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1. INTRODUCTION 

The isotopy of the elements was first considered by the English 
physicist W. CROOKES in 1888. He suggested that the atoms of a given 
element may exist in several modifications, each having a whole-number 
mass. About 1910 positive ray experiments combined with chemical 
analysis confirmed CROOKES' assumptions; various modifications of tho­
rium and lead were shown to have identical chemical properties, but 
different masses. In 1911 THOMPSON demonstrated neon to he a mixture 
of two isotopes with the masses 20 and 22. With his mass spectograph 
from 1919 ASTON found 202 isotopes of 71 elements. Of the heavy iso­
topes dealt with in the present work, deuterium was discovered by 
UREY, BRrCKWEDDE and MURPHY (1932) and oxygen eighteen by GIA­
QUE and JOHNSTON (1929). Most of the possible stable isotopes are now 
known. 

The chemical properties of the isotopes of a given element are 
almost identical, because they depend mainly upon the number of orbital 
electrons, which, in turn, is determined by the electrical charge of the 
nucleus. However, slightly different thermodynamic properties of the 
isotopes have been shown to cause small differences in the chemical 
properties, but this effect is important only in the low mass range, and 
especially for the hydrogen isotopes. The electrolytic separation of the 
hydrogen isotopes in water is based on different thermodynamic pro­
perties and on a kinetic effect. In general, the light isotopic component 
will react relatively fast. 

The isotopy of the elements also influences physical processes like 
diffusion, adsorption and, of special interest for the present work, 
evaporation and condensation. 

The fractionation factor of two isotopes participating in a chemical 
or physical equilibrium process is the ratio between the occurrences 
of the isotopes in one compound or phase divided by the ratio between 
their occurrences in the other component or phase. In other words, 
if N1 and N~ are the numbers of the two isotopic atoms in one compound 
or phase, while N2 and N~ are their numbers in the other one, the fraction­
ation factor is 

N 1 / N2 . 

N' N' 1 2 
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Disregarding processes with hydrogen, the fractionation factors amount 
at the high.est to a few per cent above unity. The fractionation factors 
have been determined experimentally only in a few cases, but they have 
been calculated from thermodynamic considerations for many simple 
processes (cf. UREY, 1947). 

Both physical and chemical methods have been developed for arti­
ficial separation of isotopes. Of special interest in this work, however, 
are the fractionation processes occurring in nature. 

BRISCOE and ROBINSON (1926) first showed that the isotopic com­
position of the elements are not universal constants, but varies from one 
compound to the other. They also pointed out that the study of these 
variations could lead to a better understanding of many natural processes. 
The technical facilities necessary for the accomplishment of such studies 
were not available at that time, but the idea has later formed the basis 
for the development of a new scientific field, which RANKAMA (1954) 
calls isotope geology. In a wide sense this field covers several sides of 
geophysics and geochemistry. RANKAMA's book treats the various sides 
of isotope geology and the comprehensive literature, which had appeared 
by 1954. 

The present work deals with the behaviour of deuterium and, parti­
cularly, oxygen eighteen in the hydrosphere. Several branches of research 
such as meteorology, glaciology, oceanography and hydrology will be 
touched, and some introductory remarks will be given in connection with 
each chapter. 



2. MEASUR ING TECHN IQUE 

2. 1. Introduction. 

The occurrences of the stable hydrogen isotopes in natural substances 
are related to each other approximately as 

H1: H2 = 999840: 160 parts per million (ppm). 

The analogous figures for the stable oxygen isotopes are 

016; 017; O1s = 997600; 400; 2000 ppm. 

The isotopy of hydrogen and oxygen causes no less than nine 
isotopic components of water. They have all whole-number masses 
ranging from 18 for the lightest component (H12O16) to 22 for the heaviest 
one (H 2 2O18). The occurrence of the components containing more than 
one heavy isotope is usually negligible, which reduces the number of 
important components to four: H12O16, H1l-l2O16, H12O17 and H12O18. 

In the present work the deuterium content of a sample will be 
denoted by 

(D) 
an = - - - • 106 ( = approx. 160 ppm), 

(H) + (D) 

(H) and (D) being the quantities of deuterium and hydrogen atoms in 
the sample. Analogously, the 0 18 content of a sample is denoted by 

(018) 
a1s = (O16) + (O17) + (O18) • 106 ( = approx. 2000 ppm) , 

or just "a" in cases where this symbol can not be mixed up with aD. 
Until very recently no means have been available for measuring 

the absolute values of an and a 18 with high precision. It is much easier 
to measure differences in isotopic composition between two samples. 
Fortunately, the greatest interest is attached to variations in isotopic 
composition, the measurement of which is, consequently, a common 
feature of all techniques hitherto applied in isotope geology. 
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Before world war II most isotope work on water was carried out 
as density measurements. Differences in the density of water samples 
after distillation were often attributed to different deuterium contents 
neglecting variations in the occurrences of the oxygen isotopes. Today, 
such work has hardly more than historical interest. 

The first attempt of distinguishing between the hydrogen and the 
oxygen contributions to the density variations was presented by LEWIS 
and LUTEN (1933a), who gave two equations relating the deuterium 
and the 0 18 abundances with the variations in density and index of 
refraction. The influence of 0 17 was neglected. The same authors (1933h) 
equilibrated the water with excess of other materials containing either 
hydrogen or oxygen. By this treatment the contribution of one of the 
isotopic components was removed. Similar methods were used by RIESEN­
FELD and CHANG (1936a). 

WAHL and UREY (1935) electrolyzed the water, burned the oxygen 
with deuterium-free hydrogen and measured the density of the re­
sulting water. A similar method was used by DoLE (1936) and other 
investigators. 

During the past decade the mass spectrometer has been the domi­
nating factor of the evolution. The history of mass spectrometry began 
with THOMSON'S mass spectrograph (1911). Positive ions passed parallel 
electric and magnetic fields, and the ions having the same ratio between 
the charge, e, and the mass, M, blackened a photographic plate along 
a parabola characteristic for e/M. With this instrument the presence 
of isotopes could he demonstrated. Measurement of ion masses and the 
fractional occurrences of the isotopes became possible with the improved 
mass spectrograph designed by AsTON (1919) , in which ions of equal 
e/M were focussed along a straight line. DEMPSTER's instrument from 
1918 was particularly suitable for isotope ratio measurements. All ions 
were accelerated through the same voltage drop (V) and thereafter 
deflected 180° in a magnetic field (H). The radii of curvature of their 
paths were then given by 

(1) 

k being a constant. Thus a mass dispersion was obtained. This is the 
principle used in all modern mass spectrometers. 

With NrnR's design from 1947 a 60° deflection instrument became 
commercially available, which was able to give isotope abundances 
in the lower mass range with a relative accuracy of a few per mille or, 
used with extreme care, even 1 or 0.5 per mille of the natural heavy 
isotope occurrences. This latter accuracy is almost what was obtainable 
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in the very best but more complicated density measurements ( cf. TE1s, 
1946). 

The mass spectrometric measuring accuracy was increased by a 
whole order of magnitude to ± 0.01 °/ 0 by the improvements introduced 
to the NrnR mass spectrometer by NEY and by Mc KINNEY, Mc CREA, 
EPSTEIN, ALLEN and UREY (1950). Of these improvements the use 
of a double inlet system with valves (p. 13) and of a vibrating reed electro­
meter (p. 16) has been transferred to the instrument used in the present 
work. 

Admission of water or water vapour into the mass spectrometer 
has some bad consequences. It adhers easily to the inner parts of the 
vacuum system, which causes a quickly increasing background (p. 21) 
and, thereby, unstable working conditions. 

As far as deuterium measurements are concerned the water is, 
therefore, always transformed into hydrogen and oxygen, and the measure­
ment is carried out by comparing the two hydrogen components, H~ 
and H1H2 (cp. BoTTER and NrnF, 1958). 

In oxygen isotope work excess of water is isotopically exchanged 
with carbon dioxide, e. g. 

After equilibration the 0 18 content of the CO 2 is equal to that of the 
water multiplied by a fractionation factor. The carbon dioxide is intro­
duced into the mass spectrometer, and the measurement is carried out 
by comparing the isotopic components CO~6 (mass 44) and CO16O18 

(mass 46). This measurement is the basis for the present work. It will, 
therefore, be subjected to a detailed description in the following sections 
(2.2. to 2.10.). 

2. 2. Description of the mass spectrometer. 

The mass spectrometer used in this work was built by Consolidated 
Engineering Corp. (type 21-201) on the basis of NrnR's design (1947). 
On the following pages the instrument will be described in the subsections: 

1. Inlet system. 
2. Leak system. 
3. Ion source. 
4. Analyser tube. 
5. Collector system. 
6. Balance system. 
7. Other electronic equipment. 
8. Vacuum system. 
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Ca12illar!I. tubes 

Valves 

Ion chamber 

Ion accellerator 

M agnetic: ftelo'_ 

Collector I 
Coffectorll 

II 

Fig. 1. Schematic drawing of the mass spectrometer with two symmetrical inlet 
systems. In the lower right side is shown the electrical measuring device. 

1. Inlet system. As is seen from Fig. 1 the gas handling system con­
sists of two symmetrical parts, one for the sample to be measured, the 
other for the standard gas. By raising or lowering the level of the mercury 
in the column the pressure of the gas in the left system is adjusted to a 
value (some 30 mm of mercury) giving the same intensity of the mass 44 
ion beam ( ± 1 °/ 0 ) as the gas in the right system, when the latter gas is 
admitted to the ion source. The volume of each system is approx. 50 cm 3 

under normal measuring conditions. After the measurement the inlet 
system is evacuated by a mechanical pump until the amplifier output 
has decreased to a value near the background (p. 21). 

2. Leak system. Each of the gases to be compared is admitted to the 
ion source through a leak and a valve, the technical details of which 
appear from Fig. 2. Both valves are moved simultaneously by turning 
one handle so that one valve is open a time. Each leak is a copper capillary 
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rrom inlet .sy.stemI rrom inlet .system JI 

To ion source 

Fig. 2. The two valves with the capillary leaks . The right valve is closed. In the left 
one the spring lifts the membrane and, thereby, the teflon pad so that the left ca­
pillary is open for admittance to the ion source of the gas in inlet system I. The 
axis A is provided with a handle (not shown in the figure) and two eccentrics. By 
turning the handle 180° the teflon pad closes the capillary in the left valve at the 

same time as that in the right valve is opened. 

tube (length 25 cm, inner diameter 0.18 mm) with a constriction 1.5 mm 
from its mouth in the valve. On the other side of the valve a wide copper 
tube (length 50 cm, inner diameter 4 mm) leads the gas into the ion 
source. The gas flow through the system is approx. 1 cm 3 per 24 hours 
measured at 0° C and 760 mm Hg. 

Gas inlet 

l 

Water cooling tube 

/4,k,I 

Fi lament 

Fig. 3. Ion source. 

3. The ion source has a tungsten filament (Fig. 3). The emitted elec­
trons are accelerated through 100 volts, when entering the ion chamber 
through a slit. They leave the ion chamber through another slit and 
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are then collected in a trap. The total emission current is approx. 400 µ a, 
the trap current approx. 60 µ a. A weak magnetic field in the direction 
from trap to filament collimates the electrons in a narrow beam. Dis­
regarding the earthed electrodes, G1 and G3 , all the inner parts of the 
ion source operate at voltages of the order of 1200 volts. With the 
focussing magnet in a position giving maximum trap currents the poten­
tials of the focussing electrodes J 1 and J 2 can he adjusted to give maximum 

Ion beams 

·11, H.? 

Fig. 4. Ion collectors. 

intensity of the ion beam at the collector. The beam of positive, single 
charged ions leaving the ion source represents an electric current of 
the order of 10- 9 amp. 

4. The analyser tube. After being emitted from the ion source the 
ions enter the field from a truncated-sectortype magnet and their paths 
are bent about 60°. The radius of curvature is given by equation 
(1), p. 10. The ion accelerating voltage, V, is approx. 1200 volts, and the 
magnetic field strength, H, approx. 2600 oersteds. Single charged ions 
are always utilized in isotope abundance measurements. By adjusting 
H and/or V any mass can be deflected to hit the collector. The shape of 
the magnetic field causes a focussing effect on ions with the same mass 
and speed but emitted from the source in slightly different directions. 
In Fig. 1 the dashed curves indicate the paths of such ions. The ions follow­
ing the left path spend longer time in the magnetic field and are thus 
deflected to a higher degree than those following the right path. 
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5. The collector system is shown in Fig. 4. Two beams with ions of 
different masses M 1 and M 2 (M 1>M 2) enter from top. H and V are ad­
justed so that M1 are focussed on the slit in the bottom of collector 
I and collected by collector II, whereas the intense beam of light ions 
falls on I. G4, G5 and G6 are earthed shields. E 1 and E 2 are secondary 
electron suppressors operating at - 45 volts. The charges arriving at 

l l l 
I I 
I I 
I I 
I I : 

l---3'f-1 _-2-=t-' --i-f-,M 

45 

40 

35 

30 

25 

20 

15 

fO 

Fig. 5. The ions collected by collector I. When mass No. M is focussed on the slit, 
collector I is hit by those of No. M-1, M-2 etc. indicated in the figure. 

the collectors are proportional to the number of ions removed from the 
ion source. The resulting currents, i1 and in, are led to the balance system. 
From equation (1) it appears that the difference between the radii of 
curvature of two adjacent masses depends upon the mass, and this is 
also true for the distance between their focussing points. 

Fig. 5 shows the masses (M-1, M-2 .. ) collected by collector I, when 
focussing mass No. M on collector I I. When mass 46 is focussed on 
II, I collects the masses 45, 44 and 43. The double collector system as 
such is seen to be usable only for M > 12. If M > 25, more than one ion 
beam are collected by I. 

6. The balance system. Collector I is connected to an amplifier with 
100 °lo mverse feedback (Fig. 6). The overall voltage gain is thus 
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unity. The amplifier functions as an impedance transformer, the input 
and output resistances of which are 1010 ohms and less than one ohm, 
respectively. When an ion beam reaches collector I, a voltage appears 
at the output, which is numerically equal to the voltage drop (approx. 
-10 volts under the conditions described in section 2. 4.) caused by i1 

passing the input resistor r1 . The 100°/ 0 inverse feedback keeps the po­
tential of collector I close to zero and makes the output proportional 
to i1 . This fact and the inner voltage gain being high explain why no 
linearity problems arise. The output is connected to a potentiometer, 

I 

Fig. 6. Balance system for comparison between two ion currents, i1 and in. 
The vibrating reed electrometer is denoted by VRE . 

the slide (A) of which is in turn connected to collector II via a high ohm 
resistor, rn = 1011 ohms. If A is adjusted so that its potential, VA, 
is equal to the voltage drop developed by in passing r11 , the potential 
of collector I I will be zero. This is indicated by a vibrating reed electro­
meter, VRE (maximum sensitivity 10 m V for full scale deflection, input 
resistance 1016 ohms). With point A grounded VRE measures i11 . The 
VRE replaces an originally installed amplifier II, similar to amplifier I 
mentioned above, and a galvanometer. This replacement was desirable, 
firstly, because the noise of amplifier II caused severe instability of 
the balance (the noise of amplifier I has much less influence due to the 
magnitude of i1), and, secondly, because the use of a recorder became 
possible. The recorder sensitivity is 10 m V full scale deflection. 

7. Other electronics. 

The low voltage power supply gives a regulated 225 volts d. c. voltage 
to the amplifier and to the high voltage power supply, as well as regulated 
6.3 volts a. c. voltage for the heaters of the tubes. The stability of the 
d. c. voltage is better than 0.1 °lo-
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The emission regulator operates at the ion accelerating voltage. 
It feeds the filament of the ion source. The emission current controls 
the regulating unit. 

The high voltage power supply gives up to 2000 volts d. c. ion accelerat­
ing voltage and also operates the Philips ionization gauge, which measures 
the pressure in the analyser tube. By using a heat insulated dry battery 
for the grid potential in the stabilizing triode instead of the originally 
installed constant voltage tube the noise was reduced by a factor of 
5 to ± 0.01 °lo outside the traffic rush hours. During long periods of 
time the average voltage varies less than ± 0.005 °lo-

8. The high vacuum system consists of a mechanical forepump and a 
2" mercury diffusion pump. The pressure just above the dry ice cooled 
trap is approx. 10- 6 mm Hg, with both valves closed, and 2-3 • 10-6 mm 
Hg, when a sample is admitted to the ion source. Under this latter 
condition the pressure in the ion chamber is probably of the order of 
10-4 mm Hg. In order to keep the background low the analyser tube is 
occasionally heated by electrical heaters and the trap is at the same time 
allowed to warm up to room temperature. 

2. 3. Preparation technique. 

The preparation technique for 0 18 analysis of water was described 
by EPSTEIN and MAYEDA (1953) , BAERTSCHI (1953) and by DANSGAARD 
(1953b). • • 

The latter author uses 5 cm 3 of water, which is frozen in a flask 
with a total volume of 60 cm 3. The next step is evacuation of the flask 
to about 10- 3 mm Hg. After melting, during which dissolved or trapped 
gases escape, refreezing and re-evacuation the dl:ask is filled with tank 
CO 2 to a pressure of approx. 100 mm Hg. Thereupon the flask is shaken 
at 24° C the nigh} over. Next day the CO 2 is removed from the flask 
and trapped by liquid air in a U-tube together with some water vapour. 
The CO 2 is then released by raising the temperature to -80° C and 
retrapped in a dry flask by liquid air. Finally, any trace of gaseous 
impurities are removed from the solid CO 2 by evacuation. 

During the shaking isotopic equilibrium is established between the 
CO2 and the water: 

CO~6 + H 2O1s -:;;:: co16O1s + H 2Q16, 

The time needed for equilibration is 2 hours, if the water is acid ( cf. 
2. 6. 7., p. 33). The fractionation factor, f, is 1.04 at 24° C (cf. 2. 6. 9., 

165 2 
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p. 34). After the equilibration, therefore, the 0 18 content of the CO 2 

is equal to that of the water multiplied by f (in case of excess of water, 
cf. 2. 6. 8., p. 34), and the CO 2 can be used as a measuring object in the 
mass spectrometer. 

' 
~ 
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( 

'i 

~ 
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-} 

Sample 
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~ ,--,-
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Time e 
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I I 
' 

0 cO 40 60 mm 

Fig. 7. Recording of the balance values for the standard and a sample. The sensi­
tivity is 1.5 mm deflection for Rs - Rstct . = 1 ppm or L1 a = 0.46 ppm. 

2. 4. Comparison of the sample and the standard. 

The sample and the standard CO 2 are introduced into their respective 
inlet systems and in turn admitted to the ion source. Peak 46 is focussed 
on collector II. Collector I then collects the mass numbers 43, 44 and 
45 (p . 15). 

The sample pressures, Pr on the right and P1 on the left inlet system, 
are adjusted to give the same output ( ± 0.5 per cent), approx. 10 volts, 
on the amplifier. Pr and P1 are then some cm Hg, somewhat depending 
on the leak constriction in question. Pr and P1 differ less than 5 per cent 
from each other. 

When the approximate balance value, Rstct . , of the potentiometer 
(Fig. 6) has been found for the left system containing the standard, 
the VRE output is recorded during some minutes (Fig. 7) . Then the 
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sample is admitted to the ion source by moving the valves, a new approxi­
mate balance value, R8 , is found, and after another couple of minutes 
the procedure is repeated. When the sensitivity has been found by de­
termining the recorder deflection per unit of change of the balance 
value (1.5 mm for a change of R of 1 ppm, when the total output is 
10 volts), the difference between the balance values can be determined: 

LI Rm is to be corrected by the difference obtained with standard gas 
on both systems under similar conditions. The latter difference is caused 
by the leaks not being exactly equal. It has always been less than 1 ppm. 
The formula for calculation of Lia from LI Rm is given in section 2. 7., 
p. 35. 

2. 5. Rational presentation of the results. 

The criterion for an appropriate way of presenting the results seems 
to the author to be that the final data are not influenced (beyond the 
limits given by the reproducibility) by instrumental errors caused by 
mass discrimination, background, imperfect resolving power, etc. 

Several different functions have been used in isotope geology. 
A common feature is the consideration of the fact that determination 
of the true isotopic composition of a sample is extremely difficult, 
while measurement of differences in isotopic composition is relatively 
easy. 

Some investigators record their data in terms of 

(A) 
r = -

(B) 

(A) and (B) being the quantities of the isotopes A and B in the sample, 
or actually in terms of 

LI r = r sample - rstandard, 

considering the fact that they estimate the r-value of their standard. 
Experimentally, 

is determined, R 8 (for the sample) and Rstd (for the standard) being 
the ratio between the peak corresponding to the ions containing one 
atom of the heavy isotope in question and the peak caused by the ions 
consisting of the light isotopes only. Thus, in work with deuterium 

2* 
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with carbon thirteen 

and with oxygen eighteen 

LI r is derived from LI R after correction for possible fractionation caused 
by the preparation technique etc. 

Another group of investigators use a function given as: 

LI R o = - • 1000 per mille. 
Rstd 

LI R and Rstd usually having the same meanings as above. 
The present author uses the LI a function given by 

LI a = a8 - astd ppm, 

(A) · 10 6 m. 
a = (A) + (B) pp 

This function is generally used in the tracer technique. LI r and LI a do 
not differ essentially from each other, because 

r LI r 
a = -- • 10 6 and LI a = - -- 10 6 ppm, 

1+r 1+2~w 

if rstd "" rsample· This is the case here, since the greatest measured 
deviation from the standard is 2°/ 0 of astd. The absolute value of 1 + 2 rstct 
is known with a good precision, since 1 >> 2 rstct. 

If the heavy isotope in question may occur in two atoms of the 
molecule (N15 in N 

2
, or 0 18 in CO 

2
) , LI a is related to LI r as: 

LI r 
LI a = ---- 10 6 ppm. 

2 (1 + rstd) 

LI a is calculated by correcting the measured LI Rm for instrumental 
and preparation effects (cf. 2. 7.). This gives LI R, which is inserted in 
one of the equations 

LIR LIR 
LI a = --- • 106 and LI a = ---- • 106 ppm. 

1+2rstd 2(1+rstd) 
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2. 6. The sources of error and their influence 
on the b.r, bi.a and 6 functions. 

21 

In this section the above mentioned calculation will be described 
in details and, at the same time, the influences of the different sources 
of error on the functions will be discussed w~ph special reference to the 
measurement of small differences in 0 18 contents of water samples, i. e. 
at the highest ± 2 °lo from a standard. 

The sources of error, which will be taken into consideration, are 
those arising from 

1. background, 
2. incomplete resolving power, 
3. the factor c = r1/ri1 , 

4. mass discrimination, 
5. inability to distinguish between different ions of equal mass, 
6. pollution with atmospheric air, 
7. incomplete equilibration, 
8. lack of excess of water in the equilibrium process and 
9. the fractionation factor, f, of the equilibrium process. 

The correction for 1. and 2. will be shown to be additive terms to 
the measured Rm (pp. 22 and 24). Thus, if the sample and the standard 
are measured with the same mass 44 peak the errors will cancel when 
forming LI a and LI r, because these functions depend on differences in 
Rm between sample and standard. However, the b function will be affected 
by these 'errors, because Rm for the standard occurs in the denominator 
of b. 

On the other hand, the errors 3. and 4. are corrected for by factors 
to the Rm. Therefore, these errors affect the LI a and LI r functions, 
whereas they cancel in b. 

2. 6. 1. Background. 

Traces of residual gases and vapours in the analyser tube and the 
ion source are responsible for the background spectrum, which can be 
measured with both valves closed. 

In what follows the background value and the total height of the 
peak caused by ions with mass A are called BA and HA. Thus, 

(2) 

is the contribution of the sample gas to the total pe;ik height. 
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When measuring 0 18 content in CO 2, as described on p. 11, the ions 
with mass 43, 44 and 45 are collected by collector I, when mass 46 is 
focussed on collector II. Therefore, the balance value of the potentio­
meter is 

disregarding the c factor (p. 25 ). H1 denotes the total output of the 
amplifier. What is needed for the further evaluation is, however, 

kB being the background correction. 
The total differential of Rm is 

Considering equation (2), dH 46 is put equal to - B 46 and dH1 = - B1 , 

B1 ( = B 45 + B44 + B43) being the background output of the amplifier. 
This gives the background correction: 

B46 H46 
kB= - - + ~ B1, 

H1 Hi2 

For the mass spectrometer used in this work a typical background 
correction is calculated in Table 1 to approx. - 6 ppm or - 0.15 °/ 0 of 
Rm. Since kB is an additive term it only affects the b function, e. g. 
a b value of 20.00¼0 will come out as 20.03¼0 if not corrected for back­
ground. However, this error is less than the reproducibility of difference 
measurements. 

Table 1. 

Hr H •• B•a B •• B •• B,o kB Rm 
mV mV mV mV mV mV ppm ppm 

10000 40 5 10 0.5 0.12 -6 =4000 

2. 6. 2. Incomplete resolving power. 

Fig. 8 shows the part of the CO 2 mass spectrum, which includes 
the mass numbers 44 to 46. The spectrum has been obtained by 
measuring the ion current reaching collector II ( cf. p. 16, 1. 12 f. b.) as a 
function of the ion accelerating voltage. 
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The peaks are almost flat, which is due to the slit in collector I 
being wider than the individual ion beam at this very place. This is 
an important ion optical quality, as it reduces the requirements to the 
stability of the ion accelerating voltage. However, the ion optics is not 
free of abberations, which appears in the following facts: a) The sides 
of the peaks are not vertical. This is mainly due to the ion beams having 
finite widths. A finite change of the ion accelerating voltage is, therefore, 
required for moving the focus of the entire beam from collector I to 

mV 

!SO 
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so 

0 

Output 
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44 
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Fig. 8. Mass spectrum of CO2 in the range from M = 44 to M = 46. 
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Fig. 9. The influence of the ion optical abberations on the mass spectrum 
(shown exaggerated). 
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the slit. b) The edges at the tops of the peaks are round and c) the basis 
of the peaks, especially the mass 44 peak, are indistinct (tail effect). 
These irregularities signify a non-uniform intensity in the beam caused 
by coulombic effects, slightly different initial ion energies, inhomoge­
nities in the magnetic deflecting field etc. The tail of the mass 44 peak 
influences the neighbouring peaks and causes their tops not to be com­
pletely flat (shown exaggerated in Fig. 9). 

The resolving power is usually defined as M/LI M. M is the highest 
mass, the peak of which can be completely separated from the neigh­
bouring peak corresponding to mass M + 1. The resolving power of 
the mass spectrometer described here is 70, which is one order of magni­
tude less than that of modern commercial instruments. This is not 
important, however, as long as only mass range 44 to 46 is of interest. 

In isotope work on CO 2 another definition of the resolving power 
is often used, namely 

h1 + h2 
rp = 2 H • 100 Ofo. 

44 

H 44 is the 44 peak, while h 1 and h 2 are indicated in Fig. 9. In Table 2 
rp is calculated for a typical case. 

3.3 

Table 2. 

H,. 
mV 

0.7 10000 

rp 

"lo 

0.02 

In Fig. 9 the 44 tail is seen to make an additive contribution, 
LI H 46 , to the 46 peak. In the present instrument the contribution is 
usually of the order of 1 °lo of H 46 , when H 44 is approx. 10 volts. The 
effect cancel in LI a and LI r, whereas the relative error of b values will 
be approx. 1 °/ 0 if not corrected for. Correction .should be made by using 

instead of R. 
Due to coulombic effects the 44 tail contribution to the 46 peak 

does not vary proportional to the 44 peak. This is one reason why 
the 44 beam intensity should be the same when measuring the sample 
and the standard. 



II The Isotopic Composition of Natural Waters. 25 

2. 6. 3. Different input resistors. 

The balance value , Rm, of the potentiometer (Fig. 6, p. 16) 1s 
related to the ion beams, in and 11 , to the two collectors as 

r1 and ru being the input resistors. 
NrnR (1948) mentions that "the resistance value for the high 

resistors used for measuring the ion currents depends to a small degree 
upon the current passing through it. Thus the ratio of voltages impressed 

.. C 

i 
VR£ 

Fig. 10. Arrangement for measuring the ratio between the high input resistors. 

on the amplifier may be in error by several per cent, if we are comparing 
two ion currents differing in magnitude .h·y a factor of 100". This phe­
nomenon is. due to the· high,,ohm resistors being semicond U\;tors ( cf. SH oc K -

LEY, 1951). • 
The influence of the current upon the resistance can be measured 

in the following way: In Fig. 10 the resiistor in question, r, is connected 
on one side: to the capacitor G and a"--vibrating reed electrometer, · VRE, 
on the other side to point A of the'1pbtentiometer circuit (E 1 - r 1 - r 2 ) 

giving the left side of r' the constant voltage VA. The charge passing 
through r is tied up in C by manually moving the slide of the right poten­
tiometer from B to D, and thereby changing the voltage of the right 
side of C from zero to VD (negative) just fast enough to keep the 
voltage of the left side of C at zero, which is indicated by the VRE. If 
the total change takes -r sec, the current through r will be 

. VD-C VA 
I =~~ -

T r 
and thus 

VA 
rC = - .... V .. 

D 
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Resistors r 1 to r 4 had well defined values, and the voltages E 1 and E 2 

were measured with a high precision voltmeter. C was an air condenser 
in parallel connection with two trolitoul condensers. The total capacity 
was approx. 500 pf, the insulation better than 1015 ohms. 

With r1 and rn in turn substituting r, r1 C and rnC were measured 
for values of VA between 0.04 and 10 volts ( corresponding to VD values 
between -0.2 and - 50 volts). From Fig. 11 r1C and ruC are seen to 

n.F X tor;rc 

0 2iz-C 
.57 

56 
~ -------- --- - -- - - ------- -- -

~ 
L-----"' 
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52 
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51 ~ 
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Fig. 11. 1 Or 1 C and r II C as functions of the voltage drop across the resistors. 

increase with VA· The variation can not be ascribed to some kind of a 
dielectric effect in the capacitors, since a similar variation of ru C 
was found in another series of measurements with only the air condensor 
involved. Therefore, r must be responsible for the variation of rC. 
The temperature effect is negligible, the power dissipated in the resistor 
being of the orders of 2 • 10-12 to 10- 8 watt. 

From Fig. 11, rrfrn is found to be 0.0941 with the same voltage 
drop across both resistors, but 

c = r1/rn = 0.0954 ± 0.0003, 

when r 1 and ru are loaded with 10 and 0.4 volts, respectively, as is the 
case in 0 18 measurements on C0 2. 
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2. 6. 4.. Mass discrimination. 

Mass discrimination may arise m mainly four different ways m 
the mass spectrometer: 

1. The light component may be depleted in the leak system because 
of differences in molecular velocities. This effect will change the com­
position of the reservoir gas with time. 

2. The light molecules will escape easier from the ion source than the 
heavy ones. Consequently, the concentration of the light component will 
be depleted in relation to its occurrence in the gas admitted to the source. 

3. Different ionization potentials for the components may cause some 
mass discrimination. 

4. The isotopic ions utilized in the beam may be selected non-propor­
tional to their concentrations in the source. 

If the composition of the reservoir gas is known the total mass 
discrimination in the instrument can be found by comparison with the 
measured composition. This is possible with sufficient accuracy also 
for 0 18 isotopic work after r1fri1 has been measured precisely (p. 26). 
The calculation is shown in Table 3 on the basis of a measurement on 
CO 2 from the BaCO 3 standard of the Svenska Riksmuseum. 

Table 3. 

R:: + .. + 43 uncorrected . ..... .. ....... . ....... . 
C• R!t + 44 + 43• • • • • • • • • • • • • • • • 0 0 • 0 0 • 0 • • 0 0 0 0 • 0 0 • •. 0 

Correction for C13 and 0 17 (p. 32) ........... . . .. . . 
Correction for background (kB, p. 22) ........ . .... . 
Correction for incomplete resolving power (rp, p. 24) 

R!: corrected 

43300 ppm 
4131 ppm 

51 ppm 
- 6 ppm 
-47 ppm 

4129 ppm 

The value 4129 ppm is 0.90/o higher than that given by CRAIG (1957) 
on the basis of NrnR's measurement (1950). Practically the same value 
is found when the standard is admitted to the source from the other 
inlet system (cf. p. 19). Therefore the correction factor 0.991 for the 
total mass discrimination will be used below. It should be used when 
calculating LI r and LI a, whereas it cancels in the c5 function. 

As to the individual contributions to the mass discrimination men­
tioned above, Nos. 1 and 2 will be discussed on pp. 28-30. As to No. 3 
(different ionization potentials for the isotopic components) no precise 
measurement of this effect have been published. "In isotopic studies 
it is assumed that the ionization potential and the probability curve 
are determined solely by the nuclear charge". (BARNARD , 1953). How-
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ever, the order of magnitude of possible differences for the isotopic 
elements dealt with here may be almost the same as for the neon iso­
topes. Theoretical considerations indicate the ionization potential for 
Ne 20 to be approx. 3 • 10- 4 °lo higher than that of Ne 22 (RITZCHEL 
and SCHOBER, 1937). The corresponding difference for 0 16 and 0 18 

should be half a per cent to be of any importance for the L'.I a values in 
this work. It is, therefore, considered negligible. 

The importance of No. 4 (different probabilities for the isotopic 
ions to be utilized in the ion beam) is very difficult to tell. Usually, not 
even the sign can be estimated directly. 

Mass discrimination in the leak system. 

The ideal gas inlet and leak system should satisfy the following 
requirements (INGHRAM and HAYDEN, 1954): 

a. The composition of the gas mixture in the ionization region of the 
source should be identical with that of the sample. 

b. The concentration of the mixture being analyzed should not change 
with time. 

c. In a gas mixture, a change in the amount of one substance should 
not affect the peak heights due to the others. 

d. The gas flow rate should remain essentially constant during the 
analysis '. 

Two principally different types of leak have been used. The mole­
cular leak, described by HoNIG (1945), is a pinhole with a diameter 
much smaller than the mean free path in the sample reservoir. Since the 
flow through the hole as well as the flow out of the spectrometer is 
molecular, condition a is fulfilled. The same is the case with condition 
c because of the low pressure. However, a rather big hole is necessary 
for obtaining a sufficiently high pressure in the ion source, and so neither 
b (because of depletion of the light component) nor dis satisfied except 
in case of a very large reservoir. 

The second type is the "viscous" leak (NIER, 1947). Fig. 12 is a 
schematic diagram showing the sample reservoir connected to the ion 
source by a tube (length L, diameter D) with a constriction, the geometry 
of which is not well defined. If the diameter of the constriction is of the 
same order as the mean free path or smaller a depletion of the light 
component occurs, which will be propagated by diffusion against the 
flow to a degree depending upon the flow rate. As time goes a stationary 
state is reached, in which the gas entering the ion source has a composi-
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tion different from that of the sample. The flow is not purely viscous, 
neither is it purely molecular. 

The idea behind the Nier leak is to use a capillary tube with a 
(viscous) flow fast enough to avoid or reduce the back diffusion. Thus, 
the composition of the gas flowing into the ion source is almost equal 
to that of the reservoir gas. Since, on the other hand, the flow out of the 
ion source is still molecular appreciable mass discrimination may occur. 
What is often more important, however, is that the time needed for 
reaching the stationary state is fairly short (Fig. 7). Thus, the Nier leak 
satisfies b and, for shorter periods of time, also d. What makes this leak 
important "is the fact that the ratio of any two peaks is characteristic 

Sam,t!_le reservoir Ion hamber Ana/user tube 

L,D - -Pumps 

fO-fOOmmHg 10'6 mm Hg_ 

Fig. 12. Schematic drawing of reservoir, leak, ion source and analyser tube. 

of the relative composition only. Thus it is the ideal leak to use for high 
precision in relative isotopic abundance and in any case where reference 
to a standard is made" (INGHRAM and HAYDEN, 1954). 

Below the gas is supposed to be a mixture of the components A 
and B. Their partial pressures in the reservoir are denoted by PA and 
PB, in the ion chamber by PA and PB. The masses are called mA and 
mB and the ion currents iA and iB. Disregarding possible mass dis­
crimination in the ion source we have for all kinds of leak 

IA PA 

IB PB 

The molecular flow rate out of the ion source is inversely proportional 
to the square root of the mass of the component in question. With a 
molecular leak this effect is compensated by the flow rate into the ion 
source having the same dependence upon the mass. Therefore, 

IA PA PA 

IB PB PB 
(3) 

With a viscous leak, however, 

~: = v::-::- (4) 
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because the gas entering the ion source has the same composition as 
that in the reservoir. 

Leak systems which are not strictly molecular nor viscous have been 
investigated by HALSTED and NIER (1950) and KISTEMAKER (1952). 
The mass discrimination can not be expressed by a simple equation in 
such cases, but the limits are given by equations (3) and (4). Thus, the 
mass discrimination in the leak system amounts at most to a factor, 
which for 0 18 measurements on CO2 is 

v:: = V!: = 1.022. 

In contradistinction to the valves described by NEY and used in 
the McKINNEY, McCREA, EPSTEIN , ALLEN and UREY mass spectro­
meter (1950) the valves described on p. 13 stop the gas flow from one 
system when the gas from the other system is admitted to the ion source. 
This mode of operation excludes the possibility of any mixing between 
the two gases to be compared and, furthermore, no pumping system is 
required. On the other hand, some delay in the establishment of the 
state of equilibrium may be expected. However, Fig. 7 (p. 18) shows 
this not to be too bad. 

2. 6. 5. The influence of C13 and 0 17. 

The measurement of 0 18 content in a CO 2 gas is complicated by 
the presence of the isotopes C13 and 0 17, and also by the fact that 
collector I collects three different masses, namely 43, 44, and 45. The 
influence of C13 and 0 17 on the 0 18 measurement has been treated by 
CRAIG (1957) as far as the o function is concerned. 

What is needed for the determination of as well the LI r and LI a 
as the o function is the ratio 

the nominator and the denominator being the number of C12 0 16 0 18 
and C12 0 16 0 16 ions collected per unit of time. However, the balance 
value Rm read on the potentiometer rather represents 

R46 N R46 = (46) 
43+ 44 + 45 = 44 + 45 (44) + (45) 

(Cl2Ql6Ql8) + (Cl3Q16Ql7) + (Cl2Ql7Ql7) 

(Cl2Ql6Ql6) + (Cl2Q16Q l7) + (Cl3Ql6Ql6) 

\ 

I 
(5) 

looking apart from instrumental effects such as background, c-factor etc. 
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In Table 4 (Mc CREA, 1950) is given the individual fractional occur­
rences of the ion beams of the corresponding masses presupposing (NrnR, 
1950) the true fractional occurrences of the isotopes to be 

c12 : c1a = 98.90 : 1.10 
and 

Ql6 ; Ql7 ; QlS = 99.757 ; 0.039 : 0.204. 

Table 4. 

Individual 
Mass Ions fractional occurrence 

44 C120½" 0.9842 

45 c 1•0½• 1.095 . 10- 2 

Cl2Ql6Ql7 7.7 . 10-• 

46 c1201•01s 4.025 · 10-• 
c1ao1•01, 8.6 · 10-• 
c 120½' 1.5 . 10-, 

Relative beam 
intensity 

0.9842 

0.01172 

0.00403 

(6) 

(7) 

After neglecting the (C12 O!7) term and reducing by (C12 O!6) Eq. (5) 
may be written 

(Cl3 Ql6 Ql7) 

Ris + (C12O1so1s) 

(Cl3O!6) (Cl2Ql6Ql7) 

1 + (C12o!s) + (C12 O !s) 

or, calling the two last terms of the denominator for R 13 and R 17 re­
spectively, 

If the denominator is called D, the total differential may be written 

For small deviations from the isotopic composition indicated by Eqs. 
(6) and (7) the values in Table 4 may be inserted in Eq. (8), which then 
comes out as 
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After solving the equation dR 18 is put equal to LI R and analogous for 
the other terms : 

LI R = 1.012 LI Rm + 0.0032 LI R 13 - 0.0071 LI R 17 . (9) 

In this work differences in C13 and 0 17 content up to 2 and 1 °lo, 
respectively, may occur between the standard and a sample. Since R13 

and R 17 are approx. 11000 and 800 ppm this corresponds to LI R13 = 
220 and LI R 17 = 8 ppm. Thus, in the most unfavorable case, the two 
last terms of equation (9) make 0. 7 and 0.06 ppm, respectively. The 
last term is always negligible, whereas the LI R 13 term is of the same order 
as the reproducibility. 

CRAIG (1957) gives an equation for the correction of the b func­
tion, which comes out as 

be = 1.0014 bm + 0.009 b (C13) (10) 

after insertion of the values for the isotopic composition of the standard 
used in this work. be and bm are the corrected and measured b value 
for the CO 2 sample; b (C13) is the b value for the heavy carbon isotope 
in the sample relative to the standard. Formula (10) is valid for the 
use of standards with compositions deviating several per cent from that 
of the standard used here. 

ppm 
L:,Q 

6h----+----~-- --+-

O 2 4 6 volts 

Fig. 13. The error due to pollution with air. The mass 44 peak is approx. 10 volts. 

2. 6. 6. Pollution with atmospheric air. 

If the sample is polluted with atmospheric air the Rm has shown 
to increase corresponding to a higher content of CO16 O18. For quantita­
tive reasons this can not be due to the addition of CO 2 from the air. 
The effect should rather be traced to a change in the mass discrimination 
and, furthermore, to a catalytic effect of the filament causing an ex-
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change of oxygen isotopes between CO 2 and atmospheric oxygen, the 
latter being very high in 0 18 (LI a~ 90 ppm). 

The degree of pollution can be measured by the contribution 
(HN,) of N

2 
to H

28
. The rest of H

28 
(Hc

0
) is mainly due to CO+. 

Fig. 13 shows the deviation of the 0 18 content of standard CO 2 

as a function of HN, = H 28 - Hco. All measurements were carried 
out with H44 = 10 volts. Under this condition Hco = 1.1 volts. 

The pollution can very easily be kept below a negligible degree 
corresponding to HN, = 0.02 volts. 

Ll a I ppm 
30 ____J 
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0 
Qt 

, 
/ 

I 
0/ , 
/ 

Q3 

= C' 0 

,If 0 
'-

X 

~ 

Time 
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Fig. 14. LI a for Co 2 as a function of time of shaking with water. Equilibrium is 
established after 2 hours . 

2. 6. 7. Incomplete equilibration. 

The time needed for the equilibration process 

(11) 

to reach to a state of equilibrium depends upon the pH (MILLS and 
UREY, 1940). The oxygen exchange between carbon dioxide and water 
is due to the reversible hydration, i. e. the left part of the process 

whereas no direct exchange takes place between the HCO3 or CO3 -
ion and the water. The solution should therefore be acid for fast equili­
bration. On the other hand, if the solution is acid further decrease in pH 
does not affect the rate of exchange. 

Fig. 14 shows the 0 18 content in CO 2 which has been shaken with 
destilled water with pH = 5.5. Two hours shaking is seen to be sufficient 
for complete equilibration. 

165 3 
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The cross at the time 2 hours indicates a measurement of a sample, 
which was treated like the other samples, except that it was not shaken. 
The exchange reaction is thus seen to be speeded up by shaking. 

2. 6. 8. Lack of excess of water in the exchange process. 

As just mentioned , water samples to be analysed for 0 18 are shaken 
with CO 2 for isotopic equilibration. If the gram atoms of oxygen ad­
mitted to the water in the form of tank CO 2 are not negligible compared 
to that in the water, the 0 18 content of the equilibrated CO 2 will be in­
fluenced by the initial isotopic composition of the tank CO 2. 

CRAIG (1957) gives the following equation for the o function: 

e + f f 
o = om -- - - o(tank co ) per mille, 

e e ' 
(12) 

where om is the measured enrichment of the equilibrated CO 2 relative 
to the standard, and o the corrected value. f is the fractionation factor 
of the equilibrium process (11), p. 33, and e is the ratio of gram atoms 
of oxygen in the water sample to gram atoms of oxygen in the CO 2 

introduced into the flask. 
For the procedure described on p. 17 e is approx. 400. For none 

of the tanks of CO 2 used till now o 0 18 has exceeded 2 per mille. Using 
these values and 1.04 for f at 24° C equation (12) comes out as 

o = 1.0025 Om - 0.005 per mille. 

In measurements of 0 18 differences of at the highest 30°/ 00 with 
an accurary of 0.250fo 0 (or 60 ppm with an accuracy of 0.5 ppm) the 
effect is at the highest 0.050fo0 (0.1 ppm), i.e. negligible. 

2. 6. 9. The fractionation factor in the exchange process. 

When comparing a standard CO 2 with CO 2 in equilibrium with a 
water sample the fractionation factor, f, of the process 

should be taken into consideration. The 0 18 content of the water is 
equal to that of the equilibrated CO 2 divided by f and, accordingly, 
the 0 18 difference between two water samples is equal to the difference 
between the two equilibrated CO 2 gasses divided by f. Therefore, if the 
formula for the calculation of 0 18 differences in CO 2 is changed into 
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LlR 
L1 a = - ---- • 106 ppm 

2 f ( 1 + r std) ' 

the L1 a value for a water sample signifies the true deviation of the ois 
content from a certain basic value equal to that of the standard divided 
by f. This basic value is usually of little importance. All what counts are 
the variations in isotopic composition from one sample to another. 

BAERTSCHI (1953) compared his sample CO 2 with CO 2 in equilibri­
um with standard water. In this case f cancels in the c5 formula, because 
it appears in both the nominator and the denominator. b then signifies 
the per mille difference between the absolute ois values of the waters. 
When using other standards than water the b's do, naturally, not have 
the same meaning. It is often overlooked that in such cases variations 
in b refer to CO 2 in equilibrium with the waters, but not to the waters 
themselves unless the b's are divided by f. 

The quantity f has not yet been measured precisely. The only 
experiment known to the author is that of WEBSTER, WAHL and UREY 
(1935), who found the value 1.047 at 0° C. However, UREY (1947) found 
by theoretical considerations 1.044 at 0° C and 1.039 at 25° C. 

The variation of the f factor with temperature seems to be of the 
order of 2 • 10- 4 or 0.02 °lo per °C. Since the absolute ois content of 
the samples is of the order of 2000 ppm a deviation of the exchange 
temperature of 1 ° C makes an error of about 0.4 ppm if not corrected 
for. However, since the fractionation factor and its temperature dependa­
bility are not very well known care was taken in the present work that 
the exchange reaction always went off at 24.0 ± 0.5° C. 

2. 7. Correction formula. 

Recognizing all the sources of error discussed above the L1 a value 
for a sample should be calculated from the measured L1 Rm as follows: 

Instrument reading . . . ............ .. ....... . ......... . . 
Corrected for different input resistors (c = r1/rn, p. 26) ... . 
Corrected for mass discrimination (d, p. 27) .......... ... . . 
Corrected for different cia and oi7 contents in standard and 

sample (looking apart from the c and d factors in the 
L1 Ria term and neglecting the L1 Ri 7 term, p. 32): 

1.012 cd L1 Rm + 0.0032 L1 Ria• 
Corrected for fractionation in the equilibrium process: 

1.012 cd 
L1 R = f L1 Rm+ 0.0032 L1 Ria 

3* 
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From this the L1 a comes out as (p. 20) 

1.012 cd 
f L1 Rm + 0.0032 L1 Ria 

L1 a = ----------- . 106 ppm. 
2 (1 + rstd) 

Insertion of the prev10us given values of c, d, f and rstct gives 

L1 a = (0.0459 L1 Rm + 0.0016 L1 Ri 3) • 106 ppm. 

II 

(13) 

L1 a values calculated from this formula mean the difference m ppm 
between the absolute ois content of the water sample and a value equal 
to the absolute ois content of the standard CO 2 divided by 1.04 (cf. 
p. 35). 

2. 8. Rational presentation of the results, II. 

On p. 19 it was stated that a suitable function should give the final 
data independent of instrumental effects. From this point of view all 
the functions L1 r, L1 a and b are useable since sufficiently accurate correc­
tions for instrumental errors can usually be attributed to all of them. 

The preferable way of presenting the results seems to the author to 
depend on which kind of errors are the most pronounced for the parti­
cular mass spectrometer. If it is the additive errors, the L1 a function 
should be preferred, and otherwise the b function. 

For the instrument used in this work the resolving power has varied 
rather much because of some contamination of the ion source. For 
this reason, and for keeping the continuity with the author's previous 
works, the L1 a function will be preferred here. 

2. 9. Reproducibility. 

The nine measurements of distilled water shaken more than 2 hours 
(Fig. 14) are listed in Table 5. They provide a basis for an estimate on 
the overall reproducibility of the determination of small isotopic differ­
ences taking into account the uncertainties connected to the preparation 
as well as to the mass spectrometric measurement. The standard 
deviation of the individual measurement from the mean is 0.5 ppm. 
or 0.25°/ 00 of the absolute ois content. 
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Table 5. 

Time LI a 
hours ppm 

2.15 28.6 
2.28 28.6 
3.85 28.5 
3.87 28.6 

17.5 27.4 
17.5 28.5 
32.5 29.1 

149 28.4 
149 28.3 

Mean: 28.44 

2. 10. The standard. 

As mentioned above (p. 35) it is not of great importance to know 
precisely the true values of the isotopic compositions of the samples 
dealt with in this work. For this reason, and also because of the difficulty 
connected with the measurement of absolute values, reference is always 
made to a standard gas. 

Previously the author used CO 2 from a tank as a standard, called 
Danish standard, DS (DANSGAARD, 1953a, 1953b, 1954). However, using 
tank CO 2 involves the possibility of a steady increase in the 0 18 content 
of the remaining part of the standard because the gaseous phase is 
poorer in 0 18 than the liquid one. Nevertheless, repeated measurements 
on elder water samples have shown no significant drift in the composition 
of the DS during the three years it was used. In order to keep the 
continuity with the author's previous work the data given here are 
referred to the DS in the way described below. However, in the daily 
routine work, CO 2 in equilibrium with Copenhagen tap water (from June 
1955) is used as a secondary standard. Such CO 2 is 22.9 ppm richer in 
0 18 than the DS. 

In order to obtain an approximate absolute value for the DS one 
must start with NrnR's measurement (1950), 2039ppm, for the 0 18 content 
in atmospheric oxygen (Table 6, line 1). On this basis CRAIG (1957) 
derived 2074. 1 ppm for the so-called PDB standard* (line 2). In the same 
work (p. 145) CRAIG claims the o value of ocean water to be - 0.1 °/ 00 

relative to the PDB standard. However, this o value is rather true for 
CO 2 in equilibrium with ocean water, which gives the difference put 

* PDB is a Cretaceous belemnite, Belemnitella americana , from the Peedee 
formation of South Carolina (CRAIG, 1957). 
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Line 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

W. DANSGAARD . 

Table 6. 

Sample 

Atmospheric oxygen (NIER, 1950) ....... . .. . 
PDB standard (CRAIG, 1957) ..... .. ... . .. . . 
CO 2 (ocean)-PDB ... . ....... .. .. . ... . . .. . 
CO 2 (ocean) . . . ..... . .. .. . . ... . ...... . ... . 
a0 cean = CO 2 (ocean)/f . . ...... . ... . . . .... . 
CO 2 (ocean)-DS .. . .. . ..... . ... .. . ....... . 
DS ... .. .. . .. .. ... ... ... . .. .. .. .... . .. . . 
CO 2 (Copenhagen tap)-DS ................ . 
CO 2 (Copenhagen tap) ...... . . ..... . ...... . 
Copenhagen tap water ............ . . . .. .. . . 
DS/f ....... .. . . .. .. .. ...... .. . ...... ... . 

LI a 
ppm 

-0.2 

40.6 

22.9 

a 
ppm 

2039 
2074 . 1 

2073 . • 
1994 . 1 

2033 .3 

2056. 2 

1977. 0 

1955 . 0 

II 

down in Table 6 line 3, and the absolute value, 2073. 9 ppm, for CO 2 

in equilibrium with ocean water (line 4) . Using the fractionation factor 
1.04 for the equilibrium process ((11), p. 33) the absolute 0 18 content of 
ocean water becomes approx. 1994 ppm (line 5) . CO 2 in equilibrium 
with ocean water has shown to he 40.6 ppm higher in 0 18 than the DS 
(line 6), which gives 

ans = 2033. 3 ppm. 

If the fractionation factor, f, in Formula (13), p. 36, were neglected 
the calculated L1 a would indicate the absolute deviation from ans of 
the 0 18 content of CO 2 in equilibrium with the water in question, or 

L1 a = f • aw - 2033. 3 ppm, 

aw denoting the absolute 0 18 content of the water. The difference be­
tween the L1 a values of two different waters would thus he 

On the other hand, when using formula (13) with the factor f taken into 
consideration the L1 a means 

2033 .3 
L1 a = aw - --f- = aw - 1955. 0 ppm 

and the difference between the L1 a values of two waters means 

1. e. the difference between their absolute 0 18 contents. 
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Although the f factor is not too well known the latter method is 
preferred here, because only small L1 a values occur and, therefore, only 
small absolute errors arise due to the uncertainty of f. Thus, L1 a derived 
from formula ( 13) means the deviation of the absolute 0 18 content of 
the water from a basis value, which is approximately 

2033/f = 1955 ppm. 

It should be born in mind that when the o function is used in the 
literature in connection with 0 18 measurements on water, it often means 
the 46/44 ratio difference between C0 2 in equilibrium with the water 
and standard CO 2, i. e. actually 

0 = f. R - Rstd 
Rstd ' 

R being the corrected 46/44 ratio for the sample CO 2 , as it would be 
if f were equal to 1. The difference between the o values for two water 
samples means 

The corresponding expression for the difference between two L1 a values 
calculated from Eq. (13) is 

L1 a1 - L1 a 2"' (R 1 - R2)/2 (1 + Rstd)-

The relation between the two functions is found by combining the two 
latter equations: 

Rstd 01 - 02 astd 
L1 a1 - L1 a2 = 2 (1 + Rstd) • - f- = - f- (01 - 02). 

For the PDB standard astct = 2074 ppm, which gives 

L1 a1 - L1 a2 = 1.994 (01 - 02) ppm, 

when the o values are expressed in per mille. 
However, it is important to make clear that sometimes the o values 

for waters given in the literature should be interpreted as relative 
differences of the 0 18 contents of the waters from that of ocean water. 
In other words, C0 2 in equilibrium with the water sample is compared 
with C0 2 in equilibrium with ocean water, which makes f cancel in 
the a-formula. In this case the conversion formula given above changes 
into 

L1 a1 - L1 a 2 = 2.074 (0 1 - 02) ppm. 

Since L1 a for ocean water is 39.1 ppm, 

or L1 a = 2.074 o + 39.1 ppm, 

o = 0.482 L1 a - 18.1 per mille. 



3. ISOTOPIC FRACTIONATION OF WATER 

Isotopic fractionation of water is attached to several processes in 
nature, e. g. biological activity and exchange with other materials. How­
ever, the fundamental reason for the considerable variations in the heavy 
isotope content of natural waters is the fact that the vapour pressure of 
H 2O16 (PH,0 .. ) is higher than those of HDO (PHno) and H 2O18 (PH,0 .. ). 
The vapour from a water reservoir is, therefore, poorer in D and 0 18 

than the initial water, whereas the remaining water is enriched. Con­
versely, condensation from a limited amount of vapour gives an 
enriched condensate and a remaining vapour depleted in the heavy 
isotopes relative to the initial vapour. 

3. 1. Isothermal evaporation from a limited 
amount of water. 

In this section the changes of the concentrations of the heavy 
isotopic components in a two phase system will be considered in relation 
to an isothermal evaporation from initially q0 grams· of water. The 
vapour is assumed to be removed continuously from the system, and the 
process to go on so slowly that equilibrium virtually exists at the surface. 

The following symbols will be used: 

• • ( PH 0" PH 0") oc: the fract10nat10n factor for D: ccn = -'- ; for 0 18 : cc18 = -'- . 

PHDO " PH, 0 18 

q 0 : the total quantity of material in grams. 

q: the quantity of material in the liquid phase. 

µ: the molecular weight of the heavy components relative to 
that of the light one (for HDO: 19/18, for H 2O18 : 20/18). 

Aw and Av: the quantities in grams of a heavy component in the 
liquid and the gaseous phase. 

a~ and a~: the initial heavy isotope content (in ppm) in the liquid 
and the gaseous phase, respectively. 
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the heavy isotope contents of the liquid and the entire 
gaseous phase at an arbitrary stage of the process. 

a~ and the heavy isotope contents of the amounts of liquid and 
vapour, respectively, resulting from an infinitesimal con­
densation or evaporation at an arbitrary stage of the 
process. 

t: the temperature in °C. 
the absolute temperature in ° K. T: 

m: the saturation mixing ratio, i. e. the ratio between the mass 
of saturated water vapour and the mass of the dry air, 
with which the water vapour is associated*. 

At an arbitrary stage of the evaporation process 

Aw = µq aw • 10- 6 grams. (14) 

A further infinitesimal evaporation and removal of the vapour 
will change this quantity by 

dAw = µ (q daw + aw dq) • 10-5, 

while the change of Av will be 

dA = - 'la' dq . 10- 6 
V I V ' 

which is equal to - dAw. 
Now, since H 2O16 and H 2O18 make an ideal solution, 

and we get 

qdaw = aw (~ - 1) dq. 

Furthermore, by integration 

(15) 

(16) 

(17) 

This is Raleigh's formula for the process described, which is often called 
a Raleigh distillation. aw increases as shown by the full curves in Fig. 15, 
when the process proceeds at 0° and 20° C. 

Looking at the evaporation from ice the composition of the reservoir 
will not change due to the fixed localisation of the molecules in the cry-

* The values of m used in this work are taken from Smithsonian Meteoro­
logical Tables, 1951. They are corrected for the departure of the air-vapour mixture 
from the ideal gas laws. 
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Fig. 15. Enrichment of the remaining fraction, F w, of a water reservoir during a 
Raleigh evaporation (full curves) and during an evaporation in a closed two phase 

system (dashed curves). 

stals. In this case aw = a~ = a; during the whole process. Table 7 
shows some illustrative measurements on snow samples collected by 
A. BAUER at the same location on the Greenland ice cap. The enrich­
ment due to evaporation is significant in the wet snow only. 

Table 7. 

Sample Time of collection 

Bl. Wet snow.... .. ............... . ... .. 59.6.21 
B2. Wet snow, same as Bl..... . . .. ..... . . 59.6.22 
B3. Dry snow . . . . . . . . . . . . . . . . . . . . . . . . . . . 59.5.28 
B4. Dry snow, same as B3... .. . .. ... ... .. 59.5.29 

LI a in ppm 

-2.3 
+2.5 
-0.5 
-0.2 

The only conceivable possibilities of fractionation of dry snow are 
direct exchange with the surrounding vapour and recrystalisation via 
sublimation. On its way from one crystal to another the vapour may be 
mixed up with the surrounding vapour. In most cases both of these 
effects are probably negligible. 

Returning to evaporation from liquid we get a~ from ( 15) and ( 17): 
1 

a o -1 
' =~ Fa a,. w (18) 

IX 
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av can be obtained from the equation 

Av + Aw = µq 0 a~ • 10- 6 

the right side being the initial quantity of heavy component in the liquid. 
Using (14) and 

we get 

(19) 

The dotted lines in Fig. 15 reflect equilibrium processes, in which 
the vapour is not removed from the system. In such cases 

3. 2. Isothermal condensation from a limited 
amount of vapour. 

Consider the reverse Raleigh process, i. e. isothermal condensation 
under equilibrium conditions from initially q0 grams of vapour with a 
heavy isotope content of a~ to q0 - q grams of vapour with heavy 
isotope content av. 

The condensate is supposed to be removed from the gaseous phase. 
The formulae can be derived from (17), (18) and (19) by just changing 
the indices and using the reciprocal fractionation factor: 

(20) 

(21) 

(22) 

If a; - av is plotted against F v the curves will be close to the full 
curves shown in Fig. 15. Similarly, the dotted curves reflect a; - av 
as a function of F v for a condensation process in a closed two phase 
system. 

The Raleigh evaporation and the Raleigh condensation are not 
reversible as far as the quantitative isotopic conditions are concerned. 
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Thus aw will be very high for the last part of the water in the first process, 
whereas aw will be equal to o:a~ for the first small amount of water 
condensed in the latter process. 

3. 3. The a factors. 

The o: factors, o:D for D and o: 18 for 0 18, depend upon the tempera­
ture. LEWIS and CORNISH (1933) made the first determination of o: 18• 

c<.. 18 "ZHAVOIIONKOV et al 

f. OfSl-----1------+----------l □ IIIESENFELD and CHANG 

+ 

+ 

+ WAHL and UREY 

" .LEWIS and CORNISH 
v EPSTEIN, FRIEDMAN 

and UREY 

x DOSTROVSKY et. al. 
f. 010t----~....--+----+------1 • Th is w'ork 

x xl 

1.000 '-----'-----'-'-----'--------'----'-T-e_m_p__, 
o 20 40 60 80 100 ·c 

Fig.16. The fractionation factor, a18 , as a function of the temperature. The curve is 
a graphical representation of Eq. (24). 

Later RrnsENFELD and CHANG (1936a) computed the following formulae 
on the basis of their own experiments and those of WAHL and UREY 
(1935): 

o:D = 0.86 2 exp (130/RT), 
0: 18 = 0.987 exp (13/RT). 

(23) 

Later ZHAVORO NKOV, UvAROV and SEVRYGOVA (1955) made an 
extensive study of o: 18 in the temperature range 15-100° C. Their 
formula for o: 18 1s 

or 
o: 18 = 0.9822 exp ( 15. 778/ RT) 

1 
log o: 18 = 3.449 T - 0.00781 . 

(24) 

This correlation is shown graphically in Fig. 16 together with the 
measuring results of several authors. 

The methods used have been equilibrium distillations at low pressures 
or Raleigh distillations. The trouble with the former one is to prevent 
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boiling, especially at low temperatures. As to the Raleigh distillation 
the possibility of non-equilibrium conditions at the liquid surface must 
be taken into consideration. CRAIG, BoATO and WHITE (1956) have 
pointed out that in case of violent evaporation the relatively high rate 
of reaction of H 20 16 causes the heavy isotope contents of the vapour 
to be lower than at equilibrium conditions. 

The influence of non-equilibrium is demonstrated in the experi­
ment described in the appendix (p . 96). The resulting rx. 18 values are 
indicated by dots in Fig. 16. They are seen to support the formula of 
ZHAVOR0NK0V et al. 

3. 4. Non-isothermal processes. 

The formulae given in sections 3. 1. and 3. 2. are only strictly true 
for isothermal Raleigh processes because rx. depends upon the temperature. 
However, rx. 18 - 1 as well as °'D - 1 vary only 1 °/ 0 per centigrade about 
the freezing point. Below is made a calculation in order to test whether 
usable approximations to the true values can be obtained for non­
isothermal processes by using the same formulae with a constant rx. equal 
to its mean value in the temperature range in question. 

In the most important formulae, (20) and (21), F v is replaced by 
m/m 0 : 

(25) 

(26) 

where m and m 0 are the saturation mixing ratios at t and t 0 °C. 

Table 8. 

1 2 3 4 5 6 7 

to t Formula (25) Numerical integration 
Process 

oc oc HDO I H,O1s HDO H,O1s 

A 20 0 16.0 27.1 16.1 27.2 
B 0 -20 22.3 38.3 22.4 38.1 
C 0 -20 24.8 42.6 25.0 42.6 
D 0 -20 17.7 29.7 17.9 29.7 

We now consider some processes with condensation from a limited 
amount of saturated air due to cooling from t 0 to t °C. Formula (25) 
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In Table 8, columns 4 and 5, the results are stated of a calculation of 
a~ - av for HDO and H 2O18 using a constant a in 4 Raleigh conden­
sation processes all starting with a~n = 14S ppm and a~ 18 = 1960 ppm: 

A. Isobaric cooling from 20 to 0° C. 

B. Isobaric cooling from 0 to - 20° C, the vapour being in equilibrium 
with a plane surface of pure water. 

C. Isobaric cooling from O to - 20 °C, the vapour being in equili­
brium with a plane surface of pure ice. 

D. Moist-adiabatic cooling from 0° C (p = 1000 mb) to - 20° C 
(p = 703 mb ), the vapour being in equilibrium with a plane 
surface of pure water. 

For a more strict evaluation, in which the variation of a is taken into 
consideration, we must go back to the differential equation (16) valid 
for the evaporation process. The corresponding equation for the conden­
sation process is -

qdav = av (a - 1) dq. 

If q is replaced by the mixing ratio, m, i. e. if q is expressed in terms of 
grams water per kg dry air, we get 

a - 1 am 
dav = av -- - dt. 

m at 
(27) 

Using the formulae (23) and (24) for a, a numerical integration in 
steps of 1 ° C gives the values of a~ - av put down in columns 6 and 7 
of Table 8. They are seen to be in good agreement with those calculated 
with constant a. Below formula (25) will be used in this way. 

As to the fractionation of the condensate formula (26) cannot be 
used with constant factor a. However, changes in a~ can be found 
with the same approximation as changes in av by using 

(28) 

and introducing (25) for av. 
Figs. 17 and 18 show how a~ decreases in the processes A-D 

as the condensation proceeds. The two vertical, dashed lines between 
the curves B and C in Fig. 18 refer to two isobaric processes starting 
at 0° C with the vapour in equilibrium with water (i. e. following curve 
B). When the temperature has reached -10° (point b 1), respectively 
- 20° (point b 2), the vapour is supposed to turn to equilibrium with ice. 
This turn over causes a decrease of the vapour pressure, and the resulting 
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Deuterium and 0 18 enrichment of infinitesimal amounts of water condensed from 
a limited vapour reservoir in ~ cooling processes described in the text, The basis 
values for the enrichments are the heavy isotope contents, a~, of the first small 

amount of condensate. 

condensation reduces av to such a degree that further condensation 
due to cooling makes a~ change from the values indicated by the point 
c1 , respectively c2, and follow curves very close to C. Therefore, in cases 
of equilibrium with ice, curves like C (if isobaric cooling) reflect the frac-
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tionation no matter at which stage of the cooling the equilibrium turn 
over occurred. 

In nature the precipitation from a cloud in equilibrium with water 
must be expected to be fractionated in accordance with curves like A, 
B or D, if no addition of new vapour occurs, and if the condensate 
leaves the cloud just after formation. In case the latter condition is 
not fullfilled, the observed fractionation will be less than calculated . 

The transition of a cloud from equilibrium with water to equili­
brium with ice hardly affects the isotopic composition of the precipi­
tation to any observable degree; firstly, because the equilibrium turn 
over does not occur momentarily; secondly, because the condensate 
hardly leaves the cloud at the very moment of formation and, thirdly, 
because other more or less casual fractionating processes blur the 
picture. 

The curves in Figs. 17 and 18 depend to some degree upon the initial 
values a~ 18 and a~D. The chosen values are, however, typical for 
maritime air masses, which play an overwhelming role in the natural 
water cycle. 

3. 5. Relative fractionation HDO - H2O18• 

In Table 9 the slopes of the curves A to D in Figs. 17 and 18 are 
stated for the two limiting temperatures of the ranges. The ratio between 
the slopes, da~18/da~D, is seen in column 5. In all cases it is approxi­
mately 1.55, increasing with decreasing temperature. In the last column, 

Table 9. 

1 2 3 I 4 5 6 

da' ppm w . 
da~18 ' O' t - m -- awl8-awl8 Process dt oc ~-

oc da~D O' 

HDO I H2Ol8 
awD-awD 

A 20 I 0.66 0.98 1.48 1.48 
0 I 0.89 1.41 1.58 1.54 

B 0 0.97 1.44 1.48 1.48 
-20 I 1.24 2.01 1.62 1.54 

I 
C 0 1.10 1.64 1.49 1.49 

-20 1.37 2.27 1.66 1.53 

D 0 0.67 1.02 1.50 1.50 
-20 1.03 1.62 1.57 1.53 

I 
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the ratio is stated between the enrichments in 0 18 and deuterium relative 
to the first small amount of water condensed from the vapour. 

FRIEDMAN (1953) reports a linear correlation between his deuterium 
measurements and EPSTEIN and MA YEDA's 0 18 measurements on natural 
waters (1953). It appears from FRIEDMAN's data that the ratio between 
deviations of the b-values (both in °/ 0) for 0 18 and deuterium is 0.124 ± 
0.05. Multiplying this by the ratio between the absolute values of the 
standards (2074 ppm for the PDB (p. 38) and 148 ppm for the deuterium 
standard according to FRIEDMAN) gives 

1.74 ± 0.06 ppm 018/ppm D, 

which is high compared with Table 9, column 5. This may be due to 
148 ppm being too low for FRIEDMAN's deuterium standard. 

Recently DANSGAARD, NIEF and RoTH (1959) have measured the 
isotopic composition of a series of ice samples from a West Greenland 
iceberg. They find ( cf. Fig. 30, p. 78) 

1.53 ± 0.08 ppm 0 18/ppm D 

m good agreement with Table 9. 
CRAIG, BoATO and WHITE (1956) mention a study of several hundred 

fresh water samples. The 0 18 concentration varied about 4°1o, while 
the deuterium varied 30 °lo- The linear correlation was reported to be 
good, but no details were given. However, as an interesting exception 
they found in acid hot spring waters less deuterium enrichment than 
0 18 enrichment relative to the local surface water. They explain this as 
a result of a non-equilibrium distillation. A kinetic effect contributing 
to the fractionation will concentrate H 20 18 in the liquid to a higher degree 
than the lighter HDO. 

165 



4. HEAVY ISOTOPES IN NATURAL WATERS 

As mentioned on p. 10, great efforts have been made for thirty 
years in order to map out and explain the distribution of the heavy 
stable isotopes in the water cycle in nature. KIMBALL (1949) has given 
a complete summary of the literature up to 1949 dealing with deuterium, 
and KrnsHENBAUM (1951) and INGERSON (1953) have reviewed the 
literature on the natural occurences of the hydrogen and the oxygen 
isotopes. Most work up to 1950 on determining heavy isotopes in water 
was based upon the density method. It is extremely difficult to obtain 
sufficient accuracy ( ± 2 • 10- 7 g/cm 3) for measuring the small variations 
in question. The mere purification of the water without altering its 
isotopic composition is a painstaking problem. Only after the application 
of the mass spectrometer the results became sufficiently consistent. 

4. 1. Ocean water. 

GILFILLAN (1934) first demonstrated excess density of sea water 
over fresh water. The most extensive isotopic study of ocean water is 
that of EPSTEIN and MAYEDA (1953) covering 93 marine and 7 fresh 
water samples. Surface water shows to be a little enriched in 0 18 due 
to evaporation, whereas the deep water samples are a little depleted 
in 0 18 due to the polar bottom currents , the water of which has been 
mixed up with isotopically light fresh water from the ice fields. In ocean 
water which has not been directly contaminated with fresh water the 
0 18 content varies only ± 1 ppm from the mean. 

At the same time FRIEDMAN (1953) reported deuterium measure­
ments on many of the same samples. As expected the same pattern 
showed up as for 0 18. FRIEDMAN claimed the deuterium enrichments to 
be related to the 0 18 enrichments as the ratio between the vapour 
pressures of HDO and H 2O18 at 30° to 40° C. 

For evident reasons, a possible gravitational fractionation should 
be looked for in stagnant water at great depths. Under such circum­
stances, sedimentation of the heavy components of water due to gravity 
should result in an exponential increase in heavy isotope content down-
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wards, analogous to the situation for the components in the atmosphere 
(HAGELBERGER et al., 1951) and in solutions. DANSGAARD (1960) com­
pared a group of samples from approx. 10,000 m depth in the Philipine 
Trench with another group of samples from 4000 m depth. No signifi­
cant difference was observed in 0 18 within ± 0.2 ppm in spite of the fact 
that a difference of 100 ppm should be expected in case of equilibrium. 
On the other hand, the establishment of equilibrium was estimated to 
take a period of the order of magnitude of 108 years judging from FuRTH's 
investigation of a similar problem (1938). 

The result shows that the water masses in the Philipine Trench 
are not stagnant. Other investigators have drawn this same conclusion 
on the basis of measurements of other parameters. 

The mean value of L'.I a for the ocean samples was 39.1 ppm. 

4. 2. Fresh water. 

Already in the thirties it was evident that the isotopic composition 
of fresh waters covered a much wider range than that of ocean waters. 

FRIEDMAN (1953) measured the deuterium content in 19 North 
American rivers. Those draining the coastal regions ( and especially 
the Southern ones) and the Mid West areas showed to be relatively 
high in deuterium due to the direct supply of water from maritime air 
masses and, probably for several rivers, considerable degree of evapo­
ration. However, the rivers draining the Eastern slope of the Rocky 
Mountains are relatively poor in deuterium, because the water is partly 
derived from Pacific Ocean moisture, which has lost much of its heavy 
components in a Raleigh condensation during its passage over the moun­
tains (KIRSHENBAUM, 1951). 

DANSGAARD (1954) reported an investigation of 70 fresh water 
samples collected in climates ranging from tropical rainy climates to 
polar frost climate. In order to reduce errors due to casual evaporation 
the samples were collected from large reservoirs in which the water is 
continuously being replaced. Tap water was used in towns with ground 
water supply. In nature, river water was preferred to lake water, though 
river water is not ideal either (p. 56). Casual precipitation was not taken 
as representative for the local fresh water. The findings are grouped in 
Table 10, where the average values, L'.I a, of the 0 18 occurrences are listed 
together with the lowest (L'.I amin) and the highest (L'.I amax) value within 
the various climatic types (the climatic classification is that given by 
KOPPEN (1936)). 

In the climates with a hot or dry season the composition of the 
fresh water depends on local conditions and on the season. However, 

4* 
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Table 10. 

0 18 content of ocean water and fresh waters. 

Number 
L1 a 

of L1 amin L1 amax 

samples ppm ppm ppm 

Ocean water . ..... .. . ...... . ............. 39.1 

Fresh waters 

A Tropical rainy climates .. . ....... .. .. 16 25 21 32 

C Warm temperate rainy climates 
Cwa winter dry, summer hot ... . ......... 12 29 25 32 
Cfa no dry season, summer hot ... ...... . 4 34 28 .• 42 .• 
Csa summer dry and hot ... . . .... .... .. . 4 26 25 26 .• 
Cfb no dry season, summer warm ........ 9 20 .• 15 .• 25 

D Cool snow forest climate 
Dfc summer cool. .. ........ ......... .. . 1 16 

E Polar climates 
ET tundra climates* . . .. ......... .. ... . 6 8 5 10 
EF frost climate** .......... ...... .. . .. 11 -18 -34.4 

I 
-6.2 

• In excess of the 5 measurements reported in the 1954 paper the Upernavik sample referred 
to on p. 58 has been taken into consideration . 

•• The samples reported in the 1954 paper and averaging - 17 ppm were possibly not repre­
sentative. This figure has here been replaced by the m ean va lues of 11 icebergs given in Table VIII , 
column 6, p. 106. 

from the climatic type Cfb and toward colder climates there is a general 
decrease in the 0 18 content of the fresh water. This corresponds with 
the model of the water cycle in nature given by EPSTEIN and MAYEDA 

(1953) who compared "the existing evaporation and condensation with 
that occurring in a several stage distillation column, where the amount 
of liquid in the reservoir flask is large compared to the liquid in the column. 
In order that several stage fractional distillations be accomplished, both 
evaporation and condensation (i. e., refluxing) must take place in the 
column. If condensate does not return to the reservoir flask , the resulting 
product will be of the same composition as the initial vapour that comes 
off the surface of the liquid in the flask ( a single stage distillation). On 
the other hand, if the reservoir liquid both evaporates and receives back 
liquid condensed in the column, the composition of this condensate will 
be deficient in more volatile material relative to the initial vapour that 
came off the surface of the reservoir liquid and the remaining vapour will 
be more volatile. Continuous evaporation and condensation provides a 
mechanism for removing a fraction from the liquid reservoir that is 
more volatile than would be expected from a single evaporation step, 
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provided that the resulting distillation product is removed from the 
evaporation-condensation system." 

DANSGAARD (1953) considered a simplified model of the water cycle 
consisting of mainly 3 processes: 

1. Evaporation from a large reservoir (the oceans). 

2. Cooling of the vapour, which causes condensation by processes 
like those called A, B, C, or D on p. 46. 

3. Returning of the remammg vapour to the reservoir under (or 
with subsequent) heating. 

Also, in a system like this, it would he possible to remove from the 
reservoir a fraction of liquid which is more volatile than the condensate 
in a simple single stage distillation, namely by reflux of the first part of 
the condensate and freezing of the last and most volatile part. 

The vapour will be deficient in less volatile material relative to 
the first vapour given off from the surface. Speaking in the terms connected 
with the isotopic problem of the natural water cycle: Imagine we start 
with absolutely dry air, which takes up moisture from the ocean during 
process 1. After the cooling in process 2 the air still contains some (isotopi­
cally light) vapour. This is mixed up with ocean vapour during the follow­
ing process 1 the mixture being poorer in 0 18 than after the first process 1. 
Each circulation causes further depletion until a state of equilibrium is 
reached with heavy isotope contents sufficiently low for the amount of 
heavy components given off in process 2 to be equal to that taken up 
in process 1. 

The use of the EPSTEIN and MAYEDA model would undoubtedly be 
correct, but also difficult, for a calculation of the influences of the con­
tributory processes determining the observed isotope distribution in the 
water cycle. One of the limitations of the simplified model is its neglecting 
the re-evaporation from the column. Nevertheless, the simple mecha­
nism of Raleigh processes explains the actual findings rather well, as 
shown p. 62. 

4. 3. Atmospheric water vapour. 

The depletion in 0 18 in atmospheric vapour relative to vapour 
originating from a single evaporation was demonstrated (DANSGAARD, 
1953b, 1954) by measurements on atmospheric vapour collected in Copen­
hagen in a freezing trap during 3 or 4 days periods from 1953, May 23, 
to 1954, May 21. The results are plotted in the lower section of Fig. 19. 
The mean of the year was LI a = 4. 7 ppm compared with 21 ppm for 
pure ocean vapour. 
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Fig. 19. Variatioi:t of the 0 18 content of atmospheric water vapour in Copenhagen, 
and its relation to the wind direction. 

In spite of the fact that the weather in Denmark is governed mainly 
by maritime air masses, high values, such as 21 ppm ( corresponding to 
equilibrium with ocean water), were found only in two periods about 
Oct. 1. As the weather conditions in the same periods were not unusual 
in other respects, the two high values may be erroneous (incomplete 
cooling of the trap?). 

The deviation of the average wind direction from the East is shown 
in the upper part of Fig. 19. The correlation between the two curves just 
indicates that easterly winds in Denmark to a higher degree than westerly 
winds contain fresh water vapour or vapour which has been depleted 
in 0 18 by precipitative processes. Easterly winds occurred relatively 
frequently during the winter 1954; this is a contributory reason why 
the 0 18 content of the winter samples were relatively low. However, 
there is also indication for a seasonal variation of the 0 18 content due 
to other reasons; the samples from the period Jan. to Mar. are generally 
even lower in 0 18 than samples from outside this period collected in 
mainly easterly winds. 

It is hardly possible to reach a more detailed interpretation of the 
individual observations, because the 0 18 content of atmospheric water 
vapour at a given location depends upon factors such as 

a. the origin of the vapour, 
b. the number and intensity of evaporation and condensation pro­

cesses in the period before the arrival of the air mass to the 
location in question, and 

c. the temperatures at which these processes take place. 
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4. 4. Precipitation. 

The isopotic composition of precipitation depends upon 

A. that of the precipitating vapour at the beginning of the conden­
sation (a~, p. 43), 

B. the present mixing ratio in the air relative to its initial value 
(Fv, p. 43), 

C. the degree of evaporation from the precipitation until it reaches 
the ground, 

D. the degree to which the re-evaporated material re-enters the 
precipitating air mass and 

E. the temperatures at which the evaporation and condensation 
processes take place. 

The mean LI a for all precipitation released at a given locality gives 
some indication as to which stage of the natural water cycle the locality 
is to be traced. It is a tempting task to use the isotope data from numerous 
localities in order to put up a generally valid model for the water cycle 
in nature. The EPSTEIN and MAYEDA model probably constitutes the 
best qualitative approach, but as to the quantitative conditions hardly 
any simple model involves a solution of general validity. 

4. 4. 1. Sampling technique. 

When looking for possible correlations the technique for sampling of 
precipitation is very important. Firstly, seasonal variation of the heavy 
isotope contents should be taken into consideration (4. 4. 5.). Secondly, 
it should be noted that the isotopic composition of the individual rains 
or snows varies widely within the same season due to the complex 
dependability upon the many parameters mentioned above. Thus, in 
the winter 1954-55 the following values were obtained for LI a of the 
precipitation in Chicago: Late Nov. + 8, late Dec. + 24, late Jan. + 7, 
late Feb. + 31, late Mar. + 9 ppm (DANSGAARD, 1958). 

Unless it is the aim to investigate the individual rains or snows, 
the samples should, therefore, represent the total amount of precipitation 
within wider periods of time adapted to the problem under investigation. 
Thus, if the total amounts of precipitation at various localities are to 
be compared, the samples should represent the precipitation for a whole 
number of years. 

Due to evaporation, lake water has not the same composition as 
precipitation. The water in a lake at Ikerasak, Umanak District, Green­
land, has LI a = 21.4 ppm, whereas the mean LI a for the precipitation 
in this region is approximately 5 ppm. CRAIG, MAYEDA and SuESS 
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(1958) have reported an enrichment of the same order for the water in 
Lake Neusiedler at Wien. 

Disregarding possible enrichment due to evaporation, river water 
is representative for the precipitation in the area of drainage rather than 
for the precipitation at the place of collection. 

Ground water seems better suited for representing the precipitation, 
although it is not ideal either. In Copenhagen the weighted mean of 
LI a for the precipitation during 3 years was 19.8 ppm, which is to be 
compared with the LI a values for Copenhagen tap (ground) water given 
in Table 11. 

Table 11. 
LI a for Copenhagen tap water (ppm). 

Measurement No. 

I I 
Mean 

1 2 

Tapped 1955 June ... . . . 21.9 21.7 21.8 
- 1959 Oct ........ 22.4 22.3 22.4 
- 1959 Dec. .. . . .. 22.0 22.5 22.2 
- 1960 Feb. ...... 21.7 22.0 21.8 
- 1960 Mar ..... . . 21.9 22.0 22.0 
- 1960 May . . . . .. 22.1 21.7 21.9 

Mean: 22.0 

It is worth noting that the tap water is subjected to only little 
isotopic seasonal variation, if any. Copenhagen tap water is only 2 ppm 
higher in 0 18 than the precipitation, which is interesting the more so 
as approximately 600/o of the precipitation in Denmark re-evaporates. 
An evaporation of this order from a well stirred reservoir would cause 
an enrichment of the residue of some 11 to 20 ppm (cf. Fig. 15, p. 42). 
The fact that no considerable enrichment arises may be because most 
evaporation takes place from small reservoirs, which are not continuously 
blended with the main reservoir, e. g. complete drying up of puddles and 
complete evaporation of the water which reaches the surfaces of plants. 

As a conclusion, it may be stated that precipitation collected 
during a long period of time should be preferred. In regions without 
severe evaporation ground water may serve as a sufficient substitute, 
whereas river water and, particularly, lake water should not be considered 
as representative for the precipitation. 

4. 4. 2. Geographical distribution of the isotopes and its relation 
to the air tem perature. 

Table 10 reflects to some degree a correlation between the 0 18 

content of fresh water and the air temperature as far as the cool and cold 
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climates are concerned. For the reasons mentioned above, however, 
a closer relation is to be expected between the annual means of the 0 18 

content of the precipitation and the air temperature. 
The problem now arises: What kind of mean values should be 

chosen? In the discussion given below LI ~P denotes the mean of the 
0 18 content of the precipitation fallen within the period of time i:, and 
weighted in accordance with the relative amounts given off by the indi­
vidual storms, i. e. 

where Ll aP is the 0 18 content of the infinitesimal amount of precipitation 
dQ, and Q is the total amount within a wide period of time, r. Similarly, 
the weighted mean of the condensation temperature is defined as 

where tc is the temperature at which dQ condenses. Furthermore, the 
following symbols will be used 

t a: the mean annual air temperature 2 m above ground level. 

LI aP: the annual unweighted mean of the LI a values of the monthly 
amounts of precipitation or, in other words, the unweighted mean 
of the Ll~P (r = 1 month) values within a whole number of years. 

Plotting of LI ~P (year) against ! c (year) for the various stations 
seems, a priori , to involve the best possibility for obtaining a correlation 
between the isotope distribution and a climatic parameter. However, 
! c is neither known for the ice cap stations referred to below, nor can 
it be deducted with sufficient accuracy for many of the coast stations, 
from which precipitation has been collected. A fact obtained by the ice 
cap stations is the temperature 10 m below the snow surface, where the 
temperature variations are supposed to be negligible ( ± 0.3°C, BENSON, 

1960). This temperature, t', is for most of the ice cap equal to ta*, for 
which reason t a was chosen as the climatic parameter. 

As to the possible isotopic parameters the unweighted LI aP corre­
sponds best to the unweighted t a. LI aP has, therefore, been chosen for 
the coast stations. It should be noted that the sampling technique used 
on the ice cap stations (random collection of snow from various depths 

* t ' is close to ta in regions with little or no melting (KocH and WEGENER, 
1930) . However, in regions with considerable melting, e.g. caused by radiation , 
the seeping melt water may add heat to lower strata and, thus, make t' higher 
than ta. 



58 

30 

10 

0 

-10 

-20 

-30 

-40 

-50 

-60 

LlOp in ppm 

I 
I 

I 
I 

I , 
/ 3 

I 
I 

I 
I 

I 

I 

I 
I 

I 
I 

I 

I 

Weocm SOUTH POLE 

I 
I 

-50 -40 -JO 

W. DANSGAARD, 

VALENTIA 

BIRR 
DUBLIN 

REYK/AVIK O I HfJJER 

TV/fRMINM • / • COPENHAGEN 

'

ULTUNA 
GRfJNNEDAL 61:t'. 

, • PI/NKAHARJU 
ANGMAGSSAL/K 66 N Ho/.ST£/NSBORG 67 'N 

I 

12 SCORESBYSUND 70'N o 

MEAN ANNUAL 
AIR TEMPERATURE 

-10 0 10 20 r 

II 

Fig. 20. Correlation between the annual means of the air temperature and the 0 18 

content of the precipitation. The symbols are explained in the text p . 59. 

The samples from Stend, (West Norway), Reykjavik (Iceland) and Ultuna (East 
Sweden) were supplied by the International Meteorological Institute, Stockholm, 
and Statens Lantbrukshogskola, Ultuna, Sweden; those from Valentia (West Ire­
land), Birr (Mid Ireland) and Dublin (East Ireland) by Meteorological Institute, 
Dublin; those from Tvarminne (South-west Finland) and Punkaharju (East Finland) 
by Havforskningsinstituttet, Helsinki; those from the Greenland coast stations 
Gronnedal, Angmagssalik, Holsteinborg, Scoresbysund and Station Nord by the 
Danish Forsvarets Forskningsrad and Radiofysisk Laboratorium, Copenhagen; those 
from Hojer (East Denmark) by Statens Planteavlslaboratorium, Lyngby, while 
those from Upernavik and Copenhagen were collected by the present author. All 
the ice cap samples were collected by U.S. Snow, Ice and Permafrost Research 

Establishment (S. I.P.R.E.). 

The 4 stations indicated by triangles were measured by EPSTEIN and BENSON ( 1959), 
and the square refers to a station measured by KuLP et al. (1957). 
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at each location, or collection of a sample representing a thick layer of 
snow) rather leads to an isotopic composition corresponding to the weighted 
L1 ~P. Nevertheless, this parameter has been used as a representative for 
the ice cap stations for comparison with L1 aP for the other stations. 

Fig. 20 shows the correlation between L1 aP and ta. The stations 
are put into 3 groups: 

1. 10 stations at sea-level and close to the ocean in the North 
Atlantic region are indicated by open dots. 

2. 7 low altitude stations with more or less continental climate 
are indicated by filled dots. 

3. 9 stations on the Greenland ice cap and 1 on the South Pole 
are indicated by half filled dots, triangles or by a square 

Ad 1 and 2. The Upernavik sample was collected late July, 1958, 
from seeping water from moist soil. The L1 aP values for the other 16 
stations in groups 1 and 2 are based on samples of monthly precipitation. 
The individual measurements are listed on Tables II, III and IV in 
the appendix (p. 99-101). For a given station the L1 aP was calculated 
as the unweighted mean of the L1 a for the precipitation in each of the 
12 months of the year. Each of these 12 monthly values were, in turn, 
calculated as the unweighted mean of the values of the available samples 
representing the month in question within different years, e. g. from 
Station Nord two April samples were available with the 0 18 contents 
-3.2 ppm for April 1958 and - 9.5 ppm for April 1959. Thus, - 6.4 ppm 
was used for April in forming the annual mean. On the other hand, no 
May samples were available from this same station. Therefore, May 
was represented by the mean of the values for the adjoining months 
(- 6.4 ppm for April and -3.3 ppm for June). 

Ad 3. The precipitation at each ice cap station was represented 
by a number of snow samples collected at different depths under the 
snow surface. The sum of the thickness of the snow layers involved is 
indicated in cm in Fig. 20. 

In Table VI in the appendix some details are given on the 4 South 
Greenland ice cap stations indicated in Fig. 20 by half filled dots. 

The Site 2 sample was part of a boring core, collected some 100 m 
below the snow surface. The mean annual air temperature, t', at the 
South Greenland ice cap stations were measure by S. I. P.R. E. 10 m 
below the snow surface. For the North Greenland ice cap stations t' 
was found from Fig. 29, p. 79, showing the temperature distribution on 
the ice cap (DIAMOND, 1958). ta on the South Pole was taken from the 
S.C.A. R. Bull. No. 2 (1959). 
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Discussion on Fig. 20. 
Apparantly the two parameters, Ll a.P and ta are related to each 

other in a rather simple way. 
In the upper part of the figure, the 8 coast stations (except for 

Scoresbysund) on the border of the continent are very close to the full, 
heavy line, denoted by 1 (slope 1.33 ppm/0 C). All the more or less 
continental stations in group 2 (filled dots) are below the line and the 
two Atlantic island stations, Thorshavn on the Faroes and Reykjavik 
in Iceland, are above the line. 

The dashed line, denoted by 2 (slope 2.2 ppm/0 C) , indicates the 
isotopic variation with the temperature along the East and Northeast 
going path from Valentia, over Birr, Dublin, H0jer and Copenhagen 
to Ultuna. This is roughly the track followed by most precipitative air 
in South and Mid Scandinavia. 

The slopes of the lines 1 and 2 (1.33 and 2.2 ppm/° C) mainly reflect 
the H 20 18 depletion in the vapour in warm, moist maritime air masses, 
which on their way to either colder parts of the ocean (full line) or over 
the continent (dashed line) precipitate and at the same time exchange 
vapour with or take up new vapour from surface water. Ocean vapour 
is richer in 0 18 than vapour from fresh or brackish water, which is a 
contributory reason for the difference between the slopes of the lines. 
However, the temperature and the amounts of vapour taken up are also 
factors of importance. The values for the Finnish stations, Tvarminne 
and Punkaharju, are relatively high in spite of the fact that these stations 
are on the prolongation of the semi-continental path described above. 
The reason may be that the air takes up considerable amounts of new 
vapour when passing the Baltic sea. Another possible reason is that 
Finland gets a considerable amount of precipitation from North-West, 
i. e. from colder parts of the ocean. 

The high values for Thorshavn and Reykjavik may be explained 
by these stations being far from extended areas with fresh water. 

The systematism does not include sea-level stations with high moun­
tains as a rain-shadow. This stands out clearly when comparing the 
Greenland stations Holsteinborg and S0ndre Str0mfjord (Table III 
(appendix), columns 2 and 3). These stations are both at sea level, are 
only 150 km apart and they have approximately the same mean annual 
temperature; however, they are separated from each other by high 
mountains. The means of Ll a for the 6 monthly samples measured for 
both stations are 13.3 ppm for the coast station Holsteinborg and - 0.1 
ppm for Sdr. Str0mfjord. It may serve as an explanation that when 
a moist air mass passes the mountains the foehn effect causes an increase 
in temperature at the same time as the H 20 18 content decreases due 
to loss of moisture on the upglide. 



II The Isotopic Composition of Natural Waters. 61 

In Fig. 20 the Greenland ice cap stations apparently follow another 
line (No. 3) with the slope 1. 70 ppm/° C. The ice cap precipitation is 
released under other conditions than that at the coastal stations. Firstly, 
the latter is released at approximately the same pressure, whereas the 
ice cap precipitation is partly due to lifting of air masses causing less 
fractionation per centigrade than isobaric cooling ( cp . processes B an 
D, Fig. 18). Secondly, most of the year maritime air takes up new vapour 
from liquid water with approximately constant composition along the 
coast, whereas the air on the ice cap takes up new vapour, which is 
the poorer in 0 18 the higher the altitude of the locality in question. 
Thirdly, the latter evaporation is attached with fractionation determined 
by the ratio between the vapour pressures of the isotopic components, 
whereas little or no fractionation occurs by the evaporation of dry 
snow on the ice cap. 

Any attempt to evaluate a theoretical explanation of the simple 
correlation between LI a.P and ta is limited by the lack of knowledge as 
to the origin of the precipitative vapour, the influence of re-evaporated 
water or ice etc. (cf. pp. 54-55). However, it is worth noting that the 
simple Raleigh condensation curve for an isobaric cooling (curve A, 
Fig. 18) constitutes a fairly good approximation under the simple 
assumptions given below : 

1. The condensation process starts with pure, saturated vapour in 
equilibrium with ocean water at 20°. The first small amount of 
precipitation given off will then have the same isotopic composi­
tion as the ocean water (LI a = 39.1 ppm). 

2. The further condensation goes on under the conditions for a 
Raleigh process, i. e. immediate removal of the liquid phase and 
no supply of re-evaporated material. 

In Fig. 21 the European and the Greenland stations have been 
transferred from Fig. 20 together with the corresponding part of the full, 
heavy line. The thin curve is curve A from Fig. 18 adjusted so that the 
first amount of water condensed at 20° C has LI a = 39.1 ppm. The 
same degree of approximation could be obtained by assuming the con­
densation to start at somewhat lower temperature and with an isotopically 
lighter mixture of ocean vapour and vapour left in the air mass from the 
preceeding cyclus. 

At the lower temperatures the slope of the curve is considerably 
higher than that of the line. However, it should be born in mind that 
most of the stations defining the line in this region are high altitude 
stations, at which the precipitation is released partly by moist adiabatic 
processes like D (Fig. 18). If process A (full thin curve) is supposed to 
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change into moist adiabatic cooling at 0° C, respectively -10° C, the 
dashed curves in Fig. 21 show two possible fractionating processes on the 
Greenland ice cap. The consistency between the measured data and the 
simple Raleigh curves is surprisingly good considering the fact that re­
evaporation from fresh water has been neglected. One reason may be 
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Fig. 21. The regularity in Fig. 20 shown as an approximation to Raleigh conden­
sation processes. The full , thin curve is A from Fig.18 (isobaric cooling). The dashed 

curves refl ect the fractionation by ad iabatic cooling (D from Fig. 18). 

that only little of the re-evaporated material re-enters precipitating 
clouds, at least in the regions irvestigated here. 

The correlation given by line 1 is expressed by the equation: 

LI ii. P = 1.33 t a + 12. 7 ppm 

valid for ocean coast stations at sea level and on the border of the conti­
nent in temperate and arctic climates. When using the b function and the 
0 18 content of ocean water as a reference value the correlation becomes 

b (annual precipitation) = 0.641 ta - 12.7 per mille. 
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The corresponding expressions for line 3 are 

Ll!P = 1.70 ta + 17.6 ppm, 

6 (annual precipitation) = 0.82 0 ta - 10.4 per mille. 

63 

The formulae for determination of ta ( or rather t', cp. footnote 
on p. 57) on the basis of the measured 0 18 content of a representative 
snow or ice sample from the accumulation zone of the Greenland ice 
cap thus appear as 

t' = 0.588 LI ~P - 10.4 °C 
or 

t' = 1.22 6 ( annual precipitation) + 12. 7 °C. 
} (29) 

Recently, P1ccIOTTO, DE MAERE and FRIEDMAN (1960) have pub­
lished measurements on precipitation from individual storms on the 
King Baudouin Base in the Antarctic showing the following correlation 
between the 0 18 content and the estimated condensation temperature, 
t, in the precipitating cloud: 

t = 1.1 6 + 7.1 °c. (30) 

In spite of the parameters not being entirely the same as those used in 
the present work, it is interesting that the isotopic temperature effect 
appears to be nearly the same (cp. the coefficients to 6 in Eqs. (29) 
and (30)). 

The mean deviation from line No. 3 of the 9 Greenland ice cap 
measurements (Fig. 20) is only 0.5°C. This regularity provides a method 
for determining the sites of formation of the icebergs emitted from 
West Greenland glaciers (DANSGAARD, 1958). The details of an investiga­
tion of this kind will be given in section 5. 5. p. 84. 

4. 4. 3. Altitude effect. 

Considerable fractionation takes place when precipitation is given 
off under orographic conditions. Process D (p. 46, moist-adiabatic cooling) 
is an ideal case with immediate removal of the condensate and neither 
re-evaporation nor supply of heat. As to the 0 18 depletion, Table 9, 
column 4, shows a mean slope of curve D of 1.3 ppm/° C from 0° to - 20° 
C. This gives an "ideal" altitude effect of - 0.9 ppm/100 m using a lapse 
rate of - 0. 7°C per 100 m increasing altitude. 

This effect accounts for the H 20 18 content in high altitude glaciers 
being very low (DANSGAARD, 1953b). EPSTEIN and SHARP (1959) reported 
the altitude effect in North Greenland to be - 1.8 per mille/1000 ft., 
corresponding to -1.2 ppm/100 m. No further data were given. 
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If the slope of the line 3 ( 1. 70 ppm/° C) is multiplied by the mean 
annual lapse rate in Greenland, -0.74° C/100 m (DIAMOND, 1958), the 
isotopic altitude effect 

- 1.26 ppm/100 m 

is obtained in good agreement with EPSTEIN and SHARP's value. 
In the mid section of Fig. 22, p. 65, a comparison is made between 

the LI a values for monthly precipitation ( cf. p. 65) at the coast station 
Stend (near Bergen, Norway) and the mountain station Fanara.ken 
(altitude 2100 m, 200 km NE of Stend). The altitude effect is evident 
but less than in Greenland. The difference between the mean annual 
temperatures for the two stations is 13.6° C, but the difference in 0 18 

only 9.2 ppm judged from the 14 months in which samples are available 
from both stations (Table IV in the appendix, columns 3 and 4). This 
corresponds to a temperature effect of 0. 7 ppm/° C, i. e. much less than 
the slopes of the lines in Fig. 20. Similarly the altitude effect is only 
- 0.4 ppm/ 0 100 m. A possible reason may be found in the fact that the 
thickness of a precipitating cloud is much greater on the Norwegian 
West coast than in the Arctic. This causes the average lifting of a precipi­
tating cloud in Norway to be relatively low, because only the bottom 
layers of the cloud are lifted corresponding to the elevation of the ground 
while the layers in 5 km height are hardly lifted at all. If this explanation 
is accepted, one should not expect always to find the same altitude 
effect in a given region by investigation of individual orographic rains. 
The variations of the height of the clouds will be reflected by varying 
altitude effect. 

4. 4. 4. Latitude effect in West Greenland. 

If the slope of line 1 in Fig. 20 ( 1.33 ppm/° C) is multiplied by the 
mean temperature gradient along the West Greenland coast ( - 0. 70° C 
per degree latitude, cp . Fig. 29) one arrives at the isotopic latitude effect 

- 0.93 ppm/° lat. 

The H 20 18 contents of West Greenland icebergs also reflect a 
latitude effect of this order ( cf. p. 94). 

4. 4. 5. Seasonal variation. 

RrnsENFELD and CttANG's density measurements (1936b) first indi­
cated winter precipitation to be isotopically lighter than summer pre­
cipitation. This was later shown to be true when speaking of total 
amounts of precipitation from extended periods within the season. As 
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Fig. 22 . Variation of the 0 1• content of the precipitation at 7 stations. 

pointed out on page 55, however, the isotopic composition of the indi­
vidual rains and snows varies widely within the same season, depending 
upon the pre-history of the precipitating vapour. In 1956, EPSTEIN 
reported winter snow falling on glaciers to be lighter in 0 18 than summer 
snow. 0 18 variations in ice were later used for glaciological studies 
(EPSTEIN and SHARP, 1959, EPSTEIN and BENSON, 1959). 

The investigation of precipitation in Copenhagen gave no indication 
for a seasonal variation until a systematic collection of all precipitation 
was started in Feb., 1955. Unfortunately, the samples from two long 
periods in 1955- 56 and in 1957 were spoiled by evaporation. 

In Tables II, III and IV in the appendix the individual measure­
ments are stated for a number of stations. For some of these stations 
the unweighted means of two months are plotted as dots in Fig. 22. 
Open circles are used in cases where the samples do not represent two 
calender months. Squares refer to precipitation in one month only. 

The 0 18 content of the precipitation is seen to vary seasonally. 
As is the case for the air temperature, the 0 18 variations are relatively 
small (5- 10 ppm) for stations with maritime climates like Valentia, Rey­
kjavik and Thorshavn; somewhat higher (10- 20 ppm) for stations with 
semi-continental climates like Copenhagen and Ultuna; and relatively 
high (20- 30 ppm) for stations with continental and/or high arctic cli­
mates like Chicago and Station Nord. 

165 5 
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The flutter, which characterizes the Copenhagen curve for the first 
9 months of 1959, is probably due to the unusual climatic conditions 
prevailing in this period. Long spells of drought occurred in Feb.-Mar., 
May-June and Aug.-Sep. In the same months (except Aug.) the sparse 
precipitation was relatively high in 0 18 for the season, whereas it was 
relatively low in April and July with excess precipitation. This corre­
lation may be ascribed to relatively high evaporation from the drops 
in rain with low intensity and falling through dry air. In April and July 
and the dry August most of the precipitation fell with high intensity 
and probably little loss and fractionation due to evaporation from the 
drops. 

As another reason for the effect, one might think of relatively high 
evaporation from the collector in the dry months. This is unlikely, 
however, since the Copenhagen collector was emptied once a day and, 
furthermore, no increased effect was observed at the neighbouring station, 
Lyngby (Table II in the appendix), where the collector was emptied 
only once a month. 

4. 4. 6. Individual periods of precipitation. 

As pointed out above, one ought to take care in drawing conclusions 
from measurements on individual rains or snows. Such measurements 
are widely scattered owing to the influence of numerous meteorological 
parameters. Nevertheless, it is possible to deduct some common features 
for characteristic kinds of precipitation processes, and in special cases 
even to treat the phenomena quantitatively with some degree of success. 

HARADA and TITANI (1935) found that the density of a rain of long 
duration decreased during the period. TEIS (1939) found that the density 
passed a minimum. 

4. 4. 6. 1. Warm fronts. 

A warm front (AB in Fig. 23) is characterized by an inclined plane 
separating a moist, relatively warm air mass from the underlying cool, 
dry air. 

DANSGAARD (1953) investigated the rain from a warm front, which 
passed Copenhagen on June 22, 1952. The upper part of Fig. 24 shows 
schematically the atmospheric conditions at the place of collection as 
a function of time. In the lower part, the sections of horizontal lines 
indicate the periods of time during which precipitation occurred. The 
showers preceeding the warm front showed a uniform 0 18 content of 
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Fig. 23. Schematic drawing of a warm front. The arrows indicate moving air 
particles. 
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Fig. 24 (From DANSGAARD, 1953). Isotopic variation of the precipitation in Copen­
hagen during the passage of a front system. The weather situation is indicated in 

the upper part of the figure. 

the rain, whereas the rain of the warm front showed a sudden decrease 
followed by an increase in 0 18. These changes may be explained qualita­
tively in the following way: The first rain from the front fell at 12 o'clock 
on the 22nd. It came from the uppermost part of the front, in other 
words, from air, which had already lost a considerable amount of H 20 18 

by condensation during the long ascent along the front. 7 hours later 
the rain was richer in 0 18 because it came from the middle section of 

5* 
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the front, where the air had lost less H 20 18, and so forth. The 0 18 content 
of the rain changed 16 ppm during the passage of the warm front. 

The very first warm front rain (sample 6) was not the lightest one; 
perhaps it was owing to this rain being exposed to vigorous evaporation 
during the relatively long fall through the relatively dry air. If this 
explanation is accepted, one may get a better value for the rain from 
the uppermost part of the front, at the time it was released from the 
cloud, by drawing a straight line through Nos. 12 and 7 and moving 
No. 6 downwards to intersection. This procedure gives a total change 
m 0 18 of 22 ppm. 

If the condensation along the warm front is considered as a process 
of type D ( condensation by moist-adiabatic cooling in equilibrium 
with water, p. 46), the procedure described on p. 46 can be used for 
calculation of the isotopic variation of the precipitation. At the basis 
of the cloud (200 m height) the pressure was approx. 1000 mb and the 
temperature 10° C, which for saturated air corresponds to a mixing 
ratio, m0 , of 7. 76 g H 20 /kg air. At the top of the cloud ( approx. 4000 m 
height), the pressure was approx. 615 mb and the temperature - 14° C, 
which for saturated air corresponds to a mixing ratio, m, of 2.12 g 
H 2O/kg air. a~ = 1960 ppm, m, m0 and IX = 1.0114 (the mean value of 
IX in the temperature range + 10 to -14° C) are inserted in equation (25) 
p. 45, which gives 

av ,= 1960 (2.12/7.76) 0•0114 = 1931.5 ppm. 

With IX = 1.0102 5 and 1.01278 at +10 and -14° C, respectively, equation 
(28), p. 46, then gives 

aZ.: - a~v = 24 ppm. 

This is more than both the directly measured (16 ppm) and the semi­
empirically determined variation (22 ppm). However, it should be born 
in mind that the average cooling of the precipitating air is probably 
less than the temperature difference between the basis and the top of 
the cloud, because some of the precipitating air enters the cloud at 
higher levels than 200 m (Fig. 23). In such air the condensation starts 
at relatively low temperatures, and the moist-adiabatic cooling of this 
air is, therefore, less than for the air entering the cloud at lower levels. 
This is actually the same effect as mentioned in connection with the 
fractionation in orographic rain (p. 64). Another contributing reason 
for a~~ - a~ being less than calculated is that the condensate is not 
removed immediately from the vapour phase. 
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In a weak warm front the fractionation due to evaporation from 
the falling drops can easily overcompensate the lifting effect. This is 
demonstrated by the case described below: 

Fig. 25. Map on the weather situation in the North Sea region for 1957, Feb. 8, 
0600 GMT. (From Daily Weather Report issued by the Danish Meteorological 

Institute). 

On Feb. 8, 1957, a rather weak warm front approached Copenhagen 
from SW followed by a warm, stable, precipitating, tropical air mass 
(Fig. 25). The upper part of Fig. 26 gives the weather situation at the 
place of collection as a function of time; the middle section gives a 
record of the amount of precipitation; and the lower section the 0 18 

content of the rain. 
The reasons for the decrease of L1 a at the beginning of the pericd 

could be that ( 1) the evaporation from the falling drops decreases with 
time as the cool air gets more and more humid, and (2) that mixing 
takes place between the warm and the underlaying cool air. 

As to (2), the cool air contains vapour, which has not been depleted 
in H 20 18 during a condensation process, and would thus add isotopically 
heavy vapour to the upper part of the front. This effect is probable' in 
connection with a cold front, as estimated by EPSTEIN (1956), but most 
unlikely in cases with stable air like those described in the above. 

The increasing 0 18 values after the passage of the warm front reflect 
the fractionation in the warm air during its horizontal passage through 
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the cloud. The air underwent an approximate isobaric cooling from 8 
to 4°C at the ground and from 5 to 1 °C in 500 m height. Using formulae 
(26) and (28) with a~ = 1960 ppm 

a~(t0 ) - a~(t) = 6 ppm 

m reasonable agreement with the measured 8 ppm. 
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Fig. 26. Isotopic varia tion of the precipitat ion (lower section) fallen in Copenhagen 
during the passage of the front system shown in Fig. 25 . The amount of precipitation 
is shown in the mid section. The upper section gives the weather situation at the 

place of collection. 

4. 4. 6. 2. Showers. 

A shower is a phenomenon caused by instability in the atmosphere. 
Over land it most frequently occurs in the summer due to intense heating 
of the air close to the ground. If the air is sufficiently humid, the rise 
causes condensation of the vapour, whereby the latent heat of conden­
sation is liberated. If the vertical temperature gradient in the resulting 
moist-adiabatic process is less than that in the surrounding air, the process 
will continue and a cumulus cloud is established. 

When the falling drops leave the basis of the cloud they begin 
evaporating with intensities depending upon the relative speed, the 
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temperature and the humidity of the rising air. A part of a given drop 
may reach the ground as rain whereas the rest of it re-enters the cloud 
as vapour. Thus a cumulus cloud works in principle as part of a distillation 
column. 

Fig. 27. Sketch of a cumulus could. The arrows indicate the movements of the air. 
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Fig. 28. Isotopic variation of rain from 12 showers. The figures under each section 
indicate the year, month and date of collection. 

Fig. 27 is a sketch of a cumulus cloud, the arrows indicating the 
paths of the incoming air. 

In Fig. 28 is shown some differentiated measurements on rain from 
12 showers. In 9 cases, the heaviest rain was that falling in the beginning 
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of the period in question. In 7 cases, a significant increase in 0 18 content 
was observed at the end of the period. 

An explanation may be found by imagining the cloud in Fig. 27 
passing the collection place A from the left to the right. There are three 
contributory reasons for the first rain at A to be relatively heavy: 

1. It originates mainly from the first stage of the condensation 
process in the air rising at the front of the cloud. 

2. The drops fall through relatively dry air and are, therefore, 
subjected to considerable evaporation and enrichment in H 20 18. 

3. Owing to the great wind velocities, the evaporation from the 
falling drops takes place under non-equilibrium conditions, i. e. 
with high values of o,:. 

There are two possible reasons for the low 0 18 content in rain from 
the middle of the cloud . Firstly, such rain mainly originates from higher 
levels, i. e. from vapour, which has already been depleted in H 20 18. 

Secondly, the drops fall, even after having left the basis of the cloud, 
through air with high humidity; i. e. the evaporation and, therefore, 
the attached enrichment are small. A possible effect analogue to the 
fractionation taking place in distillation columns is thus overcompen­
sated by the first of the above mentioned effects. 

At the back of the cloud the conditions are similar to those at the 
front. Therefore, isotopically heavier rain is often given off from this 
part of the cloud. However, such rain is not as heavy as that from the 
front of the cloud because of less evaporation from the falling drops. 
This, in turn, may be owing to lower velocity and higher humidity of 
the air entering the cloud from behind. 

A variation as described in the above could not be expected, naturally, 
if A is passed only by the peripherical part of the cloud. 

Also the 0 18-content of the total amount of rain given off at a given 
location from a passing shower highly depends on the distance from 
the path of the center of shower. In Table V in the appendix the two 
samples collected on July 26, 1959, represent the total amount of rain 
from the same shower collected at locations 9 km from each other and 
at the same altitude. The 0 18 difference is 4. 7 ppm. 

No close relation has been found between variations in the drop 
size and the 0 18-content. However, this should not be taken as an evidence 
for the evaporation from the drops being of little importance, since the 
drop size is dependant on several other factors, such as the number 
of drops per unit of volume and the size distribution of the drops in 
the cloud. 

Below is given an estimate of the depletion of liquid from a drop, 
which is necessary if the evaporation alone should account for the biggest 
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increase of the 0 18 content observed in rain from a shower (10.4 ppm, 
June 8, 1958). For rx is used 1.02, taking into account the probable non­
equilibrium conditions. a~ is approx. 1970 ppm. Formula (17) p. 41 
then gives: 

Thus an evaporation of only 24°/ 0 would account for the whole 0 18 

variation in this extreme case. The actual evaporation is probably less 
because of the other contributory reasons for the 0 18 variation mentioned 
on p. 72. 

Below it is shown that an evaporation of the above-mentioned 
order can easily occur. KINZER and GuNN (1951) have calculated the 
mass evaporation rate of freely falling drops: 

dq ( Ka) dt = 4naD 1 + s (ea -eb)g/sec, 

where a is the radius of the drop, K is a dimensionless factor, S is the 
thickness of the transition shell outside the drop, D is the coefficient of 

Table 12 . 
Evaporation from falling drops. 

1 
I 

2 
I 

3 I 4 
I 

5 I 6 I 7 I 8 9 10 
I 

Rate of evaporation, dq/dt in ng/sec Fall 
Drop 

Ambient temp. 0° C I Ambient temp. 20°0 
Terminal before 

diam. 4o velocity 100 °/0 

2acm 
Relative humidity I Relative humidity µg m/sec evap. 

90 "lo 1 70 "lo I 50 • 1. I 90 • 1. I 70 • 1. I 50 • 1• m. 

0.01 5.8 17 29 13 36 62 0.52 0.27 
0.03 33 98 170 76 220 380 14.0 1.17 
0.10 190 580 980 440 1300 2200 524 4.03 
0.30 1300 4000 5400 2900 8500 14000 14100 8.06 

Time in sec for 20"/o evaporation 

0.01 18 5.9 3.6 8.1 2.9 1.7 
0.03 86 29 17 37 13 7.4 
0.10 550 180 107 240 81 48 
0.30 2200 710 520 970 330 200 

Fall in m before 20 °/ 0 evaporation 

0.01 5 1.6 1.0 2.4 0.8 0.5 150 
0.03 100 34 19 43 15 8.7 
0.10 220 74 43 97 33 19 42000 
0.30 1800 570 420 780 270 160 
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diffusion; ea is the saturated vapour density at the surface of the drop 
and llb is the vapour density of the environment. 

The upper section of Table 12 gives dq/dt for various drop sizes 
and humidities at a total pressure of one atmosphere. In column 8 and 9 
are recorded the mass, q 0 , and the terminal velocity, v, of drops freely 
falling in air with pressure one atmosphere, temperature 20° C and hu­
midity 50¼ (after GuNN and KINZER, 1949) . 

On this basis, the approximate time and distance of fall before 
evaporation of 20 °/ 0 of q 0 are calculated (middle and lower section of 
Table 12). The distance of fall before complete evaporation (at pressure 
900 mb, temperature 5° C and humidity 90 °/ 0 ) is given in column 10 
for two drop sizes (after FrNDEISEN , 1939). 

The distance of fall before 20°/ 0 evaporation is seen to vary from 
10 to 200 m for drops of middle size. In actual cases with different drop 
sizes in the same air and, consequently, different velocities of fall the 
situation is complicated by collisions between the drops. However, the 
observed isotopic changes during showers may, evidently, be explained 
by evaporation from falling drops. 

4. 4. 8. 3. Comparison between warm f ronts and showers. 

The mechanism of the release of precipitation from a shower is 
to some degree analogous to that used in fractionation columns for 
artificial enrichment of 0 18 in water: Upward vapour passes down­
ward liquid. This effect would give shower precipitation a tendency to 
average to a higher 0 18 content than warm front precipitation. However, 
since shower precipitation is often of high intensity, evaporation from 
falling drops having left the cloud probably constitutes an effect of the 
opposite tendency: Less percentage loss of water from the relatively big 
drops in showers corresponds to less enrichment. To this it may be 
added that the upward air in a shower is usually moist-adiabatically 
cooled to a higher degree than that in a warm front , which is another 
possible reason for shower rain to be isotopically lighter than warm 
front rain. 

The shower activity over land is mainly a summer phenomenon. 
Sampling of warm front rain for comparison with showers should, 
therefore, only be carried out in the summer, owing to seasonal variation. 
This was not taken into consideration in the comparison reported by 
DANSGAARD (1954), which showed a higher mean value for showers 
than for warm fronts. The reason for the difference could be that the 
warm fronts were sampled all the year round, whereas the showers 
were sampled only in the summer and fall. 
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In Table V in the appendix measurements are stated on 11 warm 
fronts and 37 showers all sampled in the months of May to August. 
The means are 27.2 ± 1.2 and 24.9 ± 0.8 ppm. The difference is hardly 
significant. 

4. 4. 6. 4. Cold fronts. 

A cold front appears when a cold air mass replaces a warm one. 
The cold air pushes its way under the warm air which is lifted up causing 
a formation of cumulus clouds. This event is much more violent than 
the warm front process. EPSTEIN (1956) has reported a detailed investiga­
tion of the precipitation given off during the passage of a cold front. 
Precipitation was collected in the Western part of the United States 
at several locations with different altitudes and distances from the coast. 
The rain got heavier in 0 18 as the cold air advanced from the north. 
The rain falling at high altitudes was relatively light in 0 18. At a given 
location the 0 18 content of the rain in most cases passed a minimum 
shortly after the middle of the period. The isotopically heavy rain at 
the end of the period was ascribed to an increasing contribution of the 
vapour from the cold air mass to the precipitation. 



5. INVESTIGATIONS ON GLACIER ICE 

A glacier constitutes an enormous natural collector in which precipi­
tation is accumulated layer by layer. During several decades glaciers 
have been the object of extended studies, not only because of their 
capacity as reservoirs of water power in many cases, but also because 
their physical and chemical properties reflect past and present climatic 
conditions. 

In the preceeding chapter it has been pointed out that the variations 
in the heavy isotope content of water is very pronounced in the polar 
regions. Isotope investigations are, therefore, especially promising there. 

Some of the possibilities for isotope studies on glacier ice were pointed 
out by DANSGAARD (1954, 1958) and EPSTEIN (1956). EPSTEIN and SHARP 
(1959) used especially the altitude effect for an investigation of the Malas­
pina and Saskatchewan glaciers, and EPSTEIN and BENSON (1959) showed 
the seasonal variation in 0 18 to be preserved in the Greenland ice for 
many hundred years. GoNFIANTINI and P1ccroTTo's data (1959) from 
the King Baudouin base in the Antarctic indicated an 0 18 variation in snow 
of approx. 32 ppm, corresponding to an observed temperature variation 
of 20° C. The 0 18 measurements gave, furthermore, indications that the 
drift-snow does not come from very far South. 

5. 1. Main features of the geography and the glaciology 
of the Greenland ice cap. 

Next to the ice cap of Antarctic the Greenland ice cap is the largest 
glacier in the world. Fig. 29 is a map of Greenland. The dashed curves 
are contours of elevation. The ice cap covers 80 °/ 0 of Greenland or an 
area of 1.7. 10 6 km 2 and extends from 61 ° N to 82° N, a distance of 
2300 km, while the width from West to East varies from 300 km in 
South to 800 km in the regions North of 70° N. 

The altitude of the surface averages 2135 m (BAUER, 1954) and 
reaches 3200 m on the so-called northern dome. In North and Mid 
Greenland the ridge runs between the 38th and the 42nd degree of 
longitude leaving a 500 km long slope with increasing inclination down to 
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Fig. 29 (From DIAMOND, 1958). Map of Greenland made on the basis of a map 
issued by the Danish geodetic Institute, 1957. The thin curves on the ice cap are 
contours of elevation. The thick curves are drawn through locations with equal 

temperature 10 m below the surface. 

the west coast. On the southern dome the altitude reaches 2800 m. 
The ridge runs towards SSW between the 42nd and the 45th degree of 
longitude leaving a western slope of 200 to 300 km length. 

Disregarding the outlet glaciers, the western edge of the ice is located 
at elevations of 500 to 1000 m in South and Mid-Greenland, while in 
North Greenland the ice reaches the sea level over long distances, e. g. 
in the Melville Bay. 

The thickness of the inland ice has been intensively studied, especially 
by the "Expeditions Polaires Francaises". From the data given by 
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Fig. 30 (From DANSGAARD , NrnF and RoTH, 1959). Isotopic variation in an ice chunk 
extruded from the Ingnerit glacier, West Greenland. The samples were collected along 

a line perpendicular to parallel layers of clear ice. 

HoLTSCHERER (1954), it appears that the ice is more than 3000 m thick 
over large areas in Central Greenland. 25 °/ 0 of the bedrock is below the 
sea level (BAUER, 1954). 

In West Greenland the elevation of the firn line (the limit between 
regions with accumulation and regions with ablation) varies from approx. 
1200 m in the Melville Bay to approx. 1800 m in South (BAUER, 1954). 

Thus a picture emerges of Greenland as a rocky bowl heaped with 
ice, which here and there overflows the rim due to continuous net supply 
of material. As a logical consequence of the model, the material balance 
of the ice cap arises as one of the most important problems of the Green­
land glaciology. The accumulation and ablation at the surface, and the 
velocities and the paths of the ice flowing from the sites of formation to 
the coastal glaciers are all various sides of this main problem. 

5. 2. Isotopic stratification. 

EPSTEIN and BENSON (1959) demonstrated a periodical variation 
of the 0 18 content of the ice with depth at two sites in North Greenland. 
DANSGAARD, NrnF and RoTH (1959) investigated a West Greenland 
ice chunk, which was part of the ice later referred to as the Ingnerit ice 
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Fig. 31. 0 1• variation with depth in a temperate glacier on the Disko island , 
West Greenland. 

(dating sample V, Table VII). If the clear ice layers (Fig. 30) are accepted 
as indications for part of the summer precipitation, the seasonal variations 
in deuterium as well as in 0 18 are shown to be preserved in the ice during 
several hundred years. The values of the clear ice layers are the highest, 
which most probably is owing to evaporation from the wet summer 
snow at the time of formation of the ice. 

In temperate glaciers seeping melt water may blur the picture in some 
respects. If the water is not drained off, it will be mixed up with the 
snow and thus add water to these layers with an isotopic composition 
different from that of the snow. On the other hand , isotope analysis of 
the various layers during the melting season might be a useful tool for 
investigation of the material balance in such glaciers. 

On August 4, 1958, samples were taken along a vertical line in a pit 
dug in a small, temperate glacier at Narssak, Disko Island, Greenland 
(69°53.5' N, 52°58' W, altitude 750 m) . The distance between some 
distinct layers of dust (inclination 22°) were taken as indications for 
the net annual accumulation, as the dust is probably caught by the 
wet snow in the summer. 

The 0 18 variations are shown in Fig. 31 as a function of depth. 
Relative maxima occur in all the dust layers. This may reflect the re­
mains of the seasonal variation. If so, the melt water seems to have 
smoothed the variations so much that they can hardly be used for 
determination of the net accumulation. However, a more detailed samp­
ling might give a more favorable picture. 

The isotopic stratification of glacier snow and ice raises the problem 
whether the ice cap samples referred to in Fig. 20 are representative 
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for the mean annual 0 18 content of the precipitation at the locations 
of collection. The ideal reference sample should include all the material 
accumulated during a whole and high number of years. Such samples 
have not been available. However, it seems that the mean value of 
several samples might serve the purpose. In Table VI (appendix) some 
details are given on the South Greenland samples referred to in Fig. 20. 
They were collected by U.S. Snow, Ice and Permafrost Research Estab­
lishment in July-August , 1959. For each location the individual measure­
ments are very scattered, even within the same season. The standard 
deviations are indicated in Fig. 20. The value of the SIPRE station 
Site 2 in North Greenland originates from a deep bore hole. The sample 
was taken 100 m below the surface and represents 1. 77 m of ice or 
3-4 years accumulation about 1800 A.D. 

5. 3. The movements of the ice. 

The mode of movement of glacier ice is still a matter of conjecture. 
During many years great efforts have been made in order to clearify 
the problem by laboratory experiments, theoretical considerations and 
field observations. The literature on these subjects has grown to such 
a degree that a covering review would exceed the frames of the present 
work. Reference is, therefore, made to reviews by ScHOUMSKY (1957), 
WoRTH (1957), GLEN (1959) and, as regards the recent scientific activity 
on the Greenland ice cap, FRISTRUP (1959). At this place only a few 
lines will he given on some of the most important papers. 

The old sliding hypothesi,: (fast postulated by ALTMANN, 1751) 
attributed the movement of a glacier to sliding like a block over its bed 
(owing to gravity), often luhricat8d by melt water. Differential move­
ments within the ice were not taken into consideration by this theory. 

The granular theory (CHAMBERLIN, 1895, and others) supposes the 
individual grains to he the mechanical units of motion. The flow proceeds 
along the intergranular surfaces of least resistance under continuous 
recrystallisation and change of the size and relative positions of the 
grains. 

The glide plane theory (PHILIPP, 1914, and others) ascribes the 
motion to slips along multitudinous glide planes. The ice is broken 
into blocks, which move like big, solid bodies (Block-Schollen flow). 
This theory explains the existence of high velocity gradients, and Block­
Schollen flow has very recently been supposed to exist in the extremely 
fast streams of ice in West Greenland (BAUER, 1960a). 

The extrusion theory (STREIFF-BECKER, 1938, DEMOREST, 1942) 
is based upon the assumption that hydrostatic pressure influences the 
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physical properties of ice so that the rate of flow increases with the 
depth under the ice surface. Flow rates increasing with depth have 
been observed by HAEFELI (1958) under the special topographic con­
ditions prevailing at J ungfraujoch; however, extrusion flow can not exist 
in the Greenland ice cap, because an ice cap moving under such con­
ditions could not be in statical equilibrium (NYE, 1952c). 

The plastic theory (first put forward by FoRBES, 1853) ascribes 
the ice movement to mechanical properties of ice analoguous to those 
of metals beyond the yield point. In the modern form of the theory 
(e.g. NYE, 1952a, 1957, 1958) the assumptions are made in agreement 
with the results obtained by laboratory experiments (GLEN , 1955, RIGSBY , 
1957, STEINE MANN, 1958, and others) . According to these experiments, 
ice behaves like an elastic material to small and brief stresses, whereas 
it yields under the influence of prolonged stresses. So far, no treshold 
value has been observed for the stress requisite to cause yielding. 
In 1955 GLEN found the following relation between the strain rate , 
s year- 1, and the shear stress, a bar: 

(30) 

where k and n are constants; n is about 4 over the stress range 1- 10 
bars and at temperatures just below the melting point. The flow rate 
decreases with temperature. The value of n is equal to 1 for a purely 
viscous liquid, whereas the stress must exceed a certain value to cause 
flow of an ideally plastic material (n - oo ). Ice is often called a quasi­
viscous or a pseudoplastic material. 

Hydrostatic pressure has no influence upon the flow law, but uni­
axial compression perpendicular to the stress makes the strain rate 
increase (STEINEMANN, 1958). 

In case of a big, flat ice mass like the Greenland ice cap laying on 
a practically horizontal bed, the pressure is high, whereas the flat shape 
causes small stresses originating from gravity. In other words, it is the 
flow law in the the low stress range, which is of interest here. Unfortunate­
ly, this range is difficult to investigate experimentally owing to the 
long periods of time involved. 

Theoretical considerations based upon assumptions in accordance 
with the laboratory experiments have in many cases fully explained 
fenomena observed in natural ice masses (NYE 1952a, 1957, 1958, 
and others). However, NYE'S attempt (1952b) to calculate the profile 
of the Greenland ice cap was only partly succesfull (BRUCE and BuLL, 
1955 ), possibly because the flow law is hardly as simple in the low 
stress range as indicated above. Thus, MEIER's thorough investigation 
of the Saskatchewan glacier (1960) pointed on the necessity of adding 

165 6 
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another term in the flow law owing to grainboundary creep {JELLINEK 
and BRILL, 1956): 

(31) 

i 0 and a0 being the octaedral strain rate and shear stress {k 1 = 0.018 bar- 1 

year-1, k 2 = 0.13 bar- 4•5 year- 1, n = 4,5). Accordingly, the ice would 
seem to be more viscous (i. e. higher e) at low stresses but more platic 
at high stresses than hitherto assumed. For a = 10-2 bar, (31) gives a 
value of i:, which is five orders of magnitude higher than the i:-value 
obtained with k 1 = 0. MEIER found, consequently, a remarkably fast 
decrease of the flow rate with increasing depth. 

The knowledge of the physics of ice is still so limited and the stress 
systems in glaciers are often so complex that a simple "theory could 
only be made to cover all the known facts by straining both the facts 
and the theory" {BEILEY, 1921). 

Measurements of the physical conditions prevailing in the Green­
land ice cap are still rather sparse disregarding the outlet glaciers. This 
is owing to its inaccessibility and also to its enormous dimensions, 
which, e. g., makes the establishment of a geodetic profile very difficult, 
not speaking of the measurement of the flow rate far below the sur­
face. The Expeditions Polaires Francaises (E.P.F.), 1948-55, the U.S. 
S.I.P.R.E. and the Expedition Glaciologique Internationale au Groen­
land (E.G.I.G.), 1957-60, have all given weighty contributions to 
the solution of many problems. E.G.I.G.'s geodetic measurements in 
1959 will be repeated in a few years and then throw much light on 
the problem of the flow rate of the ice in the drainage area of the 
J akobshavn glacier. 

Several calculations have been made of the time needed for the ice 
to reach the coast. HEss (1904) stated that "eine einfache Rechnung 
belehrt uns, <lass die Schneemengen, welche nahe an der von Nord nach 
Sud <lurch Gronland ziehenden Eisscheide anfallen, hochstens 2000 bis 
3000 J ahre brauchen um als Bestandteile von Eisbergen in einen Fjord 
zu schwimmen". The age was obtained by simply dividing the total 
volume of the ice cap by the total annual accumulation. According to 
BAUER (1960b) the recent measuremens made by the E.P.F. give 

2.35. 10 6 km 3 

------ = 5.300 years, 
446 km 3 /year 

which is rather to be considered as an average value for the whole mass 
of ice assuming all ice to be replaced with the same frequency. Several 
authors have given strong indications for the existence of very fast ice 
streams (velocities up to 30 m per day) discharging into the glaciers at 
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Jakobshavn, Umanak and Upernavik. As regards the rates of flow the 
presence of ice streams allows the possibility that one piece of ice formed 
in an ice stream needs much shorter time for reaching the coast, than 
another piece of ice formed at the same distance from the coast but 
far from an ice stream. However, the westward movement in the 
marginal zone seems to be considerable even far from proper ice streams. 
Thus, by studying air photographs taken with an interval of 4 years 
WEIDICK (1960) observed displacements of moraines corresponding to 
approx. 25 m per year at the margin just South of S0ndre Stromfjord 
air base. 

The activity of the J akobshavn glacier is enormous (650 m 3 per sec. 
BAUER, 1960), so its area of drainage must cover most of the ice cap 
in Mid Greenland. BAUER (1960a) considered it a circle section (radius 
305 km) with the glacier outlet in the center. Under the assumptions 
of ( 1) material balance of the ice cap and (2) the velocity being inde­
pendant on depth BAUER used data on accumulation and ablation and 
calculated the velocity distribution along a radial path giving 10, 25, 
50, 100 and 200 m per year at the distances 55, 110, 150, 190 and 250 km, 
respectively, from the periphery. 

HAEFELI (1960) calculated the horizontal component of the mean 
profile velocity, vxm, along a SW going line towards Jakobshavn. He 
considered a 175 km wide and 525 km long drainage area. The rockbed 
was assumed to be horizontal. The value of vxm was calculated to 10, 
25, 50 and 100 m per year at the distances 60, 150, 260 and 400 km 
from ice divider. 

As regards the vertical components of the paths of the ice, one 
consequense of HAEFELI 's procedure is that the ice formed in Central 
Greenland would seem to sink down to great depths and only come to 
the surface again close to the outlet. If so, ice formed near the ice 
divider must be many thousand years old when it appears as icebergs 
(HAEFELI, 1960a, estimates up to 100,000 years) only because the annual 
accumulation is no more than a 0.1 per mille of the depth of the ice 
cap. On the other hand, in case of a more superficial flow on top of a 
large mass of relatively stagnant ice the discharged ice would be relatively 
young, whereas the ice close to the bed rock must be much more than 
10,000 years old. 

Methods for determination of the age and the origin of the ice­
bergs would, naturally, be of great help for the investigation of the 
dynamics of the ice cap. In the sections 5.4 and 5.5 an attempt to eva­
luate such methods will be described. 

6* 
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5. 4. C14 dating of icebergs in West Greenland. 

On the Arctic Institute Greenland Expedition 1958, 11 icebergs 
were sampled for C14 dating. The background, the sampling technique, 
the sources of error and the results of this investigation will be described 
in details by ScHOLANDER, DANSGAARD, NUTT, DE VRIES, COACHMAN 
and HEMMINGSEN (1961). The main points are given here, because this 
matter has a close connection to the next sections. 

Glacier ice contains bubbles with atmospheric air trapped at the 
time of formation of the ice. C14 dating of the CO 2 content of the bubbles 
should thus give the age of the ice. 11 samples of ice (6-16 tons each 
sample) from 10 West Greenland glaciers were melted in evacuated 
containers, and the released gases passed through a CO 2 absorber. 

In Table VII ( appendix) some characteristics and measurements 
are given on the 11 dated ice samples. The data in columns 8 and 9 
(volume of gas at NTP relative to that of the ice and the percentage 
content of CO 2 in the extracted air) are taken from ScHOLANDER, HEM­
MINGSEN, COACHMAN and NuTT (1960). 

The datings are given in column 10. They range from close to zero 
to 3100 years ± 150 years. Only two of the 11 samples were older than 
1000 years. 

In several cases the air released from the ice had relatively high 
CO 2 contents compared with atmospheric air. However, even if all 
surplus of CO 2 were of recent date none of the investigated icebergs 
could be older than 4700 years and only 3 older than 2000 years. 

5. 5. Determination of the region of formation of 
West Greenland icebergs. 

The contours of elevation in Fig. 29 show the shape of the accumul­
ation zone of the ice cap to be very smooth with only a slight inclination 
of the surface. This is reflected by the regular course of the curves through 
locations with the same mean annual air temperature. The heavy curves 
in Fig. 29 show the distribution of the temperature, t', 10 m below the 
surface (cf. footnote p. 57). 

The procedure by determining the region of formation of an ice­
berg is now quite simple: 

1. the LI a value representing the 0 18 content of the iceberg is found, 

2. the temperature t' at the place of formation is found by using 
the correlation between LlaP and t' (Eq. 29, p. 63). The estimated 
accuracy is ± 1 ° C. 
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3. The possible region of formation is obtained from Fig. 29 as 
the' strip of the ice cap limited by the t' + 1 and the t' - 1 ° C 
curves. 

If the distance, d, from the outlet of the glacier to the closest point 
of the t' curve is measured, d should be considered as the minimum 
distance passed by the iceberg in question owing to a possible component 
of the path parallel to the isotherms. 

5. 5. 1. Sources of error. 

Due to the high solubility of CO 2 influx of even small amounts 
of melt water from the low altitude zones might change the C14 content 
of the ice considerably. As to the 0 18 content such influx also constitutes 
a source of error but of less importance. Thus, addition of as much as 
5 °/ 0 melt water from snow at a low altitude location (t' ~ -10° C) to 
ice from high altitudes (t' "" - 30° C) would cause an error of only 1 ° C 
on the estimated t' value for the ice. 

Other possible sources of error are deviations of the present climate 
and the shape and altitude of the ice cap from those at the times of 
formation of the icebergs. If the climate has become warmer or if the 
altitude of the ice cap has become lower since the time of formation of 
a given iceberg, the distance d would seem to be overestimated using the 
method described. 

However, considerable error on the determination of d cannot 
arise owing to a general climatic change, i. e. a temperature change of 
the ice cap and, at the same time, a similar temperature change of the 
part of the ocean, which directly influences the climate on the ice cap. 
Such general climatic changes will, namely, not alter the geographical 
0 18 distribution on the ice cap, because the heavy isotope distribution 
in the natural distillation column (p. 52) depends primarily upon the 
temperature differences in the column and only negligibly upon the 
absolute temperatures. Consequently, even though the obtained t' 
values would be wrong, the use of them in the way described would 
still give the correct d values. Let us, for example, consider an iceberg 
with an 0 18 content n ppm below that of ocean water. Supposing that 
the 0 18 content of the ocean has remained constant, this corresponds to 
the same temperature difference, L'.l t ° C, in the natural distillation column 
at • any time, regardless of possible overall temperature changes in 
the column. Furthermore, if we consider the shape of the ice cap at 
the latitude in question to have remained constant, L'.l t is a certain 
function of the distance from the West coast, again regardless of possible 
overall temperature changes. 
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Thus, only a change of the ice cap temperatures relative to that of 
the influencing part of the ocean could affect the .distance determina­
tions. Such relative change could be caused by variations in the altitude. 
A decrease in altitude of 250 m corresponds to an increase in relative 
temperature of approx. 2° C, which would cause an error of approx. 
25 °/ 0 on d, judging from the isotherms in Fig. 29, p. 77. However, recent 
investigations by WEIDICK (1961), argues strongly against considerable 
changes of the altitudes. In this connection it should be mentioned that 
if some ice is found with a representative LI a value well below - 37 ppm 
(corresponding tot' = ta = -32°C) such ice must originate from a period 
with lower relative temperatures (e.g. owing to higher altitudes of the 
ice cap) than at present since - 32° C is the lowest mean annual air 
temperature on the ice cap today. Dating of such ice would, naturally, 
be very interesting. 

If the correlation between LI aP and t' is used as described, the re­
ference samples from the ice cap as well as the iceberg samples ought 
to include the accumulation of material from a whole number of years. 
Otherwise the seasonal variation might cause serious errors. However, 
such sampling technique is not applicable on icebergs, as no mean is 
available in the field for determination of the annual accumulation. 
The probable elimination of this source of error will be described in the 
next subsection. 

Possible fractionation by evaporation from wet snow has no in­
fluence, as this effect is involved in the LI a values of the reference samples 
from the ice cap (Fig. 20). 

Finally, the possibility of . pollution with sea water should be con­
sidered. Sea water might seep into and freeze mainly as clear ice in 
cracks or crevasses in the ice at the glacier front. This was tested in 
one case: In Bredef j ord some 100 small pieces of white ice were collected 
from the water just in front of the glacier and melted after wiping. 
The 0 18 content of the melt water mixture was - 4.1 ppm. Another 
mixture of numerous small pieces of clear ice had LI a = - 4.0 ppm 
showing that this kind of ice is refrozen melt water from the glacier; it 
does not originate from sea water, which has seeped into crevasses in 
the glacier ice. 

5. 5. 2. Sampling technique. 

The annual accumulation in North and Mid-Greenland is of the 
order of 20 to 60 cm of ice (BENSON, 1960). Sampling of blocks of ice 
with dimensions less than this has, therefore, hardly any significance. 
The greater the dimensions of the block the less will be the probable 
error. 



II The Isotopic Composition of Natural Waters. 87 

The situation was ideal for the sampling of the amounts of ice 
used for dating. It was carried out by extracting some 50 cm 3 of the 
melt water from every second pot (each containing approx. 70 1 of water). 
This gave a mixture of water, the isotopic composition of which was 
the true mean of that of several tons of ice. On top, this ice consisted 
of many blocks collected from various parts of a much larger amount 
of ice. The evaporation from the pots during the melting was of the 
order of magnitude of 0.02 °/ 0 and, thus, caused only negligible fraction­
ation. Neither is the avoiding in some cases of broad stripes of clear 
ice considered as a serious source of error, because this ice hardly in 
any case amounted to 1 °/ 0 of the melted ice; furthermore, the isotopic 
composition of the clear ice layers does not deviate very much from the 
mean (Fig. 30, p. 78). 

Other sampling methods are discussed in section 5. 7., pp. 91-94. 

5. 5. 3. Results of 0 18 analyses of the dated icebergs. 

In Table VIII (appendix) the following data are stated: 

Column 1. The sample numbers. 

Column 2 gives the number of amounts of ice involved in the particular 
sample. These amounts of ice might have different origins and different 
ages. 

Column 3. Separate samples of melt water were prepared for 0 18 analysis 
so that they represented the amounts of ice melted in the number of 
pots indicated in column 3. 

Column 4. The L'.I a values of the separate samples. 

Column 5. The weighted mean L'.I a of the larger amount of ice indicated 
in column 2 for the dating samples II, III, IV, V and VIII. 

Column 6. The weighted mean L'.I a of the entire dating sample. 

Column 7. The temperature t' at the site of formation found by using 
the L'.I a value of column 6 and the correlation between L'.I aP and t' given 
by equation (29), p. 63. 

Column 8. The minimum distance between the region of formation and 
the outlet glacier. The uncertainty corresponds to ± 1 °C on the deter­
mination of t'. 

Column 9. The C14 dating transferred from Table VII (appendix) column 10. 

Column 10. The minimum velocity found from columns 8 and 9. • 

Column 11. The L'.I a value in column 6 corrected for latitude effect (cf. 
p. 89). 
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Fig. 32. The 0 18 content (corrected for latitude efTect ) of 11 icebergs as a function 
of the age determined by the C14 method. 

Each of the dating samples Nos. I, II , III, VI, VII, and X was 
collected from the same iceberg. It appears from column 4 that they 
have all been homogeneous as far as the 0 18 content is concerned, except 
for the Upernavik ice (No. II). The extremely low 0 18 content indicates 
that this latter ice originates from a location very far from the coast. 
The significant 0 18 difference between the first and the last part of the 
ice ( column 5) suggests a mixing of two very old, high altitude ice 
masses during their long and long lasting movement towards the coast. 

The dating samples VIII and IX were rather homogeneous in 0 18 

in spite of the fact that each of them were collected from more than one 
iceberg. 

If two icebergs, formed at the same altitude but at sites n ° 
latitude apart, flow westward with the same velocity, they will be ap­
proximately of the same age when extruded from the coastal glaciers . 
However, the 0 18 content of the northern iceberg will be n • 0.93 ppm 
lower than that of the southern one, since the isotopic latitude effect 
in West Greenland is -0.93 ppm/ 0lat. (cf. p. 64). Consequently, no direct 
correlation could be expected to exist between the 0 18 contents of the 
11 dated icebergs and their ages. However, the latitude effect can be 
approximately eliminated from the 0 18 data by ref erring to the same 
latitude, e. g. 70° N. This is done by adding (N - 70) • 0.93 ppm to 
the LI a value of each iceberg, if N is the latitude of the outlet glacier. 
Thus, the LI ac values in Table VIII , Column 11, are obtained. The 
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two equally old icebergs mentioned in the beginning of this paragraph 
have, naturally, the same LI ac. 

In Fig. 32 the LI ac values from column 11 are plotted against the 
ages. The vertical side of each rectangle indicates the estimated limit 
of error on the 0 18 measurement, whereas the horizontal side shows 
the statistical uncertainty on the C1 4 counting, i. e. the 67 °/ 0 standard 
deviation. 

The reason for the correlation is that the older icebergs usually 
originate from the regions with higher altitudes and, therefore, colder 
climate and lower 0 18 content in the precipitation. The very existence 
of a correlation (coefficient 0.8) between the two mutually independant 
C14 and 0 18 tests supports the general validity of the datings except for 
a systematic error. 

5. 6. Discussion of ice movements. 

As it appears from Table VIII (appendix), column 9, the ages of 
the sampled icebergs were between -130 and 3100 years ± approx. 
150 year. These low figures are not caused by all the 11 icebergs being 
formed in the marginal zone of the inland ice, since column 8 shows 
the origin of the Upernavik ice to be 400-500 km from the coast. Its 
low age (3100 years) would seem to indicate a rather superficial flow. 
However, more data from high altitude ice are needed before a definite 
statement on this point can be made. Evidently, the 11 dated icebergs 
are so young that none of them could have sunk down to great depth 
in the ice cap. 

Most of the icebergs originate from the marginal zone, though 
ice with no or few stripes of melt water was preferred. This could be 
owing firstly, to the fact that the net accumulation is relatively low in 
Central Greenland. Secondly, in two cases (samples I and III) the ice was 
collected from the upper parts of big, flat icebergs, which could hardly 
have turned round after the discharge from the glacier; the sampled 
ice may thus represent the youngest part of a large mass of ice, the deepest 
part of which is probably several hundred years older (ScttoLANDER 
et al., 1961). 

Disregarding the dating samples I , III and X, for which the uncer­
tainty of the C14 counting is more than 100 °lo, the mean velocities given 
in Table VIII, column 10, are strikingly consistent, ranging only from 
110 to 270 m per year. The weighted mean is 

154 ± 15 m/year. 

The deviation from this mean is not significant for any of the eight 
dating samples irrespective of d varying between some 80 and 460 km. 
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A similar result would hardly have been obtained for 11 icebergs coming 
from one glacier with approx. circle-sector shaped drainage area, e. g. 
the J akobshavn glacier. In such a glacier the flow rate must increase 
rapidly towards the outlet only because of the converging movement. 
On the other hand, in an imaginary glacier, draining a rectangular strip 
of the ice cap with no considerable converging movement, the velocity 
increase towards the outlet is probably much less. Since the drainage 
area of the J akobshavn glacier covers an enormous area in Central 
Greenland, several of the other glaciers, from which dating samples 
were collected, must drain more oblong areas or areas not extending too 
far inland. This may be a contributary reason for the uniformity of 
the eight observed mean velocities. 

Below, the measured mean velocities are put in relation to the 
considerations made by BAUER (1960) and by HAEFELI (1960), cf. p. 83. 
If one uses the velocity distribution calculated by BAUER, a numerical 
integration gives some 5000 (630) years as the time needed for an ice 
crystal to pass 80 ( 40) °lo of the assumed length, 305 km, of the drainage 
area of the J akobshavn glacier. This corresponds to an approximate 
mean velocity of 50 ( 190) m per year. 

A similar integration based on HAEFELI's calculated velocity distri­
bution* gives approx. 8000 years for the movement through 80 °lo of the 
assumed length (525 km) of the drainage area, the relatively short time 
needed for the ice to move the last 125 km to the outlet being estimated 
to 600 years. The 8000 years corresponds to a mean velocity of the 
same order (50 m per year) as obtained above. The mean velocity for 
the movement through the last 40 °lo (210 km) of the assumed length 
of the drainage area can not be deduced directly from HAEFELI's data. 
Evidently, it must be considerably higher 50 m per year; but less than 
200 m per year, since the first 100 km alone takes some 1100 years 
judging from HAEFELI's data. 

Thus, it seems reasonable to conclude that the measured mean 
velocities are in substantial agreement with BAUER'S and probably also 
with HAEFELI's considerations as regards icebergs, which are formed 
not too far from the coast; or in other words: as far as the region of 
the ice cap is concerned, where the flow of ice is determined by high 
shear stresses. On the other hand, there seems to be a serious disagree­
ment as to the movement of ice formed far from the coast, i. e. in the 
low stress region; thus, the measured 150 m per year for the Upernavik 
iceberg is 3 times the velocity calculated from HAEFELI's data, though 

• * HAEFELI's Vxm values are used here as representative for the ice velocities 
at any depth. When disregarding the regions close to the margin and the ice close 
to the bottom this procedure hardly causes essential errors, because of the estimated 
slight velocity variation with depth resulting from the use of GLEN'S law. 
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the conditions for the movement of this iceberg seem to be rather 
similar to those defining_ the problem, which was treated at the be­
ginning of the previous paragraph. 

As to the reasons for the discrepancy it should be pointed out that 
the 0 18 method for the determination of the distances leads to great 
absolute uncertainties on great distances owing to the small horizontal 
temperature gradients in Central Greenland. This is disadvantageous 
for the comparison between measured and calculated ages and, thereby, 
velocities; exact knowledge of sites of formation in Central Greenland 
is, namely, especially important for the calculation of the high ages, 
because of the small velocities in Central Greenland. 

On the other hand, the calculation of flow rates at high altitudes, 
i. e. during the first and, by far, most time consuming part of the 
movements, is a critical point, because of the lack of knowledge of the 
location of the ice divider. Furthermore, at high altitudes the slope 
of the surface is small, which makes the shear stresses considerably less 
than 1 bar even at the bedrock; in other words, one has to do with the flow 
law in the poorly investigated low stress range. The possible existence of a 
first order term in the flow law is important, since its appearance in Eq. 
(31) makes i increase by no less than 3 orders of magnitude for a0 = 0.1 bar. 
This would tend to increase the surface velocities relative to what would 
be expected from GLEN'S law; the paths of the ice would seem to be 
more superficial than estimated by BAUER and by HAEFELI which, in 
turn, would tend to decrease the calculated ages ( and especially the 
old ones) since BAUER and HAEFELI make the simplifying assumption 
(3) that the velocity is independant on the depth under the surface. 
Finally, it should be mentioned that possible rocky tresholds close to 
the outlet glaciers would seem to favour a relatively superficial flow . 
The existence of such a treshold may be doubtful at the J akobshavn 
outlet, but absolutely probable at the outlets in the Umanak Bay, where 
4 of the dating samples were collected. 

5. 7. The possibility of secondary 0 18 dating of icebergs. 

The correlation between the C14 datings and LI ac (Fig. 32) seems to 
provide a method for 0 18 dating of icebergs. So far, such dating must, 
naturally, rely on the ages evaluated by ScttoLANDER et al. (1961) for 
the 11 icebergs I to XI. Obviously, much more work is desirable for 
establishing a solid basis for the correlation between the age and LI ac. 
Such work includes, firstly, a primary dating of several icebergs by the 
C14 method and, if possible, by another independent method; secondly, 
an investigation of the scattering of the LI ac values for icebergs of the 
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same age. This scattering is due not only to uncertainty on the C14 

counting hut also to the possibility that icebergs formed at the same 
isotherm have different ages, even in regions where the isotherms are 
practically parallel to the coast ( cp. p. 83). 

The line drawn in Fig. 32 is to be considered as a first approximation. 
Owing to the increasing temperature gradient on the ice cap towards 
the West coast (Fig. 29) , the dashed curve in Fig. 32 might be a better 
approximation. This is also indicated by the necessarily increasing 
velocity of the ice when going westward. However, the straight line is 
considered a sufficiant approximation to the available measurements. 
On this basis, the method of the least squares gives the following equation 
for the correlation: 

Age = -(162 ± 9) L'.lac - (2260 ± 170) years, 

which may also be written as 

Age = - (162 L'.1 am + 140 (N - 70) + 2260) ± 300 years, 

N being the latitude of the discharging glacier, and the ± values being 
standard deviations. In the evaluation of this equation, the ages of 
samples I and III have been put equal to zero. If the o function is used 
with the 0 18 content of ocean water as a reference value, the equation 
comes out as 

Age = - (3360 + 140 (N - 70) + 8590) ± 300 years. 

The uncertainty connected to an 0 18 dating is twice as much as 
the best obtainable uncertainty with C14 dating of ice samples of about 
10 tons. Nevertheless, considering the extremely difficult sampling 
technique connected to the latter method, the former one would constitute 
a promising aspect, if sampling of small amounts of ice could give a 
sufficiently representative sample for 0 18 analysis. Unfortunately, this 
problem was not investigated systematically during the expedition. 
However, the results reported below give some indication as to the pro­
bable errors, which will be introduced by three relatively simple sampling 
methods: 

1st method: Melting of some 70 kg of ice (1 melting pot) and extrac­
tion of 50 cm 3 of the mixture. 

2nd method : Sampling of one ice chunk ( of the order of 1 m 3) by 
cutting off numerous pieces of ice from the entire surface and, as far as 
possible, from the interior of the chunk. After melting 50 cm3 was 
extracted from the mixture (before cutting the ice the uttermost layer 
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was scraped off and discarded in order to prevent errors from con­
tamination with sea water or from evaporation of melt water). 

3rd method: Sampling of several chunks of the same mass of ice by 
the cutting technique described above. 

Sample 
No. 

177 
179 
256 
138 
136 

264 
262 

180 
181 
140 

134 
135 

144-163 

12-43 

110 
64 
48 
45 
10 
5 

Dating 

IV, 
VI 

VIII 2 

VIII, 
X 
IX 

Table 13. 

Dimensions Pot 
of chunk No. 

m 

I 61 I 
I 90 

183 
38 
35 

3.2.2 
1.5 · l. 5.1,5 

0.7 • l • 1.8 
1.5 • 1 • 1 

I 2 • 1.5 • 0.8 
! 

1.5 • 1.5 • 0.5 
1.2 • 0.8 • 0.8 I 

77 cm 
perpendicular to 
the clear layers I 

109 cm 
perpendicular to 
the clear layers I 

i 
I I 

I 
I 
I 

I 

I 
LI a of 

Characteristics LI am of chunck or 
of the ice dated ice pot 

ppm ppm 

I 
-34.4 

I 
- 34.7 

- 34.4 -36.5 
- 34.4 -35.2 
- 19.9 -18.4 

I 
-19.9 -18.2 

Mean deviation 1.2 ppm 

As I - 19.8 - 19.5 
Thick double -19.8 -16.8 layers 

As II -34.4 -30.3 
As II 

I 

-34.4 -36.'i 
Many thick melt - 17.0 -13.2 

water layers I 
I As V, - 19.9 - 31.4 

As V, I -19.9 -18.4 

-17.0 -16.9 

- 18.2 -17.2 

Mean deviation 3.1 ppm 

-20.0 -21.5 
-22.7 -22.0 
-16.9 -18.0 
-18.2 - 18.6 
- 15.7 

I 
-16.0 

-14.5 - 13.6 

Mean deviation 0.8 ppm 

Parallel to the sampling described on p. 87 the three above mentioned 
sampling techniques were applied on some of the ice masses used for 
dating. Table 13 is divided into 3 sections each giving a comparison of the 
results obtained by one of the 3 simple methods and the mean LI a value 
for the entire corresponding dating sample. In the first section 5 indivi-
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dual pots of melt water are seen to deviate 1.2 ppm as a mean from the 
values of the corresponding large mass of ice. 

The second section tells about 9 chunks of ice sampled according 
to method No. 2, except for the last two, which were sampled along 
77 and 109 cm perpendicular to the stratification (Nos. 144 to 163 are 
the samples referred to in DANSGAARD , NrnF and RoTH, 1959, cf. p. 78). 
The mean deviation from the 0 18 values of the dating samples is as much 
as 3.1 ppm. 

The last two chunks have approximately the same isotopic com­
positions as the corresponding dating samples, which was also to be 
expected, if the stratification is interpreted as being due to summer 
melting at the sites of formation. In case this interpretation is correct 
the samples 144- 163 as well as 12- 43 represent, namely, 3-4 years' 
accumulation, and the seasonal variations cancel when forming the mean. 

The samples referred to in the lower section were collected by the 
third method. The mean deviation is only 0.8 ppm. 

On the basis of the few data in Table 13 it must be concluded that 
the first or the third sampling method is to be preferred, if the melting of 
many tons of ice is not possible. However, sampling by cutting ice along 
a line perpendicular to the stratification may also do, if the stratification 
represents former horizontal layers of melted snow at the site of formation 
of the ice. 

5. 8. The latitude effect reflected by the icebergs. 

The isotopic latitude effect along the Greenland west coast was 
determined to - 0.93 ppm/° lat. (p. 64) . 0 18 measurements on 53 ice­
bergs and chunks sampled on the expedition reflect an effect of the 
same order. In Fig. 33 they are put into 6 groups: 4 samples collected 
in Melville bay (at Kj<Pr's glacier) , 5 in the Upernavik icefjord, 20 in 
Umanak bay, 7 in Disko bay, 4 in Godthaabs fjord and 13 collected in 
Bredefjord. The figure shows the mean values plotted against the latitude. 
The line inserted has the above mentioned slope, - 0.93 ppm/° lat. The 
standard deviations of the mean values indicated in the figure have 
nothing to do with the measuring accuracy and probably only little 
to do with the sampling technique. Thus, the great scattering in the 
Upernavik group is probably due to the 5 ice masses in question 
originating from widely different altitudes. 

35 of the 53 samples referred to in Fig. 33 were collected by technique 
No. 2, described on p. 92. The individual sample is, therefore, not con­
sidered as representative for a large amount of ice; but taken together 
in groups, they reflect a latitude effect of approximately the same order 
as the calculated one, assuming the average altitudes of the origins of 



II The Isotopic Composition of Natural Waters . 95 

.tia inppm 

9 BREDE FJORD 

-10-

-15-

UMANAK BAY 

-2Qf--

!'tElV.!!_lE 

-25,-.,. UPERNAVtK 

Fig. 33. The 0 18 content of 6 groups of icebergs as a function of the latitude of the 
outlet glaciers . The line has the slope - 0. 93 ppmj°lat. determined in section 

4. 4. 4. , p. 64. 

the icebergs in the 6 groups to be almost the same (the ice discharged into 
Bredefjord probably originates from altitudes between 1900 and 2700 m 
compared to 1300- 3200 m for the ice extruded from the Middle and 
North Greenland glaciers). 

The Bredefjord icebergs are significantly higher in 0 18 than corre­
sponding to the line. A possible reason for this is the fact that the climate 
in South Greenland is influenced by temperate, maritime air masses to 
a higher degree than the climate further North. As mentioned in sub­
section 4. 4. 3., p. 64, the isotopic altitude effect is relatively small in 
temperate, maritime climates (e.g. in Norway), i. e. the precipitation at 
high altitude stations is relatively high in 0 18. Another contributing 
reason for the Bredefjord icebergs being rich in 0 18 would be an in­
creasing evaporation from and, consequently, increasing 0 18 enrichment 
of wet snow in a southerly direction on the ice cap. 

A priori, Fig. 33 indicates a latitude effect of -1.3 ppm/° lat. rather 
than - 0.9 ppm/ 0 lat. It might be tempting to apply this greater latitude 
effect when forming the L1 ac values for the dated icebergs (p. 89). Only 
the L1 ac values for samples Nos. I, II and XI would, thereby, be changed 
significantly, the line drawn in Fig. 32 would still constitute the best 
linear approximation to the correlation between L1 ac and the age, and 
none of the conclusions made on the basis of this figure would be affected. 



6. APPENDIX 

6. 1. Experimental determination of a 18 • 

In the experimental determination of o:: 18 described below sources 
of error, such as boiling and kinetic effects (cp. p. 44), are eliminated. 

Some few cm 3 of water were evaporated from a reservoir of approx. 
400 cm 3• The vapour was collected in a freezing trap cooled by dry ice 
and acetone. If a~ indicates the 0 18 content of the vapour and aw that 
of the water reservoir (actually the mean value of the 0 18 contents of 
the water before and after the evaporation), then 

(31) 

Fig. 34 shows the evaporation chamber into which dry tank nitrogen 
entered from the left. The nitrogen then passed a double trap. The tube 
connecting the two individual traps was heated in order to re-evaporate 
escaping ice cristals (nE VRIES , 1957). When the collection was finished , 
the double trap was disconnected from the rest of the apparatus, and 
after evacuation the water was distilled into one of the traps, from which 
it was removed. 

An error may arise if the collected ice has an 0 18 content, ap, different 
from a~ owing to escaping water vapour or ice crystals. Below is calcu­
ated to which degree the nitrogen should he dried to make this error 
negligible. 

Using aP instead of aw in Eq. (22) , p. 43, we get 

(32) 

This equation is strictly valid only for an isothermal process. However, 
as shown in section 3. 4., p. 45, the equation for the condensation process, 

(20) 

from which (32) is directly derived, is valid also for a non-isothermal 
process, if used with the mean value of o:: in the temperature range in 
question. Equation (32) gives 
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Fig. 34. Arrangement for evaporation of a small fraction of a limited amount of 
water, and collection of the vapour in two freezing traps. The flasks with H 2SO, 

shown to the right are for testing the drying efficiency of the traps . 

F v = 2 • 10- 3 for 

a~ = 1960 ppm, o: 18 = 1.02 and aP - a~ = 0.5 ppm. 

The latter figure is equal to the measuring accuracy. The value F v = 
2 . 10- 3 shows that 2 per mille of the initial amount of water vapour 
may escape without causing considerable errors. If part of the water 
content in the nitrogen escapes as crystals, the requirement of the degree 
of drying is reduced. The crystals could, namely, originate from any 
part of the cooling process and their heavy isotope content would, 
therefore, hardly be extremely low. 

In order to measure the drying efficiency of the double trap, the 
dried air was spread several times over the surface of 98. 7 °lo sulfuric 
acid (kindly made with special care for this purpose by Dansk Svovlsyre 
Fabrik, Ltd.). In some experiments with dry ice cooling nitrogen was 
led through the system with a flow rate of 6.8 mg air per sec. During 
15 hours, 2.2 mg of water was absorbed by the acid corresponding to a 
mixing ratio, m, of 0.008 g H 20 per kg nitrogen, taking into consideration 
the water content in air in equilibrium with concentrated sulfuric acid 
(2.5 µg/1, MoRLEY, 1885). In experiments with a flow rate of 50 cm 3/sec, 
of which 8 cm 3/sec was led through the acid containers, the same drying 
efficiency was found. This indicates that the remaining water in the 
nitrogen is due to vapour rather than to escaping ice crystals, because 
the latter effect should increase with the flow rate. 

At 1000 mb the values of m are 18.1 and 5.1 g H 20 per kg air at 
23° C and 4° C. The 0.008 g H 2o per kg nitrogen measured in the dried 
nitrogen thus corresponds to 

165 7 
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which is satisfactory. 

W. DANSGAARD. 

Fv = 4 • 10- 4 at 23° C, 
Fv = 1.6 • 10- 3 at 4° C, 

II 

Table I column 6 shows incomplete humidifying in the chamber 
to occur at high flow rates only. The high values of IX found under such 
circumstances could not be due to F v being underestimated, since 
escape of considerable amounts of the last , isotopically light vapour 
would cause a decrease in the observed IX values. 
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Fig. 35. The fractionation factor, cx18 , as a function of the flow rate of the nitrogen 
passing the system shown in Fig. 34. A kinetic effect influences the results for flow 

rates higher 1 cm3/sec. 

The results recorded in Table I are found by using a~ = 1960 ppm 
in (31). They are plotted in Fig. 35 as a function of the flow rate. With 
the apparatus in question equilibrium is seen to be established at flow 
rates below 1 cm 3/sec. at 23° C. At higher flow rates the relatively high 
rate of reaction of H 20 16 gains increasing influence. Evidently, the 

factors IX - 1 and!. - 1, which govern the Raleigh processes (Eqs. (17) 
IX 

and (20), pp. 41 and 43) , can obtain numerical values at least double as 
high as the equilibrium values. 

The double circles at the flow rate 16 cm 3/sec. refer to the experiments 
Nos. 14 and 15 in which the nitrogen was led twice over a water surface 
before cooling. Repeated contact between vapour and liquid is seen to 
establish a fast isotopic exchange. 

The IX values 1.0087 at 23° C and 1.0108 at 4° Care plotted in Fig. 
16 (p. 44) as dots. They are seen to support the results of ZHAVORONKOV 

et. al. (1955). 



II The Isotopic Composition of Natural Waters. 99 

6. 2. Tables. 

Tabl e I. 
Evaporation experiment (p. 98). 

1 2 3 4 5 6 7 8 9 10 
--- - -- - --

Exp. Temp. Flow rate Time q* H** Liaw L1 av Llaw-Llav 
No. oc cm3/sec hours g °lo ppm ppm ppm Ct1s 

1 23 0.23 262 4.5 100 31.9 14.4 17.5 1.008\.l 
2 23 1.0 3.5 32.6 16.0 16.6 1.0085 
3 23 1.0 7.0 33.1 16.6 16.5 1.0084 
4 23 7.0 10.2 29.8 8.9 20.9 1.0107 
5 23 7.0 19.6 10.5 80 31.3 11.2 20.3 1.0104 
6 23 50 2.5 5.5 50 32.2 -4.7 36.9 1.0184 
7 23 50 2.4 5.0 50 34.6 0.2 34.4 1.0175 
8 4 0.5 284 3.3 100 28.6 7.1 21.5 1.0110 
9 4 1.4 96 3.0 100 29.8 7.6 22.2 1.0113 

10 4 7.0 23.7 3.0 80 28.8 1.0147 
11 4 7.0 23.7 3.0 80 26.9 1.0137 
12 4 52 16.7 9.2 50 30.1 - 7.0 37.1 1.0189 
13 4 52 16.3 9.2 50 29.6 -5.5 35.1 1.0179 
14 23 16 7.38 8.3 100 30.5 13.2 17.3 1.0088 
15 4 16 16.0 5.7 100 20.9 1.0107 

* q = the quantity of ice collected in the trap. 
** H = the humidity at the outlet of the vaporation chamber, fo und by comparing q 

with the calculated amount of vapour in saturated air. 

Tabl e I I. 
L1 ap (ppm) of monthly precipitation in Copenhagen (Cop.) aru;l. Lyngby (Ly.) (pp. 59-66). 

P means the total amount (in mm) of precipitation in Copenhagen during the corresponding 
period of time. 

1955 1956 1957 1958 1959 1960 

PI Cop. PI Cop. p Cop. PI Cop. I Ly. p I Cop. \ Ly. PI Cop. I Ly. 

Jan . .. 38 21.4 6 45 12.6 44 20.812 20.6 60 12.7 17.2 
Feb . .. 8 12.2 30 13.6 106 12.7 4 29.413 69 10.7 
Mar . . . 48 18.2 26 6.8 14 24.2" 23.4 44 19.2 
Apr .. . 29 20.8 128 21.57 115 16.915 17.3 
May .. 48 23.1 48 23.78 25.2 29 27.516 23.7 
June . 36 20.4 54 26.7 12 26.0 32 23.4 11 29.411 27.7 
July . . 35 21.8 21 29.0 51 26.1 21 25.7 21.2 

781 
18.2 19.1 

Aug . .. 6 23.9 95 24.8 82 22.8 42 23.8 24.0 31 21.6 21.3 
Sep ... 140 19.5 85 25.42 80 21.0 57 24.89 24.8 61 26.3 
Oct ... 38 22.61 56 22.73 80 22.2 45 23.010 23.4 371 25.7 23.6 
Nov . . 30 18.6 31 17 .311 21.8 I !;I 17.0 22.1 
Dec .. . 59 18.24 33 16.3 47 9.9 12.5 17.0 18.5 

1 Oct. 1-18. 2 Sep. 1-Oct. 5. 3 Oct. 6-Nov. 11. 4 Dec. 9-Jan. 7. 5 Jan. 8-Feb. 12. Feb.13-28. 
7 Apr.1-May 6. 8 May 7-31. • Sep. 1-Oct. 6. 10 Oct. 7-31. 11 Nov.1-26. 12 Jan. 1-28. 13 Jan. 29-

Feb. 25. 14 Feb. 26-Mar. 31. 16 Apr. 1-29. 1• Apr. 30- June 3. 17 June 4-30. 

7* 
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Table III. 

Ll aP (ppm) of monthly samples of precipitation collected at Greenland stations 
(pp. 59-65). • 

1 2 3 4 5 6 7 

Sondre Ang-
Gronne- Holsteins- Strom- Uma- Scoresby- Station mags-

dal borg fjord nak salik sund Nord 

1957, Sep. -17.6 
Oct. + 1.5 
Nov. - 3.7 
Dec. - 5.3 

1958,Jan. - 3.2 
Feb. +16.7 - 25.8 
Mar. +18.2 + 9.7 
Apr. +12.8 +10.1 - 9.3 
May +15.7 +14.6 
June +26.6 +16.0 l - 4.4 
July +21.9 +17.7 { +13.1 

Aug. + 9.4 +14.1 + 6.7 - 5.0 
Sep. +18.3 +20.4 - 2.9 +13.7 +16.4 -15.8 
Oct. +12.8 +16.3 - 6.6 + 5.8 +15.0 - 4.5 
Nov. + 5.9 +15.1 3 +10.7 + 6.1 -25.8 
Dec. + 8.0 + 12.74 +12.0 +13.1 - 7.2 

1959, Jan. +13.3 } + 6.4 - 4.0 -35.5 
Feb. +10.4 + 2.5 5 

- 8.2 -11.8 + 8.8 - 0.4 -22.3 
Mar. +11.9 + 5.46 -15.1 -15.0 +10.5 +11.9 -22.6 
Apr. +18.7 +14.3 - 2.9 +15.1 +11.6 - 3.2 
May +18.4 +15.2 + 6.4 - 3.6 +20.5 +17.6 
June + 8.7 +13.8 + 8.0 +17.7 + 4.5 - 2.0 
July +18.5 +14.7 + 9.3 +13.8 +17.3 + 6.5 
Aug. +24.8 +20.8 +14.6 
Sep. +17.0 + 4.3 +19.4 
Oct. +11.8 + 8.l8 +17.8 
Nov. +14.5 - 5_710 
Dec. +19.81 +15.49 

} + 2.011 

1960,Jan. +13.02 

1 Dec. 4-Jan. 14. 2 Jan. 15-Feb. 15. 8 Nov. 5-Dec. 5. • Dec. 5-31. 6 Jan. 1-
Feb. 23. 6 Feb. 23-Apr. 2. 7 Apr. 2-30. • Oct. 10-Nov. 2. • Nov. 12-Jan. 14. 10 Nov. 
10-20. 11 Nov. 20-Jan. 27. 
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Table IV. 
L1 ap (ppm) of samples of monthly precipitation collected at some European stations and in 

Chicago (pp. 59- 65 ). 

1 2 3 4 5 6 7 8 9 10 11 12 13 
------ - - -------------- - - --

Period ~ k h oLO :p 
' .5 ..c ~ k bJ:JLO ::s "' "O ' ::s ~ .... ::s ' <1> ~ I 

<1> 
,.., ::s ::s ~ <1> ::0 "' 

bJ:) 
::I .... ::s '""::, o-.t< 

~'"" 
,.., ::s '~ ::s ,:::·,-. --; 0 > <1> ~'"" -~ ·5, ..., ·- LO ..::s ~ ::, h > ·- ::, - ..::Scr:, 

l>-
..., 

[.,;; o~ p:; ·;::: ~ ~ ::r:: H s E-< s i:i..j E-< ..::s w o,..... 

1957, Mar. 19.0 
Apr. 32.4 
May 28.7 
June 21.2 15.6 
July 18.9 28.5 
Aug. 31.7 9.2 
Sep. 30.6 16.3 33.8 

Oct .. 30.9 15.5 22 .8 
Nov. 28.1 14.7 7.6 
Dec. 27.8 23.3 13.2 18.4 

1958, Jan. 27.4 20.4 12.3 11.3 
Feb. 24.9 19.3 13.0 21.4 
Mar. 21.9 23.0 17.4 12.5 19.9 
Apr. 36.7 20.1 17.4 25.9 9.1 30.5 
May 22.1 23.8 18.6 24.2 20.6 30.6 25 .2 14.6 18.6 15.4 34.1 
June 29.0 22.4 11.6 23.6 22.2 20.7 22.0 17.7 10.9 
July 26.5 24.6 25 .3 29.3 26.8 21.2 22.5 17.2 
Aug. 31.9 27.4 21.9 21.1 23.4 25.0 25.7 24.0 22.0 21.9 24.6 
Sep. 29.3 23.4 25.0 29.2 27.1 27.7 25.9 24.8 20.5 27.6 
Oct. 25.4 28.5 24.6 22.4 27.4 22.5 25.7 23.4 22.5 20.6 
Nov. 29.9 28.7 20.6 27.1 27.0 25.8 20.0 21.8 15.7 
Dec. 24.8 19.0 23.2 23.0 22.3 12.5 7.6 16.0 5.0 

1959, Jan. 24.8 21.5 13.9 22.8 19.8 23.9 20.6 19.2 12.3 
Feb. 30.4 28.7 22.1 23.8 25 .0 24.5 12.8 9.0 
Mar. 28.3 29.3 15.4 8.2 23.1 16.8 23.9 19.9 23.4 15.0 23.7 13.4 
Apr. 21.7 25.5 18.7 8.3 18.6 19.6 20.7 23.1 17.4 13.7 11.9 12.2 
May 22.7 27.0 26.7 14.7 26.8 25 .8 28.3 23.7 25.4 23.1 20.8 
June 31.6 34.2 22.4 28.1 29.8 25.9 27.7 24.2 18.2 
July 32.1 30.7 26.3 18.5 18.3 28.6 23.0 27.7 19.1 25.2 14.0 18.2 
Aug. 29.9 28.3 28.7 16.2 22 .9 29.7 30.3 27.1 21.3 20.2 27.9 12.5 
Sep. 30.8 31.6 26.3 22.1 33.4 31.3 17.6 14.2 14.2 
Oct. 29.2 24.2 6.9 22.4 18.6 19.6 27 .1 23.6 19.4 20.8 16.5 
Nov. 28.4 23.8 21.1 15.4 14.8 22.1 20.8 20.5 22.1 16.3 15.1 15.8 
Dec. 23.4 15.2 9.5 16.9 16.6 18.4 25.4 18.5 14.9 

1960, Jan. 29.9 24.0 21.9 0.8 21.0 24.8 22.7 16.6 17.2 11.4 
Feb. 24.5 21.0 23.8 23.0 
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Table V. 

Measurements on individual warm fronts and showers (p. 74). 

Warm fronts Showers (cont.) 

Time of collection 
I 

LI a in ppm Time of collection I LI a in ppm. 

52. 6. 12 0700- 2000 26 58.5. 20 1800-1900 27.8 
52. 6. 14 1540-1620 25 58.5. 08 1715-1745 21.1 
52. 6. 22 1100-2300 18.5 58. G. 11 1030-1200 24.5 
53. 5. 29 1500-1800 27 58. 6. 22 0900- ? 24.8 
58.5.06 0300-1200 30.9 58. 6. 25 1000- 1100 24.2 
58.5.08 0920-1100 25.2 58. 7. 14 1415- 1645 25.8 
58. 5. 11 0000-1100 26.8 58. 7. 17 2100- 2240 19.6 
58. 7. 28 1300-2100 29.0 58. 7.22 1800- 2200 29.1 
58. 8. 01-02 2000- 0200 30.5 58. 7. 23 0915- 1515 25.4 
58.8. 14 1300- 1530 27.0 58. 7. 28 2100- 2230 30.3 
59. 6. 16-17 2000- 0015 32.9 58. 7.31 0430-0445 23.4 

27.2 ± 1.2 58.8. 03 0420-0430 22.9 mean: 
58.8.04 0000- 0400 30.5 
58. 8. 08-09 1200- 1000 31.6 

Showers 58.8. 12 0920-1030 27.7 
58. 8. 13 1200- 1300 20.8 

52. 5. 29 0700-0800 25 58. 8.25 2100- ? 27.8 

52. 5. 29 0700- 0800 26 59. 6. 15 ? 20.1 

52. 5. 30 0900-1400 27 59. 6. 29 1700-1730 21.7 

52. 6.08 0830-0900 29 59. 7. 02 0930-1032 21.2 

52. 6. 09 0745-0800 29 59. 7. 06 1240-1320 30.0 

52. 6. 16 1400-1500 26 59. 7. 11 2010-2200 32.7 

52. 6. 20 1515-1545 25 59. 7. 26 Hl00-'-f-7O0 26.7 

52. 6. 21 1600-1720 24 59. 7. 26 1600- 1640 22.0 

52. 6. 23 2000-2100 30 59. 7. 30 1615-1630 12.3 

52. 7. 13 1510-1715 23 59. 7. 31 ? 16.5 

58.5.09 0600-0630 18.5 mean: 24.9 ± 0.8 
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Table VI. 

S. I. P.R. E. stations in South Greenland, (pp. 59 and 80). 

No. 9. 64°29.6' N, 44°37'W No. 16. 62°15' N, 45°30' W 
Altitude 2746 m. t' = - 22.1 ° C Altitude 2440 m. t' = - 16.4° C 

Accumulation: 30 cm H 20 Accumulation: 72 cm H 20 

S:t~ple I Depth 

I I 
L1 a Sample I Depth 

I I 
L1 a 

Season* Season* No. cm ppm No. cm ppm 

398 23-28 s 59 -14.8 412 22- 24 s 59 - 0.6 
399 51-55 w 58-59 - 28.4 413 77-80 e s 59 - 13.7 
400 95-100 1 s 58 -13.3 414 121-123 lw 59-58 - 20.6 
401 131-134 w 58-57 -19.0 415 154-157 ew 59-58 + 4.1 
402 162-166 s 57? -11.3 416 191-194 1 s 58? -14.1 
403 190-193 s 57? -20.0 

I 
mean: - 9.0 ± 4.6 

mean: -17.8 ± 2.5 
No. 17. 62°01' N, 45°02' W 

No. 14. 63°11.9' N, 46°18' W Altitude 2440 m. t' = - 14.4 ° C 
Altitude 2604 m. t' = -19.6° C Accumulation: 86 cm H 2 0 

Accumulation: 56 cm H 20 
Sample I Depth 

I I 

L1 a 

Sample I Depth 

I I 

L1 a No. cm Season* ppm 
Season* No. cm ppm 

417 17- 19 s 59 + 3.5 
406 33-36 s 59 -21.4 418 85-88 e s 59 - 23.7 
407 78-81 w 59-58 - 11.9 419 167-170 w 59-58 - 12.8 
408 129-132 s 58 - 8.7 420 275-280 s 58 - 3.0 
409 185-189 w 58-57 -24.6 421 343-354 w 58-57 - 4.9 
410 216-220 s 57 

I 
- 13.1 422 458-462 s 57? --12.7 

411 0-3 s 59 -24.5 423 547-550 w 57-56? - 3.8 

mean: -17.4±2.9 424 620-624 s 56 - 3.8 
425 702- 706 w 56-55? - 9.0 
426 780-785 s 55 -12.3 
427 860-864 w 55- 54 - 14.1 
428 943-948 s 54 - 6.4 
429 1058-1060 w 54-53?1 + 1.9 

mean: -7.8 ± 2.0 

* s: summer, w: winter, 1: late, e: early. 
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1 
--~ 

Sample 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

2 

Place of collection 

A few km West of 
Kjrer's glacier (75 .0° N) 

In Upernavik icefjord 
(73.0° N). 

At the mouth of Karrat 
icefjord (71.8° N). 

Close to the Kangerd-
lukssuak glacier (71.4 ° 
N). 

Close to the Ingnerit 
glacier (70.9° N). 

In Qarajak icefjord at 
Ikerasak (70.3° N). 

Close to Kangilergata 
glacier (69.9° N). 

Close to Eqip glacier 
(69.8° N). 

At the mouth of Ja-
kobshavn icefjord 
(69.3° N). 

At the mouth of Ja-
kobshavn icefjord 
(69.2° N). 

Close to Bredefjord 
glacier (61.5° N). 

I 

W. DANSGAARD. 

3 

Number of loads, 
relative amounts 

3 loads (25, 45 and 30"/o). 
From 3 places (100 and 300 
m apart) of the same ice-
berg, 500 • 500 • 100 m3 • 

1 load. All ice from one 
chunk (400 tons) . 

2 loads (70 and 30"/o). 
All from one iceberg. 
107 tons. 

2 loads (80 and 20"/o). 

1st load: One piece of ice 
covered by dust and 10 cm 
of loose ice. 

2nd load: 6 small chunks. 

2 loads (60 and 40"/o). 

1st load: One piece of ice 
(10 tons), observed fall 
from the glacier. 

2nd load: 10 pieces of ice. 

1 load. All ice from 
block (800 tons). 

1 load. All ice from one 
block, observed fall from 
the glacier. 

2 loads (75 and 25"/o). 

1st load: One piece of ice. 

2nd load: A few pieces of 
ice. 

2 loads. 

1st load: One piece of ice. 

2nd load: One piece of ice. 

1 load: All ice from one 
block (800 tons). 

Several pieces of ice. White 
and relatively homogen-
ously looking chunks were 
preferred. 

II 

Table VI I. Data on 1 

4 

Amounts 
of melted 
ice (tons) 

11 

16 

15 

10 

13 

12 

11 

8 

6 

8 

13 

5 

Stratification 

Several stripes of 
clear ice. 

None. 

Several stripes of 
clear ice. 

50 cm layer of clear ice 
several other clear ice 
layers (not parallel). 

Few thin, non-parallel 
clear ice layers. 

Several irregular 
stripes of clear ice. 

Distinct stratification. 

A few, thin, parallel 
clear ice layers. 

Some thin, parallel clea 
ice layers. Two thick 
layers not parallel. 

Distinct stratification, 
parallel layers of white 
and clear ice. Algae 
in the clear ice. 

Few, thin layers of 
clear ice. 

Distinct stratification. 

Numerous layers of 
clear ice. 
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nvestigated icebergs (p. 84). 

6 7 8 9 10 

Bubble shape, 
Gas content in °lo CO 2 content in °lo of 

Age Consistency (Number of the air (Number of 
temperature measurements) measurements) years 

Cylindric, uniformly ori- Rather 3.8-6.3 0.06-0.17 -110 ± 150 
entated, diam. 0.3-0.4 mm, tough (10) (9) 
length up to 4 mm. 

Very small, needle shaped, same Extremely 5.4-8.4 0.02-0.09 3100 ± 150 
orientation and number per crackly (13) (13) 
volume throughout the ice. 

Very varying, in some Tough 2-9 0.02-0.20 -130 ± 150 
pieces microscopic size. (11) (13) 
Not uniformly orientated. 

800 ± 150 

Mainly long, cylindric. 6.9-7.7 0.04-0.11 
Round near the clear ice (2) (6) 
layers. 

Thin, well orientated. 

I 
560 ± 150 

Long, not well orientated, Crackly 5.1-7.6 0.05-0.08 
round near the stripes. (6) (6) 

Mostly rounded. 4.9-6.4 (5) 0.02-0.10 (5) 

Long, uniformly orientated I Crackly 

I 
7.7 

I 

0.04-0.10 I 940 ± 150 
-5° C in 1 m depth. I (1) (6) I 
-5° C in 1-3 m depth. Crackly 0.06-0.07 1510 ± 200 

(4) 

Tough 950 ± 150 

0.09-0.11 
(5) 

0.07-0.09 
(2) 

575 ± 200 

0.21 (1) 

Long, thin, same orienta- Crackly 0.08-0.26 100 ± 160 
tion throughout the ice ; (2) 
- 14° C in 2 m depth. 

Some pieces had long, Tough 5.4-8.6 0.02-0.07 290 ± 130 
other round bubbles. (9) (9) 

165 8 

~ 
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Table VIII. 

Determination of the sites of formation of 11 dated icebergs (p. 87). 

1 2 3 4 5 6 7 8 9 10 11 
- -- -- --

Sample Load Pots L'.I a L'.I am 
L'.I am 

t' d Age L'.I ac weighted V 

No. No. No. ppm ppm mean oc 100km 100 years m/year ppm 
ppm 

I 1 1- 40 -20.0 - 19.8 -22.0 0.8 ± 0.2 -1.1 ± 1.5 -15.1 
2 41- 80 - 19.9 

2+3 81-120 -19.6 
3 121-160 - 19.6 

II 1 1- 40 -32.3 -34.4 -30.6 4.6 ± 0.8 31.0 ± 1.5 150 ± 30 - 31.6 
41- 80 -33.1 -32.7 

81-120 -32.6 --
121-160 -36.4 -36.3 
161-230 -36.2 

III 1 1- 20 -18.2 -17.1 -20.5 0.6 ± 0.2 -1.3 ± 1.5 -15.4 
21- 40 -17.2 
41- 60 -16.5 
61- 80 - 16.3 -17.0 
81-100 - 16.3 

101-130 - 17.4 
131-150 -16.6 

2 151-172 -17.4 

I 
173-190 -16.9 -17.2 
191-211 - 17.2 

IV 1 1- 17 -20.2 -19.4 -21.8 0.9 ± 0.2 8.0 ± 1.5 110 ± 30 -18.1 
18- 38 -20.2 
39- 64 -20.2 -20.0 
65- 90 -19.0 
91-109 -20.4 

I 110-134 I 1-17.0 
I 

2 -17.0 I 
V 1 

I 1- 40 I - 21.9 1- 19.9 -17.4 -20.6 0.9 ± 0.2 I 5.6 ± 1.5 I 160 ± 60 -16.6 
41- 80 -17.9 

2 
I 

81-120 I -15.3 1-15.0 
121-160 -14.7 

3 I 161-190 I -16.9 1-16.9 

VI 1 1- 20 -22.2 -22.7 -23.8 1.9 ± 0.3 9.4 ± 1.5 200 ± 50 -22.4 
35- 50 -22.6 
51- 70 -22.6 
71- 90 -23.0 
91-110 -21.9 

111-130 -22.9 
131-150 -22.5 

( continues) 
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Table VIII (cont.) 

1 2 3 4 5 6 7 8 9 10 11 
--- --- - --

Sample Load Pots LI a LI am 
LI am 

t' d Age LI a0 weighted V 

No. No. No. ppm ppm mean oc 100km 100 years m/year ppm 
ppm 

VII I 1 1- 20 - 24.2 -24.5 -24.8 2.6 ± 0.4 15.1 ± 2.0 170 ± 40 -24.6 
21- 40 -24.5 
41- 60 -24.0 
61- 80 - 25.3 
81-120 - 24.2 

140-155 - 25.6 

VIII 1 1- 20 -18.0 -18.0 -21.0 1.5 ± 0.3 9.5 ± 1.5 160 ± 40 -18.2 
21- 40 - 19.4 
41- 60 - 18.2 -18.2 

61- 80 -18.2 

2 
I 

81- 110 I -16.9 1-16.9 

IX 1 1- 20 - 15.6 -15.1 -19.3 1.4 ± 0.2 5.8 ± 2.0 240 ± 80 -15.8 
21- 40 - 15.9 

1+2 41- 60 -14.4 
2 61- 80 -14.6 

X 1 1- 20 -16.0 -15.7 -19.6 1.5 ± 0.2 1.0 ± 1.6 -16.4 
21- 40 - 14.9 
41- 80 -16.0 
81-120 - 15.5 

XI 1 1- 70 - 7.1 - 6.2 -14.0 0.8 ± 0.2 2.9 ± 1.3 270 ± 140 -14.1 
2 71-120 - 6.2 
3 121-190 - 5.5 

8* 



7. 1. SUM MARY 

1., p. 7-8. Introduction. 

Investigation of the stable isotopes in nature has acquired increas­
ing importance in the past decade. 

2., pp. 9-39. Measuring technique. 

High precision measurements of the heavy isotope content in water 
are usually carried out with a mass spectrometer. 

The way of presenting the results is discussed. Multiplicative 
instrumental errors cancel in the b function giving relative differences 
between sample and standard, whereas additive errors cancel in the LI a 
function giving absolute differences (pp. 19-21). 

A main point in the technique for measurement of 0 18 in water 
is the isotopic equilibration of the water with CO 2 (p. 17). CO 2 is used as 
a measuring object. The measuring technique is described (p. 18), and 
the sources of error are discussed (pp. 21-35). As to the last point, a 
method is described (p. 25) which allows a precise measurement of the 
ratio between the two high ohm resistors (1010-1011.Q) under working 
conditions. It is concluded that both the above-mentioned functions 
are generally usable. If correction for some instrumental error is difficult 
the function should be chosen in which the error in question cancels. 

The standard used in this work is described, and a conversion 
formula between b and LI a is evaluated (pp. 37-39). 

3., pp. 40- 49. Isotopic fractionation of water. 

Formulae are evaluated for the isotopic fractionation of water in 
isothermal evaporation and condensation processes. The fractionation 
factors, ex (i. e. the ratio between the vapour pressures of the light and a 
heavy isotopic component of water), are given as functions of the tempera­
ture. An evaporation experiment (described in the appendix, p. 96) for 
determination of ex for H2O18 in the low temperature range confirms the 
formula given by ZAVORONKOV et al. (1955) (p. 44). Formulae for non­
isothermal processes are evaluated p. 45. The ratio between the absolute 
enrichments of the heavy components, HDO and H 2O18, is shown to 
be close to 1.5 (p. 48). 
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4., pp . 50-75. Heavy isotopes in natural waters. 

Whereas ocean waters have rather uniform isotopic composition, 
the 0 18 content of fresh waters decreases with the temperature at the 
site of formation (p. 58). 

A linear correlation is found (p. 62) between the annual means of 
the air temperature and the 0 18 content of the precipitation at ocean 
coast stations at sea level and with temperate or arctic climate. The 
0 18 depletion is 1.33 ppm/° C. Another linear correlation is found be­
tween mainly the same parameters at Greenland ice cap stations with 
high altitudes. The 0 18 depletion is here 1. 70 ppm/° C. The isotopic 
latitude effect along the West Greenland coast is -0.93 ppm/0 lat. (p.64). 

The seasonal isotopic variation of the precipitation corresponds 
roughly to the seasonal variation in air temperature (p. 65). The isotopic 
variations during individual periods of rain are discussed (pp. 66-75). 

5., pp. 76- 95. Investigations on glacier ice. 

Isotopic stratification in deuterium and 0 18 is demonstrated in an 
iceberg and a temperate glacier (p . 78). The main lines are given of 
a determination of the age of 11 icebergs by the C14 method ( described 
in detail by ScHOLANDER et al., 1961). 9 out of 11 icebergs were younger 
than 1000 years. The oldest one was 3100 ± 150 years. 

A detailed description is given of a method for determining the 
sites of formation on the ice cap for each of the 11 icebergs: Firstly, 
the mean annual air temperature at the site of formation is found from 
the 0 18 measurement by using the linear correlation mentioned in section 
4. Secondly, the site of formation and its distance from the outlet glacier 
is derived from the knowledge of the temperature distribution on the 
ice cap (p. 84). The distance passed by the 11 dated icebergs ranged 
from 60 ± 20 km to 460 ± 80 km. 

The mean velocities ranged from 110 ± 30 m/year to 270 ± 140 m/year 
with the weighted mean 154 ± 15 m/year. 

The results indicate a faster turnover for great parts of the ice cap 
than suggested by various theoretical considerations. None of the in­
vestigated icebergs could have sunk down to the deep strata of the 
inland ice (p. 89). 

If the 0 18 contents of the 11 icebergs are corrected for latitude 
effect, they show a linear correlation with the ages which foreshadows 
the possibility of an iceberg dating on the basis of 0 18 measurements. 



7. 2. PE3IOME 

1., cTp . 7-8. Bse;ri;euue. 

Mayqemrn pacnpe;[leJieHIUI CTa6MJibHbIX M30T0ITOB B npn:po).J;e B 

IT0CJie;[IHIIe r0):lhI npn:o6peTaeT Bee 60JibIIIee M 60JihIIIee BHaqeHMe ):IJiff 

MHornx o6JiacTeit ecTeCTBeHH0-ttayqttoro nccJiegoBattnff. 

2., CTp. 9-39. T eXHHKa II8MepeHHJI. 

BhlCOKOTOqHhle HBMepeHIIff C0).J;epmaHMff B B0).J;e TffIBeJihIX H30T0II0B 

nponBB0/:lffTCff B Harrre BpeMH, o6hrqno, MaCC0BhlM crreKTp0MeTp0M. 

O6cym):laIOTCff paaJin:qnbre MeT0).J;hl ):IJiff yKaBaHIIff MaCC0BbIX cneK­

Tp0MeTpn:qecKMX )];8HHhlX . TaK HaBhlBaeM0H b q>yttmrn:eit yKaBhrnaeTCff 

0TH0CHTeJihHaff AHq>q>epeHQHff Mem).J;y co,u:epmaHHeM B o6paau;e tt CTaH­

gapTe TffmeJioro H30T0ITa. b q>yHKQHff 0TmiqaeTCff TeM, qTo MYJibTHITJIH­

KaTHBHhle HHCTpyMeHTaJihHbre OIIIH6KH He CKaBhIBaIOTCff Ha peayJihTaTe. 

Ll a q>yttKQHff, rrpHMeHHeMaff B HaCTomu;efi pa6oTe, yKaBhIBaeT Ha a6-

C0JIIOTHYIO /:IHq>q>epeHQHIO B qacTHX Ha MHJIJIH0H Mem).J;y o6paau;oM n 

CTaH).J;apT0M, npnqeM HCKJIIoqaroTCff a).J;).J;HTHBHbre HHCTpyMeHTaJihHhre 

OIIIH6KH. 

BamHbIM M0MeHT0M rrpH rrogr0T0BKe o6paau;oB ):IJIR orrpe).J;eJieHHff 

cogepmaHHH 0 18 B B0).J;e ffBJiffeTCff o6MeH KHCJI0p0).J;HbIX H30T0IT0B Mem).J;y 

o6paau;oM B0).J;hI H CO 2• Kor).J;a ST0T rrpou;ecc rrocJie MHHHMYM ).J;Byx­

qacoBoro BCTpHXHBaHHff npHX0/:IHT K K0HU:Y, TO yrJie).J;H0KCH).J; M0IBH0 

rrpmweHHTb B KaqecTBe o6neKTa HBMepemrn ( CTp. 17). IIpHBO).J;HTCff 

).J;eTaJihH0e onncaHHe TeXHHKH H3MepeHHff (cTp . 18), a TaKme ).J;HCKyccHH 

06 HCTOqHHKax OIIIH60K ( CTp. 21-35 ). B 3T0H CBff3H yrroMHHaeTCff MeT0).J; 

Toqnoro HBMepeHHH 0TH0IIIeHHff Mem).J;y corrp0THBJieHHHMH B ).J;Byx 

BhlC0KHX 0Max (1010-1011 Q) npH paaJinqHhlX ycJI0BHHX pa60Thl ( c Tp. 25). 
lfro KacaeTCff Borrpoca, KaKyro 113 BhrrrreyKaBaHHbIX q>yHKU:HH CJie).J;yeT 

npe;[lrr0q11TaTh, ).J;eJiaeTCH BbIB0).J;, qTo, o6hrqno, M0IBH0 rrpnMeHHTb o6e 

3TH cpynKu;n11. B cJiyqae, ecJin nMeIOTCH TPYAH0CTH c orrpe).J;eJiettneM 

ncrrpaBJieHHff TOH HJIH HH0H HHCTpyMeHTaJihH0H OIIIH6KH, TO CJie).J;yeT 

rrpHl\ieHHTb TY q>yHKD;HIO, B K0T0pofi HCKJiroqaeTCH ;[laHifaH OIIIH6Ka. 

OrrHChIBaeTCff rrpnMeHeHHhlH B HaCTomu;eit pa6oTe CTaH).J;apT 11 BbIB0-

).J;HTCH qiopMyJia o6paru;eHHH MemAy q>yHKU:HHMH b 11 Ll a ( cTp. 37- 39). 
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3., CTp. 40- 49. Jf30TOilH1JeCKOe «JlpaK~HOHHpOBaHne BO)];LI. 

<DopMyJihl BbIBO,D;HTCH ,D;JIH qipa1rn;1rnm1p0Bamrn npH lI30TepMHqecKlIX 

npoQecc ax lICnapeHlIH lI ltOH,D;eHcaQlIH. <DaKTOp qipaKQlIOHHpOBamrn (X. 

( = OTHOIIIeHHe Mem,ri;y ,ri;aBJieHlIHMlI napa JierKoro lI80TOTiliqec1rnro KOM­

TIOHeHTa BO,D;hl lI 0,0:HOro lI3 ee THIBeJihlX lI30TOTIHqecKHX KOMTIOHeHTOB) 

yKa3hlBaeTCH KaK 4JYHKQlIH TeMnepaTyphl. OnbIT C lICnapeHlI8M ( OTilI­

caHHbIH B npHJIOIB0HlIII CTp. 96) ,D;JIH orrpe,ri;eJieHIIH (X. ,D;JIH H2018 rrpn 

HH3KHX TeMrrepaTypax no,ri;TBepm,ri;aeT qiopMyJiy, Hair,ri;eHHYIO rrncrrepn­

MeHTaJihHbIM rryTeM .ffiaBOpOHKOBLIM n ,n:p. (195h r.) ( c Tp. 44). BhlBO,D;HTCH 

qiopMyJihl ,D;JIH HeII30TepMIIqecKlIX rrpoQeCCOB ( cTp. 45). 0THOIII8Hlie Mem,ri;y 

a6coJIIOTHhlMII 06oraI1IeHHHMH KOMIIOHeHTOB HDO lI H 20 18 HBJIHeTCH 

rrpH6JIII3IIT8JlbHO 1,5 ( cTp. 48). 

4., CTp. 50- 75. TmKeJILie H30TOill,I B ecTeCTBeHHI,IX Boµ;ax. 

B TO BpeMH KaK BO,D;a OKeaHOB lIMeeT ,D;OBOJibHO O,D;HOo6pa3HbIH 

H30TOIIJiqecKlIH COCTaB, c o,ri;epmaHHe 0 18 IIOI-rnmaeTCH B rrpecHbIX BO,ri;ax 

B saBlIClIMOCTlI OT TeMrrepaTypbI B MeCTe o6pasoBaHlIH ( CTp. 58). 
06HapymHBaeTcH JimieapHaH KoppeJIHQMH (cTp. 62) Mem,ri;y emero.n:­

HbIMH cpe,D;HlIMlI 3HaqeHHHMlI TeMrrepaTypbI B03,ri;yxa lI co,ri;epmaHHeM 0 18 

B oca,ri;Kax Ha rro6epeIBHhlX CTaHQlIHX y OKeaHOB Ha ypoBHe MOpH M B 

y cJIOBlIHX OT yMepeHHOro ,D;O apHTJiqecKoro TlIIIOB IrnlIMaTa. Co,ri;epmaHHe 

0 18 IIOHHmaeTCH Ha 1,33 qaCTlI Ha MlIJIJilIOH Ha rpa,n:yc u:. 
,[(pyraH JllIHeapHaH 3aBlIClIMOCTb, rJiaBHbIM o6pa30M, o6HapymH­

BaeTCH Mem,ri;y TaKlIMlI me rrapaMeTpaMlI CTaHQlIH Ha MaTepHKOBbIX Jlh,D;ax 

rpeHJiaH,D;lilI. Co,ri;epmaHHe 0 18 IIOHHmaeTCfl 3,D;8Cb Ha 1,70 qacTlI Ha 

MlIJIJilIOH Ha rpa,ri;yc u:. 
lfro KacaeTCH Toro iKe II30TOIIa B oca,ri;Kax Ha MaTepIIKOBbIX Jib,D;aX 

rpeHJiaH,O:lIH BbIB0,0:lITCH lI3TOIIHqeCKlIH 8qJqJeKT BbICOTbI, COOTB8TCTBy­

lOIQlIH - 1,26 qacTHM Ha MlIJIJilIOH na 100 M pa3HlIQbI B BbICOTe (cTp. 64). 
CooTBeTcTBYIDIIIaH BapHaQHH co,ri;epmaHHH 0 18 B oca,ri;Kax B,D;OJih rro6e­

pemHir rpeHJiaH,O:lilI COCTaBJIHeT - 0,93 qacTH Ha MlIJIJilIOH Ha rpa,ri;yc 

IIIlipOTbI ( CTp . 64) . 
CesOHHaH BapnaQlIH co,ri;epmaHlIH 0 18 B oca,ri;Kax COOTBeTCTByeT, B 

06IQHX qepTax, BapHaQlIHM TeMrrepaTyphl ( CTp. 65 ). ,[(aIOTCH rrpHMepbI 

lI30TOIIliqecKIIX BapHaI~lIH ,[IJIH rrepIIO,D;OB C qJpOHTaMH TeIIJIOTbI lI ,ri;om,ri;e ­

BbIMlI JIHBHHMlI ( CTp. 66- 75 ). 

5., cTp. 76- 95. HccJieµ;oBaHHH JILµ;a rJieT11epon. 

YKa3bIBaeTCH lI30TOIIJlqecKaH CTpaTHqJHKaQHH B JI8,D;HHOH rJibI6e lI 

TeMrrepHpOBaHHOM rJieTqepe (cTp. 78). 
TipHBO,D;HTCH r JiaBHbie qepTbI MeTO,D;a, rrpHM8H8HHOro ( CTp. 84) rrplI 
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C 14 ,I:1an,1pOBaHIUI 11 Jie,!IHHhlX I'Jihl6. 9 Jie):IHHbIX I'Jihl6 6hlJIM MeHee 1000-
JieTHeH ,!laBHOCTM, caMaH .r1peBHHH 3100 ± 150 JieT. 

Te paHOHbl Ha MaTepmWBhlX Jlh):lax, K KOTOpbIM OTHOCHTCH 11 ,!laTM­

poBaHHhlX Jie,!IHHhlX I'Jihl6, orrpe,!leJIHIOTCH CJie,!lyIOm;MM MeTO,!IOM ( CTp. 84): 

1: Mcxo.r1H M3 co.r1epmamrn 0 18 B OT,!leJihHOH Jie,!IHHOH I'Jihl6e, Haxo­

/:IMTCH emerO):IHHH cpe,!IHHH TeMrrepaTypa MeCTa o6pa30BaHMH rrptt IIO­

MOIIl;M yKa3aHHOM Bhlllle KoppeJIHIIMM ( CTp. 63) Mem.r1y 8TMMM /:IBYMH 

rrapaMeTpaMM. 

2: Ha ocHOBaHMH cym;ecTByrom;ero B HaCTOHm;ee BpeMH pacrrpe,n;e­

JieHMH TeMrrepaTyphl Ha MaTepHKOBOM Jlh):IY MeCTO o6pa30BaHHH Haxo­

,!IHTCH 3aTeM KaK paitoH BOKpyr COOTBeTCTByIOm;ero M30TepMa. PacTOHHHH 

Mem.r1y MeCTaMH o6pa30BaHHH M ,n;aHHblMM 6eperOBbIMM I'JieTqepaMM 

BapIInpyIOT OT 60 ± 20 KM ,!10 460 ± 80 KM. 

Cpe,!IHMe CKOpOCTH, C KOTOphlMM 8 M3 y1msaHHbIX 11 ,!laTHpOBaHHbIX 

Jie,O:HHbIX I'JlhI6 ,!IBMI'aJIMCb C MOMeHTa MX o6pa30Bam-rn, BapnttpyroT OT 

110 ± 30_ M/ro.r1 ,!10 270 ± 140 M / ro.r1 rrpH B3BellleHHOM cpe,!IHeM 3HaqeHMH 

B 154 ± 15 Mjl'O,!I. 

PesyJihTaThl yKa3hlBaIOT Ha 6hlcTpoe rrepeMem;eHn:e MaTepn:aJia Ha 

60JibIIIMX yqacTKax MaTepMKOBOI'O Jlh,!la, qTo KacaeTCH IIeHTpaJihHbIX 

yqacTKOB 61,rcTpee, qeM 8TO MOIBHO 3aKJIJOqMTb H3 TeopeTMqecKMX coo6pa­

IB0HMM. Hn: O,!IHa M3 MCCJie,n;oBaHHhlX JI0):IHHbIX I'JlhI6 He MOI'Jia ycrreTh 

orrycTHTbCH rJiy6oKO B MaTepHKOBLIM Jie):I Ha CBOeM rryTM K rro6epeIBbIO 

(cTp. 89). 
EcJIM rrpoBepHTh co,n;epmaHHH 0 18 B yKaaaHHhlX 11 ,n;aTHpOBaHHhlX 

JI0,!IHHhlX I'Jihl6ax B OTHOIIIeHMH reorpaqmqecKOI'O a<p<peKTa IIIMpOTbI, TO 

OHM IIOKa3hIBaIOT mnreapHyIO 3aBHCHMOCTb OT B03pacTa, qTo yKaa1,rnaeT 

Ha B03MOIBHOCTh ,n;aTHpOBaHHH Jie,O:HHhlX I'JihI6 Ha 6aae H8MepeHHM 0 18 

(CTp. 91). 



7. 3. RESUME 

1., pp. 7- 8. lndledning. 

Unders0gelser af stabile isotopers fordeling i naturen har i de 
senere ar fa.et en stigende betydning for adskillige naturvidenskabelige 
forskningsomrader. 

2., pp. 9-39. Maleteknik. 

Prrecisionsmalinger af de tunge isotopers forekomst i vand foretages 
nutildags sredvanligvis med et massespektrometer. 

De forskellige metoder til angivelse af massespektrometriske data 
diskuteres. Ved den sakaldte b funktion angives den relative differens 
mellem en tung isotops forekomst i en pr0ve og en standard. b funktionen 
udmrerker sig derved, at multiplikative instrumentelle fejl ikke indgar i 
resultatet. L'.l a funktionen, som anvendes i nrervrerende arbejde, angiver 
den absolute differens i ppm (parts per million) mellem pr0ve og stan­
dard, hvorved additive instrumentelle fejl udgar. 

Et vigtigt punkt ved preparationen af pr0ver til bestemmelse af 
0 18 forekomster i vand er udvekslingen af iltisotoper mellem vandproven 
og CO 2• N ar denne proces efter mindst to timers rystning er l0bet til 
ende kan kuldioksyden anvendes som maleobjekt (p. 17) . Der gives en 
detailleret beskrivelse af maletekniken (p. 18) og diskussion af fejl­
kilderne (pp. 21-35). Herunder omtales en metode til prrecisionsmaling 
af forholdet mellem to h0johmsmodstande (1010- 1011.Q) under forskellige 
driftsbetingelser (p. 25). Med hensyn til sporgsmfilet om, hvilken af 
de ovennrevnte funktioner, der er at foretrrekke, konkluderes det , at 
de begge sredvanligvis er anvendelige. I tilfrelde af at korrektionen for 
en eller anden instrumentel fejl er vanskelig at bestemme, b0r den funk­
tion anvendes, i hvilken den pagreldende fejl udgar. 

Den i dette arbejde anvendte standard beskrives, og der udledes en 
omsretningsformel mellem b og L'.l a funktionerne (pp. 37-39). 

3., pp. 40-49. lsotopisk fraktionering af vand. 

Formler udledes for fraktioneringen ved isoterme fordampnings­
og kondensationsprocesser. Fraktioneringsfaktoren ix ( = forholdet mellem 
damptrykkene af vands lette isotopiske komponent og en af <lets tunge 
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isotopiske komponenter) angives som funktion af temperaturen. Et for­
dampningsfors0g (beskrevet i appendix, p. 96) til bestemmelse af IX. for 
H 20 18 ved lave temperaturer bekraifter en formel fundet experimentelt af 
ZHAVORONKOV et al. (1955) (p. 44). Formler for ikke-isoterme processer 
udledes p. 45. Forholdet mellem de absolute berigelser af komponenterne 
HDO og H20 18 er ea. 1,5 (p. 48). 

4., p. 50-75. Tunge isotoper i naturlige vandforekomster. 

Mens oceanvand har en ret ensartet isotopisk sammensaitning, af­
tager 0 18 indholdet i f_erskvandsforekomster med temperaturen pa dan­
nelsesstedet (p. 58). 

Der pavises en lineair korrelation (p. 62) mellem de arlige middel­
vairdier af lufttemperaturen og 0 18 indholdet i nedb0r faldet ved ocean­
kyststationer ved havets overflade og under forhold varierende fra 
tempererede til arktiske klimatyper. 0 18 indholdet aftager 1,33 ppm 
pr. ° C. 

En anden lineair afhaingighed pavises • mellem i hovedsagen de 
samme parametre for stationer pa Gr0nlands indlandsis. 0 18 indholdet 
aftager her 1,70 ppm pr. ° C. 

For samme isotop i nedb0ren pa Gronlands indlandsis udledes en 
isotopisk h0jdeeffekt svarende til -1,26 ppm pr. 100 m h0jdeforskel 
(p. 64). Den tilsvarende variation af 0 18 indholdet i nedb0ren langs 
Grnnlands kyster er - 0,93 ppm pr. breddegrad (p. 64). 

Den saisonmaissige variation af nedb0rens 0 18 indhold svarer i 
store traik til temperaturvariationerne (p. 65). Eksempler gives pa iso­
topiske variationer gennem perioder med varmefront- og bygeregn 
(p. 66-75). 

5., p. 76-95. Undersogelser af gletscheris. 

Isotopisk stratifikation pavises i et isfjeld og en tempereret gletscher 
(p. 78). 

Hovedtraikkene anfores (p. 84) af en metode, som er anvendt til 
C14 datering af 11 isf jelde. 9 isf jelde var yngre end 1000 ar, det aildste 
3100 ± 150 ar. 

De omrader pa indlandsisen, hvor de 11 daterede isfjelde stammer 
fra, bestemmes ved flg. metode (p. 84): 

1. Ud fra det enkelte isfjelds 0 18 indhold findes dannelsesstedets 
arlige middeltemperatur ved hjailp af ovennaivnte korrelation (p. 63) 
mellem disse to parametre. 

2. Pa grundlag af den nuvairende temperaturfordeling pa indlands­
isen findes dannelsesstedet derefter som omradet omkring den tilsvarende 
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isoterm. Afstandene mellem dannelsesstederne og de pagreldende kyst­
gletschere varierer fra 60 ± 20 km til 460 ± 80 km. 

Middelhastighederne, hvormed 8 af de 11 daterede isf jelde har 
bevreget sig siden de dannedes, varierer fra 110 ± 30 m/ar til 270 ± 
140 m/ar med en vregtet middelvrerdi af 154 ± 15 m/ar. 

Resultaterne tyder pa en hurtig materialomsretning over store dele 
af indlandsisen, for de centrale deles vedkommende hurtigere end teore­
tiske overvejelser lader formode. Ingen af de unders0gte isfjelde kan 
have naet at synke dybt ned i indlandsisen pa deres vej mod kysten 
(p. 89). 

Hvis 0 18 indholdene for de 11 daterede isfjelde korrigeres for geo­
grafisk breddeeffekt udviser de en linerer afhrengighed af alderen, hvilket 
peger pa muligheden for isfjeldsdatering pa basis af 0 18 malinger (p . 91). 
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