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CHANGES IN THE SALINITY AND POROSITY OF
SEA-ICE SAMPLES DURING SHIPPING AND STORAGE

By G.F.N. Cox and W.F. WEEKs*

(U.S. Army Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire 03755-1290, U.S.A.)

ABSTRACT. A theoretical examination of salinity and
porosity changes introduced in sea-ice samples by brine
expulsion and gas entrapment caused by thermal cycling
during shipping and storage shows that in extreme cases
such effects can be significant, resulting in 15% reductions
in porosity (n). More representative scenarios give porosity
changes of less than 2% which, assuming that ice-property
variations scale with n'/?, result in property variations of
less than 1%.

RESUME. Modification de la salinité et de la porosité
des échantillons au cours de leur transport par bdteau et de
leur stockage. Une étude théorique des modifications de la
salinité et de la porosité causées dans des échantillons de
glace de mer par expulsion de saumure et le piégeage de
gaz di aux cycles thermiques au cours du transport par
bateau et stockage, montre dans des situations extrémes que
de tels effets peuvent étre importants, en se traduisant par

INTRODUCTION

Studies on the mechanical properties of sea ice have
demonstrated that laboratory tests of ice samples are
commonly far superior to field tests. The reason for this is
simple; in the laboratory more time and better equipment
are invariably available. In addition, many laboratories now
have stiff, high-capacity, closed-loop testing machines which
provide true constant strain-rate tests and give reliable
modulus and strength data. Transporting such machines into
the field is neither simple nor common.

Ideally, one would like to perform large-scale, in-situ
tests to determine the mechanical properties of sea ice.
However, such tests are very expensive, time-consuming,
and consequently rare. Therefore, much of the data base on
the mechanical properties of sea ice has been and will
continue to be derived from small samples extracted from
the sea-ice sheet.

Unfortunately, removal of an ice sample from a sea-ice
sheet invariably changes its characteristics. For example,
some brine loss is usually observed when ice cores are
removed and exposed to the colder air temperatures
typically encountered during most sampling periods. The
properties of an ice sample are also presumably affected by
shipping and storage. While we believe that these changes
are small, they have not, as yet, been studied either experi-
mentally or theoretically.

In this paper, the changes in the salinity and porosity
of sea-ice samples that are obtained in the field and then
shipped, stored, and tested in the laboratory are examined
theoretically. In the analysis it will be assumed that the ice
samples initially contain no air and that all brine loss is
due to brine expulsion. Estimates of the amount of brine
loss and of the changes in both brine volume and air
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une réduction de porosité (1) de 15%. Des scénarios plus
habituels conduisent 4 des changement de porosité de moins
de 2%, ce qui, dans I'hypothése d'une variation en nl/2
donne une modification de moins de 1%.

ZUSAMMENFASSUNG. Verdnderungen im Salzgehalt und in
der Porositit von Meereisproben wéhrend des Transports und
der  Lagerung. Eine theoretische Untersuchung  von
Verdnderungen im Salzgehalt und in der Porositdt, die in
Meereisproben durch Soleverlust und Gaseinfang, verursacht
durch thermische Zyklen wihrend des Transports und der
Lagerung eintreten, zeigt, dass in extremen Fillen solche
Wirkungen betrichtlich sein und zu einer Reduktion der
Porositidt (n) bis zu 15% fithren kénnen. Wirklichkeitsnidhere
Annahmen liefern Porosititsinderungen von weniger als 2%,
die — sofern sich die Eigenschaften mit »® #ndern — zZu
Eigenschaftsschwankungen um weniger als 1% fithren.

volume are then given for different sample-temperature
histories.

COOLING

When an ice sample is removed from a sea-ice sheet
and exposed to colder ambient temperatures, salt-rich brine
is lost from the sample as a result of brine expulsion. The
brine expulsion process can be conceptualized as follows.
During cooling, water is removed from the brine via the
formation of pure ice on the interior of the brine cavities.
This concentrates the brine, allowing phase equilibrium
between the ice and the brine to be maintained. Since the
ice that forms on the cavity walls occupies about a 10%
greater volume than the original water in the brine, some
brine is expelled from the cavities and eventually out of
the sample.

Some brine may also be lost by gravity drainage
provided that the brine volume is sufficiently large.
However, at typical cold field and storage temperatures, the
permeability at the exterior of the core is rapidly reduced
and gravity drainage is presumed to be minimal. In that
experimental observations indicate that gravity drainage
ceases if brine volumes are €50%00 (Cox and Weeks, 1975)
and field observations suggest that ice salinities are rarely in
excess of 20%co, gravity drainage is effectively excluded in
ice colder than —23°C. When it is necessary to obtain ice
samples during ambient temperatures higher than —23°C,
precautions are commonly taken to minimize brine drainage
(usually samples are immediately packed in dry ice, resulting
in ice temperatures in the range of —50° to —60°C).

In 1975, Cox and Weeks developed a finite-difference
model to predict brine expulsion in a growing saline sea-ice
sheet. However, as it is inconvenient to use a model in this
form, an analytical expression for brine expulsion will be
formulated which is an extension of the work presented by
Cox (1983) and Cox and Weeks (1983) on the changes with
temperature of the brine and air volumes in sea-ice
samples.
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In the following derivations we will neglect the
presence of solid salts. According to the calculations pre-
sented in Cox and Weeks (1983), this is a reasonable
simplification. We also assume that the density of pure ice
is constant and, as mentioned, that the initial air volume of
the ice sample is zero, because the distribution of air in
first-year sea-ice samples is not well understood. In the
equations, my, py, and v, are the mass, density, and
volume of component £ and the subscripts a, b, s, and i
denote the component air, brine, salt, and pure ice,
respectively. M is the bulk mass, ¥ is the bulk volume, p
is the bulk density, and T is the ice temperature. We will
now derive equations for the change in brine volume, mass
of salt, and salinity with temperature as the ice gets
colder.

Brine volume
From Cox (1983), the change in brine volume with
temperature during cooling can be expressed as

dii ds
_b“=“_mh__b_+VbBi (])
dar P8, dT

where B; is the coefficient of thermal expansion of pure
ice. Smce we assume that Pi is constant, B; = 0, and
Equation (1) may be written as

dii Vy, d
—h = .gb_.h_ _sh < (2)
dr pSp dT

From Zubov (1945), we have
pb = 1 + ch (3)

where ¢ is a constant (0.0008 Mg/m3/%/00). Separating vari-
ables, and integrating from T, to T, (T, < T,), we obtain

T, g T, , |T
InV/ = — — In§ el 4
B Pi . Pi .
T, T, T,
or
EATy  SeT )” A T
bhogl _ They exp (Su(T,) = Su(T,)) (5)
Vb(T]_) Sb(Tz) by b\ 3
Mass of salt
By definition, the mass of salt in the ice, mg, is equal
to

mg = ”'bsb' (6)

Differentiating with respect to temperature

dm d
—s dsp 9Pp
ar = PP oar * Sp [p bar * b dT] ™

and substituting Equation (2) into Equation (7) and
collecting terms

dmy _ My 0%, _ppmy 45

_...S.._h. (8)
dT S, dT p; S, dT

Pi ar’

Again, by separating variables and integrating from T to

T: (T < T,), we get a closed-form solution for the change
in mass of the salt;

myy [y | TP oy
my(T,) Sp(Ty) Pp(T;)
©)

exp [—;— (Sy{Ty) = Sy(T,)
1
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Salinity
By definition, the salinity of sea ice, §;, can be
expressed as: -
Ve
5 = [_;_n]sb. (10)

Differentiating with respect to temperature and collecting
terms

B8 A, 50y bl i
dT Sy dT ~ py dT ~ Vy dT M| dT = dT

(11)

Because the mass of expelled brine is considerably smaller
than the total mass, the last term in Equation (11) is
neglected and during warming is equal to zero (Cox, 1983).
Dropping this term, separating variables, and again integrat-
ing from T, to T,, we obtain

Sb(T: ) pb(Tg ) Vb(Tz)
SpTy) Pp(Ty V(T

5;(T,)

12
) (12)

an equation that is wvalid for both cooling and warming.
Substitution of Equation (5) into Equation (12) then gives
for cooling

S{Ty) _ [s (7)) [pbcr,)]
P

Si(Tl) - Sp(Ty) b(Tl)
(13)
exp[i {S1(T,) — SK(T. )}]
P; b1 b's 2
Comparison of Equations (9) and (13) shows that
ms(T:) Si(Tz)
(14)

myTy) STy
which is not too surprising.

From Equations (5) and (13) we can readily calculate
the change in brine volume and salinity of an ice sample
during cooling, as well as the amount of salt lost due to
brine expulsion.

WARMING

If a sea-ice sample is warmed, there will be no brine
expulsion; however, due to volumetric changes associated
with the phase changes, the air volume in the ice will in-
crease (Cox, 1983). Should the ice brine volume increase to
greater than 50%/00, some brine and salt will also be lost by
gravity drainage (Cox and Weeks, 1975). Since we do not as
vet have a good theoretical gravity drainage model, gravity
drainage will not be considered. Equations for the change in
brine volume and air volume with warming will next be
derived.

Brine volume
From Cox (1983), the change in brine volume with
temperature during warming can be expressed as

%=_ib_£§h_&d_ph_ (15)

Following the same procedure as in the previous section, we
obtain

Vb(Tg)
V()

Sp(T) pPp(Ty)
Sp(Ty) Pp(Ty)

(16)

It is interesting to note that, if Equation (16) is substituted
into Equation (12), we get
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Sia) _ 4 an

54(T))
for warming, as expected.
Air volume

Also, from Cox (1983), the change in air volume with
temperature during warming is given as

ﬂ’a e Ei.._.l g _h_ds § Kb__b_dp (18)

where the density of pure ice, pj, is assumed to be
constant. Noting that

mg = VpppSp = constant (warming), (19)

Equation (18) can be expressed as

d_Va [I__L TS_ Eb e My, g_pb (20)

dT ~ ey #;)Sp? AT © Sypy dT

By separating variables, and substituting for pp and Sy
where appropriate, using Equation (3), we obtain

. my dSy mg dSy, mg dpy -
B e —— —— i M i g | S
B (+eSy) ST g Sy (P — 1/e py

which when integrated from T, and T, gives

T
2
Va - _ﬂs_+ cln[gh] + i 3 + s, +
S p:S P
b b i°b b
T,
(22)
S 2
+ cln [;b]] 3
b
T,
Collecting terms,
v |2 enmed mg |Ta ©23)
i PP Sp |
T, T,
However, because Equation (19) applies,
PR(T,)
Va(Tg) - Va(Tl) - [_:;..__2...-_1 Vb(T2) -
i
(24)

i
= [.P_b(_l)__ ]] Vb(Tl)

Pi

which is in agreement with the difference in air volume
calculated by equations given in Cox and Weeks (1983).

Variations of brine salinity with temperature

All of the final equations can be expressed in terms of
the brine salinity at the initial and final temperatures in
that the brine density can be approximated by Equation (3).
The salinity of the brine at different temperatures can be
calculated from the data presented in Assur’s (1958) sea-ice
phase-equilibrium table. These values are plotted in Figure
t1.. The lines through the data are least-squares curves of the
orm

Sp = ey + T + aT? + T3 (25)
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Fig. 1. Brine salinity versus ice temperature. The line
represents least-squares curve fits through the data.

where T is the ice temperature (°C) and S}, is the brine
salinity (%/00). Coefficients for the curves in different
temperature ranges at temperatures to —54 C are given in
Table L

Changes in porosity and salinity with temperature

The change in porosity and salinity of an ice sample,
resulting from removal from the sea-ice sheet and storage,
can now be calculated. In the examples which follow, the
initial brine wvolume of the sample was taken from Weeks
(1962):

Vo = pSi/PpSh (26)
where the sea-ice density, p, is equal to

P = PiPpSp/(PpSp — SilPp —P))- 27

The reader is again reminded that it is assumed that the
presence of solid salts can be neglected, the density of the
pure ice phase is constant, the initial air volume in the ice
is zero, and that all changes in salinity and porosity are
due to brine expulsion.

First, the change in porosity and salinity due to brigle
expulsion as a result of storage of the ice samples at =54 C
is examined. This corresponds to the situation where samples
are removed from a sea-ice sheet and packed in dry ice for
shipment from the field to a laboratory for testing. At the

=
a t
s
a L
B
a 10 p=
I =
Q .
a L.
(mm]
g ¢
- 2 b
=
0 sl \
P " .
S
a L \.\

- \\_.\_‘_____-—‘

0 L L 1 I 1 1 '3 I 1 1 1 l 1 1 1
1] -8 -18 =24 —y

Temperature ()

Fig. 2. Porosity decrease of ice sgzmples cycled from
different in-situ temperatures to —54 C and then returned
to the initial in-situ temperature.
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TABLE 1. COEFFICIENTS FOR FUNCTION Sy(T) BY METHOD OF LEAST-SQUARES

r “ “ . -
2 3T 3 =223 =3.9921 —22.700 —=1.0015 =0.019956 0.9999

—229 3 T > —44 206.24 =1.8907 —0.060868 —0.0010247 0.9984
—44 > T 2 54 —4442.1 —277.86 5,501 =0.03669 0.9998

TABLE II. CHANGES IN POROSITY AND SALINITY DUE TO BRINE EXPULSION AS A
RESULT OF STORING SAMPLES AT —54°C AND THEN RETURNING THE SAMPLES TO
THEIR INITIAL IN-SITU TEMPERATURES. S, T, Vj,, AND n DENOTE THE SAMPLE
SALINITY, TEMPERATURE, BRINE VOLUME, AIR VOLUME, AND TOTAL POROSITY AT
THE INITIAL (i) AND FINAL (f) TEMPERATURES

% V(i) Vi) Vah) ") 5()

(o %/00 /00 %/00 /00 0/00

8; = 1%00 -2 23.8 18.9 1.6 20.6 0.80

—4 12:1 10.2 0.8 11.0 0.85

-6 8.5 7.4 0.6 8.0 0.88

-8 6.8 6.0 04 6.5 0.89

~=10 58 5.2 0.3 5.6 0.91

=15 4.5 42 0.2 4.4 0.93

=20 3.8 3.6 0.1 3.7 0.95

=30 33 a2 0.1 34 0.97

5; = 5%00 =2 120.4 95.8 8.2 104.0 3.98

—4 60.8 315 4.1 55.6 423

—6 42.6 37.3 2.8 40.1 4,38

=8 34,0 304 2.1 32:5 4,47

=10 29.0 26.4 1.7 28.0 4.54

=15 22.6 211 1.1 22.2 4.66

=20 18.9 18.0 0.7 18.7 4.75

=30 16.5 159 0.5 16.4 4.83

S; = 10%/00 =) 2443 194.5 16.6 211.1 7.96

-4 122.1 103.9 83 112.2 8.47

-6 859 152 5.6 80.7 8.75

;- 68.4 61.2 42 65.4 8.95

-10 584 531 34 56.4 9.09

-15 45.5 424 2.2 44.6 9.32

=20 38.0 36.1 1.5 37.6 9.51

=30 33.1 319 1.0 32.9 9.66

§; = 15%/00 =2 3721 296.2 253 321.5 11.94

—4 185.8 157.3 12.6 169.9 12.70

=5 129.8 113.6 8.4 122.0 13.13

-8 103.3 92.4 6.4 98.8 13.42

=10 88.2 80.1 5.1 85.2 13.63

=I5 68.6 64.0 3.3 67.3 13.99

=20 57.3 54.5 2.2 56.7 14.26

—=30 498 48.2 1.4 49.6 14.49
laboratory, samples are then warmed to the initial in-situ hand, in-situ ice temperatures are —=5° or —10°C, porosity
temperature prior to the test. The initial and final ice decreases will be less than 7.0 and 3.4%, respectively.
salinities and porosities for different initial ice temperatures Considering that property variations in sea ice commonly
are presented in Table IIL scale with n* (Weeks and Ackley, 1982), these porosity
Examination of these figures reveals that, not changes would correspond to property changes of approxim-
surprisingly, the largest loss of salinity occurs when the ately 3.6 and 1.7%, respectively. Although such changes are
difference between the in-situ temperature and the storage hardly desirable, they can be tolerated considering the wide
temperature is a maximum. More importantly, when the scatter in sea-ice property values. It would also be possible

percentage decrease in the total porosity is calculated by to make corrections for such changes.
comparing the initial porosity (Vb(i) with the final porosity The fact that the thermal cycling results in a decrease
(n(f)), it is found (Fig. 2) that the porosity decrease due in the sample porosity might, at first glance, appear
to” cycling in per cent is independent of the initial ice surprising. The explanation for this fact is that, on
salinity (Equations (5), (16), and (24)) and drops off rapidly warming the sample back to the initial in-situ temperature,
as the in-situ temperature approaches the storage the amount of salt remaining in the sample is insufficient
temperature. For ice with in-situ temperatures near the to cause the solution of all the pure ice that formed during
melting point, porosity decreases of near 15% can be the prior cooling. In addition, it is only the decrease in
expected from the described cycling. 1If, on the other volume associated with this solution process that provides
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TABLE III. CHANGES IN POROSITY AND SALII\;ITY DUE TO BRINE EXPULSION AS A
RESULT OF STORAGE OF SAMPLES A;T —30 C. AFTER STORAGE, SAMPLES WERE
RETURNED TO A TEMPERATURE OF -10 C. SYMBOLS ARE DEFINED IN TABLE II WITH
THE EXCEPTION OF n4y WHICH IS THE POROSITY OF A SAMPLE TAKEN DIRECTLY
FROM THE IN-SITU TEMPERATURE TO THE TEST TEMPERATURE OF —-10 C WITHOUT

STORAGE AT —-30°C

T; V(i) 0]
g %/00 %/00
S; = 1%00 3 23.8 48
—4 12.1 5.1
-6 8.5 52
-8 6.8 5.3
-10 5.8 5.4
-15 4.5 5.6
-20 3.8 57
-30 A3 5.8
5; = 5%00 -2 120.4 24.1
-4 60.8 25.5
-6 42.6 26.3
-8 34.0 26.9
-10 29.0 213
-15 22.6 28.0
—20 18.9 28.5
=30 16.5 29.0
S =W -2 244.3 489
—4 122.7 51.5
-6 85.9 53.1
-8 68.4 54.1
-10 58.4 549
—15 45.5 56.3
—20 38.0 57.4
=30 33.1 58.3
§;=15%0w0 2 372.1 74.5
—4 185.8 78.0
- 129.8 80.2
-8 103.3 81.8
-10 88.2 829
-15 68.6 84.9
20 57.3 86.5
=30 49.8 87.8

the space that is filled with gas. Therefore, the final
porosity, which is the sum of the brine and gas volumes, is
less than the initial porosity composed only of brine.

Secondly, the change in porosity and salinity is
examined, assuming that after° removal from the sea-ice
sheet the ice is stored at =30 C and subsequently warmed
to -10°C for testing. This corresponds to a more common
testing scenario. These results are presenrgd in Table III
In this case, the final porosity at —10 C after cycling
through —30 C should be compared, not with the initial
in-situ porosity, but with the porosity ny that would be
obtained if the sample was transferred directly from the in-
situ temperature to —10 C without the excursion to the
storage temperature. As seen in Table III, the differences
are small, less than 2%.

CONCLUSION

These calculations demonstrate that, if reasonably cold
sea-ice samples (<-10°C) are cycled to cold-storage temper-
atures and then returned to the in-sifu temperatures for
testing, the changes between the initial and final porosities
are small. If, on the other hand, the in-situ temperatures
are near the melting temperature of the ice, large porosity
changes (%15%) can result. These factors should be con-
sidlered when planning field-sampling programs. For
instance, an ideal sampling procedure would be to collect
ice from the cold, upper parts of sea-ice sheets during the
later winter or early spring. The interpretation of tests
made on ice collected during the melt period could indeed
become very problematical. Unravelling the myriad of
factors affecting sea-ice properties is clearly sufficiently

Va(f) n(f) S(h) ng
/00 /00 %/00 /00
0.2 5.0 0.82 1 |
0.2 53 0.88 5.4
0.2 55 0.91 5.6
0.2 5.6 0.93 5.7
0.3 57 0.94 58
0.3 5.8 0.97 5.9
0.3 59 0.98 6.0
0.3 6.0 1.00 6.0
1.1 252 4,12 25.6
1.2 26.7 4.38 27.1
1.2 27.6 4.53 28.0
1.2 28.1 4,63 28.6
1.3 286 4.70 29.0
1.3 29.3 4.83 29.7
1.9 29.9 4.92 30.1
13 30.3 5.00 30.3
23 51.2 8.24 52.0
24 53.9 8.76 54.8
2.5 535 9.06 56.4
2.5 56.7 9.26 57.6
2.6 57.5 941 58.4
2.6 58.9 9.65 59.7
27 60.0 9.84 60.4
2.7 61.0 10.00 61.0
3.5 78.0 12.36 79.2
36 81.6 13115 829
37 83.9 13.59 85.3
38 85.6 13.89 86.9
38 86.8 14.11 88.2
3.9 88.9 14.48 90.0
4.0 90.5 14.76 91.1
4.1 91.9 15.00 91.9

complex without adding these complications. In addition, it
should be noted that if near-melting ice temperatures are
considered, the real porosity changes may significantly
exceed those calculated here as gravity drainage can no
longer be neglected. Finally, regardless of the thermal path
by which an ice sample arrives at a test temperature, the
analysis of the test should be based on density and salinity
determinations made at the test temperature at the time of
testing.
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