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DATING OF GREENLAND ICE CORES BY FLOW MODELS,
ISOTOPES, VOLCANIC DEBRIS, AND CONTINENTAL DUST

By C. U. Hammer, H. B. Crausen, W. Danscaarp, N. GUNDESTRUP, S. J. JoHNSEN and
N. REEH

(Geophysical Isotope Laboratory, University of Copenhagen, Haraldsgade 6, DK-2200
Copenhagen, Denmark)

AnsTRACT. The available methods for dating of ice cores are based on radioactive decay, ice-flow calcula-
tions, or stratigraphic observations. The two former categories are broadly outlined, and special emphasis is
given to stratigraphic methods. Reference horizons are established back to a.p. 1783, in the form of elevated
electrical conductivities due to fallout of soluble volecanic debris. Seasonal variations in the concentrations of
insoluble microparticles and/or stable isotopes are measured over the entire 4oo m lengths of three ice cores,
recovered by Greenland Ice Sheet Program (GISP). The resulting absolute time scales are probably accurate
within a few years per thousand. Techniques are outlined for re-establishing the approximate, original shape
of heavy-isotope profiles that have been more or less smoothed by diffusion in firn and ice. Annual-layer
thickness measurements on 24 increments down to 1 130 m depth in the Camp Century ice core determine
a flow pattern, consistent with that suggested by Dansgaard and Johnsen (196g), and a Camp Century time
scale with an estimated uncertainty better than 3%, back to 10 ooo years B.p.

Risume. Datation de carottes de glace groenlandaises par des modsles d’écoulement, les isotopes, les sédiments volcaniques
et les poussiéres continentales. Les méthodes disponibles pour dater des carottes de glace sont basées sur
I'atténuation de la radio-activité, sur le calcul de I’écoulement de la glace ou sur des observations strati-
graphiques. Les deux premiéres catégories sont déerites a4 grands traits et une attention particuliére est
portée aux méthodes stratigraphiques, Des horizons de référence sont établis jusqu'en 1783 de notre ére,
sous la forme d’une élévation de la conductibilité ¢électrique a la suite des retombées de cendres volcaniques
solubles. Les variations saisonniéres de concentration en micro-particles ct/ou en isotopes stables sont
mesurées sur la totalité des 400 m de longueur de trois carottes de glace rapportées par I'équipe du Greenland
Ice Sheet Program (GISP). Les échelles de temps absolu qui en résultent sont probablement précises
jusqu'a quelques années pour mille. On décrit les techniques utilisées pour rétablir la forme originale
approximative des profils d’isotopes lourds qui ont été plus ou moins lissés par la diffusion dans le névé et
la glace. Les mesures d’épaisseur de la couche annuelle sur 24 séquences allant jusqu'a 1 130 m d’épaisseur
dans les carottes de glace de Camp Century déterminent un comportement de I’écoulement cohérent avee
celui suggéré par Dansgaard et Johnsen (1969) et une échelle de temps 2 Camp Century avec une incertitude
estimée meilleure que 3%, jusqu’a 10 000 ans avant le présent.

ZUSAMMENFASSUNG. Datierung grinlindischer Bohrkerne mittels Fliessmodellen, Isotopen, vulkanischen Ablagerungen
und kontinentalem Staub. Die derzeit verfigbaren Methoden zur Datierung von Eis-Bohrkernen beruhen
aul dem radioaktiven Zerfall, der Berechnung des Eisflusses oder stratigraphischen Beobachtungen. Die
beiden ersten Verfahren werden im Umrissen geschildert; das Hauptgewicht liegt jedoch auf den strati-
graphischen Methoden, Bezugshorizonte lassen sich bis zum Jahr 1783 ermitteln; sie besitzen erhohte
elektrische Leitfihigkeit infolge des Niederschlags loslicher vulkanischer Ablagerungen. Jahreszeitliche
Schwankungen der Konzentration unléslicher Mikropartikel und/oder stabiler Isotope werden iiber die
ganze Linge dreier Bohrkerne von 400 m gemessen, die im Rahmen des Greenland Ice Sheet Programs
(GISP) gewonnen wurden. Die daraus abgeleiteten absoluten Zeitskalen sind vermutlich auf wenige Jahre
pro Jahrtausend genau. Die Technik der Wiederherstellung des angeniherten, urspriinglichen Profiles
schwerer Isotopen, das durch Diffusion in Firn und Eis mehr oder weniger geglittet ist, wird beschricben.
Messungen der Dicke von Jahresschichten an 24 aufeinander folgenden Abschnitten bis 1 130 m Tiefe im
Bohrkern von Camp Century ergeben ein Fliessmuster, das mit dem von Dansgaard und Johnsen (1969)
vorgeschlagenen iibereinstimmt, und cine Zeitskala fiir Camp Century, die eine Genauigkeit von schitzungs-
weise besser als 3%, bis 10 ooo Jahre vor der Gegenwart besitat.

InTRODUCTION

Ice cores have become an important tool in geophysics and atmospheric chemistry.
Langway (1967%) first perceived the great and many-sided aspects of extending physical and
chemical analyses of snow and ice to what Crary ([1970]) calls “the thin dimension” of glaciers,
thereby adding time to the parameters considered. In a more recent paper, Dansgaard and
others (1973) listed the potentialities of polar ice-core and bore-hole studies relevant to
glaciology, meteorology, climatology, geology, volcanology, atmospheric chemistry, cosmic
and solar physics, and C dating,
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Many of the methods are applicable also on temperate glaciers (cf. Arnason (1976) for
references), but melt water tends to disturb the original stratigraphy in the ice. Therefore, in
some respects the polar glaciers, and in particular the dry facies of the two large ice sheets,
offer the best possibilities for detailed studies far back in time.

A mutual feature of all kinds of ice-core studies is the demand for a reliable time scale
along the cores. The accuracy needed varies from less than 1 year (e.g. for accumulation-rate
measurements) to several thousand years (e.g. for determining the sequence of glaciations).
This paper is intended to review briefly the various ice-dating techniques hitherto applied

Milcent

Fig. 1. Drill sites in Greenland. CRREL drilled the first surface-to-bottom ice core at Camp Century in 1966. GISP drilled
400 m cores at Dye 3, Milcent, and Créte 1971—74. The dashed curves show the approximate course of ice divides close to
three of the stations, according to data by Benson (1962), Mock (1963) and P. Gudmandsen ( private communication),

and, in particular, to report on absolute, year-by-year dating by stratigraphic methods of
three 400 m ice cores drilled between 1971 and 1974 under the Greenland Ice Sheet Program
(GISP) (1976). At the end of the paper, Dansgaard and Johnsen’s (1969g) original time scale
along the Camp Century deep core back to 12 ooo years B.P. will be reconsidered, on the basis
of stratigraphic data. Accumulation-rate records are presented in a second paper (Reeh
and others, 1978). Station locations are shown in Figure 1.

The dating techniques applicable on ice cores or bore holes are based on (i) radioactive
decay, (ii) glacier dynamical considerations, or (iii) stratigraphy. They are listed in Table I
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along with estimated maximum time range and accuracy, which strongly depend on the
glaciological conditions at and up-stream from the drill site. Some of the short remarks in
the fourth column are elaborated below. Exemplified references are given in the outer right

column.

Method

1. RADIOACTIVE DECAY
1.1. 3H and 219Pb

1.2. 3251 and #Ar

1.9, G

1.4. 1°Be, 26Al,  38(,
53Mn, 3'Kr to be
developed

2. GLACIER DYNAMICS

2.1. Theoretical flow
models
2.2. Vertical  velocities

along bore holes

3. STRATIGRAPHY

3.1. Reference horizons
3.1.1. fall-out of fission
products

. volcanic ash and
dust

. soluble
debris

. radio
layers

volcanic

reflection

stable isotopes, 30
or 2H

3.1.5.

3.2. Seasonal variations
3.2.1. classical strati-
graphy, density,
ice fabrics, de-
posits of mineral
or clay particles
3.2.2. radioactive isotopes
3.2.3. micro-particles

3.2.4. stable isotopes, 180
or 2H, and trace
elements

3.3. Long-periodic 3("80)

cycles

TasLE 1.
Time range Accuracy
under under
Javourable Jfavourable
condilions conditions
years
100 109%
1 000 10%
25 000 5—20%
=100 0007 T
10 000 7%
? ?

back to 1954 I year
=200 1 year
=200 I year

10 000 ?

500 000 ? 2
200 109,
few decades 109,
10 000 3-10%
15 000 1-5%

100 000 i

IcE DATING METHODS

Remarks

Amount of ice neceded:
1 kg
Amount

103 kg
Amount of ice
>10+*kg

of ice needed:

needed:

Amount of ice needed:

=105 kg

Steady-state ice sheets

Steady-state ice sheets

Fall-out of bomb-pro-
duced debris

Dated volcanic cruptions
Dated volcanic eruptions

Indirect (imply calibra-

tion with dated ice
core)
Drastic  6-shifts (glacia-

tions). Indirect

Range and accuracy de-
pend strongly on loca-
tion

For accumulation
>0.20 m ice a”!

rates

Implies assumption of
periodic & cycles due to
solar influence
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Typical
references

Theodorsson (1977), Cro-
zaz and others (1964)
Clausen (1973), Oeschger

and others (1976)
Coachman and others
(1958), Oeschger and
others (1976)
Oeschger and  others
(1976), GISP (1976)

Dansgaard and Johnsen
(1969), Budd (1g96g),
Johnsen (1977)

Paterson (1976), Paterson
and others (1977)

Picciotto and Wilgain
(1963), Clausen and
Dansgaard (1977)

Gow (1968)

Hammer (in press[c])

Gudmandsen (1976)

Dansgaard and others
(1973)
Sorge (1933), Schytt

(1958), Giovinetto and
Schwerdtfeger (1966)

Theodorsson (1977)

Hamilton and Langway
(1968), Hammer (1977
[a])

Dansgaard and others
(1973), Johnsen, Lang-
way and others (1977)

Dansgaard and others
(1971)
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1. RADIOACTIVE DECAY

Radioactive isotopes have been used for ice dating purposes since P. F. Scholander 20
years ago used the carbon-dioxide content in air bubbles for 14C! dating (Coachman and others,
1958). This method was further developed and applied on air released from ice melted in
bore-holes by Oeschger and others (1976). The time range is 500—25 000 years using 5 tons
of ice. Beyond 10 ooo years the #C scale is not calibrated, which introduces an extra un-
certainty on “#C dating of ice from the latest glaciation. Such calibration might be obtained
by #C dating of old ice that can be absolutely dated by other means, e.g. stable isotopes or
micro-particles, see Sections 3.2.3 and 3.2.4.

No radioactive technique has been developed for dating of ice older than 25 ooo years.
Quite recently, Muller (1977) has suggested using a cyclotron for radioisotope dating, whereby
the range of the #C method might be extended to 40 000 or 100 000 years using 1 to 100 mg
carbon. Other long-lived isotopes are available: $3Mn, 3¢Cl, 8'Kr, 26Al and “Be (GISP, 1976)
but it may be unfeasible to collect extremely small amounts of impurities from the necessary
more than 100 tons of ice in a deep bore hole that has to be filled with liquid in order to
prevent hole closure.

In the 100-1 000 year time range 325i and 3%Ar, both with half lives close to 300 years,
have been applied (Clausen, 1975; Oeschger and others, 1976), but the accuracy cannot cope
with that of most of the stratigraphic methods, when applicable.

Ice younger than 100 years can be dated by 210Pb. If deposited before the first thermo-
nuclear bomb test in 1953, tritium may also be applied. But again, some of the stratigraphic
methods are more accurate.

2. GLACIER DYNAMICS

Purely theoretical, first-approximation time scales can be obtained for glaciers in steady
state (thickness H and net-accumulation rate Ay independent of time) by considering simple
ice-flow models. If the vertical strain-rate is constant throughout the ice sheet or at least to
very close to the bottom (Nye, 1957), and if melting from the bottom can be neglected, the
annual-layer thickness A decreases proportional to the distance » from the bottom at any
location, for which H and Ay do not vary up-stream. Furthermore, the horizontal velocity
profile is independent of y, and with all distances expressed in metres of ice equivalent

t:TTHlnii, T = I year, (1)
(Haefeli, 1961) is a usable first-approximation time scale.

If melting from the bottom cannot be neglected, A decreases linearily with y, and reaches
a value A, at y = 0, equal to the annual ablation from the bottom. The vertical movement in
the glacier thus corresponds to that in a slightly (AH) thicker glacier with no melting from the
bottom. Equation (1) can therefore be used, if H and y are replaced by H+AH and y+ AH,
AH being equal to HA/(Ag—A,).

Example 1. Using the modified Equation (1) on the temperate Vatnajokull in Iceland by
inserting H = 600 m, Ay = 2 m, A, = 0.02 m (corresponding to a heat flux four times the
normal 1.7x10% J m~2a1), hence AH = 6.1 m, gives an age of 1 400 years at the bottom.
This may describe the conditions in part of Vatnajokull, but of course the heat flux varies
strongly from one location to another in a volcanic area.

Being purely kinematic, the above-mentioned models do not take any ice flow law into
account. Nevertheless, the time scales are often fairly good approximations to absolute
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chronology down to considerable depths (H/2 or even 2H/3), also in cases of bottom tempera-
tures lower than the pressure-melting point and, therefore, horizontal velocity v, = o at
2 = 0. However, in the deep part of the ice sheet, where the vertical strain-rate and therefore
vz vary most with y, Equation (1) must deviate considerably from absolute chronology. In
order to account for the changing strain-rates in the deep strata, Dansgaard and Johnsen
(1969) assumed

vz independent of y for y = A,

(2)
vy proportional to y for y << h.
This leads to the annual layer thickness
2y—h
2H—F & h<y<H,
- (3)
I _—ae sepel
h(QH_ k) Hs _y 2
and the consequent time scale
2H—h 2H—h
S i LY =
T = 1n2y—h’ sy = H,

t= (4)
eH—h[, (2H h :
"o L\ E ] e ra | REFES

7 being 1 year, still with the assumption of no change of H and Ay up-stream, which of course
strictly holds true only on the summit and, essentially, close to ice divides. At other locations,
up-stream changes must be corrected for by using the formulae in connection with two- or
three-dimensional flow models, cf. Example 5, p. 13.

Equations (3) and (4) contain three constants: M, Ay, and h, of which H and Ay are
assumed to be known. At a location where the vertical temperature profile is known, the
third constant, k, may be estimated by integrating Glen’s or another ice flow law. Another
way of estimating / is to measure the total surface strain-rate, d /= dy, which is determined by
Equation (3) as Ag/7(H—h/2).

Philberth and Federer (1971) assumed a linear temperature profile throughout the glacier
and integrated Glen’s law analytically. This may be an improvement in areas so far from the
ice divide that the longitudinal stresses no longer affect the shape of the v, profile. It is
questionable, however, if at great depths one can expect the procedure to give an approxima-
tion to absolute chronology better than that of Equation (4), because the progressive orienta-
tion of the ¢-axis in favour of easy glide is difficult to account for, and in both cases an
important source of uncertainty is the lack of knowledge about H, Ay, the shape of the ice
sheet and temperature profiles far back in time, see Example 11, p. 20.

Example 2. Available surface data (Mock, 1968) suggest that Camp Century
(lat. 77° 11" N, long. 61° 09’ W.) is located close to a local ice divide on the Thule Peninsula
(cf. Fig. 1). Equation (4) was used with H = 1 367 m, & = 400 m, Ay = 0.35 m as a first-
approximation time scale along the Camp Century deep ice core by Dansgaard and Johnsen
(1969). According to this time scale, ¢ = 10 000 years corresponds to a depth of 1 120 m
(» = 247 m). The validity of Equation (4) down to this depth was supported by the fact
that unmistakable signs of the termination of the last glaciation were found very close to
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y = 247 m, i.e. a shift in §(*%0),* corresponding to a drastic increase of the surface tempera-
ture. The Camp Century time scale for the last 12 000 years will be discussed in further
detail in Example 11, p. 20. At this point it should only be pointed out that the apparent
validity of Equation (4) does not necessarily imply that the presumptions (such as that A
and Ay are independent of time) hold true. The complicated flow pattern on the Thule
peninsula and its unknown changes at the end of the glaciation make it quite unlikely that
any simple flow model will be able to describe a realistic time scale along the Camp Century
deep core beyond ¢ = 10 000 years, and indeed, it must be more or less a coincidence that
Equation (4) gives the same time (¢. 70 ooo years) for the onset of the glaciation (revealed by
another drastic shift in the § profile) as other independent studies, if only for the reason that
H and Ay can hardly have remained equal to their present values throughout the glaciation.

Theoretical two-dimensional flow models for steady-state ice sheets can be established to
calculate the vertical strain and the resulting relationship between time and depth at a location
far from the ice divide. Such flow models take into account the known changes of H, Ay and
the bottom topography up-slope, and an integration of a suitable flow law based on tempera-
ture profiles consistent with the calculated flow pattern. In Example 5, p. 13, this kind of
model is used and verified at Milcent, midway between the ice divide and the ice margin in
mid-Greenland, but only over the upper 400 m of the total 2 340 m thickness, corresponding
to the last 796 years of accumulation.

Other time scales implying dynamic considerations may be established by measuring the
vertical or the horizontal velocity components along a bore hole:

Close to the summit of an ice sheet in steady state, the vertical ice velocity vy is equal to the
annual layer thickness at any depth. Hence, measuring a vertical velocity profile along a
bore hole leads to a time scale

P d
¥
t—f%; (5)
i

y being the distance from the bottom, cf. Paterson’s (1976) dating of part of an ice core
through the Devon Island ice sheet. If Ay and/or H vary up-stream from the bore hole, the
method is not applicable.

In the case when the horizontal velocity component v, is measured along a vertical bore
hole from surface to bedrock in an area of uniform divergent flow, one may express vz as

vy = £ ()%

% being the distance from the ice divide. The equation implies that / and Ay do not vary
up-stream, which is of course strictly true at the summit only. In a two-dimensional flow of
incompressib.e ice

Oy - Cug "
ey == ox Sia f(}]):

* 5(130), hereafter just called 8, is the relative deviation of the concentration of H;'80 in the ice from that in
standard mean ocean water (Craig, 1961). The vapour pressures of the heavy components of water (H,™0O and
HDO) are slightly lower than that of the light component, H,%0 causing gradual depletion in the 80 and the
deuterium concentrations in the moisture, and thereby in the precipitation, during cooling of a moist air mass.
But § of a given snowfall depends on several other parameters, in fact on the entire prehistory of the precipitating
air mass (Dansgaard, 1964). This is why the § of the individual snowfall is not uniquely correlated to the tem-
perature of formation (Picciotto and others, 1960). Nevertheless, at a given lacation, the mean & value of snow
fallen through a period of several years may be considered indicative of the mean temperature of the snow at the
time of formation (Dansgaard and others, 1975). Since this temperature depends both on the general climatic
conditions and on the altitude of the location, a & profile along an ice core should only be interpreted in terms of
climatic temperature changes in so far as the ice sheet has been in a steady state, and only upon correction for &
changes up-slope at the sites of formation of the individual layers in the core.

https://doi.org/10.3189/50022143000021183 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000021183

DATING GREENLAND ICE CORES 9

hence
H

oy = | 1) dy,
y
which gives the time scale when inserted in Equation (5).

3. STRATIGRAPHY

Any kind of detectable stratification due to either unusual but well-dated events in the
environments, or to regularly varying fall-out or physical conditions during deposition, can
be used for the purpose of absolute dating.

3.1. Reference horizons

Reference horizons are to be found in the form of unusual melt features (e.g. the summer
of 1954 was extremely warm in North Greenland) or, more important, as unusual concentra-
tions of impurities or heavy isotopes. The most important impurities are due to fall-out of
volcanic and radioactive bomb debris.

3.1.1. Fall-out of fission products, The first thermo-nuclear bomb tests in 1952 and 1953
created a reference layer in glaciers, recognizable in Greenland by a shift in specific total
B-activity in late 1953 (Picciotto and Wilgain, 1963) to approximately twice the natural level.
Another more pronounced reference horizon is due to the Castle bomb-test in early 1954,
performed at lat. 11° N. In Greenland the total specific f-activity increased in the period
from mid-1954 to early 1955 from natural level to 5—10 times this level. In Antarctica the
shift occurs in the 1954/55 summer layer to 4-5 times the natural level, which in Greenland
and Antarctica is ¢. 100 disintegrations h-—' kg~'. "T'he bomb moratorium in 1959 caused a
decrease in the fall-out towards a minimum now detectable in the 1960 layer, which is there-
fore a third reference horizon (not clearly detectable in Antarctica). A fourth one is to be
found as extremely high activities in the 1964 layer (196465 in Antarctica), mainly due to the
Soviet bomb tests in 1961 and 1962. The radioactive reference horizons at Milcent, mid-
Greenland, are demonstrated in the first column of Figure 4, facing p. 12. They have proved
to be particularly useful for dating of firn in areas where other stratigraphic methods fail due to,
for example, mixing by drift of snow from different sources (e.g. parts of the Ross Ice Shelf,
receiving drift snow from the Transantarctic Mountains, Clausen and Dansgaard, 1977).

3.1.2. Volcanic ash and dust. In areas close to active volcanoes, the glaciers are stratified
by visible ash or dust bands in layers deposited in years of eruption. In Antarctica, dust
bands (Gow, 1968) may be used to establish relative chronologies between different ice cores,
and in Iceland, where records of the volcanic activity span nearly a thousand years, the ash
bands have been used for absolute dating of glacier ice (cf. Arnason, 1976).

3.1.3. Soluble voleanic debris. In Greenland, all great northern-hemisphere volcanic eruptions,
at least prior to A.D. 1766, have marked the layers deposited shortly after the eruptions with
elevated specific electrical conductivity (Hammer, in press) mainly due to high concentra-
tions of H,SO,, the sulphate originating from H,S and SO, released from the volcano and
oxidized in the atmosphere prior to wash-out.

Example 3. Figure 2 shows to the right a revised version of Hammer’s (unpublished)
specific-conductivity profile 1972—-1765 from Station Créte (lat 71° 07’ N., long. 37° 19" W.)
measured on a continuous sequence of melt-water samples (one per annual layer according
to absolute dating of the core, see Example 6, p. 15). The mean value (170 MQ~* m~)
for the volcanically quiet period 1917-63 has been chosen as a base line. A dust production
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Fig. 2. Right section: Specific conductivity profile at Station Créte spanning the period A.D. 1972-1765. Annual mean values
exceeding 170 MQ~" m~" are set out in black. Middle section : Lamb’s (1970) dust-production index corrected for latitudinal
JSall-out gradient. High-conductivity deposits from the Laki 1783 eruption may be used as a reference horizon in high-latitude
glaciers. Left section: Micro-particle concentration profile with no significant correlation with volcanic or industrial activity.
showing that the bulk of the fall-out of micro-particles in Greenland is probably due to continental dust.

index (d.p.i.) is shown in the mid-section for comparison. Itis based on Lamb’s (1970) d.p.i.,
but corrected for the latitude of the eruption to account for the fact that any release of soluble
impurities into the atmosphere is subject to dilution prior to deposition in Greenland, and the
more the further south the eruption. As to the Icelandic volcanoes, the dominating wind
pattern during eruptions may highly influence the fall-out in Greenland, cf. Hekla, 1845, or
Askja, 1875, with Laki, 1783. Anyhow, the Laki eruption in 1783 also left a layer of extremely
high specific conductivity in north and south Greenland. The 1783 layer may therefore be
useful as a reference horizon, particularly in low accumulation areas (Ay < 0.2 m ice a~1),
where the 8 method fails (see p. 14).

3-1.4. Radio reflection layers. Beyond the range of historical records of volcanic activity,
radio-echo sounding has revealed internal reflection layers in the ice (Gudmandsen, 1976),
maybe due to high conductivity in layers from periods of high volcanic activity. The internal
reflection layers are undoubtedly isochrones (Robin and others, 1969; Whillans, 1976) and
can be traced over hundreds of kilometres. Once a series of internal reflection layers are cali-
brated in terms of absolute time, large parts, if not all, of the ice sheet can be dated by radio-
echo sounding.

Similarly, characteristic features in the concentration of isotopes and impurities can be
used to transfer a time scale from one ice core to another.
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g.2. Seasonally varying parameters

Seasonally varying parameters reveal the annual layering of snow and ice, when measured
along a line perpendicular to the layers. If the analyses are performed so as to give a con-
tinuous profile downward from the surface in sufficient detail to allow interpretation, counting
of annual layers leads to an absolute time scale along the core. The necessary degree of detail
to be studied depends of course on the thickness of the annual layers and on the regularity of
the cycles, the criterion being that no new significant feature appears in the profile when the
ice core is studied in further detail.

Extending an absolute time scale far backwards in time calls for many thousands of
measurements. I this is not feasible, a (less accurate) time scale may be established by
measuring the mean annual layer thickness in core increments with approximately constant
age intervals giving A as a function of y. The age in years at depth d = H—y is then

H

d
t-—-‘rJIT”;), 7= 1 year, (6)
2

all distances being expressed in metres of ice equivalent.

3.2.1. Classical methods based on the detection of seasonal variations in density, crystal texture,
melt features, visible dust, etc., have been reviewed elsewhere, e.g. by Langway (1967) and
Ostrem and Stanley (196g). They have only been applied beyond 200 years in a few cases
(e.g. by Giovinetto and Schwerdtfeger, 1966; Gow, 1968; Orheim, 1g72).

3.2.2. Radioactive isotopes produced in the stratosphere by cosmic radiation or by nuclear
bomb tests are mainly injected into the troposphere through the gaps in the tropopause.
These gaps open up temporarily every spring, which causes increased exchange of air across
the tropopause, and soon after a snow layer of high specific radioactivity is deposited on the
glaciers.

Seasonal variations of the tritium content in pre-bomb layers have been demonstrated
in Greenland firn (Ambach and Dansgaard, 1970; Theodorsson, 1977). The layers
deposited after 1952 are marked by seasonally varying total specific B-activity due to fall-out
of bomb debris, but in the 1963 and 1964 layers the B-activity varies irregularly. In the layers
formed prior to 1965, most of the B-activity is due to “Sr and 137Cs. Some of the seasonal
variations are seen in the first column of Figure 4 as small undulations superimposed on the
long-term trend of the S-activity profile. Other annual 8 cycles are undetectable in this profile,
because the core was cut in too long samples, mainly for the purposes of detecting B reference
horizons (p. g).

3.2.3. Micro-particles with radii in the 0.35 to 2 wm range may be counted on melted samples
by the standard Coulter technique. In this work, however, the concentrations are measured
by a light-scattering technique (Hammer, 1977[a]) comprising particles down to some
0.1 pm radius. But approximately 80%, of the integrated amplifier output originates from
particles in the size range of the Coulter counter, 1 mV corresponding to 10 000-15 000
particles per gramme, somewhat depending on the size distribution.

In Greenland, the fall-out of insoluble micro-particles in the above-mentioned size range
is not correlated with voleanic activity, nor has industrial activity in the last century signifi-
cantly increased the atmospheric dust load in general, cf. the micro-particle concentration
profile to the left in Figure 2. This shows that the bulk of micro-particles in the Greenland
ice is neither of volcanic nor industrial origin. The fall-out of micro-particles varies seasonally
(Hamilton and Langway, 1968; Hammer, 1977[a]), like the fall-out of B activity. The
maximum usually occurs some time between January and July, but not always simultanecously
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with the f-peak, which suggests that, unlike the B-activity, the bulk of the micro-particles
has been transported to Greenland via the troposphere (Hammer, 1977[b]). Most likely
they consist of continental dust carried by strong winds in the upper troposphere from
continental areas. According to H. Flohn (personal communication) a possible explanation
for the cyclic deposition is that a blocking anti-cyclonic system occurs very regularly each
spring over Greenland, causing strong, persistent winds from dry areas in North America,

Detailed micro-particle concentration profiles from Greenland will be shown in the
following pages. The regular annual cycles are an excellent means for dating by counting
peaks downwards from the surface, or for checking the validity of annual-layer interpretations
of & profiles that have been more or less smoothed by diffusion, cf. Figures 6 and g. Since
the micro-particles do not move by diffusion, the range of this dating method is usually
longer than that based on annual 8 cycles, at least back to the termination of the Wisconsin
glaciation, may be much longer. But the high micro-particle concentrations in ice from the
glaciation suggest very high storminess and/or atmospheric turbidity at that time, and so far
no final proof has been presented that the fall-out of micro-particles varied seasonally under
glacial conditions. If it did, it might call for an explanation different from that suggested by
Flohn.

Example 4. Figure 3 shows (shaded) micro-particle concentration profiles along two
increments of the Camp Century deep ice core from 1 213 and 1 214 m below the 1966
surface, or y = 175 m and 174 m, respectively, above the bottom. The two increments are
approximately 14 ooo years old, according to the time scale discussed later (Example 11,
p. 20).

The former increment (Fig. 3A) was cut into 0.5 mm samples (¢. 400 mm?). This degree
of detail was apparently more than sufficient at 1 219 m depth, to judge from the smooth
shape of the peaks. The background as well as the peak values are an order of magnitude
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Fig. 3. Two micro-particle conczatration profiles along increments of the Camp Century ice core, bolh from approximately
1 213 m depth corresponding to some 14 ooo years of age. The suggested interprelation in terms of seasonal variations

(arrows at “spring” peaks) corresponds to mean annual layer thicknesses below 10 mm. The photograph shows that the
micro-particle peak concentrations occur in visible cloudy bands in ice from the Wisconsin.
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Fig. 4. Continuous 3('80) profile along the 395 m long GISP ice core from Milcent. Dating (cf. A.D. numbers to the left of the curves) is accomplished by counting summer peaks downward from surface, the interpretation in the upper strata being supported by
the specific P-activity profile shown to the outer left. "The 8 values are plotted along a linear depth scale (normal figures) corrected Jor varying density, varying accumulation rate and ice thickness up-slope, and for total vertical strain as calculated by two-dimensional

ice-flow modelling.  The sloping figures are true depths in metres.
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higher than in post-glacial deposits. Interpretation of the profile in terms of seasonal variations
suggests at most 14 and at least 10 annual layers, corresponding to a mean annual layer
thickness of 5.8-8.0 mm, which is to be compared with A = 11.2 mm calculated from Equation
(3). The difference should not be considered as an indication of lower Ay under glacial
conditions, because the strain history of the Wisconsin ice deep in the Camp Century core is
more complicated than implied in the steady-state model behind Equation (3). As indicated
by the photograph to the left in Figure 3B, the thin layers of micro-particle peak concentra-
tions in Wisconsin ice often appear as cloudy bands detectable by eye, in particular when & is
lower than —389,, i.e. when the ice has been deposited under extremely cold conditions.
The width of the cloudy bands indicates that they are not due to cracks. Again, the observed
mean A (9.2 mm) being lower than the 11.2 mm calculated from Equation (§) does not suggest
lower Ay during the glaciation. But the difference between the measured As in the two
increments is one out of several indications of a positive correlation between A and & under
extremely cold conditions, the mean 8 values in the two increments being —42 and —39%,
respectively.

The A values suggested by Figure g are more than an order of magnitude lower than those
claimed by Thompson (1977) for late Wisconsin ice in the Camp Century ice core. The
discrepancy is due to the fact that the latter author used an individual sample length of no
less than 17 mm, i.e. of the same order as the expected A in the depth range considered here,
which of course gives insufficient resolution.

3.2.4. Heavy isolope and trace elements. § for the heavy isotopes O and deuterium in falling
snow, and the concentration of some trace elements (Na, Mg, Ca, K) vary with the season
(Epstein and Sharp, 1959; Benson, 1962; Dansgaard, 1964; Langway and others, 1977).
The main reason for the seasonal & variations is that, on its travel to the polar regions, a
precipitating air mass is generally cooled more in winter than in summer. The 8s of precipi-
tation falling at a given location therefore generally reach lower values in winter than in
summer, cf. the footnote on p. 8. But the individual snowfalls vary considerably in isotopic
composition. This is why a & profile through the uppermost layers exhibits strong variations
with frequencies higher than 1 a—1, often to a degree that complicates the interpretation in
terms of annual cycles. But mass exchange by diffusion via the vapour phase in the porous
snow usually obliterates the high 8 frequencies within a few years, depending on the tempera-
ture and the thickness of the individual layers. In areas of high accumulation and in particular
those of little or no melting, the dominating 1 year & cycle is then left in the ice as a convenient
basis for absolute dating. This appears from the following considerations:

When the firnification has reached the stage where mass transport by diffusion via the
vapour phase is no longer important (density ¢. 550 kg/m?), the amplitude of a & cycle in a
layer of thickness A is reduced from its initial value Ay to

A = Ag exp [—2n*(Lo/N)], (7)

L, being the total mean diffusion length of the water molecules in firn, which is approximately
80 mm, essentially independent of temperature and accumulation rate (Johnsen, 1977).
According to Equation (7) the amplitudes of & cycles in annual layers of 0.6, 0.3 and 0.2 m
ice thickness is reduced by 30, 75 and 969, respectively, at the time same as the amplitudes
of high-frequency & cycles due to individual snowfalls become undetectable: Even if we
assume as few as five equally heavy snowfalls per year, the high frequency 8 amplitudes are
reduced by factors of 6 103, 2 X 10'5 and 2 X 1034, respectively.

Example 5. Figure 4 shows a continuous 8 record measured on an ice core 398 m long
from Milcent (lat. 70° 18’ N., long. 44° 35' W.; present mean Ay = 0.542 m ice a—') drilled
in 1973 by GISP. The core was generally cut in a sequence of eight samples per annual layer
according to a preliminary time scale calculated by the steady-state two-dimensional flow
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model, outlined on p. 8. The flow model was verified by the fact that the preliminary time
scale along the core essentially agreed with the time scale established by counting annual $
cycles downward from the surface. The upper 22 m of the firn was cut into 16 samples per
calculated year, in order to study the rapid obliteration of the high frequency 8 cycles.
Obviously, they complicate the annual-layer interpretation in this part of the § profile, which
was therefore dated with a view to the reference horizons and, in some cases, the spring peaks
in the specific total B-activity profile shown to the outer left, cf. p. 9 and 11. But below
13 m true depth the annual 8 cycles stand out clearly. In agreement with Equation (6), their
mean amplitude is only reduced by some 309, during the entire firnification, and they have
therefore been used for dating of the rest of the ice core by counting summer peaks downward.
The bottom layer of the core was deposited 796 years prior to the year of drilling, i.e. in A.D.
1177. 'The 8 values are corrected for decreasing 8s up-slope at the sites of formation of the
individual layers.

A true depth scale is shown by sloping figures in metres to the right of each column. The
normal figures on the same scales are depths in metres of ice equivalent below the 1973
surface, corrected for (i) varying density; (ii) varying H and Ay up-stream; and (iii) vertical
strain since the time of formation, as calculated by the two-dimensional flow model outlined
on p. 8. In the corrected depth scale the layer thickness, i.e. the distance between two
adjacent 6 minima, therefore represents the accumulation in the corresponding time intervals
(averaging one year) at the present geographic position of Milcent (Reeh and others, 1978).

Turning back to the diffusion in the firn, it was calculated above that in layers of 0.2 m
ice thickness (=2.5L,), the § amplitude is reduced by 969, i.e. by a factor of 25. Since the
amplitude of the annual & cycles is initially of the order of 49, it ends up at 0.16%,, which is
only twice the measuring accuracy, and hence at the limit of detection. Consequently, in
areas with annual accumulation less than 0.2 m ice per year, normal annual 8 cycles do not
survive the firnification. This is the case in most of Antarctica, where dating by annual §
cycles can therefore generally be extended only a few decades backwards in time (Johnsen
and others, 1972; Dansgaard and others, 1977). It might be more beneficial to look for
seasonal variations in trace-clement or micro-particle concentrations in such areas.

On most of the Greenland ice sheet, however, the annual accumulation rate is considerably
higher than 0.2 m ice a=7, and the 8 method therefore works thousands of years backwards in
time, the only limitation being obliteration of the annual & cycles by diffusion of the water
molecule in the solid ice, see p. 18,

At stations with mean accumulation rates only slightly higher than 0.2 m ice a—1, & cycles
in years with accumulation lower than normal may be obliterated or turn into a “shoulder”
on a neighbouring 8 peak. If such 8 records are to be applied for dating, they need to be
corrected for the diffusion effect, particularly if no § record from more favourable locations,
or records of other seasonally varying parameters, are available for cross-checking. But the
random character of the layer thicknesses often helps by carrying single short-periodic 3
cycles through the smoothing process in a way that makes them easier to detect than one
might expect from Equation (7).

This is demonstrated by the calculation experiments in Figure 5 that simulate the cutting
and the analysis of the Créte core (cf. Example 6). The mean Ay is close to 0.28 m, and the
core was cut into 12 samples per calculated annual layer, i.e. the sample length was 23 mm
ice in layers that had not yet been exposed to significant vertical strain. The thin curves in
Figure 5 are supposed to be series of “‘undiffused”” harmonic & cycles in annual layers, all with
an amplitude of 4%,. The heavy curves show how the measured § profiles would look after
firn diffusion with L, = 0.08 m, and after addition of 0.08%, noise to account for measuring
uncertainty. In Figure 5A the amplitude of a series of & cycles in layers of a subnormal
0.2 m thickness is reduced to 0.169%,, i.e. twice the uncertainty and therefore at the limit of
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Fig. 5. Calculation experiment on the diffusive smoothing of harmonic & oscillations,

detection. In Figure 5B a series of normal 0.28 m layers is interrupted by one 0.20 m layer.
In the resulting profile the thin layer appears as an easily detectable shoulder. In Figure 5C
a 0.14 m layer occurs among the normal 0.28 m layers. It shows up as a deformation of the
adjacent peak in the resulting profile. Finally in Figure 5D two 0.14 m layers have been
introduced, causing further deformation of the adjacent peak.

Conversely, interpretation of the measured profile in Figure 5D raises the question of how
many & cycles the nearly linear part of the curve represents. There must have been more
than one—otherwise the amplitude would not have been reduced below the detection limit.
But whether there were originally two or more can only be detected by a micro-particle
profile and/or a deconvolution calculation that corrects for the diffusion (Johnsen, 1977),
cf. top of Figure gB. The application of the latter technique requires an extremely well-
measured 8 profile, and yet the original shape of the annual § cycles cannot be re-established
in full detail, because their high-frequency components are completely obliterated.

Example 6. At Station Créte (present mean Ay = 0.282 mice a=') on the ice divide in
central Greenland a 404 m long core was drilled by GISP in 1974. A § profile has been
measured in a continuous sequence of 12 samples per calculated annual layer along the entire
core. The record comprises more than 17 ooo measurements and reaches back to A.n. 548.
A smoothed version of it has previously been presented and interpreted in terms of climatic
temperature changes (Dansgaard and others, 1975). Part of the record representing the
period A.p. 17651805, is shown in full detail in the mid-section of Figure 6, plotted on a depth
scale (corrected for vertical strain, —1.24 % 10 4 a~' (Reeh and others, 1978)) in metres of ice
cquivalent below the 1974 surface. During firnification the diffusion has reduced the annual
8 amplitudes considerably more than in the case of Milcent, the average Ay being only 429,
higher than the critical 0.2 mice a=. In years of accumulation lower than 70%, of normal, the
original & oscillations must therefore be nearly obliterated. The deconvoluted & curve
(L, = 0.08 m) to the right of the mcasured one shows that the layers marked as 1773, 1778,
1784, 1789, 1802 and 1803 should be counted as full annual layers. Further evidence for this is
to be found in the seasonally varying micro-particle concentration profile shown to the left in
Figure 6, cf. p. 16. Back to A.n. 1177 ambiguities in the Créte § curve have been solved by cross-
checks with the more regularly varying Milcent 8 curve, using occasional similarities between
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the general shapes of the two records (cf. for example the period 1765-75 in Figure 7) ; and over
the entire span of the Créte curve a few cases of doubt have been solved by cross-checking
with a micro-particle profile. The reliability of this procedure was later confirmed by the
close correlation between the volcanic dust production index and the specific conductivity
shown in Figure 2. We estimate that the deviation of the Créte time scale from absolute
chronology does not exceed two years at any time back to A.p. 1177 (three years back to
A.D. 548).
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Fig. 6. Middle section: &(*30) profile representing the period A.n. 1765-1805 at Créte. Ambiguities (e.g. A.D. 1784, 1789
and 1802) in the interpretation of annual layzrs have been solved by cross-checks with the micro-particle profile to the left
that generally contains one peak of fall-out per year, and with the deconvoluted 5('80) profile to the right that is first-order
corrected for diffusive smoothing in the firn.

Another 41 year long sequence of the Créte 8 record is shown to the right in Figure 7.
These layers were deposited 1 000-}-3 years before those discussed above, i.e. in the period
A.D. 765-805. This period was generally warmer than aA.p. 1765-1805, to judge from the
higher mean § value (—34.2%, compared with —33.8%,) and assuming unchanged altitude,
In fact, it was warmer than any other 40 year period since A.D. 548, cf. Dansgaard and others
(1975). The 765-805 & sequence has essentially the same variance as the 1765-1805 sequence,
which means that the diffusion in the firn has smoothed the original & cycles to nearly the
same extent, i.e. that the mean Az was almost the same in the two periods. And true enough,
the total thickness of the 41 old layers is only 4.79%, higher than that of the 41 younger ones
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Fig. 7. A-C: Detailed 3(80) profiles representing the period a.n. 1765-1805 at Dye 3, Milcent and Créte. D: §(*30)
profile along a 1 000+ 3 years older increment of the Créte ice core. The depth scales are as explained in the text to Figure 4.

read on the corrected depth scale, in agreement with the linear trend at Créte (—4.42%, per
millennium), cf. Reeh and others (1978).

In case of summer melting, the shape of the 8 profile after firnification depends on the
degree of melting and on how the melt water percolates into the snow-pack prior to refreezing.
In some cases this complicates the interpretation,

Example 7. At Dye g in South Greenland (lat. 65° 11° N., long. 43° 49' W.; present mean
A = 0.54 m ice a—1) a 401 m long ice core was drilled by GISP in 1971. It was cut into 8
samples per calculated year. Part of the § profile is shown to the left in Figure 7. Although
the accumulation rate is very close to that of Milcent, the § cycles are less regular due to
refrozen melt water. The entire core length comprises 728 annual layers, of which some
15%, are difficult to interpret from the § profile. Some of the dubious layers were interpreted
by micro-particle concentration analysis, cf. Figure 6, and the rest of the interpretation
problems were solved by comparing characteristic features (layer thicknesses or short-term
trends in 8) with the Milcent and Créte records, cf. the period 1798-1805. The high-
conductivity reference horizon left by the Laki eruption 1783 was found in the layer previously
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dated at 1783 as described (p. 10). Beyond age t — 1go years, the time scale is estimated

to be accurate within 1%, of {—190 years.

If the annual § cycles survive the firnification process to the point where mass exchange by
diffusion in air becomes negligible, they remain in the ice for thousands of years, because from
that point the reduction of the 8 amplitudes proceeds only by molecular diffusion in solid ice.
This process is so slow (diffusion constant D — 10-3 m?a-! at —25°C) that it becomes
important only when vertical strain has considerably increased the vertical gradients and,
at the same time, reduced the annual layer thickness. If the thinning factor is 6(t) = A(t)/Ag,
the total mean diffusion length . can be expressed by

t

L(t)2 = 8(t)> {2 f D(t) 6(t)2 dt'—]—LOZ}, (8)

and the & amplitude by a generalization of Equation (7):

A(t) = An exp {—2m2(L(t) [A(2))2}, (9)
A being the 8 amplitude of the annual cycle at the time of deposition ( Johnsen, 1977).

0 [ | | 1
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Fig. 8. Total mean diffusion length L (in em of ice equivalent) of waler molecules in the Camp Century ice core, calculated by
Johnsen’s (1977) combined “reversed-diffusion” and ice-flow model, and plotted as a function of time since deposition
(calculated from Equation (4)). Of the dashed curves, Ly shows L if diffusion took place in only the firn, and Ly shows L
in case of solid ice diffusion only. A is the annual layer thickness calculated from Equation (3). See the text in Example 8

JSor further details.
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Example 8. The only existing ice core on which the theory can be checked is the Camp
Century deep ice core. Using the Equations (3) and (4) for A and age, the diffusion constant
for the water molecule in ice as given by Ramseier (1967), and the temperature profile along
the Camp Century bore hole (Hansen and Langway, 1966), Equation (8) gives L as a function
of the age of the strata as shown by the heavy curve in Figure 8, L, (due to diffusion in the
firn) being 8o mm. It might be easier to understand the rather complex character of the
L(t) curve, if its two components, i.e. firn and solid-ice diffusion, are considered separately:
If the diffusion completely ceased with the firnification, the 80 mm mean displacement of
the molecules reached in the firn would simply decrease as does an 8o mm thick ice layer as
it sinks toward the bottom (curve Lg), i.e. in accordance with Equation (3). On the other
hand, if diffusion took place only in the solid ice (i.e. L, = 0), the mean displacement of the
molecules after ¢ years should in principle be calculated as (2Dt)! (i.e. the mean displacement
in undeformed ice), but with due account for temperature changes and vertical strain, as
shown by curve L;. Equation (8) expresses the combined effect of firn and solid-ice diffusion,
as shown by the heavy curve L. The full, thin curve gives the annual layer thickness A accord-
ing to Equation (3) with the present Ag. After 8 700 years L(t) equals 409, of A, and according
to Equation (g) the 8 amplitude in a series of years of normal accumulation has been reduced
from the original 4%, to 0.2%,, which is only three times the measuring accuracy and therefore
at the limit of detection. This was essentially verified by previous measurements on the Camp
Century deep ice core (Johnsen and others, 1972).

As in the case of firn diffusion, 8 cycles in annual layers thinner than normal disappear in
the solid ice long before those in layers of normal or above-normal thickness. Nevertheless,
a detailed & profile contains information about 8 cycles in thin layers, even after they have
been visually obliterated. This information can be revealed by a combined ‘“reversed
diffusion” (or deconvolution) and ice-flow model (Johnsen, 1977), which includes the
model of firn diffusion that was used to reveal § cycles “lost™ during firnification at Créte.

Example g. Figure g shows three measured Camp Century § profiles (heavy curves) that
have all been used as inputs to the combined deconvolution and ice-flow model in order to
check for possible “lost” annual 8 cycles. The outputs (thin curves) re-establish the approxi-
mate, original shape of the & profiles, as it would have been without diffusion in firn and ice.
The A-section of the figure is from an approximately § 0oo year-old increment from 657 m
above the bottom. According to Figure 8, L is 32 mm. Each of the two thickest summer
layers apparently contained a double 8 peak at the time of deposition (cf. I'ig. 4). But no
full annual 8 cycles seems to have been obliterated in this increment through the last § ooo
years. However, by deconvolution of 8 profiles in increments older than 6 ooo years, new 8
cycles appear. The interpretation of such cycles as annual is verified by the micro-particle
profile to the left in Figure ¢B, and in Figure 9C distinct melt features (indicated by arrows)
support the interpretation of at least one of the re-established 8-peaks as a summer maximum.

Identification of annual layers by re-established & cycles may be extended much further
back in time at Camp Century, but generally ¢ = 10 000 years should be considered the limit
of the deconvolution technique at Camp Century, because (i) the flow model used for calcu-
lating L breaks down in the Wisconsin glaciation, and (ii) Az may have been considerably
lower than at present, at least in some periods, which means much faster and more efficient
obliteration of annual § cycles, maybe even during the firnification.

Example ro. A Camp Century core increment from 217 m above the bottom, corresponding
to approximately 11 500 years of age, was chosen in order to check the capability of the
deconvolution technique at the limit of its estimated range. The mean 3 value of the incre-
ment is —36.37%,, i.e. considerably higher than normal for Wisconsin ice in the Camp
Century core, which suggests that it was formed in a warm period just prior to the termination
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Fig. 9. Heayy curves: Measured 3('30) profiles along three Camp Century ice core increments of ages ranging from 3 ooo to
7 200 years. Thin curves: Deconvolution of the measured d-profile by Fohnsen’s (1g77) diffusion model. Section B:
Counting three re-established 3 cycles (cf. the arrows) as annual layers is supported by peaks in the micro-particle concentration
profile shawn shaded to the left. Section C: The heavy arrows indicate summer melt features.

of the glaciation (Allered, if the above-mentioned dating is correct). Deconvolution with
L = 12 mm (cf. Fig. 8) reveals 11 8 peaks over 210 mm (i.e. a few more peaks than estimated
by Johnsen (in press), using too high a value of L), corresponding to A = 21 mm. However, a
measured micro-particle profile contains at least 11, and at most 13 peaks over 190 mm
corresponding to A = 15.8-19.0 mm. If the micro-particle profile reveals annual layers, a
few of the & cycles may be completely obliterated. A A value of 18 mm is twice the ) value
found by Hammer (in press[a]) in an increment 1 000 years younger. If the two increments
were deposited in approximately the same area, it must be concluded that the accumulation
rate in the warm Allered period was much higher than in the cold Younger Dryas that
followed, because a possible subsequent drastic thinning of the north-west Greenland ice
sheet would have reduced the layer thickness in the two increments by nearly the same factor.

Example 11. The Camp Century time scale. In this example, we shall discuss the Camp
Century time scale back to late Wisconsin on the basis of some of the methods previously
described in this paper. The physical condition of the upper 950 m of the Camp Century ice
core does not allow an absolute dating by measuring a continuous 8-profile along the core.
In fact, it is difficult (particularly between 275 and 675 m depth) to find a sufficient number of
adjoining core increments long enough to allow determination of representative A-values.
In general, many such values, closely spaced in time, are needed for using Equation (6),
P- 11, to establish a time scale. However, analyses of the GISP ice-core records suggest that
in post-glacial time relatively few, well-determined mean A-values may be sufficient in
Greenland, due to surprisingly stable accumulation conditions. For example, at Créte, Ag
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has had a secular trend of only —4-29, through 1 000 years, cf. Reeh and others (1978).
Furthermore, the short-term and the areal variabilities are small enough to ensure a reasonable
accuracy of mean values of A determined on a few annual layers, *

In Figure 10 we have compiled new micro-particle and isotope data, as well as previously
published isotope data, in some cases adjusted by the deconvolution technique. The measured
and (below y = 180 m) the estimated A-values are plotted against y, in Figure 10 over the
entire core above y = 100 m, and in Figure 11 on extended scales below y — 450 m. The
small figures at the points indicate the number of identified annual layers,
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Fig. 10. Annual layer thickness, X (scale on tep). in the Camp Century ice core plotted against depth and distance y above the
bottom. The heavy curve is the least-squares fit of Equation (3) to all data withy = 250 m. The corresponding lime scale
derived from Equations (3) and (¢) is platted along the sioping axis. The dashed curve is the least-squares fit, when using
Philberth and Federer’s (1971) procedure. The Sigures close to the points are the number of annual layers interpreted in the
individual core increments, either directly from 8('%0) prafiles (ope squares), or after deconvolution (open circles), or from
measured micro-particle profiles ( filled cirzles), or just by visual stratieraphy (filled squares. cf. the photograph in Figure 3).

* When using a measured mean A in a core increment as a representative value, its uncertainty o is composed
of two contributions, one of which (g;) originates from errors in the interpretation of annual layers, the other (o)
from the combined short-term temporal and shori-distance arcal variabilities of the accumulation rate (Ay per
year).

If Ay and A are the upper anl lywer limits of A estimate-] by interpreting a sufficiently detailed profile in
terms of annual layers, we use (Mg - A1)/2 as a representative for ), and (Au— A1) /2 for oi. As for o, the long Ay
records from Dye 3, Milcent and Créte, and short records from the vicinity of these stations, show that the relative
total variability of Ay, (o4/Ay), is only 20-25%;, essentially independent of time and locality. Moreover, in the
high-frequency range (=>0.05 a 1) the Ay records are closely modelled by a Gaussian process. Hence, the statistical
error of an n (<<25) year mean value may be written &, — oa/v/n = 0.22]//n, and the total uncertainty of a
mean value determined by interpretation 'of annual eycles is

o2 = [(Aa—N)?/4+ (0.222)2/n]t.
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Fig. 11. Details of the data and curves in Figure 1o for y < gzom. The shaded curve is the 5('80) profile for
20 < y < 368 m plotled in gm intervals. 8 values below — 31%, reveal the Wisconsin glaciation. The time scale
lo the outer right is based on the heavy curve (Equation (4)). It is estimated to be accurate within & 3%, back to 10 000
B.P. If correction is made for the significantly deviating A values in the y interval 220 to 240 m, the age of the late glacial
& peak indicated by an arrow becomes 11 400+ 400 B.P.

According to Section 2 above, there are at least two possibilities for comparing the observed
s with theoretical or semi-empirical, steady-state flow-model calculations:

I. The curve drawn in full in Figures 10 and 11 is derived from Equation (3) with
Az = 0.382 m and h = 429 m, which gives a least-squares fit to all data with y > 250 m.
The fit is perfect, in so far as &, (i.e. the r.ms. of the deviations of the measured A-values
weighted with 1/g,2) is 5.1 X 103 m, equal to the r.m.s. of the A-values themselves (5.2 X 1073
m). The consequent time scale, calculated by Equation (4) is plotted on the sloping axis.
The age ¢ = 10000 years is reached at y = 236 m. To the right in Figure 11 the Camp
Century  profile is plotted in 4 m increments over the y-interval 20 to 368 m. The Wisconsin
glaciation is revealed by the low &8s from y = 40 to y =248 m. The above-mentioned
time scale dates the late glacial 8 peak, indicated by an arrow, at 1o goo years s.r. If the low
A-values in the 220-240 m y-interval are accounted for, the age of the 8 peak becomes 11 350
years, which agrees with 1#C dating of the Allered interstadial (11 800 to 11 000 B.P. (Tauber,
1970).

The uncertainty o1 of age ¢ in the zero to 10 000 year interval has been calculated with due
account for the co-variance between the Ag and A uncertainties, cf. for example Whittaker
and Robinson (1924, p. 242). o varies from 2.29%, for very small ages to 1.49%, for = 5 500
years. At = 10 000 years, 6;1 = |

II. Another time scale may be derived by Philberth and Federer’s (1971) procedure
outlined on p. 000. The v-profile implied is similar to that of Weertman (1968) and may be

adequately approximated by
H—y\ D
Uy = UzH [l#(Ty) ] 5 (IO)
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with p = 5.9, 0,5 being the v,-value at the surface. The optimum fit of the corresponding A
profile to our A data is obtained for Ag =o0.353 ma, but 4, is significantly higher
(9.5 % 107 m) than that obtained by using Equation (3), cf. the thin, dashed curve in Figure
10.

One might speculate whether the reason for the relatively poor fit of Philberth and
Federer’s model is that Clamp Century is lying so close to a local ice divide that the flow in the
deep ice is determined by longitudinal stresses rather than shear stresses. This would invalidate
Philberth and Federer’s integration of Glen’s law and imply a lower shear strain in the deep
ice.

IIL. The best fit of a A-profile of the type given by Equation (10) is obtained for p = 3.74
and Ay = 0.396 m a1, which gives 6, = 6.4X 1073 m, i.e. not significantly different from
&y in case I. The consequent time scales are therefore not significantly different. GiIIT varies
from 3.19%, for very small ages to 1.89%;, for ¢t = 6 ooo years. Atf = 10 ooo years, o = 2.1%,
The relative deviation At/t from the time scale defined by Equation (4) as stated under
I above, does not exceed 2.5Y% for any ¢ up to 10 000 years.

We conclude that the time scale (Equation (4)), shown in Figures 10 and 11 is a satis-
factory approximation to absolute chronology for the last 10 0oo years at Camp Century, in
so far as it is fully consistent with all available ) data. This supports the steady-state assump-
tion behind Equations (g) and (4), or in other words that the present flow pattern on the
Thule peninsula was established prior to 10000 B.r. Beyond 11 500 B.p., the available
A-data do not allow any correction of the time scale given by Equation (4).

3-3. Long-term 8 oscillations

In an attempt to correct the time scale for changing H and Ay through the glaciation,
Dansgaard and others (1971) used the hypothesis that the long-term Camp Century § profile
contains oscillations with constant periods due to regularly varying solar radiation. Regular
variations with periods of 415 and 2 500 years are found in the rate of production of 14C
(Suess, 1970), and seem to be in antiphase with the & profile for t < 10 000 years. Apparently
persistent, long-term § oscillations, not strictly periodic in the time scale given by Equation
(4), were given a constant period of 2 400 years for ¢ > 10 000 years, and for { < 10 000
years a shorter-term § oscillation was given a constant period of 415 years. Fisher (unpub-
lished) and Paterson and others (1977) have later shown that using the 2 400 years cycle over
the entire core length brings the resulting time scale in closer agreement with stratigraphic
observations and to Equation (4) in the o to 10 000 years interval. The validity of the resulting
time scale at great depths still remains to be verified.
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