions whose salt concentra tion was sm aller tha n 10 - 3 

m ole I. _ I were the same as those in pure water. In solutions with salt concentrations larger 
tha n 10- 3 mole i. - I the growth modes were significantl y a ltered . Instead of the five growth 
regimes observed in pure water only two growth regimes were found. In the first growth 
regime, a t supercoolings between a bout I and 4°C., the seed crystal spli t into two maj or 
dendritic growth segm ents each of which underwent multiple splitting. A short time interval 
a fter the two p rimary segments had developed secondary or highel--order splitting took place 
on the seed crysta l. T he a ngle between the two primary dendri tic growth segments was la rger 
in solu tions than in pure water. T he varia tion of the angle of split wi th supercooling is plotted 
in Figures 3 and 4- It is seen from these figures that at supercoolings between 0 and a bout 
5°C. the a ngle of spli t varied almos t linearly with increasing supercooling. At la rger super­
coolings the angle of split varied less and at a supercooling of about 10°C. it reached , in a ll the 
so lu tions tested, a limiting value of a bou t 60 a ngular degrees. It is a lso seen from Figures 3 
and 4 that the variation of the angle of split with supercooling was identical in solu tions of 
salts wi th a pa rticular common cation a nd was la rger in the so lu tions of sodium salts than in 
solu tions of caesium salts. 

In the second growth regime at supercoolings la rger tha n 5°C . a large number of higher­
order spli t segm ents formed which combined with the side branches to form a three-
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dimensional ice network of dense m esh and growth front similar to that observed in pure 
water at supercoolings larger than geC. 

In solutions of concentrations between o · I and 1 · 0 mole 1. - ' the growth structures of ice 
became progressively complex and no special g rowth regimes could be observed. At concen­
trations between 0·5 and 1· 0 mole I. _ I the g rowth structures often had an appearance of 
" flowers" or " trees" as illustrated in Figure Iq. 

DISCUSSION 

As m entioned above, it was observed on ice crystals growing freely in supercooled water 
tha t at supercoolings between 0 and J cC . the seed crystal proceed ed growing undeviated into 
the liquid, but at supercoolings between J and 4 cC. they split into two d endritic segm ents 
which enclosed a small a ngle. Based on this observation, it can be explained why in tubes at 
supercoolings smaller than 4 cC. one or two ice dendrites were formed which grew approxi­
m ately along the tube axis. The fact that in tubes at supercoolings larger than 4 cC. more than 
two d endrites appeared whose growth direction deviated from the tube axis can be explained 
by the observation that at supercoolings larger than 3 · 5 cC. freely g rowing ice crystals split 
into a number of dendritic segments which grew at a comparatively large angle to the basal 
plane of the seed crystal. The twisted , zig-zag and screw-fashion growth which was observed 
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after the dendrites in the tube had made contact with the tube wall can be explained on the 
basis of curved growth which is common for ice crystals growing on solid surfaces. The 
physical mechanism of curved-growth ice crystals on various substrates has been explained 
by Knight (1962 ) and will not be discussed here. 

In order to find an explanation for the growth modes of ice crystals growing freely in 
supercooled water and aqueous solutions, the ice-formed structures were examined between 
crossed polaroids. It was found that the sheet of ice, which formed in pure water during the 
initial growth stage and supercoolings between 0 and 1°C., was a single crystal with its c-axis 
orientated parallel to that of the seed ice crystal. Drops nucleated under these conditions 
froze as a single crystal. The two segments of ice formed in pure wa ter at supercoolings 
between I and S 0c. were a crystallographic entity with its c-axis orientated parallel to that of 
the seed crystals. Drops nucleated under these conditions a lso froze as single crystals. At 
supercoolings larger than about SoC., multiple splitting of the seed crystal produced an ice 
matrix which was polycrystall ine and which was able to retain considerable amounts of 
un frozen liquid analogous to a sponge. Drops fro zen under these conditions were poly­
crystall ine. The polycrystallinity of this ice matrix increased with increasing supercooling. 
In drops of aqueous solutions the ice matrix was a lready polycrysta lline at supercoolings as 
small as 2°C. 

The observations showed that the freezing process of a supercooled volume of water can 
be divided into two phases. The first phase, during which the ice matrix is formed, occurs in a 
very short time and it is determined by the growth rate of ice crystals which is rapid and of the 
order of a few centimeters per second at a supercooling (/). T ) of a few degrees Centigrade. 
During this initial growth phase most of the heat is absorbed in the water so tha t only a 
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fraction of a bout Cl Tf80 of the water is turned into ice at the expense of the remainder which 

is warmed up towards o°C . The second phase of the freezing process is determined by the 

ra te of heat transfer to the environmen t which is, in the case of a ir, a bout two orders of 

m agni tude slower than the first phase. 

It is difficult to give a complete crysta llographic explana tion for the growth m odes of ice 

observed during the first phase of the freez ing process of supercooled wa ter. 

Hallett (1964), whose results were discussed on p. 65'2, did not give any explana tion for his 

observa tions. Chalmers (1961 ) commented on the experimental results of Lindenmeyer 

(unpublished ) which were discussed on p. 653. H e suggested that the type of g rowth observed 

by Lindenmeyer in aqueous solutions is abnormal and unique in that it is dendritic freezing 

in which the growth directions a re not ra tiona l di rec tions in the crysta l structure. Even 

though the precise crys ta llographic orien tation of the growth segments has not been d eter­

mined, the photographs presented by H a ll ett (1964) and the observations documented by 

Figure I a, b, I, m , n a nd 0, and in pa rticular by Figure 5, suggest tha t the growth segm ents 

a re rationa l hexagonal d endrites . One could be tempted therefore to assume that each segm ent 

is an a-axis plane. As the adjacent segm en ts are incl ined to each other , such an assumption 

requires that there are two inclined a-axis planes which stem fw m the same p rimary growth 

direction . This would suggest a twinning m echanism. Macklin a nd R yan (1965) rej ected the 

twinning m echanism as a n explanation for the splitting of the seed ice crystal in supercooled 

wa ter because they fel t tha t the continuous dependence of the angle of split on the super­

cooling could hardly be expla ined on this basis, and secondly because their observa tions, 

which are discussed on p . 653, required a four-fold twinning of each a-axis. 

M acklin and R yan instead proposed a stepped growth mechanism as proba ble for the 

split ting. Such a m echa nism was used by Mason and others (1963) to expla in the hopper 

structure of ice crysta ls grown from vapor at m oderate a nd high supersatura tions. According 

Fig . 5. Growth mode qf ice in a drol) of aqueous N H ,Br solution (from 16 mm. motion-picture film ); salt cOllcentration o· I 

mole 1.-'; supercooling 3' 6°C.; drop diameter 2 cm. The crystal/agraphic c-axis of the seed c~)lstal is peJpendicll/ar to the 

photographic plane 
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to this m echa nism , molecula r steps on the crys ta l surface " bunch" together to larger steps 
shown in Figm e 6. According to Macklin and R yan ( 196S), the a ngle of spl itting is d eter­
mined by the ra tio between the step height a nd the di stance between steps, that is, by the 
ra tio of the g rowth velocity pa ra llel to the c-ax is direction a nd the velocity pa ra llel to the 
basal plane. 

T wo a rguments favor the mecha nism proposed by M acklin a nd R yan . First, the mechanism 
would expla in the observa tion that the dendriti c segments caused by secondary spli tting on 
the two prima ry g rowth segm en ts a re parallel (Fig. 1 f- i, n, 0) . Secondly, the m echanism 
would require tha t the ice structu res form ed single crysta ls. T his would be in agreem ent with 
the present observation that the ice structures form ed by prima ry splitting of the seed crysta l 
a nd seconda ry splitting of the two primary segments were single crys ta ls. 

Fig. 6. Formation of ice structures in supercooled water b) , the stepped g rowth mechanism proposed by M acklin and Ryan (adapted 
from M acklin and Ryan ( [965)) 

There are, however , four serious arguments against the m echanism proposed by Macklin 
and R yan. First, the present observa tions showed tha t the ice structures formed a t super­
coolings larger than 5°C. were polycrystalline. This means that a mecha nism which is different 
from that proposed by Macklin and Ryan would have to come into opera tion a t supercoolings 
larger than SoC. H owever, it is difficult to see why the segm ents formed by multiple splitting 
of the seed crysta l should not form in the same way as the two primary segments. Secondl y, the 
present observa tions showed that the angle of split increased with increasing supercooling. 
This would mean in terms of the m echanisms proposed by Macklin and R yan that the growth 
rate in the di rection of the c-axis increases faster with increasing supercooling than the growth 
rate pa rallel to the basal plane. This is contrary to what was observed by Farrar (unpublished), 
Hillig (19S8) and by Sperry (unpublished ) . These investigators determined the g rowth rate 
of ice in supercooled water conta ined in na rrow glass capillaries which were submerged in a 
cold bath. The growth ra te was m easured in the direction of the crysta llographic a- a nd c-axes 
a t supercoolings between o · 0 1 a nd ,. o°C. They found that in this tempera ture interval the 
growth rate in the direction of the c-axis increased less rapidly with supercooling than the 
growth ra te in the direc tion of the a-axis. In contrast to this, H allett ( , 964) observed tha t a t a 
supercooling of , 6°C . the growth ra te of ice along the c-axis differed only by a factor of" 3 
from tha t a long the a-axis. Hallett's observa tion, however, is based onl y on a single m easure­
ment a nd it disagrees sharply with the observation documented by Figure Ij , which shows tha t 
even a t supercoolings as la rge as g0e. the ice m a trix formed dming the initia l growth phase 
consists of a very large number of thin dendrites. Thirdly, the present observations showed 
that the angle of split is la rger in aqueous solutions than in pure water . This would m ean in 
terms of the mechanism p roposed by M acklin a nd R yan ( , g6S ) tha t the ra te of formation 
of new growth layers in the direction of the c-axis is less inhibi ted by dissolved salts tha n the 
growth rate in the direction of the basal pla ne. In contras t to this, Farra r (unpublished ) a nd 
Sperry (unpublished ) obsel"ved that the growth rate of ice a long the c-ax is in aqueous solutions 
is very strongly reduced a t supercoolings smaller than, °C., while the g rowth ra te of ice a long 
the a-axis at supercoolings smaller than 1°C. is no t affec ted by dissolved salts even in solutions 
of concentra tions as high as 1 mole 1. - '. Also, the present observations showed that the growth 
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rate of ice along the a-axis in alkali halide solutions of concentrations as large as IQ_r mole 1.-' 
was not reduced significantly below that of ice in pure water as long as the supercooling was 
smaller than 4°C. It must therefore be concluded that the growth rate of ice in aqueous 
solutions is more strongly reduced in the c-axis direction than in the a-axis direction. Fourthly, 
it was observed that the angle of split reached a limiting value, which was 45 angular degrees 
in pure water and 60 angular degrees in aqueous solutions independent of the salt dissolved. 
I t is difficult to see how this result could be explained in terms of the mechanism proposed by 
Macklin and Ryan (1965) . 

Even though there is little doubt that growth of ice crystals in supercooled water and 
aqueous solutions takes place by a stepped growth mechanism at least to supercoolings as large 
as 12°C., the discussion given above suggests that it is difficult to make such a growth mechan­
ism responsible for the splitting of the seed crystal and for the magnitude of the angle between 
the split elements. However, new, accurate crystallographic investigations have to be carried 
out in order to give a complete and satisfactory explanation for the growth mechanism of ice 
in supercooled water and aqueous solutions. 
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