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Abstract. 0'/0" ratios have been measured along a firn profile extending from the surface
to a depth of 16 meters in the shelf ice of King Baudouin station (East Antarctica, 70°26'S,
24°19E). Periodical variations are found which are believed to reflect the seasonal variations
in the 0"/0" ratio of precipitations. They allow the identification of annual layers following
the method suggested by Epstein and Sharp. The oxygen isotope variations are compared with
the stratigraphic features of the same profile. The notion ‘winter’ or ‘summer’ layers is shown
to be meaningless when the layers are derived from stratigraphic criteria only. Very often the
fine-grained unmetamorphosed layers (generally called ‘winter’ layers) are made up of snow
with high O" content which must represent summer precipitation. On the other hand, the
coarse-grained reecrystallized layers (‘summer’ layers) often display a minimum O content
and are composed of snow that fell in the winter. Identification of annual layers involves a
similar degree of uncertainty from personal interpretation in the stratigraphic method as
well as in the isotope ratio method, but the two methods are complementary, being affected
differently by natural circumstances. A good agreement is found between the average accumu-
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lation rates deduced from both methods.

Introduction. Precipitations display measur-
able variations in the isotope ratios of O and H.
These variations are mainly functions of geo-
graphical and seasonal factors. The general
trend of these variations is well explained by
the model of fractional distillation proposed by
Epstein and Mayeda [1953].

The isotope composition of precipitations de-
pends mainly on the temperature at which the
precipitation occurs: the lower the temperature,
the lower the 0**/0"™ and D/H ratios [Epstein
and Mayeda, 1953; Epstein, 1956; Dansgaard,
1954]. At a given location the winter precipita-
tions will be isotopically lighter than the sum-
mer ones. This seasonal effect is more striking
in the high latitudes and is of special interest on
the polar ice caps where the precipitations may
be preserved for long periods in their original
order of deposition.

The periodical seasonal variations of the 0**/0*

or D/H ratios can be used to identify the annual
snow layers. Such a method would be of great
interest in glaciology, as it would enable us to
date ice layers as well as to measure accumula-
tion rates even in the absence of any recogniza-
ble stratigraphic feature. It has been applied
with considerable success to deep cores from the
Greenland ice cap by Epstein and Sharp [1959].
It relies on two basic principles: (a) winter and
summer precipitation can be distinguished with-
out ambiguity owing to the difference in their
isotope ratios; (b) neither the original isotope
ratio nor the sequence of deposition of the pre-
cipitations is perturbed after deposition.

Our previous papers dealt with variations in
the isotopic composition of precipitations col-
lected during 1958 at the King Baudouin station
(70°26'8, 24°19’E), Queen Maud Land, Antare-
tica [Gonfiantini and Picciotto, 1959; Picciotto
et al., 1960].
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Tig. 1. Precipitation and snow drift samples collected at King Baudouin station during
1958 and 1960. The O™/0 ratio is plotted against calendar time. The monthly average of &
values over the 2 years is given by the solid line.

Seasonal variations were found in accordance
with the general scheme, summer snows display-
ing a higher 0**/0* ratio than winter snows.

A similar study has been carried out since on
precipitations and snow drift collected at the
same site during 1960. Figure 1 shows the varia-
tions of the 0*/0" ratio of single precipitation
and drift samples as a function of the time of
collection for both years.

The 0**/0" ratio is expressed in the usual way
in per mil relative variation with respect to
standard mean ocean water [Craig, 1961]. The
years 1958 and 1960 reveal a similar pattern of
variation, but the isotopic seasonal periods are
not the same for both years. In 1958 the ‘iso-
topic winter’ extended from May through Octo-
ber, whereas in 1960 it began later and included
only August, September, and a part of October.

In both years the transition from summer to
winter seems to have occurred more gradually
than the transition from winter to summer.

The work reported here deals with the varia-
tion of the 0*/0™ ratio of firn as a function of
depth along a 16-meter-deep profile at King
Baudouin station. It is also an attempt to com-
pare these variations with the stratigraphic fea-
tures generally used to identify annual snow
layers.

Sampling and measurements. The samples
analyzed were collected in 1960 and described
by one of us [De Breuck, 1961]. They represent
a continuous vertical profile of 16 meters depth
in the main glaciological pit of King Baudouin
station, dug by Y. van de Can, member of the
1959 wintering party. The zero level corresponds
to the summer 1957-1958.
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The ma,ss-specti'ometric measurements were
carried out at the Laboratory of Nuclear Geol-
ogy at Pisa with the same technique as described
in the previous papers.

The section 0 to 520 cm in Figure 2 corre-
+ sponds to the actual wall of the pit, which was
sampled by cutting blocks of unequal size. The
rest of the profile (520 to 1550 em) represents
two cores 7.55 cm in diameter, drilled vertically
 downward and upward from the levels —7 and
—9.5 meters of the pit. The cores were cut in
4-cm slices so as to obtain about 15 isotopic
measurements for each year.

The distance between the three sections (wall
of the pit and the two cores) does not exceed 10
meters and the presence of numerous ice layers
made the correlation hetween the three sections
quite accurate.

The samples from th: . vere melted im-
mediately. The cores were brought back to
Belgium in a frozen state.

Stratigraphy. The stratigraphy of the pit is
very similar to that encountered in other ice
shelves, such as that of Maudheim, deseribed by
Schytt [1958].

The stratification is mainly due to the varia-
tions in grain size and to the presence of ice
layers or lenses and ice crusts 0.5 to 2 mm thick.
These features are represented in Figure 2.

Schytt has discussed in considerable detail the
significance of these stratigraphic features, and
his conclusions are so clearly expressed that we
cannot do better than quote them here:

“The pit examined at Maudheim on 30 Sep-
tember 1950 thus showed a definite stratifica-
tion. The regular appearance of depth hoar
horizons on top of ice-rich, water-soaked firn
layers with ice-free, fine-grained firn below, left
no doubt as to their seasonal origin and made it
possible to distinguish annual deposits.

- ‘. .a “normal” annual layer will be repre-

* sented in a pit by a coarse-grained, highly meta-
morphosed summer surface on top of a firn layer
of varying grain size and ice content. This firn

. layer is coarse and has abundant ice pellets and

ice layers in its upper part, showing that during
a normal summer some melting takes place. This
melting, however, is not normally sufficient to
produce enough melt water to soak the whole
annual deposit and raise its temperature to the
melting-point, so that some firn at the bottom
remains unsoaked.’
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Schytt has intentionally avoided the use of
the terms ‘summer layers’ and ‘winter layers,’
which would be meaningless in this case. Indeed,
he explains:

‘These layers, when resting upon a summer
surface, can fairly safely be considered as au-
tumn deposits in their lower parts, and it is
very possible that the top parts were accumu-
lated during winter conditions.

‘Tt seems impossible, however, to use the vary-
ing grain structure to distinguish between sum-
mer and winter deposits. On the contrary, we
consider the greater part of the coarseness as
being due to metamorphic processes operating
in the upper snow layers during the warm sea-
son irrespective of whether this snow has fallen
recently or during the preceding winter.

‘That the size of the original new snow par-
ticles is also of some importance cannot be
denied, but under the conditions prevailing at
Maudheim this effect will be hidden under the
influence of percolating melt water and penetrat-
ing radiation.’

Isotopic wvariations. Although some of the
samples were cut too thick, periodical variations
of the § value are clearly visible in Figure 2.

The 8 values vary from —29 to —17, whereas
in the single precipitations collected in 1958 and
1960 we found a much wider range of values
(Figure 1).

This difference is not surprising, since the
accumulation occurs mainly in spring and fall,
when precipitations display intermediate values
[Kotlyakov, 1961]. Moreover, the initially exist-
ing variations in 8 values may be attenuated by
later processes: erosion and wind shift, sublima-
tion, percolation of melt water.

Nevertheless there is no doubt that the peri-
odical fluctuations of 8 are mainly due to sea-
sonal variations in the § of the precipitations.
Summer evaporation of melting snow suggested
by other authors [Dansgaard et al., 1960] can
only play a minor role here, since ice-bearing
layers showing evidence of intense melting are
not systematically less negative than the others.

In conclusion, layers with a minimum § value
are composed of precipitations occurring during
the isotopic winter, which may extend from May
to October, and samples with a maximum §
value are composed of precipitations occurring
during the isotopic summer, which may last
from October to July.
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Fig. 2. Stratigraphic profile and oxygen isotope variations in the glaciological pit, King Baudouin station. 1. Ice crust. 2. Ice formation (layer, lens,

or infiltration). 3. Average grain diameter. 4. ss, position of summer surface; (ss), doubtful summer surface. 5. 7s, 0**/0™ peak; (zs), doubtful 0®/0"

peak. The zero level corresponds to the summer 1957-1958. The interpretation in terms of annual layers is given on the left side of the stratigraphic
profile.
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Discussion and comparison of stratigraphic
and isotopic profiles. Other authors have al-
ready attempted similar comparisons on shorter
profiles [ Lorius, 1961; Sharp and Epstein, 1962].
Their interpretations were apparently based on
the idea that the grain size of the firn is directly
related to the season during which this snow has
fallen, as they made a distinction between coarse-
grained ‘summer layers’ and fine-grained ‘winter
layers.

They therefore expected to find the most nega-
tive § values to correspond to the so-called win-
ter layers and the less negative values to ‘sum-
mer layers” This interpretation led them to
describe any failure in this expected correlation
as a discrepancy between the stratigraphical
evidences and the isotopic ratio.

We have already pointed out, in accordance
with Schytt, that the distinction made between
winter and summer layers is meaningless when
it is based on morphological criteria. In fact,
the only criterion presently available for recog-
nizing the season at which a given layer has been
precipitated is its isotopic composition. There
is no reason to expect a definite correlation to
exist between the grain size or the morphology
of a layer and its 8 value.

It can be seen in Figure 2 that in almost 70
per cent of the cases the highest & values corre-
spond to unmetamorphosed fine-grained layers,
whereas the low 8 values correspond to layers
having recrystallized coarse grains and many
ice formations.

This apparent contradiction is readily under-
stood when the seasonal pattern of precipitations
in Antarctica is kept in mind; accumulation oc-
curs mainly in spring and fall, whereas the mid-
dle of the summer and the middle of the winter
are periods of low or even negative accumula-
tion.

Most frequently, at the end of the winter, in
October, abundant precipitation occurs, fol-
lowed by a long dry period which lasts until the
following fall season. Thus the so-called summer
layers are composed of these negative § winter
precipitations which have been exposed to the
intense radiation of the sun during December
and January.

This interpretation is probably applicable to
the whole of the eastern antarctic coast; the
fine-grained unmetamorphosed firn layers (so-
called winter layers) are generally made up of
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snow which has fallen at the end of the summer
(March, April), whereas the coarse-grained
‘summer layers’ are composed of snow which has
fallen at the end of the winter and has been
exposed to the sun in December and January.

It would be advisable to exclude the terms
‘winter layers’ and ‘summer layers’ from all
stratigraphic description in Antarctica and to
use only the term ‘summer surface’ as defined by
Schytt (top of the layer metamorphosed by solar
radiation).

As pointed out by Schytt, the time interval
between two summer surfaces is variable from
year to year: ‘Tt may be as short as 9 months or
as long as 15 months. A long term average will
be very little affected by this variation, but com-
parisons between two individual annual deposits
may become rather misleading.” The same re-
mark holds for the time between two isotopic
minimums or maximums.

Although there is no necessary correlation
between the 8 value and the morphological fea-
tures of a given layer, the number of summer
surfaces and of isotopic minimums must be
identical along a profile involving more than a
few years. In other words, the stratigraphic in-
terpretation must result in the same number of
years as the isotopic one; otherwise one (or
both) of the interpretations is wrong.

Generally, glaciologists tend to consider the
isotopic interpretation as the most objective one
while physicists have an equal tendency to take
for granted the results of the stratigraphic inter-
pretation. Actually, both methods involve some
degree of personal interpretation, as is evident
in Figure 2.

The summer surfaces are indicated by the
lines marked ss and the winter isotopic mini-
mums by is. When the interpretation is thought
to be doubtful, these signs are in parentheses.

Doubts regarding the existence of the summer
surfaces may arise either when too intense melt-
ing has affected more than a whole year’s deposit
or from lack of melting or lack of recrystalliza-
tion.

Doubts regarding the isotopic interpretation
are generally due to an exceptionally limited
range of variation of § values. This situation
could result from various causes: (1) mixing
through melting and percolation of melt water;
(2) absence of a winter or a summer deposit
owing to lack of precipitation during one of
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¥ TABLE 1

Summer Surfaces Isotope Peaks

Sure 19 ss 21 18
Doubtful 5 (s8) 6 (1s)
Maximum 24 27

these periods; (3) removal or mixing of precipi-
~tated snow by the wind. Such cases would result
in the loss of a § minimum or maximum with
consequent underestimation of the number of
years involved.
We have selected from Figure 2 three exam-
ples illustrating these various cases:

1. Section 750 to 910 em shows numerous
thick ice layers and evidence of strong melting
and soaking by percolating water. This melting,
due to hot summer periods, has obviously dis-
turbed both the stratigraphy and the isotope
variations over a thickness corresponding to
several years to such an extent that it is im-
possible to interpret them.

2. Between 0 and 160 cm there are two ss,
but only one is is clearly marked. There is a
doubtful indication of a second s at 65 cm. This
situation could be due to normally high tem-
peratures during the summers 1955-1956 and
1956-1957, causing the formation of the two ss,
and to very poor accumulation during the win-
ter of 1956, resulting in the absence of a winter
minimum in the isotopic profile. The stratigra-
phic interpretation (2 years) is most likely to
be the right one.

3. In the section 1320 to 1430 cm, we are
dealing with the inverse case; there are two is
but only one ss. The two interpretations seem
equally plausible: (a) the stratigraphic is the
correct one; only 1 year is involved. The super-
fluous s could be due, for instance, to a warm
and abundant precipitation during winter time,

* as has sometimes been recorded (A. P. Crary,

personal communication); (b) the isotopic in-
terpretation is correct; 2 years are involved.

* The absence of an ss could be explained by an
exceptionally cold summer with no surface
metamorphism.

Accumulation rate. A count of the summer
surfaces and of the isotope peaks yields the re-
sults shown in Table 1.
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Our preferred interpretation of the profile in
terms of annual layers is given in Figure 2, on
the left side of the stratigraphic description. It
is based both on the firn stratigraphy and on the
isotopic ratio data by using the following cri-
teria for the selection of the doubtful cases: (a)
one certain ss or one certain is is counted as a
year, (b) two doubtful evidences simultaneously
present are also counted as a year, and (¢) one
doubtful (ss) or (zs) is not taken into account.
This interpretation leads to identification of 25
annual layers between the zero level and 1550 ¢cm.

Careful density measurements [De Breuck,
1963] result in a water equivalent of 960 cm
for the whole column.

The resulting average annual accumulation is
36.7 em of water.

Direct determinations of annual accumulation
at the same site are available for 1958 [Picciotto,
1961] and 1960 [De Breuck, 1961].

On the other hand, firn stratigraphy studies
made in 1961 led to unambiguous identification
of annual layers for the last 6 years [Tongiorg:
et al., 1962].

These various results, expressed in water
equivalent, compare as follows:

Stake measurements, 1958 20 cm
Stake measurements, 1960 45.5 cm
Firn stratigraphy, 1961-1955

average 39.5 em
Present work, 1957-1933 average 36.7 cm

It is worth noting that 1958 has been recorded
as a year of exceptionally poor accumulation at
other eastern Antarctica stations [Kotlyakov,
19617.

Conclusions. The information obtained from
firn stratigraphy and from isotopic ratio varia-
tions are complementary; certain sources of
error are common to both methods, for instance,
as a result of melting affecting a thickness ex-
ceeding 1 year’s accumulation.

On the other hand, there are some causes of
error which affect them differently. For instance,
the absence of precipitation in winter results in
the loss of a year in the isotopic profile, but not
in the stratigraphic profile. On the contrary, the
absence of melting or metamorphosis during ex-
ceptionally cold summers would result in the
lack of a summer surface and thus in the appar-
ent loss of a year in the stratigraphic profile, but
not in the isotopic profile.
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Both methods should be used simultaneously,
and many further studies of sections in which
the stratification is still clearly visible will be
required before the isotopic method can be
safely applied in layers where the stratigraphy
is no longer apparent.
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Addendum. Since this article was prepared, the
important paper by Sharp and Epstein [1962] was
published. It has not been possible to take it fully
into account in the present discussion.
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