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ON THE ISOTOPIC COMPOSITION IN sD AND §'*0O OF WATER AND ICE
DURING FREEZING
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and J. Jouzer

(Laboratoire de Géochimie Isotopique, DPC, CEN Saclay, 91191 Gif-sur-Yvette, France)

AssTracT. Experiments on progressive unidirectional freezing are con-
ducted to determine the evolution in 6D and 6'°0 of successive water
samples and ice layers taken during the course of freezing. Results indicate
that this evolution takes place, in a 6D-6'*O diagram, along a straight line
with a characteristic slope. This slope, different from that due to the precip-
itation effect, gives a finger-print of the occurrence of a freezing or of a
melting-refreezing process in the studied reservoir.

Risumie, Composition isolopique en 81 et 8'* O de Feau et de la glace au cours de
la congélation, Des expériences de gel progressif unidirectionnel ont été réal-
isees en vue de déterminer I'évolution de la composition isotopique en 8D
et en 6'"0 d’echantillons d’eau pris successivement au cours du processus
de congélation et d’échantillons de couches de glace successivement formeées,
Les résultats indiquent que cette évolution se produit, dans un diagramme

INTRODUCTION

Detailed studies of the relationships between
isotopic species in ice and water have established
that 6D = 880 + 10 in fresh precipitation of all
types and in most surface waters. In this equation,
as in those presented in this paper, 6D and 6180 are
expressed in parts per thousand of the standard mean
ocean water (S.M.0.W.) with D/H and 180/160 equal to
155.76 x 107 and 2005.2 x 107® respectively. This
trend, also valid for glacier ice, is recognized in
the literature as being an important feature of the
isotopic fractionation of water occurring during
condensation or sublimation in simple equilibrium
processes (Craig and others, 1963; Dansgaard, 1964);
it is called the precipitation effect.

We have shown (Jouzel and Souchez, 1982) from
practical studies of regelation ice and from theor-
etical studies, that, after melting and refreezing,
ice samples lie on a straight lie on a straight line
in a §D-618 0 diagram, with a slope different from
that of the precipitation effect. This freezing
effect has been developed theoretically for a closed
system and applied to practical case. The aim of
this paper is to test this model experimentally.

EXPERIMENTAL APPROACH

The changes during the course of freezing in éD
and 6180 of water samples and ice layers were deter-
mined by experiments on progressive unidirectional
freezing.

In each experiment, 500 m1 of water was progres-
sively frozen downwards in a "Plexiglass" cylinder of
approximate dimensions 10 cm h and 8 cm internal dia-
meter (Fig. 1). Excess water produced during freezing
was diverted through an adjacent tube and allowed to
escape. The residual water was continuously stirred
during freezing with a small magnetic stirrer; rea-
sons for this stirring will be explained later. The
freezing front moved downwards as a well-defined
macroscopic plane. During each experiment, one milli-
litre of water was collected five times using a
capillary tube inserted through the adjacent tube in-
to the remaining water present in the cylinder.
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dD-6'70, le long d’une droite dont la pente est caractéristique. Cette pente,
différente de celle de précipitation, est 'empreinte d’un processus de con-
gélation dans le réservoir étudié.

ZUSAMMENFASSUNG. Uber die Zusammensetzung von Wasser und Eis aus den
Isotopen 8D und 6'° O wihrend des Gefrierens. Zur Bestimmung der Entwicklung
von D und 6'°0 in wiahrend des Gelrierens nacheinander entnommenen
Wasserproben und nacheinander gebildeten Eisschichten wurden Versuche
mit fortschreitendem, einheitlich gerichtetem Gefrieren unternommen. Die
Ergebnisse zeigen, dass die Entwicklung, dargestellt in einem
4D-6'80-Diagramm, lings einer geraden Linie mit charakteristischer Stei-
gung stattfindet. Diese Steigung, die sich von der fiir Niederschlag un-
terscheidet, gibt einen Hinweis auf den Eintritt eines Gefrier- oder eines
Schmelz-Wiedergefrier-Vorganges in dem untersuchten Behilter.

Residual water was sampled at the beginning of the
experiment, after 40%, 80%, 85%, 90% and 95% of the
material had frozen. When the freezing process was
complete, the ice core was recovered and sectioned.
The samples covered the freezing ranges from 0 to 10%,
10 to 20%, 20 to 50%, 50 to 60%, 60 to 70%, 70 to 80%,
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Fig. 1. The experimental vessel.
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Fig. 2. The isotopic composition of water (1 to 6) and ice (7 to 14) during freezing experiments A, B,

and C. The straight lines are the calculated slopes from the model. The black dots

on the lines are the

caleulated ice values at 95% freezing. Water samples are denoted by eireles, ice samples by crosses.

80 to 90%, and above 90% for the last slice. The ices
were allowed to melt completely before being trans-
ferred, in the same way as the water samples, into
glass bottles. The samples were analysed for 6D and
§180 on the same aliquot by twin mass spectrometers
designed for simultaneous analysis (Hagemann and
Lohez, 1978). Precision of the measurements was =
0.5 %00 for 6D and £ 0.1 %/o0 for §l80,

Three experiments were conducted with waters
having very different initial isotopic composition:
meltwater from an Antarctic ice core with an initial
§ value for deuterium51 = -408.8 %°/o0 and an in-

itial 6 value for !18Q; = -51.70 °/00 (A), water from
a small pond of Victoria Island in the Canadian Arc-
tic with 6; = -153.2 %/00 and 4; = -19.10 ®/oo (B),

and water ¥r‘om a small Swiss pond near Grubengletscher
with §; = -109.1 0/00 and Ay = ~18,25 %/00 (C?
Results of the experiments are indicated in Fig-
ure 2, The numbers quoted increase from the beginning
of the experiment to the end: from 1 to 6 for the
water samples and from 7 to 14 for the ice layers.
Three main points arise from Figure 2:
(1) A progressive impoverishment of the heavy iso-
topes in both the residual water and the ice lay-
ers is clearly visible during the course of
freezing.
(2) Water and ice samples lie on a straight line,
Using a least-square method, the slopes are res-
pectively §$ = 4,37 £ 0.11 for the Antarctic melt-
water, S = 5.99% 0.10 for the Arctic water, and
S =6.63% 0.17 for the alpine water. The cor-
relation coefficients are always greater than
0.996.,
(3) The slope for the Antarctic melt water is lower
than that for the Arctic water which is Tlower than
that for the alpine water, in relation to the in-
itial isotopic composition.
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The closed-system model developed by Jouzel and Souchez
(1982) gives a slope S

a -1 1 #64

g -1 1 + 4y

wherea is the equilibrium fracionation coefficient
for deuterium, 8 the same coefficient for 180, &5
the & value of the initial liquid for deuterium and
A4 the s value of the initial liquid for l8p,

If we use @ = 1.0208 (Arnason, 1969) and 8 = 1.003
(0'Neil, 1968), the calculated slopes are respective-
1y 4.32 for the Antarctic meltwater, 5.99 for the Arc-
tic water and 6.27 for the alpine water, Experimental
slopes are thus well in accordance with predicted
slopes from the model.

During the experiments, excess water due to the
phase change was allowed to escape and this can be
considered as an output. Moreover, the water con-
stituting the reservoir can be schematically divided
into two parts: a region, close to the interface, of
constant volume which is isotopically modified by the
freezing process, and a region, away from the inter-
face, which is isotopically unchanged and which can
be considered as input; additional ideas are needed
to take this division into account. It is worthwhile
considering a natural reservoir with input and output
and to develop a theory to examine whether the pre-
dicted slopes in an open-system model are the same
as those in the closed-system model which we have
presented previously (Jouzel and Souchez, 1982).

THEORETICAL APPROACH

At time t, N_ is the number of moles in the Tiquid
phase, Ng the number of moles in the solid phase, Np
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the number of moles which have entered the system
since t = 0 as input, Np the number of moles which
have left the system since t = 0 as output, Rg =

(1 +&g) the isotopic ratio for D or 180 of the
solid phase near the liquid-solid interface, R =

(1 +6) the isotopic ratio of the liquid, Rp =

(1 +8p) the isotopic ratio of the input, and agp
the equilibrium fractionation coefficient between
solid and liquid phases. Once formed, the solid has
an isotopic composition which does not change in the
course of time, At each step, the only isotope quan-
tity (for D or !8)) brought to the solid phase is
thus

asL R dNg =agp (1 +481) dNs.
Now for an open system
dNp = dNp - dNg -dNf (1)
and for the isotopes
R dNi + Np dRp = Ry dNp - asp Ry dNg - R dNf (2)
or
(1 +6)dN + N dsp = (1 +8p)dNp -
~agy (1 +8)dNg - (1 + 6| )dNF, (3)
giving (on substituting dNp for its value in (1)
N dsp = (6p-8L) dNp - (@5 - 1) x
x (1 +8]) dig. (4)
If we consider a constant input, a constant freezing

rate, and an output proportional to the volume of
remaining liquid, then

dNp = ANgdt,

[}

dNg = SNgdt,

and dNp = FN dt
where A, S, and F are the respective coefficients for
input, freezing, and output and Np is the number of
moles in the reservoir at time t = 0, Now, if
k = N./Ng

A
(@sL = 1) (1 +8y) - 'S‘(ﬁA“SL}

ds| = F A dk .
k(1 # Sk s) (5)
This equation, applied to deuterium and 80 with the
appropriate fractionation coefficient, gives the pos-
sibility by a step-by-step computation to calculate
the §D and the 6180 of the remaining liquid phase and
of the solid formed during the freezing process. Re-
sults indicate that, whatever the values of F/S and
A/S maiy be, the two phases evolve almost linearly on
a 6D-6180 diagram. The correlation coefficient is
always more than 0.9999. Once this linearity between
sD and 6180 is shown, the slope can be calculated in
the following way: Let 6, =6D anda| = 8180 for
the liquid phase at time t. The slope for the solid
phase is

ads
pdag

From Equation (5), at time t = 0 (5 =64 and
AL = bj), we obtain

A
a [(a-1)(1 +63) - g(ﬁA -84)]

(6)

A .
B [(g -1)(1 +ay) -g(AA -44)]
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Souchez and Jouzel: Short notes

This equation shows that the slope depends on

(6p -64) and (ap - 4y), the difference between

the § value of the input and that of the reservoir

at time t = 0. In a natural reservoir, generally

there is no reason for a change of input during the
formation of this reservoir and during its subsequent
freezing. Therefore, usually we shall have §dp =64 and
Ap =44. In this case, the expression of the slope
reduces to

a [ ~ 1)1 +84)]
S = . (7)
B L& - 1)(1 +a4)]

Equation (7) is independent of A, F, and $ and almost
identical to the equation obtained for the closed sys-
tem. The slope will thus be the same for an open sys-
tem as for the closed system when the input is not
significantly different in its isotopic composition
from that of the natural reservoir being considered.

DISCUSSION

The open-system model developed above assumes a
constant freezing rate but this is not the case in
the experiments. However, the experimental results
do not show a change of slope in the course of freez-
ing in spite of the freezing-rate reduction. Moreover,
the introduction of a time-dependent freezing rate in
the model will make the computation more complicated
but will have no effect on the slope.

If we now focus attention on the range between
the ice (or residual water) value at 95% freezing and
the initial value, the range in the experiments 1is
less than that predicted by the closed-system model.
The observed enrichment of the ice compared with the
bulk of the Tiquid water depends on several para-
meters, particularly on the freezing rate and on the
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Fig. 3. Relationship between apparent fractionation

coefficients in the freezing experiments. Equilibrium

values are respectively: weql = 0.0208 and Beql = 0.005.
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possible trapping of liquid during crystal growth.
This dependency between the freezing rate and the ob-
seved fractionations is discussed in Posey and Smith
(1957), 0'Neil (1968), and Arnason (1969). As noted
by Posey and Smith (1957), the observed separation
will be less than the true value and the effect can
be reduced by strong agitation and very slow freez-
ing rates. Previous experiments without stirring led
to correct slope values but to an even smaller range.

The following equation, equivalent to that which
describes a Rayleigh process, was derived in the
closed-system model:

(1000 + &) = (1000 + 6 1) 3L

where 6 is the initial § value of the reservoir and
f is the liquid fraction with 8| and 6§ expressed in
per mil. From this equation, we can compute the appar-
ent o and B values in the course of the three experi-
ments, Apparent a and g va1ues depend on the freezing
rate which is about 1.9 cm h™l at the beginning of
each experiment and close to 0.8 cm h™ at the end.
In Figure 3, the apparent (@ - 1) values are plotted
versus the apparent (8 - 1) values in the three
experiments for different liquid fractions. A straight
line joins the zero point where there is no fraction-
ation to the point where @ - 1) and (8 - 1) have their
equilibrium values. From this Figure it is clear that
the points are close to the straight line indicating
that the slopes h -1 )/ app=1) in the experi-
ments are not d1fferent from ghe equilibrium slope
(a-1)/(8-1). It is quite probable that, for freezing
rates encountered in Nature, the slope S is always a
characteristic of the freezing process, even if app-
arent fractionation coefficients have values lower
than their respective equilibrium values,

The trapping of liquid water which subsequently
freezes during crystal growth will lower the range
but will have no effect on the slope since residual
water samples and ice samples lie on the same straight
line on a §D-5180 diagranm,

CONCLUSION

The amount of fractionation which takes place
during natural processes cannot be known. Even in the
simplest of conditions, during, for example, the
freezing of water in a closed system with isotopic
equilibrium (allowing the application of the Rayleigh
model), ice layers can be either isotopically en-
riched at the beginning of the process or isotopically
impoverished at the end, compared with the initial

reservoir. Under natural conditions the problem is
complicated by non-equilibrium processes, the trap-
ping of liquid water, and also input and output of
water to and from the reservoir. Thus, it is not pos-
sible to show whether a refreezing process has taken
place in a reservoir from the measurement of only one
isotope (5D or §180), It is the 6D-5180 slope which
is characteristic of the freezing process, on the
other hand. This has been shown to be the case, both
experimentally and theoretically, in the present
paper.

Such a study may have implications for research
concerning ice—bedrock interface problems and may
shed some light on the origin of ice masses either
at the earth surface or in the ground.
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