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A method is described to determine for the first time the 85Kr concentration in seawater. 
Samples of 220 1 of seawater are degassed aboard a research vessel. The krypton contained in the 
gas sample is isolated in the laboratory and its 8sKr activity is measured in a gas counter. The 
background of the lowel-level counting-array is 0.026 cpm; surface water samples yield a netto 
count-rate of 0.13 cpm. The reproducibility of the method was checked by gas standards (krypton-
air mixtures) and moreover by three surface water samples; both sets agree within +1(7, or 
±5%. The mean value of three samples of great depths (1600, 2000, 2000 m) is 5% of the surface 
water concentration. This figure represents the possible contamination of the samples by atmo-
spheric 85Kr during the various preparation stages (blank value). Two profiles have been measured 
from the North Atlantic (about 40°N, 18°W, November 1972). A strong decrease of the 85Kr con-
centration is found in the upper 1000 m. In a simple one-dimensional vertical diffusion-advection 
model the profiles can be simulated with a coefficient of apparent vertical eddy diffusion of 5 cm2/ 
sec in the depth range of 300 to 1000 m (main thermocline). A possible application of oceanic ^Kr 
data is the combination of depth profiles with those of other tracers, in particular 3H. Another 
application of the 85Kr method is the dating of groundwaters younger than 20 years. 

Introduction 

For the last 15 years natural or man-made radio-
nuclides have been used to investigate the motions 
of water masses in the interior of the world 
o c e a n 2 . As these radionuclides enter the ocean 
by gas-exchange, rainout, fallout, or liquid discharge 
at the atmosphere-ocean interface their "intrinsic 
clock" (radioactive decay) gives information on the 
time necessary for the surface water to reach oceanic 
depths. According to their different halflives the 
various radionuclides are suitable for different 
mixing phenomena: 14C for large scale mixing like 
the renewal of the oceanic deep water2; 3 H 3 ' 4 , 
137Ce 2, and 90Sr 5 for the mixing across the main 
thermocline, the region of the sharpest temperature 
gradient (boundaries between 300 and 1000 m 
depth approximately, varying with geographic 
latitude), and 222Rn for the gas exchange rates in 
the surface water layer 6. 

Water transport in the ocean is described by two 
phenomena: directed motion and turbulent ex-
change. The more tracers are studied the more cri-
tical examinations are possible of these ideas and 
of the relative contributions of both phenomena to 
water mixing7 - 9 . Oceanic 3H profiles have been 
measured in this laboratory for about 10years3 '1 0 . 
Prospecting for a new tracer, 85Kr was selected as a 
potential candidate. 

Reprint requets to Dr. Jörg Schröder, D-6940 Weinheim, 
Suezkanalweg 17. 

85Kr is a /^-emitter of 10.76 years halflife. It is 
produced by man's nuclear activities on the earth's 
surface; military Pu-production and civilian nu-
clear power production are the main sources11. 
Figure 1 presents roughly the course of the 8r'Kr 
concentration with time in the North Atlantic sur-
face water at about 50 °N, calculated under the 
assumption that the gases in the surface water 
layer are in equilibrium with those of the ma-
rine troposphere. Also indicated is the calculated 
course of the 3H concentration, the bulk of which 
originated from atmospheric nuclear weapon tests in 
the early sixties n . Water leaving the surface of the 
ocean and entering the subsurface layers is marked 
by a time-specific 85Kr to 3H concentration ratio. 
The halflives of both radionuclides being similar 
(halflife of 3H 12.3 6years) this ratio scarcely 
changes in time. As directed water motion preserves 
the tracer concentration ratios (cf. Fig. 1) whereas 
turbulent exchange smears them, one should thus 
be able to disentangle the mechanisms of directed 
water motion (advection, upwelling, downwelling) 
and turbulent exchange (eddy diffusion) in the 
region of the main thermocline, pursuing as well 
85Kr as 3H profiles. A first step to this goal was 
the development of an experimental technique to 
measure 85Kr in the ocean. 

Experimental Procedure 

a) On board of a research vessel seawater sam-
ples are taken from shipboard. The samplers are 
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Fig. 1. ^Kr and 3H concentration in North At-
lantic surface water. Straight lines: Rough pat-
tern of the calculated increase of 85Kr concentra-
tion in the surface water of the North Atlantic at 
50° N (linear approximation, cf. 29). The scat-
tering of the atmospheric values is represented 
by the upper and the lower straight line ( ± 10% 
deviation). Note: the 85Kr concentration decreases 
slightly from North to South (cf. 30' s l ) but there 
is zonal homogeneity (cf. *9). The histogram 
shows the calculated 3H concentration course in 
the same water body (values from 20). The unit 
of the 3H concentration is 1 TU = 1 3H atom per 

1018 JH atoms. 
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Fig. 2. Degassing array for 220 1 of seawater on shipboard, 
a, Gerard-Ewing large-volume water sampler (stainless 
steel, 2701) ; b, standpipe (stainless steel) ; c, C0 2 gas 
cylinder; d, tube "Heliflex" (50m long, evacuated); e, 
water heater (12 kW, evacuated); f, three-way cock; g, 
thermometer; h, tank (stainless steel, evacuated, 2201) ; 
i, to the water and the vacuum pump; j, reflux cooler for 
condensation of water vapour; k, cooler for penetrating 
water; 1, cooling unit; m, water trap; n, water trap (dry-
ice cooled) ; o, compressor; p, commercial propan-butan gas 
cylinder as sample-container (bellows sealed valves) together 
with thermometer and manometer; q, pure nitrogen gas; 

r, to the vacuum pump. 

gas-tight; whilst they are emptied, C02 gas is ad-
mitted to prevent access of air. Figure 2 shows the 
degassing array. The seawater passes the water 
heater (e) and is degassed by being expanded into 
a vacuum tank (h). From there the gases are con-
tinuously pumped (o) into the sample-container (p). 

Within 40 to 45 min 2201 of seawater are degassed 
with an overall efficiency of (78 ± 5 ) % , which 
value is determined by comparison with equilibrium 
gas solubilities. After degassing the water is pumped 
off (i) and the degassing array is filled with pure 
nitrogen gas (q), whereafter the system is evacuated 
(i, r) (for further explanation see21). One run 
takes 2 hours. 

During the cruises No. 27 and 29 of the German 
research vessel "Meteor" several casts each of about 
five 2701 samples were taken with Gerard-Ewing 
water samplers 12. A total of 54 gas samples was 
collected. 

b) In the laboratory the Kr gas contained in the 
gas samples (3 to 41 STP with 3 ppm Kr) is iso-
lated in one step by fractionated adsorption on 
charcoal. Figure 3 shows the gas separation system. 
The gas sample (a) is pumped by the Toepler-pump 
(g t) through the charcoal-column (h) at dry-ice 
temperature and a pressure of 350 Torr (flux 11 
STP per hour). After the sample cylinder (a) is 
evacuated, the charcoal (h) is pumped slowly to 
10 Torr within 3 hours. Then the charcoal is heated 
to 350 °C and the desorbed gases are expanded 
through the trap (n) (at liquid nitrogen tempera-
ture, to freeze out the C02 contained in the gas 
sample) into the calcium oven (j) where the re-
maining reactive gas components are bound chemi-
cally. After this treatment the sample has a volume 
of about 0.5 cm3 STP and contains besides argon 
about ( 8 2 ± 9 ) % of the extracted Kr gas, i.e. 
8 mm3 STP; the efficiency of recovery was 
determined by gas standards of known Kr content. 
The sample is transferred by means of the Toepler-
pump (g2) to a small-volume counting tube mounted 
at (k). Before entering the Toepler-pump (g2) the 
gas passes the trap (o) (at liquid nitrogen tempera-
ture) where traces of H20, C02 and 222Rn are 
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Table I. 85Kr concentration values from seawater samples. 

Fig. 3. Gas separation system in the laboratory, a, sample 
cylinder; b, krypton addition for the preparation of gas 
mixtures; c, Bourdon manometer; d, valve; e, molecular 
sieve for sample-drying (SO gr, 3 A) ; f, to the vacuum 
pump; g t , g 2 , Toepler pumps; h, charcoal column (10 g, 
Desorex F 10, length 150 cm, diameter 6 mm) ; i, to the 
vacuum pump via dosing-valve; j, calcium oven (700 °C) ; 
k, connection to the counting tube; 1, argon-methane mixture 
(80/20) ; m, precision manometer (Wallace and Tiernan) ; 
n, trap for freezing out C0 2 (at liquid N2 temperature) ; 
o, trap for adsorbing traces of H 2 0, C0 2 and 222Rn (at 

liquid N2 temperature). 

adsorbed. This is necessary as the a-emitter 222Rn 
may be produced in the charcoal (h) and in the 
molecular sieve (e) 1 3 - 1 5 . Most of the Xe is re-
tained in the two traps (n) (o) . Argon-methane 
(80/20) (1) is added to the sample to a total 
pressure of 670 Torr (m) at 0 °C. 

After counting the composition of the gas filling 
is analysed mass-spectrometrically; the Kr content 
is determined by comparison with gas standards of 
similar and known composition. The reproducibility 
of the sample preparation and of the 85Kr activity 
measurements was checked by five gas mixtures of 
known Kr content (stable Kr) and of known 85Kr 
activity; the 85Kr activity was about 0.2 cpm (typi-
cal surface water value 0.13 cpm). Good agreement 
within these five samples was found. The mean 
standard deviation ( l a ) of a single measurement 
is 4%. Intercalibration measurements with Stock-
burger 16 and the 14C laboratory of this institute 
(14C counters of known sensitive volume) allowed 
an absolute calibration of the counting tube (cf. con-
version factor in Table I) . Suitable choice of the 
materials of the counting tube (the body consists of 
quartz-glass, the kathode of hyperm-steel; 20 jum 
anode-wire of Wo) and the use in a low-level 
counting array with a lead shield of 15 cm thickness 
and a plastic scintillator as anticoincidence-ring 17 '18 

brought the background down to 0.026 cpm at a 

39° N, 21.75° W. Date: 25.11.1972 
depth (m) 85Kr concentration * 
0005 0.0738 (05) 
0005 0.0800 (04) 
0800 0.0075 (37) 
1600 0.00435 (25) 

42° N, 14.5° W. Date: 21./22. 11. 1972 
depth (m) 85Kr concentration * 
0005 0.0743 (05) 
0400 0.0507 (05) 
0800 0,0078 (13) 
1200 0.0063 (19) 
2000 0.0016 (57) 

42.75° N, 14.5° W. Date : 22. 11. 1972 
depth (m) 85Kr concentration * 
0400 0.0436 (07) 
2000 0.0065 (50) 

* The unit is: cpm 85Kr/Torr Kr at 0 °C in the counting 
tube at a lower threshold energy of 0.5 keV. The con-
version factor to absolut activities is 8040 dpm 85Kr/mMol 
Kr per cpm 85Kr/Torr Kr at 0 °C ( l a error 3%). The 
values in brackets show 1 o in %. 

lower threshold energy of 0.5 keV, i.e. 0.00214 
cpm/cm2 surface (cp.1 9 ) . The internal counter 
works in the proportional region, the energy calibra-
tion is performed by an external 55Fe source (K-
capture, 5.9 keV). The working voltage is 1400 
Volt. The slope of the plateau for 55Fe is 3.5% per 
100 Volt, the length of the plateau is 200 Volt. From 
the energy spectra of the background and of the 
samples the lower threshold energy was selected to 
be 0.5 keV. 

Results 

Table I presents the measured 85Kr values to-
gether with the positions, depths, and dates of 
sampling. In Fig. 4 the values of Table I are plotted 
against depth. A sharp decrease of the 85Kr concen-
tration with depth is found in the upper 1000 m. 
The three surface water values agree within the ex-
perimental precision. Considering the different posi-
tions and the errors, the two pairs of values of 400 m 
and of 800 m depth agree well. The mean value 
of the three samples of great depths is about 5% 
of the surface water value (detection limit for a five 
days measuring time). This figure represents the 
upper limit of the contamination of the samples by 
atmospheric 85Kr during processing. 

Although one of the samples of 2000 m depth 
corresponds to about 8% of the surface value, it is 
highly unlikely that this is a real effect, eventually 
caused by leakage or production of 85Kr in situ: 
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Fig. 4. 85Kr depth profile. The samples were taken during 
cruise No. 29 of the German research vessel "Meteor". The 
three surface values are staggered a little bit for clearness, 
the two 800 m values as well. Error bars correspond to + 1 o. 

the sampling position lies within an area where 
radioactive waste has been sunk into the Iberian 
Deep Sea (water depth 5000 m approximately). 
Further 85Kr samples of this region are not available 
at present. 

The obvious decrease of the 85Kr concentration 
in the upper 1000 m corresponds to the accepted 
ideas of water transport in the region of the main 
thermocline2' 4' 20. Figure 5 shows the 85Kr profile 
(open circles) normalized to surface water concen-
tration together with similarly normalized profiles 
of 3H for the same samples (crosses) as well as 
samples from a neighbouring station (full circles)11: 
in the region of the main thermocline the 85Kr values 
are lower than those of 3H; this fact is reasonable 
in view of Fig. 1, which shows that the bulk of the 
85Kr has had less time than that of the 3H to 
penetrate to the interior of the ocean. 

Interpretation 

To get an idea of the magnitude of the coefficient 
of apparent eddy diffusion in the region under 
study, a simple model of the ocean is sketched 
(cp . 2 1 " 2 3 ) . 

Fig. 5. Normalized 85Kr and 3H profiles. 85Kr values of 
Table I (the last two values of Table I are not shown here) 
normalized at the surface (open circles) together with tri-
tium values of the same samples (crosses). The full circles 
are 3H values of a neighbouring station taken in 1971 

(cp. » ) . 

The surface water layer is assumed to be well 
mixed and its gases are in equilibrium with the 
atmosphere (renewal time by gas exchange is some 
months6 '2 4 '2 5) . The depth of this well mixed layer 
is supposed to be approximately that of the winteir 
convection, which is about 300 m in the sampling 
area 26. This depth happens to be that of the 12 °C 
isotherme27' 28. The region below, till about 1000m 
depth, is the so-called main thermocline. Assuming 
that there is but vertical water transport, the tracer 
concentration changes only by vertical water ex-
change (characterized by the coefficient D of ap-
parent vertical eddy diffusion), by directed water 
motion (characterized by a velocity w), and by 
radioactive decay (decay constant X). Taking the 
depth as the + z coordinate with the origin in 300 m 
depth, the relevant differential equation in the re-
gion of the main thermocline is: 

3tc = D 322c — wdzc — Xc 

where c(z, t) is the concentration of the tracer under 
study. For a linear increase of c(z — 0, t) in time t, 
starting in 1955.4 from zero (cf. Fig. 1) the solu-
tion is (cf. 33) : 
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c(z, t)/c{z = 0, t) = 0 . 5 exp (zw/2D) 
• {(1 — z/2 tß) exp ( —zß/D) erfc [(z-2tß)/2 VD~t] 

+ (l+z/2tß) exp {+zß/D) 
erfc[(z + 2 tß)/2 \ D f ] } 

where 
ß = {X D + ur /4) V s , erfc (x) = 1 - erf (x) and 

X 

erf (a;) = 2 jVn / ex p ( - r2) dr . 
0 

A theoretical profile with D = 5 cm2/sec, w = 0 m/a 
and z = 0 in 300 m depth reasonably simulates the 
measured profile. 

A similar D value results from the 3H profile 
measured at the same samples (cf. Fig. 5) using the 
same model but considering the different input 
function of 3H into the ocean surface water: the 
histogram of Fig. 1 is approximated by a sudden in-
crease from zero in 1962.9 and an exponential de-
crease in time with the halflife of 3H. 

Literature values of D are 4cm2 /sec from com-
bined 90Sr and 3H profiles 5 and 4.34 cm2/sec from 
combined 90Sr and 137Ce profiles2 for the North 
Atlantic main thermocline. Thus describing the rate 
of mixing in this region by one-dimensional models, 
one finds that other tracers produce mixing parame-
ters similar to those calculated from the 85Kr pro-
files. The profiles differ in shape (cf. Fig. 5) due to 
the different time course of the input of the radio-
nuclides into the ocean surface water (cf. Figure 1) . 
85Kr 

to 3H ratios should allow to gain new informa-
tion of the physical reality and the relative con-
tributions of the different water transport pheno-
mena (characterized by D and w) in the region of 
the main thermocline. 

One must be aware of the fact, however, that the 
model described here neglects an alteration of the 
tracer concentration due to lateral transport pro-
cesses. It is now generally accepted that horizontal 
advection on isopycnic surfaces from the North may 
be even dominant ( c f . 4 ) . Thus the model here 
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motions in the interior of the ocean 21. 

Conclusions 

A new experimental technique has been developped 
to measure a new tracer in oceanography, viz. 85Kr. 
The method is shown to produce consistent results 
and the same coefficients of apparent eddy diffusion 
as 3H, 90Sr, and 137Ce profiles. The accuracies of 
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can give new information on the contributions of 
water exchange and water advection to water trans-
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As the gases dissolved in continental surface 
waters are in equilibrium with the tropospheric 
gases, dating of groundwaters younger than 20 years 
(cf. Fig. 1) should be another application of the 
85Kr method. 

Acknowledgements 

The author's participation in the cruises No. 27 
and 29 of the German research vessel "Meteor" was 
sponsored by the Deutsche Forschungsgemeinschaft. 
This paper is a preliminary report of work to be 
published in Meteor-Forschungsberichte (Deutsche 
Forschungsgemeinschaft, Ed.), Verlag Borntraeger, 
Berlin. The author thanks W. Roether of this insti-
tute for discussions. 

8 W. S. Broecker and T.-H. Peng, Tellus 26 ( 1 - 2 ) , 21 
[1974]. 

7 H. Stommel, H. Craig, J. Reid, W. S. Broecker, G. 
östlund, and P. Park, Preliminary Proposal for the 
Geochemical Ocean Section Study, Woods Hole Oceano-
graphic Institution, 1969. 

8 M. C. Gregg and C. S. Cox, Deep-Sea-Research 19 (5), 
355 [1972]. 

s W. H. Münk, Deep-Sea-Research 13, 707 [1966]. 



J. Sdiröder • Krypton-85 in the Ocean 967 

10 K. O. Miinnich and W. Roether, Transfer of Bomb 14C 
and Tritium from the Atmosphere to the Ocean. Inter-
nal Mixing of the Ocean on the Basis of Tritium and 14C 
Profiles, Proceedings of the IAEA Symposium on Radio-
active Dating and Methods of Lowel-Level Counting, 
IAEA Vienna 1967. 

11 J. Schröder and W. Roether, The Releases of ^Kr and 
3H to the Environment and 85Kr to 3H Ratios as Source 
Indicators, Contribution IAEA-SM-191/30 to FAO/IAEA 
Symposium on Isotope Ratios as Pollutant Source and 
Behaviour Indicators, Vienna 1975. 

12 W. Roether, J. Geophys. Research 76 (24), 5910 [1971]. 
13 G. Kirstetter, Aufbau einer Apparatur zur Messung von 

atmosphärischem Radon, Staatsexamensarbeit, II. Physi-
kalisches Institut der Universität Heidelberg 1970. 

14 H. Oeschger, private communication, Physikalisches Insti-
tut der Universität Bern 1973. 

15 S. Eitel, Bau einer Apparatur zur quasi-kontinuierlichen 
Messung von 222Rn in atmosphärischer Luft, Diplom-
arbeit, II. Physikalisches Institut der Universität Heidel-
berg 1973. 

16 H. Stockburger, private communication, Max-Planck-Insti-
tut für Kernphysik Heidelberg, Außenstelle Freiburg-
Schauinsland 1973. 

17 J. Schröder, 85Kr in der Atmosphäre, Diplomarbeit, II. 
Physikalisches Institut der Universität Heidelberg 1970. 

18 Proceedings of the IAEA Symposium on Radioactive 
Dating and Methods of Low-Level Counting, IAEA Vien-
na 1967. 

19 F. G. Houtermans and H. Oeschger, Helv. Phys. Acta 
31, 117 [1957]. 

20 W. Roether, Fallout Tritium in the North Atlantic Main 
Thermocline, Lamont-Doherty Geological Observatory of 
Columbia University, Palisades, New York 1973. 

21 J. Schröder, Krypton-85 im Ozean, Dissertation, Institut 
für Umweltphysik der Universität Heidelberg 1975. 

22 A. Lerman, Time to Chemical Steady-States in Lakes and 
Ocean, Adv. Chem. Series No. 106: Non-equilibrium 
System in Natural Water Chemistry, American Chemical 
Society, Washington D.C. 1971. 

23 E. Matsumoto, Geochem. J. 6, 59 [1972]. 
24 M. N. Koshlyakov, Bull. (Izv.) Acad. Sei. U.S.S.R. Atmo-

spheric and Oceanic Physics 3 (7), 742 [1967]. 
25 W. Klug, Tellus 26 ( 1 - 2 ) , 36 [1974]. 
28 D. M. Filippov, S. Ye. Navrotskaya, and Z. N. Matveyeva, 

Oceanology (URSS) 8 (11), 19 [1968]. 
27 F. C. Fuglister, Atlantic Ocean Atlas, Woods Hole 

Oceanographic Institution, Woods Hole, Massachusetts, 1 
(1960). 

28 G. Dietrich (complier), Atlas of the Hydrography of the 
Northern North Atlantic, Conseil International pour l'ex-
ploration de la mer, Service Hydrographique, Charlotten-
lund, Danemark 1969. 

29 J. Schröder, K. O. Miinnich, and D. Ehhalt, Nature Lon-
don 233 (5322), 614 [1971]. 

30 R. Pannetier, Distribution, transfert atmospherique et bi-
lan du Krypton-85, CEA-R 3591, CEN-Saclay 1968. 

31 L. Farges, F. Patti, R. Gros, and P. Bourgeon, J. Radio-
analytical Chem. 22, 147 [1974]. 

32 D. H. Peirson and R. S. Cambray, Nature London 205 
(4970), 433 [1965]. 

33 H. S. Carslaw and J. C. Jaeger, Conduction of Heat in 
Solids, At the Clarendon Press, Oxford 1959. 


