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STACKING OF BASAL DEBRIS
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FREEZING-ON: ISOTOPIC EVIDENCE FROM
WEST GREENLAND
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ABSTRACT. This paper tests and falsifies the theory that
the development of thick sequences of vertically stacked
clean and debris-laden ice layers at the margin of the
Greenland ice sheet can be attributed solely to simple
freezing-on of material at the bed. Isotopic analysis in 8D
and 8180 of ice from the ice-sheet margin near Sendre
Stremfjord indicates that the debris-rich and debris-poor
elements of the basal sequence have different origins. While
the debris bands display isotopic fractionation consistent
with a freezing origin, the intercalated clean ice layers do
not. The clean ice layers have isotopic values indis-
tinguishable from debris-bearing ice immediately above the
debris-band sequence and from unaltered glacier ice, and
are entrained by a different process from the debris bands.
Debris may be entrained by freezing at the bed, but the
development of a vertically stacked sequence of debris
bands must be attributed to some other mechanism.

INTRODUCTION

Debris-bearing basal ice is confined to the lowest few
metres of temperate glaciers, but in polar and sub-polar
glaciers and ice sheets it is often visible at the margin in

Fig. 1. Photograph showing a sequence of intercalated debris
bands and cleaner ice layers at the ice margin.

https://doi.org/ﬂ).}:ﬂ89/50022143000004536 Published online by Cambridge University Press

sequences several tens of metres thick. These thick basal
sequences often comprise a series of distinct debris bands,
separated by layers of much cleaner ice (Fig. 1). Various
mechanisms have been proposed to explain the development
of such vertically stacked sequences but, despite a plethora
of theories and counter-theories, few critical tests of
specific hypotheses have hitherto been carried out.

Freezing-on of material at the bed is commonly cited
to explain both the stacked marginal debris-band sequences
and the ice with dispersed debris inclusions which occurs
near the bed in the interior and at the margin (Weertman,
1961; Boulton, 1970; Gow and others, 1979; Herron and
Langway, 1979). Until recently, it was not possible to
demonstrate conclusively whether a particular ice sample was
formed by freezing-on at the bed or by normal firnification
processes, but developments in co-isotopic analysis (Souchez
and Lorrain, 1978; Jouzel and Souchez, 1982; Souchez and
Jouzel, 1984: Souchez and De Groote, 1985) have made
possible the positive discrimination of refrozen ice in many
situations. In this paper, isotopic evidence is used to test
the simple freezing-on hypothesis.

Prediction from existing theory

Weertman (1961) proposed the freezing-on mechanism
to explain observed occurrences of debris-band stacking in
north Greenland. He suggested that debris is frozen to the
bed when the 0°C isotherm penetrates into subglacial
sediment, and that when the position of the 0°C isotherm
within the sediment is stable, or where no sediment is
available for entrainment, melt water flowing into the
freezing zonme from the interior of the ice sheet is entrained
as a layer of ‘slightly dirty" ice beneath the frozen-on
debris. By repetition of this process, bands of basal debris
are lifted above the bed, and separated by layers of cleaner
1ce.

This freezing-on  hypothesis carries the specific
prediction that both the debris bands and the intercalated
layers of clean ice will be formed of ice frozen from water
at a transition from warm- to cold-bed conditions.

The isotopic regelation model

Jouzel and Souchez (1982) presented a model whereby
refrozen ice could be distinguished from firnification
(glacier) ice on the basis of its composition in 8D and
8180, Ice derived from precipitation conforms to the linear
relationship 6D = 88'%0 + 10 (Craig, 1961; Dansgaard,
1964) such that samples of this ice will lie along a straight
line of slope 8 and deuterium excess 10 when plotted on a
8D—880 diagram. This is known as the precipitation effect.
By contrast, according to the Jouzel and Souchez model,
samples of ice formed by refreezing will lie on a different
slope, less steep than the parent slope, its precise value
depending on the value of the parent water admitted to
freeze. This model for a closed system was successfully
tested in the laboratory (Souchez and Jouzel, 1984), and
subsequently extended to the open system case (Souchez and
De Groote, 1985).
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RESULTS

Samples were collected from two sites at the western
margin of the Greenland ice sheet near Sendre Stremfjord,
lat. 67°06'N., long. 50° 15°W. The mean annual tempera-
ture in the area is ¢. =5°C. The ice margin is completely
frozen for 7 months each winter, but water escapes from
the base of the ice sheet throughout the summer, suggesting
that at least part of the glacier base is seasonally at the
pressure-melting point. Bauer (1968) and Reynaud (1969)
reported a maximum downward penetration of temperate ice
to about 5m below the surface during the summer, and
these results are consistent with observations made during
the course of the present investigation. At both sites the ice
margin takes the form of a steep ramp or cliff, comprising
a stacked sequence of intercalated debris bands and ice
layers. This pattern is typical of this section of the
ice-sheet margin, and is similar to the “Thule—Baffin" type
of sequence described by Weertman, The debris bands are
I=10cm thick. They occur as solid debris layers with only
interstitial ice and as finely interlaminated lenses of ice and
debris, merging laterally and vertically between these
extremes. The bands are separated by cleaner ice which
occurs in layers up to 2m thick, and are stacked with the
clean-ice layers into a vertical sequence which in places is
up to 10m thick. The clean-ice layers contain dispersed
particles and particle aggregates similar to Weertman's
"slightly dirty" ice, frequently concentrated into
discontinuous sheets or layers similar to the ice described
from the bottom of deep ice cores in Greenland (Herron
and Langway, 1979), Devon Island (Koerner and Fisher,
1979), and the Antarctic (Gow and others, 1979).

Sixty samples were analysed in 830, of which 22 were
also analysed in 8D.

Oxygen-isotope results

The oxygen-isotope results (Fig. 2) discriminate clearly
between two distinct sample populations. Samples collected
from a 50 m zone up-glacier from the top debris band are
within the range —324 to —34.3 in 5'%0. Samples taken
from the clean layers in the stacked basal sequence lie
within more or less the same range, —32.1 to —34.2. By
contrast, the 8'80 values for ice in the basal debris bands
cover a wider range and are less negative, ranging from
—29.4 to —32.5 at site 1, and from -29.4 to —32.7 at site
2

Co-isotopic results

The co-isotopic results in 8D and 80 (Fig. 3) also
pick out two distinct groups.

The non-basal ice samples were taken up to 200m
up-glacier of the top debris band, and hence cover a
slightly wider range of values than those shown in Figure
2. They are aligned along a slope of 7.95 (8D =
7.955'%0 + 5.7, correlation coefficient = 0.99, standard error
of estimate = 3.04%c). With one exception, the clean basal
ice samples are very close to the lower part of this slope. It
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Fig. 3. 8D/8'%0 diagram for different marginal ice facies
up to 220 m from the margin.

is not possible to plot a reliable slope value for the clean
basal ice samples alone, owing to their degree of clustering
but, if a regression line is plotted through the clean basal
ice and the non-basal ice samples together, it has a slope
value of 8.1 (8D = 8.18'%0 + 12.1, correlation coefficient
= 0.98, standard error of estimate = 3.79%). Both possible
slopes are indistinguishable from the meteoric slope of
unaltered glacier ice.

By contrast, samples taken from the basal debris bands
form a second population, and lie along an entirely
different slope, with a value of 6.5 (5D = 6.58!%0 — 40.3,
correlation coefficient = 0.98, standard error of estimate =
1.52%0).

ISOTOPE SAMPLES
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Fig. 2. Range of 50 values in different ice facies in the extreme marginal and basal zone.
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Discussion

The points representing non-basal ice samples in Figure
2 show the range of isotopic values of ice in the marginal
zone being brought towards the ice front at present. The
similarity of this ice, non-basal ice from further up-glacier
(the least negative samples from Figure 3), and clean basal
ice, to the meteoric slope (Fig. 3), and the similarity
between the range of values in the marginal 50 m and in
the clean basal layers (Fig. 2), suggests a similar origin for
these ice groups, and indicates that the clean basal ice has
not undergone measurable isotopic fractionation. The
clustering of the isotope values of the clean basal layers at
the negative end of the nmeteoric slope representing
non-basal glacier ice is consistent with the Reid (1896)
model of glacier flow, with the longest travelled, interior-
derived ice appearing nearest the bed at the margin. This
strengthens the impression that the clean basal ice has not
lost the isotopic character of unaltered glacier ice in the
same way that the debris bands have done.

The less-negative values in 5180 displayed by debris-
band samples at both site 1 and site 2 (Fig. 2) suggest
isotopic fractionation of the type described by Craig (1961).
The isotopic difference between the clean ice and debris
bands is consistent with the maximum enrichment value of
3% in 8180 possible for a single freezing event.

The co-isotopic data show a corresponding enrichment
in 8D. The difference between the precipitation slope and
the sD/8'%0 regression slope for the debris bands (6.5) also
implies that the debris-band ice is not of meteoric origin
and has undergone isotopic fractionation of a type consistent
with freezing-on at the glacier bed. However, the
implications of the co-isotopic results must be treated with
caution, as they are based on only five debris-band samples,
and the significance of the difference between these samples
and the precipitation slope is therefore questionable.

If the "slightly dirty" ice between the debris bands in
the basal sequence does have a basal origin, as suggested by
the presence of dispersed debris, then the manner of its
entrainment must be different from that of the debris
bands, in that the clean layers show no evidence of
fractionation. Lawson (1979) attributed this "dispersed facies"
ice with debris clots to localized pressure melting and
refreezing at a small scale and without water loss, and
hence without fractionation. Sugden and others (1987)
attributed ice with dispersed clots above the marginal debris
sequence in West Greenland to a similar process, and there
is no evidence available as yet to refute this hypothesis for
the cleaner layers between debris bands in the basal
sequence.

That the range in 580 of clean basal ice layers is
greater than the corresponding range for ice in the 50 m or
so above the debris-band sequence probably reflects
variations in the isotopic composition of ice reaching the
margin at different times in the recent past. The range
would be expected to be greater in a narrow zone at the
margin than in a somewhat wider zone in the interior if
compression at the margin results in the stacking of ice by
the overthrusting of fresh ice from up-glacier. If the 50m
section shown in Figure 2 then represented a single cohort
of ice, the clean layers in the stacked sequence would
represent sections from a number of different recently
arrived cohorts, each with a slightly different isotopic
range.

CONCLUSIONS

Debris bands in the basal ice layers at the margin of
the Greenland ice sheet near Sendre Stremfjord display
isotopic fractionation effects typical of refrozen ice, but
intercalated clean-ice layers in the stacked marginal sequence
do not clearly indicate such effects. It is possible that this
is due to the smaller data set available for the clean ice
but, whether or not the intercalated clean-ice layers are
entrained at the bed, it is clear that the two components of

the basal sequence thus have different origins. The isotopic
signature of the clean layers is similar to that of ice above
the stacked debris-band series, the origin of which remains
uncertain.

While this evidence supports the proposition that the
material in the debris bands is entrained by a freezing
process, Weertman’s (1961) hypothesis that the debris bands
are stacked into a vertical sequence by the bulk freezing-on
of both clean and dirty ice at the bed cannot be sustained
at this site. The origin of the clean-ice layers and the
stacking of the sequence must be explained by some other
mechanism, which is the subject of continuing investi-
gation.
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