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Abstract

The development of the ice core drilling technique has led to a broad varietly
of studies reaching far beyond glaciology itself. Radioactive and stable isotope
analyses of polar ice cores are particular promising.

Under cold climatic conditions, the relative concentration (d) of the heavy
stable isotopes oxygen-18 and deuterium in precipitation mainly depends on the
temperature of formation. This leads to a geographical -distribution and, at a given
lacation,  variations in phase with seasonal and climatic changes. Under favorable
conditions informations may be obtained about present and past changes of elimatic
and ice flow parameters. However, isotopic homogenization in firn and ice delimits
the application of the methed, particularly on temperate glaciers and in low acecu-
mulation areas. Furthermore, In cases of unstable ice sheets, the climatic component

in § profiles is difficult to separate from the effect of surface altitude changes. The -

Mid Greenland ice sheet seems to render the most favorable conditions for stable
isotope studies on deep ice cores.

The Greenland Ice Sheet m;.owai. initiated in 1974, is an international g.o:.e.

effort to extract paleoclimatic and other geophysical infermations contained in the
ice sheet. Several drillings to 400500 m depth wiil be performed in the coming years
as precursors of drillings to bedrock in the last half of the 1970’ies.
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1. Introduction

Hmowowm Glaciology may be defined as the analysis and interpretatior
of radioactive and stable isotope variations in glaciers. This pape
deals mainly with the heavy stable isotopes deuterium and oxygen-18 i
the water molecule. The potentialities of stable isotope glaciology wa
first pointed out by Danscaarp (1954) and EpsTeEIN (1956). This discip
line has in the past two decades become one of the most powerful fool
in glaciology, particularly because the deep ice core drilling techniqu
was developed in the same period.

The first known core drilling in glaciers was performed in Switzer
land in 1842 (MiLLER, 1954), but more than a century should pass unti
scientifically rewarding ice core drillings began with the efforts of Ex
péditions Polaires Francaises in Greenland in 1950-51 (IIEUBERGE®
1954) and, particularly, with those of the Norwegian-British-Sweedis
expedition to Queen Maud Land, 1949-52. The result was a, for that tim¢
unique material for studying the firnification process (ScayTr, 1958]

The modern deep drilling technique (Haxsexy & Lancway, 1966
Uepa & GarrieLp, 1969) was developed mainly by B. LYLE HANSED
whom the International Glaciological Society recently awarded the Selig
man Crystal prize for his accomplishments. The many problems involve
in the drilling technique are now recognized and overcome to the degre
that “you just tell me the origin and the dimensions of the ice core yo
want, and you will get it” (B. LyLe Haxsgn). In this paper we sha
use the terms “shallow”, “intermediate” and “deep’ for drillings t
depths until 100 m, 500 m and more than 500 m, respectively.

The modern development began when S.I.P.R.E. recovered a 411 1
long ice core from Site 2, NW Greenland, in 1956. This was later followe
up by deep drillings to bedrock at Camp Century (1966, 1387 m) an
at Byrd Station (1968, 2164 m), and several drillings to intermediat
depths at various sites in Antarctica, Greenland, Meighen and Devo
Islands, and Iceland. Except for the latter, all of these drillings have bee
performed on cold glaciers.

The scope of ice core studies reaches far beyond glaciology itsel
as it appears from the various promising aspects listed helow. The us
of stable isotopes will be treated in further detail later in this pape

o
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4] W. DANSGAARD ef al. I1

As to the applications of radioactive isotopes, reference is made to a
recent review paper on isotope glaciology (DanNseaarp & OESCHGER,
1973). Non-isotopic studies on ice cores are referred to by mxmgww_mma
references.

Ice Core studies
A. Glaciology . -

a. Accumulation rates — stable isotopes (section 4.3.1).

b. Stability of ice sheets — stable isotopes Ammoﬂos 6).

¢. Ice flow patterns.

«. dating of deep strata — stable isotopes (section 4.3.2), Sis2, C14,
Ph21, H? and Ar®?, ‘

8. verification of model caleulations — stable and radioactive iso-
topes,

y. deformation of bore holes indicates the rozmoi& velocity
profiles and ice flow law parameters.

d. Temperature profiles — direct measurements. Indicate degree of
stability (Romin, 1968), climatic changes, flow law parameters
and dielectric absorption properties (Rapox et al., 1968).

e. Metamorphosis of ice crystals — size and orientation can be studied
as function of age, load, stress, temperature (Scuvrr, 1958; Gow,
1963). ,

) <
B. Climatology

a. Past, present and possibly future temperature and accumulation
changes — stable isotopes (sections 5 and 4.3.1)

b. Past storm activity — land and sea salts (Murozumr ef al., 1969;

. H.»A@SL: 1970).

c. Past turbidity ~ dust (Hamivron & O’KeLLeY, 1971). Correlation
with stable isotopes (HamiLrox & Lancway, 1967).

C. Geology

a. Sequence of glaciations — stable isotopes (section 5.3.3).
b. Sub-bottom sediments and rocks (Hansen & Laneway, 1966).

D. Volcanology

Voleanic activity — fallout of voleanic dust and ash and wOmmHEm
relation to climates (Gow & WiLLiausow, 1971).

E. Atmospheric chemisiry

a. Composition changes — composition of entrapped air bubbles
(ScHOLANDER ef al., 1961 ; ALpER et al., 1969).

I3
v
\
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b. Pollution — fallout of solid elements, such as lead (Murozum
et al., 1969) and fission products (Crozaz et al., 1966). Organi
matter from forest. fires. Dust.

F. Meteorology
a. Circulation patterns — stable isotopes.
b. Exchange across the tropopause — radioactive isotopes, stratc
spheric dust.
c. Residense times in mﬁaoﬁuwmdo reservoirs — radioactive isotopes
dust.

G. Cosmic physics
a. Changes in cosmic radiation flux — naturally produced radioactiv
isotopes, e.g. C'* and 5i%
b. Cosmic dust — radioactive isotopes, particularly Mn3.

H. Solar physics
Possible relation between stable isotopes in the ice and C** in fre
rings (DANSGAARD et al., 1971).

[. (€' dating .
Correction of the C¢ scale beyond the range of the tree rin
technique by absolute dating of climatic events — stable isotope:

Although oceanography is not included in the list, it should be bor
in mind that isotope oceanography and isotope glaciology have one in
portant goal in common, namely the establishment of long climafi
records. Some of the diffieulties inherent in the two approaches a
similar {e.g. possible changes in accumulation rate and flow pattern), an
so are the techniques: drilling of cores from the sea floor and the ice sheet
and oxygen-18 measurements on foraminifera (Emiriaxi, 1966) and ic
respectively. Yet, the two methods are quite independent and, in fac
complementary, in so far as (i) the oceanographic method has its mai
application in the tropical and temperate oceans, the glaciological metho
in the polar regions; (ii) the deep sea cores may reveal the major climat:
trends during millions of years, while the deep ice cores give a wealt
of details spanning a shorter period. This is why the interplay of the tw
methods constitutes the most promising aspect in paleo-climatolog
gmm%

Thus, there are Emﬁ% reasons to recall A, P. CRARY’s advise in h
presidential address to the ISAGE meeting, Hanover, 1968:

“My suggestion for future glaciological studies is simple: add tl
thin dimension. Drill, drill and. drill some more; know the ice-roc
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Fig. 1. Upper part (summer or warm-climatic conditions): Simplified circulation
model showing the oxygen isotope fractionation during the evaporation of ocean
water {to the left) and the subsequent precipitation, when the air is gradually cooled
off by travelling towards higher latitudes or ascending to higher altitudes over an
ice sheet (to the right). Although the model is quantitatively unrealistic, it “explains”
qualitatively the isotopic latitude and altitude effect at the late stages of the column
(lower &s at higher latitudes and/or altitudes) as being due mainly to preferential
fallout of heavy components (Rayleigh condensation from limited amount of vapor).

Lower part (winter or cool climaiic conditions): Same as above, except that a cooling, .

increasing with latitude, has changed the isotopic fall out pattern into lower &'s

at any- mid and high latitude locality. Snow of dp = — 25%,, i3 assumed to be

deposited on top of snow of 8p = — 15 %y, deposited during the preceeding warm

period. This explains qualitatively why 6 profiles along ice cores revesl (i) seasonal
d-oscillations and (ii) long term climatic records.

interface as well as the surface is presently known. Study the internal

“ice so_that we car:learn and understand the history of accumulated
snow and other material that is available to us as far back as the
cores take us; drill on the continental divides, on the slopes, and on
the shelves. And develop the radio echo sounding apparatus to
-supplement the drilling programmes and to correlate the interior
ice horizons and ice-rock interface characteristics over vast areas
of the continent”.

In the following sections we shail outline the basis for the stable
isotope method and discuss its potentialities and limitations within gla-
ciology and other fields.

2. Basic relationships -

2.1. The & scale

In the commeonly used & scale, stable isotope data on natural wa
are reported in terms of the ratio R between the concentrations of he
and light isotopes (018/0¢ or D/H}. & of a given sample is the rela
difference between R in the sample and R, in Standard Mean O«
Water (SMOW). Unfortunately, SMOW is not a real water body, as
name mdicates, but only the zero point of the d-scale defined on the I
of the real National Bureau of Standards’ water standard No.1 (NBS-1

Remow = 1.008 Rypg_, for O18/01°,
.mmgo.ﬁw =1.050 mZWM\ﬁ for U\m

(Crarc, 1961 a). Thus, by definition, 5(01%) for NBS-1 is

5 1-1.008
~ 1008

<10% = —7.949/,,.
Samples of NBS-1 and a number of secondary standards are avail
for calibration purposes at Section of Isotope Hydrology, Internati
Atomic Energy ‘Agency, Vienna. . : ‘
The mass spectrometric technique for 6 measurements has previo
been outlmed {DANsGasrDp, 1969; NieF, 1969). With minor improvem
1t gives an overall day-to-day reproducibility of +0.129/,, on é in rou
oxygen isotope-analyses, which is satisfactory in stable isotope glaciol

s

2.2. Isotopic fractionation in the atmosphere

The main reason for fractionation of the three most imporl
isotopic components of water (H,05, H,0!8, HDO) is that the ve
pressure of the heavier components is slightly lower (1%, for H,
109/, for HDO) than that of the light component. Thus, in cas
equilibrium, atmospheric water vapor contains 10 °/,, less 01§,
100 °/gq less deuterium than mean ocean water. We denote this by wri
0,(018) = —10 %4y, Sv(D) = —100 9y, (Cratg, 1961a), cp. left part

_ Fig. 1. 1f such vapor is separated from the ocean and cooled off, the

small amount of precipitation will get the same composition as the oc
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water i.e. dp(018) = 8,(D) = 0%y, {ep. Fig. 1), because the heavy com-
ponents condensate with a 10, respectively 100 %/,,, preference to the light
component. For the same reason the remaining vapor is left a bit de-
pleted in heavy isotopes, i.e. 8-(0%®) < — 10 %y, du(D) < 100 ¥/ Fur-
ther cooling leads to further depletion, both of the vapor and of the
condensate given off at later stages of the process. In Fig. 1, d, has been
put equal to &y + 10 %/, at any stage. :
However, evaporation is not an equilibrium process and, furthermore,
the atmospheric air is never completely separated from water bodies in
nature. Therefore, kinetic effects separating the 0% and D components,

as well as exchange processes across liquid-vapor boundaries are import--

ant for the isotopic fractionation during the evaporation of ocean water
and of liquid drops falling from the clouds (Danscairp, 1964; Cralc
& Gorpow, 1965). Exchange between ocean and atmosphere also influ-
ences the fractionation in the first stages of the condensation process.
However, in the last stages of the condensation process, which provide
the snow that feeds the glaciers, we may neglect both the kinetic effect
(because evaporation from solids causes no isotopic fractionation) and
the exchange (e.g. the ice fields add only small amounts of (isotopically
light) vapor to precipitating air masses). The simplified fractionation
model in Fig. 1 is therefore realistic enough to qualitatively explain the
spacial and temporal isotopic variations cbserved in the polar regions:

Geographical é-variations:

Latitude effect (lower &'s at higher latitudes) due to preferential
removal of heavy components from precipitating clonds moving toward
higher latitudes.

Altitude/inland effect (lower &’s at higher altitudes andfor further
inland) for similar reasons.

Temporal 6-variations:
Seasonal effect (lower &’s in winter than in summer) in polar and
continental regions, because of deeper winter cooling in such areas than
in the low latitude source area of the atmospheric vapor. .
Paleo-climatic effect (lower &’s in cold than in warm periods at a

given location) for similar reasons.

Due to the lack of kinetic effects in the formation and deposition
of snow, 8(DD) and &(0'#) are linearly related in snow and ice at high
latitudes andjor altitudes. At present,

D = 8.0 8(018) + 10 %y,

(Craig, 1961b; Danscaarp, 1964). However, one cannot rule out the

I1 Stable Isotope Glaciology

possibility that the linear relationship has been slightly different

periods of entirely different climatic. conditions. If so, the deviatio
might reflect changes in the atmospherie circulation pattern. Therefo
a combined deuterium-—0"® study on series of samples from well ¢
fined climatic periods might be rewarding, yet difficult because it wou
deal with a second order effect. However, the first order effects, t.e. g
graphical and temporal d-variations, can be studied exhaustively usi
one of the heavy isotopes. In the rest of this paper, § means §(O?
but all data can be read in terms of 8(D) using the linear relationsh
given above. ‘
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3. Geographical & &mﬁiwnmob

The geographical variance of the mean § of annual precipitation is
influenced by many parameters (Danscaarp, 1964). In cold regions, the
dominating parameter is T Ty, i.e. the difference between the condensa
tion temperature, T,, at a given location and T at the first stage o
the precipitation process. None of these temperatures are generally known
and therefore one has to tentatively replace T —T; by T, -T:, i.e. the
mean air temperature difference at ground level, or even by T,, itself
assuming the temperature T;, at the early stage of the condensation t
be essentially the same for all stations.

Fig. 2 shows the mean annual ¢ in precipitation ploited against the
mean annual air temperature Tr, at ground level for high latitude stations
including several high altitude stations {> 1000 m, open symbols) on the
Greenland (Fig. 3) and the Antarctic ice sheets (Fig. 4). In the right pari
of Fig. 2 each of the steep lines represents the fractionation during the
isobaric cooling of precipitating air masses traveling over the oceans fron
the source area of the vapor. The position of the steep lines in the diagramn
depends on the temperature of condensation, T¢, at the beginning of the
process. The curves suggest higher values at T for air masses in Soutt
and West Greenland than for those in the far North and in Northeast
Greenland. This suggests that the latber air masses take up at least par

Fig. 2. Mean ¢ of precipitation plotted against mean air temperature at ground level
Notice different & scales for the right and left part of the figure.

Circles (triangles): Northern (respectively southern) hemisphere stations.
Filled (open} signatures: Low (respectively higher than 1000 m) altitude stations.

The origins of the é-data are given in parantheses below: Halley Bay and most o
the low altitude stations in the Northern Hemisphere (I.LA.T.A., 1969); most o
the high altitude Greenland stations (Dawscaanp et al., 1969a); King Baudouir
{GonrFianTINT, 1965); Bllsworth and Wilkes (Epstrin et al., 1963); Byrd (Jonwses
et al., 1972); Little America (DanscaarD etal., 1973); South Pole (ErsTeIN e al.
1965); Pole of Relative Inaccessibility (Picciorro ef al., 1968): Plateau, Vostok
Komsomolskaya and Pionerskaya (Lorius etal., 1968a}; most of the filled triangle:
(Lor1us et al., 1969). The equation on p.10 has been used to transfer Lomus’ deute
rinm data into §{(018} values.
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of their vapor from the Arctic oceans. The slope of the steep lines, 1.0 ¢/,
per °C, is in essential agreement with thermodynamic calculations on
the later stages of the process (DaNscaarD, 1964).

The isotopic latitude effect appears to be approximately —1 9/, wﬁ
degree latitude along the coasts of North Greenland, less in South Green-
land. Of course, the latitude effect highly depends on the patterns of
winds and sea currents in the area. For example, 6 for Isfjord, Spitsbergen,
at latitude 78°N is higher than any of the &’s for the Greenland stations,
of which only Nord is located at higher latitude (81°N).

When an air mass reaches the coasts of Greenland, further cooling
takes place under moist-adiabatic conditions. Due to the expansion of
the air, the decrease of the mixing ratio {gram vapor per kg of air) per
degree of cooling is now less than under isobaric conditions, and so is
the isotopic fractionation per degree centigrade. The slope of thé high
altitude line in the right part of Fig. 2 (0.62 /,, per °C) corresponds to
the fractionation during moist-adiabatic cooling 'of an air mass (Dans:
cAARD, 1964). This agreement would seem to be accidental, if high alti-
tude snow is formed mainly from high strata of the air mass, as suggested
by the high trifium concentrations found in high altitude snow in Green-
land (AEGERTER ef al., 1969; VErGNAUD el al., 1973).

The data from Antarctica, mainly measured by Lontus et al. (19684,
1969) and shown to the left in Fig. 2, are more scattered. Some of the
scatter may be due to improper sample collection technique, several of
the samples being collected by unexperienced people. Thus, recent data
{(MerrLivaT & Lorius, 1973) on carefully collected samples from a con-
fined area in E Antarctica {Terre Adélie) suggest a closer 4 to temperature
relationship (slope 0.76%/,, per °C) than the older data from the same
area and other parts of the continent. Other reasons for high scattering
could be low accumulation rates and high storminess, which make wind

- erosion, snow drift ete, more effective in disturbing the isotopic distri-

bution pattern. For mwwEmMP in the coastal area of Terre Adélie, where

the accumulation varies unsystematically inland between 2 and 60 g

-em-2-yr-l, Lorrus (1963, Fig. 44) found an anticorrelation between 8
and accumulation rate, which might be explained by local redistribution
of the light winter snow by drift, No such anticorrelation exists in Green-
land to judge from data at stations with accumulation rates ranging
from 16 to 86 g-cm-2-yr-1. The importance of drifting snow in Antarctic
low accumulation areas appears from Loewe’s (1954) estimate of some
25-10¢ tons of snow per year and per km of the coast line drifting out
from the East Antarctic continent at Port Martin, If representative,

this figure suggests that 50°%/, of the precipitation in Terre Adélie is-

removed by drift (AsTarEnko, 1964). Since the drift is most effective

e e,

o
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Fig. 3. Map of Greenland with most of the Northern Hemisphere stations mentione
in the text or in Fig. 2. Alphabetically, they are: An = Angmagssalik, CC = Camj
Century, Ce = Central, Cf = Carrefour, Cr = Crete, C6 = Camp VI, De = Devol
Island, D2 = Dye 2, D8 — Dye 3, Gr = Grennedal, J-J — Jarl-Joset, Mi — Milcen!
No = Nord, N8 = North 8ite, Rk = Reykjavik, Sc = Scoreshysund, Sp = Spitsher
gen, 88 = South Bite, 82 = Site 2, Th = Thule, Um = Umanak, 420 = Depot.

I

in removing the light winter snow, it must affect the isotopic distributio:
over the continent, ¢cp. EpsTEIN ef al., (1963), who found considerabl;

lower &’s in blowing snow at Little America than in any layer in a pit

Additional evidence for irregular ¢ digtribution inland from th
Antarctic coasts appears from the & profile along the ice core throug]
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the Ross Ice Shelf at Little America (DANSGAARD et al., Sﬂwv. The &'s
vary from —20 9/, near the surface to —35 9/, close to the ice/sea water
mterface. Unless the grounding line of the Ross lee Shelf is retreating
with a dramatic velocity, the s decreasing downward in the core reflect,
a substantial isotopic inland effect of no less than — 4 o/, per 100 km, in
case the ice shelf is in essential mass balance as suggested by the results
by CrarY et al. (1962). ~35 %4 in the ice originating near the present
-grounding line is lower than the § value at Byrd Station 600 km further
inland and at 1500 m higher altitude. A possible explanation is that warm
and dry foehn and catabatic winds cause evaporation of part of the depo-
sits in the grounding line area. This process would be most effective
in the warm season, and would leave mainly the isotopically light winter
deposits in this area. Support for this idea is to be found near the ground-
ing line of the Amery Tce Shelf, where even areas of ablation have been
noticed (Bupp, 1966, Fig. 7).

Hence, there are many reasons why the 8's m:m the mean surface
temperatures are poorly correlated in Antarctica. Nevertheless, the high
altitude stations in the left part of Fig. 2 show some degree of systemat-
ism. The West Antarctic stations (triangles with peaks upwards) are
significantly lower than the East Antarctic stations. The two lines drawn
to give the best possible fit to the high altitude stations have the slope
1.0%/4 per °C, which corresponds fairly well to the relationship between
d of falling snow and its temperature of formation in Antarctic clouds
at Station King Baudouin (Piccrorro et al., 1960). Furthermore, the
slope equals that of the two steep lines in the Greenland section of Fig. 2,
which should be expected for the generally flat interior of Antarctica,
if most of the precipitation is assumed to be formed by isobaric cooling
of air masses. :

The isotopic altitude effect on precipitation, defined as the change
of ¢ per 100 m increasing altitude, often includes both a latitude effect
and an inland effect (decreasing 4#'s inland from the coast at unchanged
altitude).

In temperate regions the altitude effect is of the order of — 0.2 %/,
per 100 m (Danscaagp, 1961). However, details of a rough, mountainous
topography cannot be expected to be reflected in é-variations in precipi-
tation, because the snow failing in valleys and on intermediate mountain
peaks originates from essentially the same stage of the condensation
column (AmBAcH et al., 1968). For the same reason, recent snow in the
accumulation zone of local glaciers does not exhibit any simpel or pro-
nounced relationship between altitude and d. Nevertheless, if the & of

the precipitation varies appreciably with the season (c¢f. section 4), the

summer melting (and run off), increasing downwards from the summit
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in the text or in Fig. 2. Stations 9 through 11 are those listed in Tables 2 and 3.
= Ellsworth,

of the glacier, may cause an isotopic altitude effect in the net-accumulated
material (AMBAcH et al., 1968). In turn, this will show up as generally
decreaging &’s of the surface ice from the firn limit to the terminus of
the glacier, revealing the inner flow pattern of the ice, e.g. in Saskatche-
wan Glacier (EpsTEIN & SHARP, 19594a), Blue Glacier (Suare et al., 1960)
and Kesselwandferner (AmBacH ef al., 1968). However, the picture is
often blurred by snow drift, and in regions with no or little seasonal
variations in 8, e.g. Iceland and Western Norway, the eflect is hardly
pronounced enough to reveal the flow pattern,

In Greenland, the combined altitude/inland effect appears by mul-
tiplying the slope of the high altitude Greenland line in Fig. 2 (0.62 /,,/°C)
by the lapse rate (- 1°C/100 m), i.e. —0.62 %/,,/100 m. This has been used
as a tool for @mgzﬁEEm the m:;:mm of deposition of icebergs and mar-
ginal glacier ice (Danscaarp, 1961), assuming essentially cucrmsmmg
temperature pattern since the time of deposition.

. The East Antarctic stations at altitudes below 1000 m (filled triangles

187 2
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Fig. 5. Mean § of firn plotted against altitude of deposition. At altitudes lower
than 1000 m, the isotopic altitude effect seems to be positive in Antarctica.

pointing downward in Fig. 2) have &'s that are almost independent of
temperature, showing little or no altitude effect as first pointed out by
Lorius et al., 1969). Frequent re-distribution of the deposits by drift in
the coastal regions may also be responsible for this. Tn fact, the data
from the Terre Adélie coast (Lorius et al., 1969) rather suggest an inverse
isotopic altitude effect with slightly higher ¢’s at higher altitudes {(ep.
Fig. 5). Their data from the Eastern slope of Marie Byrd Land are less
conclusive, but one cannot rule out a similar situation there. Finally,
since the 6 value at Byrd Station (- 32 9/,,) is higher than that of the low

i
!
I

| Stable Isotope Glaciology . 1

strata in the Little America ice core (—35 %/}, which cannot have bee
deposited as far as Byrd Station, an inverse altitude effect must als
exist on at least part of the Western slope of Marie Byrd Land. On
a systematic survey can clarify this complex situation and show, if tl
non-thermodynamic processes mentioned above can explain the phens
menon.
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Fig. 6. {From Jornssx et al., 1972). The & oscillations in firn and in ice cores from
the depths below surface indicated to the left of the figure at Camp Century. § and
W indicate interpretations of summer and winter layers, respectively. As the ice
sinks towards the bottom, thickness, 4, of the annual layers is reduced due to plastic
deformation. Within-a few years (a and b) short-term § variations are obliterated
by mass exchange in the porous firn. After some decades (b and ¢) the seasonal 4
amplifude is reduced to about 2 °/q. Further reduction takes place only by molecular
diffusion in the solid ice and becomes effective only when, after thousands of years,
the thinning of the layers has increased the ¢ gradients considerably {d to i).

i
i

4, Seasonal effect

The & of precipitation varies seasonally in the temperate and pc
zones. The summer to winter differences range from very little at temy
ate ocean islands to 10 ®/,, at high polar stations (DawsGaarp, 19
p. 466; LA E.A., 1969, 1970), and even more on high polar glaciers,
Fig. 6a and top of Fig. 7. Under favorable conditions the seasons
variations are preserved in glacier ice {first shown by EpsTein & SHA
1959b), which leads to some important applications described in sect
4£.3. First, however, we shall discuss some processes, that tend to obli
ate the isotopic stratification of snow and ice after deposition.

4.1. Smoothing of § variations during firnification

On temperate glaciers, the seasonal oscillations in the snow pack
rapidly reduced during recrystallization in presence of percolating
water. Simultaneously, isotopic fractionation ocecurs leaving the s
phase enriched relative to the liquid phase (ArNason, 1969; Buas
1972). 6 profiles from Icelandic, Norwegian and Austrian glaciers cont
only slight or no seasonal variations (ArNasown, 1969; DeurscH ef
1966). .

Onp polar glaciers, the disturbances due to percolation are smal
negligible. However, other smoothing effects must be quite active in
porous firn, since § variations in the precipitation are always smoot
considerably, and sometimes obliterated shortly after deposition. T1
Fig. 6 (from JounsEw et al., 1972), shows a reduction of the seasc
amplitude at Camp Century by a factor of 4, at the same time ¢
oscillations with frequencies higher than 1 yr-1 are completely oblitera
Fig. 7 shows various degrees of smoothing at 3 other Greenland stati
all close to the ice divide in North, Mid and South Greenland, respectiv
Tt appears from Fig. 7a that the existence of pronounced seasonal § va
tions in the upper firn is no guarantee for preservation during firnificat
In low accumulation areas, such as most of Antarctica, many seas
& oscillations are simply missing due to drift or lack of winter (sumr
snow, or they are completely smoothed within a few years, ¢p. Epst
el al., (1963); Prccrorro ef al., (1968); Lorius et al., (1968a). Some of
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own results are compiled in Fig. 8, showing the gradual reduction of the
summer to winter & difference during the first part of the firnification
process.

According to Jounsew (1973) there are two important reasons for
the isotopic homogenization in polar firn, both connected to recrystalliza-
tion of the grains via the vapor phase. Firstly, storms and barometric
pressure changes cause vertical air movements, particularly in the upper
firn, where mass exchange between the strata is further accentuated by
high temperature gradients. This might account for the fast smoothing
at Byrd and Little America V (Fig. 8) that have much higher storminess
than the Greenland stations. Secondly, diffusion in the vapor phase causes
considerable interstratificial mass exchange down to “‘the eritical depth”,
de, where the density has reached the “critical value”, g, approximately

0.55 grfem?® (Bexson, 1962; Avperson & Brwsow, 1962). The total

vertical diffusion length at this level seems to be only slightly dependent
on the temperature, which may be explained by the temperature influ-
encing d. and the rate of diffusion in.such a way that the effects essenti-
ally cancel out (Jouwsew, 1973). The combined mass exchange between
firn layers down to d. may be expressed by the mean vertical displace-
ment, L, &..?m material {relative to its original layer) caused by con-
vective air movements and by diffusion. A given harmonic é-oscillation
of “wave length” A, will be essentially obliterated, if L. exceeds W»c.
Hence, assuming the seasonal §-variations to be harmonic, which implies
the precipitation be uniformly distributed throughout the year, the
smoothing eflect down to the critical depth depends mainly on the
storminess and on the rate of accumulation. If the winter precipitation

Fig. 7. Seasonal §(0'#) oscillations in the upper firn at 3 stations close to the ice
divide in North, Mid and South Greenland. The sampling frequency was approxi-
mately 8 samples per annual layer {16 in the top 2 meters of ice equivalent). §-values
higher than average are set off in black. Tentative interpretations are given to the
left of the curves. At Dye 3, the dating was supported by a f-activity profile (C.
HamuEer, to be published). High frequency 4 oscillations (> 1 yr-1) disappear within
a few months at North Site, a few years at Crete, and essentially within a few decades
at Dye 3, where impermeable layers of refrozen mell water delay smoothing by
vapor diffusion. In the first few years after deposition, the amplitudes of the seasonal
d#-oscillations are highest at North Site. However, due to the low accumulation rate,
they are also most rapidly reduced at this station. Complete obliteration hegins at
a depth corresponding to 6.5 m of ice equivalent. This is not the case at Crete, much
less at Dye 3, where the secasonal d-variations are known to survive _%_m entire firni-
fication process (cp. Fig. 8). At the “‘critical depth’, corresponding to density 0.55
griem?, or some 3 m of ice equivalent, the isotopic homogenization is essentially
suspended for a long period of time (cp. Fig. 6}. The mean accumulation rates appear
to be 16.5, 27 and 53 cm of ice per year, respectively..
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Fig. 8. Measured reduction of summer to winter difference, dg—dy, in accumulated

snow as a function of time since deposition. Seasonal ¢ variations, and thereby age

and acenmulation rates, can be determined as long as dg—dy remains higher than

2 9/4p. If this is the case, when the firnification is completed, the stable isotopes can

be used for age and accumulation measurements thousands of years backwards
: in time.

is considerably less than the sumimer precipitation, the smoothing is much
more effective or, in other words, obliteration occurs for values of L con-
giderably less than Wpo. Similarly, individual years with unusually low
accumulation will ““disappear” in the & profile much faster than normial
years. : -
Unfortunately, seasonal 4 variations have been measured down to,
or below, the critical depth only at a few stations. These are listed in
Table 1 together with other stations (indicated by stars), where.d. oscilla-
tions have been measured to depths-less than d,. In column 4 and 5,
a plus sign means that seasonal ¢ cycles are detectable below the critical
depth, respectively only a few years. At the station 73°25" S, 14°10" W

(samples collected by Orav Ligstorr, Norsk Polarinstitutt), a ¢ amplitude-

of approx. 2 %/, remained at 9 m depth, and the oscillations are therefore
estimated to be preserved. On the other hand, only a 1 %/, & amplitude
remained at 0.5 m depth on the South Pole (EpsTEIN €t al., 1965, Fig. 2},
and it is therefore assumed to disappear before the critical density is
reached. ‘ .

Columns 2 and 4 in Table 1 suggest that an accumulation rate of
approx. 26 em of ice equivalent per year, corresponding to 24.gr-em-2-yr-?,

i1 Stable Isotope  Glaciology
Table 1
1 2 3 4 5 6
: Seasonal § va-
Accumulation Mean | riations detect-
Station rate temp, able Reference
em ice-yr-* °C below | & few
dg years
Carrefour 62 —18 + + Ausace &
Dawseasrp (19¢
Dye 3 53 - 20 + + | Fig. 7e .
King Baudouin 42 -15 + + GowrrawTixt {1f
Site 2 40 - 24 + + EpstEv &
Suare {1959 h)
73°25" 8, 14°10°W# 37 — 25 (-F) + Liester (1970}
Camp Century 35 — 24 + + Fig. 6
Crete 27 - 30 + + Fig. 7h
Pionerskaya* 2b - 37 - - Lorius etal. (19
Little America V 24 - 23 - - EpsTEIN ef al. (1
NW Devon Island 22 - 23 - + PaTeERsON ¢f al.
(1973)
North Site 16 -31 - - F Fig. 7a
Wilkes 8 2% 14 — 19 - + ErpsreiN ef al. (1
Byrd Station 13 - 29 - = | Jounsew etal. (1
South Pole* 9 -51 | () + | EpsreIx ef al. (1
Komsomolskaya 5 -5l - - TLortus ef al, (19
Pole of Relative 3 - B7 - - Piccrorro el al.
Inaccessibility , (1968)
Yostok* 2 -4 — b - - Lortus ef al. (1€

is critical for the survival of seasonal & variations throughout the-
stage of the firnification process. Once the critical density g is H.,m.mo._
further smoothing takes place mainly by self-diffusion in solid ice, w

is a very slow process. The & oscillations found at the density leve

4.2 and Fig. 6.

are therefore only exposed to little further smoothing during the res
the firnification process and, in fact, during several thousands of y
till the annual layers have reached a thickness of a few cm, cp. sec

Column 5, Table 1, shows on the other hand that the rate of smo
ing in the top layers of the firn does not depend exclusively on the a
mulation rate. The existence of unusually regular 8 oscillations at N
Site, Greenland, (Fig. 7a) in spite of only 16 em of accumulation pa




Table 2. Distance y, above botiom, to which harmonic & oscillations of period n years can be delected.
Layer thickness 'n’ and its age ty, at ¥,. Age of ice at y = 10m. y for 75,000 yrs old layers.
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DansGAArD, 1968). In low accumulation areas in Antarttica the stable
isotope method often fails completely, as mentioned on p. 21.

At depths that are not small relative to the thickness of the ice sheet,
the measured annual layer thickness must be corrected for vertical strain
since the time of deposition. In simple cases, i.e. no melting, and uniform
vertical strain rate right down to the bottom, the correction factor to
be applied down to. considerable depths is simply H/y, H being the total
thickness of the ice sheet, y the present distance of the layer from the
bottom. However, the total strain since deposition also depends upon
the entire temperature history of the layer in question. The correction
factor to be applied on ice layers deposited during the glaciation or in
the early post-glacial period, must therefore account for the influence of
the low temperatures in the past. . . . .

The data available suggest the conclusion, that recent accumulation
rates can be determined by stable isotopes in most of the dry and percola-
tion zones of the Greenland ice sheet, because only a small part in north-
east has accumulation rates considerably lower than the 15 gr-cm-2-yr-1
at North Site (Mock, 1967). In contrast, twice this accumulation rate
seems to be needed in most of Antarctica in order to secure a reliable
interpretation of seasonal ¢ variations even in the uppermost firn. Accu-
mulation rates higher than 30 gr-cm-%-yr~* cccur in Antarctica only in
relatively small, coastal areas (Buryr, 1971). On temperate glaciers the
method may be applicable under particularly favorable conditions. How-
ever, this possibility remains to be checked.

4.3.2. Dating of ice cores is possible by using (i) the classical
stratigraphic methods (back to some 50 years), (ii) the radioactive iso-
topes H* and Pb2® (100 years), Si®%2 and Ar®*® (1000 years), and C*
{20,000 years), (iii) flow model calculations (Danscasarp & JOHNSEK,
1969), and by (iv) counting é summer maxima, or (v) counting maxima
of long-term ¢ oscillations (DanscasrD et al., 1971).

The accuracy of the methods (ii) and (iii) is seldom better than
% 10 %/,. The fourth method renders a better accuracy. It is applicable,
if the summer to winter  difference left after firnification averages more
than 2 9/, The mean thickness 4 of annual layers, measured in reason-
ably spaced increments of the core, gives the relationship 4 = y) be-
tween A and the distance y above the bottom. Age in years (1) can be
calculated as ey

t = ﬂw :mMa

g 1y
7 being 1 year.
Absolute dating implies a detailed continuocus & record downward
from surface (8 samples per annual layer). At present, the Dye 3 core

I1 Stable Isotope Glaciology

is dated this way back to 1230 A.D. with an estimated accuracy of
years. The uncertainty is due to dccasionally dubious interprelat:
Exact dating may be obtained by correlating a dust concentration p
with dust veil indices (Lame, 1970).

Table 2, column 8, suggests that method (iv) is applicable in exte
areas in Greenland several thousand years backward in time; an
Mid Greenland, where the higest thickness of the ice is found, even
to the termination of the last glaciation. This latter possibility im
however that the accumulation by that time was high enough to s
preservation of seasonal d oscillations. If so, deep ice cores from
Greenland offer unique possibilities, not only for absolute dating of
glacial climatic events, and thereby correction of the C!* scale be:
the range of the dendrochronological technique, but also for mea:
ments of accumulation rates in glacial times,




5. Climatic effect

As mentioned in section 3, the ¢ value of a given snow sample
depends on many parameters, of which the most dominating one is the
difference between the condensation temperature, T, in the precipitating
cloud and the temperature, Ty, at the first stage of the condensation
process. Thus, a general 1° C cooling all over the Earth would hardly
have any noticeable effect on the & value of snow at a given locality, in
so far as T T, would remain unchanged. The reason why, nevertheless,
§ is a chimatic indicator, is that climatic changes, being most pronounced
at high latitudes, do cause a change in T ~T7. .. .

In Fig. 9 the two curves to the outer left and right show 10 years
running mean air temperatures as observed at sea level in Upernavik
(NW Greenland) and Angmagssalik (SE Greenland) since the beginning
of this century. Due to the imperfect control of these less accessible
stations, particularly before World War 11, the temperature records are
hardly fully reliable in all detail. Nevertheless it is reasonable to conclude
that (i) a considerable warming took place at both stations during the
1920ies, (ii) the temperature optimum occurred shortly after 1930, and
(iit) already 20 years later, the temperatures in Upernavik had dropped
to close to the mean value for the whole period, whereas the warm con-
ditions lasted more than a decade longer in Angmagssalik.

In between the two outer curves, Fig. 9 shows six d-records from

stations on the Greenland ice sheet, as indicated in Fig. 3. The d records
“from Jarl-Joset and Central were measured on firn cores hand augered
by E.G.1.G. (Daxscaarp ef al., 1969a). Like the observed temperatures,

the #'s can of course not be expected to vary completely in parallel from
South to North. Nevertheless, the 4 records reaching hack to before 1920
show a considerable increase in 4 during the 1920%ies (at Jarl-Joset the
4 maximum oceurred simultaneous with a secondary temperature maxi-
mum in Angmagssalik around 1944), followed by a decrease during the
recent decades. The lower part of the Camp Century curve in Fig. 9 is
not considered completely reliable because the firn samples in question
had to be collected (kindly by Dr. S. Leune of C.R.R.E.L.) under non-
ideal conditions in the inclined trench at Camp Century.

gt pimn
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TEMPERATURES
and oxygen-18 profiles
UPERNAVIK] N Nw CENTRAL MID E | SE | ANGMAG-
SSALIK
1970— N SITE | CENTURY | CRETE OYE 3 —
1860 | | H—1—
{ENTRAL | JARL-JOSET
N\
1950 L1 — ) —B—
-335%,
1940 — g
-355%,
NORTH
1930 — B
19201 —\|-— ]
.E._Df I L 11 - 1
-324%, J335%,
-278°C -2B4°C
CENTRAL  JARL-JOSET
“ il l | ] [ 1 1
900 8 -7 -6°C  -30-29-28%, ETACEET
24C -20°C
UPERRAVIK CENTURY OYE 3 ANGMAG-
. SSALIK

Fig. 9. Observed 10 years running mean temperatures at Upernavik -(outer left
Angmagssalik (outer right) compared with 10 years running mean § values
Greenland ice sheet stations. The lower part of the Camp Century é-record ma

, be fully reliable, ¢p. text on p. 30.
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The entire Camp Century é-record from the 1387 m long ice c
shown in Fig. 10, plotted on a time scale that was originally eval
by ice flow considerations (Dawscasrp & Jomwsew, 1969), and
provided with minor corrections that make the time scale indepe
on ice flow parameters {IYaNscasrD ef al., 1971). The record is undou
Iy continuous and reaches back to long before the onset of the last g
tion. It has been provided with tentative-interpretations in Eur
and American terminology, and seems to reveal all of the climatic ¢
within the last 80,000 years known from other independant studie
in hitherto unseen detail. In addition, other known and unknown e
prior to the Wisconsin glaciation appear in the d-record. Thus, at ag
90,000 yrs B.P. in the adopted time scale, a shift in § suggests an a
instantaneous climatic cooling to full glacial severity, followed
climatie recovery within a thousand years (DaNscaarD et al., 1€
However, the significance of such apparently catastrophic events, a
as the time seale applied, and the climatic and glaciological implie:
of the more general trends of the Camp Century curve all call for fi
investigations.

As pointed out in the next section, deep ice cores from the D
western part of the Greenland ice sheet are not expected to reveal |
paleoclimatic records. The J values shown in Fig. 10 may need con
able correction for past changes of the ice flow pattern, particula
the glaciation period. On the other hand, these changes do not re
the climatic influence on the § curve. .

b.1. Corrections to long~-term § profiles

The interpretation of ¢ profiles in terms of temperature chan
uncertain for several reasons as repeatedly pointed out since 1969.

(i) the deeper strata originated further inland, where perhaps sl
different climatic conditions existed; (i) the isotopic composit
seawater, which provides the moisture for the precipitation, cha
{iii) the ratio of summer to winter precipitation possibly cha
(iv) the main meteorological wind patterns changed; (v) the
pattern of the ice in the accumulation area possibly changed
(vi) the thickness of the ice sheet changed.

Fig. 10. (From Danscaarp et al., 1971) é-record thropgh the Greenland ice
at Camp Century (down to 17 m above the bottom) plotted on a time scale (i
of 10° years before present) that is based on the assumption of ebserved per
4§ oscillations having a constant period of 2400 years. The curve is provide
tentative interpretations in Furopean and American terminology. Correction
influence of changing surface altitudes is suggested by the dashed curve, w!

‘assumed to roughly reveal the & trends in case of constant climatic condit

197 . -
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The changes in the isotopic composition of sea water are less
important in changing ice ¢’s than changes in the temperature of
precipitation formation (Emiviani, 1966). The extremely low &’s
shown during the Wisconsin/Wirm do not necessarily correspond to
temperatures that were many degrees centigrade lower than the
present—if the thickness of the ice sheet were considerably greater
than it is today, this would, in itself, cause lower surface temperatures
and lower &’s of precipitation at a given geographical location. .

For the same reagon, the &'s during the climatic optimum
hetween 4500 and 7000 years B.P. would probably have been even
higher had the ice sheet not still been thicker that at present. How-
ever, a major increase (or decrease) of the surface altitude could
hardly oceur without a general cooling (or warming) of the ¢limate.
Both of these effects influence the §s in the same direction, but it
is not yet possible to distinguish between the individual contributi-

- ons to an observed change in §'s” (DANSGAARD ¢ al., 1969b).

As to the latter point, Lorius e al., (1968b) have suggested that the
total gas.content in the.ice. depends on the altitude.of deposition. An
altitude effect on the gas content, of the order of 1 9/, change or —0.08
volume %/, per 100 m may be expected, assuming the gas content to be
proportional to the mean atmospheric pressure at the site of formation.
This is not' much compared to the scatter of available data on individual
blocks of ice obtained by other authors (ScHOLANDER ef al., 1961 ; MaTsvo
& Mivake, 1966). Furthermore, one has to assume that the pores in the
firn are closed -off into separate air bubbles at the same stage of the
firnification (density approximately 0.82 gr-em-®), independent of all
firnification parameters. The gas content.in ice is rather sensitive to
changes of the close-off density ¢’, in fact proportional to m.»w - og‘wm Thus
a 29/, decrease of o’ from glacial to post-glacial conditions is more than
enough to explain. the increase in gas content during the climatic tran-
sition indicated by recent analyses of the Camp Century core, cp. RAY-
~vauD & Lorius (1973). Unfortunately, no data were given on the number
of bubbles per cm? of ice, which should remain constant during the shift
in case of unchanged firnification. However, a comprehensive study should
be performed to clarify the-potentialities of the gas content method. A%
present, one can only estimate a correction to the ¢ of a given ice layer
to account for the difference between its altitude of deposition and that
of the surface at the drilling site. ) :

In the first place, one may assume that the present.ice flow and
meteorological condition have been valid for the entire period considered.
Even with this assumption, correction requires detailed knowledge about
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the accumulation and ice flow patterns in the drainage area upst
from the drilling site. In the Camp Century case, the present accun
tion pattern-and the surface and bottom topographies are suffici
well known (Mock, 1968; Gupmanpsex, 1970}, but the divergenc
the strains, of the icé flow in the drainage area need to be further inve
ated, before the § curve can be corrected with reasonable accurac;
lower temperatures of deposition for the lower strata than for the v
strata. As to deep strata, the correction is probably much less tha
6 9y, d-difference between Camp Century and North Site {cp. Figs 3
9), because these strata have, for tens of thousands of years, moved
close to the bottom, where the velocities are much lower than af sur
Furthermore, most of the ice flowing from far inland toward the 7
péninsula is drained off into the Melville Bugt and the Humbolt Glets
Consequently, in case of steady state even the deep strata in the ¢
Century area, is most likely of fairly local origin. And anyway.
correction would be continuously inereasing with the age of the st
which means that the interpretation of relatively short-term 6 varia
as being due to climatic changes would not be invalidated. The situ
is still more complicated at Byrd Station, where not even the accur
tion and topography in the drainage area are sufficiently well kn
Going a step further, we now cancel the reservation of steady
and include possible changes of the shape of the ice sheet that have t
place since the time of deposition of the strata. Of course, this mu
somewhat speculative, because one has to envisage flow patterns th
not exist any more. If we begin with the deep layers in the Camyp Cer
ice core originating from the Sangamon/Eem interglacial, their
existence, as well as the lack of evidence of melting at the bof
indicate that the hottom temperature was below the pressure m
point. Therefore, the considerations presented in the preceeding -
graph still apply for the lowest part of the ice core. In other word
see no reason for significant correction of the pre-gladial J values.
Before we proceed to the part of the d record that covers the gl
tion period, a few ice-dynamic remarks might be useful. In general 1
the climatic deterioration after the onset of the glaciation 73,000
B.P. (Fig. 10} made it possible for the Greenland ice sheet to grc
both lateral extent and in thickness. When full glacial severity
encountered at 59,000 B.P., the ice sheet probably covered all ava
land arsa as in the late stages of the glaciation, indicated by isos
rebound of the coastal areas all around Greenland (WEeinick, 1972)
altitude difference H between the crest and the margin of an ice she
mass balance can be deduced from ice-dynamic considerations (HAx
1964 ; PaTerson, 1972):
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L being a characteristic dimension of the base and k a’constant that
depends only slightly on the temperature and accumulation. This im-
portant equation shows that H is mainly determined by the horizontal
extension of the ice sheet, which of course grows in times of cooling.
On the other hand, the sea around Greenland limits the extent of the
base, which may vary slightly with the sea level. The degree of cooling
needed to make the ice sheet reach this limit is unknown, but it was
most, probably attained early in the glaciation. Therefore, the shape of
the ice sheet has most likely remained essentially unchanged during most
of the glaciation. Within this same period we may therefore apply the
steady state considerations presented in.the preceeding paragraphs.
During the workshop meeting on Temperature and Tsotopic Profiles
in Tce Sheets in Cambridge, January 1973 (RoBin, 1973 a), we discussed
the consequences of possible fusion of the Greenland and the American
ice sheets during the glaciation. The above considerations are also valid
for such ice ridge as soon as it reached its maximum extent. Uplift data
from Elesmere Island (WaLcott, 1972) and NW Greenland (WEIDICK;

1971) suggest that the ice ridge built up to a width of some 700-800 km. .

between Knud Rasmussen Land and the growing Innuitian ice sheet
over The Queen Elizabeth Islands. In view of the small distance between
Northwest Greenland -and Ellesmere Island (~ 50 km) a fusion of the
two ice sheets could have taken place early in the glaciation followed
up by the build-up of a ridge to a steady state with altitudes reaching
2500-3000 m to ._smmm from the 800 km wide Mid Greenland: ice sheet
today.

In the following we assume that the width and, i_mwmg.. the thick-
ness of the ridge was . only slightly influenced by sea level changes, as
long as the sea level was low. On the other hand, at the end of the glacia-
tion, the ridge must have disintegrated extremely fast, when the rising
sea, assisted by the rapidly warming climate, undermined the glacier in
the deep channel between Greenland and Ellesmere Island. This appears
from the almost instantaneous rise of the é curve at 12,500 B.P. in the
time scale used in Fig. 10. This event left the Northwestern part of the
Greenland ice sheet higher than ﬁommuﬁ but still shrinking till it reached
the present stage.

The development of the glaciological conditions described &uoﬂm
suggests the following tentative conclusions as to the Camp Century &
record: During the build-up of the ridge, the altitude of deposition of
the layers from that period increased by some 800 m, probably with a
halt during the Brerup Interstadial. The corresponding 4 change in the
period 73,000 to 59,000 B.P. was some 6 %y,. The remaining 6 %/y, drop
in § within the same period {Fig. 10) reveals the climatic cooling. In the
period 59,000 to 12,600 B.P. we apply, as a first approximation, a correc-
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tion of 6 /y,, assuming (i} essentially steady state of the ridge, and
sites of deposition close to its ice divide. The latter assumption is reass
able, because during the rapid thinning that followed only the ice in 1
central part of the ridge would be left on the Thule peninsula. A:
consequence of the suggested correction, the interstadial interpreted
Plum Point in Fig. 10 appears to have reached close to present day clims
conditions, which is supported by the Devon ice cap & profile (PATERS
et al., 1973). We desist from correcting the Camp Century é curve dur
the dramatic disintegration of the ridge, though part of the smo
increase of the §'s above — 34 ¢/, undoubtly reveals the postglacial th
ning of the ice sheet in Northwest Greenland. However, another p
{of the order of 1 /y.) of the total increase must be ascribed to the dee
layers coming from further inland. As described on p. 35, lack of d
prevents us. from specifying the post-glacial & corrections further tl
shown in Fig. 10.

Ohviously, several other interpretations and corrections can
applied to the Camp Century record. In view of the complex glaciclogi
development outlined above, the climatic component of the d-record «
hardly be separated completely. However, if a purely climatic é rec:
could be cbtained from a more favorable location on the Greenland
sheet, the Camp Century record could be corrected for the climatic oc
ponent and would thereafter render extremely valuable informations ab
past changes of the Northwest Greenland Ice Sheet.

Looking- at the rest of the Greenland ice sheet, we find the m
favorable ice flow conditions on the crest, where the deposits sink tow:
the bottom without any horizontal velocity. In other words, if -
position of the crest has remained -unchanged, any layer in a vert:
ice core has been deposited at the same geographical position. WeERTM
{1973) has recently shown that even considerable changes of the ac
mulation rate and distribution do not cause appreciable changes in -
position or altitude of the crest.

- Thus, we only have to consider possible secular altitude changes ¢
to growth or shrinkage of the ice sheet in horizontal direction. If-
length of the western slope was 750 km during the glaciation, in stead
the present 500 km, we must expect that H (the difference between
elevations of the crest and the margin) for the Mid Greenland ice sh
was |/750/500 = 1.23 times higher, i.e. 600 m higher than today. He
ever, at present the western ice margin in Mid Greenland is located
an altitude of approximately 500 m above sea level, whereas during -
glaciation the margin was close to the then sea level (some 100 m Ioy
than the present sea level). Hence, it seems that the crest has had esser

“ally the same altitude (relative to the sea level) during the clime

extremes in glacial and interglacial periods.
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This makes Station Crete an ideal location for deep drilling, as far
as the ice flow is concerned, which does not necessarily mean that it is
also the best suited drilling site from a climatological point of view,
because the meteorclogical pattern there may be more complicated than
on the slopes. No matter where a deep drilling site is chosen, the accumi-
lation and ice flow pattern in the Qamybmmﬁm area should be investigated
with great care.

As to Antarctica various parts of the ice shest may react differently
to changing climatic conditions. The extent of the continent is so large
that it may be questionable, if changes of the Antarctic ice sheet are due
to climatic changes, or viée versa. In times of high negative mass budget,
enormous exhaust of glacier ice covering large areas of the Antarctic

Ocean may reduce the albedo sufficiently to initiate a global climatic -

change. At least, the shape of the West Antarctic ice sheet suggests that
it is presently off balance (Huenes, 1972). Consequently, it is question-
able to which degree the Byrd Station é profile reflects variable climatic
conditions. The -8 trend within the last 4000 years suggests a-lowering
surface altitude, and the high ¢ values close to the bottom suggest much
lower altitudes in West Antarctica prior to the Wisconsin/Wiirm m_mEm-
tion ﬂ_ma today ComﬁnA el al. »@qmv

m..m. Smeothing of long-term 4 Ea.mmagm

Up till now, no isotope profiles have been obtained through tem-
perate glaciers. Smoothing by exchange between firn and percolating melt
water may show to. be completely destructive. On low latitude glaciers
at extremely high altitudes (Himalaya, Chile) the conditions may be
favorable enough for preservation of long term § variations. At low
latitudes, however, climatic changes are not very pronounced, uaa prob-
ably the more important in global climatic connection.

The smoothing by diffusion in polar firn, mentioned in section 4.1.
is negligible as regards long-term & variations due to climatic changes:
If the amplitude of seasonal d-oscillations is reduced by a factor F during
the first, important stage of the firnification, a climatic  cycle with
period n years will' be smoothed by a factor of the order of (F)1/n* (Jonx-
$uw, 1973). Even for F as low as (.04, this is in praciice equal to 1 already
for n = 5. Therefore, under otherwise favorable conditions long term
climatic ¢hanges ‘may be revealed by é records through polar glaciers
even in areas, érmwm no ‘seasonal d oscillations survive the ?Emomgob
process.

At greater depths, a harmonic § oscillation of period n years will
be smoothed by diffusion in the solid ice according to egquation {20} in
Jouwsex (1973) if 2 is replaced by n-A. Table 2; columns 10 and 11
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suggest for n = 10, that a possible climatic ¢ variation with a peri
corresponding to the sun spot cyele is detectable back to tm — 17,000 -
in South Greenland and to 50,000 yrs in North Greenland. In E:
Antarctica tm may be more than 100,000 yrs. At the level of &mmwwm.,
ance the layer thickness n 4 18 b to 9 em for n = 10. _

. Columns 7-8, 1314, 16-17 and 19-20 show that if the period, n y
of the considered & cycle is increased by an order of magnitude, t
“life time” tm of the é cycle increases at all stations by a factor close
2.3, and n 1 by approximately. 1.7. The significance of y, (m above t
bottom) is that below this level the n years § cycle cannot be expect
to be detectable although in some cases past temperatures below the pr
ent one have given better conditions for preservation than assumed
the caleulation.

5.3. Applications

Orﬁosmq. the cold ice sheets contain climatic informations spanni
very long periods of time. It may be rational to distinguish between.
short-term eclimatic changes with periods up to-a few thousand ye:
and (ii) long-term climatic chianges. In the first category, we find all 1
climatic oscillations that are of interest for short-term prognostie p
poses, in addition to all the variations that describe the main featu
of the present interglacial period. The second category is important
the study of the glacial chronology in the Pleistocene, including 1
problem of the duration of the present interglacial period.

5.3.1.. Long-term dating. The 80 and 180 years & cycles fou
in the upper 800. years J record from Camp Century {JOHNSEN ef
1970; DANSGAARD et al., 1972a) need to-be checked; as to persister
over much longer intervals of time and, as to global significance, on
cores from other locations in Greenland, Antarctica and, if possible, ot
glaciers. Based.on the detailed 4 record from Dye 3, spanning some *
years (Fig. 11, p. 47), HieLER et al., (1973) have found evidence for |
80 years SSHm in South Greenland.

. Table 2, columns 11, 14 and 17, shows w?ﬁ if mwov& &rmmm d 33
may he ?E:m back to &rm gm_nmﬁm of the Wisconsin/Wiirm, in so
cases. even. much further, both in Greenland and Antarctica. If th
cycles reflect solar activity variations, as suggested by, an anticorrelat:
between § and (' in treerings (DanscaarDp et al., 1971), they may
used for dating purposes just like the seasonal § variations (section 4.3
and far beyond the range of the latter (¢p. columns 8 and 14 in Table

5.3.2. Climatic prognoses for the coming decades or ,omEE

‘have become an urgent need. Long-term planning of industrial, a
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cultural and communication developments have always restéd upon the
assumption of essential stability of the environments. However, the
growing understanding of the existence and importance of natural climatic
changes, in addition to the potentialities of modern man to influence the
environment, has emphasized the need for clarifying the complex pro-
cesses that create our climate, the interplay of numerous feed-backs,
self-adjusting or amplifying processes that is our dynamic environment.
Great efforts are devoted to the task of establishing a comprehensive
model that acecounts for all the atmospheric, continental, oceanic and
extra-terrestrial parameters that influence the climatic balace. A better
knowledge about the natural climatic changes during the past centuries
or millenia is a basic condition for verifying the validity of any model,
including its ability to predict the consequences of man’s impact on the
climate. This is why the very registration of past climatic events, for
example by the isotope method used on ice cores, is more important than
ever. If such studies show that the climatic conditions in considerable
parts of the world are subjected to regular, persistant oscillations, this
must, be acecounted for in the model. It might even be possible to make
a.short-cut by predicting future changes simply as a continuation of those
of the past, without complete understanding of the complex mechanism
behind. The confidence limit of such predictions could be checked by
using.part of the known data to predict the rest. Such prognoses of future
climates would of course imply negligible influence of future human
activity but, on the other hand, the model needed to calculate this infl-
ence as a correction would be simpler than a complete model.

The first atterapt to use this technique on isotope data was presented
by JonnsEN et al.; 1970 and DANSGAARD et al.; 1972a. Another attempt
based on a different technique and a different material (the .Dye.3 ice
core) will be presented by HIBLER et al., (1973). Some results of these
investigations are briefly outlined at the end of section 7.1., p. 43.

5.3.3. Glacial chronology. According to EmiLiant (1966) the
mean frequency of the occurrence of glaciations is one. per 40,000 years.
Other claim much lower frequencies (WoLLIN et al., 1971). Thus n = 10*
years is the longest period of interest to the study of glacial sequences.
Such long & cycles may be preserved for half a million years in Greenland,
and for one million years in East Antarctica (Table 2, column 20). Strata
of these ages are to be found nearly 20 m above the bottom in Mid Green-
land and some 40 m above the bottom in East Antarctica (column 18).
If the potential radioactive dating methods based on Kr® and Mn®
(Danscasrp & QOESCHGER, 1973) are firmly developed, the study of these
very old layers would give an independent climatie record, spanning
a great part of the Pleistocene and invaluable as a check on, and supple-
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ment to the ocean floor records, cp. p. 7. This is important the more so
as deep disagreement still exists among paleo-climatologists, not only on
the general problem of the character and frequency of pleistocene glacia-
tions, but also on the specific problem of the duration of the Sangamaon,
Eemian interglacial that preceeded the Wisconsin glaciation.

The general problem raises the question of how old ice one can
expect to find deep in the large ice fields. The answer depends highly
on the temperatures at the bedrock now and in the past, which is another
unsolved problem (Bupp et al., 1971). Assuming that the bedrock tem-
peratures have always been below the pressure melfing point, we find
the ages of ice 10 m above the bottom given in Table 2, p. 26, column 21.
Apparently, one might get close to 1 million years in Mid and North
Greenland, and reach several million years in East Antarctica. Such old
ice might give interesting informations about chemical compesitions etc..
but the diffusion delimits the range of the stable isotope method to the
ages given in column 20. .

The specific problem (the duration of the Sangamon/Eem) raise:
another question, namely how much pre-Wisconsin ice is available at the
various locations. In the Camp Century ice core, the layer indicating
the Sangamon/Wisconsin transition is located some 38 m-above the bot.
tom, or only 21 m above the silty ice, the nature of which is not clearlsy
understood. This is onereason why the age of the clear/silty ice interface
estimated at 127,000 years, is encumbered with considerable uncertainty
Table 2, column 22, shows that considerably more pre-Wisconsin ice
{more than 100 m) exists in other parts of Greenland; and a great dea
more (~ 1000 m) in Central East Antarctica, still with the assumptior
of no bottom melting now or ever since the build-up of the ice sheet:
in the distant past. :

It seems most likely that ice cores from Mid Greenland and Eas
Antarctica contain sufficient information to determine the duration o
the Sangamon/Eem interglacial and to give an independant check or
the validity of a great part of Emiriant’s glacial chronology. If this i
proven correct, there are good reasons for emphasizing the unusually long
duration (10,000 years) of the present interglacial period (Emiviani, 1972}
In turn, this would stress the necessity that man desists from furthe
impact on the global environment, because such impact might lead t«

‘uncontrolable disturbances of a possibly labile climatic balance.




6. Conclusions

As listed in the introduction, there are numerous reasons to believe
that continued and intensified ice core drilling will show to be scientific-
ally rewarding to a higher extent than any other technique in geophysical
Polar research. As to the application of stable isotopes in ice cores, the
perspectives may be summarized as follows: : c

Accumulation rates during many thousands of years can be amemid-
ined over most of the Greenland ice sheet and in certain marginal areas
of Antarctica by using seasonal § variations. Over the rest of the two

large ice sheets accumulation rates may be determined by considering

long term-§ variations (or radicactive dating). Such measurements are
essential for estimating the mass balance now and in the past. UmeEm
of deep ice cores is possible by the same techniques,

- Stable isotope. profiles through ice sheets reveal past climatic con-
ditions, if surface altitude changes and redistribution of deposits can be
neglscted or corrected for. In Greenland such records may reach half a
million years backwards in time, in Antarctica several million years in
areas where the bottom temperature has never reached the pressure
melting point. Such records would be extremely valuable (i) for atmos-
phere model caleulations, because detailed long-term climatic records do
not. yet exist, (i) for determining a possible phase difference between
climatic changes in the Northern and Southern Hemisphere; (iii) for
checking the possibility of predicting the climatic development in the
next decades or centuries, (iv) for checking the validity of the climatic
records obtained from deep sea cores, (v)-for estimating the probable
duration of the present interglacial, and (vi) for estimating the corrections
to the C* scale beyond the range of the dendrochronological technique.

In case of unstable ice sheets & profiles reflect a combination of sur-
face altitude and climatic changes, each of which can be determined, if
the other can be corrected for.

‘The most promising aspects of ice core QE:Em are offered in the
dry and percolation zones of Polar ice sheets: In view. of the high cost,
any deep drilling should be preceeded by drilling to intermediate (400-
500 m) and/or shallow depths (50-100 m} at the intended mmmw drilling
site and at nearby alternative sites.
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A 100 m core represents approximately 80 m of ice equivalent
between 125 and 4000 years of accumulation at the stations listed
Table 2. In most cases this is enough not only for checking the preser
tion of seasonal ¢ variations, but also to give an idea of to which deg
the long-term & variations reflect the known climatic changes within 1
recent centuries. A number of 100 m cores from localities well spre
over the Greenland ice sheet, combined with complete maps of the b
tom and surface topography, would be an excellent basis for a choise
intermediate and deep drilling sites.

If the main purpose with deep drilling is a search for clims
records, the ice core should of course contain 8 variations that are e
to interprete in terms of climatic variations, i.e. § variations due to cha
ing surface altitudes, or to secular changes in the summer to winter p
cipttation ratio, should be negligible or possible to correct for. Only dir
checks by intermediate or shallow drilling can show, if EQ%E& of 1
Antarctic ice sheet or shelves meets this requirement,

Furthermore, the ice core should be easy to date, either by seaso:
d variations or ww ice flow considerations., This requirement counts
favor of high accumulation areas close to the crest or the main ice.divid
On the other hand, in such areas the origin or direction of precipitat.
air masses may shift, when the climate changes, complicating the me
orological pattern. This is probably of miner importance in Greenla
to judge from the close relationship between ¢ and temperature tod:
ep. Fig. 2, p. 12, but, again, drilling to Eﬂﬁ_Bo%mS or maybe even mwm_:
depths can-clarify ,ﬁ:m point.

Finally, it should be emphasized that the climatic informations ¢
tained in the two large ice sheets can only be revealed by several d
ice cores from locations that are well distributed in the various clima
regimes. This may raise the need for two deep drillings far apart on'
same flow line.: However, it is difficult to see any other argument for
Thus, determining the position of a given layer inland from the mar.
is much easier by radio-echo sounding. But it is important that a de
drilling site far from-the crest be chosen in consideration of a simple fl
pattern upslope; thorough strain measurements‘and several shallow d
lings in the drainage area are necessary for correction of the §-profile
the isotopic altitude/inland effect.

The combination of generally high accumulation m;m simple fl
pattern, stability, extent and accessibility. makes most of Greenland w
suited for climatic isotope studies on ice cores. )

If the ‘main purpose of a deep drilling is to get _ianmﬂcs abe
flow patterns, the suitable areas are characterized by a high altitus

inland effect. Furthermore, the core must be datable, because the'd pro:

has to be corrected for secular climatic changes. This technique will
some cases give informations about past surface altitude changes.

hvw
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Table 3 !
2 52| . |3 | oores datable| Climatic .
Station m gegl = ® by seasonal records Climatic m
s g1 8 |8 8 variations beyond details :
E 25| 5 [E [mafmom
(S = ac eyoI
sE|22] 5 | gl 10000 [30.000{120,000|
No. Name 2% | g5 1m.... BE | yrs | oy IS | YIS, B.P. . o . :
gslEg| 2 25|80 | e |BF|BD 7. Appendix: The Greenland Ice Sheet Program
(G.1.S.P.)
1 | Camp Century - + - + + - + - -
g | Jarl-Joset (v | =+ + + + + + + + The previous sections, and particularly Table 3, show that or
8 |)-Crete : + + + [ (9} A + + + + parts of the Greenland ice sheet and, maybe, & few isolated Canadi
4 | Central ()} + SN + N s + glaciers have ice flow and meteorological regimes that, a priori, lc
5 | Milcent - + + + + + + + - . . . . . .
6 | Dye 3 A N N _ + L _ promising as to simple interpretation of a deep & profile in terms of ¢
7 | South Site - + - - + . - I . _ table climatic changes. Furthermore, the Greenland ice sheet reaches fr
8 | North Site 1 F + R+ - - + I + the Arctic Ocean to close to the main track of the North Atlantic cyclo
_ governing the climate of a great and, society-wise, important part of
9 | 88, SON - o N - ~ B - i tomperate belt of the Northern Hemisphere. Quite naturally, the G
10 | 68.4°8, 120° B _ _ - N N B o (1) perate belt o orthern Hemisphere. ( e naturally, the Gre
11 |79.4°8, °E- T - _ - . - - - _ land ice sheet has therefore, after some years of intermission, regan
12 | 17°8,10° E + b+ lny - - - (+) ] (+) {(+) . w its position as one of the foct of interest for deep drilling projects.
13 | South Pole .- - - - - - RGNy (+) - G.1.8.P. was initiated in 1971 as a long-term joint effort with sci
Mm M&w Hw&. Inaceess. + H + | - | - - | Hu ( HV AHW ) ! tific and technical contributions from U.S.A. Cold Regions Research
HM ‘wwwmowg Shelf i H L B _ ¢ |V ﬁ.&v ( - | Engineering Laboratory (C.R.R.E.L., responsible for logistics, core drill;
17 | Byrd - - - S — b - _ physical and chemical core studies, surface strain measurements), It
18 | Little America - - - + -l - - - versity of Copenhagen (Geophysical Isotope Laboratory, responsible

In Table 3 are given a number of expected features for the stations

listed in Table 2 and a few more in Antarctica. As long as.the Dye 3

core i$ the only intermediate or shallow core recovered from the stations
2 through 14, any of them may, for individual reasons, be regarded as
potential deep drilling sites. The stations 9, 40 and 11 are all locates
in those high aecumulation margin areas in Antarctica (Fig. 4, p.17)
that seem to offer the best possibilities for preservation of seasonal &
variations. However, the flow and accumulation conditions upslope from
these station are too complicated and poorly known to justify caleulations
as those shown in Table 2. It should be kept in mind that a ¢ profile
through fastly moving marginal ice reflects. the past conditions far inland.

- At this stage it would be hazardous to try to put up a priority list
for deep drillings. The only reasonable proceedure is to use the shallow
and intermediate drilling techniques at stations 2 through 14, and/or
alternative stations,.and let the results guide further action, both as
regards when and-where.

stable isotope analyses, Si%? dating, dust concentration and S-acti
measurements), Technical University of Denmark {(Laboratory for E
tromagnetic Field -Theory —radio-echo sounding), University of E
(Physikalisches Institut — radio-carbon dating of ice in situ), and T
versity of Iceland (Science Institute — tritium - dating of firn. stre
Financial support has been given by the U.S. and Swiss.National Sei
Foundations, the Ministry of Greenland and by the Universities invol:

The first step was to establish a.solid basis for choosing the ¢
favorable sites for deep drilling. An important requirement to sites
from the crest is that the sub-surface upslope must be relatively p
Fortunately, radio-echo sounding from aircrafts, perfected by Gupm:
sEN and his co-workers, has shown to-be a valuable tool for map
the topographies of the surface (RoBIX, 1973b). and the bedrock ur
neath the ice sheet (ROBIN et al., 1969). A systematic survey has -
worked on since 1968 with impressive results (GUDMANDSEN, 1973
shows a very smooth bottom topography along the EGIG track al
way from Camp. VI to Jarl-Joset. Just East of the latter station
surface mountains complicate the ice flow pattern. However,. Jarl-.
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and all E.G.I.G. stations West of it seems to be well suited for a deep
drilling operation as far as the ice flow pattern is concerned, the more
so as great efforts have already been devoted to clarify the strain pattern
(E.G.1.G.).

In the following, we shall briefly outline some other G.L1.5.P. activities
that have taken place up till now, or are planned for the years to come.

7.1. Some results from the field season 1971

The first practical result of the G.I.S.P. drilling activity was the
recovery of an ice core to intermediate depth (377 m) at the Dye 3 Station
(65°11" N, 43°50° W), where the total ice thickness is approximately 1900
m, according to radio-echo sounding measurements (GupMaNDsEN, 1970).
The choice of Dye 3 was made for economical and logistic rather than
for glaciological reasons. The station 18 located some 30 km East of the
ice divide, and the bottom topography is rough. However, this latter
point is not essential, since the ice core spans, less than 25 ¢/, of the total
ice thickness.

The ice core was split along the axis and shared between C.R.ILEL.
and our laboratory. Some 6000 d-measurements on small increments (each
. 1/ year) in a continuous sequence show approximately 740 seasonal
d oseillations. Hence, the ice core reaches back to ¢. 1230 A.D. Further-
more, the accumulation rate in the Dye 3 area has remained surprisingly
constant, ¢p. the left part of Fig. 11 showing an annual accumulation
record, in which oscillations shorter than 30 yrs have been essentially
removed by applying a digital low-pass filter (DaNscaarD etal., 1971). The
most pronounced deviation from the overall mean value, 48 gr-cm-2. yr?
apparently occurred around 1400 A.D. It is interesting to note that in
this same period Iceland was ravaged upon frequent, heavy land slides
(Tuoroppsen, 1916), and that in Denmark farming was possible only
on the high-lying lands (*hejbrug”}, the low-lying ones being frequently

flooded, Was -all this due to increased cyclonic activity over the North

Atlantic Ocean?

The mid section of Fig. 11 shows the corresponding ¢ record. Some
degree of correlation exists between the accumulation and the & curves,
which might be explained by varying mean position of the Polar front.
As expected the &' vary less than at Camp Century (right section) due
10 the more oceanic character of the climate in South Greenland. How-
ever, the two § curves exhibit several mutual features, ¢p. for example
the generally sub-normal &’s during the “little ice age” in the 16’th and
17'th century. In some periods the two & curves are out of phase (cp.
most of the 18’th century and the time around 1300 A.D. and just before
1500 A.D.). This-is probably due to the fact that no exact dating of the

It Stable Isotope Glaciology
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Fig. 11. Digital-filter smoothed records of annual accumulation at Dye § (lefl
8(01%) at Dye 8 and Camp Century. The Dye 3 data (including the time
are based on a continuous series of 740 seasonal § oscillations. The Camp Ce
time scale is based on the assumption of unchanged accumulation rate. This
be the reason why the two § curves are occasionally out of phase. However, b
them show the climatic optimum arcound 1930, and generally sub-normal -1
during “the little ice age”. Some correlation (coefficient 0.6) appears betwee
accumulation and & curves from Dye 3, sub-normal accumulation oecurring i
periods. :

Camp Century ice core has been performed by counting seasor

-variations. s _ :

The strain rate measurements, radio-carbon measurements, as
as dust and other physical and chemical analyses will be reported
where, e.g. silicon-32 ‘dating measurements by CLausen (1973). A
liminary time series analysis of the isotopic and stratigraphic fes
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will soon be published by HIBLER et af., (1973). In essential agreement
with the previous one (DANSGAARD et al., 1972a) the tentative prognosis
suggests that the cooling within the recent decades may soon be replaced
by a slight warming up till approximately 1990. Thereafter, the tentative
prognosis suggests minor fluctuations with cold peaks around 2005 and
2060 A.D. The warm peaks foreseen for the coming century will hardly
bring back the extremely warm conditions of the 1930’ies. However, once
mmm:b it should be emphasized that longer records from different climatic
regions and other studies are needed.

7.2, The field season 1972

In spring 1972 analysis of firn strata on the Devon Island ice cap
indicated a fast smoothing of seasonal § variations present in the upper
firn, in spite of a considerable accumulation rate (20 gr-cm-2-yr-1). This

cwmﬁémios stressed the need for investigating the isotopic homogeniza-

tion at the intended intermediate drilling sites in Greenland, Crete and
North Site. Handaugered cores were recovered in June 1972. The results,
shown in Fig. 7, p. 23, suggest that the seasonal 8 variations probably
survive the firnification process at Crete. If so, it further supports the
first priority of Crete as a deep drilling site. See text to. Fig.7.

7.3. ewm field season 1973

In Spm summer of 1973 an intermediate drilling at the E.G.[.G. station
Milcent (295 km from the ice divide) resulted in the recovery of a 398 m
long ice core that spans the last c. 780 years. 7000 samples for O*® ana-

lyses were cut from the core in a continuous sequence. Detailed sampling

from pits and hand augered cores collected in the vicinity of Milcent is
intended to reveal possible local effects. upon the isotopic stratification
of the deposits, as well as the internal mixing of the layers. Near surface
samples spanning the last 27 years were collected from various locations
for tritium and chemical analyses. . .

In addjtion, valuable experience was gained in. a&mﬂoc to two de-
vises for shallow drilling {to 50-100 m) recently developed at the Univer-
sity of Bern and C.R.R.E.L.. When perfected, they will be extremely
useful tools for survey purposes, because they will be easy to move,
install and use without heavy logistic support.

1
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