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Abstract 

The development of the ice core drilling technique has led to a broad variety 
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 (15) of the heavy 
stable isotopes oxygen-18 and deuterium in precipitation mainly depends on the 
temperature of formation. This leads to a geographical 6-distribution and, at a given 
location, t5 variations in phase with seasonal and climatic changes. Under favorable 
conditions informations may be obtained about present and past changes of climatic 
and ice flow parameters. However, isotopic homogenization in firn and ice delimits 
the application of the method, particularly on temperate glaciers and in low accu
mulation areas. Furthermore, in cases of unstable ice sheets, the climatic component 
in t5 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 Program, initiated in 1971, is an international joint 
effort to extract paleoclimatic and other geophysical informations contained in the 
ice sheet. Several drillings to 400-500 m depth will 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 

I sotope Glaciology may be defined as the analysis and interpretation 
of radioactive and stable isotope variations in glaciers. This paper 

deals mainly with the heavy stable isotopes deuterium and oxygen-18 in 
the water molecule. The potentialities of stable isotope glaciology was 
first pointed out by DANSGAARD (1954) and EPSTEIN (1956). This discip
line has in the past two decades become one of the most powerful tools 
in glaciology, particularly because the deep ice core drilling technique 
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 until 
scientifically rewarding ice core drillings began with the efforts of Ex
peditions Polaires Francaises in Greenland in 1950-51 (HEUBERGER, 
1954) and, particularly, with those of the Norwegian-British-Sweedish 
expedition to Queen Maud Land, 1949-52. The result was a, for that time, 
unique material for studying the firnification process (ScHYTT, 1958). 

The modern deep drilling technique (HANSEN & LANGWAY, 1966; 
UEDA & GARFIELD, 1969) was developed mainly by B. LYLE HANSEN, 
whom the International Glaciological Society recently awarded the Selig
man Crystal prize for his accomplishments. The many problems involved 
in the drilling technique are now recognized and overcome to the degree 
that "you just tell me the origin and the dimensions of the ice core you 
want, and you will get it" (B. LYLE HANSEN). In this paper we shall 
use the terms "shallow", "intermediate" and "deep" for drillings to 
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 m 
long ice core from Site 2, NW Greenland, in 1956. This was later followed 
up by deep drillings to bedrock at Camp Century (1966, 1387 m) and 
at Byrd Station (1968, 2164 m), and several drillings to intermediate 
depths at various sites in Antarctica, Greenland, Meighen and Devon 
Islands, and Iceland. Except for the latter, all of these drillings have been 
performed on cold glaciers. 

The scope of ice core studies reaches far beyond glaciology itself, 
as it appears from the various promising aspects listed below. The use 
of stable isotopes will be treated in further detail later in this paper. 



6 w. DANSGAARD et al. II 

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

Ice Core studies 
A. Glaciology 

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

b. Stability of ice sheets - stable isotopes (section 6). 

c. Ice flow patterns. 
a. dating of deep strata - stable isotopes (section 4.3.2), Si32, C14, 

Pb 21°, H3 and Ar39, 

/J. verification of model calculations - stable and radioactive iso
topes, 

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

d. Temperature profiles - direct measurements. Indicate degree of 
stability ( Ro BIN, 1968), climatic changes, flow law parameters 
and dielectric absorption properties (RADOK et al., 1968). 

e. Metamorphosis of ice crystals - size and orientation can be studied 
as function of age, load, stress, temperature (ScHYTT, 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 (MuRozuMI et al., 1969; 

LANGWAY, 1970). 
c. Past turbidity - dust (HAMILTON & O'KELLEY, 1971). Correlation 

with stable isotopes (HAMILTON & LANGWAY, 1967). 

C. Geology 
a. Sequence of glaciations - stable isotopes (section 5.3.3). 
b. Sub-bottom sediments and rocks (HANSEN & LANGWAY, 1966). 

D. Volcanology 

Volcanic activity - fallout of volcanic dust and ash and possible 
relation to climates (Gow & WILLIAMSON, 1971). 

E. Atmospheric chemistry 

a. Composition changes - composition of entrapped air bubbles 
(ScHOLANDER et al., 1961; ALDER et al., 1969). 
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b. Pollution - fallout of solid elements, such as lead (M UR0ZUM r 
et al., 1969) and fission products (CROZAZ et al., 1966). Organic 
matter from forest fires. Dust. 

F. Meteorology 

a. Circulation patterns - stable isotopes. 
b. Exchange across the tropopause - radioactive isotopes, strato

spheric dust. 
c. Residense times in atmospheric reservoirs - radioactive isotopes, 

dust. 

G. Cosmic physics 
a. Changes in cosmic radiation flux - naturally produced radioactive 

isotopes, e.g. C14 and Si32• 

b. Cosmic dust - radioactive isotopes, particularly Mn 53• 

H. Solar physics 
Possible relation between stable isotopes in the ice and C14 in tree 
rings (DANSGAARD et al., 1971). 

I. C14 dating 
Correction of the C14 scale beyond the range of the tree ring 
technique by absolute dating of climatic events - stable isotopes. 

Although oceanography is not included in the list, it should be born 
in mind that isotope oceanography and isotope glaciology have one im
portant goal in common, namely the establishment of long climatic 
records. Some of the difficulties inherent in the two approaches are 
similar (e.g. possible changes in accumulation rate and flow pattern), and 
so are the techniques: drilling of cores from the sea floor and the ice sheets, 
and oxygen-18 measurements on foraminifera (EMILIANI, 1966) and ice, 
respectively. Yet, the two methods are quite independent and, in fact, 
complementary, in so far as (i) the oceanographic method has its main 
application in the tropical and temperate oceans, the glaciological method 
in the polar regions; (ii) the deep sea cores may reveal the major climatic 
trends during millions of years, while the deep ice cores give a wealth 
of details spanning a shorter period. This is why the interplay of the two 
methods constitutes the most promising aspect in paleo-climatology 
today. 

Thus, there are many reasons to recall A. P. CRARY's advise in his 
presidential address to the ISAGE meeting, Hanover, 1968: 

"My suggestion for future glaciological studies is simple: add the 
thin dimension. Drill, drill and drill some more; know the ice-rock 
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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 !5's at higher latitudes and/or altitudes) as being due mainly to preferential 
fallout of heavy components (Rayleigh condensation from limited amount of vapor). 

Lo,~ er part (winter or cool climatic conditions): Same as above, except that a cooling, 
increasing with latitude, has changed the isotopic fall out pattern into lower !5's 
at any mid and high latitude locality. Snow of !5p = - 25 °/00 is assumed to be 
deposited on top of snow of r5p = - 15 °/00 , deposited during the preceeding warm 
period. This explains qualitatively why i5 profiles along ice cores reveal (i) seasonal 

r5-oscillations and (ii) long term climatic records. 

interface as well as the surface is presently known. Study the internal 
ice so that we can 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 shall 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 t, scale 

In the commonly used c5 scale, stable isotope data on natural waters 
are reported in terms of the ratio R between the concentrations of heavy 
and light isotopes (018/016 or D/H). c5 of a given sample is the relative 
difference between R8 in the sample and R8t in Standard Mean Ocean 
Water (SMOW). Unfortunately, SMOW is not a real water body, as the 
name indicates, but only the zero point of the <5-scale defined on the basis 
of the real National Bureau of Standards' water standard No.1 (NBS-1) by 

RsMow = 1.008 RNBS-t for 0 18/016, 

RsMow = 1.050 RNBS-t for D/H 

(CRAIG, 1961 a). Thus, by definition, <5(018) for NBS-1 is 

~ = 1-1.008 · 103 = -7 940; u 1.008 • oo· 

Samples of NBS-1 and a number of secondary standards are available 
for calibration purposes at Section of Isotope Hydrology, International 
Atomic Energy Agency, Vienna. 

The mass spectrometric technique for c5 measurements has previously 
been outlined (DANSGAARD, 1969; NrnF, 1969). With minor improvements 
it gives an overall day-to-day reproducibility of ± 0.12 °loo on c5 in routine 
oxygen isotope analyses, which is satisfactory in stable isotope glaciology. 

2.2. Isotopic fractionation in the atmosphere 

The main reason for fractionation of the three most important 
isotopic components of water (H 2O16, H 2O18, HDO) is that the vapor 
pressure of the heavier components is slightly lower (1 °lo for H 20 18, 

10 °lo for HDO) than that of the light component. Thus, in case of 
equilibrium, atmospheric water vapor contains 10 °loo less 0 18, and 
100 °loo less deuterium than mean ocean water. We denote this by writing 
c5v(O18) = -10 °loo, c5v(D) = -100 °loo (CRAIG, 1961 a), cp. left part of 
Fig. 1. If such vapor is separated from the ocean and cooled off, the first 
small amount of precipitation will get the same composition as the ocean 
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water i.e. bp(O18) = bp(D) = 0 °loo (cp. Fig. 1), because the heavy com
ponents condensate with a 10, respectively 100 °loo, preference to the light 
component. For the same reason the remaining vapor is left a bit de
pleted in heavy isotopes, i.e. bv(O 18) < -10 °loo, bv(D) < -100 °loo• 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, bp has been 
put equal to bv + 10 °loo 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 18 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 (DANSGAARD, 1964; CRAIG 
& GORDON, 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 observed in the polar regions: 

Geographical b-Pariations: 

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

Altitude/inland effect (lower b's at higher altitudes and/or further 
inland) for similar reasons. 

Temporal b-Pariations: 

Seasonal effect (lower b'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 b'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, b(D) and b(O18) are linearly related in snow and ice at high 
latitudes and/or altitudes. At present, 

b D = 8.0 b(O18) + 10 °loo 

(CRAIG, 1961b; DANSGAARD, 1964). However, one cannot rule out the 
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possibility that the linear relationship has been slightly different in 
periods of entirely different climatic conditions. If so, the deviations 
might reflect changes in the atmospheric circulation pattern. Therefore, 
a combined deuterium-O18 study on series of samples from well de
fined climatic periods might be rewarding, yet difficult because it would 
deal with a second order effect. However, the first order effects, i.e. geo
graphical and temporal b-variations, can be studied exhaustively using 
one of the heavy isotopes. In the rest of this paper, c5 means <5(018}, 

but all data can be read in terms of b(D) using the linear relationship 
given above. 
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3. Geographical 6 distribution 

The geographical variance of the mean c5 of annual precipitation is 
influenced by many parameters (DANSGAARD, 1964). In cold regions, the 
dominating parameter is Tc-T~, i.e. the difference between the condensa
tion temperature, Tc, at a given location and T~ at the first stage of 
the precipitation process. None of these temperatures are generally known, 
and therefore one has to tentatively replace Tc-T~ by Tm-T~, i.e. the 
mean air temperature difference at ground level, or even by Tm itself, 
assuming the temperature T::i at the early stage of the condensation to 
he essentially the same for all stations. 

Fig. 2 shows the mean annual c5 in precipitation plotted against the 
mean annual air temperature Tm 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 part 
of Fig. 2 each of the steep lines represents the fractionation during the 
isobaric cooling of precipitating air masses traveling over the oceans from 
the source area of the vapor. The position of the steep lines in the diagram 
depends on the temperature of condensation, T~, at the beginning of the 
process. The curves suggest higher values at Ti for air masses in South 
and West Greenland than for those in the far North and in Northeast 
Greenland. This suggests that the latter air masses take up at least part 

Fig. 2. Mean o of precipitation plotted against mean air temperature at ground level. 
Notice different o 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 <5-data are given in parantheses below: Halley Bay and most of 
the low altitude stations in the Northern Hemisphere (I.A.E.A., 1969); most of 
the high altitude Greenland stations (DANSGAARD et al., 1969 a); King Baudouin 
(GoNFIANTINI, 1965); Ellsworth and Wilkes (EPSTEIN et al., 1963); Byrd (JoHNSEi\ 
et al., 1972); Little America (DANSGAARD etal., 1973); South Pole (EPSTEIN et al., 
1965); Pole of Relative Inaccessibility (P1cc10TTO et al., 1968); Plateau, Vostok, 
Komsomolskaya and Pionerskaya (Loams et al., 1968 a); most of the filled triangles 
(Loams et al., 1969). The equation on p.10 has been used to transfer LoRrns' deute-

rium data into o(O1•) values. 
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of their vapor from the Arctic oceans. The slope of the steep lines, 1.0 °loo 
per °C, is in essential agreement with thermodynamic calculations on 
the later stages of the process (DANSGAARD, 1964). 

The isotopic latitude effect appears to be approximately - 1 °loo per 
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, {J for Isfjord, Spitsbergen, 
at latitude 78° N is higher than any of the {J'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 the high 
altitude line in the right part of Fig. 2 (0.62 °loo per 0 C} corresponds to 
the fractionation during moist-adiabatic cooling of an air mass (DANS
GAARD, 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 tritium concentrations found in high altitude snow in Green
land (AEGERTER et al., 1969; VERGNAUD et al., 1973). 

The data from Antarctica, mainly measured by LoR1us et al. (1968a, 
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 
(MERLIVAT & LoRrns, 1973) on carefully collected samples from a con
fined area in E Antarctica (Terre Adelie) suggest a closer {J to temperature 
relationship (slope 0.76¼0 per 0 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 etc. more effective in disturbing the isotopic distri
bution pattern. For example, in the coastal area of Terre Adelie, where 
the accumulation varies unsystematically inland between 2 and 60 g 
·cm-2 ·yr-1, LoRIUS (1963, Fig. 44) found an anticorrelation between i5 
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 6 tons of snow per year and per km of the coast line drifting ouL 

from the East Antarctic continent at Port Martin. If representative, 
this figure suggests that 50¼ of the precipitation in Terre Adelie is 
removed by drift (AsTAPENKO, 1964). Since the drift is most effective 
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~~~~~~-~Miles 
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Fig. 3. Map of Greenland with most of the Northern Hemisphere stations mentioned 
in the text or in Fig. 2. Alphabetically, they are: An= Angmagssalik, CC= Camp 
Century, Ce = Central, Cf = Carrefour, Cr == Crete, C6 = Camp VI, De= Devon 
Island, D2 = Dye 2, D3 = Dye 3, Gr = Gr0nnedal, J-J = J arl-J oset, Mi = Milcent, 
No = Nord, NS = North Site, Hk = Reykjavik, Sc = Scoresbysund, Sp = Spitsber-

gen, SS = South Site, S2 = Site 2, Th = Thule, Um = Umanak, 420 = Depot. 

in removing the light winter snow, it must affect the isotopic distribution 
over the continent, cp. EPSTEIN et al., (1963), who found considerably 
lower c5's in blowing snow at Little America than in any layer in a pit. 

Additional evidence for irregular b distribution inland from the 
Antarctic coasts appears from the {j profile along the ice core through 



16 w. DANSGAARD et al. II 

the Ross Ice Shelf at Little America (DANSGAARD et al., 1973). The b's 
vary from - 20 °loo near the surface to - 35 °loo close to the ice/sea water 
interface. Unless the grounding line of the Ross Ice Shelf is retreating 
with a dramatic velocity, the b's decreasing downward in the core reflect 
a substantial isotopic inland effect of no less than - 4 °loo per 100 km, in 
case the ice shelf is in essential mass balance as suggested by the results 
by CRARY et al. (1962). -35 °loo in the ice originating near the present 
grounding line is lower than the b 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 Ice Shelf, where even areas of ablation have been 
noticed (Buoo, 1966, Fig. 7). 

Hence, there are many reasons why the b's and 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 
1.0¼0 per °C, which corresponds fairly well to the relationship between 
b of falling snow and its temperature of formation in Antarctic clouds 
at Station King Baudouin (P1ccIOTTO 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 b per 100 m increasing altitude, often includes both a latitude effect 
and an inland effect (decreasing b's inland from the coast at unchanged 
altitude). 

In temperate regions the altitude effect is of the order of - 0.2 °loo 
per 100 m (DANSGAARD, 1961). However, details of a rough, mountainous 
topography cannot be expected to be reflected in b-variations in precipi
tation, because the snow falling 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 b. Nevertheless, if the b of 
the precipitation varies appreciably with the season (cf. section 4), the 
summer melting (and run off), increasing downwards from the summit 
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Fig. 4. Map of Antarctica with most of the Southern Hemisphere stations mentioned 
in the text or in Fig. 2. Stations 9 through 11 are those listed in Tables 2 and 3. 

El = 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 
decreasing b'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, 1959a), Blue Glacier (SHARP et al., 1960) 
and Kesselwandferner (AMBACH et al., 1968). However, the picture is 
often blurred by snow drift, and in regions with no or little seasonal 
variations in b, e.g. Iceland and Western Norway, the effect 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 6/o0/°C} 
by the lapse rate ( -1 °C/100 m), i.e. - 0.62 °loo/100 m. This has been used 
as a tool for determining the altitude of deposition of icebergs and mar
ginal glacier ice (DANSGAARD, 1961), assuming essentially unchanged 
temperature pattern since the time of deposition. 

The East Antarctic stations at altitudes below 1000 m (filled triangles 
197 2 
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Fig. 5. Mean c5 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 o'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. In fact, the data 
from the Terre Adelie coast (LoRIUS et al., 1969) rather suggest an inverse 
isotopic altitude effect with slightly higher o's at higher altitudes (cp. 
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 o value at Byrd Station ( - 32 °loo) is higher than that of the low 
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strata in the Little America ice core ( - 35 °loo), which cannot have been 
deposited as far as Byrd Station, an inverse altitude effect must also 
exist on at least part of the Western slope of Marie Byrd Land. Only 
a systematic survey can clarify this complex situation and show, if the 
non-thermodynamic processes mentioned above can explain the pheno
menon. 

2* 
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Fig. 6. (From JOHNSEN et al., 1972}. Theo oscillations in firn and in ice cores from 
the depths below surface indicated to the left of the figure at Camp Century. Sand 
W indicate interpretations of summer and winter layers, respectively. As the ice 
sinks towards the bottom, thickness,;., of the annual layers is reduced due to plastic 
deformation. Within a few years (a and b} short-term o variations are obliterated 
by mass exchange in the porous firn. After some decades (b and c) the seasonal o 
amplitude is reduced to about 2 °/00 . 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 o gradients considerably (d to i). 



4. Seasonal effect 

The c5 of precipitation varies seasonally in the temperate and polar 
zones. The summer to winter differences range from very little at temper
ate ocean islands to 10 °loo at high polar stations (DANSGAARD, 1964, 
p. 466; I.A. E.A., 1969, 1970), and even more on high polar glaciers, cp. 
Fig. 6a and top of Fig. 7. Under favorable conditions the seasonal c5 
variations are preserved in glacier ice (first shown by EPSTEIN & SHARP, 
1959b), which leads to some important applications described in section 
4.3. First, however, we shall discuss some processes, that tend to obliter
ate the isotopic stratification of snow and ice after deposition. 

4.1. Smoothing of c5 variations during firnification 

On temperate glaciers, the seasonal oscillations in the snow pack are 
rapidly reduced during recrystallization in presence of percolating melt 
water. Simultaneously, isotopic fractionation occurs leaving the solid 
phase enriched relative to the liquid phase (ARNASON, 1969; BuAsoN, 
1972). c5 profiles from Icelandic, Norwegian and Austrian glaciers contain 
only slight or no seasonal variations (ARN AS0N, 1969; DEUTSCH et al., 
1966). 

On polar glaciers, the disturbances due to percolation are small or 
negligible. However, other smoothing effects must be quite active in the 
porous firn, since c5 variations in the precipitation are always smoothed 
considerably, and sometimes obliterated shortly after deposition. Thus, 
Fig. 6 (from JOHNSEN et al., 1972), shows a reduction of the seasonal 
amplitude at Camp Century by a factor of 4, at the same time as c5 
oscillations with frequencies higher than 1 yr- 1 are completely obliterated. 
Fig. 7 shows various degrees of smoothing at 3 other Greenland stations, 
all close to the ice divide in North, Mid and South Greenland, respectively. 
It appears from Fig. 7 a that the existence of pronounced seasonal c5 varia
tions in the upper firn is no guarantee for preservation during firnification. 
In low accumulation areas, such as most of Antarctica, many seasonal 
c5 oscillations are simply missing due to drift or lack of winter (summer) 
snow, or they are completely smoothed within a few years, cp. EPSTEIN 
et al., (1963); P1cCIOTTO et al., (1968); LoRrns et al., (1968a). Some of our 
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own results are compiled in Fig. 8, showing the gradual reduction of the 
summer to winter c5 difference during the first part of the firnification 
process. 

According to JOHNSEN (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 critical depth", 
de, where the density has reached the "critical value", (le, approximately 
0.55 gr/cm3 (BENSON, 1962; ANDERSON & BENSON, 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 de and the rate of diffusion in such a way that the effects essenti
ally cancel out (JOHNSEN, 1973). The combined mass exchange between 
firn layers down to de may be expressed by the mean vertical displace
ment, Le, of the material (relative to its original layer) caused by con
vective air movements and by diffusion. A given harmonic c5-oscillation 

of "wave length" A0 will be essentially obliterated, if Le exceeds ; A0• 

Hence, assuming the seasonal c5-variations to be harmonic, which implies 
the precipitation be uniformly distributed throughout the year, the 
smoothing effect down to the critical depth depends mainly on the 
storminess and on the rate of accumulation. If the winter precipitation 

Fig. 7. Seasonal c5(O18 ) 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). c5-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 ,B-activity profile (C. 
HAMMER, to be published). High frequency ,5 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 melt water delay smoothing by 
vapor diffusion. In the first few years after deposition, the amplitudes of the seasonal 
6-oscillations are highest at North Site. However, due to the low accumulation rate, 
they are also most rapidly reduced at this station. Complete obliteration begins 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 seasonal 6-variations are known to survive the entire firni
fication process (cp. Fig. 8). At the "critical depth", corresponding to density 0.55 
gr/cm•, or some 3 m of ice equivalent, the isotopic homogenization is essentially 
suspended for a long period of lime (cp. Fig. 6). The mean accumulation rates appear 

lo 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, 08 -ow, in accumulated 
snow as a function of time since deposition. Seasonal o variations, and thereby age 
and accumulation rates, can be determined as long as 08 -ow remains higher than 
2 °loo• 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 summer precipitation, the smoothing is much 
more effective or, in other words, obliteration occurs for values of Le con-

siderably less than ~ A.0• Similarly, individual years with unusually low 

accumulation will "disappear" in the c5 profile much faster than normal 
years. 

Unfortunately, seasonal c5 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 c5 oscilla
tions have been measured to depths less than de, In column 4 and 5, 
a plus sign means that seasonal c5 cycles are detectable below the critical 
depth, respectively only a few years. At the station 73°25' S, 14°10' W 
(samples collected by OLAY LIEST0LL, Norsk Polarinstitutt), a c5 amplitude 
of approx. 2 °loo remained at 9 m depth, and the oscillations are therefore 
estimated to be preserved. On the other hand, only a 1 °loo c5 amplitude 
remained at 0.5 m depth on the South Pole (EPSTEIN et 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. 26cm of ice equivalent per year, corresponding to 24 gr· cm- 2 •yr-1, 
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Table 1 

1 2 3 4 I 5 6 

Seasonal <5 va-

Accumulation Mean riations detect-

Station rate temp. able Reference 
cm ice·yr 1 oc 

below I a few 

de years 

Carrefour 62 -18 + + A~IBACH & 
D.\NSGAARD (1968) 

Dye 3 53 - 20 + + Fig. 7c. 

King Baudouin 42 - 15 + + GONFIANTINI (1965) 

Site 2 40 - 24 + + EPSTEIN & 
SHA.RP (1959b) 

73°25' S, 14°10'W* 37 - 25 ( +) + LIEST0L (1970) 

Camp Century 35 - 24 + + Fig. 6 

Crete 27 - 30 + + Fig. 7b 

Pionerskaya * 25 - 37 - - LoRius etal. (1968a) 

Little America V 24 - 23 - - EPSTEIN et al. (1963) 

NW Devon Island 22 - 23 - + PATERSON et al. 
(1973) 

North Site 16 - 31 - + Fig. 7a 

Wilkes S 2* 14 - 19 - + EPSTEIN et cil. (1963) 

Byrd Station 13 - 29 - - J OUNSEN et al. (1972) 

South Pole* 9 - 51 ( -) + EPSTEIN et al. (1965) 

Komsomolskaya 5 - 51 - - LoRIUS et al. (1968a) 

Pole of Relative 3 - 57 - - PICCIOTTO et al. 
Inaccessibility (1968) 

Vostok* 2 -4 - 57 - - LoRIUS et al. (1968a) 

is critical for the survival of seasonal c5 variations throughout the first 
stage of the firnification process. Once the critical density ec is reached, 
further smoothing takes place mainly by self-diffusion in solid ice, which 
is a very slow process. The c5 oscillations found at the density level ec 

are therefore only exposed to little further smoothing during the rest of 
the firnification process and, in fact, during several thousands of years 
till the annual layers have reached a thickness of a few cm, cp. section 
4.2 and Fig. 6. 

Column 5, Table 1, shows on the other hand that the rate of smooth
ing in the top layers of the firn does not depend exclusively on the accu
mulation rate. The existence of unusually regular c5 oscillations at North 
Site, Greenland, (Fig. 7 a) in spite of only 16 cm of accumulation points 



Table 2. Distance y 0 abo"e bottom, to which harmonic o oscillations of period n years can be detected. 
Layer thickness n), and its age tm at y0 . Age of ice at y = 10m. y for 75,000 yrs old layers. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
--

n = 1 yr 11 = 10 yrs 11 = 100 yrs n = 1000 yrs n ~ 10• yrs Age 
10 m 

St. Site of H To Ao above 
Ill of cm of Yo nA tm Yo n), tm Yo n), tm V nJ. tm Yo n). tm 

No. Drilling oc .o bott. 
ice ice m cm yrs 111 cm yrs m cm yrs Ill cm yrs m cm yrs 

ice ice X 103 ice ice X lQ> ice ice X 103 ice ice X 103 ice ice X 103 
yrs 

X 103 

1 Camp Century 1370 - 24 35 270 4 8.3 101 6 19 40 10 43 16 16 100 - - 240 150 
2 Jarl-Joset 2600 - 28.5 29.4 550 4 16 220 7 34 81 13 74 33 23 160 13 35 380 400 
3 Crete 3200 -30 27 650 4 22 280 9 42 106 14 88 42 25 190 17 42 430 700 
4 Central 3150 - 27.6 38 560 4 16 210 7 34 81 14 70 33 25 150 13 37 360 460 
5 Milcent 2350 - 22.3 55.6 570 3 13 220 6 31 87 11 65 34 19 140 - - - 400 
6 Dye 3 1900 -19 53 325 4 8.6 122 8 19 48 14 42 19 21 95 9 40 200 180 
7 South Site 1800 -20 65 245 4 7.8 93 7 17 37 10 37 15 18 87 - - 180 120 
8 North Site 2550 -32 17 - - - 258 7 50 95 10 110 37 18 240 16 32 520 800 

--

9 75° s, 90°w 1900 -25 50 
10 68.4° S, 120° E 2300 -35 50 
11 72.4° S, 0° E 1000 -25 30 
12 77° S, 10° E 2800 -50 5 - - - 653 8 95 268 19 190 100 28 410 41 56 850 3000 
13 South Pole 2600 - 50 7 - - - 445 7 82 174 14 170 70 24 350 28 40 780 2000 
14 Pole Rel. Inaccess. 2700 -57 3 - - - 822 7 120 325 16 260 130 25 530 52 56 1100 5000 
--

15 Vostok 3700 - 56 4 - - - 955 8 140 400 23 270 160 42 530 63 69 1100 5700 
2 - - - 757 3 330 313 7 650 
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at the storminess as an important parameter, because this location is 
unusually quiet to judge from the extremely loose consistence of the 
surface snow (people sank 30 cm into the snow). Very low winter accumu
lation is undoubtedly a contributary reason for the lack of seasonal b 
variations at several Antarctic st ations. 

4.2. Smoothing of seasonal c5 variations in ice 

At great depths the remains of the seasonal t5 oscillations are gradu
ally obliterated by diffusion in the solid ice (cp. Fig. 6). Based on (i) 
J OHNSEN's equation for the temperature profile (1973), (ii) RAMSEIER's 
equation for the constant for self diffusion in ice (1967) and (iii) PHILBERT 
& FEDERER's generalization (1971) of DANSGAARD & J OHNSEN's flow 
model (1969), a numerical integration can be performed (JOHNSEN, 1973) 
to give A and the total diffusion length L at any depth in any ice core, 
if the surface temperature T0, the accumulation rate A0 and the total 
thickness H of the ice sheet are known. Applying this method on the 
Camp Century ice core shows that, after firnification, a further 10 °lo 
reduction of the b amplitude takes 5,000 years, and a 50 °lo reduction 
takes 8,000 years. After 10,000 years only 10 °lo is left. This is in fairly 
good agreement with the data in Fig. 6. 

Table 2, column 8 shows for some Greenland and Antarctic stations 
calculated approximate "life times" tm of seasonal t5 oscillations, defined 
as the time needed to reduce the t5 amplitude left after firnification by 
a factor of 4. Column 7 shows the layer thickness by the time, when the 
oscillations essentially disappear by diffusion. 

At Milcent (far from the crest) the decreasing accumulation and 
temperature, as well as the increasing thickness upstream have been 
accounted for by a two-dimensional numerical integration. Lack of in
formation prevents this at stations Nos 9, 10 and 11. At Nos 8 and 12 
through 15 the seasonal b oscillations do not survive the firnification 
process. 

4.3. Applications 

4.3.1. Ac cumulation rates. The distance between summer maxi
ma in a detailed c5 profile in the upper firn indicates the annual net-accu
mulation. In high accumulation areas, c5 oscillations with frequencies 
higher than 1 yr- 1 impede the interpretation of summer maxima (cp. 
Fig. 7 c), and cross checks should be looked for by classical stratigraphic 
methods (density variations, textural observations), or by measuring 
/1-activity profiles for identification of reference horizons (P1ccIOTTO & 
WILGAIN, 1963; CROZAZ et al., 1966; AMBACH et al., 1967; AMBACH & 
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DANSGAARD, 1968). In low accumulation areas in Antarctica 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 15gr·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 o variations even in the uppermost firn. Accu
mulation rates higher than 30 gr·cm- 2 •yr- 1 occur in Antarctica only in 
relatively small, coastal areas (BuLL, 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 H3 and Pb 210 (100 years), Si32 and Ar39 (1000 years), and C14 

(20,000 years), (iii) flow model calculations (DANSGAARD & JOHNSEN, 
1969), and by (iv) counting o summer maxima, or (v) counting maxima 
of long-term o oscillations (DANSGAARD et al., 1971). 

The accuracy of the methods (ii) and (iii) is seldom better than 
± 10 Ofo. The fourth method renders a better accuracy. It is applicable, 
if the summer to winter o difference left after firnification averages more 
than 2 °loo• The mean thickness i,. of annual layers, measured in reason
ably spaced increments of the core, gives the relationship i,. = f(y) be
tween A and the distance y above the bottom. Age in years (t) can be 
calculated as 

-,; being 1 year. 
Absolute dating implies a detailed continuous o record downward 

from surface (8 samples per annual layer). At present, the Dye 3 core 
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is dated this way back to 1230 A.D. with an estimated accuracy of ± 5 
years. The uncertainty is due to occasionally dubious interpretations. 
Exact dating may be obtained by correlating a dust concentration profile 
with dust veil indices (LAMB, 1970). 

Table 2, column 8, suggests that method (iv) is applicable in extended 
areas in Greenland several thousand years backward in time; and in 
Mid Greenland, where the higest thickness of the ice is found, even prior 
to the termination of the last glaciation. This latter possibility implies 
however that the accumulation by that time was high enough to secure 
preservation of seasonal c5 oscillations. If so, deep ice cores from Mid 
Greenland offer unique possibilities, not only for absolute dating of late 
glacial climatic events, and thereby correction of the C14 scale beyond 
the range of the dendrochronological technique, but also for measure
ments of accumulation rates in glacial times. 



5. Climatic effect 

As mentioned in section 3, the o value of a given snow sample 
depends on many parameters, of which the most dominating one is the 
difference between the condensation temperature, Tc, in the precipitating 
cloud and the temperature, T~, 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 o value of snow at a given locality, in 
so far as Tc-T~ would remain unchanged. The reason why, nevertheless, 
o is a climatic indicator, is that climatic changes, being most pronounced 
at high latitudes, do cause a change in Tc-T~. 

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 imperfecL control of these less accessible 
stations, particularly before World War II, 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 
1920'ies, (ii) the temperature optimum occurred shortly after 1930, and 
(iii) 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 a-records from 
stations on the Greenland ice sheet, as indicated in Fig. 3. The o records 
from J arl-J oset and Central were measured on firn cores hand augered 
by E.G.I.G. (DANSGAARD et al., 1969a). Like the observed temperatures, 
the o's can of course not be expected to vary completely in parallel from 
South to North. Nevertheless, the 4 records reaching back to before 1920 
show a considerable increase in o during the 1920'ies (at J arl-J oset the 
o maximum occurred 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. LEUNG of C.R.R.E.L.) under non
ideal conditions in the inclined trench at Camp Century. 
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be fully reliable, cp . text on p . 30. 
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The entire Camp Century b-record from the 1387 m long ice core is 
shown in Fig. 10, plotted on a time scale that was originally evaluated 
by ice flow considerations (DANSGAARD & JOHNSEN, 1969), and later 
provided with minor corrections that make the time scale independent 
on ice flow parameters (DANSGAARD et al., 1971). The record is undoubted
ly continuous and reaches back to long before the onset of the last glacia
tion. It has been provided with tentative interpretations in European 
and American terminology, and seems to reveal all of the climatic events 
within the last 80,000 years known from other independant studies and 
in hitherto unseen detail. In addition, other known and unknown events 
prior to the Wisconsin glaciation appear in the b-record. Thus, at approx. 
90,000 yrs B.P. in the adopted time scale, a shift in c5 suggests an almost 
instantaneous climatic cooling to full glacial severity, followed by a 
climatic recovery within a thousand years (DANSGAARD et al., 1972b). 
However, the significance of such apparently catastrophic events, as well 
as the time scale applied, and the climatic and glaciological implications 
of the more general trends of the Camp Century curve all call for further 
investigations. 

As pointed out in the next section, deep ice cores from the North
western part of the Greenland ice sheet are not expected to reveal purely 
paleoclimatic records. The c5 values shown in Fig. 10 may need consider
able correction for past changes of the ice flow pattern, particularly in 
the glaciation period. On the other hand, these changes do not remove 
the climatic influence on the c5 curve. 

o.1. Corrections to long-term 6 profiles 

The interpretation of c5 profiles in terms of temperature changes is 
uncertain for several reasons as repeatedly pointed out since 1969. Thus, 

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

Fig. 10. (From DANSGAARD et al., 1971) !5-record through the Greenland ice sheet 
at Camp Century (down to 17 m above the bottom) plotted on a time scale (in units 
of 103 years before present) that is based on the assumption of observed persistant 
t5 osciJlations having a constant period of 2t.00 years. The curve is provided with 
tentative interpretations in European and American terminology. Correction for the 
influence of changing surface altitudes is suggested by the dashed curve, which is 

assumed to roughly reveal the t5 trends in case of constant climatic conditions. 
197 3 
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The changes in the isotopic composition of sea water are less 
important in changing ice b's than changes in the temperature of 
precipitation formation (EMILIANI, 1966). The extremely low b's 
shown during the Wisconsin/Wurm 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 b's of precipitation at a given geographical location. 

For the same reason, the b's during the climatic optimum 
between 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 occur without a general cooling ( or warming) of the climate. 
Both of these effects influence the b's in the same direction, but it 
is not yet possible to distinguish between the individual contributi
ons to an observed change in b's" (DANSGAARD et al., 1969b). 

As to the latter point, LoRius et al., (1968b) have suggested that the 
Lotal gas content in the ice depends on the altitude of deposition. An 
altitude efTect on the gas content, of the order of 1 °lo change or - 0.08 
volume °lo 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 et al., 1961; MATSUO 
& MIYAKE, 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· cm-3), independent of all 
firnification parameters. The gas content in ice is rather sensitive to 

changes of the close-off density e', in fact proportional to ;, - o.12- Thus 

a 2 °lo decrease of e' 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. HAY

NAUD & LoRIUS (1973). Unfortunately, no data were given on the number 
of bubbles per cm3 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. At 
present, one can only estimate a correction to the b 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 upstream 
from the drilling site. In the Camp Century case, the present accumula
tion pattern and the surface and bottom topographies are sufficiently 
well known (MocK, 1968; GunMANDSEN, 1970), but the divergence, or 
the strains, of the ice flow in the drainage area need to be further investig
ated, before the b curve can be corrected with reasonable accuracy for 
lower temperatures of deposition for the lower strata than for the upper 
strata. As to deep strata, the correction is probably much less than the 
6 °loo b-difference between Camp Century and North Site (cp. Figs 3 and 
9), because these strata have, for tens of thousands of years, moved very 
close to the bottom, where the velocities are much lower than at surface. 
Furthermore, most of the ice flowing from far inland toward the Thule 
peninsula is drained off into the Melville Bugt and the Humbolt Gletscher. 
Consequently, in case of steady state even the deep strata in the Camp 
Century area, is most likely of fairly local origin. And anyway, the 
correction would be continuously increasing with the age of the strata, 
which means that the interpretation of relatively short-term b variations 
as being due to climatic changes would not be invalidated. The situation 
is still more complicated at Byrd Station, where not even the accumula
tion and topography in the drainage area are sufficiently well known. 

Going a step further, we now cancel the reservation of steady state 
and include possible changes of the shape of the ice sheet that have taken 
place since the time of deposition of the strata. Of course, this must be 
somewhat speculative, because one has to envisage flow patterns that do 
not exist any more. If we begin with the deep layers in the Camp Century 
ice core originating from the Sangamon/Eem interglacial, their very 
existence, as well as the lack of evidence of melting at the bottom, 
indicate that the bottom temperature was below the pressure melting 
point. Therefore, the considerations presented in the preceeding para
graph still apply for the lowest part of the ice core. In other words, we 
see no reason for significant correction of the pre-glacial b values. 

Before we proceed to the part of the b record that covers the glacia
tion period, a few ice-dynamic remarks might be useful. In general terms 
the climatic deterioration after the onset of the glaciation 73,000 years 
B.P. (Fig. 10) made it possible for the Greenland ice sheet to grow in 
both lateral extent and in thickness. When full glacial severity was 
encountered at 59,000 B.P., the ice sheet probably covered all available 
land area as in the late stages of the glaciation, indicated by isostatic 
rebound of the coastal areas all around Greenland (WEIDICK, 1972). The 
altitude difference H between the crest and the margin of an ice sheet in 
mass balance can be deduced from ice-dynamic considerat ions (HAEFELI, 
1961; PATERSON, 1972): 

H=k· j/ L 
3* 
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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, hut 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 Isotopic Profiles 
in Ice Sheets in Cambridge, January 1973 (RoBIN, 1973a), 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 Ellesmere 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 lnnuitian 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 judge from the 800 km wide Mid Greenland ice sheet 
today. 

In the following we assume that the width and, thereby, 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 b 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 today, hut still shrinking till it reached 
the present stage. 

The development of the glaciological conditions described above, 
suggests the following tentative conclusions as to the Camp Century c5 
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 Br0rup Interstadial. The corresponding b change in the 
period 73,000 to 59,000 B.P. was some 6 °loo• The remaining 6 °loo drop 
in b 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 °loo, assuming (i) essentially steady state of the ridge, and (ii) 
sites of deposition close to its ice divide. The latter assumption is reason
able, because during the rapid thinning that followed only the ice in the 
central part of the ridge would be left on the Thule peninsula. As a 
consequence of the suggested correction, the interstadial interpreted as 
Plum Point in Fig.10 appears to have reached close to present day climatic 
conditions, which is supported by the Devon ice cap <5 profile (PATERSON 
et al., 1973). We desist from correcting the Camp Century <5 curve during 
the dramatic disintegration of the ridge, though part of the smooth 
increase of the b's above -34 °loo undoubtly reveals the postglacial thin
ning of the ice sheet in Northwest Greenland. However, another part 
( of the order of 1 °loo) of the total increase must be ascribed to the deeper 
layers coming from further inland. As described on p. 35, lack of data 
prevents us from specifying the post-glacial <5 corrections further than 
shown in Fig. 10. 

Obviously, several other interpretations and corrections can be 
applied to the Camp Century record. In view of the complex glaciological 
development outlined above, the climatic component of the b-record can 
hardly be separated completely. However, if a purely climatic <5 record 
could be obtained from a more favorable location on the Greenland ice 
sheet, the Camp Century record could be corrected for the climatic com
ponent and would thereafter render extremely valuable informations about 
past changes of the Northwest Greenland Ice Sheet. 

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

Thus, we only have to consider possible secular altitude changes due 
to growth or shrinkage of the ice sheet in horizontal direction. If the 
length of the western slope was 750 km during the glaciation, in stead of 
the present 500 km, we must expect that H (the difference between the 
elevations of the crest and the margin) for the Mid Greenland ice sheet 
was V750/500 = 1.23 times higher, i.e. 600 m higher than today. How
ever, at present the western ice margin in Mid Greenland is located at 
an altitude of approximately 500 m above sea level, whereas during the 
glaciation the margin was close to the then sea level (some 100 m lower 
than the present sea level). Hence, it seems that the crest has had essenti
ally the same altitude (relative to the sea level) during the climatic 
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 meteorological pattern there may be more complicated than 
on the slopes. No matter where a deep drilling site is chosen, the accumu
lation and ice flow pattern in the drainage area should be investigated 
with great care. 

As to Antarctica various parts of the ice sheet 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 vice 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 (HUGHES, 1972). Consequently, it is question
able to which degree the Byrd Station o profile reflects variable climatic 
conditions. The o trend within the last 4000 years suggests a lowering 
surface altitude, and the high o values close to the bottom suggest much 
lower altitudes in West Antarctica prior to the Wisconsin/\Vtirm glacia
tion than today (JOHNSEN et al., 1972). 

5.2. Smoothing of long-term lJ variations 

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 o variations. At low 
latitudes, however, climatic changes are not very pronounced, yet 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 o variations due to climatic changes: 
If the amplitude of seasonal o-oscillations is reduced by a factor F during 
the first, important stage of the firnification, a climatic o cycle with 
period n years will be smoothed by a factor of the order of (F)1/n2 (JOHN
SEN, 1973). Even for Fas low as 0.01, this is in practice equal to 1 already 
for n = 5. Therefore, under otherwise favorable conditions long term 
climatic changes may be revealed by o records through polar glaciers 
even in areas, where no seasonal o oscillations survive the firnification 
process. 

At greater depths, a harmonic o oscillation of period n years will 
be smoothed by diffusion in the solid ice according to equation (20) in 
JoHNSEN (1973) if Ji. is replaced by n • Ji.. Table 2, columns 10 and 11 
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suggest for n = 10, that a possible climatic c5 variation with a period 
corresponding to the sun spot cycle is detectable back to tm = 17,000 yrs 
in South Greenland and to 50,000 yrs in North Greenland. In East 
Antarctica tm may be more than 100,000 yrs. At the level of disappear
ance the layer thickness n A is 5 to 9 cm for n = 10. 

Columns 7-8, 13-14, 16-17 and 19-20 show that if the period, n yrs, 
of the considered c5 cycle is increased by an order of magnitude, the 
"life time" tm of the c5 cycle increases at all stations by a factor close to 
2.3, and n A by approximately 1.7. The significance of Yo (m above the 
bottom) is that below this level the n years c5 cycle cannot be expected 
to be detectable although in some cases past temperatures below the pres
ent one have given better conditions for preservation than assumed in 
the calculation. 

5.3. Applications 

Obviously, the cold ice sheets contain climatic informations spanning 
very long periods of time. It may be rational to distinguish between (i) 
short-term climatic changes with periods up to a few thousand years 
and (ii) long-term climatic changes. In the first category, we find all the 
climatic oscillations that are of interest for short-term prognostic pur
poses, in addition to all the variations that describe the main features 
of the present interglacial period. The second category is important for 
the study of the glacial chronology in the Pleistocene, including the 
problem of the duration of the present interglacial period. 

5.3.1. Long-term dating. The 80 and 180 years c5 cycles found 
in the upper 800 years c5 record from Camp Century (JOHNSEN et al., 
1970; DANSGAARD et al., 1972 a) need to be checked; as to persistency 
over much longer intervals of time and, as to global significance, on ice 
cores from other locations in Greenland, Antarctica and, if possible, other 
glaciers. Based on the detailed c5 record from Dye 3, spanning some 7 40 
years (Fig. 11, p. 47), HIBLER et al., (1973) have found evidence for the 
80 years cycle in South Greenland. 

Table 2, columns 11, 14 and 17, shows that, if global, these c5 cycles 
may be found back to the beginning of the Wisconsin/Wurm, in some 
cases even much further, both in Greenland and Antarctica. If these 
cycles reflect solar activity variations, as suggested by an anticorrelation 
between c5 and C14 in treerings (DANSGAARD et al., 1971), they may be 
used for dating purposes just like the seasonal c5 variations (section 4.3.2) 
and far beyond the range of the latter (cp. columns 8 and 14 in Table 2). 

5.3.2. Climatic prognoses for the coming decades or centuries 
have become an urgent need. Long-term planning of industrial, agri-
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cultural and communication developments have always rested 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 accounts 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 accounted 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 attempt to use this technique on isotope data was presented 
by JOHNSEN et al., 1970 and DANSGAARD et al., 1972 a. 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. 48. 

5.3.3. Glacial chronology. According to EMILIANI (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 = 104 

years is the longest period of interest to the study of glacial sequences. 
Such long b 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 81 and Mn 53 

(DANSGAARD & OESCHGER, 1973) are firmly developed, the study of these 
very old layers would give an independent climatic 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 Sangamon/ 
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 (BUDD et al., 1971). Assuming that the bedrock tem
peratures have always been below the pressure melting 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 compositions 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) raises 
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 clearly 
understood. This is one reason 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 deal 
more ( ~ 1000 m) in Central East Antarctica, still with the assumption 
of no bottom melting now or ever since the build-up of the ice sheets 
in the distant past. 

It seems most likely that ice cores from Mid Greenland and East 
Antarctica contain sufficient information to determine the duration of 
the Sangamon/Eem interglacial and to give an independant check on 
the validity of a great part of EMILIANI's glacial chronology. If this is 
proven correct, there are good reasons for emphasizing the unusually long 
duration (10,000 years) of the present interglacial period (EMILIANI, 1972). 
In turn, this would stress the necessity that man desists from further 
impact on the global environment, because such impact might lead to 
uncontrolable disturbances of a possibly labile climatic balance. 

197 4 



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: 

Accumulation rates during many thousands of years can be determ
. ined over most of the Greenland ice sheet and in certain marginal areas 
of Antarctica by using seasonal o variations. Over the rest of the two 
large ice sheets accumulation rates may be determined by considering 
long term o variations ( or radioactive dating). Such measurements are 
essential for estimating the mass balance now and in the past. Dating 
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 
neglected 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 calculations, because detailed long-term climatic records do 
not yet exist, (ii) 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 C14 scale beyond the range of the dendrochronological technique. 

In case of unstable ice sheets o 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 drilling 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 deep drilling 
site and at nearby alternative sites. 
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A 100 m core represents approximately 80 m of ice equivalent or 
between 125 and 4000 years of accumulation at the stations listed in 
Table 2. In most cases this is enough not only for checking the preserva
tion of seasonal 15 variations, but also to give an idea of to which degree 
the long-term 15 variations reflect the known climatic changes within the 
recent centuries. A number of 100 m cores from localities well spread 
over the Greenland ice sheet, combined with complete maps of the bot
tom and surface topography, would be an excellent basis for a choise of 
intermediate and deep drilling sites. 

If the main purpose with deep drilling is a search for climatic 
records, the ice core should of course contain b variations that are easy 
to interprete in terms of climatic variations, i.e. 15 variations due to chang
ing surface altitudes, or to secular changes in the summer to winter pre
cipitation ratio, should be negligible or possible to correct for. Only direct 
checks by intermediate or shallow drilling can show, if any part of the 
Antarctic ice sheet or shelves meets this requirement. 

Furthermore, the ice core should be easy to date, either by seasonal 
b variations or by ice flow considerations. This requirement counts in 
favor of high accumulation areas close to the crest or the main ice divides. 
On the other hand, in such areas the origin or direction of precipitating 
air masses may shift, when the climate changes, complicating the mete
orological pattern. This is probably of minor importance in Greenland, 
to judge from the close relationship between b and temperature today, 
cp. Fig. 2, p. 12, but, again, drilling to intermediate or maybe even shallow 
depths can clarify this point. 

Finally, it should be emphasized that the climatic informations con
tained in the two large ice sheets can only be revealed by several deep 
ice cores from locations that are well distributed in the various climatic 
regimes. This may raise the need for two deep drillings far apart on the 
same flow line. However, it is difficult to see any other argument for it. 
Thus, determining the position of a given layer inland from the margin 
is much easier by radio-echo sounding. But it is important that a deep 
drilling site far from the crest be chosen in consideration of a simple flow 
pattern upslope; thorough strain measurements and several shallow dril
lings in the drainage area are necessary for correction of the 15-profile for 
the isotopic altitude/inland effect. 

The combination of generally high accumulation and simple flow 
pattern, stability, extent and accessibility makes most of Greenland well 
suited for climatic isotope studies on ice cores. 

If the main purpose of a deep drilling is to get information about 
flow patterns, the suitable areas are characterized by a high altitude/ 
inland effect. Furthermore, the core must be datable, because the 15 profile 
has to be corrected for secular climatic changes. This technique will in 
some cases give informations about past surface altitude changes. 

4* 
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Table 3 

= oj ,;; "' Cores datable Climatic ·; ' ... 
'-' g_ oj = Station 8 ... "6b by seasonal records Climatic 

0 "' "' 0 ... .... b.O .... 
0 s ~ .... 0 15 variations beyond details oj ... .... 0 ·- p.. 0 beyond "' .... oj 

"' ., ....... ~ .... ... o-0 "' back beyond 120,000 c.:, ., 0 

o:'S:? 
.c. = 'I:: s 80,000 120,000 

.... > ..0. ·-.., >-. "' = to 7000 10,000 yrs . 
~ ~ Name ., ·- 0 ..0. -a yrs. yrs. B.P. "' -0 0 p.. p...., yrs. yrs. 

..9 ~ s oj s 8 .... B.P. B.P. ... en ·- oj B.P. B.P. 0 ·- en b.O 00 p.. 

Camp Century - + - + + - + - -
Jarl-Joset ( +) + + + + + + + + 
Crete + + + ( +) + + + + + 
Central ( +) + + ( +) + + + + + 
Milcent - + + + + + + + -
Dye 3 + - - + + - + + -
South Site + - - + + - + - -
North Site + + ( +) + - - + + + 

----------------
75°s, 90°w - - - + + - - - -
68.4° S, 120° E - - - + + - + ( +) ( +) 
72.4° S, 0° E - - - + + - + - -
77° S, 10° E + + ( +) - - - ( +) ( +) ( +) 
South Pole - - - - - - ( +) ( +) ( +) 
Pole Rei. Inaccess. + + + - - - ( +) ( +) ( +) 
Vostok + + + - - - ( +) ( +) ( +) 
Ross Ice Shelf - - - + - - - -
Byrd - - - - - - - -
Little America - - - + - - - -

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 is 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, 10 and 11 are all locates 
in those high accumulation margin areas in Antarctica (Fig. 4, p. 17) 
that seem to offer the best possibilities for preservation of seasonal 15 
variations. However, the flow and accumulation conditions upslope from 
these station are too complicated and poorly known to justify calculations 
as those shown in Table 2. It should be kept in mind that a 15 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. 

-
-
-



7. Appendix: The Greenland Ice Sheet Program 
(G. I. S. P.) 

The previous sections, and particularly Table 3, show that only 
parts of the Greenland ice sheet and, maybe, a few isolated Canadian 
glaciers have ice flow and meteorological regimes that, a priori, look 
promising as to simple interpretation of a deep J profile in terms of da
table climatic changes. Furthermore, the Greenland ice sheet reaches from 
the Arctic Ocean to close to the main track of the North Atlantic cyclones 
governing the climate of a great and, society-wise, important part of the 
temperate belt of the Northern Hemisphere. Quite naturally, the Green
land ice sheet has therefore, after some years of intermission, regained 
its position as one of the foci of interest for deep drilling projects. 

G.I.S.P. was initiated in 1971 as a long-term joint effort with scien
tific and technical contributions from U.S.A. Cold Regions Research and 
Engineering Laboratory (C.R. R.E.L., responsible for logistics, core drilling, 
physical and chemical core studies, surface strain measurements), Uni
versity of Copenhagen (Geophysical Isotope Laboratory, responsible for 
stable isotope analyses, Si32 dating, dust concentration and ,8-activity 
measurements), Technical University of Denmark (Laboratory for Elec
tromagnetic Field Theory- radio-echo sounding), University of Bern 
(Physikalisches Institut - radio-carbon dating of ice in situ), and Uni
versity of Iceland (Science Institute - tritium dating of firn strata). 
Financial support has been given by the U.S. and Swiss National Science 
Foundations, the Ministry of Greenland and by the Universities involved. 

The first step was to establish a solid basis for choosing the most 
favorable sites for deep drilling. An important requirement to sites far 
from the crest is that the sub-surface upslope must be relatively plain. 
Fortunately, radio-echo sounding from aircrafts, perfected by GunMAND
SEN and his co-workers, has shown to be a valuable tool for mapping 
the topographies of the surface (ROBIN, 1973b) and the bedrock under
neath the ice sheet (ROBIN et al., 1969). A systematic survey has been 
worked on since 1968 with impressive results (GunMANDSEN, 1973). It 
shows a very smooth bottom topography along the EGIG track all the 
way from Camp VI to J arl-J oset. Just East of the latter station sub
surface mountains complicate the ice flow pattern. However, J arl-J oset 
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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.I.G.). 

In the following, we shall briefly outline some other G.I.S.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 (GunMANDSEN, 1970). 
The choice of Dye 3 was made for economical and logistic rather than 
for glaciological reasons. The station is 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 °lo of the total 
ice thickness. 

The ice core was split along the axis and shared between C.R. R. E.L. 
and our laboratory. Some 6000 c5-measurements on small increments (each 
c. 1/ 8 year) in a continuous sequence show approximately 740 seasonal 
c5 oscillations. Hence, the ice core reaches back to c. 1230 A.D. Further
more, the accumulation rate in the Dye 3 area has remained surprisingly 
constant, cp. 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 (DANSGAARD etal., 1971). The 
most pronounced deviation from the overall mean value, 48 gr• cm- 2 , yr- 1 

apparently occurred around 1400 A.D. It is interesting to note that in 
this same period Iceland was ravaged upon frequent, heavy land slides 
(THORODDSEN, 1916), and that in Denmark farming was possible only 
on the high-lying lands ("h0jbrug"), 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 c5 record. Some 
degree of correlation exists between the accumulation and the c5 curves, 
which might be explained by varying mean position of the Polar front. 
As expected the c5's vary less than at Camp Century (right section) due 
to the more oceanic character of the climate in South Greenland. How
ever, the two c5 curves exhibit several mutual features, cp. for example 
the generally sub-normal c5's during the "little ice age" in the 16'th and 
17'th century. In some periods the two c5 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 
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Fig. 11 . Digital-filter smoothed records of annual accumulation at Dye 3 (left) and 
c5(O18 ) at Dye 3 and Camp Century. The Dye 3 data (including the time scale) 
are based on a continuous series of 740 seasonal c5 oscillations. The Camp Century 
time scale is based on the assumption of unchanged accumulation rate. This might 
be the reason why the two c5 curves are occasionally out of phase. However, both of 
them show the climatic optimum around 1930, and generally sub-normal c5-values 
during "the little ice age". Some correlation (coefficient 0.6) appears between the 
accumulation and c5 curves from Dye 3, sub-normal accumulation occurring in cold 

periods. 

Camp Century ice core has been performed by counting seasonal t5 
variations. 

The strain rate measurements, radio-carbon measurements, as well 
as dust and other physical and chemical analyses will he reported else
where, e.g. silicon-32 dating measurements by CLAUSEN (1973). A pre
liminary time series analysis of the isotopic and stratigraphic features 
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will soon be published by HIBLER et al., (1973). In essential agreement 
with the previous one (DANSGAARD et al., 1972 a) 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 
again 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 b variations present in the upper 
firn, in spite of a considerable accumulation rate (20 gr-cm- 2 -yr- 1). This 
observation 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 b 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. The field season 1973 

In the summer of 1973 an intermediate drilling at the E.G.I.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 0 18 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 addition, valuable experience was gained in relation 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. 
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