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ABSTRACT. Isotopic composition of solid and liquid portions of wet snow was
investigated experimentally. The compositions changed with time, § values of ice
becoming heavier than those for water. A simple model was proposed to explain their
temporal variation. It predicted, however, a more rapid change of § values than the
trend obtained in the experiments. This suggests the presence of a “diffusion layer”
adjacent to growing snow particles, where isotope concentration has dropped at the
ice-water interface because of the fractionation during grain coarsening. The slope in
6D-6"%0 diagram estimated by the model is compatible with the experimental data.
It is considered, therefore, that the freezing fraction, the part of the liquid which
refreezes to relatively large particles during grain coarsening, could be estimated by

measuring the isotope concentration.

INTRODUCTION

Isotope concentration in polar snow and ice is considered
to be a good indicator of temperature, and many workers
have reconstructed past temperature records at various
places in Greenland and Antarctica by looking at the
concentration change along ice cores (e.g. Dansgaard and
others, 1973; Lorius and others, 1985). This method has
been extended to ice cores taken at rather warm sites
where snow particles in surface layers are subjected to
wet-snow metamorphism for a significant period of time.

In wet snow metamorphism, the rate of grain
coarsening is much faster than in dry metamorphism
(e.g. Wakahama, 1968). This is mainly due to melting of
small particles and freezing of surrounding liquid water
on to large particles, and the major portion of their
volume has been slowly frozen from the liquid phase at an
advanced stage (Raymond and Tusima, 1979). Isotope
concentration of snow particles as well as surrounding
water evolves considerably during wet-snow metamorph-
ism, since isotopic fractionation takes place with the phase
changes. Baason (1972) examined the isotopic fraction-
ation in a melting snow column by assuming an
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exponential decay of fractionation with time. It is
important to know how isotopic fractionation takes place
during grain coarsening in wet snow.

This paper aims at investigating quantitatively the
isotopic fractionation in wet-snow metamorphism, and at
providing basic knowledge for interpretation of isotope
data collected from ice cores from relatively warm areas.

NOTATION

a fractionation factor

aD  fractionation factor for deuterium, 1.0206
(Suzuoki and Kimura, 1973)

a'®0 fractionation factor for 20, 1.0028
(Suzuoki and Kimura, 1973)

é isotopic composition denoted with a reference of
Standard Mean Ocean Water (SMOW):
6= (asampje—asmow)/ﬂsa{ow, where a is the
isotopic ratio, D/H or Q[0

6D § value for deuterium

60 6 value for 20

& § value for freezing ice

6z 6 value for total ice portion (snow particles)
i & value for water

8 6 value for original snow particles

bwo 6 value for original water

f fraction of freezing (or melting)
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EXPERIMENT

Sieved snow kept in a 0°C chamber (a container
surrounded by snow—water mixture) was mixed with an
equal amount of water also stored in the chamber. The
wet snow of 50% water content thus prepared was bottled
in 100 cc plastic containers; these were submerged in a
large container of snow jam (water-rich wet snow), which
was placed in the 0°C chamber. The whole system was
kept in a cold room at a temperature of 0°+ 2°C.

The samples were analyzed in a series of experiments.
First a subsample from a bottle was photographed under
a microscope for analyzing particle size distribution. The
rest of the sample was then centrifuged to separate liquid
and solid portions.

Pre-experiments were conducted to determine how
long the centrifuge should be operated to achieve
complete separation. Wet-snow samples prepared as
above were subjected to separation for certain time
periods, and the water content of the resultant solid
portion of each sample was measured with a calorimetric
method having an accuracy of +1% (Akitaya, 1978).
The water content decreased as the time period increased,
as shown in Figure 1. The scatter in water content before
separation began indicates that 60-80% of the liquid
water between the snow particles drained off naturally
when the sample was placed in a container. By rotating
the separator, most of the rest of the water was extracted
from the sample. The water content of the sample
stabilized at ~3% after several minutes’ rotation.

In each experimental run the liquid and the solid
portions were subjected to the isotope analyses after ten
minutes of separation. Their §'®0 values were measured
using the COj equilibration method (Yoshida and
Mizutani, 1986). Some portion of each sample was
converted to hydrogen gas by hot uranium, and its
deuterium concentration 6D was measured with a mass
spectrometer, Micro Mass 602E. The §'®0 and 6D values
of the solid ice portion (§'80;, and 8Dy, respectively) were
calibrated with the values for the liquid portion (604
and éD,) assuming the 3% liquid-water content
established in the pre-experiments.
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Fig. 1. Water content change of wet-snow sample by
centrifugal separation.

Four experimental runs were carried out, as shown in
Table 1. In runs B and C, isotopically heavier snow from
Sapporo, Japan, was mixed with lighter water prepared
by melting Antarctic snow. The €lectrical conductivity of
the snow collected at Sapporo is 10-100 uS cm™ (Suzuki,
1987), and the Antarctic snow has conductivity of 1-
10uScm™. In run A, Antarctic snow was mixed with
distilled and de-ionized tap water with electrical
conductivity of <(6 x 1072) uScm™. In run D, an NaCl
solution of (8 x 107*) mol kg™ was mixed with Antarctic
snow. In runs A and D, therefore, the snow was
isotopically lighter than the water prepared from tap
water at Nagaoka, Japan.

Ton concentration of the initial snow or water samples
was highest in the NaCl solution and second highest in
Sapporo snow. Raymond and Tusima (1979) found,
however, that the rate of grain coarsening was not
affected by the presence of impurities when their
concentration was <0.01 molkg™. The present study
also showed no discernible difference between the
different runs in the temporal change of the particle size
distribution, which will be discussed later.

Table 1. Experiments (8 values are shown in parts per thousand)

Run 6Djo 520, s 8045 Remarks

A -1440 -18.9 —68.2 -11.0 Antarctic snow collected near Syowa Station combined with
distilled and de-ionized tap water from Nagaoka, Japan

B -53.6 -10.8 -144.0 -18.9 Snow sample collected at Sapporo, Japan, combined with
melted water from Antarctic snow (collected near Syowa Station)

c ~75.4 -10.9 -150.0 -20.0 Sapporo snow combined with water from melted Antarctic snow

D -153.2 -20.2 -58.1 -10.0 Antarctic snow combined with NaCl solution of 8.1 x 107 mol kg™
prepared with Nagaoka distilled and de-ionized tap water
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SLOPE OF 6D — 620 DIAGRAM

Grain coarsening of wet snow has been explained in terms
of heat-flow controlled melting and refreezing determined
by the curvature of particle surfaces (Raymond and
Tusima, 1979). Under an isothermal conditon at 0°C, the
amount of melting of relatively small particles is identical
with the amount of freezing of water on to large particles.
The 6 values for the total ice portion is hence given by

i
i =Bl = )+ fu 5,4, 1)

Because of the fractionation of heavy isotopes during
freezing,
a(l+6,) =1+6. @)

The mass conservation law gives

d
E(ﬁiz +6x) = 0.

From Equations (1), (2) and (3)
G = b — exP(_af)[(éio = 1) — a(ﬁwo e 1)]?

®3)

(4)

b = B+~ [(B0 +1) — a(bwo + D]lexp(~arf) 1], (5)
and
B, s Kot % [(6 + 1) — (8o + 1)][1 — exp(—af)].

(6)

Equations (5) and (6) hold for either deuterium or '*0,
and

6Dy — 8Dy _ 6Dy — 6Dyo _
550, — 550, — 580, — o, — K9, (D)
where
__ [(6Dio +1) — aD(8Dyo + 1)]
(6804 + 1) — a1BO(6™80y, + 1)],
and
a®0\ 1-exp(—aD
o(f) = Bl D
aD /1 - exp(—al®0f)
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Fig. 2. 6D-680 diagram for ice portion (snow
particles). Straight lines are linear regressions.
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Fig. 3. 6D-6'%0 diagram for liguid water. Straight lines
are linear regressions.

Equation (7) gives a slope in 6D — 6'*0 diagram as
shown in Figures 2 and 3, where experimental data are
plotted. Straight lines in the figures are linear regressions
for each run of the experiment, and their slopes are given

in Table 2.

Table 2. Slopes in 6D — 60 diagram, (g(f) is the
average for f = 0 to 1)

Run A B o D

Data regression

i 8.68 13.12 10.59 8.84

O 8.82 12.18 7.900 9.12

average 8.75 12.65 9.25 8.98
Calculation by

Egquation (6)

K 8.91 13.70 9.07 8.79

K-g(f) 8.88  13.64 9.03 8.76

The function g(f) is a monotonously decreasing
function from 1 for f=0 to 0.99 for f=1, which,
therefore, can be practically regarded as 1. The slope of §
change in 6D — 680 diagram is hence essentially
dependent on K, a function of initial § values. The K
values for different runs are given in Table 2 in
association with the values for K - g(f), where g(f) is
the average of g(f) for f =0 to 1. No significant difference
can be seen between the values of K and K m as
mentioned above.

The calculation of the slope by Equation (7) compares
favourably with those derived by regression analysis. This
indicates that we would be able to estimate the change in
isotopic composition through wet snow metamorphism,
when we know §é values for both the initial snow and
water components. The slope given by Equation (7) is
different from those derived by Souchez and Jouzel
(1984) for successive freezing of water in a closed system.
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Fig. 4. Examples of temporal change of & values.

FRACTIONATION WITH TIME

Examples of temporal changes in §; and 6 are shown in
Figure 4. In both runs C and D the § values of ice and
water changed, approaching each other with time. In run
D, where ice was originally lighter than water, the §
values crossed and ice became heavier than water at an
advanced stage. On the other hand, in run C where ice
was heavier than water when the experiment started, the
rate of § change was more gentle and the § values
appeared stable after a certain period. This feature is
considered reasonable, since ice should be heavier than
water at the equilibrium state.

Raymond and Tusima (1979) examined in detail the
evolution of the particle size distribution of water-
saturated snow. They proposed the following equation
to represent the normalized cumulative frequency curve
for the size distribution during the grain coarsening of wet
snow:

1

(@D-(-2F o

where v is the volume of a particle, vy is the median
volume, and a and b are constants to be 0.23 and 1.55,
respectively. It predicts zero probability for particles
larger than a maximum volume of vypbfa. Equation (8)
fits nicely to our data, as shown in Figure 5, except for

+1h ©10h a48h X 120h 7 240h
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Fig. 5. Example of particle size distribution plotted as
Sunction of v/vm.
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small sizes, say v/um < 0.5 and for the relatively early
stage. The frequency curve ¢* is then given by
differentiating Equation (8), hence

l—_a.
-2

Raymond and Tusima (1979) derived also the freezing
rate S(v, t) for a particle with the volume v:

dv, v
S(v,t)=——[1+a)——0b 10
@) ="2+a -8, (0
where t is time. Taking V' to be the total volume and N to
be the the number of snow particles in the system under
consideration, the rate of increase in freezing fraction for
the total snow particles is given by

bum /a
df . il N(t) . ¢i (%) g S(’U, t) dv, (11)

dt Vo140

since the grain coarsening takes place only for particles
larger than the average grain volume, which is expressed
by bun/(1+a) (Raymond and Tusima, 1979). Sub-
stitution of Equations (9) and (10) into Equation (11),
and performing the integration gives the following
equation, taking into account that N(t) is given by
(A +2a)V)/ (bVa):

f=pBIn(1+-Le), (12)
Yo

where = (1/(1 +a))1/', v =duvy/dt, and vy is the
initial median volume.

Substitution of Equation (12) into Equations (5) and
(6) gives &, or & as a function of time. When §;, and &,
are normalized,

(8 — bi0)a ) — (6w — wo)ex
[(60+1) = a(bwo + )] [(o+1) —a(Buo+1)] (13)
=@+ 9™ -1,

Equation (13) is plotted in Figure 6 for deuterium and in
Figure 7 for '®0. Solid lines in the figures were calculated
with the average value of 7/ for all the experiments.
Dashed lines are for the extreme values of /vy in the
experiments. These curves are essentially the same in both
figures, since the difference between aD and o'®0 is very
small.

Experimental data on §; and §y are also plotted in
Figures 6 and 7. It is found that the § change is more
gentle in the experiment than predicted by Equation
(13). This indicates that at an earlier stage, the rate is
faster than the prediction, since the normalized 6 should
be zero when t is zero.

DISCUSSION

Snow particles at a certain grain-size grow in an early
stage but they melt out in an advanced stage, when the
average grain-size becomes larger. In the model calcu-
lation these particles are assumed, when they melt, to
have the same isotopic concentration as the original snow,
although they consist of the original snow portion plus the
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Fig. 6. Evolution of normalized § values for deuterium.
Solid and dashed curves are given by Equation (13) for
different values of 7/ vo.

newly frozen portion with different § values. This,
however, cannot be a major cause of the discrepancy
between the data and the theory found in Figures 6 and 7,
since the different combinations with initially heavier ice
than water and with lighter ice than water gave similar
results, as can be seen in the figures.

In deriving Equation (13), the following assumptions
were made implicitly.

(1) Diffusion of the heavy isotopes can be neglected in
the ice matrix.

(2) Liquid portion of wet snow is isotopically
homogeneous: heavy isotopes diffuse very rapidly in
water.

(3) Fractionation during grain coarsening is an equil-
ibrium process and the fractionation factor has a
constant value throughout the process.

The diffusion cocfﬁmcnt of the heavy isotopes is of the
order of' 10 "m?s™ for ice at 0°C (Hobbs, 1974) and of
10 m®s™! for water near 0°C (Eisenberg and Kauzmann,
1969). The order of dlffusmn distance, for example,
becomes 107" m in ice and 10° m in water, say in 1 s. The
speed of displacement of the solid-liquid interface
through melting or freezing of snow particles was
considered, based on the experiments, as having an
order of 10~ ms™', which is much faster than the diffusion
speed in the ice matrix. The first assumption, therefore,
would be a reasonable one.

In liquid water, however, the diffusion speed is almost
equivalent with or even smaller than the speed of
interface movement owing to the grain coarsening.
Isotope concentration of the water adjacent to growing
grains, therefore, would become smaller because of the
fractionation at the interface. After the initial stage of
grain growth, this would lead to a slower rate in the
temporal change of § values for ice and water. The
discrepancy between the data and the theory, therefore,
could be due to the ‘“diffusion layer”
growing grains.

The & values seem to change more rapidly than
predicted by Equation (13) at an early stage of the
process, as was mentioned in the previous section. A

surrounding

https://doi.org/10.3189/50260305500011381 Published online by Cambridge University Press

Nakawo and others: Isotopic fractionation of wet snow

0
2 h U_'?B
= 0.2 (0
a o
—H— 10.4 N
o |
1 e
= 06 =
0 o
(@) (o]
= 08 <

1 10 100 1000

TIME, hour

Fig. 7. Evolution of normalized 6§ values for "°0. Solid
and dashed curves are given by Equation (13) for different

values of 7/ vg.

possible explanation for the difference is that the
fractionation factor may not be a constant and could be
larger, at an early stage of the process, than the value used
in the calculation. It might depend on curvature. The
equilibrium temperature at an ice-water interface is
lower than 0°C when the snow particles are small,
because of the curvature effect. The depression of the
equilibrium temperature would decrease as the grain-size
increases with time. At an early stage the fractionation
factor can possibly be larger than that at a later stage,
since it generally becomes large with decreasing tempera-
ture. The amount of the temperature depression caused
by the curvature effect, however, is rather small, and may
not be able to explain the discrepancy between the theory
and the data at an early stage of the grain coarsening.
Detailed study would have to be carried out to answer
this question.

The model calculation of the temporal change of §
values for both the ice portion and the liquid portion was
not very successful. The estimate of the slopes for

— 680 diagram, however, was compatible with the
expenmcntal data, as mentioned above. This is attributed
to the fact that the ratio of fractionation of deuterium to
that of "0 would not be affected by the rate of
fractionation which could be controlled by the formation
of the “diffusion layer” surrounding growing snow
particles. Since the slope of the 6D — §®O diagram can
be estimated from the initial § values of snow and water
before mixing, the frozen fraction, the part of the liquid
which refreezes to relatively large particles during grain
coarsening, could possibly be estimated by measuring the
isotopic composition, as was done by Jouzel and Souchez
(1982) for regelation ice at a glacier bed, since the slope in
wet snow metamorphism is different from 8, the value in
evaporation—condensation process (Craig and others,
1963).
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