
JOII",ol of C/aci%g)', Vol. 6, No. 48, 1967 

DESALINATION FEATURES IN NATURAL SEA ICE* 

By K ENNETH O . B ENNIN GT ON 

(D epa rtment of Atmospheric Sciences, University of Washington, Seattl e, Washington, 
U.S.A. ) 

ABSTRACT. Salin ity profil es of young sea ice a re presented which show salini ty differences of the order 
of 2%0 to 3%0 within a ~ 3 cm . d istance, hor izonta ll y as well as ver tica ll y. T his ice is also shown, by use of 
a penetra ting dye, to be very permeable which encumbers any a ttempt to expla in such pronounced sa lin ity 
variations. T wo genera tions of brine-dra inage fea tures a re described ; the first is inherited from the liq uid 
a nd the la ter-genera tion cha nnels develop from brine-pocket a nd T ynda ll-figure migra tion . 

I t is proposed that at least part of the brine conta ined in the ice mass migra tes downwa rd in the following 
way: cold d ense brine cascades from higher levels, causing the more d ilute, warmer brine a t lower levels 
to p a r tia ll y freeze. This would a lso account for some of the local variations in salinity. 

R ESUME. Aspects de la desalinisation de la glace de mer naturelle. On presen te des profils de salin ite de jeune 
glace de mer qui montren t d es differences d e salin ite d e I'ordre de 2 a 3%0 sur des d istances d 'environ 3 cm 
a ussi bien hor izon ta les que ver t ica les. L ' utilisation d ' un Iiquide colore montre que cette g lace est tres 
permeable, ce qui s'oppose a tou te explication d e telles varia tions prononcees d e la sa linite. Deux genera tions 
d e figures de d ra inage d 'eau sa lee son t decrites, la premiere, heritee de liquide et la deuxieme, formee des 
capilla ires q ui se developpent d e poches d 'eau salee et de migra tion de figures de Tyndall. 

Il es t propose que, en fin d e compte, une pa rlie de l'eau sa lee contenue dans la masse de g lace emigre 
vers le bas d e la maniere sui van te: de l'eau sa lee d ense et froide percole a p a rtir d' un niveau superieur 
donna n t na issance a d e I'eau sa lee pl us diluee et plus cha ude it des ni veaux inferieurs qui fina lement gcle 
pa r tiellement. Cela expliq uera it a uss i q uelques unes d es variations locales de sa li n ite. 

ZUSAMMENFASSUNG. EntsalZlmgserscheintmgen in ,wtiirlichem M eereis. P rofi le des Salzgeha ltes von j ungem 
Meereis werden vorgelegt, die sowohl in ver tika ler wie in hori zonta ler Rich tung U nterschiede des Salzge­
ha ltes von 2%0 bis 3%0 in Bereichen von etwa 3 cm a ufweisen . Bei Anwendung eind ringender Fa rbstoffe 
zeigt sich dieses Eis a ls besonders permeabel. wodurch j eder Versuch einer Deu tung so!ch a usgesprochener 
Unterschied e im Salzgeha lt erschwer t wird. Zwei Generationen von AbA usska na len fUr d ie Salzlasung 
werden beschrieben , d eren fr uhere a us der Aussigen Phase vererb t ist, wahrend d ie spa tere sich a us der 
Verlagerung von Sa lzwasserlinsen und Tynda ll 'schen F iguren entwickelt. 

Es wi rd a n genom men, dass ein Teil der im E is enthaltenen Salzlasung auf folgende Weise a bwarts 
wa nder t: K alte, konzentrierte Lasung sickert a us ha herer L age und br ingt d ie weniger konzentri er te, 
warm ere Lasung in tieferen Schich ten teilweise zum Gefrieren. Da ra uf wa ren a uch einige cler loka len 
Unterschiecle im Sa lzgehalt zuriickzufiih ren. 

I NTRODUCTION 

There is a n excellent a nd a bundant li tera ture on the cha racteristics of sea ice, one of the 
most outstanding papers being tha t of M almgren (1927). Addi tiona l references are to be 
found in Dorsey (1940), and to the m ore recen t work in Arctic sea ice ( 1958) a nd in Ice and snow 
(Kingery, 1963) . 

The observation that sea ice is composed of pure ice with trapped brine pockets was. 
apparently first m ade by Bucha na n (1887) and later by Malmgren (1927). Malmgren a lso 
studied the salini ty in relation to the ra te of freezing and the continuous decrease in salini ty 
with aging. A more recent examination of salinity profiles during sea-ice growth was made by 
W eeks a nd Lee (1958), which shows a consistent salinity reduction as the ice thickens. T he 
compositiona l differences from level to level in sea ice a re generally very errati c as was clearly 
shown by Butkovich (1956) a nd W eeks a nd Lee (1962, p. 93). Although the average salini ty 
decrease with age has been proved, the deta iled mechanism of this cha nge has not been 
developed. Any attempt to expla in the m eans of brine drainage must, of course, be compa tible 
with rela ted characteristics of sea ice with the same history, namely, the brine-concentration 
differences and the permeabili ty. Therefore, a sampling p rogram a nd analytical procedure 
were designed for this study to show a consistency, if one existed , in the cha nging composition 
of sea ice tha t might be used as a basis for expla ining the physical m echa nism of bl·ine escape. 

* Contri bu tion No. 146, D epar tment of A tmospheric Sciences, U niversity of Washing ton, Seattle, W ashing ton , 
U .S.A. 
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SAMPUNG AND ANALYSIS 

Samples were coll ected during D ecember 1964 and J anuary 1965, with a few add itional 
samples taken in June 1965, offshore at the Arctic R esearch Laboratory, Barrow, Alaska . A 
patch of undisturbed young ice was selected tha t had frozen from open water with little or 
no slush. The area remained undeformed during the sampling period. The ice thickness was 
"""'50 cm. initially, 120 cm . on 1 February 1965 and 160 cm. in June when the sampling was 
terminated. 

At each sample site the sections were taken a lternately from cores drill ed 25 cm. apart 
so that a ll specimens received identical treatment. T hey were retained in their proper orienta­
tion, examined for structural fea tures, split length-wise, sawed into sections 5 cm. long, then 
placed in sealed plastic containers, melted, stirred , filtered and sealed in plastic bottles for 
shipping a nd later analysis. The ambient temperature averaged below - 35°C. during this 
pa l' t of the cold period. 

T hree g roups of samples coll ected on 21 December, 17 J anuary and 1 Februal'y were 
a na lyzed by titration and the salinity concentrations are plotted in Figure I. Salinity dif­
ferences of ,,"",2 %0 to 3%0 may exist at the same level between the halves of a 7 ' 5 cm. core or 
between two cores . The salinity differences between 5 cm. levels are commonly o' 5 to 1 . 0%0' 
the maximum being """'2 %0. 

The specific g l'avity values for the cores collected during June are plotted in Figure 2. 

Some distinct differences between these and the cores collected during the freezing season are 
evident even though the scatter is similarly great. The m easurements were made with a 
calibrated specific gravity balance which was checked against the values d etermined by 
titration. Specific g ravities of I ' 0030 a nd I' 0074 are equivalent to saliniti es of """'5%0 and 
"""'10%0' respectively. A comparison of the specifi c gravity values indicates a general salini ty 
d ecrease by early melt season from """"1 '0035 to """"1 '0030, rough averages for the total 
lengths of the co res. The most apparent difference is in the distinct change in slope of the 
curves a bove the 45 cm. level. All of the salinity profiles from cores collected in early D ecember 
were sub-parallel, and those from later co llec tions show little or no parallelism except to the 
20- 25 cm. levels. 

On e core was co llected from old pack ice, each section was cut into 5 cm. lengths a nd 
placed in individual plasti c conta iners immedia te ly at the dl' illing site so that any brine 
seepage was retained . The nearl y completely leached out zone terminates a t the """'25 cm. 
level, and the salinities continue very low to the water-table at the 4 1 cm. level. 

It is interesting to note that the average specifi c gravity of the core from the old pack ice is 
"""'[ '0025 ("""'4%0 salini ty) or nearl y the same as that of young sea ice cores at the beginning of 
the first m elt season. The migration of the high surface salinity, above the 45 cm. level, is 
apparently not reflected at the lowel' levels as the melt season approaches, a lthough the 
descent of brine m ay provide some irregular sa linity changes. 

P ERMEABIUTY AND BRINE DRAINAGE 

The permeability of sea ice is one of the few characteristics that may be suitably studied 
in situ without causing a disturba nce to the temperature profile. The permeability of sea ice 
has been observed by Malmgren ( 1927, p. 6) and Assur ( 1958, p. 11 I), who have described the 
fillin g of pits dug in the ice by seepage of high-salinity brin e. Some in-place permeability 
studies were therefore made, followed by thin-section work on the removed specimens. 

T he permeability of sea ice was convenientl y examined by use of a d ye that is m arketed 
ullder the trade name " D y-Chek" (a Turco Company product) for examination of m etal parts 
for cracks and flaws . It was diluted with tetrachloroethane which proved a satisfactory vehicle . 

Dilute d ye so lution was poured uniformly over an area of young sea ice """'30 cm. by 
40 cm. , that could be sawed and lifted without fl ooding the surface with sea-water. The dye 
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Fig. 2. Composition of )'oung sea-ice cores in the early melt season. Cores were collected on the dales indicated. Two cores were 
collected 25 cm. apart, cut into 5 cm. sections and used for specific graviry determinations 

was a llowed to stand a bout 2 0 min. before the block was cu t and removed , then trimmed and 
sawed into slabs thin en ough ( '"'-'2 cm .) to be translucen t. M ost b locks, esp ecia ll y from ice less 
than '"'-'9 cm. thick, were sawed into sla bs as soon as they were rem oved. When working with 
ice '"'-'20 cm. thick, a few blocks ( , 2 or ' 4) which were kept in an upright position were taken 
to the cold room for sawing and photographic m apping of the slabs for use as thin-section 
m a teria l. 

D ye solution p laced on young sea ice '"'-'5 to 8 cm . thick p en etrates the entire m ass; on ice 
of '"'-'20 cm. thickness, the uniform p en etra tion was '"'-'6 to 8 cm. with m any penetra tions to 
'"'-' IQ and '4 cm. The ice tha t is 20 cm. thick will commonly average one dra inage cha nnel 
per 800 cm.' surface a rea tha t will p ermit d ye to completely pass through the block. F igure 3 
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shows the characteristic dye penetration in a section of young sea ice; it also clearly shows a 
large drainage channel that was sealed well enough to admit no dye. 

The large drainage channels appearing in Figure 3 are the type inherited from the 
continuous convection in the liquid, as previously demonstrated (Bennington, Ig63[a] ) . Some 
of the large channels are continuous but some of them are not. Few of the continuous ones 
remain open and permit dye penetration. The blocks of ice that were dyed and taken to the 
cold room did not show perceptibly greater dye penetration than those that were sawed at the 
sample site. 

The permeability of thick young sea ice (go to 100 cm. ) was examined by coring, pouring 
dye solution into the hole then continuing the drilling. Three cores were taken concurrently 
and four sets of three cores each were taken from the thick ice. Figure 4 shows a representative 
core, the top left section being the ice surface, the center tier and third tier placed in sequence 
below the first tier. The dye stain in this core is from interior penetration and not from having 
been smeared over the surface by the drill. 

The dye has stained the first two sections to a depth of ,-...,,1 · 5 cm. at the ice surface and at 
the I I cm. level. Minor stain may be detected on the third section at the 2 I cm. level. The 
depth of dye penetration in the ice-surface section was normally equal to the free-board which 
for this core was '-""'10 cm. If a drainage channel happened to be open at the surface, the dye 
penetrated 5 to 8 cm. below the water-table. 

The dye penetration is most apparent in the top and the second sections of the second tier 
in this particular core; a porous zone as well as an open drainage channel have been stained. 

Fig. 3. Permeable y oung sea ice. The lop 6 Clll. show dense dye slain . Whilish slreaks are sealed drainage channels 
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Fig. 4. Young sea-ice core. Dye-stained sections and drainage channel indicate permeability. The lower two sections are 
impervious. The core is 93 cm. in total length 

There was no brine migration during drilling and sample removal that could have left open­
ings of such large volume. All of the cores taken collectively indicate that there is no consistent 
level in the ice that is impermeable; an impermeable core section may be found at any level in 
the ice adjacent to, above or below a permeable section. 

Old pack ice of "-'285 cm. total thickness that had lodged along the shore before freeze-up 
was also examined for permeability. It was found to be completely permeable above the water­
table but impervious below that level, the free-board being "-'41 cm. 

Another group of cores was drilled and examined for permeability at the beginning of the 
melt season. The average daily temperature fluctuated from _ 2° to + 2°C. At these tempera­
tures, water began to drain into the hole at the level of the water-table, a depth of "-'10 cm. 
in young ice "-'160 cm. thick. Sections were drilled, quickly withdrawn, sawed into 6 cm. 
lengths, restored to original upright position and "-'2 cm) d ye solution was poured on the 
upper end. The cores were immediately split lengthwise and examined for dye penetration. 
All sections showed d ye penetration of "-'2 cm. , and the mos t common penetration depth was 
3 to 5 cm. and complete penetration was not uncommon . The time involved, generally 2 to 
3 min. at temperatures below freezing point, was inadequate for a network of dtOainage 
channels to have developed during the sampling. 

Essentially the same characteristics were observed on young a nd old ice at the beginning 
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of the melt season . T he higher-salinity young ice would normally be expected to be the more 
permeable but no differences were detected. 

TYP ES AND ORIGIN OF THE BRINE-DRAINAGE F EATURES 

The evidence from thin-section a nd permeability studies indicates that in sea ice there are 
at least two generations of brine-drainage cha nnels, each composed of at leas t two types: the 
first is characteristic of ice growth a nd the second is characteristic of deterioration. The 
inherited type a re easily observed and persistent fea tures; straight sections in excess of 32 cm. 
in leng th have been m easured in cores. The inherited channel is not consistentl y related to 
individua l crys tals or to crystal boundaries. They commonly becom e sealed during the 
freezing season even though brine expelled from the massive ice escapes through these 
channels . 

Another type of first-generation drainage channel is formed by an interconnecting network 
of brine pockets between platelets. They characteristically appear as cone-shaped networks 
leading into the larger channels and initially do not cross-cut platelets. Although these 
features develop during crys tal growth, they cannot be distinguished from similar channels 
that are of second-generation origin. 

Of the two distinct types of second-genera tion brine-drainage features, one develops at the 
ice surface where the highl y concentrated brine slowly begins to migrate by self-dilution at 
rising temperatures. Initially, a "corrosion pocket" forms at the ice surface as shown at the 
top left in Figure 5. These features may begin to form under snow cover by radiational heating. 
The descending brine may then enlarge or re-open old channels (see Nakaya, 1956, p. '4)' 

The origin of another type of second-generation brine-drainage feature cannot always be 
clearl y determined. Some develop from brine-pocket migration between the platelets and are 
occasionally observed to cut across platelets as shown in the center of Figure 6. Others develop 
from Tyndall-figure migration as the m elt season advances, cutting across platelets from the 
interior of a platelet where they originate. Any real difference between the brine pocket and 
the Tyndall figure is probably in the impurity at the point of melting, permitting the brine 
pocket to originate at a lowel' temperature. The pockets and figures migrate vertically towards 
the warm er side regardless of the attitude of the crystals as demonstrated by Nakaya ( 1956, 
p. 3 I). The direction of the brine migration has changed because of a slight change in the 
orientation of this specimen under the microscope. The crystal boundaries in young ice were 
commonly sealed and no evidence was observed that channels were preferentially located 
along crystal boundaries . 

When viewed norma l to the c-axis the vapor figures appear edge-on as shown in Figure 7. 
The vapor-figure faces a re clearly developed and easily observed in Figure 8. These vapor 
figures a re sensibly identical to those described by Nakaya (1956) for single crystals of pure ice. 

The drainage channels in ice that is "'"'20 to "'"'30 cm. thick are dominantl y the first­
generation features. The second-generation features appear sparsely in the upper levels and 
increase in number in the lower levels of thick ice of "'"'lOO cm. or more. The thin sections 
shown in FigUl'e 9a, b a nd c were cut from the d ense ice corresponding to the upper, inter­
m ediate a nd lower levels in the core shown in Figure 4. A ll of these sections are impervious 
but a distinct increase in the number of the second-generation features is detectable. There is 
a lso an increase in the number of interconnections where one brine pocket has m erged with 
the trace of a nother figure. Conceiva bly, the brine pockets could " march" through the ice 
by the diffusion process first described by Whitman (1926), without leaving a tubule. How­
ever, this is un likely in natura l sea ice, because the migra tion of pockets shown in Figure 6 wi ll 
eventua lly connect with a dra inage channel. This brine escape m echanism does not appear to 
be the sam e phenomenon as that d escribed by H arrison (1965), a lthough the features within 
the individual platelets shown in Figure 9 are rem arka bly similar to the transpiration pores 
that he described. 
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Fig. 5. Vertical thin section of.young sea ice. The tol) of the section is at the ice surface. A corrosion I)ocket is visible at the 
top lift and a drainage channel is at the lower right . Section 10 cm. X 10 cm. 

Fig. 6. Young sea-ice section. Ty ndall-figllre migration within platelets and the brine pocket between platelets IS apparent. 
Platelets are ~ 0 . 5 mm. thICk 
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Fig. 7. Young sea ice. Migrating Ty ndalL jigures seen edge-on. Platelet width ~ o· I mm. 

Fig. 8. Young sea ice. Interior faces in Ty ndall figures are visible. Drainage-channel development from a brine pocket and 
Tyndall-jigllre migration 
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a 

b 

c 

Fig. 9. Young sea ice. a. Upper; b. Center; c. Lower. Impervious zones show increased development of second-generation 
drainage channels. Platelets ~ o· 5- 0' 7 mm. in width 
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DISCUSSION 

The migration of brine from sea ice by brine-pocket migration or gravity drainage has been 
discussed by Whitman (1926), Kingery and Goodnow (1963), Bennington ( 1963 [b] ), 
Harrison (1965), and Hoekstra and others (1965). Steps in a proposed crystal-growth and 
temperature-change continuum may be outlined: (i) brine expulsion during crystal growth and 
(ii ) brine expulsion from the solid-ice mass. 

Although many observations have been made on growing sea ice (Harrison and Tiller, 
1963[a], [b]; W eeks and Assur, 1963; Harrison, 1965 ; Hoekstra and others, 1965), the 
actual brine-pocket sealing has not been observed and described. The details of the process 
are of particular interest in order to explain the retention of minor concentrations of brine by 
sea ice growing from normal salinity sea-water. 

Brine that is expelled from the solid-ice mass may commonly be observed on fresh samples. 
R egardless of the ambient or ice temperature at the time of collecting a sample of young sea 
ice, very fine droplets of brine have always been observed to ooze from all freshly cut surfaces. 
This immediate brine escape is not necessarily an indication of gravity drainage but is more 
likely caused by a relief of internal stress. In natural sea ice, the escape of brine along crystal 
boundaries has not been observed. If it does occur, it leaves no obvious traces. It is presumed 
here that the rate of any significant gravity drainage is closely equal to the rate that the ice 
rises because of the increasing buoyancy of the thickening sheet. 

The salinity differences shown in Figure 1 show a gt'eat lack of uniformity for solid grown 
from a homogeneous liquid at a uniform rate. The known irregularities which may be res­
ponsible for the salinity variations are the spacings of the inherited drainage channels and their 
communication with the interconnecting channels. From Figure I it can be seen that the 
variations in salinity near the advancing interface are retained during the further growth and 
apparently are not affected considerably by later brine migration. 

From Figure 1 it is also apparent that sea ice of 4%0 to 5%0 salinity, nearly identical to that 
of old pack ice, can grow from sea-water of "'-'32 %0 salinity which indicates that the first­
generation features dominate in the brine elimination. Aging involves the second-generation 
features as well as enlargement of the first-generation drainage channels and the reduction 
of the salinity to values < 4%0 (specific gravity of "-'I '0025) for the entire column. 

For thin ice formed at temperatures of -30°C. the second-generation features do not 
appear to develop immediately behind the freezing interface but are delayed until warmer 
temperatures or radiation permit concentrated surface brine to d escend. The second­
generation brine-drainage features begin to develop just behind the freezing interface nearl y 
simultaneously with the first-generation features only when the ice is about 100 cm. thick. 
In this zone behind the interface, temperature fluctuations can cause brine migration by an 
internal-stress mechanism demonstrated by Nakaya (1956, p. 18) on pure ice; in the freezing 
of liquid figures, the remaining water flows into cracks and freezes if a liquid figure is allowed 
to freeze completely. 

The analyses of ice cores of "-'lOO cm. length plotted in Figures I and 2 show fairly clear 
parallelism in the top 20 to 25 cm., indicating a probably uniform brine migration in that zone. 
At the lower levels the analyses prove a great variability in the composition. The following 
explanation is proposed to account for this. 

The concentrated brine from the uppet' levels in the ice may be expelled by the internal­
stress mechanism into the first-generation drainage channels of the type seen in Figure 4. As 
droplets accumulate at the uppel' levels, they will be at a freezing point below the freezing 
point for the brine at a lower level. The liquid-figure migration within the platelets involves 
brine of very low salinity and, although they may migrate within a platelet (as shown in 
Figure 3) for som e distance, they will eventually cross-cut the platelet (Fig. 6) and enter a 
first-generation channel. If som e colder droplets cascad e down the channel , enough ice may be 
frozen by the lower-temperature brine to temporaril y close the channel. Such a closure is no 
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doubt transitory because the colder brine will undergo self-dilution in the warmer ice at the 
lower level. Minor retarding effects may be attributed to fine ice spicules within the droplets 
which would be re-melted. Dense brine droplets have been observed to nucleate new crystals 
with these fine ice crystals when they are carried to greater depths in supercooled sea-water 
(Bennington, 1963 [bJ ). 

CONCLUSIONS 

Incomplete though this work is, some comments and tentative conclusions may be pre­
sented along with a number of points requiring further investigation. Sample sizes were chosen 
to give an accurate analysis for a small volume that could be conveniently and quickly 
handled before melting and without detectable loss of brine. This So cm.3 size sample shows 
variations that do not appear in earlier profiles from larger samples (Butkovich, 1956 ; 
Schwarzacher, 1959; W eeks and Lee, 1958, 1962). These authors also average out the smaller 
variations necessary to identify the mechanism of differentiation which will require new 
analytical techniques. 

The measurements, which were repeated on several cores, are adequate for the tentative 
conclusion that young sea ice grows with the same salinity as old pack ice. 

It is difficult to account for the existence of open drainage channels below the water-table. 
The thermal contraction in sea ice at extremely low temperatures is insufficient to create the 
profusion of open channels. Furthermore, no sign of a relief of stress of such magnitude is noted 
while drilling cores or sawing blocks that are permeable, nor is an equivalent volume of brine 
lost at the time of drilling. Many of these channels were sealed at a level of only '"'-'10 cm. 
above the ice-water interface. 

The reason for the existence of such pronounced compositional differences over distances 
of 2 or 3 cm. horizontally as well as vertically in ice specimens with identical growth history 
and sensibly similar ice structure is still to be clearly explained. It is surprising that such 
differences should exist in a mass that is exceedingly permeable. 
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