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N. R EEH 

(Geophysical I sotope Laboratory, U niversity of Copenhagen , Haraldsgade 6, DK-2200 
Copenhagen , D enmark) 

ABSTR ACT. The ava ilable m e thods for da ting of ice cores are based o n radioactive decay, ice-flow calcula 
ti ons, or stratigraphic observa tions. The two former ca tegories a re broad ly outlined, a nd special emphas is is 
given to stratigraphic method s. R eference horizons are established back to A.D. 1783 , in the form of elevated 
electri ca l conducti vities due to fa llout of soluble volcanic d ebris. Seasonal vari a tion; in the concentrations of 
insoluble rnicropa rticl es and /o r s tab le iso topes are m easured over th e e ntire 400 m lengths of three ice cores, 
recovered by Greenland Ice Sh eet Program (G ISP) . The resul ting absolute time scale; are probably accurate 
with in a few years per thousand . T echniques a re outlined for re-es ta blishing the approximate, original shape 
of heavy-isotope profiles that h ave been more o r less smoothed by diffusion in fim and ice. Annual-layer 
thickness m easurements on 24 increments clown to 1 130 m clepth in the Ca mp Century ice core determine 
a fl ow pa ttern, consistent with that sugges ted by D a nsgaard and J ohnsen ( 1969), and a Camp Century time 
scale with an es timated uncertainty better th an 3 % back to 10000 years D.P. 

R ESUM E. Datatioll de carolles de glace groell!a .~daises par des modelesd'ecolllemellt, les isotopes, les sidimenls volcalliqlles 
el les pOllssieres cOlltillenlales. L es methodes disponibles pour dater d es carottes de g lace sont basees sur 
I'a ttenuation d e la raclio-acti vite , sur le calcul d e l'ecoulement de la g lace ou sur des observa tions strati
graphiques. L es deux premie re categories sont decrites a grands t ra its e t une attentio n particuliere es t 
ponee a ux m e thodes stratigra phiques. Des horizons d e reference sont e tablis jusqu'en 1783 de notre ere, 
sous la forme d 'u ne eleva tion d e la conductibilite e lec trique a la sui te d es re tombees de cendres volcaniques 
solubles . L es va riations sa isonnieres de concentra tion en micro-pa rticles et/ou en iso topes sta bles sont 
mesurees sur la to talite des 400 m de longueur de tro is carottes de glace ra pportees par I'equipe du Greenland 
Ice Shee t Progra m (G JSP). L es echell es de temps absolu qui en resultent sont probablement prec ises 
jusqu 'a quelques a nnees pour mi lle. On decrit les techn iques utilisees pour retablir la forme origina le 
approximative d es profils d ' iso topes lourds qu i ont e te plus ou moins li sses par la diffusion dans le neve e t 
la glace. L es m esures d 'epa isseur d e la couche a nnuelle sur 24 sequen ces a ll ant jusqu 'a 1 1 3 0 m d 'epaisseur 
cla ns les ca ro tles cl e glace de Camp Century de te rminent un comporte m ent de I'ecoulement coherent avec 
cd ui sugge re par Dansgaard e t J ohnsen (1969) et u ne eehelle de temps a Camp Century avec une incerti tude 
es timee m eill eure que 3 % jusqu ' ::t 10000 a ns a vant le p resent. 

Z USAMMENFASSUNG. Dalierung grollldlldischer Bohrkem e millels Fliessmodellen, /solopen, vlllkanischen Ahlagerungen 
IlIId kOlllinenlalem Slaub. Die derzeit verfligbaren M e thoden zur D a lierung von Eis-Bohrkernen beruhen 
auf dem radioaktiven Zerfa ll , d e l' Berechnung d es E isflusses odeI' slra ligra phischen Beobachtungen. Die 
bciden ers te n V erfahren werden im Umrissen ge childert ; clas H a uptgewicht liegt jedoch a uf den strati
gra phisch en M ethoden. Bezugshorizonte lassen sich bis zum J a hr 1783 ermitteln; sie b esitzen erh6hte 
clektrisch e Leitfahigkeit infolge des Niederschl ags 16slicher vulka nisch er Ablagerunge n. J a hreszeitliche 
Schwankungen del' Konzen tration unl6slicher Mikropartikel und /oder stabiler Isotope werden liber die 
ganze Uinge dreier Bohrkerne von 400 m gem essen, die im R ahmen d es Greenland I ce Sheet Progra ms 
(G ISP) gewonnen wurclen. Die d araus abgeleite ten a bsoluten Zeitska le n sincl vermutli ch a uf wenige J ahre 
pro J a hrta usend genau. Die Technik del' \Viederherstellung d es a n gena herten, ursprlinglichen Profiles 
schwercr l so topen, das durch Diffusion in Firn und Eis mehr oder w eniger gegIattet ist , wird beschrieben. 
M essungen del' Dicke von J a hresschichten a n 24 a ufeina ncler folgende n Abschnitten bis I 13 0 m Tiefe im 
Bohrkern von Camp Century ergeben ein F liessmuster, das mit d em von Dansgaard und J ohnsen (1969) 
vorgeschlage nen llbereinstimmt, u nd eine Zeitskala flir Camp Century, di e eine Genauigkeit von schatzungs
weise besser a ls 3 % bis 10000 J a hre vor del' Gegenwa rt besitzt. 

INTROD UCTION 

Ice cores have become a n important tool in geophysics a nd atmospheric chemistry. 
Langway (196 7) first perceived the great a nd 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, D a nsgaard and 
others (1973) listed the potentia lities of polar ice-core and bore-hole studies relevant to 
glaciology, meteorology, climatology, geology, volcanology, atmospheric chemistry, cosmic 
and solar physics, and 14C 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 

Fig. I. Drill sites in Greenland. CRREL drilled the first surface-to-bottom ice core at Camp Century in I966. GISP drilled 
400 m cores at Dye 3, Milcent, and Crete I97 I- 74. The dashed curves show the approximate course of ice divides close to 
three of the stations, according to data by Benson ( I962), M ock ( I96J) 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 (1969) original time scale 
along the Camp Century deep core back to 12000 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 I. 

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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a long 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 a re elaborated below. Exemplified references are given in the outer right 
column. 

TABLE 1. ICE DATING METHODS 

Time range 
under 

fa vourable 
Method conditiolls 

years 

I. R ADIOACTIVE DECAY 
I.!. 3H and 210Pb 100 

1.2. 3'Si and 30Ar 1 000 

1.3· 14C 25 000 

1.4. roBe ,6Al 36Cl > 100000? 
53Mn 81Kr to b~ 
devel~ped 

2. GLACIER DYNAMICS 

2.1. Theoret ica l Row 
models 

2.2. Vertica l veloc iti es 
a long bore holes 

3. STRATIGRAPHY 

3. I . R eference horizons 
3. I. I . fall-out of fi ss ion 

products 

3· 1.2. volcanic ash and 
dust 

3. 1 ·3· soluble volcanic 
debris 

3·1.{- radio reRection 
layers 

3. I .5. sta ble iso topes, 180 
or ' H 

3.2. Seasonal varia tions 
3.2. I . class ical stra ti-

graphy, density, 
ice fabrics, de
posits of mineral 
or clay particles 

3.2.2. radioactive isotopes 
3.2.3. micro-particles 

3.2.{- stable isotopes, r80 
or 2H, and trace 
elements 

3.3. Long-periodic 8(180) 
cycles 

10000 

back to 1954 

> 200 

> 200 

IQ 000 

500000? 

200 

few decades 
10000 

15 000 

100000 

Accuracy 
under 

fa vourable 
conditions 

10% 

10% 

5- 20 % 

3% 

? 

I year 

I year 

I year 

10% 
3-10% 

1-5% 

? 

Remarks 

Amoun t of Ice needed: 
I kg 

Am oun t of ice needed : 
103 kg 

Amount of Ice needed: 
> 104 kg 

Amount of Ice needed: 
> 10 5 kg 

Steady-sta te ice sheets 

Steady-state ice sheets 

Fall-out of bomb-pro
duced debris 

Dated volcanic eruptions 

Typicol 
references 

Theodorsson ( 1977 ), Cro-
zaz and others ( 1964) 

C la usen (1973), Oeschger 
and others ( 1976) 

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

Oeschger and o thers 
( 1976), G ISP ( 1976) 

Dansgaard and J ohnsen 
( 1969), Budd ( 1969), 
Johnsen (1977) 

Pa terson (1976), Paterson 
and others ( 1977 ) 

Picciotto and Wilgain 
( 1963), C la usen and 
Dansgaard ( 1977) 

Gow (1968) 

Dated volcanic eruptions Hammer (in press[c] ) 

Indirect (imply calibra 
tion with dated ice 
core) 

Dras ti c 8-shifts (glacia 
tions) . Indirect 

R ange and accuracy de-
pend strongly on loca-
tion 

For accumulation rates 
> 0.20 m ice a- I 

Implies assumption of 
periodic 8 cycles due to 
sola r inAuence 

G udmandsen (1976) 

Dansgaard and others 
( 1973) 

Sorge (1933), Schytt 
(1958), Giovinetto and 
Schwerd tfeger ( 1966) 

T heodorsson ( 1977) 
Hamilton and Langway 

( 1968), H ammer (1977 
[a] ) 

Dansgaard and others 
(1973), J ohnsen, Lang-
way and others ( 1977) 

Dansgaard and others 
(197 1) 
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I. 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- 25000 years using 5 tons 
of ice. Beyond 10 000 years the HC scale is not calibrated, which introduces an extra un
certainty on I4C dating of ice from the latest glaciation. Such calibration might be obtained 
by I4C 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 25 000 years. 
Quite recently, Muller (1977) has suggested using a cyclotron for radioisotope dating, whereby 
the range of the I4C method might be extended to 40000 or 100000 years using I to 100 mg 
carbon. Other long-lived isotopes are available: 53Mn, 36Cl, 81Kr, 26AI and loBe (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 32Si and 39Ar, both with half lives close to 300 years, 
have been applied (Clausen, 1973; 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 IIH 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 11 decreases proportional to the distance y from the bottom at any 
location, for which Hand IIH do not vary up-stream. Furthermore, the horizontal velocity 
profile is independent ofy, and with all distances expressed in metres of ice equivalent 

H H 
t = 'T-In-, 

IIH y 
'T = I year, 

(Haefeli, 196 I) is a usable first-approximation time scale. 
If melting from the bottom cannot be neglected, 11 decreases linearily withy, and reaches 

a value 110 aty = 0, equal to the annual ablation from the bottom. The vertical movement in 
the glacier thus corresponds to that in a slightly (6.H) thicker glacier with no melting from the 
bottom. Equation (I) can therefore be used, if Handy are replaced by H + 6.H andy+~H, 
6.H being equal to Hllo/( IIH - lIo)' 

Example I. Using the modified Equation ( I) on the temperate Vatnajokull in Iceland by 
inserting H = 600 m, IIH = 2 m, 110 = 0.02 m (corresponding to a heat flux four times the 
normal 1.7 X 106] m - 2 a-I), hence 6.H = 6.1 m, gives an age of I 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 Va; = 0 at 

) 1 = o. However, in the deep part of the ice shee t, where the vertical stra in-rate and therefore 
Va; vary most withy, Equation ( I) must deviate considera bly from absolute chronology. In 
order to account for the changing strain-rates in the d eep strata, Dansgaard and J ohnsen 
(1969) ass umed 

Va; independent of y for y ;;,: h, } 

Va; proportional to y for y < h. 

This leads to the a nnual layer thickness 

a nd the consequent time scale 

h <y ~ H' } 
o < y < h, 

h ~y < H , } 

o < y < h, 

T being I year, still with the assumption of no change of Hand AH 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, er. Example 5, p. 13. 

Equations (3) a nd (4) contain three constants: H , )...fl , and h, of which Hand AH are 
assumed to be known. At a location where the vertical temperature profile is known, the 
third constant, h, m ay be estimated by integrating Glen's or another ice fl ow law. Another 
way of estima ting h is to measure the total surface strain-rate, dA/T dy, which is determined by 
Equation (3) as AH /T(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 Vx profile. It is 
questiona ble, however, if at great depths one can expect the procedure to g ive an approxima
tion to absolute chronology better tha n that of Equation (4), because the progressive orienta
tion of the c-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 a bout H, AH, the shape of the ice 
sheet a nd temperature profiles far back in time, see Example I I , p. 20. 

Example 2. Available surface data (Mock, 1968) suggest that Camp Century 
(lat. 770 

I I' N., long. 61 0 09' W.) is located close to a local ice divide on the Thule Peninsula 
(cf. Fig. I ) . Equation (4) was used with H = I 367 m, h = 400 m, AH = 0.35 m as a first
approximation time scale along the Camp Century deep ice core by Dansgaard and Johnsen 
( I 969) . According to this time scale, t = 10 000 years corresponds to a depth of I 120 m 
(y = 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('80), * corresponding to a drastic increase of the surface tempera
ture. The Camp Century time scale for the last 12000 years will be discussed in further 
detail in Example I I , 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 H 
and AH 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 t = IO 000 years, and indeed, it must be more or less a coincidence that 
Equation ( 4 ) gives the same time (c. 70000 years) for the onset of the glaciation (revealed by 
another drastic shift in the 0 profile) as other independent studies, if only for the reason that 
H and AH 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 , AH 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 3 40 m thickness, corresponding 
to the last 796 years of accumula tion . 

Other time scales implying d ynamic considerations may be established by m easuring the 
vertical or the horizontal velocity components along a bore hole: 

Close to the summit of an ice sheet in stead y state, the vertical ice velocity Vy is equal to the 
annual layer thickness at any depth . H ence, m easuring a vertical velocity profile a long a 
bore hole leads to a time scale 

y 

t = I dy , 
Vy 

H 

(5) 

Y being the distance from the bottom, cr. Paterson's (1976) da ting of part of an ice core 
through the D evon Island ice sheet. If AH a nd /or H vary up-stream from the bore hole, the 
method is not applicable. 

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

Vx = f (y) ' x, 

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

OVx 
-- - - f (y), ox -

* o('BO), hereafter just ca lled 0, is the relative deviation of the concentration of H ,IBO in the ice from that in 
standard mean ocean water (C ra ig, 1961 ). The vapour pressures of the heavy components of water (H ,IBO and 
HDO) are slightly lower than that of the light component, H , I60 causing gradual depletion in the IBO and the 
deuterium concentrations in the moisture, and thereby in the precipitation, during cooling of a moist air mass. 
But 0 of a given snowfall depends on several other parameters, in fact on the entire prehistory of the precipitating 
air mass (Dansgaard, 1964). T his is why the 0 of the "individual snowfall is not uniquely correlated to the tem
perature of formation (Picciotto and others, 1960). Nevertheless, at a given location, the mean 0 value of snow 
fallen through a period of severa l yea rs may be considered indicative of the mean tempera ture 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 I) profile a long an ice core should only be interpreted in terms of 
climatic temperature changes in so fa r as the ice shee t has been in a steady sta te, a nd only upon correction for 0 
cha nges up-slope at the sites of form ation of the individual layers in the core. 
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hence 
H 

Vy = J f (y ) dy, 

:1 

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. I. Riference 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. I. 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 ,B-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 c. 100 disintegrations h- I kg- I. The 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 hig h activities in the 1963 layer ( 1964- 65 in Antarctica), mainly due to the 
Soviet bomb tests in 196 1 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 offirn 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 I celand, where records of the volcanic activity span nearly a thousand years, the ash 
bands have been used for absolute dating of glacier ice (cr. Arnason, 1976). 

3.1.3. Soluble volcanic debris. In Greenland, all great northern-hemisphere volcanic eruptions, 
at least prior to A.D. 1766, have marked the layers d eposited shortly a fter the eruptions with 
elevated specific electrical conductivity (Hammer, in press) mainly due to high concentra
tions of H l S04, the sulphate originating from HzS a nd SOz released from the volcano and 
oxidized in the atmosphere prior to wash-out. 

E xample 3. Figure 2 shows to the right a revised version of Hammer's (unpublished) 
specific-conductivity profile 1972- 1765 from Station Crete (Jat 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. r 5). The mean value (170 MQ- I m -I) 
for the volcanically quiet period 1917- 63 has been chosen as a base line. A dust production 
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o 

Micro-particles 

--'-------.J 
2 mV 

1900 

1820 
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1780 

Fig. 2. Right section: Specific conductivity profile at Station Crete spanning the period A.D. 1972- 176'.5. Annual1llean vallles 
exceeding 170 M!1- 1 111- 1 are set out in black. Middle section: Lamb's (' 970) dust -production index corrected for latitlldinal 
Jail-out gradient. H igh-conductivity depositsJrom the Laki , 783 eruption may be used as a riference horizon in high-latitude 
glaciers. Left section: Micro-particle concentration profile with no significant correlation with volcanic or industrial activity. 
showing that the bulk oJ the Jail-out of micro-particles in Greenland is probab(y due to continental dust. 

index (d.p.i. ) is shown in the mid-section for comparison. It is 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-ou t in Greenland, cr. 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 ( ;''If < 0.2 m ice a- I), 
where the 8 m ethod 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 ; WhiIlans, 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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3.2. Seasonally varying parameters 

Seasonally varying parameters reveal the annual layering of snow and ice, when m easured 
a long a line p erpendicular to the layers. If the analyses are p erformed so as to give a con
tinuous profile downward from the surface in sufficient detail to a llow interpretation, counting 
of a nnual layers leads to an absolute time scale a long the core. The necessary degree of detail 
to be studied d ep ends of course on the thickness of the annual layers and on the r egularity of 
the cycles, the criterion being that no new significa nt feature appears in the profile when the 
ice core is studied in further detail. 

Extending a n absolute time scale far backwa rds in time calls for many thousands of 
m easurements . If this is not feasible, a (less accurate) time scale may be established by 
m easuring the m ean annual layer thickness in core increments with approximately constant 
age intervals giving A as a function ofy. The age in years a t depth d = H - y is then 

H 

J 
dy 

t = 7' A(Y) , 7' = I year, (6) 
y 

a ll distances being expressed in metres of ice equiva lent. 

3. 2.1. Classical methods based on the detection of seasonal varia tions in density, crystal texture, 
melt features, visible dust, etc., have been reviewed elsewhere, e.g. by Langway ( 1967) and 
0strem and Sta nley (1969). They have onl y been applied beyond 200 years in a few cases 
(e.g. by Giovinetto and Schwerdtfeger, 1966 ; Gow, 1968; Orheim, 1972). 

3.2.2. Radioactive isotopes produced in the stratosphere by cosmic radiation or b y nuclear 
bomb tests al'e mainly injected into the troposphere through the gaps in the tropopause. 
These gaps open up temporarily every spring, which causes incrcased exchange of a ir across 
the tropopause, a nd 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 d emonstrated 
in Greenland firn (Ambach and Dansgaard , 1970; Theodorsson, 1977) . The layers 
deposited after 1952 are marked by seasona lly val'y ing total specific f3-activity due to fall-out 
of bomb debris, but in the 1963 and 1964 layers the f3-activity varies irregularly. In the layers 
formed prior to 1965, most of the f3-activity is due to 90Sr and J37CS. Some of the seasonal 
va riations a re seen in the first column of Figure 4 as small undulations superimposed on the 
long-term trend of the f3-act ivity profile. Other a nnua l f3 cycles a re undetectable in this profil e, 
because the core was cut in too lo ng samples, m ainly for the purposes of detecting f3 reference 
horizons (p. 9) . 

3.2.3. Micro-particles with radii in the 0.35 to 2 lJ.m range may be counted on melted samples 
by the standa rd Coulter technique. In this wOl'k, however, the concentrations are measured 
by a light-scattering technique (Hammer, 1977 [a] ) comprising particl es down to some 
0. 1 [Lm radius . But approximately 80% of the integrated a mplifier output originates from 
pa rticles in the size range of the Coulter counter, J mV corresponding to 10000- 15000 
particles per gramme, somewhat depending on the size distribution . 

In Greenla nd, the fall-out of insoluble micl'O-pa rticles in the above-mentioned size range 
is not correlated with volcan ic activity, nor has industrial activity in the las t century signifi
cantly increased the a tmospheric dust load in general, cr. the micro-particle concentration 
profi le to the left in Figure 2. This shows that the bulk of micro-pa rticles in the Greenland 
ice is neither of volcanic nor industria l origin. The fall-out of micro-particles varies seasonally 
(H amilton and Langway, 1968; Hammer, 1977[a] ) , like the fall-out of f3 activity. The 
maximum usually occurs some time between January a nd July, but not always simul taneously 
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with the fil-peak, which suggests that, unlike the f1-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 0 profiles that have been more or less smoothed by diffusion, cf. Figures 6 and 9. Since 
the micro-particles do not move by diffusion, the range of this dating method is usually 
longer than that based on annual 0 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. 

E xample 4. Figure 3 shows (shaded) micro-particle concentration profiles along two 
increments of the Camp Century deep ice core from 1 213 and I 214 m below the 1966 
surface, or y = 175 m and 174 m, respectively, above the bottom. The two increments are 
approximately 14000 years old, according to the time scale discussed later (Example I I, 

p. ~20). 

The former increment (Fig. 3A) was cut into 0.5 mm samples (c. 400 mm2). This d egree 
of detail was apparently more than sufficient at 1 2 I 3 m depth, to judge from the smooth 
shape of the peaks. The background as well as the peak values are an order of magnitude 

o 

20 

40 
mm o 50 100 mV 

B 
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60 

mm 

o 20 40 60 mV 

A 

Fig. 3. Two micro-p!lrticle conentration profiles along increments of the Camp Century ice core, both from approxi1llately 
I 2 13 m depth corresponding to some 14 000 years of age. The suggested interpretation in terms rif seasonal variations 
(arrows at "spring" peaks ) corresponds ta 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 0('8 0 ) profile along the 398 III long CISP ice core f rom Milcent. Dating (if. A.D. 1lUmbers to the left of the C/lrt'es ) is accomplished by counting summer peaks dowlIwardfr011l surface, the interpretation in the up/)er strata being supported b..v 
the specific ~-actjvity profile shown to the outer left. The 0 values are plolted along a linear del)th scale (1/Drmal figures ) corrected for varying density, varying accumulation rate and ice thickness up-slope, and for total vertical strain as calCII /ated by two-dimensional 
ice-flow modelling. The sloping figures are true depths in mptres. 

[]ourT:al DJ Glaciology. Vol. 20, No. 82 ,jacing l!age I ,. 
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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 a nnual layer 
thickness of5.8- 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 AH under glacial 
conditions, because the strain history of the Wisconsin icc 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 con centra
tions in Wisconsin ice often appear as cloudy bands d etectable by eye, in particular when 8 is 
lower than - 38% , 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 
m ean A (9.2 mm) being lower tha n the 11 .2 mm calculated from Equation (3) does not suggest 
lower A/-I during the glaciation. But the difference between the m easured As in the two 
increments is one out of several indications of a positive correlation between A and 8 under 
extremely cold conditions, the m ean 8 values in the two increm ents being - 42 and - 39%, 
respectively. 

The A values suggested by FigUl-e 3 are more than an ordcr of m agnitude lower than those 
claimed by Thornpson (1977) for la te Wisconsin ice in the Camp Century ice core. The 
discrepancy is due to the fact that the latter author used an individual sample leng th of no 
less than 17 mm, i.e. of the same order as the exp ected A in the depth range considered here, 
which of course gives insufficient resolu tion. 

3 .2.4. H eavy isotope and trace elements. 8 for the heavy isotopes 180 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 8 variations is that, on its travel to the pola r regions, a 
precipitating air mass is genera lly cooled more in winter than in summer. The 8s of precipi
ta tion falling a t a g iven location therefore genera lly reach lowel- values in winter than in 
summer, cr. the footnote on p . 8. But the individual snowfalls va ry considerably in isotopic 
composition. This is why a 8 profile through the uppermost layers exhibits strong va riations 
with frequencies higher than I a - I, often to a degree that complicates the interpretation in 
terms of annua l cycles. But mass exchange by diffusion via the vapour phase in the porous 
snow usually obliterates the hig h 8 frequencies within a few years, d epending on the tempera
ture and the thickness of the individual layers. In a reas of high accumulation and in pa rticular 
those oflittle or no melting, the dominating I year 8 cycle is then left in the ice as a convenient 
basis for absolute d a ting. This a ppears from the following considera tions: 

When the firnification has reached the stage where mass transport by diffusion via the 
vapour phase is no longer important (density c. 550 kg/mJ) , the amplitude of a 8 cycle in a 
layer of thickness A is reduced from its initial value AH to 

Lo being the tota l m ean diffusion length of the water molecules in firn , which is approximately 
80 mm, essentia lly independent of temperature and accumulation rate (Johnsen, 1977). 
According to Equation (7) the amplitudes of 8 cycles in annual layers of 0.6, 0.3 a nd 0.2 m 
ice thickness is reduced by 30, 75 and 96 %, respectively, at the time same as the a mplitudes 
of high-frequency 8 cycles due to individual snowfalls becom e undetectable : Even if we 
assume as few as five equally heavy snowfalls per year, the high frequency 8 ampli tudes are 
reduced by factors of 6 X 10J, 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 AH = 0.532 m ice a - i) 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 8 
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 0 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 I I. But below 
13 m true depth the annual 0 cycles stand out clearly. In agreement with Equation (6), their 
mean amplitude is only reduced by some 30% 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. 

I 177. The 0 values a re corrected for decreasing os up-slope at the sites of formation of the 
individual layers. 

A true depth scale is shown by sloping figures in m etres to the right of each column. The 
normal figures on the same scales are dep ths in metres of ice equivalent below the 1973 
surface, corrected for (i) varying density ; (ii) varying Hand t..Jf 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 0 minima, therefore represents the accumulation in the corresponding time intervals 
(averaging one year) at the present geographic position of Milcent (R eeh 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 o), the 0 amplitude is reduced by 96 % , i. e. by a factor of 25. Since the 
amplitude of the annual 0 cycles is initially of the order of 4%0' it ends up at o. I 6%0' 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 p er year, normal a nnual 0 cycles do not 
survive the firnification. This is the case in most of Antarctica, where dating by annual 8 
cycles can therefore generally be extended only a few decades backwards in time (Johnsen 
and others, 1972; D a nsgaard and others, 1977) . It might be more beneficial to look for 
seasonal variations in trace-element or micro-particle concentrations in such areas. 

On most of the Greenland ice sheet, however, the a nnual accumulation rate is considerably 
higher than 0 .2 m ice a - I, and the 8 m ethod therefore works thousands of years backwa rds in 
time, the only limitation being obliteration of the a nnual 0 cycles by diffusion of the water 
molecule in the solid ice, see p. 18. 

At stations with mean accumula tion rates only slightly higher than 0.2 m ice a - I, 8 cycles 
in years with accumula tion lower than normal may b e obliterated or turn into a "shoulder" 
on a neighbouring 8 peak. If such 8 records are to be applied for d ating, they need to be 
corrected for the diffusion effect, pa rticularly if no 8 r ecord 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 h elps by carrying single short-periodic 0 
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 Crete core (cf. Example 6) . The mean t../f 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 0 cycles in annual layers, all with 
an amplitude of 4 %. The heavy curves show how the measured 8 profiles would look after 
firn diffusion with Lo = 0.08 m, and after addition of 0.08% noise to account for measuring 
uncertainty. In Figure 5A the amplitude of a series of 0 cycles in layers of a subnormal 
0.2 m thickness is reduced to 0.16 % , i.e. twice the uncertainty and therefore at the limit of 
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F ig. 5. Calculation experiment Oil the diffusive smoothing of harmonic S oscillations. 

de tec tion. In Figure 5B a series of normal 0. 28 m layers is interrupted by one 0. 20 m layer. 
In the resul ting profile the thin layer appears as an easily detectable shoulder. In Fig ure 5C 
a o . 14 m layer occurs among the normal 0.28 m layers. It shows up as a deforma tion of the 
adjacent peak in the resulting profile. Finally in Figure 5D two 0. 14 m layers ha ve been 
introduced, causing fur ther deforma tion of the adj acent peak. 

Conversely, interpretation of the m easured profile in Figure 5D tOaises the question of how 
ma ny I) cycles the nearly linear p a rt of the curve rep resents. T here must have been more 
tha n 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-pa r ticle 
profil e a nd /or a d econvolution calcula tion that corrects for the diffusion (Johnsen, 1977), 
cf. top of Figure 9B. The a pplication of the la tter technique requires an extremely well
m easured I) profil e, a nd yet the origina l shape of the a nnual I) cycles cannot be re-established 
in full deta il , because their high-frequency components are completely oblitera ted . 

Example 6. A t Sta tion Crete (p resent mean AH = 0.282 m ice a - I) on the ice divide in 
centra l Greenla nd a 404 m long core was drilled by GISP in 1974. A I) profile has been 
m easured in a continuous sequence of 12 samples p er calculated a nnua l layer along the entire 
core. T he record comprises more th a n 17 000 m easurements and reaches back to A.D. 548. 
A smoothed version of it has previously been presen ted and interpreted in terms of climatic 
temperature cha nges (Dansgaard a nd others, 1975)' Part of the record representing the 
period A.D. 1765- 1805, is shown in full detail in the mid-section of F igure 6, plotted on a depth 
scale (corrected for vertical strain , - 1.23 X 10- 4 a - I (R eeh and others, (978)) in metres of ice 
equivalent below the 1974 surhce. During firnifica tion the diffusion has reduced the a nnual 
I) a mpli tudes considera bly more tha n in the case of Milcent, the average AH being only 42 % 
hig her than the critical 0.2 m ice a -I . In years of accumula tion lower tha n 70% of norma l, the 
origina l I) oscilla tions must therefore be nearly obliterated . The deconvolu ted I) curve 
(Lo = 0.08 m) to the right of the m easured one shows that the layers m a rked as 1773, 1778, 
1784, 1789, 1802 a nd 1803 should b e counted as full a nnual layers. F urther evidence for this is 
to be found in the seasonall y varying micro-particle concentration profil e shown to the left in 
F igure 6, er. p. 16. Back to A. D. I 177 ambiguities in the Crete I) curve h ave been solved by cross
checks with the more regularl y varying Milcent I) curve, using occasional similarities be tween 
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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 Crete 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 Crete time scale from absolute 
chronology does not exceed two years at any time back to A.D. 1177 (three years back to 
A.D·548). 

Fig. 6. MiddLe section: 8('80 ) profiLe representing the period A .D . 1765- 1805 at Crete. Ambiguities (e.g. A.D . 1784, 1789 
and 1802) in the interpretation of annuaL Layers have been soLved by cross-checks with the micro-particle profiLe to the Lift 
that generaLly contains one peak of faLL-out per year, and with the deconvoLuted 8(180 ) profiLe to the right that is first-order 
corrected for diffusive smoothing in the firn . 

Another 41 year long sequence of the Crete 0 record is shown to the right in Figure 7. 
These layers were deposited 1 OOO ±3 years before those discussed above, i.e. in the period 
A.D. 765- 805. This period was generally warmer than A.D. 1765-1805, to judge from the 
higher mean 0 value (-34.2%0 compared with -33.8%0) 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 S sequence has essentially the same variance as the 1765- 1805 sequence, 
which means that the diffusion in the firn has smoothed the original 0 cycles to nearly the 
same extent, i. e. that the mean All was almost the same in the two periods. And true enough, 
the total thickness of the 41 old layers is only 4.7 % higher than that of the 41 younger ones 
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Fig. 7. A- C: D etailed 8('80 ) profiles re/msenting the /;eriod A.D. 1765- 1805 at Dye 3, Milcent and CrCle. D: 8(180 ) 
profile along a 1 ooo ± 3years older increment of the Crete ice core. T he de/)tl! scales are as explained in the text to Figure 4. 

read on the corrected dep th scale, in agreement with the linear trend at Crete (-4±2% per 
millennium), cf. R eeh a nd others (1978). 

In case of summer melting, the shape of the 8 profile after firnification d ep ends on the 
degree of m elting and on how the melt water p ercola tes into the snow-pack prior to r efreezing. 
In some cases this complicates the interpretation. 

Example 7. At D ye 3 in South Greenland (la t. 65° 1 I ' N., long. 43° 49' W. ; present mean 
AN = 0. 54 m ice a - I) a 40 1 m long ice core was drilled by GISP in 1971. It was cut into 8 
samples per calcula ted year . Part of the 8 profile is shown to the left in Figure 7. Although 
the accumula tion rate is very close to that of Milcent, the 8 cycles are less r egular due to 
refrozen melt water. The entire core length comprises 728 a nnual layers, of which some 
IS % are difficult to interpret from the 8 profile . Some of the dubious layers were interpreted 
by micro-pa rticle concentra tion analysis, cf. F ig ure 6, and the rest of the interpretation 
p roblems were solved by compa ring characteristic features (layer thicknesses or short-term 
trends in 8) wi th the Milcent and Crete r ecords, cf. the p eriod 1798-18°5. T he 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. ID) . Beyond age t = 190 years, the time scale is estimated 
to be accurate within I % of t - 190 years. 

If the annual 0 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 0 amplitudes proceeds only by molecular diffusion in solid ice. 
This process is so slow (diffusion constant D = 10- 8 m Z a- I at -25°C) that it becomes 
important only when vertical strain has considerably increased the vertical 0 gradients and, 
at the same time, reduced the annual layer thickness . If the thinning factor is 8(t) = A(t) fAH, 
the total mean diffusion length L can be expressed by 

t 

L(t)Z = 8(t)Z {2 f D(t' ) 8(t' )-Z dt' + LoZ } , 
o 

and the 0 amplitude by a generalization of Equation (7) : 

A(t) = A H exp {-2 1TZ(L (t )f A(t))Z}, 

AH being the 0 amplitude of the annual cycle at the time of deposition (Johnsen, 1977) . 
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Fig. 8. T otal mean difJusion length L (in cm oJ ice equivalent ) 0J water molecules in the Camp Centu7')' ice core, calculated by 
Johnsen's ( l977) combined "reversed-diffusion" and ice-flow model, and plotted as a Junc tion oJ time since deposition 
(calculatedJrom Equation (4)) . OJthe dashed curves, Lr shows L if difJusion took place in only thejiTll, and Li shows L 
in case oJ solid ice difJusion only. ,\ is the annual layer thickness calculated Jrom Equation (3) . See the text in Example 8 
Jor Jurther 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. U sing the Equa tions (3) and (4) for A and age, the diffusion constant 
for the wa ter molecule in ice as given by R a mseier (1967), a nd the temperature profi le a long 
the Camp Cen tury bore hole (H ansen and L angway, 1966), Equation (8) gives L as a function 
of the age of the strata as shown by the h eavy curve in Figure 8, Lo (due to diffusion in the 
firn) being 80 mm. It might be easier to understand the ra ther complex cha racter of the 
L(t) curve, if its two components, i.e. firn a nd solid-ice diffusion, are considered separa tely: 
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 80 mm thick ice layer as 
it sinks toward the bottom (curve Lt), i .e. in accordance with Equation (3). On the other 
hand, if diffusion took place only in the solid ice (i. e. Lo = 0), the mean displacement of the 
molecules after t years sho uld in principle be calculated as (2Dt )! (i.e. the m ean displacement 
in undeformed ice), but with due accoun t for tempera ture changes and vertical strain, as 
shown by curve L j • 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 a nnual layer thickness A accord
ing to Equa tion (3) with the present AH. After 8 700 years L (t) equals 40% of A, a nd according 
to Equa tion (9) the 8 amplitude in a series of years of normal accumula tion has been reduced 
from the original 4%0 to 0. 2%0' which is only three times the m easuring accuracy and therefore 
a t the limi t of detection. T his was essen tia lly verified by previous measurem ents on the Camp 
Century d eep ice core (Johnsen and others, 1972). 

As in the case of firn diffusion, 8 cycles in a nnual layers thinner than normal disappear in 
the solid ice long before those in layers of normal or a bove-normal thickness. Nevertheless, 
a detailed 8 p rofile contains information about 8 cycles in thin layers, even after they have 
been visua lly oblitera ted . T his informa tion can be r evealed by a combined " reversed 
diffusion " (or deconvolution) and ice-flow model (Johnsen, 1977), w hich includes the 
model of firn diffusion that was used to r eveal 8 cycles " lost" during firnifica tion at Crete. 

Example 9. Figure 9 shows three m easured Camp Century 8 profiles (heavy curves) tha t 
have a ll been used as inputs to the combined deconvolution and ice-flow m odel in order to 
check for possible " los t" a nnual 8 cycles. T he outputs (thin curves) re-establish the approxi
mate, original shape of the 8 profil es, as it would have been without diffusion in firn and ice. 
T he A-section of the fig ure is from a n a pproximately 3000 year-old increm ent from 65 7 m 
above th e bottom. According to Figure 8, L is 32 mm. Each of the two thickest summer 
layers appa rently conta ined a double 8 peak a t the time of deposition (cf. F ig. 4). But no 
full annua l 8 cycles seems to have been o blitera ted in this increment through the last 3 000 

years. H owever, by deconvolu tion of 8 p rofiles in increm en ts older tha n 6 000 years, new 13 
cycles a p pear. T he interpretation of such cycles as a nnua l is verified by the micro-particle 
profil e to the left in Figure gB, and in F igure gC distinct melt features (indicated by arrows) 
support the in terpretation of a t least one of the re-established 13-peaks as a summer maximum. 

Identi ficat ion of annua l layers by re-established 8 cycles may be extended much further 
back in time at Camp Cen tury, but generally t = IQ 000 years should be considered the limit 
of the deconvolution techniq ue at Camp Century, because (i) the flow mod el used for calcu
lating L breaks down in the Wisconsin g lacia tion, and (ii) AH may have b een considera bly 
lower tha n a t present, at leas t in some p eriods, which m eans much faster a nd more effi cient 
obli teration of annual 8 cycles, maybe even during the firnification. 

Example 1 0 . A Camp Cen tury core increm ent from 217 m above the bo tto m , 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 es timated ra nge. The mean 13 value of the incre
ment is - 36.37%°' i.e. considerably hig her than norma l for Wisconsin ice in the Camp 
Century core, which suggests that it was formed in a warm period just prior to the termina tion 
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Fig. 9. H eavy curves : M easured 8(I BO) profiles along three Camj) Century ice core increments if ages ranging from 3 000 to 
7200 years. Thin curves: D econvolution of the measured 8-profile by Johnsen's (1977) diffusion model. Section B: 
Counting three re-established 8 cy cles (if. the arrows ) as annual layers is supported by peaks in the micro-particle cOll centration 
profile shown shaded to the lift. Section C: The heavy arrows indicate summer melt f eatures. 

of the glaciation (Allemd, if the above-mentioned dating is correct) . Deconvolution with 
L = 12 mm (cf. Fig. 8) reveals II I) 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 I I, 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 8 cycles may be completely obliterated. A A value of 18 mm is twice the A 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 Allemd 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 factoL 

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 I)-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. 1 I, 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 Crete, AH 
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has had a secula r trend of only - 4 ±2 % through 1 000 years, cf. R eeh and others (1978). 
F urthermore, the short-term and the areal varia bilities are small eno ugh to ensure a reasonable 
accuracy of m ean values of ,\ determined on a few annual layers. * 

In Figure 10 we have compiled new micro-pa rticle and iso top e data, as well as previously 
published iso tope data, in som e cases adj usted by the deconvolutio n technique. T h e m easured 
a nd (below y = 18 0 m) the estima ted A-values a re plotted against y, in Figure 10 over the 
entire core a bove y = 100 m , a nd in Figure 1 I on extended scales below y = 450 m . T he 
small figures at the points indicate the number of identified annua l layers. 
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Fig. l a. Anllual l:ryJr thickness, A (scale on to/)), ill I,he Camp Cell tury ice core plotted agains t depth and distance ) 1 above the 
bottom. The heavy curve is the least-squares fit of Equation (3 ) to all data withy > 250 Ill. T he corresponding time scale 
derivedfrom Equations (3) alld (4) is p l1tted alollg th< slop ing axis. T he dashed C!lrve is the least-squares fi t, when using 
Philberth alld Federer's ( [97 / ) proced,,,e. The figures close to the /nints are the nwnber of alllluall(ryers inter/)reted ill the 
illdivid~al core i '/crem<nts, either directly [ram 8('80 ) profiles (opn squares ), or after decollvolutiOIl (a/Jell circles ), or from 
m<asllred micro-/)articie profiles ( filled cid es ), or ilSt by visual stratigraphy (.filled squares, cf the photograph in Figure 3 ). 

* VVhen using a m easured mea n A in a core increment a~ a repre3en tati ve va lue, in uncerta in ty a;. is composed 
o f two contributions, one of which (ai ) orig inates fr :l OTI erro r3 in the interpreta ti on o f a nnual layers, th e other (ua ) 
from the combined sh or t- term tempora l a nd short-d i3tance a real variab ilities o f the accumulation ra te ( ,'1/1 per 
yea r ). 

If A" and A, a re the upper a:1 J b'Ner limi ts of A es timate :! by interpre ting a suffi cientl y deta il ed profi le in 
te rms of annua l layers, we use ( Au + ,'1 ,)/2 as a represen ta ti ve fo r A, and (,\ ,, - ,'1 , )/2 fo r ai . As for aa, the long AU 
recorcls from Dye ,\, Mi lcent and C re te, a n d short records fro m the vicini ty o f these s ta tions, show tha t the relati ve 
to ta l variabili ty of AH, ( a"jA lI ), is onl y 20- 25 °6, essent ia ll y independent o f tim e a nd loca lity. M oreover , in the 
high-freq uency ra nge (> 0.05 a- ' ) the AN records a re closely m c:>de ll e:l by a Gauss ia n process. Hence, th e sta tisti ca l 
erro r of a n 11 « 20) yea r mean va lue m ay b e written ua = a.,/V n = 0.22,\f ,.In, a ncl the tota l uncer tainty of a 
mean va lue deter m ined by in terpreta tion o f a nnual cycles is 

a;. = [ (Au- A' )' /4 + (0 .22 A)' /IIJI. 
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Fig. 11. Details of the data alld curves ill Figure 10 for y < ,120 m. T he shaded curve is the 8(180 ) profile for 
20 < y < 3681/1 plotted in 4 III ill tervals. cS values below - 3 I % reveal the Wisconsin glaciation. The time scale 
to the outer right is based all the heavy curve (E quation (4». It is estimated to be accurate within ± 3% back to IO 000 

B.P. If correction is made for the significalltly deviating ,\ values ill the y illterval 220 to 240 1/1, the age of the late g lacial 
cS peak indicated by all arrow becomes If 400 ± 400 B .P. 

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

1. The curve d rawn in full in Figures 10 and 11 is derived from Equation (3) with 
AN = 0.382 m and h = 429 m, which gives a least-squares fit to a ll da ta with y > 250 m. 
T he fi t is perfect, in so far as uJ.. (i. e . the r.m.s. of the devia tions of the measured A-values 
weighted with l !aJ..2) is 5.1 X 10- 3 m , equal to the r.m.s. of the A-values themselves (5.2 X 10- 3 

m ) . T he consequen t time scale, calculated by Equa tion (4) is plotted on the sloping axis. 
The age t = 10 000 years is reach ed a t y = 236 m . To the right in Figure I I the Camp 
Century 8 profile is plotted in 4 m increments over the y -interval 20 to 368 m. The Wisconsin 
glacia tion is revealed by the low 8s from y = 40 to Y = 248 m . T he above-men tioned 
time scale dates the la te glacial 8 p eak, indicated by an arrow, a t 10 goo years B.P. If the low 
A-values in the 220- 240 m y-interval a r e accounted for, the age of the 8 peak becom es I I 350 
years, which agrees with 14C dating of the Aller0d interstadial (11 800 to I I 000 B. P . (T a uber, 
1970) . 

The uncer tainty a t! of age t in the zero to 10 000 year interval has b een calculated with due 
account for the co-variance between the AN and h uncertainties, cf. for example Whittaker 
and R obinson (1924, p. 242). atI va ries from 2.2% for very small ages to 1.4% for t = 5500 
years. At t = 10000 years, O'tI = 1.7 %

' 

n . Another time scale may b e derived by Philber th and F ederer 's ( /971 ) procedure 
outlined on p . 000. The vx-profile implied is similar to that ofWeertma n (1968) and may be 
a dequa tely approximated by 

(10 ) 

https://doi.org/10.3189/S0022143000021183 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000021183


DATING GR EENLAND IC E CORES 

with P = S·9, Vx H being the vx-value at the surface. The optimum fit of the corresponding A profile to our A data is obtained for AH = 0. 3S3 m a - I, but a" is significantly higher (9.S X 10- 3 m) than that obtained by using Equation (3), cr. the thin, d ashed curve in Figure 
10. 

One might speculate whether the r easor! for the relatively poor fit of Philberth and Federer's model is that Camp Century is lying so close to a local ice divide that the flow in the deep ice is determined b y longitudinal stresses rather than shear stresses. This would invalidate Philberth and Federer's in tegration of G len's law and imply a lower shear strain in the deep Ice . 
Ill. The best fit of a A-profile of the type given by Equa tion ( 10) is obtained for p = 3· 74 a nd AH = 0 .396 m a - I, which gives a" = 6,3 x 10- 3 m , i .e. not significantly different from ale in case 1. The consequent time scales are therefore not significantly different. O'tII! varies from 3. I % for very sma ll ages to 1.8% for t = 6000 years . At t = 10000 years, O'tIU = 2. I % . The rela tive devia tion 6.t /t from the time scale defined by Equation (4) as stated under I above, does not exceed 2.S % for any t up to 10 000 years. 
W e conclude that the time scale (Equation (4)) , shown in Figures 1 0 and 11 is a satisfactory approximation to a bsolute chronology for the last 10000 years a t Camp Century, in so far as it is fully consistent with all availa ble A data. This supports the steady-state assumption behind Equations (3) and (4), or in other words that the present flow pattern on the Thule peninsula was established prior to 10 000 B .P . Beyond I I SOO B .P. , the availa ble A-data do not allow any correction of the time scale given by Equation (4). 

3.3. Long-term S oscillations 
In an attempt to correct the time scale for changing H and /..H through the glaciation, Dansgaard and others ( 197 I) used the hypothesis that the long-term Camp Century S profile conta ins oscillations with constant periods due to regularly varying sola r radiation. R egula r varia tions with periods of 41S and 2 SOO years are found in the rate of production of 14C (Suess, 1970), and seem to be in antiphase with the S profile for t < 10 000 years. Apparently persistent, long-term S oscillations, not strictly periodic in the time scale given by Equation 

(4 ) , were given a consta nt period of 2 400 years for t > 10 000 years, a nd for t < 10000 years a shorter-term 0 oscillation was given a constant period of 41S years. Fisher (unpublished ) a nd Paterson a nd others ( 1977 ) have later shown tha t using the 2400 years cycle over the entire core length brings the resulting time scale in closer agreement with stratigraphic observations and to Equa tion (4 ) in the 0 to 10000 years interval. The validity of the resulting time scale at great depths still remains to be verified. 
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