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Abstract 

The origin of 36Cl in the environment was investigated in this work. Together with its natural 
production due to cosmic rays, the anthropogenic input during nuclear weapon tests and due 
to the accident at Chernobyl nuclear power plant was considered. The hypothesis of the 
bomb-produced 36Cl recycling via the biosphere was proved experimentally. 
 Water samples were collected from European, African, and Asian lakes and delivered 
to Technische Universität München. After a chemical treatment, ratio of 36Cl/Cl was 
measured with accelerator mass spectrometry in Garching. The stable chlorine concentration 
was measured chromatographically. The obtained 36Cl concentration was in the range from 
0.6⋅107 at/l to 210⋅107 at/l. 
 High 36Cl content in European lakes was assigned to the Chernobyl accident. The 
comparison of the 36Cl and 137Cs contamination showed that a 137Cs activity of 1 kBq m-2 
corresponds to a 36Cl deposition of about 9⋅1010 atoms per square meter. The total 36Cl release 
from the Chernobyl accident was estimated to be 0.5±0.2 kg. 
 A box model was used to describe the atmospheric transport of radionuclides. The 
latitudinal distributions of the cosmogenic and bomb-produced 36Cl were simulated. The 36Cl 
concentration in African and Asian lakes was used to normalize the stratospheric release of 
36Cl from the near-water nuclear weapon tests. About 18% of the 36Cl produced in the ocean 
reached the stratosphere. A total stratospheric emission of 24±9 kg of 36Cl was obtained.  
 The results of the modeling were in a good agreement with the measurements for most 
of the lakes. This fact was used to estimate unknown hydrological parameters of lakes. The 
groundwater age of two lakes with short flushing times: Ammersee and Chiemsee was 
determined. The closure age of Issyk-Kul Lake was estimated to be about 270,000 years. 
 A part of the bomb 36Cl was considered to be stored in the biosphere and to be 
released as CH3

36Cl to the troposphere. An experimental setup to determine the 36Cl content 
in tropospheric CH3Cl was developed. The measurements performed in Kranzberger Forst 
showed that the mean global recycled 36Cl flux could be up to 70 at m-2 s-1. The 
implementation of the recycling into the transport model explained the discrepancy of the 
simulated and measured 36Cl flux, previously observed in modern precipitation. 
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Introduction 

36Cl is a radioactive nuc lide with a half- life of 301 kyr. It is produced naturally in spallation 

reactions on atmospheric argon induced by high-energy particles of cosmic rays (CR). The 

success of accelerator mass-spectrometry (AMS) allowed 36Cl measurements with sensitivity 

better than 10-14 relative to the stable chlorine [1]. The 36Cl concentration determined in dated 

samples could be used to reconstruct the CR intensity over 1 million years in the past if the 

conditions of its production and fallout were known [2]. 36Cl proved to be a valuable tracer in 

hydrological studies and a useful dating tool for glaciers and ground water [3]. Interesting 

applications come up due to the anthropogenic 36Cl released during nuclear weapon tests 

[4, 5] and the Chernobyl accident. Short 36Cl pulses with large amplitude can be used as a 

marker and the time decrease of the 36Cl concentration in environmental compartments can be 

used to study exchange processes. 

 However, a number of questions arise when the method of 36Cl is applied. No study to 

determine the latitudinal distribution of the 36Cl bomb pulse was performed until this work. 

The interpretation of local 36Cl deposition based on the typical latitudinal distribution of 

cosmogenic radionuclide fallout obtained in [2] and normalized with the integral deposition of 

bomb 36Cl in Greenland [5] failed to describe the measurements [6, 7]. A significant 

discrepancy was also observed when the calculated cosmogenic 36Cl fluxes were compared 

with the measurements in modern precipitation [8]. 

 Recycling of bomb-produced 36Cl via the biosphere was suggested in [9] and in [8]. 

The main role of the 36Cl back transfer to the troposphere was assigned to methyl chloride. 

However, no experimental confirmation of the recycling existed until this work.  

 The aim of this work was measurements of 36Cl concentration in the environment with 

the following analysis of the 36Cl sources.  

• Lakes with long flushing time were chosen as environmental compartments to study 

the 36Cl distribution. Due to its hydrophilic properties, chlorine from the catchment 

area of a lake remains attached to water and enters the lake. The only way of its 

removal from the reservoir is flow out with the water. The advantage of using large 

water systems is the natural averaging of the input signal over the catchment area and 
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the flushing time. Thus, the 36Cl concentration in the lake is not influenced by small 

local effects. On the contrary, the influence of la rge-scale events with the total 

inventory much larger than the annual natural production of 36Cl can be determined. 

• The second environmental compartment to study the 36Cl content was methyl chloride. 

Thus, the first direct experimental confirmation of the recycling was obtained. 

 

 The first chapter of the thesis gives a general overview of 36Cl in the environment. 

Available information on the mechanisms of 36Cl production and its transport is presented. In 

the second chapter, the models and the background of experiments are discussed. The 

atmospheric transport and the radionuclide injection into the stratosphere during the nuclear 

weapon tests are described there. The third chapter is dedicated to the experimental 

equipment, which was used for the measurements. The facility of accelerator mass 

spectrometry in Garching, the high performance liquid chromatography, and the setup for the 

CH3Cl collection are described. The results of the measurements and modeling are discussed 

in the forth chapter. The 36Cl input due to Chernobyl accident and due to nuclear bomb tests is 

estimated. A 36Cl application for hydrology is illustrated for a few examples. A mean 

groundwater age in basins of European lakes with flushing times below 5 years and the 

closure age of Issyk-Kul Lake are quantified. 
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CHAPTER 1. Radioactive chlorine-36 in the 
environment 

1.1. Cosmogenic isotopes 

The modern science of cosmogenic isotopes (CI) was founded in 1967, when the classical 

paper of D. Lal and B. Peters [2] appeared. Some other attempts to determine cosmic ray 

(CR) fluxes by measuring radionuclide concentrations had been performed before [2] but D. 

Lal and B. Peters were the first who managed to systemize available data, to describe the 

most important features of CI production, and to point out the main problems to be solved. 

 The largest difficulty in the 60s of the last century was the sensitivity of the 

experimental setup, which was not sufficient to measure reliably small amounts of 

radioactivity. That is why many conclusions about long- lived radioisotopes (e.g. 26Al) were 

based on assumptions and estimations. A significant step forward was done, when accelerator 

mass spectrometry (AMS) was developed. First attempts to measure 3He with the help of a 

cyclotron were performed in 1939 [10]. In 1977, Muller suggested using a cyclotron for 

radiocarbon dating in case it would be possible to separate the isobars 14C and 14N [11]. In the 

same year, it became clear that nitrogen did not produce negative ions [12] and shortly 

afterwards an accelerator with negative ion injection was used for the 14C determination [13]. 

 At present, much data combining the concentrations of radionuclides in different 

compartments of the environment all over the globe is available. A number of models were 

developed to explain the production and distribution of CI. However, the main features, which 

were pointed out by Lal and Peters, are still correct and can be used successfully. 

 High-energy nuclei of hydrogen, helium and heavier elements, which compose 

Galactic Cosmic Rays (GCR), diffuse through the galaxy and penetrate into the solar system 

(see Figure 1). The interaction with the magnetic field frozen in solar wind leads to solar 

modulation, to which the low energetic part of GCR is especially sensitive. The Sun also 

emits Solar Cosmic Rays (SCR), which are known as Solar Energetic Particles (SEP) in the 
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modern literature [14]. Both GCR and SEP coming to the Earth interact with the geomagnetic 

field. Particles with low energy are reflected and only the high-energy nuclei are able to 

penetrate into the atmosphere. Thus, the geomagnetic cut-off takes place. It is stronger in 

equatorial region and weaker near the poles. The particles entering the atmosphere initiate 

nuclear, muon, and electron-photon cascades, which lead to the production of CI. 

 The produced isotopes are involved in the geochemical and geophysical cycles, which 

are specific for each element, and are transported to the surface of the Earth. Some of them 

are fixed in natural archives – closed systems, where the exchange with the environment is 

strongly suppressed (e.g. tree rings, polar glaciers, see sediments). Thus, the concentration of 

CI in the archive depends on 

1) GCR intensity 

2) Efficiency of solar modulation 

3) SEP intensity 

4) Geomagnetic dipole moment 

5) Efficiency of the transport of particular CI from the place of production to this archive 

6) Conditions of archive development 

 

Solar modulation 

GCR 

Geomagnetic field 

SEP 

Stratosphere 

Troposphere 

Earth surface  

Figure 1.  The penetration of Galactic Cosmic Rays (GCR) and of Solar Energetic Particles (SEP) into the 
atmosphere and to the Earth surface 
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7) Time, which has passed since the archive became closed (the age of archive) 

8)  Non-cosmogenic sources, which influence the concentration of the isotope in the 

archive. 

If one chooses a natural archive and measures the concentration of a nuclide in it, one gets a 

quantitative characteristic, which is a function of the 8 parameters mentioned above. Of 

special interest are those radionuclides, half- lives of which are small compared to the age of 

the Earth so that their primordial component can be neglected but large enough that their 

concentration remains measurable for a long time. Moreover, it is important that the 

cosmogenic production is the main source of this nuclide. In this case, the parameter (8) does 

not play any role. The possibility of archive dating solves the problem (7) and the information 

concerning (6) can be obtained from other sciences (dendrology, glaciology, etc.). Thus, we 

get a function of five unknown variables, which are related to the time of the archive closing. 

It is possible to solve a reverse problem and to find out how these 5 parameters were changing 

in time. This is a unique opportunity to look into the early history of the Earth, to find out if 

the environmental conditions remained the same or they were undergoing drastic changes. 

 To reconstruct the unknown parameters it is necessary to know how they depend on 

the concentration of CI in the archive and to have a sufficient data set. One way of their 

determination is the usage of a few nuclides, which react differently to the changes of these 

parameters. An alternative way is the detailed analysis of the variations of the concentration, 

their amplitude and frequency. For example, SEP are produced during solar flares, which last 

from seconds to hours. The solar modulation is connected with the activity of the Sun and has 

the main periodicity of 11 years (Schwabe cycle [15]). The longer time-scale variations have 

periodicities of 88 years (Gleissberg cycle [16, 17]) and 200 years (Suess cycle [18, 19, 20]). 

Until now no significant variation of GCR was discovered though according to simulations, 

an explosion of a supernova in the vicinity of the Solar system (at the distance of about 50 pc) 

could increase the charged particle fluxes by a factor of 2 for a few thousand years [21]. The 

long-term variations of the CI concentration induced by the fluctuations of the geomagnetic 

field are of the same order of magnitude, e.g. the Laschamp event about 38000 years ago [22, 

23]. Till now not much is known about changes of the global atmospheric transport. It seems 

that deviations driven by local weather effects dominate compared to long-term changes. In 

order to get reliable and usable information it is necessary to perform multiple measurements 

with a following averaging over time and space. An exception is radiocarbon, which is 

naturally well mixed in the atmosphere in the form of 14CO2. 

 In order to obtain information about the past: 
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I. A CI should be chosen in a proper way. It means that its half-life should be between 

thousand and some tens of millions years. It should be produced in quantities large 

enough for measurements and there should be a suitable natural archive for it. 

II. A theory or model, which connects the described above parameters and the rate of 

production of this isotope at different points of the atmosphere, should be developed 

III. A transport model, which allows the calculation of the CI concentration in the archive 

from the known production rate, should be created. 

IV. Calculations of the parameter of interest should be performed. 

I. Since the beginning of CI research, the most promising CI are considered to be 
14C (T1/2=5730 yr), 10Be (T1/2=1.5 Myr), 26Al (T1/2=710 kyr), and 36Cl (T1/2=301 kyr). 

Among these nuclides only radiocarbon is mainly produced in an exothermal nuclear 

reaction ( 14N(n,p)14C ). The rest are products of endothermic spallation nuclear 

reactions. The reactions as e.g. 35Cl(n,γ)36Cl and 36Ar(n,p)36Cl are also possible but 

neither 35Cl nor 36Ar are present in the atmosphere in sufficient quantities. These 

reactions do not make any significant contribution to the 36Cl production. 14C and 10Be 

are produced on targets of nitrogen and oxygen, which are the most abundant elements 

in the atmosphere. 26Al and 36Cl are produced on argon, which atmospheric 

concentration is 1% only. Their production rates are low and the possibility to measure 

them is connected with the success of AMS. Typical natural archives for these 

radionuclides are tree rings (14C), glaciers (10Be, 36Cl), and sea and lake sediments 

(10Be, 14C, 26Al). 

II. The first estimation of the CI production rate was made in [2]. The authors used the 

number of stars in nuclear emulsions exposed at different altitudes and latitudes and an 

experimentally determined yield of the isotope per star. The method was based on the 

similarity of the CR spectrum at different points of the atmosphere. This assumption is 

generally not valid and the estimation contained a large error. The method was also 

not suitable for the study of variations of the production rate in case of fluctuations of 

external parameters. To solve these problems, theoretical models were developed. For 

example in [24] a system of Boltzman equations with the CR spectrum as a boundary 

condition was solved. The latest simulations were based on the Monte-Carlo method 

with the usage of special software as e.g. LAHET and GEANT codes [25] and on the 

solution of transport equations, where the interactions of nuclei with matter were 

described with the help of analytical approximations of differential cross-sections [26]. 
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Though the results of these calculations are in a good agreement, there are some 

evidences that the description of the 36Cl production is  not complete and it should be 

reviewed [27]. The main part of the present work is devoted to the consideration of 

this problem. 

III. Until now, there is no agreement how the transport of elements in the environment 

should be described. Most authors use their original models for their specific tasks. 

Most of the models are developed for local conditions and they are obviously not 

suitable on the global scale. A way to solve this problem is presented in Chapter 2. 

IV. The problems discussed in points II and III should be solved before the reconstruction 

of the time information would be possible. An attempt to solve the reverse problem 

was performed for radiocarbon [28], for which a transport model exists [29]. 

1.2. General information about chlorine-36 

Chlorine belongs to the group of halogens. It is the 11th abundant element in the Earth’s crust. 

Mostly it is bound to the following compounds: NaCl, KClMgCl2H2O, KCl, and 

KClMgSO43H2O [31]. Chlorine has two stable isotopes: 35Cl (75.77 %) and 37Cl (24.23 %). 

 The radioactive 36Cl (T1/2= 301 ky) has 3 decay channels (see Figure 2): β - (98.1%), 

EC (1.89%), and β+ (0.01%): 

 eeArCl ν++→ −3636  

 eSeCl ν+→+ − 3636  

 2+    36Cl 

0+  36S 

0+  36Ar 

0.709 MeV 1.142 MeV 

β- (98.1%) 
EC (1.89%)
β+  (0.01%) 

T1/2 = 301000 a 

 

Figure 2  Decay scheme of 36Cl [30] 
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 eeSCl ν++→ +3636  

Because the half- life of 36Cl is short compared to the age of the Earth, all primordial 36Cl 

nuclei have already decayed. Thus, the 36Cl abundance is completely determined by its 

modern production rate. The main source of 36Cl in our environment is the spallation reactions 

on atmospheric 40Ar induced by CR. The charge exchange reaction 36Ar(n,p)36Cl contributes 

less than 4% to its average production [32]. The global average 36Cl production rate is 

estimated from 11 [2] to 22 at m-2 s-1 [33]. The latest results are within these limits. 

Unfortunately, there are no direct experiments able to prove the simulations. Available 

measurements [34, 35] give only the local fluxes of the isotope, which can differ strongly 

from the average value. 

 One of the natural sources of 36Cl is neutron activation of stable 35Cl in the lithosphere. 

When the chlorine abundance in a rock is low, the spallation reactions on potassium and 

calcium become important. At larger depths, the nucleonic component of the GCR fluxes is 

strongly reduced. The capture of negative muons by 40Ca and reactions of showers produced 

by the interactions of fast muons with K and Ca become the main mechanism of 36Cl 

production [36, 37]. At depths greater than about 100 m, the dominant 36Cl production 

channel is the neutron capture reactions 36Cl(n,γ) where the neutrons originate from decay of 

thorium and uranium. 

 The anthropogenic production of 36Cl is of special importance. Because of the 

intensive tests of nuclear weapon performed in the 50-60s of the last century, the environment 

was affected by activation due to neutrons of fission (atom bombs) and fusion (hydrogen 

bombs). In case of barge tests, the neutrons activated 35Cl of the seawater. High density of the 

released energy caused strong upward airflows, which brought a part of the produced 36Cl to 

the upper layers of troposphere and into the stratosphere. Once being above the tropopause the 

chlorine was transported over large distances before falling down to the Earth’s surface. Thus, 

the effect became global. The analysis of the bomb peak in Greenland [5] demonstrated a 

rapid increase of 36Cl concentration in ice within the test years (the integral flux - fluence - 

was 2.4⋅1012 at m-2, which corresponds to about 2000 years of natural production). However, 

in the 80s the 36Cl fluxes decreased to the natural level and it was assumed that no observable 

bomb produced 36Cl should be present in modern precipitation. 

 Another anthropogenic source of 36Cl is the production in civil and military reactors. 

In case of an accident (e.g. Chernobyl accident) or due to some regular releases this chlorine 

enters the environment. Though this source does not make a significant contribution to the 

global budget, it can temporally dominate in local 36Cl fluxes [38]. 
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1.3. Natural production of chlorine-36 by cosmic rays (CR) 

Because the rate of the 36Cl natural production plays a central role in this work, the most 

important parameters needed for its calculation are discussed below. The discussion is based 

on the method of solution of transport equations. Additional information can be found in [39]. 

1.3.1. CR spectrum in the vicinity of the Earth 

The CR consist of protons (87%), alpha-particles (12%) and heavier nuclei (1%). The proton 

differential spectrum at the orbit of the Earth can be written in the form [40]: 

 γ−+χ+
+++

+
= )(

)2)((

)2(
)( 02

00

2
00

00 SFE
SFcmESFE

cmEE
fEf

p

p  (1) 

with 

)105.2exp(780 0
4 E−⋅−=χ  

γ - spectral index. The used value is γ = -2.65, 

mp c2
 - rest energy of the proton in MeV, 

SF - parameter of solar modulation, which varies from ~250 MeV during 

the minimal solar activity up to ~950 MeV during the maximum, 

f0  - normalizing coefficient, f0=1244000, 

E0  - kinetic energy of a proton in MeV, 

f(E0) - proton spectrum in MeV-1 s-1 m-2. 

The equation (1) does not describe the spectrum correctly at energies below 100 MeV. In this 

energy range, the influence of SEP and anomalous CR should be considered. However, this 

part of the spectrum does not contribute significantly to the 36Cl production rate because of 

the geomagnetic cut-off, strong ionization losses, and the threshold of the spallation reaction 

of about 20 MeV. Neither is this equation correct at very high energies (more than some 

TeV), at which the pair production becomes important. This part of the spectrum does not 

make any significant contribution to the bulk 36Cl production because of the rapid decrease of 

the CR flux with energy. The maximum of the 36Cl production is due to the particles of mean 

energies, spectrum of which is described by equation (1) quite well.  

 The spectra of heavier particles of the CR are assumed the same as for protons if E0 

corresponds to the energy per nucleon. Only the normalizing coefficient should be corrected 

for this case. The error made by this assumption cannot be large because heavy particles of 

the CR make a smaller contribution to the 36Cl production than the proton component. For 
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example, the second most abundant CR component (alpha particles) contributes about 40% 

compared to primary protons [24]. 

1.3.2. Geomagnetic cut-off 

The geomagnetic field leads to a shielding effect. The low energy particles are deflected by 

the geomagnetic field and they cannot penetrate into the atmosphere. In order to describe this 

effect Störmer introduced an analytical approximation [41]. In this theory, the magnetic field 

of the Earth is assumed a simple dipole without offset and tilt. A critical rigidity Rcr exists for 

every direction of the incoming particle. Particles with larger rigidity R>Rcr can penetrate into 

the atmosphere and induce the nuclear cascade. Particles with lower rigidity R<Rcr are 

reflected and do not enter the atmosphere. This critical rigidity is calculated as 

 
( )

( ) ( )( )23

4

1coscos1

cos

+⋅−

⋅
=

λω

λRo
Rcr  (2) 

where (see Figure 3) 
λ - geomagnetic latitude 

ω - angle between the direction of the primary incoming particle and the 

direction to the East 

 
Direction of the 
incoming particle 

North magnetic 
pole 

South magnetic pole 

ω 

λ 

E 

W 

S 

N 

 

Figure 3  Schematic drawing of the geomagnetic sphere 
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Ro - a constant related to the Earth’s magnetic dipole moment. 

Ro=59.6 GV for dipole moment of 8.06⋅1025 Gauss cm3 (for the 

1930s to the 1950s) and Ro=58 GV for dipole moment of 

7.84⋅1025 Gauss cm3 (1990).  

 Precise calculation of the cut-off effect can be performed numerically. 

1.3.3. Transport equations 

The production rate of 36Cl can be calculated if fluxes of particles in every point of the 

atmosphere and the corresponding cross-sections are known. In order to determine the fluxes 

a transport equation applied to the entire atmosphere should be solved. A boundary condition 

for this equation is the CR spectrum corrected for the geomagnetic shielding. With the use of 

particle conservation the transport equation can be written in a form 

 

( )

( ) ( ) 1111111, ,,)(,,,

),,()(
),,(

),,(cos

1
1

ΩΩµΩΩ+

Ωµ−=
∂

Ω∂
+Ω

∂
∂

⋅ϑ

∑ ∫∫
Ω

>

ddExENEEEn

xENEE
dx
dE

E
xEN

xEN
x

k
k EE

kik

ii
ii

i

 (3) 

where 

Ni(E,Ω,x) - flux of the particles of type i with energy E in solid angle Ω at depth 

x, 

µi(E)=σtot(E)/m - mass absorption coefficient for the particle of type i, 

σi
tot(E) - total inelastic cross-section of the particle of type i, 

m - atomic mass of the target, 

( )E
dx
dEi  - ionization losses of the particle of type i, 

nk,i(E,E1,Ω,Ω1) - differential spectrum of the secondary particles of type i with energy 

E in the solid angle Ω, which are produced within the interaction of 

primary particle of type k with energy E1 in the solid angle Ω1, with 

the nuclei of the target, 

ϑ - angle between direction of the incoming particle and the normal to 

the target. 
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In this equation, it was assumed that only particles from a small solid angle around the normal 

to the target make a significant contribution to the flux. Thus, the convexity of the Earth can 

be neglected and the plane geometry is described by one variable. 

 Even if each function in the equation (3) were known exactly, only with the help of a 

powerful computer it would be possible to obtain results in the range of 1 percent uncertainty. 

However, the necessary cross-sections are still not measured with high precision and an error 

of the numerical calculation can be neglected. 

1.3.4. Total inelastic cross-section  

Some data on nuclear interaction of protons with matter can be found in [42, 43] (see Figure 

4). There is little difference in the mass absorption coefficient for targets of carbon, nitrogen, 

and oxygen. Though there are not much data available in the high-energy range, the 

dependence of the cross-section on energy is weak there. At low energies, the uncertainty of 

measured values exceeds 10%. However, because the maximum of the 36Cl production 

corresponds to primary particles with energy of about 1 GeV this error does not contribute 

significantly to the overall uncertainty. A larger difficulty originates from the lack of 

experimental cross-sections for energetic neutrons. However, at energies larger than about 

100 MeV the Coulomb barrier can be neglected and neutron cross-sections can be assumed 

the same as the proton ones. 
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Figure 4  Total inelastic cross-section for protons in nitrogen (diamond), oxygen (square), and carbon 
(triangle) [43] 
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1.3.5. A single nuclear interaction 

In order to solve the transport equation (3) the knowledge of the differential spectrum of 

secondary particles produced in a nuclear reaction is necessary. This spectrum can be 

obtained by calculation of the internuclear cascade by Monte-Carlo method or by applying the 

analytical approximations [44]. Each of these methods has a relatively high uncertainty, 

which is one of the main sources of the resulting uncertainty in the production rate 

calculation. 

1.3.6. Ionization losses 

Ionization losses of a charged particle in matter are calculated according to Bethe-Bloch 

formula [45, 46] 
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Figure 5  Energy dependence of the cross-section of 36Cl production on 40Ar 
40Ar(p,X)36Cl: 
diamonds – experimental points [51], solid line – Silberberg approximation [47], dashed 
line – Rudstam [48] approximation, triangles – CEM95 simulation [53] 
40Ar(n,X)36Cl: 
squares – CEM95 simulation [53]. 
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A - atomic mass of the target nucleus, 

M - atomic mass unit, 

I  - average ionization potential of the target matter, 

mec2 - rest energy of the electron, 

? - speed of light, 

β - velocity of the incoming particle in units of c, 

21
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β
γ

−
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Alternatively, tabulated data [47] or simulation (http://www.srim.org) can be used. 

1.3.7. Cross-sections of chlorine-36 production 

The cross-section of 36Cl production on 40Ar can be estimated using Rudstam [48] or 

Silberberg and Tsao [49, 50] approximations. However, their accuracy is not sufficient and it 

is preferable to use the interpolated experimental data [51]. Unfortunately only the cross-

sections of the reaction 40Ar(p,X)36Cl are measured while the reaction 40Ar(n,X)36C plays a 

dominant role for the 36Cl production. It was claimed [52] that the cross-sections of proton 

and neutron induced reactions can be quite different, especially in the cases of similar masses 

of target and product. However, the simulations made with CEM95 [53] show that Coulomb 

interaction is important at the energies below 50 MeV only and at higher energies, no large 

difference between n- and p- reactions can be observed (see Figure 5). 

 It is difficult to estimate which error can arise from the uncertainty of the cross-section 

data. In the first estimations, when only approximations were available, it could be up to a 

factor of two. The usage of experimental data can reduce it to about 15% - the uncertainty of 

the measured cross-sections. 

1.4. Available data on chlorine-36 

The first measurements of 36Cl were performed in the middle of the 50s by screen-wall 

counters [54], which had a sensitivity of about 10-12 for the 36Cl/Cl ratio. This sensitivity was 

improved by a factor of 2 in the middle of the 60s when liquid scintillation was used [55]. 

However, measurements of most of the natural samples became possible only with 

development of AMS [56, 4], which combines a high sensitivity (about 1⋅10-15 of 36Cl/Cl) 

with small sizes of the sample (about few mg). 
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 The 36Cl concentration in a number of samples from different parts of the globe was 

published. However, only few of the results can be used to obtain information on 36Cl fluxes. 

These are the measurements in precipitation (snow and rain) when both the concentration of 
36Cl (in at m-3) and the precipitation rate (in m per year) are known. Similar information can 

be obtained from measurements in glaciers. Another way of getting experimental data about 

fluxes is the measurement of 36Cl in lakes with known hydrological parameters. In this case, 

the obtained fluxes are model dependent but their advantage is that they are naturally 

averaged over the catchment area and flushing time (the ratio of volume to outflow rate) of 

the lake. 

 The first measurements of 36Cl in rainwater were performed in the end of the 50s [57]. 

A high 36Cl concentration (between 2.4⋅108 and 1.8⋅109 at/l) demonstrated the influence of 

nuclear weapon tests. Until 1979, the 36Cl concentration in precipitation had been reduced by 

2-3 orders of magnitude [58]. Detailed information on bomb chlorine impact was achieved by 

measurements in Greenland ice [5] (Figure 6). Later on, the measurements of 36Cl in 

precipitation were performed in [59, 60, 61, 62]. However, the most extensive study, which 

covered a wide latitudinal range, was done in [8]. The data calculated in these works are 

gathered in Table 29 and are presented in Figure 7. High amplitudes of the fluctuations 

demonstrate the importance of local effects. It is clear that no conclusion can be made upon a 

single measurement and only average fluxes should be used for data interpretation. In Figure 
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Figure 6  Bomb pulse of 36Cl measured on Dye-3, Greenland [5] 
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7, the experimental fluxes are systematically higher than the simulated. This requires a 

revision of present understanding of 36Cl sources [27]. 

 Measurements of 36Cl in water systems were usually performed in ground water with 

the purpose of their dating, e.g. [63]. In open reservoirs, 36Cl was measured for the first time 

in Great Laurentian lakes in the beginning of the 90s [7]. Because of interpretation 

difficulties, these measurements were also discussed in the following works [64]. The most 

important conclusions done were the impossibility of explanation of high 36Cl concentration 

without taking into account the input of the bomb-produced chlorine and importance of 

atomic power plants for local 36Cl fallout [38]. In contrary, Beasley et al. [65] made a 

conclusion about the natural origin of 36Cl in lake Baikal and rivers Yenisey and Kolyma. 

 Besides Dye-3, the measurements of 36Cl in ice were performed for stations Milcent, 

SUMMIT, and Camp Century in Greenland [66], in Alpine glacier Fiescherhorn (Switzerland, 

46N, 8E, altitude about 4000 m over sea level), in glacier Gulya in Himalayas (China, 35N, 

81E, altitude about 6700 m), and in Huascaran in Ands (9S, 77W, altitude about 6000 m) [6]. 

In both works, the bomb peak of 36Cl was measured and compared with [5]. The expected 

latitudinal distribution could not be confirmed on the base of these works. The 36Cl fluences 

in Fiescherhorn and Guliya appeared to be lower than in Dye-3 though they were expected to 

be higher than that one in Dye-3 by a factor of 2. All attempts to explain this phenomenon by 
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Figure 7  Calculated and measured 36Cl fluxes in rainwater as functions of latitude [8]. The 
experimental points are presented by symbols with error bars; the solid line stands for the 
calculation. 
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blowing out of chlorine with snow from the glaciers contradicted the measured data on 18O. It 

is likely that the 36Cl fluxes decrease with the altitude (for example, the fluences of 36Cl in 

Huascaran and Guliya, which are at about the same height, are of an order of magnitude lower 

than the fluence in Dye-3). 

1.5. The problem and its solution 

1.5.1. The problem 

In section 1.1 it was shown that CI could be a very useful tool for obtaining information about 

the physical conditions of the Solar system and the Earth in the past. However, a detailed 

understanding of their sources is necessary. In section 1.2 it was mentioned that 36Cl could 

also be effectively used as a tracer and it was a very important isotope for hydrology. The 

sources of 36Cl were listed, among which the natural production prevailed. In section 1.3 the 

methods of calculation of the 36Cl production rate by CR were briefly discussed. Though the 

uncertainties in cross-sections are high, the modern nuclear physics is able to describe the 

production of 36Cl with accuracy better than 20%. Thus, enough information about 36Cl is 

known and 36Cl can be successfully used for different applications. However, the discrepancy 

of calculated and measured fluxes of 36Cl stated in section 1.4 shows that either there is a 

problem in the simulation of 36Cl production or there should be another important source of 

this isotope, which has not been taken into account until now. In the first case the nuclear 

modeling should be revised, in the second one a new environmental effect should be 

considered. In any way, the discrepancy points to a problem of high importance. An answer to 

the question of a “hidden source” is given in this work. 

 This source was neglected and it means that its influence was assumed improbable. 

That is why it is important to consider all possibilities, which can lead to the high 36Cl fluxes 

even if they seem not realistic: 

a) There was a systematic experimental error in the work [8]. 

b) 36Cl production due to CR is higher than it was assumed. 

c) 36Cl enters the Earth atmosphere from the space. 

d) 36Cl from the Earth surface enters the atmosphere and increases the modern 36Cl 

fluxes. 

e) A part of the bomb-produced 36Cl has been stored in the high atmosphere and is still 

falling out. 

f) 36Cl produced in reactors is released to the atmosphere in accidents or by nuclear 

reprocessing plants. 
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1.5.2. Possible solutions 

a) A part of the samples measured at TUM was also measured at ETH Zurich , Switzerland. 

The results were in a good agreement [8].  

b) Because the calculations of the production rate of other CI (10Be, 14C) are in a good 

agreement with experimental data, no large systematic error was done in nuclear modeling. 

c) Indeed, there are indications that meteorites bring a significant amount of radioactive 

isotopes onto the Earth. Recently, it was shown that the flux of 26Al due to meteorites could 

locally reach the same order of magnitude as the flux of atmospheric 26Al [67]. However, this 

calculation did not get any experimental confirmation. Moreover, compared to 26Al, 36Cl has 

fewer targets to be produced in meteorites and its atmospheric production rate is a factor of 10 

higher than for 26Al. 

d) The largest chlorine-containing reservoir on the Earth’s sur face is ocean. With a total mass 

of 1.4⋅1021 kg and chlorine concentration of 1.9% it contains about mCl =2.7⋅1019 kg of stable 

Cl. Using the global average flux of 36Cl F=16 at m-2 s-1 we can find the burden of 

cosmogenic 36Cl in the ocean is 

 =τ=
AN
MFAm 6700 kg, 

where 

A=5.1⋅1014 m2 - surface area of the Earth, 

NA=6⋅1023 mol-1 - Avogadro’s number, 

M=36 g mol-1 - 36Cl atom mass, 

τ=434 kyr - life-time of 36Cl.  

According to [68], the flux Φ of sea salt into the atmosphere is estimated to be 6500 Tg yr-1, a 

part η=55% of which is chlorine. Thus, we can estimate the flux of 36Cl coming out of the 

ocean: 
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This flux is small compared to the direct fallout of CR produced 36Cl. 

A little is known about chlorine, which falls on the land. Mainly it is washed out to lakes and 

later on to the ocean. However, a part of it can be captured by the biosphere. For example, the 
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measurements of 36Cl in the region of the reprocessing facility La Hague indicate an increase 

of 36Cl in grass [69]. 

e) Nuclear bomb tests increased the fluxes of 36Cl by 3 orders of magnitude. However, the 
36Cl flux measured in Greenland (see section 1.4) reached its prebomb level at the beginning 

of the 80s, and no bomb 36Cl is presumably observed in modern precipitation. On the other 

hand, due to high fluctuations of the annual fluxes it is hard to say if the measured postbomb 

fluxes reached their natural level or they were still higher by a factor of 2. It is possible that 

the chorine remova l from the low stratosphere is a relatively fast process (that’s why we see 

the rapid decrease of 36Cl fluxes after the termination of atmospheric nuclear tests) and the 

removal from the high stratosphere is a slow process, which determines the decrease of the 

fluxes for longer time. 

f) There is not much data available, which show the influence of the nuclear industry onto the 
36Cl budget. According to [38, 69] the reactors and reprocessing plants can increase the local 

inventory of 36Cl but this effect is not observable on a large scale. 

1.5.3. The aim of the work 

The aims of this work were: 

• Development of an atmospheric transport model for 36Cl. The model suitable for long 

time scale was necessary to investigate the possibility of delayed fallout of 36Cl. This 

model was also used for interpretation of the measurements. 

• Analysis of the relation between different sources of 36Cl. Natural production by the 

CR, bomb production, and input from the Chernobyl accident were studied. This 

analysis has been performed by the AMS measurements of 36Cl concentration in lakes 

with long flushing times. Additionally, the study of the latitudinal dependence of 

bomb-produced 36Cl fallout and contamination due to Chernobyl accident was 

performed. 

• The possibility of chlorine reemission into the atmosphere from land was examined. 

Of a special interest were the bioactivity and a role of methyl chloride. In order to 

perform this task an experimental setup had to be developed. 

• Combining the gained information for a conclusion about the reason for the 36Cl 

discrepancy in modern precipitation. 
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CHAPTER 2. Chlorine in atmosphere and in lakes 

2.1. Chlorine-36 transport in the atmosphere 

2.1.1. The structure of troposphere 

In the atmosphere, a low part called troposphere and a high part called stratosphere are 

distinguished. The troposphere is characterized by a negative gradient of the temperature with 

height and it is well mixed vertically. On the contrary, the stratosphere is stable because of 

positive temperature gradient and the vertical exchange is a slow process there. A tracer can 

be spread horizontally over large distances along the isentropes in the stratosphere and as 

soon as it enters the troposphere, it falls out rapidly. Thus, the stratosphere is responsible for 

the global mixing of species and the distribution of fallout depends on the features of 

stratospheric-tropospheric exchange (STE). 

 In equatorial regions, the troposphere absorbs more energy than it emits [70]. The 

warmed up air forms an upward flow and is replaced by a cooler air from the subtropics. 

These fluxes in the low troposphere are compensated by the poleward movements of the air 

masses in the high troposphere and their following sinking in subtropics. Thus, Hadley cells 

are created on both sides of the equator. The Hadley cells play an important role in 

atmospheric circulation because of the following reasons: 

• The poleward movements of the air in the upper troposphere hinder the mixing 

between south and north hemispheres. 

• The fast upward flows help the tropospheric air enter the stratosphere. 

• Due to Coriolis force, the upward directed flows produce the east trade winds, which 

assist fast mixing within one latitudinal belt. 

The position of the Hadley cells on both sides of the equator is not symmetrical and it changes 

within a year. The maximum deflection of zenith sun from the equator is 23 degrees. 

Accordingly, the boundary between the southern and the northern Hadley cells called 
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Intertropical Convergence zone (ITC) can reach latitude 23° over land. Due to the high heat 

capacity of the ocean, the deflection of the ITC over it does not exceed 5 degrees. 

 There is no stable circulation between latitudes 35° and 70°. The meteorological 

conditions there are determined by collisions of cold polar and warm equatorial fronts and by 

cyclone and anticyclone production. The main wind direction (eastward) can be explained as 

a thermal wind, which is produced by the temperature gradient and Coriolis force [71]. 

 In the pole regions, the air cools down by the ice and sinks. Thus, a circulation with 

equatorward airflow at low altitudes is formed. Coriolis force deflects this flow in west 

direction and circumpolar winds are generated. 

2.1.2. Transport in the stratosphere and through the tropopause 

The stratosphere is much more stable than the troposphere and the diffusivity is generally low 

there. The air parcels move slowly along the isenthropes and only a weak energy exchange 

takes place. In the presence of winds, instabilities might appear and eddy diffusion leads to a 

faster mixing. 

 The wind pattern in the stratosphere is determined by its heating. The summer 

hemisphere obtains more ene rgy than the winter one. This leads to the formation of the 

thermal west winds in the winter hemisphere and the east winds in the summer hemisphere. 

The east winds have a regular structure and the diffusion in their regions is very slow. On the 

contrary, a number of instabilities and wave structures are created in the zone of west winds 

(drift or surf zone). The exchange there is much faster, especially in the end of winter – 
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Figure 8  General scheme of STE from [74]. The tropopause is shown with a thick line. Thin lines are 
isentropic surfaces. Block arrows show the direction of the advective circulation. Double-
arrowed lines indicate the exchange along isentropes at the places of the tropopause breaks. 
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beginning of spring. At this time of the year, daily oscillations of temperature can reach 30 

degrees.  

 The wind strength is maximum at mid- latitudes. In the pole regions, the air 

movements are slow and have a regular structure. A so-called polar vortex  is created there, 

which hinders the exchange of the polar air with the air of the middle latitudes. Only in the 

beginning of spring, this structure is disturbed by the irregularities of the winter hemisphere 

and fast mixing takes place. 

 The equatorial belt is situated between the regions with opposite directed airflows. The 

wind speed there is close to zero and the diffusion is strongly suppressed. Thus, one can speak 

about tropic barriers, which separate the northern hemisphere from the southern one.  

 Brewer circulation [72], which can be compared with Hadley cells, plays an important 

role for the longitudinal transport. The air rises up in the tropics (typically between 10 and 20 

degrees [73]), moves to mid or high latitudes, and sinks down there (see Figure 8). The 

mechanism of this circulation is connected with the particularity of eddy motions coursed by 

so-called “breaking Rossby waves” [74]. 

 It has been already noticed that the vertical transport above the tropopause is slow. 

However, the STE exists and three mechanisms are mainly responsible for it. 

• Due to seasonal variations, the tropopause rises and sinks within a year. When this 

happens, a part of the stratospheric air appears in the troposphere and vice versa. 

• Because of the fast upward flows in the tropics, a part of the tropospheric air is 

brought higher than the tropopause (Hadley circulation). Due to mass conservation, 

also some stratospheric air sinks down to the troposphere. This takes place at the mid-

latitudes. 

• Due to angular momentum conservation, an air parcel rotating around the Earth in east 

direction gets a higher speed moving polewards. Thus, at the latitude of about 30 

degrees on both sides of equator the subtropical jets are formed. The tropopause has a 

fold at the place of these fast west winds and thus it is divided into the equatorial 

tropopause and the tropopause of high latitudes. Through the gap, air can diffuse along 

the isentropes from the stratosphere to the troposphere and vice versa. 

Among these mechanisms, the first one is of the least importance. It is responsible for the 

exchange of about 10% of the stratospheric mass per year, whereas the contribution of the last 

two is of about 50-60% [71]. 

 An important feature of the STE is its seasonal variability. The concentration of 

stratospheric gases in the troposphere increases in spring because: 
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• The tropopause rises in spring and sinks in autumn. 

• Hadley circulation has seasonal fluctuations. 

• The stratosphere is unstable in the end of wintertime. 

2.2. The modeling 

In the 60s, the processes of the 36Cl transport were characterized as known and simple [2]. 

Once an atom of 36Cl is produced, it is reduced to HCl. This molecule remains in the gas form 

or it stacks to aerosols. Because most of the aerosols have small masses and their gravitation 

settling is very slow, chlorine in both forms follow the air masses. In the low atmosphere, 

chlorine is scavenged by water droplets and is washed out with rain. For the description of the 
36Cl distribution, the following assumptions were used. 

a) There is no longitudinal dependence within one latitude belt. This is because the 

strong east and west winds (e.g. trade winds in the equatorial belt and circumpolar 

winds in pole regions) mix air masses faster than they are washed out of the 

atmosphere.  

b) Only high energetic particles, which are not sensible to the geomagnetic cutoff, are 

able to reach the low atmosphere. Thus, the production of 36Cl in the troposphere and 

the fallout of “tropospheric” 36Cl do not depend on the latitude. 

c) Long- lived radionuclides like 36Cl are well mixed in the stratosphere and the 

distribution of their fallout depends not on the distribution of its production but on the 

structure of the tropopause.  

d) Because 36Cl is washed out from the troposphere by rain, its local fluxes are 

proportional to the precipitation rate. 

The 36Cl data gained up to the middle of the 80s [3] confirmed these assumptions. However, 

the necessity of quantitative models was clear. In [75] the atmospheric transport was studied 

on the base of the ratio 7Be/10Be at different altitudes. A tropospheric residence time between 

20 and 35 days was deduced in this work. An attempt to improve a 4-box model of 36Cl 

transport suggested in [76] was performed in [5]. The stratospheric residence time was 

estimated to be 2 years and the tropospheric one 2 weeks. This model could describe Dye-3 

data reasonably well but it was not suitable for the calculations of 36Cl fluxes at variable 

places on the Earth. 

 A description of all air parcels on a long time scale is a hardly realizable work at 

present. A few general circulation models (GCM) were developed [77, 78] but they are too 

complicated for the description of average processes. Moreover, conditions in the atmosphere 
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change all the time and a too detailed program is wrong on the long scale. Ideally, a model of 
36Cl transport should satisfy following conditions. 

• The model should use few free parameters but it should describe reasonably most of 

the available experimental data. 

• It should take into account the main features of the atmospheric structure but it should 

not depend on frequently changing parameters. 

• It should reproduce the observed latitudinal dependence of the fallout. 

• It should describe a time dependence of a tracer decrease after an injection of 

radionuclides into the atmosphere 

• An applicability of the model for different elements can be important for 

determination of free parameters and as a cross check. 

An attempt to develop such a model was performed in [79] and later in [27, 80]. The 

atmosphere was divided in 18 latitudinal belts, 10 degrees each. Vertically a tropospheric and 

four stratospheric layers were used. Thus, the entire atmosphere was described by 90 boxes, 

each of them was properly mixed. The exchange rates were defined by the assumption of 

concentration equilibrium in the closed system. The exchange between the stratosphere and 

the troposphere took into account the tropopause breaks and seasonal variations. Moreover, a 

gravitational settling of aerosols was implemented into the model. The washout rate from the 

troposphere was estimated using the residence time from [75] and the ratio between dry and 

wet fallout [70]. Thus, tropospheric residence time of 19 days and 34 days were obtained for 

wet and dry deposition, respectively. The data on bomb-produced radionuclides were used for 

normalization of the parameters.  

 This model could reproduce the latitudinal distribution of radioisotopes well but it was 

not applicable for long timescale calculations. Another difficulty became apparent in the 

description of the stratospheric exchange. This was performed using uniform diffusion along 

isentropes and only the exchange through the equator was slower. The applied method 

contradicted the usage of the 14C data [81, 82] for calibration of the model. Impossibility to 

describe eddy-transport barriers quantitatively in terms of diffusivities only was stated in [83]. 

The deduced from the model rates of diffusion appeared to be unrealistically large [84, 85]. 

Another weak point of the model was the necessity of different altitudinal distributions of the 

bomb 14C and 90Sr injection into the atmosphere, which did not depend on the bombs power. 



Vitali LAZAREV Chapter 2.  Chlorine  in atmosphere  and in lakes 

 25

2.3. Transport model 

2.3.1. Box model 

Though the model [27] has a few disadvantages (see Section 2.2), it has proved to be able to 

reproduce most of the available experimental data. That is why we have chosen it as a base of 

a new model and just improved it with a few additional features like advection and diffusion 

barriers. 

 Because the strong east and west winds, which exist in both the stratosphere and the 

troposphere, mix the air along a parallel rapidly, the longitudinal dependence of 36Cl in the 

atmosphere was neglected. On the contrary, the latitudinal dependence of the nuclides fallout 

is observed and should be taken into account when the experimental data are interpreted. The 

size of a typical zone in the troposphere is 30° (see Section 2.1.1) but in order to improve the 

resolution the width of 10° was chosen. However, it should be noticed that due to different 

kinds of fluctuations (e.g. the difference “continent-ocean”) every single local point could 

differ from the averaged over its latitude value and correspond to the neighbor latitudinal belt. 

 Because of the fast vertical mixing in the troposphere, no altitude dependence of the 

concentration was considered there. On the contrary, the stratosphere is vertically stable. In 

order to be able to describe the slow exchange there, it was divided into 4 layers of equal 

depth in g cm-2. The heights of the borders between these boxes can be seen in Table 1. The 
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relationship between the altitude h of every point and the column mass x above was calculated 

barometrically: 
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 Thus, the atmosphere was modeled as 90 boxes, which exchange gases. The change of 

nuclide content in the box number i can be described with the equation. 
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where 

Ni - content of the nuclide in the box number i, 

λij - rate of transition from the box number i to the box number j, 

Qi - sum of all additional sources for the box number i, 

τ - life time of the radionuclide. For stable and long- lived isotopes (e.g. 
36Cl) τ can be considered as infinitely large. However, for some 

isotopes (e.g. 7Be) the radioactive decay might be important. 

2.3.2. Diffusive mixing 

The basic condition of the diffusive mixing is the equilibrium of every two boxes. It means 

that if λij is the rate of transport from the box number i with the mass Mi into the box number j 

with the mass Mj then the transport rate from the j to i is 

Latitudinal 
belt Troposphere Stratosphere 4 Stratosphere 3 Stratosphere 2 

 depth,  
g⋅cm-2 

altitude, 
km 

depth,  
g⋅cm-2 

altitude, 
km 

depth,  
g⋅cm-2 

altitude, 
km 

depth,  
g⋅cm-2 

altitude, 
km 

0-10 151.3 16.0 113.5 18.4 75.7 21.8 37.8 27.5 
10-20 152.2 15.9 114.2 18.3 76.1 21.7 38.1 27.5 
20-30 157.9 15.6 118.4 18.0 78.9 21.4 39.5 27.2 
30-40 182.2 14.5 136.7 16.8 91.1 20.2 45.6 26.0 
40-50 229.2 12.5 171.9 14.9 114.6 18.3 57.3 24.1 
50-60 274.8 11.0 206.1 13.4 137.4 16.8 68.7 22.6 
60-70 300.1 10.3 225.1 12.7 150.0 16.1 75.0 21.8 
70-80 311.4 10.0 233.5 12.4 155.7 15.8 77.8 21.5 
80-90 318.2 9.8 238.6 12.2 159.1 15.6 79.5 21.4 

Table 1  Position of the upper borders of the atmospheric boxes, which were used in the model. 
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In the approach of the uniform atmosphere, the horizontal fluxes are proportional to the 

effective cross-section area. If i-1, i, i+1 are three neighbor boxes at one vertical level and 

Si-1,i, Si,i+1 are the boundary areas between them then 
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For the vertical exchange, a similar formula can be used. If i and j are the numbers of the 

boxes at one level and the boxes i+1 and j+1 are at the next level 
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At different altitudinal levels, properties of the medium differ and the exchange rates at every 

level have to be assigned separately. Thus, in the first approximation the diffusion can be 

described by 8 free parameters 

• 5 parameters THor
i (4 layers of the stratosphere and one of the troposphere) describe 

the horizontal exchange from the equatorial belt to the neighbor one. The horizontal 

exchange rates for other latitudinal belts can be deduced with the equations (5) and 

(6). 

• 3 parameters TVer
i describe the vertical exchange between the boxes of the stratosphere 

in the equatorial latitudinal belt. The exchange rates at other latitudes can be deduced 

with the equations (5) and (7). 

 

 In the middle-latitude region of the winter hemisphere the assumption of the uniform 

atmosphere is not fulfilled. At the end of winter, the mixing rate between 20° and 70° of the 

north hemisphere increases significantly. This range of latitudes is called the surf zone. To 

describe the mixing there, the exchange rate in each stratospheric layer was multiplied by a 

seasonal dependent coefficient szi. The time dependence was approximated by harmonic 

functions with the maximum in March for the northern hemisphere and in September for the 

southern one: 
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The coefficients 0
isz  for every layer of the stratosphere were chosen to reach the best 

agreement of the results of the simulation with the experimental data. The sign “+” is valid for 

the northern hemisphere and “ - “ for the southern one. The full cycle of season alternation 

takes 12 months and the maximum of the exchange for the northern hemisphere is reached in 

March (month number 3). 

 To take into account the reduction of the mixing at the tropic barriers (from equator to 

20°) the diffusion rates in every layer were multiplied by coefficients tbi. The numerical 

values of these coefficients were chosen to reach the best agreement between the experimental 

data and the results of the simulation. 

2.3.3. Gravitational settling 

Many nuclides in the atmosphere are bound to aerosols, which are sensitive to the gravitation 

and settle down. In the approximation of spherical form of the aerosols, the speed of their 

settling can be found from the equilibrium of the Stokes-Cunningham friction force 

 

r

rvF
λ

β+

πη=
1

6
, (8) 

where 
v - speed of the aerosol, 

r - radius of the aerosol, 

η - viscosity of the air, 

λ - averaged path length of an air molecule, 

β - correction factor that can be calculated as λ
−

⋅+=β
r

e
1.1

4.026.1 , 

and the gravitational force 

 grFG ρπ= 3

3
4

, (9) 

where 
ρ - density of the aerosol, 

g - gravitational acceleration. 

The gravitational settling is not important in the troposphere because of its effective mixing. 

However, it cannot be neglected, when the transport in the stratosphere and through the 
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tropopause is considered. The size of the box number i is known and using (8), (9) to calculate 

the speed of the settling, it is easy to find the characteristic time τi. Thus, the corrected 

transport rate from the box i into the box i+1 is 

 
i

iiiii τ
+λ=λ ++

1~
1 . 

Because the aerosols of different sizes are present in the atmosphere, r in the equations (8) 

and (9) has a meaning of an average value and it is used as a free parameter. 

2.3.4. STE. Advection 

In the Section 2.1.2, it was mentioned that diffusive STE takes place mainly at the tropopause 

folds. The tropopause is not stationary and its folds move within a year between 30° and 60°. 

Thus, in this range of these latitudes an exchange through the tropopause is the most effective. 

Rises and sinks of the tropopause lead to an additional exchange. The variations of the height 

of the equatorial tropopause are larger than of the polar tropopause. Thus, the exchange is 

more efficient at the low latitudes than at the polar regions. The rates of the diffusive 

exchange through the tropopause were calculated as: 
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where 

STE↓, STE↑ - the rate of transition from the Stratosphere 4 to the Troposphere and 

from the Troposphere to the Stratosphere 4 correspondingly, 

STE0 - coefficient, which is determined by the comparison of experimental 

data and the simulation, 

λ - latitude, 

p(λ) - column mass of the stratosphere at the latitude λ (see Table 1), 

f(λ) - efficiency of the transport though the tropopause at the latitude λ. 

The values shown in Table 2 were optimized to have maximum at 

mid- latitudes and to be constant far from the tropopause folds, 
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j(month) - coefficient, which shows the seasonal variations: 

 ( ) 
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Here a is the amplitude of the seasonal oscillations, the sign “+” is used for the northern 

hemisphere and “-” for the southern one.  

 The advection (see Figure 8) plays an important role in the mass transport and in the 

STE. In order to describe it, the horizontal exchange rates at the latitudinal belt 10°-20° for 

the layers Stratosphere 1, Stratosphere 4, and Troposphere were given as free parameters vSt1, 

vSt4, and vTr correspondingly. At the place of the tropopause breaks, the poleward flux 

bifurcates. A part κ of the high stratospheric (the level Stratosphere 1) flux moves further to 

the pole region, where it sinks to the low stratosphere (the level Stratosphere 3) and moves 

back to the latitudinal belt 40°-50°. The rest of it and the flow of the low stratosphere sink 

down to the troposphere. The corresponding exchange rates in horizontal and vertical 

directions were obtained using the mass conservation condition. The  poleward flow in the 

high troposphere and in the stratosphere is compensated by the equator directed flow in the 

low troposphere. Thus, both the circulations in the troposphere (Hadley cells) and in the 

stratosphere (Brewer circulation) were taken into account in the model.  

2.3.5. Application of the model to different elements 

Concentrations of the nuclides, in the transport of which we are interested, are very low. Thus, 

they cannot influence the atmospheric processes and their transport is determined by the 

movements of the air masses. The difference in the transport of different elements can be seen 

only if additional forces appear. 

 The elements, which are present in the atmosphere in a gas form (e.g. 14C in form of 

CO2), are in the equilibrium with the gravitational force and their transport repeats the 

movements of the air masses. The elements (e.g. Be, Sr, Cs), which are bound to aerosols, 

undergo gravitational settling in the stratosphere and through the tropopause (see 2.3.3).  

 In the troposphere, they are in the centers of water vapor condensation. Thus, together 

with the dry fallout they are effectively washed out with precipitation (rain-out). Highly 

Latitudinal 

belt 
0°-10° 10°-20° 20°-30° 30°-40° 40°-50° 50°-60° 60°-70° 70°-80° 80°-90° 

f(λ) 0.07 0.07 0.07 0.5 1.0 0.5 0.03 0.03 0.03 

Table 2  Latitudinal distribution of the STE efficiency 
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soluble gases are attached to water aerosols in the troposphere and they undergo the similar 

processes. The fact that a part of these gases remains in a free form is compensated by 

washout during rains from the layer below the clouds. In order to describe the fallout of Be, 

Cl, and Sr an additional box of so-called “wet troposphere” was introduced for every 

latitudinal belt. The nuclides of the “dry troposphere” can fall out onto the surface of the Earth 

or they can be transformed to the wet troposphere, from where the rate of removal is 

proportional to the precipitation rate P. The used parameters are given in Table 3 

 The low soluble gases are removed from the troposphere after their decay (e.g. CH3Cl 

after the interaction with OH) or by diffusion to other reservoirs (in the case of CO2 these 

reservoirs are the surface layer of the ocean and the biosphere). The corresponding residence 

times can be often found in literature (e.g. [29], [86]).  

 In order to describe the transport of radiocarbon, the box model was extended to 8 

boxes in every latitudinal belt, including the biosphere, the surface and deep oceans. The used 

residence times are shown in Table 4. 

In the pole regions, the biological activity is suppressed and no exchange between the 

troposphere and the biosphere was taken into account above 70°. 

Direction of the flow Residence times (days) 
Dry troposphere → Wet troposphere 18 
Dry troposphere → Surface of the Earth 36 
Wet troposphere → Surface of the Earth 5/P 

Table 3  Tropospheric residence times of nuclides, attached to aerosols (e.g. 36Cl, 90Sr, 137Cs). P is precipitation 
rate in m⋅a-1 

Direction of the flow Residence times (years) 
Troposphere → Surface ocean 2.6 
Surface ocean → Troposphere 3.5 
Troposphere → Biosphere 20 
Biosphere → Troposphere 60 
Surface ocean → Deep ocean 6 

Table 4  Residence times in the radiocarbon transport model 
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2.4. Normalization of the transport parameters 

2.4.1. Nuclear explosion 

In order to determine the parameters of the transport model it is convenient to use the data of 

bomb-produced radionuclide distribution [87, 88]. In the last years, detailed information about 

nuclear explosions became available [89, 90].  

 After a nuclear explosion, the prompt radiation (γ and neutrons) carries about 5% of 

the released energy. 50% of the energy is brought away by the spherical shock wave and for 

the rest 45% the delayed radiation is responsible (10% - delayed β  and γ radiation, 35% - 

heating) [91]. The fireball created in the epicenter of the explosion is warmed up to a high 

temperature. The increased pressure expands it and the buoyancy force pushes it upward. 

Fission products (e.g. 90Sr) being inside of the fireball are also lifted to high altitudes. The air 

under the fireball cools down and it becomes compressed under the atmospheric pressure 

around. Thus, the stem of the nuclear mushroom is created, and the air is sucked into its 

bottom. This air rises above the fireball, cools down and sinks forming the convective cells, 

 

Figure 10  Explosion of the nuclear bomb of 14 kt TNT at the height of 345 m in 1951. This photo is the 
property of DoE and it is obtained from http://www.dreamlandresort.com 
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which look like a cap of a mushroom (see Figure 10). Thus, the gas from the vicinity of the 

explosion, e.g. 14C that was produced in interaction of neutrons with nitrogen, has a similar 

altitudinal distribution as the fireball itself. Unfortunately, no reliable data exist on the heights 

of the fireballs and the injection of radioactive isotopes.  

 To describe this dependence it was assumed that an explosion of 1 Mt TNT creates a 

fireball, which rises up to 15 km and has a radius of 5 km. The height and the radius of the 

fireballs of the other nuclear explosions are scaled as a cubic root of the power in Mt. This 

corresponds to the general conclusion that a nuclear mushroom created by an explosion below 

hundreds of kt remains in the troposphere and the mushrooms of 1 Mt and higher enter the 

stratosphere and can reach high altitudes. For example, according to witnesses of the largest 

atmospheric test (50 Mt, 30. October 1961) the nuclear mushroom reached the altitude of 67 

km [92]. 

 In the calculations, a contribution of the injection to every box was assumed equal to 

the ratio of the geometrical volume of the fireball within this box to the entire volume of the 

fireball. The obtained altitude distribution for the explosions of different power was in a good 

agreement with [89], where the stratosphere was divided into two boxes only. 

2.4.2. Number of injected radionuclides 

The nuclear weapon tests caused the production of radionuclides of two types: 

• the products of fission of heavy nuclei (e.g. 90Sr).  

• the products of the reactions induced by bomb neutrons (e.g. 14N(n,p)14C). 

To calculate the injection of a radionuclide it is necessary to know the power of the explosion 

(it can be found in [89]), the number of fissions and the number of released neutrons per 1 Mt 

TNT.  

 Two principles have been used for the energy production in the nuclear weapon: 

fission and fusion. In the first case, the explosive was 235U or 239Pu, which was brought into 

condition corresponding to the overcritical mass. The number of fission neutrons was enough 

to initiate at least one more fission, which released the energy of about 200 MeV and 2 or 3 

neutrons. It is easy to estimate the number of fissions per 1 Mt TNT (about 4.2⋅1015 J): 
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The number of released neutrons can be found, if the number of neutrons Nσ, necessary for 

the induction of N fissions is subtracted from the number of produced neutrons Nν. Here σ is 
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the ratio of the total inelastic cross-section of neutrons to the cross-section of the induced 

fission and ν is the averaged number of neutrons, released per fission. The results of the 

estimation for uranium and plutonium are shown in Table 5. To compare, the integral fluxes 

of neutrons were 1.07⋅1026 Mt-1 after the explosions in Hiroshima (235U) and 1.65⋅1026 Mt-1 in 

Nagasaki (239Pu) [93]. In the calculation, the value of 1.8⋅1026 neutrons per 1 Mt of fission 

was used. This corresponds to the theoretical estimate for 235U and is close to the measured 

neutron release during 239Pu bomb explosion. 

 In the case of fusion the main part of the energy was obtained by the collision of 

deuterium and tritium: 

 )1.14()5.3( MeVnMeVTD +→+ α  

Practically it is convenient to produce tritium “at the place”. The reaction 

 MeVTnLi 8.46 ++→+ α  

is used for this purpose. The sum of the reactions can be written as 

 MeVDLi 4.2226 +→+ α  

It is easy to see that no neutron is emitted. Their production takes place during the burning of 

deuterium: 
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The realization of each of these two channels leads to a sum reaction 

 MeVnpHeD 6.213 4 +++→  

Thus, neglecting other possible reactions like 6Li+6Li, 6Li+p, 6Li+D, etc. the number of the 

produced neutrons depends on the ratio of 6LiD and DD cycles. The largest possible neutron 

Explosive ν [91] σ [91] Number of neutrons per 1 Mt TNT 
235U 2.56 1.2 1.8⋅1026 

239Pu 3.08 1.12 2.5⋅1026 

Table 5  Average number of neutrons per fission ν, ratio of total inelastic cross-section of neutrons to the 
cross-section of the induced fission σ, and estimated number of released neutrons for 235U and 239Pu. 
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emission can be reached by the production of pure DT or DD bombs: 1.49⋅1027 and 1.2⋅1027 

neutrons per 1 Mt TNT respectively.  

 There was only one pure fusion bomb exploded (Mike, 1952). Typically FFF (fission-

fusion-fission) bomb were used. The explosion started with fission of 235U or 239Pu. The 

released neutrons produced tritium and initiated the fusion. For better efficiency, the bomb 

was surrounded by the natural uranium, which was used simultaneously as a neutron reflector, 

neutron multiplier, and a fast fission explosive. Thus, both processes fusion and fission must 

be considered when a FFF bomb is discussed. 

 According to [94], every Megaton explosion produces about 2⋅1026 neutrons. Much 

higher estimates made in [91] (1.49⋅1027 Mt-1 neutrons for a fusion bomb and 2.95⋅1026 Mt-1 

for a fission bomb) seem to be unrealistic and they should be considered as an upper limit.  

 The most recent consideration of the radionuclides injection, which is in good 

agreement with the above estimations, was performed in [89]. According to this work the 

explosion of 1 Mt uranium or plutonium bomb leads to 1.45⋅1026 fissions. With the 90Sr yield 

of 3.5% the production of this isotope was calculated to be 5⋅1024 atoms per Mt. The 

production of 14C was pointed as 0.85 PBq/Mt, which corresponds to 2.2⋅1026 atoms per Mt. 

Slightly different estimations of the injection were done in [80]:  

• 4.2⋅1024 atoms of 90Sr per Mt of fission 

• 1.95⋅1026 atoms of 14C per Mt of fission and 1.15⋅1026 atoms of 14C per Mt of fusion 

 The uncertainty appears because the technological data of nuclear bombs are not 

available. In Table 6 it can be seen that fission yields of 90Sr for different explosives differ by 

a factor of 2. Moreover, they are sensitive to the neutron energy, which depend on the 

moderating properties of a bomb. However, we have assumed that the yield of 3.5% from [89] 

can be considered as an averaged value. Thus, each Mt TNT of fission produce about 4.5⋅1024 

atoms of 90Sr.  

 235U 238U 239Pu 

Spontaneous fission  5.43  

Thermal neutrons 5.78  2.1 

Fission spectrum neutrons 5.47 3.25 2.05 

High-energy neutrons (14 MeV) 4.59 3.19 2.1 

Table 6  Cumulative yields of  90Sr(%) in spontaneous and induced fission of 235U, 238U, and 239Pu [95]. 
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 The neutron capture by nitrogen with the production of radiocarbon is the main 

channel of neutron absorption. According to [96] only about 17% of neutrons are absorbed in 

the reactions like Fe(n,γ), Fe(n,p), and 14N(n,T)12C. However, this estimation has a high 

uncertainty and in the limits of accuracy, the number of the produced 14C can be assumed 

equal to the number of the released neutrons. In the calculation, 1 Mt of fission or fusion 

produced 1.8⋅1026 atoms of 14C (see Table 7). The neutron release for fusion bombs was 

optimized for the total amount of 14C observed in the atmosphere. If the explosion was 

performed near the surface of the Earth, half of the neutrons was absorbed by the lithosphere 

and did not produce 14C. 

 The bomb 36Cl was produced by neutron activation of 35Cl. Because the concentration 

of stable chlorine in the atmosphere is very low, this channel of the 36Cl production can be 

neglected. However, large quantities of stable chlorine are present in the ocean. Thus, the 

production of bomb 36Cl was mainly due to explosion near the water (on barge, water, and 

underwater tests). If ni is the concentration of the nuclide i in water and neutron absorption 

cross-section of this nuclide is σi, the part 

 
∑ σ
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of neutrons produces 36Cl. Analysis of the most abundant elements in the ocean (see Table 8) 

with the help of (10) shows that about 33% of the thermal neutron produced 36Cl. However, 

some corrections should be applied to this estimation. A part of neutrons (about 50%) does 

not enter the water and does not produce 36Cl. Moreover, not all produced 36Cl atoms were 

injected into the atmosphere because some of them remained in the ocean. This reduction 

factor α was not known and was to be estimated. The production of 36Cl per 1 Mt TNT in the 

“near water” tests with α=1 is shown in Table 7. 

Radionuclide  
Production by 1 Mt 

of fission bomb, 1026 

Production by 1 Mt 

of fusion bomb, 1026 
Remark 

14C 1.8 1.8 
For the tests near the Earth 

surface it is 2 times less 

36Cl 0.3 0.3 Water tests only 

90Sr 0.045   

Table 7  Production of radioisotopes per 1 Mt TNT due to the atmospheric nuclear weapon tests 



Vitali LAZAREV Chapter 2.  Chlorine in atmosphere  and in lakes 

 37

2.4.3. Available experimental data 

For the normalization of the model parameters the data on bomb produced radioactive fallout 

and the concentration of the radioisotopes in the atmosphere were used. Unfortunately, some 

authors used estimated data instead of the measured ones. At present, it is not always possible 

to distinguish, which of the “experimental points” are results of the measurements and which 

of them are products of simulation. For example, the integral latitudinal dependence of 90Sr 

fallout in [89] repeats the data of [97], which were obtained from multiple measurements over 

the globe. However, in [89] it was not mentioned that no experimental data to the north of 

70°N and to the south of 60°S were available and an extrapolation was used for the pole 

regions. Within these limits, this dependence can be used to study the relationship between 

vertical and horizontal transport. In particular, it can be seen that the strontium exchange 

between the hemispheres takes place mainly in the stratosphere. Into the troposphere, 90Sr 

enters in the middle latitude zone and then it diffuses in both directions.  

 In the works mentioned above, also the annual integral fallouts over the northern and 

southern hemispheres for the periods of 1945 – 1992 and 1951 – 1991 correspondingly were 

published. The phase shift between two data sets gives the information about the rate of the 

horizontal transport. The phase shift between the fallout in the northern hemisphere and the 

injection of 90Sr gives the information about the rate of the vertical transport. 

Element 
Content, 
parts per 
thousand 

Atom 
mass 

Particle 
abundance, 

nrel, o/oo 

Cross-section 
of neutron 
absorption 

σ, b 
∑

i
ii n

n
σ

σ
, % 

O 860 16 334 0.00027 0.03 

H 106 1 659 0.332 65.70 

35 2.6 43 33.05 
Cl 19.4 

37 0.8 0.43 0.11 

S 0.9 32.1 0.2 0.52 0.03 

Na 10.8 23 2.9 0.53 0.46 

Mg 1.3 24.3 0.3 0.063 0.01 
Ca 0.4 40.1 0.1 0.43 0.01 
K 0.4 39.1 0.1 2.1 0.04 

B 0.0043 10.8 0.002 759 0.56 

Table 8  The most abundant elements in the ocean and their contribution to the neutron absorption 
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 The latitudinal dependence of the annual 90Sr deposition between 1958 and 1966 is 

given in [98]. The results of multiple measurements and the assumption that the efficiency of 

the fallout is similar over the ocean and over the continents were used in this work.  

 The data on 90Sr concentration in the atmosphere at various altitudes on the latitude 

30°N between April 1963 and January 1966 was published in [81]. The corresponding 

distribution of 14C concentration can also be found there. However, the data do not represent 

the results of direct measurements. The experimental points were used to build the contour 

plots, which were later interpreted numerically. In the same way, the latitudinal dependences 

of stratospheric 14C in the years 1963, 1964, and 1965 were obtained. Accordingly, the usage 

of these data implies the possibility of a large uncertainty and only the general tendency can 

be used for the modeling.  

2.4.4. Parameters of the model 

The vertical and horizontal exchange rates were obtained by optimization of the output of the 

model compared to the experimental data. The residence times TVer and THor of the boxes of 
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Figure 11  Exchange times, which correspond the best agreement of experimental data and simulation. The data 
are shown for the equatorial latitudinal belt only. The exchange rates at other latitudinal belts can be 
recalculated (see description in the text)  
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the equatorial latitudinal belt are shown in Figure 11. The corresponding exchange rates for 

other latitudes were calculated according to the formulas (5)-(7).  

 The attenuation coefficients of the exchange rate within tropic barrier tbi and the 

relative amplitudes of the seasonal variations in the surf zone szi are presented in Table 9. The 

airflow from the summer hemisphere to the winter hemisphere is continues in the high 

stratosphere [99]. Thus, no tropic barrier exists there. 

 The parameters of the advection vSt1 , vSt4 , and vTr are collected in Table 10. The time of 

60 days in the upper stratosphere is in good agreement with the upward flux of 32.4⋅108 kg⋅s-1 

for each hemisphere [73] and the mass of the box of 1.63⋅1016 kg. After the bifurcation at 

mid- latitudes, a part κ=60% of the flux in the upper atmosphere moves farther polewards and 

the rest sinks to the troposphere. 

 The diffusive exchange through the tropopause takes place with a rate 

STE0 = 0.18 days-1 and an amplitude a=0.9. This corresponds to the diffusive flux through the 

tropopause of about 580⋅108 kg s-1, which is much higher than the flux of advection.  

 The best agreement of the simulated and experimental 90Sr deposition was obtained 

with an aerosol radius r of 0.2 µm.  

 Figure 12 shows the comparison of the simulated and experimental latitudinal 

distribution of 90Sr deposition. It can be seen that the northern hemisphere is described well 
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Figure 12  Latitudinal distribution of fluence of bomb-produced 90Sr. The solid line represents the 
simulated data and the points show experimental data [89]. 
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while slight differences are observable in the southern hemisphere. This can be attributed to 

the uncertainty in the altitudinal distribution of the 90Sr injection. The largest test series were 

performed in the latitudinal belts 10°-20° and 70°-80° in the northern hemisphere. Strong 

upward and downward flows in the stratosphere are present there. Thus, the altitude 

distribution of 90Sr is formed by the atmospheric circulation and not by the injection only. 

However, the absence of the evidence of strong local fallout shows that even 90Sr injected by 

small bombs did not remain in the troposphere and reached the stratosphere. This effect was 

not described by the model. In order to take it into account the radioisotopes injected into the 

troposphere were assigned to the low stratosphere. This proved to be a good assumption for 

the average case. However, it could be wrong for some local test places. For example, a 

number of tests were performed at the latitude - 22°S. If the 90Sr released in them remained in 

the troposphere, it would increase the fluence in the tropic zone and reduce it at higher 

latitudes. 

 A similar conclusion can be driven from the annual 90Sr deposition in the northern and 

southern hemispheres (see Figure 13). In the northern hemisphere, the results of the 

simulation differ from the experimental data in years 1947 and 1950 and later in the 80s. In 

the 40s, it is due to the input to the stratosphere instead of input to the troposphere, which has 

a shorter residence time. The last reported atmospheric nuclear test took place in China in 

1980. Afterwards, the exponential washout from the atmosphere is simulated. The increased 

fallout in 1983-1985 and its fast drop after 1986 cannot be explained by the model.  

 

 

Attenuation coefficients within 

tropic barriers, tb 

Amplifying coefficients in the surf 

zone (max value), sz 

Stratosphere 1 1.0 3 

Stratosphere 2 0.5 3 

Stratosphere 3 0.5 5 

Stratosphere 4 0.5 5 

Troposphere 0.5 1 

Table 9 Coefficients, which were used in the model to take into account non-uniform diffusion (see section 2.3.2) 

 Troposphere, vTr Stratosphere 4, vSr4 Stratosphere 1, vSr1 

Advection time, days 45 120 60 

Table 10  Removal times by horizontal advection at the latitudinal belt 10°-20° 
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 Because most of the nuclear bomb tests were performed in the northern hemisphere, 

the deposition in the southern hemisphere is sensitive to the transport parameters. In Figure 13 
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Figure 13  Annual total deposition of 90Sr in the northern and southern hemispheres. The squares and the 
circles represent the experimental data [89], the solid and dashed lines represent the results of the 
calculation in the northern and southern hemispheres, respectively. 
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Figure 14  Latitudinal dependence of 14C distribution in the stratospheric boxes in January 1964. The 
calculated values for the boxes Stratosphere 2, Stratosphere 3, and Stratosphere 4 are represented 
by solid, dot, and dashed lines correspondingly. The experimental values for them [81] are shown 
with circles, squares, and triangles correspondingly. 
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it can be seen that the deposition from the largest test series of 1961 and 1962 were described 

well. The largest difference to the experimental data is within years 1954-1958. This 

difference could be explained if 90Sr of the series 1954 were injected into the high 

stratosphere. In this case, 90Sr would be deposited with a longer delay and over a longer time. 

Thus, no peak around 1955 would be observable. 

 The latitudinal distribution of the 14C stratospheric concentration in January 1964 is 

shown in Figure 14. The data in January 1963 and 1965 have a similar structure and do not 

need to be discussed separately. It can be seen that the largest discrepancy between the 

experimental and simulated data is at the middle latitudes in the low stratosphere. In the 

region 30°-50° the height of the tropopause changes rapidly (see Table 1). At these latitudes, 

the isentropes do not follow the tropopause and cross it (see Figure 8). Thus, the assumption 

of the fast diffusion along a stratospheric level and slow diffusion across is not valid there. 

Consequently, in the model the high radiocarbon concentration of the polar upper stratosphere 

does not increase the content of 14C in the lower stratosphere of middle latitudes. However, 

this problem is of importance for the low stratosphere only. At higher altitudes and if the  

averaged global transport is considered this effect does not lead to a large error and can be 

neglected. 

2.5. Recycling 

2.5.1. Methyl chloride and OH radicals 

The recycling of 36Cl was firstly suggested in [9]. Though the volatilization of 

organochlorides was mentioned in this work, the main subject of the discussion was a delayed 

input of bomb-produced 36Cl into the lakes. In this model, the deposited chlorine was not 

immediately transported to the aquifer but captured by the vegetation and litter, released to 

soil and transferred to the ground and surface water. This mechanism could explain the 

measurements in Laurentian Great Lakes [64] and high ratios of 36Cl/Cl (up to a few 10-11) in 

the growing vegetation and soil pore water [100]. However, this model was not able to predict 

high fluxes of 36Cl in modern precipitation. The idea of chlorine reemission to the troposphere 

from the biosphere in form of methyl chloride was proposed by [8] and the first numerical 

estimates of this effect were performed in [27]. 

 Methyl chloride is the most abundant chlorine containing organic gas (see Table 30). 

Its main sources are emission from the ocean and biomass burning. Thus, the high content of 
36Cl in the biosphere should lead to high ratios of 36Cl/Cl in methyl chloride and high 
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circulation fluxes of 36Cl. Methyl chloride has a residence time in the troposphere of 1.1 years 

and it is mainly removed in reactions with OH radicals. Accordingly, the deposition of 

chlorine recycled by CH3Cl has a few features: 

• OH is unevenly distributed in the troposphere with a maximum in the equatorial 

region and a minimum in the polar regions (see Figure 15). This explains why no 

recycling 36Cl was found in Greenland and why the discrepancy between measured 

and calculated 36Cl fluxes is larger at low latitudes then near the poles. Another reason 

for this effect is that vegetation is poor at high latitudes and little of 36Cl reemission 

due to methyl chloride is possible there.  

• The same concerns the difference between the northern and southern hemispheres. 

The percentage of land relatively to ocean is higher in the northern hemisphere than in 

the southern one. Thus, the effect of the recycling is expected to be higher in the 

northern hemisphere than in the southern.  

• According to [101], less than 0.1% of the global surface may be responsible for about 

10% of the total flux of atmospheric CH3Cl. Moreover, strong time variations have 

been observed. Thus, the reemission of chlorine has a pronounced non-uniform 

distribution and the deposition of the recycled chlorine has significant fluctuations. 

 

Figure 15  Distribution of OH radicals over the globe. The left picture shows the simulated annual average OH 
distribution at the altitude of about 2 km. The right picture shows annual and latitude average 
distribution. The plots are taken from http://www-as.harvard.edu/chemistry/trop/geos/ 
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All these effects can be found by comparison of the measured and calculated 36Cl fluxes (see 

Figure 7).  

2.5.2. Incorporation of the recycling into the transport model 

To take into account the recycling two additional boxes were included to every latitudinal 

belt: biosphere and methyl chloride (Figure 16). A part of chlorine deposition is captured by 

the biosphere. No correction has been done to take into account the difference of biological 

species at different latitudes. However, it was assumed that no biologic activity was present at 

latitudes above 70°. Moreover, the rate of chlorine capture by the biosphere was taken 

proportional to the ratio of land area at the latitudinal belt to the entire area of this belt (see 

Table 11). The biosphere releases chlorine in form of methyl chloride, which is transported in 

the same way as the tropospheric air. With a rate proportional to the OH column 

concentration in every latitudinal belt, chlorine is transported from the methyl chloride box to 

the box of the troposphere. The column concentration of OH was obtained by integration and 

averaging of the data from [102] for January, April, July, and October (see Table 11). 

 According to [86] the biosphere releases about 20 times more chlorine in inorganic 

form than as methyl chloride. Most of the inorganic chlorine has a short residence time in the 

biosphere and its contribution to the recycling is negligible. However, that part of chlorine, 

which is stored in the biosphere for a long time, is released in both organic and inorganic 

 

Troposphere 

deposition 

CH3Cl 

Biosphere 

reaction with OH- 

… 

organic  
chlorine inorganic  

chlorine 

1.1 a 

 

Figure 16  Recycling scheme of 36Cl. A part of the deposited 36Cl is captured by the biosphere. The biosphere 
releases chlorine in both organic and inorganic forms. The most abundant organic chlorine-containing 
composition CH3Cl decays in reactions with OH -. Inorganic chorine is washed out of the troposphere. 
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forms. In this case, organic gases with a long residence time in the troposphere are responsible 

for the global effect of the recycling and inorganic chlorine and the organic gases with short 

residence time produce local effects. 

 In order to take the inorganic part of the chlorine into account the possibility of the 

direct transition of chlorine from biosphere to troposphere was left in the model. Thus, the 

recycling model was described by 3 free parameters: 

• part of the chlorine fallout onto the land, which is captured by the biosphere, 

• mean residence time of chlorine in the biosphere,  

• ratio of chlorine release in form of methyl chloride and in inorganic form. Other 

chlorine containing compounds were neglected. It should be noticed that the box of 

 
Latitudinal 

belt 
Area, 1012 m2 Percentage of 

ocean, % 

Percentage of 

land, % 

Tropospheric OH 

column, 1016 m-2 

90-80 3.90 91 9 0.23 

80-70 11.59 70 30 0.27 

70-60 18.91 30 70 0.43 

60-50 25.61 43 57 0.60 

50-40 31.49 48 52 1.01 

40-30 36.41 57 43 1.49 

30-20 40.20 62 38 1.75 

20-10 42.78 73 27 2.12 

N
or

th
 h

em
is

ph
er

e 

10-0 44.09 77 23 2.35 

0-10 44.09 76 24 2.47 

10-20 42.78 78 22 2.35 

20-30 40.20 77 23 1.97 

30-40 36.41 89 11 1.44 

40-50 31.49 97 3 0.93 

50-60 25.61 99 1 0.54 

60-70 18.91 90 10 0.36 

70-80 11.59 36 64 0.23 

So
ut

h 
he

m
is

ph
er

e 

80-90 3.90 12 88 0.18 

 Total 510.0 71 29 1.52 

Table 11  Area, ratio ocean-land, and OH - column concentration at different latitudinal belts. 
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the biosphere in the model consists only of that part of the biosphere, which keeps 

chlorine for a long time (more than a few years). Thus, this ratio is not equal to 1/20. 

2.6. Lakes with different flushing times 

Rainwater falls onto the land and produces runlets and rivers, which flow into the lakes, the 

seas, and the ocean. The area, from which the rainwater enters a lake, is called catchment area 

of this reservoir. In the stationary case, the volume of a lake does not change with time and 

the sum of the inflows is equal to the outflow plus evaporation rate. If N rivers flow into a 

lake with the surface S and the mean precipitation rate over the catchment area is Φw, the 

water balance can be written as  

 SlQSF w
N

i

w

i ⋅+=⋅Φ+∑
=1

 (11) 

where 

Fi
w - the water flow of the river number i, 

Q - the outflow of the lake, 

l - the thickness of the layer, which evaporates per unit of time 

The rivers inflow can be found as the precipitation rate over the catchment area A minus the 

precipitation over the lake and the part of the water η that is lost due to evaporation. With 

these denominations the input into the lake can be written as 

 ( )η⋅+η−⋅⋅Φ=⋅Φ+∑
=

SASF w
N

i

ww

i )1(
1

 (12) 

 The chloride contained in rainwater is well soluble. It flows with the water into the 

lake and its input can be described by an equation similar to (12). The only difference is that it 

is not evaporated and only if some rivers dry out η might be equal 1. In all other cases η=0 

and the input of the chloride into the lake is: 

 AFin 0Φ=  

where Φ0 is the flux of the chloride deposition. The outflow of the chloride from the lake is: 

 QcFout ⋅=  

where c is the concentration of the chloride in the lake. For the stationary conditions  

 QcA ⋅=⋅Φ 0  (13) 
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and the stationary chloride concentration 

 
V

TA
Q

A
c 00

0

Φ
=

Φ
=  (14) 

where 
V - volume of the water in the lake, 

Q
V

T =  - flushing time of the lake, 

 For the studies of 36Cl, the equation (14) can be used if only natural sources contribute 

to the system. In fact, these natural sources should be ideal in order to allow neglecting the 

variations of the production rate and the transport conditions.  

 Of a special interest is a situation, when the input function Φ depends on time (e.g. due 

to nuclear bomb tests the flux of 36Cl varies strongly, see Figure 6). In this case, the balance 

equation (13) should be written in dynamical form 

 
( )
V

Atc
T
c

dt
dc Φ+

τ
−−=  (15) 

where 
τ - life-time of 36Cl. 

The general solution of the equation (15) looks like 

 ( ) '')0()(
0

~
'

dtet
V
A

ctc
t

T
tt

∫
−

Φ+=  (16) 

where 

τ+
τ⋅=

T
TT~  - residence time of 36Cl in the lake.  

It can be seen that a lake plays a role of an integration system with a parameter T~ , which 

determines the period of averaging of the incoming signal. The lakes with long residence time 

T~  attenuate short variations and are suitable for measurements of the mean 36Cl fluxes. 

Because of the long life-time of 36Cl, in most cases T~  is equal to the flushing time of the lake 

T and typically we do not distinguish them. Only if the flushing time is longer than a few 

hundred thousand years or the lake does not have any outflow, the 36Cl decay should be taken 

into account. In this case, the stationary natural 36Cl concentration is often not reached yet and 

(14) should be modified: 
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where t is the closure age of the lake. 
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Figure 17  Ratio of total to natural 36Cl concentration for lakes with different flushing times. The bomb 
input was assumed to be 2300 years of natural production. The input of Chernobyl 36Cl was 
taken as 100 years (a) and 1000 years (b) of natural production. 

(a) 

(b) 
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 An important case of the functional dependence Φ(t) is a permanent source Φ0 with a 

short additional source ∆Φ, which appears at the moment t=0 and lasts time ∆t. Using the 

solution (16) it can be found that after the input (at the time t>∆t) the concentration of the salt 

in the lake can be calculated as 

 ( ) T
t

T
t

eeT
V
A

ctc
−

∆








 −⋅∆Φ+= 10  

where c0 is the stationary concentration according to (14). 

If the duration of the additional source is small compared to the flushing time ( Tt <<∆ ) this 

formula can be simplified 

 ( ) T
t

T
t

e
V

AFce
T
tT

V
Actc

−− ⋅+=∆⋅∆Φ+= 00  (17) 

where F is fluence of 36Cl.  

 When a real substance is investigated, the relative changes are more important than the 

absolute ones. Thus, in the case of 36Cl the ratio of its concentration to its natural level can be 

estimated as 

 
( ) T

t

e
T

F
c
tc −

⋅Φ
+=

00

1  (18) 

Equation (18) expresses the main idea of the 36Cl measurements in lakes with different 

flushing times. Because the moment of the sampling is limited by 2 or 3 years (the duration of 

a typical scientific project) t is fixed. However, T can be varied and the maximum of the ratio 

(18) is reached, when tT ≈ . Thus, in the year 2000 the influence of the bomb produced 

chlorine is mostly expressed in the lakes with the flushing time of about 40 years and the 

influence of Chernobyl chlorine – in the lakes with the flushing time of about 14 years. With 

the help of the lakes with tT <<  it is possible to make conclusions about the 36Cl fluxes at 

present and if tT >>  the information on the natural fluxes in the past can be obtained. 

 If the geographical distribution of the fallout of 36Cl produced by different sources 

were similar, it would be convenient to determine the magnitude of the source in terms of 

years of natural production: 
0Φ

=∆ FT . For the magnitudes of the bomb peak 2300 years 

and Chernobyl – 100 and 1000 years the dependence (18) is shown in Figure 7(a) and (b) 

correspondingly. It can be seen that small inputs of Chernobyl chlorine (about 100 years of 
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natural production) dominate in the lakes with flushing times about 8 years only. In the 

regions, strongly contaminated with Chernobyl 36Cl (about 1000 years of natural production) 

the bomb influence can be determined only in the lakes with flushing times more than 50 

years. The information about modern fallout of 36Cl can be obtained only in the lakes with 

flushing times shorter than 2-5 years. 

 In some water systems, there is an additional reservoir within the catchment area of 

one lake. This reservoir (ground water or another lake) is able to keep the rainwater and the 

dissolved in it chlorine for some time. For this kind of systems, the relation “mother-

daughter” should be considered. If a brief source caused the fluence F at the moment t=0 the 
36Cl output of the “mother” reservoir can be described as  

 ( ) mT
t

m

m e
T

AF
tI

−

=  (19) 

where 

Am - catchment area of the additional reservoir, 

Tm - flushing time of the additional reservoir. 

For the “daughter” lake the change of the number of 36Cl atoms is equal to the difference of 

the input (19) and the output 

 )(tIc
T
V

dt
dcV +−=  (20) 

Only chlorine from the part of the catchment area of the “daughter” lake, which does not 

belong to the catchment area of “mother”, reaches the “daughter” reservoir immediately after 

fallout. Thus, the initial condition can be written in the form 

 ( ) ( )
V

AAF
c m−

=0  (21) 

The solution of the equation (20) with the initial condition (21) plus the natural concentration 

of 36Cl can be written as 

 ( ) ( )tce
V
FActc T

t

∆++=
−

0  (22) 

where 
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Comparing the expressions (22) and (17), it can be seen that the additional reservoir decreases 

the 36Cl concentration on the short time scale (t<<T,Tm). As time goes on, this difference is 

getting smaller and at the moment 
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it disappears completely. Afterwards the water delay increases the observed 36Cl 

concentration in the “daughter” lake and its difference compared to a simple system reaches 

its maximum at the moment 
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 This effect is especially important for the lakes with short (few years) flushing times. 

The ground water with the flushing time of a few years can significant ly change the 36Cl 

concentration in the lake and course a wrong interpretation of the measurements. 
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CHAPTER 3. Experimental setup 

3.1. AMS measurements of chlorine –36 in Garching 

3.1.1. Ion extraction and acceleration 

The scheme of 36Cl AMS at the accelerator laboratory in Munich is shown in Figure 18. The 

sample made of silver chloride and pressed in a holder is placed into the ion source (see 

Figure 19). By the heating of the cesium container Cs vapor is created. The molecules of 

gaseous Cs diffuse through the pipe and through the valve and reach the spherical tantalum 

ionizer, where positive ions Cs+ are formed. These ions accelerated by voltage of 6 kV 

bombard the target and initiate the sputtering process. Due to the low electron affinity, Cs 

condensed on the surface of the target also assists the extraction of negative ions. The 

extraction voltage (28 kV) is chosen in such a way that a superposition of the extraction and 

the sputter fields pumps the negative particles out of the source with the maximum efficiency. 

 The primary mass selection is performed by the injector magnet. The electrostatic 

deflector is used for switching between the injector of AMS (18 degrees) and the injector for 

other applications made in the laboratory (0 degrees). Additionally, it plays a role of an 

energy filter. Before the ions enter the tandem, they are preaccelerated by a voltage of 

150 kV. In order to reach high energies, a pelletron tandem accelerator with terminal potential 

U=10 MV is used. In the first half of the tandem the negative ions of 36Cl- are accelerated to 

the energy E=eU, where e is the elementary charge. A thin carbon foil in the middle of the 

tandem strips off a few electrons. The ions become positively charged and undergo the second 

step of acceleration. Thus, ions with charge state Z are accelerated up to the energy 

E=(Z+1)eU. If a molecule of mass M enters the tandem, its molecular bounds are destroyed 

in the stripper and a single compound of mass m with charge state Z has the energy 

eU
M
m

ZE 





 +=  at the exit of the accelerator. The 36C ions with charge state +8 and 

energy of 2.5 MeV/nucleon are selected by the analyzing magnet. The ions with other charge 
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states and energies are strongly suppressed. Only the ions with similar rigidity can pass 

through the magnet. The accelerator is used for different applications performed by different 

groups. In order to separate them, the beam line is divided into several channels. For the 36Cl 

measurements, the line +10° is chosen by the switching magnet. 

3.1.2. Radio-frequency accelerator 

One of the main difficulties in the 36Cl measurements is the separation of 36Cl from its stable 

isobar 36S. In most of the existing AMS facilities, this problem is solved by extremely clean 
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Figure 18  Beamline for 36Cl AMS in Garching 
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and laborious chemical treatment of the sample and with the help of a high resolution ∆E-E 

detector. Good results were achieved with the gas-filled magnet [103]. The complete 

ionization is used to separate 36Cl and 36S at the AMS facility in Garching. In this case, 

chlorine ions have charge state +17 while the charge state of sulfur cannot exceed +16 and 

isobar separation becomes simple and reliable [104, 105].  

 According to Bohr, the probability to strip an electron is significant if the orbital speed 

of the electron is smaller than the velocity of the ion in medium. For complete ionization, the 

velocity of the ion should become comparable with the speed of the electron on the K-shell. 

The acceleration to very high energies became possible when the additional radio-frequency 

postaccelerator SchweIN (Schwer Ionen Nachbeschleuniger) was built [106]. The developed 

IH structure had a number of advantages compared to the older schemes of Wideröe [107] and 

Alvarez [108]. 

 Standing waves are created in a cylindrical resonate cavity. The TE mode (H-mode) is 

used, that means that no electric field along the axis of the cylinder would exist if there were 
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Figure 19  Schematic drawing of the high current ion source 
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no drift tubes. The last ones distort the field and a component of the electric field along the 

beam line appears (see Figure 20). In the shown configuration, positive ions are accelerated 

between the drift tubes 1 and 2. While they are inside the tube 2, the direction of the electrical 

field is changed. No force acts on the ions at that time because of the shielding by the drift 

tube. In the new field configuration, the ions are accelerated between tubes 2 and 3, then 

between 3 and 4 and so on. While the kinetic energy of the ions increases, they cover larger 

distances within half of the period. Accordingly, the lengths of the drift tubes and the 

distances between them increase along the beam. 

 If the beam is continuous, only a small part of the ions, which lies within a small range 

of the phase shifts, can be fully accelerated. The other particles get out of the resonance and 

become less energetic or even decelerate. In order to increase the phase acceptance a buncher 

synchronized with the RF accelerator is put in front of it. This buncher decelerates the 

advanced ions and accelerates those, which are late in phase. Thus, the particle parcels are 

formed. For the ideal time focusing, the phase dependence of the additional energy should be 

a linear function within the range [-π , π]. This dependence can be well approximated by a 

linear combination of harmonic functions with frequencies f (the frequency of the standing 

waves in the RF accelerator, f=78 MHz) and 2f. Thus, a transmission of more than 50% 

through the system buncher-accelerator is reached (theoretically it is possible to reach a 

transmission of about 70%). Ions with masses different from 36 have much lower 

transmission. Thus, the postaccelerator is also an efficient isotopic filter. 

 For an additional increase of energy, the second RF accelerator operating with the 

frequency 2f of standing waves was build. However, for 36Cl measurements, the gain by the 

increased stripping probability is lower than the losses by the reduction of the optical 

transmission and it is not in use. 
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Figure 20  IH structure realized in the radio-frequency accelerator in Garching 
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 For a larger efficiency of the postaccelerator, a stripper is placed directly before it. The 

analyzing magnet I after the postaccelerator selects the ions with charge state +14 and energy 

155 MeV and the following stripper provides the complete ionization. 

3.1.3. Bragg detector 

The ions of 36Cl with the charge state +17 selected by the analyzing magnet II are registered 

by a Bragg detector [109]. The ions enter the detector through an aluminized mylar foil, 

which separates the high vacuum of the beam line and the gas P10 under the pressure 578 

mbar in the chamber. Drifting through the medium, the charged particles ionize the gas. The 

energy loss in the high-energy region can be described by the Bethe-Bloch formula (4). At 

small velocities, the shielding by the electron shells becomes important and the dependence 

changes [110]: 
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Here a0 and β0 are parameters, which characterize the medium. The other parameters are 

taken from the denomination of (4). The range at the limits of applicability of (4) and (23) 

corresponds to the maximum differential energy loss and is called Bragg peak. 

 The electric field between the entrance window (cathode) and the anode (see Figure 

21) forces the created electrons to move to the anode with a drift velocity of a few cm/s and 

the positive ions to the cathode with a drift velocity less than 10-3 cm/s. While the charged 

particles change their position, the signal ∆U on the detector is produced. 
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Figure 21  Schematic drawing of the Bragg ionization detector 
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 ( ) ( ) tvv
lC
eNtU eion +=∆  

where 
N - number of created free electrons, 

l - distance between the positive and negative electrodes of the 

detector, 

vion, ve - drift velocities of the positive ions and electrons correspondingly, 

?  - effective capacitance between the electrodes of the detector. 

In order to avoid the dependence of the signal on the position of the ionization, a shielding 

Frisch grid is installed close to the anode. The RC time of the detector is chosen in such a way 

that the fast electron signal is not disturbed and the slow ion signal is strongly attenuated. 

Thus, the anode signal repeats the dependence of the ionization losses along the beam 

direction. The integrated signal characterizes the energy of the entered ion and its inclination 

in the beginning – the charge of the ion. To obtain these two parameters the same anode 
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Figure 22  Typical spectrum Z vs E obtained with the Bragg detector. 36Cl events are marked with a box. The X-axis 
has the meaning of energy; the Y-axis has the meaning of effective ion charge. The values stand for the 
sequence numbers of channels. 
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signal is integrated once over a long time of about 2 µs and once over a short time of about 

0.1 µs. This information is sufficient to separate 36Cl from 36S. 

 The obtained spectrum of a standard sample with 36Cl/Cl ratio of 10-11 is shown in 

Figure 22.  

3.1.4. Measuring procedure 

In order to determine the transmission of the system, a standard sample with known 36Cl/Cl 

ratio Xst, is measured. With the source analyzing magnet, the extracted ions of the mass 35 (or 

37) are selected. The current I of the stable chlorine isotopes is measured directly before the 

entrance into the tandem accelerator. The correct ratio 
23.24
77.75

37

35 =
I
I

 shows that no 

interfering molecules disturb the experiment and that the adjustment of the system is 

reasonable. Then the source magnet is switched to the mass 36 and N 36Cl events are 

registered in the detector within the time t (see Figure 23). If e is the charge of the electron, 

the number 
e

tI 36  of 36Cl ions entered the accelerator within the same time. The current of 
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Figure 23  Expanded spectrum Z vs E of a standard sample (36Cl/Cl = 10 –11) obtained with the detector. The panel 
on the top shows the number of 36Cl events, which are marked with a box.  
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36Cl can be estimated as stX
I

I ⋅
η

=
35

35
36  where η35=0.7577 is the isotopic ratio of 35Cl. 

Thus, the transmission (the part of 36Cl ions from cup 1 in front of the accelerator, which 

reaches the detector) can be calculated 

 
st

DC XtI
eN

T
35

35
1

η
=− .  (24) 

When an investigated sample is measured, the sequence of the operations remains the same. 

Assuming the stability of the conditions the transmission is known. Thus, equation (24) can 

be used to find the isotopic ratio X of 36Cl/Cl: 

 
DCTtI

eN
X

−

η
=

135

35  (25) 

For a better accuracy and in order to account a possible change of experimental conditions the 

current of a stable isotope is always evaluated before and after the measurements of 36Cl and 

the average value is used for the calculations. For the same reason, the average value of the 

transmission is used in (25), which is calculated before and after the measurements of the 

sample. 

 In order to check out the possibility of contamination either during the chemical 

preparation or during the AMS measurement, blank samples are measured a few times within 

the experiment. These blank samples are prepared under the same conditions as the others and 

have the ratio of 36Cl/Cl below 10-15. Typically, no 36Cl events were registered during blank 

measurements. That means that a possible chemical contamination was below 10-14 – the 

sensitivity of the AMS facility. The cross talk within one experimental run was determined to 

be below 10-3 of the measured ratios 36Cl/Cl. That allows the usage of a standard with 36Cl/Cl 

ratio of 10-11. 

3.2. Sample preparation 

The sampling was performed by the hydrological institutes situated in the regions, close to the 

lakes, the 36Cl concentration in which was measured. These institutes possessed the necessary 

knowledge about the particularities of the specific lake to deliver representative samples. The 

volumes of water between 1 and 10 liters were hermetically closed in plastic bottles and sent 
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to Technische Universität München for the measurements1. In order to eliminate the 

biological activity, 5 ml of hydrogen peroxide2 were added to every liter of water. 

 The volume of about 5 ml from each sample was used for the measurements of the 

stable chlorine concentration and the rest remained for the AMS measurements. 

3.2.1. Measurements of the stable chlorine concentration 

The concentration of the stable chlorine in the samples was determined using High 

Performance Liquid Chromatography method (HPLC). The scheme of the method is shown in 

Figure 24. The eluent is pumped through a filter into the measuring system with a constant 

rate of about 1.0 ml min-1. In the valve position shown on the picture, the eluent washes the 

loop and flows through the columns and detector into the waste container. The entire system 

is put into a thermostat so that stable conditions can be reached soon. In order to perform a 

measurement the valve is switched in such a way that the exits 2-3, 4-5, and 6-1 are 

connected. The sample is injected into the entrance 5, it fills the loop between 4 and 1 and 

                                                 
1 Water from lakes Baikal, Ladoga, Onega and Ilmen was preliminary delivered to Saint-Petersburg State 
Technical University. There a part of the water was left without changes as aliquots for stable chlorine 
measurements and the rest was concentrated by rotating evaporation method to the volume of 50-100 ml. The 
obtained samples and the aliquots were sent to Technische Universität München for the measurements 
2 Merck Eurolab GmbH, Suprapur, 35% 
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Figure 24  Scheme of HPLC used for stable chlorine measurements 
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through the output 6 the rest of it flows into the waste. Then the protocol is started and the 

valve is switched back. The eluent pushes the fixed volume of the sample in the loop (100 µl) 

through the columns to the detector. 

 One of the most sensitive and important elements of HPLC is anionic exchange 

column3. Different ions need different time to pass through it and by the moment, when the 

ion reaches the detector, it is possible to determine what kind of species it is. In order to 

protect the expensive exchange column from damage a guard column is placed in front of it. 

The guard column is made in the same way as the main one but it is much shorter and 

cheaper. 

 The detector measures the conductivity of the solution and sends an analog signal to 

the computer (chromatopac), which presents the signal graphically and calculates the area 
                                                 
3 For chlorine measurements the anionic exchange column Polyspher IC AN-1, Merck KGaA was used 

 

Figure 25  Chromatogram of a standard solution with chlorine concentration of 2.83 ppm 
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under the found peaks (see Figure 25). The calibration of the chromatopac was performed 

with the help of standard solutions of different chlorine concentration. For the better accuracy, 

the calibration procedure was repeated for every sample though normally the conditions 

remained stable (see Figure 26). The sample measurements had higher divergence and they 

were repeated 3-5 times for the water from each lake. This gave the overall accuracy of about 

3% (dependent on the sample). 

3.2.2. Chemical preparation of the samples 

About 3 mg of stable chlorine are necessary for the AMS measurements of 36Cl. Using the 

results of the concentration measurements, the required volume of water, which contained 

enough chlorine, was calculated for each sample. With typical chlorine content in sweet water 

of about 1-7 ppm one or a few liters of water were sufficient.  

 The sample preparation included the removal of suspended particles by filtration 

through 0.45 µm Nuclepore® filters. For convenience and for a better yield every sample was 

decreased in a volume to 50-100 ml using the method of rotating evaporation. The pH factor 

was reduced to about 3-4 with a few drops of nitric acid. Silver nitrate of a very high purity 

was added. The required amount of AgNO3 was calculated as 

 α⋅⋅= 8.4
3 ClAgNO MM  

where 
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Figure 26  Chromatopac calibration within the run of measurements in March 2001. The marks of 
different forms stand for measurements performed within different days. The solid line 
shows the calibration curve. 
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MCl - mass of chlorine in the sample, 

α - excess factor. For higher chlorine yield AgNO3 was always taken in 

excess and α of about 2 was used. 

The solution was left for agitation for about 6 hours at temperature between 60 and 80 °C. 

Due to the chemical reaction 

 ↓+→+ AgClNaNONaClAgNO 33 , 

silver chloride fell out in form of white powder. Because the direct light destroys the chemical 

binding of AgCl the beaker with reactants was covered with aluminum foil. The residue was 

centrifuged during 20 min with 4000 rotations/min, washed with a weak solution of nitric 

acid, distilled water, and finally the remained powder was dried in a vacuum oven at 

temperature of about 80 °C. The dried powder was weighted and pressed into a target holder. 

 The comparison between the mass of extracted silver chloride and the volume of used 

water with known chlorine concentration indicated the efficiency of the chemical extraction. 

The typical yields were between 70 and 90%. 

3.3. Collection and treatment of methyl chloride 

3.3.1. Methyl chloride 

It was suggested that the high 36Cl fluxes measured in modern precipitation could be 

explained by the recycling of bomb-produced 36Cl though the biosphere. The carrier of the 

recycling was expected to be chlorine containing organic molecules and mainly CH3Cl. 

 In order to check the role of methyl chloride in 36Cl transport the measurements of the 

ratio 36Cl/Cl in CH3Cl were performed. The sampling was carried out at the biological station 

of Tehnische Universität München in Kranzberger Forst [111]. This station is situated far 

from industrial plants but it has a developed infrastructure. 

 The concentration of methyl chloride in the troposphere is about 540 pptv [112]. This 

corresponds to about 665 ppt of chlorine content. If we sum up all reactive chlorine-

containing species with residence time in the atmosphere less than 10 years, the chlorine 

content of about 1550 ppt is obtained (see Table 12). Together with 8.4 Tg of chlorine in 

reactive gases about 14.8 Tg of chlorine in non-reactive gases are present in the atmosphere. 

No natural sources are known for them [113] and little of 36Cl is bound on them. However, 

they are important for the total chlorine content in the atmosphere, which is about 4250 ppt. 
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 In order to perform the carrier-free AMS measurements about 3 mg of chlorine is 

necessary. Thus, the entire chlorine from a volume of 
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had to be collected. 

3.3.2. Experimental setup for the methyl chloride collection 

The chlorine extraction from the air was performed according to the scheme in Figure 27. The 

air was sucked with a rate of about 30 l/min using a membrane pump. The capture of the 

methyl chloride and other chlorine-containing molecules was carried out by molecular sieve 

of types 13X and 5A4, which was placed into two U-shape tubes of diameter 16 mm and the 

height of 300 mm. The tubes with zeolite were connected to each other with CF16 flanges and 

to prevent a contamination during the transportation the valves SwageLok were installed on 

their ends (see Figure 28). Before the experiment, the tubes with molecular sieve had been 

kept in an oven at temperature of 350 °C for a few hours under a vacuum and filled with 

nitrogen after cooling down. Thus, the molecules, which had been captured during the 

production of the zeolite, were released and the molecular sieve was ready for operation. 

 The efficiency of the substance capture by molecular sieve decreases while it is filled. 

For example, if water is being captured the saturation is reached when the water mass is about 

20% of the mass of the molecular sieve. The zeolite in one tube has a volume of about 120 ml 

and density of 0.74 g/ml. Thus, 17.8 mg of water would overfill the capacity of the molecular 

                                                 
4 Zeochem, 3.3901.41 and 3.3901.40 

Chemical 
composition 

Mass part in the budget 
of the reactive chlorine 

Chlorine mass in the 
troposphere, Tg 

Chlorine mass 
part in the 

troposphere, ppt 
CH3Cl 43% 2.8 665 

CH3CCl3 29% 1.9 448 
CHClF2 8% 0.5 124 

Inorganic Cl 7% 0.46 108 
CHCl3 4% 0.26 62 
CH2Cl2 3% 0.2 46 
C2Cl4 2% 0.13 31 

Other compositions 4% 0.26 62 
Total 100% 6.5 1546 

Table 12  The most abundant chlorine containing chemical compositions with residence time in the atmosphere 
less than 10 years [112] 
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sieve. In order to keep the efficiency of the chlorine compounds capture the pumped air was 

preliminary cleaned from the most abundant “impurities”: from water and carbon dioxide. 

 The freezing drying was used to remove the water. A precooler decreased the 

temperature of the air to +3 °C and the low temperature was reached by dry ice (see Figure 

29). The thermostat (height 600, diameter 250) was filled with dry ice and isopropyl alcohol 

for the larger thermal conductivity. A heat exchanger of cylindrical form (height 400 mm, 

diameter 100 mm) with two exit tubes was placed into the thermostat. The air was cooled 

down in the heat exchanger and frozen on its walls. When the created ice hindered the free 

flow of the air, the heat exchanger was changed to another one, warmed up to melt the ice 

inside and dried. For the better capturing efficiency, also the molecular sieve was placed into 

the thermostat. 

 The removal of carbon dioxide was achieved with sodium hydroxide5 according to the 

reaction: 

 OHCONaCONaOH 23222 +→+  

Sodium hydroxide is dark and sodium carbonate is white. Thus, the change of the color 

indicated how much chemically active sodium hydroxide was still left.  

 The volume concentration of carbon dioxide in the air is about 0.03%. It means that 

about 13 mole or 570 g of CO2 are within 1000 m3 of the air. In order to neutralize this 

amount of CO2 about 1 kg of NaOH is necessary. The producer of the sodium hydroxide 

guaranteed its efficiency to be not less than 50%. Thus, 1 kg of NaOH had to be enough to 

remove entire carbon dioxide from the volume of 550 m3. However, NaOH absorbed water 

actively and it could not be operated for more than 3 or 4 days. 

                                                 
5 Merck, 1.01567 
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Figure 27  Scheme of the chlorine collection from the air 
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 After enough air had been pumped through the system, the U-shape tubes with the 

molecular sieve were hermetically closed until the chemical treatment. 

3.3.3. Chemical treatment of the molecular sieve 

Because methyl chloride was assumed the main carrier of recycled 36Cl the procedure of 

chemical treatment was developed and checked for CH3Cl.  

 The molecular sieve was put into a flask and covered with methanol (see Figure 30). 

To avoid a loss of the chlorine during evaporation, the flask was closed with a lid. The 

solution was left for magnet agitation for one hour. Due to mechanical mixing, the molecular 

sieve was destroyed and CH3Cl was dissolved in the methanol. The solution was purified by 

passing through a paper and then through a 0.45 µm Nuclepore® filter. To destroy the 

molecular bindings of CH3Cl 1 g of dry KOH was added to the solution. The reaction 

 ↓+→+ KClOHCHKOHClCH 33  

takes place if the lattice energy of KCl can be used. Thus, no water should be present in the 

solution. Otherwise, KCl would be dissociated and the reaction rate would be drastically 

reduced. In order to prevent the loss of chlorine on the water vapor during the reaction, the 

flask was closed with a condenser, which was water-cooled. 
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Figure 28  U-shape tubes with molecular sieve 
for the extraction of chlorine from the air 

Figure 29  The scheme of the air cooling with 
help of dry ice 
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 Distilled water was added to dissolve the potassium chloride. Nitric acid was used to 

reduce pH factor to 3-4. AgNO3 was added in excess to precipitate chlorine. The solid phase 

was separated from the liquid one by centrifugation, washed with distilled water, separated 

from the liquid phase again, dried in a vacuum oven at temperature of 60 °C and pressed in a 

target holder. 

3.3.4. The experiment 

The experiment to collect methyl chloride from the air was carried out in October 1999. 

701 m3 of air were pumped though the system. Taking into account the weather conditions 

(mean temperature of 10.5 °C, mean pressure of 964 kPa) this volume corresponds to the 

volume Vs at standard conditions: 

 3642
5.283

273
325.101
3.96701 m

T
T

P
PVV x

s

s ===  (26) 

After the chemical treatment, 17.5 mg of powder were extracted. This corresponds to 4.3 mg 

of chlorine, which is higher than expected 3.5 mg if the entire chlorine from all chlorine-

containing molecules were extracted with 100% yield. This discrepancy can be explained by 
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Figure 30  Chemical treatment of the molecular sieve 
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the non-uniform distribution of the chlorine-containing species in the atmosphere. The 

divergence of local experiments within 25% seems to be quite probable. On the other hand, 

this discrepancy can indicate that the extracted sample consisted not only of AgCl but also of 

some impurities. The analysis made during AMS measurements  showed  high amount of 

carbon in the sample. Thus, it is possible that the sample was contaminated by organic 

molecules, which build carbon chains. However, the AMS method is not sensitive to 

impurities and the obtained results remain reliable in any way. 

 Besides the main sample the same chemical treatment was applied to the following 

samples: 

• Molecular sieve, through which about 250 ml of chemically pure CH3Cl were 

pumped. Taking into account the conditions (temperature 22 °C, pressure 95.4 kPa), 

this volume contains 0.35 g of Cl. The extracted 1 g of AgCl (0.25 g of Cl) proved the 

efficiency of the method even under adverse conditions. (The pumping rate of methyl 

chloride was high and released energy has warmed up the system. Thus, the efficiency 

of the CH3Cl capture by the molecular sieve was reduced.) 

• Molecular sieve of 120 ml in volume, which corresponds to the volume of the main 

sample, without any preliminary treatment. The extracted 4.4 mg of AgCl showed that 

molecular sieve itself contained chlorine and it should be taken into account in the 

final results. 

• Blank sample without molecular sieve. The absence of precipitation at the end of the 

chemical treatment proved the purity of the used chemical agents: methanol, KOH, 

AgNO3 

 

Figure 31  Experimental setup for the collection oft CH3Cl from the air in Kranzberger Forst:  
(left to right) gas meter, pump, precooler, NaOH container, main cooler 
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CHAPTER 4. Interpretation of the results 

4.1. Natural and bomb-produced fallout of chlorine-36 

4.1.1. Cosmogenic chlorine-36 

The daily input of 36Cl (see Table 13) to the atmospheric boxes used in the transport model 

(Table 1) was computed by the code described in [39]. The model output describes the 

 0° -10°  10° -20°  20° -30°  30° -40°  40° -50°  50° -60°  60° -70°  70° -80°  80° -90°  

Stratosphere 1 2.3 3.1 5.8 15.2 44.2 88.5 99.0 66.4 23.0 
Stratosphere 2 5.9 8.0 14.4 35.9 93.3 158.6 158.8 102.2 35.2 
Stratosphere 3 8.8 11.9 21.0 48.7 109.0 159.0 144.2 90.0 30.7 
Stratosphere 4 10.8 14.5 25.0 53.0 101.8 129.2 107.4 65.0 21.9 
Troposphere  81.5 108.2 167.0 241.4 275.8 231.9 153.6 86.5 28.1 

Table 13  Daily input of 36Cl in 1017 at.day-1 to the atmospheric boxes used in the model.  

South hemisphere:  

Latitude, °  85°  75°  65°  55°  45°  35°  25°  15°  5°  

Annual precipitation 
rate, mm 80 241 563 1207 1271 934 754 1162 1494 

Average 36Cl flux, 
at m-2 s-1 7.2 11.9 16.4 27.8 29.9 20.9 13.0 9.0 5.6 

North hemisphere: 

Latitude, °  5 15 25 35 45 55 65 75 85 

Annual precipitation 
rate, mm 1965 1139 700 772 830 755 469 239 155 

Average 36Cl flux, 
at m-2 s-1 6.0 9.1 13.4 21.7 28.4 26.1 17.5 12.1 9.1 

Table 14  Annual precipitation rate and average 36Cl flux at the different latitudinal belts 
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latitudinal dependence of annual 36Cl fallout (Table 14). Though the simulated data are 

generally lower than those of [27] (the mean global production rate of 36Cl is 16 at m-2 s-1 

instead of 24 at m-2 s-1) the main features described in [27] are reproduced (compare Figure 32 

and Figure 7). The calculated fluxes in the southern hemisphere are in a good agreement with 

the experimental data, while a large discrepancy is observed in the northern hemisphere.  

4.1.2. Bomb-produced chlorine-36 

In order to estimate the bomb-produced 36Cl fallout, the data on the nuclear explosions [89] 

were analyzed. In cases of underwater tests and the tests performed on the barges, the released 
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Figure 32  Calculated (solid line) and experimental 36Cl deposition fluxes as function of latitude (squares -  
measurements of TUM [8], triangles – measurements, performed by other groups). Only cosmogenic 
production of 36Cl was taken into account in the calculation 

South hemisphere: 

Latitude, °  85°  75°  65°  55°  45°  35°  25°  15°  5°  
Average 36Cl fluence, 

1012 at m-2 
0.63 1.18 2.00 4.49 5.66 3.87 2.26 1.59 1.47 

North hemisphere: 

Latitude, °  5 15 25 35 45 55 65 75 85 
Average 36Cl fluence, 

1012 at m-2 2.21 3.77 5.14 8.44 11.01 8.58 4.42 2.48 1.61 

Table 15  Latitudinal distribution of bomb-produced 36Cl for α from section 2.4.2 equal to 1. 
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neutrons activated stable chlorine in the ocean. The summary of these tests and the 

corresponding calculated injection of 36Cl to the atmospheric boxes for α=1 (see section 

2.4.2) are gathered in Table 16.  

 The simulated latitudinal distribution of the 36Cl fluence is shown in Table 15. In 

Figure 33 the time dependence of the calculated 36Cl fluxes at latitude 65°N together with 

experimental points are presented. For the better comparability, the parameter α was put 0.6, 

which corresponds the equal heights of the calculated and measured at Dye-3 36Cl bomb peak. 

The simulated rate of decrease of 36Cl fallout is lower than the experimental one. This 

difference is negligible within the first 4 years after the 36Cl injection and it is strongly 

pronounced after 1970. 

 The low calculated 36Cl fluxes could be explained by the cosmogenic 36Cl, which 

fallout is about 17.5 at m-2 s-1 at the latitude 65° N (see Table 14). In the years 1951-1953, the 

increase of 36Cl flux can be hardly attributed to the test of 03 October 1952, which was 

performed in the southern hemisphere. It is possible that the neutrons from the “near Earth’s 

surface” explosions activated stable chlorine in the crust with its following release to the 

troposphere. The strength of this 36Cl source is difficult to estimate with a reasonable 

accuracy. However, within the years 1954-1958 it should play a minor role compared to the 

tests performed near the surface of the ocean. Another possibility to explain  
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Figure 33  Comparison of the 36Cl fluxes obtained from the ice measurements at Dye-3, Greenland, 65° N [5] 
(points) and the simulated time-dependence of the bomb-produced 36Cl at the latitude 65° N (solid 
line). Here, it was assumed that 60% of the 36Cl produced in the ocean entered the stratosphere  
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Power, kt TNT 36Cl input, 1023 at. 
Date Type of 

test Latitude  
Fission Fusion Strato 1 Strato 2 Strato 3 Strato 4 Tropo 

24-Jul-46 water 12 21 0 0.0 0.0 0.0 0.0 6.2 
3-Oct-52 water -22 25 0 0.0 0.0 0.0 0.0 7.4 

26-Mar-54 barge 12 7300 3700 2754.3 512.7 0.0 0.0 0.0 
25-Apr-54 barge 12 4600 2300 1157.6 761.9 129.8 0.0 0.0 
4-May-54 barge 12 9000 4500 3701.6 307.9 0.0 0.0 0.0 

13-May-54 barge 12 845 845 0.0 38.3 177.3 147.7 138.6 
14-May-55 water -5 30 0 0.0 0.0 0.0 0.0 8.9 
21-Sep-55 water 73 4 0 0.0 0.0 0.0 0.0 1.0 
11-Jun-56 barge 12 183 182 0.0 0.0 0.0 0.0 108.4 
25-Jun-56 barge 12 550 550 0.0 0.0 39.6 99.1 188.0 
8-Jul-56 barge 12 925 925 0.0 69.9 203.5 152.9 123.2 
10-Jul-56 barge 12 1500 3000 329.8 672.5 279.5 54.6 0.0 
20-Jul-56 barge 12 2300 2700 482.4 716.1 257.0 29.6 0.0 
21-Jul-56 barge 12 167 83 0.0 0.0 0.0 0.0 74.3 
10-Oct-57 water 73 10 0 0.0 0.0 0.0 0.0 3.0 
11-May-58 barge 12 680 680 0.0 1.3 106.0 127.5 169.2 
11-May-58 barge 12 81 0 0.0 0.0 0.0 0.0 24.1 
16-May-58 water 12 9 0 0.0 0.0 0.0 0.0 2.7 
20-May-58 barge 12 6 0 0.0 0.0 0.0 0.0 1.8 
21-May-58 barge 12 25 0 0.0 0.0 0.0 0.0 7.5 
26-May-58 barge 12 220 110 0.0 0.0 0.0 0.0 98.0 
26-May-58 barge 12 57 0 0.0 0.0 0.0 0.0 16.9 
30-May-58 barge 12 12 0 0.0 0.0 0.0 0.0 3.4 
31-May-58 barge 12 92 0 0.0 0.0 0.0 0.0 27.3 
2-Jun-58 barge 12 15 0 0.0 0.0 0.0 0.0 4.5 
8-Jun-58 barge 12 8 0 0.0 0.0 0.0 0.0 2.4 

10-Jun-58 barge 12 142 71 0.0 0.0 0.0 0.0 63.3 
14-Jun-58 barge 12 212 107 0.0 0.0 0.0 0.0 94.7 
14-Jun-58 barge 12 725 725 0.0 6.8 128.1 134.5 161.2 
18-Jun-58 barge 12 11 0 0.0 0.0 0.0 0.0 3.3 
27-Jun-58 barge 12 275 137 0.0 0.0 0.0 0.0 122.4 
27-Jun-58 barge 12 440 440 0.0 0.0 4.9 62.1 194.4 
28-Jun-58 barge 12 3000 5900 1933.7 680.8 28.8 0.0 0.0 
29-Jun-58 barge 12 14 0 0.0 0.0 0.0 0.0 4.2 
1-Jul-58 barge 12 5 0 0.0 0.0 0.0 0.0 1.5 
2-Jul-58 barge 12 150 70 0.0 0.0 0.0 0.0 65.3 
5-Jul-58 barge 12 265 132 0.0 0.0 0.0 0.0 117.9 
12-Jul-58 barge 12 3200 6100 2090.7 654.0 17.4 0.0 0.0 
17-Jul-58 barge 12 170 85 0.0 0.0 0.0 0.0 75.7 
22-Jul-58 barge 12 65 0 0.0 0.0 0.0 0.0 19.3 
22-Jul-58 barge 12 135 67 0.0 0.0 0.0 0.0 60.0 
26-Jul-58 barge 12 1000 1000 0.0 105.4 224.0 155.7 108.9 
23-Oct-61 water 73 5 0 0.0 0.0 0.0 0.0 1.4 
27-Oct-61 water 73 16 0 0.0 0.0 0.0 0.0 4.8 
11-May-62 water -5 20 0 0.0 0.0 0.0 0.0 5.9 
22-Aug-62 water 73 6 0 0.0 0.0 0.0 0.0 1.8 
2-Jul-66 barge -22 28 0 0.0 0.0 0.0 0.0 8.3 

24-Sep-66 barge -22 125 0 0.0 0.0 0.0 0.0 37.1 
2-Jul-67 barge -22 22 0 0.0 0.0 0.0 0.0 6.5 

Table 16  Input of 36Cl due to nuclear bomb tests performed near the ocean. For the transport calculation, it was 
assumed that all tropospheric chlorine reached the lower stratosphere.  
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the form of the measured bomb-peak is the chlorine diffusion in ice. However, there is no 

data, which confirms this suggestion. 

 An interesting feature of the 36Cl bomb-peak is its form at the top. There are two 

maximums: in years 1957 and 1960. The largest 36Cl injections were in 1954 and 1958 with 

an additiona l peak in 1956. In order to explain the observed peaks, the removal time from the 

atmosphere should be larger than it was assumed. Moreover, the input in 1954 had to be 

significantly higher than in other years. Only in this case, the bomb chlorine from 1954 would 

add up with 36Cl from 1956 and form a large peak in 1957. 

 After 1963, the decrease of 36Cl flux was not as fast as it was modeled. Together with 

the influence of low-altitude nuclear explosions over the land and a possible diffusion of 

chlorine in ice, the reason for this discrepancy could be the recycling. 

4.2. Correction of the fallout for precipitation rate 

Local 36Cl fluxes depend on the precipitation rate, which varies strongly. Although an exact 

correction for precipitation rate is hardly possible, a simple approach can be used to improve 

the comparability of the data. 

 In the model, the wet and dry forms of the tropospheric chlorine are distinguished. One 

third of the tropospheric chlorine falls out as a dry deposition with a typical time of 36 days. 

Two thirds of the chlorine is attached to the water vapor and its deposition is proportional to 

the precipitation rate. Thus, if N  is the number of 36Cl atoms in the column with unit area, the 

flux of 36Cl can be determined as 
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where P0=1 m⋅a-1 is the average precipitation rate and P is local precipitation rate. In the 

model, every latitudinal belt is characterized by one precipitation rate Pλ and the 

corresponding 36Cl flux is Fλ. These two parameters allow the estimation of N and the 36Cl 

flux at the place with local precipitation rate P (in m⋅a-1): 
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Accordingly, if local flux F was measured, a corrected flux Fcorr comparable with the model 

output can be found: 
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4.3. Results of the measurements in lakes 

In frame of the performed work 36Cl concentration in a number of lakes (Table 17, Figure 34) 

was measured. The obtained results are shown in Table 18.  

Lake Latitude  Catchment 
area, km2 Volume, km3 Flushing 

time, a Reference 

Alpine glacial lakes 
Lake Constance 47° N 10900 48.5 4.1 (4.5) [114,115] 

Geneva 46° N 7975 88.9 11.8 [115] 
Garda 45.6° N 2628 51.8 26.7 [116] 
Como 46° N 4516 23.4 4.7 [116] 

Lugano 46° N 615 6.5 8.19 [117] 
Maggiore 46° N 6599 37.5 4 [118] 
Chiemsee 42° N 1398.6 2.048 1.26 [119] 

Starnberger See 42° N 314.7 2.999 20.9 [119] 
Ammersee 42° N 993.02 1.75 2.7 [119] 
Walchensee 42° N 779.3 1.3 1.62 [119] 

Great European lakes 
Onega 61° N 51540 280 16 [114] 
Ilmen 58.4° N 66500 6.5 0.4 (3.8) [114] 

Ladoga 60° N 258600 837.9 12.3 [114] 
African lakes 

Victoria 1.6° S 263000 2750 120 [120], [121] 
Mweru 9° S  32  [114] 
Malawi 12° S 100500 8400 750 [121] 

Asian lakes 
Baikal 53° N 540000 23000 385 [122] 

Khubsugul 51° N 7680 380 470 [123] 
Balkash 45° N 413000 105 37000 [124] 

Issyk-Kul 43° N 22080 1738  [125] 

Table 17  Hydrological parameters of the lakes, where 36Cl concentration was measured. If there is a difference 
in published data, the other estimates are shown in brackets. 
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 Only statistical error is shown for the results of the stable chlorine measurements, 

which were performed chromatographically. A systematic uncertainty caused by a limited 

resolution of the anionic exchange column, the uncertainty of the standard samples and a 

possible contamination of the samples during the transportation are difficult to estimate. 

 

Figure 34  World map with expansions. The locations of sampling are shown with circles. 



 4.3 Results of the measurements in lakes 

 76

Though their influence is expected to be negligible, a contamination of aliquots was observed 

in case of Baikal Lake. The difference in chlorine concentration in samples taken from 

different parts of the lake was of order of 2. This contradicted the observed fast mixing within 

the lake. To check the obtained results, every sample was delivered in another container and 

the measurements were repeated. The new data were in good agreement with each other but 

the chlorine concentration was still too high compared to the measurements performed during 

the sampling: 0.44±0.03 mg/l [126]. The samples of the salty lakes (Balkash, Issyk-Kul) were 

preliminary dissolved in distilled water to reduce the chlorine concentration to 10 mg/l or less. 

The obtained concentration was corrected for the dissolving factor. 

 The ratio 36Cl/Cl was measured at the AMS facility in Garching. Statistical 

uncertainty, fluctuations of the transmission, variations of the extraction current, and 

background (measured with a blank sample) were included in the calculations of the 

confidence interval. A typical uncertainty is between 10% and 20% and it is the main source 

of the error in determination of the concentration of 36Cl in water. 

 36Cl concentration was calculated as a product of stable chlorine concentration in at/l 

and ratio of 36Cl/Cl measured in the same sample. Thus, in case of contamination of a sample 

with the stable chlorine, the obtained chlorine content and ratio 36Cl/Cl contain an error 

whereas the 36Cl concentration remains correct. 

 The extraction yield of chemical preparation was determined as ratio of dry mass of 

the produced material m to the mass of chlorine taken for the chemical treatment and 

corrected for attached silver: 

 

Cl

AgCl

M
M

cV

mY = , 

where 

c - concentration of stable chlorine in the sample in mg/l, 

V - volume of the sample used for the chemical treatment, 

MAgCl, MCl - molecular masses of AgCl (143.3 g/mol) and Cl (35.45 g/mol) 

correspondingly. 

Because of the high selectivity of AMS, the presence of impurities in a sample does not 

disturb measurements of the ratio 36Cl/Cl. Thus, no special precautions were done to eliminate 

other substances, which can fall out with silver. Typically, their concentration is negligible 

compared with chlorine and the yield can be estimated with a good accuracy. However, in 
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some samples, they cannot be neglected and the yield of chemical extraction cannot be 

calculated. 

4.4. Input of chlorine-36 in Chernobyl accident 

In many European lakes with flushing times below 20 years the observed 36Cl concentration 

cannot be explained by natural and bomb production only. Recycling can increase the 

expected concentration but it is not sufficient to describe the measurements.  

 High 36Cl fluxes in rainwater (ratio 36Cl/Cl of about 5.3⋅10-10, chlorine concentration 

17.9 mg/l) were observed a few days after the accident in Chernobyl on 26. April 1986 [127]. 

Radioactive elements released by the accident did not enter the stratosphere and were not 

Lake Date of 
sampling 

Cl 
concentration, 

mg/l 

Ratio 36Cl/Cl, 
10-13 

36Cl 
concentration, 

107 at/l 

Chlorine 
chemical 
yield, % 

Alpine glacial lakes 
Lake of Constance Sep. 98 5.2±0.1 4.3±0.5 3.8±0.4 75 – 84 

Geneva Jan. 99 7.3±0.2 5.0±1.8 6±1 84 – 89 
Garda Oct. 98 4.84±0.05 8.4±0.8 7±1 84 – 95 
Como Oct. 98 2.7±0.1 5.9±1.5 2.8±0.4 62 – 78 

Lugano north March, 99 2.1±0.1 22±2 8±1 66 – 97 
Lugano south March, 99 6.0±0.2 3.0±0.5 3.1±0.6 90 – 94 

Maggiore Oct. 98 2.6±0.3 4.5±0.8 1.9±0.2  
Chiemsee May 00 5.5±0.1 3.8±0.4 3.6±0.3 88 

Starnberger See Sept. 00 8.1±0.1 5.0±0.4 6.9±0.6 79 
Ammersee Sept. 00 6.0±0.2 4.1±0.7 4.1±0.7 60 
Walchensee Sept. 00 1.00±0.02 14±2 2.4±0.3 72 

Great Russian lakes 
Onega Aug. 01 1.77±0.09 26±3 7.7±0.9 94 
Ilmen Dec. 01 33.5±0.4 2.1±0.4 12±2 67 

Ladoga Sept. 99 6.1±0.1 7.5±0.8 7.8±0.9  

Ladoga Jul. 00 5.9±0.1 6.5±0.8 6.6±0.8  

African lakes 
Victoria Feb. 01 3.8±0.1 4.7±1.5 3.0±0.9  

Mweru Feb. 01 4.34±0.08 0.8±0.2 0.6±0.2 73 
Malawi Feb. 01 7.1±0.1 1.1±0.3 1.3±0.3 87 

Asian lakes 
Baikal Aug. 98 0.55±0.06 24±2 2.2±0.2 63 – 94 

Khubsugul Oct. 01 0.44±0.05 66±5 5.0±0.7  

West Balkash June. 01 115±2 3.0±0.5 59±11 86 
Issyk-Kul June 01 1175±9 1.1±0.2 210±40 72 

Table 18  Results of the measurements of stable chlorine and 36Cl concentration in the lakes. 
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mixed globally. Their transport was determined by the wind structure and by the precipitation 

rate within the next few days. The deposition of many elements was influenced by these 

parameters, and the fluxes of different radionuclides from Chernobyl should have correlated. 

Thus, 36Cl fallout can be normalized to the fallout of Chernobyl 137Cs, the distribution of 

which is known on a large scale [128]. 

 For a few lakes, a detailed study of 137Cs deposition and distribution was completed. 

The fluence of Chernobyl 137Cs on lake Constance was determined to be 17±3 kBq m-2 [129]. 

A similar fluence of 17.5±4.5 kBq m-2 was measured in the soil around the lake [130]. The 
137Cs deposition over lake Lugano was reported to be 24 kBq m-2 [131]. Although lakes 

Maggiore and Como are situated close to it (distance is about 20 km), the 137Cs deposition 

varies strongly on their watersheds [128] and the same fluence of 24 kBq m-2 can not be used 

as the average one. 

 Lake Lugano is divided into two parts by an artificial dam. The hydrological 

parameters of these parts are shown in Table 19 [132]. Thus, three aquifers are suitable to 

normalize 36Cl and 137Cs fluxes of Chernobyl origin: Lake of Constance, the northern and the 

southern parts of lake Lugano.  

 Applying the calculated data on 36Cl production (Table 14 and Table 15), correction 

procedure (27), formulas (14), (17), and (22), the natural and bomb 36Cl concentrations in the 

lakes were computed (Table 20). The parameter α, which describes the amplitude of the bomb 

impulse, was chosen 0.6. This corresponds to the height of the 36Cl bomb peak measured at 

Dye-3. Thus, the effect of the bomb-produced 36Cl was slightly overestimated (see section 

4.5). It does not influence significantly on the results for lake Constance. However, the 

remaining 36Cl concentration, which was attributed to the Chernobyl accident, in lake Lugano 

and especially in its southern part was underestimated. The ratio of 36Cl to 137Cs released by 

the accident in Chernobyl was chosen so that the observed 36Cl concentration in the lakes 

would be explained.  

 Besides the rough estimation of the bomb-produced 36Cl, the high divergence of the 

ratio of the 36Cl and 137Cs fallouts originates from: 

 
Lake area, 

km2 

Catchment  

area, km2 

Volume, 

km3 

Outflow, 

km3 a-1 

Flushing 

time, a 

Northern part 27.5 297.2 4.69 0.38 12.3 

Southern part 20.3 310.6 + 297.2 1.8 0.77 2.3 

Table 19  Hydrological para meters of the northern and southern parts of lake Lugano 
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• Lake of Constance has a short flushing time of about 4.5 years. Even a small amount 

of groundwater, which is not important for the water balance in the lake, can become a 

mother reservoir (see Section 2.6), which increases the effective flushing time. 

Neglecting the effect we obtain overestimated ratio 36Cl/137Cs. 

• The flushing time of the south part of the lake Lugano is not known exactly. If it is 

20% less than the value of 2.3 years used, the Chernobyl 36Cl flux necessary for the 

explanation of the measurements increases by about 75%. 

• Although the 137Cs deposition on the lakes Constance and Lugano was measured fairly 

well, the average 137Cs fallout over the catchment area could differ from the published 

values. On the watersheds of lake Constance and of the northern part of lake Lugano, 

regions an increased 137Cs deposition was observed [128]. These regions could lead to 

the higher mean 137Cs deposition than the assumed one. Accordingly, the obtained 

ratio of 36Cl/137Cs for the lakes Constance and Lugano north might be overestimated. 

Taking into account the described above explanation for the high divergence, the average 

value of 9⋅1010 at/kBq for the ratio of 36Cl and 137Cs deposition seems to be representative and 

contain an error below 50%. 

 With a total atmospheric release of 137Cs during the accident of about 85 PBq [133] 

the total release of 36Cl by Chernobyl nuclear power plant can be estimated to be about 0.5 kg. 

 
Lake of 

Constance 

Lugano, 

north part 

Lugano, 

south part 

Measured concentration of 36Cl,  

107 at/l 
3.8±0.4 8±1 3.1±0.6 

Estimated concentration of the natural 
36Cl, 107 at/l 

0.11 0.12 0.12 

Estimated concentration of the bomb-

produced 36Cl, 107 at/l 
0.02 2.42 1.47 

Concentration of 36Cl due to 

Chernobyl accident, 107 at/l 
3.7 5.5 1.6 

Ratio of released 36Cl and 137Cs,  

1011 at/kBq 
1.43 1.0 0.04 

Table 20  Normalization of 36Cl and 137Cs fallout of Chernobyl origin. The concentration of bomb-produced 
36Cl was calculated with parameter α = 1 (see Section 2.4.2) 
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4.5. Input of bomb-produced chlorine-36 

The 36Cl concentration in the lakes with flushing times more than 20 years depends strongly 

on the bomb input. This information was used to estimate the total amount of 36Cl produced 

by the nuclear weapon tests and the parameter α from Section 2.4.2 in particular. 

 In a similar way as it was done in Section 4.4, the calculated concentration of natural 
36Cl in a lake was subtracted from the measured one. For European lakes, also the estimated 

concentration of Chernobyl 36Cl was subtracted. The rest was assumed to originate from the 

nuclear tests and the corresponding 36Cl fluence onto the catchment area of the lake was 

calculated (Table 21). The error bars include the experimental uncertainty of the 36Cl 

measurements and the uncertainty of the determination of Chernobyl produced 36Cl. The 

obtained results demonstrate a large divergence with a weighted average value α=0.18±0.07. 

 This can be compared with the results of the 36Cl study in glaciers [5, 6, 134]. 

Although the divergence is large, the measurements in mountain glaciers are generally 

consistent with the determined value of α (Table 22). On the contrary, the measurements in 

Greenland ice demonstrate higher impact of the bomb-produced 36Cl with an average value 

α=0.5. Available experimental 36Cl fluxes together with the results of the simulation for 

α=0.5 and α=0.18 are summarized in Figure 35. Latitude of a local place, where a 

measurement was performed, might be different from the corresponding latitude in the 

transport model (see section 2.3.1). To show this, the experimental points contain horizontal 

Lake 
Cmeas, 

107 at/l 

Cnat, 

107 at/l 

CChern , 

107 at/l 

Cbomb, 

107 at/l 

Fluence, 

1012 at m-2 

Fluence corr, 

1012 at m-2 
α 

Garda 7±1 0.1 4.4 2.5±2.4 2.1±2 2.14±2 0.2±0.2 

Victoria 3.0±0.9 0.2  2.8±0.9 0.43±0.14 0.55±0.18 0.28±0.09 

Malawi 1.3±0.3 0.2  1.1±0.3 1.0±0.3 1.09±0.3 0.7±0.2 

Starnberger 6.9±0.6 0.2 5.0 1.7±2.6 1.3±1.9 1.14±1.7 0.11±0.17 

Baikal 2.2±0.2 0.5  1.7±0.2 0.8±0.1 1.13±0.15 0.12±0.02 

Khubsugul 5.0±0.7 0.55  4.4±0.7 2.4±0.5 3.5±0.7 0.37±0.07 

Michigan * 5.7±0.6 0.4  5.3±0.6 1.9±0.2 1.9±0.2 0.18±0.02 

Superior * 3.4±0.4 0.26  3.0±0.4 2.1±0.3 2.2±0.3 0.21±0.03 

Huron * 6.6±0.7 0.3  6.3±0.7 2.6±0.3 2.8±0.3 0.25±0.03 

Table 21  Concentration of 36Cl in lakes, calculated fluenes of bomb-produced 36Cl over their catchment areas, 
and the calculated corresponding parameter α. Cmeas, Cnat, CChern, and Cbomb stand for measured 
concentration, concentration of natural, Chernobyl and bomb-produced 36Cl correspondingly. The 
measurements of Great Laurentian Lakes (Michigan, Superior, Huron) were performed in [7]. 
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error bars with a length of 5°.  The difference between Greenland and lake normalization 

could have 3 different explanations: 

• The modeled curve does not describe the 36Cl transport. The model should be changed 

to have a maximum at about 55°N and to decrease rapidly to the south of this latitude. 

In this case, a very good agreement between most of the experimental data and the 

simulation would be established. Although the tropopause folds fluctuate in latitudes, 

the maximum of the STE is not expected to be at so high latitudes. Moreover, a rapid 

decrease of the 36Cl bomb fluence between 50°N and 40°N contradicts the latitudinal 

distribution of the 90Sr (Figure 12). Another strong evidence against a large peak of 
36Cl fluence at high latitudes is the low 36Cl concentration measured in lake Baikal. 

However, a possibility of different latitudinal distribution of the bomb-produced 36Cl 

and 90Sr cannot be excluded. This can happen, for example, if the chlorine washout 

rate from the troposphere is much higher than one of strontium and the tropopause 

fold was closer to the North Pole in 1958 (maximum of 36Cl fallout) than in 1963 

(maximum of 90Sr fallout).  

• Greenland normalization should be used; the balance of 36Cl in lakes and in mountain 

glaciers is disturbed by its loss due to some unconsidered mechanisms. For example, a 

part of snow with bomb-produced 36Cl could have been blown away in the mountain 

glaciers. However, the measurements of δ18O do not corroborate this hypothesis [6]. 

Neither a significant lack of 36Cl in water systems seems to be probable. A part of 

chlorine fallen onto the watershed of a lake could be captured by the biosphere. 

 Latitude 
Altitude 

a.s.l., m 

Fluence, 

1012 at m-2 

Fluence corr, 

1012 at m-2 
α 

Greenland, Dye-3 65° N 2650 2.4 2.28 0.52 

Greenland, B16 73.5° N  1.18 1.41 0.51 

Greenland, B29 76° N  1.22 1.38 0.58 

Greenland, B18 76.5° N  0.72 0.89 0.38 

Greenland, B26 77° N  1.3 1.41 0.61 

Greenland, B21 80.5° N  0.72 0.84 0.42 

Alpes, Fiescherhorn 46° N 3850 2.37 1.66 0.15 

Himalayas, Guliya 35° N 6710 0.43 0.83 0.1 

Andes, Huascaran 9° S 6048 0.3 0.45 0.3 

Table 22  Determination of the fluence of the bomb-produced 36Cl in glaciers 
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However, because of its high solubility, most of chlorine should follow the water 

streams and be able to reach the reservoir. Only in case of the lake’s stratification with 

a shallow layer of water above thermocline it is possible that a significant portion of 

chlorine would be removed before the chlorine is mixed over the entire volume of the 

lake. 

• The lake normalization should be used in the calculations, the atmospheric transport 

to Greenland is particular and the measurements their should be interpreted 

separately. Three lakes do not fit the calculated latitudinal distribution: Malawi, 

Khubsugul, and Baikal. The hydrological parameters of lake Malawi are not known 

reliably and this lake should be interpreted carefully. High 36Cl bomb fluence to lake 

Khubsugul arises after the correction for precipitation rate. This correction is not valid 

on the large areas, characterized by the low (or large) precipitation rate. Without the 

correction, the bomb 36Cl fluence to the lake is about 30% less and close to those, 

measured in European and American lakes. Low fluence of the bomb-produced 36Cl to 

lake Baikal is difficult to explain. However, a higher 36Cl concentration of 

(3.8±0.2)⋅107 at l -1 in the lake was reported by another group [65]. Using this value, 
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Figure 35  Fluence of the bomb-produced 36Cl as function of latitude. The circles represent data, which are 
derived from the measurements of 36Cl in lakes; squares are measurements in Greenland ice; 
triangles are the measurements in mountain glaciers. The filled symbols show the calculated fluence, 
unfilled symbols show the fluence, which is corrected for the precipitation rate. The dashed line 
shows the result of the calculation with α = 0.5, the solid line is the calculation with α = 0.18 
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36Cl bomb fluence of about 2.2⋅1012 at⋅m-2 can be obtained. This value corresponds 

well the fluence derived from European and American lakes. To resolve the difference 

in results an additional sample from lake Baikal should be measured. Large amount of 
36Cl observed in Greenland can be explained by a fast atmospheric mixing with the air 

of lower latitudes. The area near Iceland in Greenland is known for the development 

of cyclones, which spread over the central Europe. 

Before data on bomb-produced 36Cl fluence in the latitudinal belt between 10°N and 40°N are 

available, it is difficult to determine, which of these three explanations is correct. In frame of 

this work the lake-based value of α=0.18±0.07 (corresponds to about 24±9 kg of 36Cl released 

to the stratosphere or 1600 years of natural production) was used. However, the possibility of 

a larger 36Cl stratospheric release up to 65 kg (Greenland normalization) during the nuclear 

bomb tests is not closed yet. 

4.6. Bomb chlorine-36 in organic molecules 

The results of the AMS measurements of the 36Cl/Cl ratio in the samples, described in the 

Section 3.3.4 are shown in Table 23. The content of 36Cl in organic compounds exceeds the 

typical ratio of 36Cl/Cl in modern precipitation, which is in the range between 10-15 [59] and a 

few 10-13 [80]. The high measured ratio of 2.9⋅10-12 is difficult to explain in terms of the 36Cl 

natural production. In fact, the ratio of 36Cl/Cl in the methyl chloride emitted by the biosphere 

should be much higher. 

• One of the main sources of the organic chlorine-containing compounds is ocean (see 

Table 30). However, a large amount of old chlorine dilutes 36Cl there and CH3Cl 

emitted by the ocean decreases the ratio 36Cl/Cl of the biospheric methyl chloride. 

• Another dilution effect has an experimental origin. From the Table 23 it can be seen 

that the molecular sieve used in the experiment contained some chlorine with low ratio 

of 36Cl/Cl. The correction of this effect increases the measured ratio: 

Sample Mass of AgCl, 
mg Mass of Cl, mg Ratio 36Cl/Cl, 10-13 

Cl in the air 17.5 4.3 29±3 
Chemical. CH3Cl 1055 261 0.19±0.09 
Molecular sieve 4.4 1.1 1.2±0.4 

Table 23  Results of the  measurements in samples used for the determination o f 36Cl in organic substances. 
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• Only the biomass can play a role of long-term storage of the bomb-produced 36Cl. 

However, the biomass burning is a dominant source of CH3Cl and not of the other 

molecules (see Table 30). Thus, a number of chlorine-containing compounds captured 

by the molecular sieve decrease the 36Cl/Cl ratio of the methyl chloride. The exact 

correction for this effect would be possible if the exact composition of the atmosphere 

in the place of sampling, yields and isotopic ratios of all species were known. 

Assuming that almost the entire measured 36Cl originate from CH3Cl and the other 

compounds were collected and extracted with the same yield it is possible to estimate 

the ration of 36Cl/Cl in CH3Cl: 

 1112 105.2
665
4250

109.3 −− ⋅=⋅
ppt
ppt

 

Using this value and the burden of chlorine in form of CH3Cl of 2.8 Tg about 70 g of 36Cl are 

incorporated in tropospheric methyl chloride. With the residence time of CH3Cl in the 

troposphere of about 1.1 year, it means the global averaged flux of recycled 36Cl of about 

66 at m-2 s-1. This is about 4 times larger than the global averaged flux of 16 at m-2 s-1 

estimated in [39]. 

4.7. Recycling model of chlorine-36 

The model described in section 2.5.2 was applied to simulate the 36Cl latitudinal distribution 

influenced by recycling. In the calculation, it was assumed that 16% of chlorine fallen onto 

land was captured by the biosphere and with a typical time of about 10 years was released to 

the troposphere: half in form of CH3Cl and half as inorganic chlorine (NaCl and HCl). Figure 

36 shows the comparison of the calculated fluxes in 1992 and the measurements in rainwater 

and in ice at about the same time. Three peaks can be distinguished: one in the equatorial 

region and two at the mid- latitudes. The first one is due to the destruction of methyl chloride 

by interacts with OH-radicals. The rest could be explained by the injection of the stratospheric 
36Cl into the troposphere and by the recycling of inorganic chlorine. 
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 Because the tropospheric inorganic chlorine is rapidly washed out of the atmosphere, 

the maximum of its fallout is near its source. Recycled chlorine is stored in the biosphere on 

the land, and within one latitudinal belt, its deposition is larger over continents than over the 

ocean. This can be seen in Figure 36. The measurements between 65°N and 77°N in 

Greenland, where little of the biosphere is present, lie under the simulated curve whereas the 

experimental points of northern Europe are above it. The same can be attributed to the 

measurements in New Zealand between 41°S and 44°S. At these latitudes, only 3% of surface 

is covered with land. Thus, the 36Cl recycling, which takes place in New Zealand, is strongly 

underestimated in the global model. The highest 36Cl flux measured in Shanghai, 31°N could 

be explained by a close nuclear reactor. 

 The simulated model curve corresponds to mean global 36Cl flux of 52 at m-2 s-1. 

About one third of it is cosmogenic and the rest is due to the recycling of the bomb-produced 
36Cl. Methyl chloride carries a bulk of 36Cl equal to the mean global flux of about 

18 at m-2 s-1, which is about 3.5 times less than the experimentally determined upper limit of 

66 at m-2 s-1. 

 In section 4.1.2, the simulated 36Cl bomb flux after 1963 decreased too fast compared 

to the measurements in Greenland ice (Figure 33). In section 4.5, the 36Cl bomb pulse in 

Greenland was discussed. It was stated that due to the fast mixing of Greenland and European 
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Figure 36  Influence of the chlorine recycling on the latitudinal distribution of the 36Cl flux. The results of the 
measurements corrected for precipitation rate are presented by squares [8] and triangles [34, 61, 
62]. The solid curve represents model calculations. 
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air, station Dye-3 (65°N) corresponds to lower latitude of the transport model. Figure 37 

compares measured 36Cl fluxes at Dye-3 with the simulation at 45°N and 55°N when the 

recycling is taken into account. It can be seen that the model describes the 36Cl fluxes well 

until about 1965 and then the calculated decrease is too slow. This is because Greenland is far 

away from the regions with the developed biosphere and the fluxes of recycled 36Cl there are 

suppressed, though they are still important. Thus, a model without recycling underestimates 

and a model with recycling overestimates the 36Cl deposition in Greenland. This can be also 

seen in other glaciers [6] where the 36Cl bomb peak decreases slower than in Greenland due to 

the recycling influence. 

4.8. Chlorine-36 in hydrology 

The measured 36Cl concentration in the lakes was compared with the calculation (Table 24). 

The natural and bomb-produced components were simulated applying the recycling model. 

The values obtained with equation (17), which does not take recycling into account, are 

shown in brackets. The level of contamination due to Chernobyl accident on the watershed of 

European lakes was chosen so that 

• the corresponding 137Cs contamination was in the limits shown in [128] 

• Chernobyl 36Cl fallout was similar on the close areas 
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Figure 37  Bomb pulse of 36Cl, calculated at latitudes 45°N (solid line) and 55°N (dashed line) and measured 
at Dye-3, Greenland, 65°N [5] (circules). 
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 A good agreement between the calculations and the measurements is generally 

established. This proves that the applied method is suitable for the interpretation of the 36Cl 

measurements.  

4.8.1. Chernobyl pulse in European lakes 

The 36Cl concentration in European lakes is low sensitive to the 36Cl bomb production and 

recycling. It depends mostly on the 36Cl input from Chernobyl accident. If the hydrological 

parameters of a lake are known, the 36Cl measurements provide information on Chernobyl 

contamination. On the opposite, if the 36Cl (137Cs) fallout is known, its modern concentration 

Lake 

Mean 
precipitation 

rate,  
m/a 

Recycled 
36Cl (bomb 
+ natural), 

107 at/l 

Assumed 
Chernobyl 

137Cs 
fallout, 
kBq/m2 

Chernobyl 
36Cl,  

107 at/l 

Total 
estimated 

36Cl,  
107 at/l 

Measured 
36Cl,  

107 at/l 

Alpine glacial lakes 
Constance 1.08 0.3 (0.1) 17.5 2.4 2.7 3.8±0.4 

Geneva 1.0 0.8 (0.6) 20 5.3 6.1 6±1 
Garda 0.8 2.2 (2.4) 15 4.8 7.0 7±1 
Como 1.7 0.4 (0.15) 20 2.6 3.0 2.8±0.4 

Lugano north 1.7 1.1 (0.86) 24 5.1 6.2 8±1 
Lugano south 1.7 0.9 (0.57) 24 3.2 4.1 3.1±0.6 

Maggiore 1.7 0.3 (0.17) 20 1.8 2.1 1.9±0.2 
Chiemsee 1.0 0.19 (0.08) 10  0.19 3.6±0.3 

Starnberger 1.0 3.1 (3.1) 10 5.0 8.1 6.9±0.6 
Ammersee 1.0 0.3 (0.15) 10 0.3 0.6 4.1±0.7 
Walchensee 1.0 0.2 (0.1) 10  0.2 2.4±0.3 

Great Russian lakes 
Onega 0.6 2.0 (1.5) 8 5.3 7.3 7.7±0.9 
Ilmen 0.57 5.5 (2.7) 4 6.5 12.0 12±2 

Ladoga 0.6 2.5 (2.3) 5 5.0 7.5 7.8±0.9 
Ladoga 0.6 2.3 (2.1) 5 4.8 7.1 6.6±0.8 

African lakes 
Victoria 1.3 4.2 (2.1)   4.2  3.0±0.9 
Mweru 1.1 0.16 (0.02)   0.16 0.6±0.2 
Malawi 1.1 0.7 (0.5)   0.7 1.3±0.3 

Asian lakes 
Baikal 0.4 2.6 (3.0)   2.6 2.2±0.2 

Khubsugul 0.38 2.5 (2.8)   2.5 5.0±0.7 
West Balkash 0.19     59±11 

Issyk-Kul 0.28     210±40 

Table 24  Comparison of the calculated and measured 36Cl concentrations in lakes 
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allows quantitative determination of the water-exchange parameters in the lake. For example, 

lakes with short flushing times contain systematically more 36Cl than it was expected (lake of 

Constance, Ammersee, Chiemsee). This is due to the groundwater, which plays a role of a 

mother reservoir within the catchment area of the lake and increases the effective residence 

time of dissolved substances. The effective residence time of a lake system should be clearly 

distinguished from the flushing time. The first takes into account a delayed input of the water 

to the reservoir. Thus, it is a property of both a lake and its watershed. The second is 

determined as a ratio of the vo lume to the outflow rate of the lake, and it is a property of the 

lake only. For example, lake Ilmen has a volume of 6.5 km3 and a river outflow of 580 m3 s-1. 

The calculated flushing time is of about 0.36 a while a known published value is 3.8 a. This is 

due to a number of marshes on the catchment area of Ilmen, in which the water is kept for a 

few years.  

 The measurements of 36Cl were used to determine effective residence time in 

European lakes with short flushing times (Table 25). Because the Chernobyl component is 

dominant in these cases, (17) can be modified in form: 
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Here, F is fluence of Chernobyl 36Cl and it is the main source of uncertainty, which is about 

factor of two. If T0 is the expected value of T, a relative uncertainty can be found as 

 ( )2ln0 ⋅=σ τ t
Trel  

Because the time t between Chernobyl accident and the sampling is of about 14 years and the 

residence time found for the lakes with short flushing times is less than 6 years, the 

uncertainty of the residence time determination is below 30%. Thus, the method appears to be 

very sensitive even if the input fluence contains a high uncertainty. 

 Ammersee Chiemsee Constance Ilmen 

Flushing time, a 2.7 1.26 4.5 0.4 

Eff. residence time, a 5.4±1.4 4.7±1.1 5.3±1.4 3.8±0.7 

Table 25  Effective residence time of lake systems with short flushing times 
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 In contrast to lakes Ammersee and Chiemsee, the Chernobyl 36Cl peak cannot be used 

for study of water exchange on the watershed of Lake Walchensee. The area of its drainage 

basin was changed artificially and both inflow and outflow rates of the lake are regulated. 

4.8.2. African lakes 

Interpretation of the 36Cl bomb pulse in sweat water lakes with long flushing times is not clear 

yet. If the recycling is taken into account, about 16% of the bomb 36Cl fallout on the 

watershed of a lake does not reach the reservoir. On the other hand, the increased 36Cl 

deposition after the 60s increases the 36Cl concentration. The significance of these effects 

depends on the location of a lake, on the particularities of the biosphere on the watershed, and 

on the flushing time. Generally, the total contribution of the recycling to the 36Cl 

concentration in a lake is low and comparable with the uncertainty of the measurements. 

However, the recycling plays an important role for equatorial lakes. If the recycling is taken 

into account, it increases the estimated 36Cl concentration in lake Victoria by a factor of two. 

Unfortunately, the confidence interval of the measured value does not allow reliable 

determination, if the recycling is described correctly. Neither this problem can be solved by 

the 36Cl measurement in lake Malawi. Although the measurements agree with the simulation 

within 2σ, the 36Cl concentration in the lake can be assumed high. Large deposits of natural 

uranium were discovered on the area of Malawi. It could lead to the 36Cl production by 

neutron activation of stable chlorine. Additiona lly, hydrological parameters of the lakes 

should be checked. Till now there are a number of contradictions in the literature.  

 Hydrological parameters of lake Mweru are not known reliably either. We have 

estimated the catchment area as 22700 km2 and flushing time – 1.5 a. The 36Cl concentration 

at present is shown in Table 24. Applying the recycling model and varying the flushing time, 

effective residence time of 5 a was found. This value could be less if recycling contributes 

more 36Cl than it was assumed in the model. 

4.8.3. Comparison of lakes Baikal and Khubsugul 

An interesting pair of lakes to compare is Baikal and Khubsugul (Hövsgöl). They are situated 

close to each other. Both of them are old lakes with long flushing times. Both have similar 

ratios of the catchment area to the volume. However, the measured 36Cl concentration differs 

by more than factor of two. Compared to the simulation, Baikal contains too little 36Cl and 

Khubsugul contains too much. This is an indication that some particularities of at least one of 

the lakes were not taken into account. No information on additional anthropogenic 36Cl input 

(e.g. due to nuclear power plants) to Khubsugul was found. The nearest known place of 
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thermonuclear weapon tests Lop Nor is about 1500 km away and can be hardly responsible 

for the local increase of 36Cl content. At least, the 36Cl concentration in Baikal does not 

confirm this suggestion. The flushing time of lake Khubsugul was estimated between 470 and 

740 years. It means that the main contribution of 36Cl is due to the bomb-production. On the 

other hand, little of the bomb 36Cl entered the lake, already left it. In this case, the 36Cl 

concentration in Khubsugul depends weakly on the flushing time and its uncertainty cannot 

explain the ambiguity. 

 A promising interpretation of the increased 36Cl concentration in Khubsugul is 

connected with the particularities of the air mixing. During winter, Mongolia is typically in a 

region of an anticyclone [71]. Generally, there is little precipitation in a high-pressure region. 

Moreover, the air expands outwards and little of radionuclides can enter the region. A 

temperature inversion is typical for the area of Khubsugul in winter months. Because the lake 

is surrounded by the mountains, almost an isolated basin of air is created in that region. The 

stratospheric air descends through the tropopause breaks and instead of being removed, it 

remains over the watershed of Khubsugul. Thus, the water of the lake should be enriched with 

stratospheric elements (e.g. with 36Cl, which is transported in the stratosphere). On the other 

hand, the gases, which are broadening in the troposphere, should have a low concentration in 

the water. Indeed, the measurements of 129I demonstrate significantly lower fallout onto 

Khubsugul than onto Baikal, which remains open for the air circulations [135]. In summer, 

north winds are typical for Central Asia. Thus, the air of high latitudes with low content of 
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Figure 38  The mixing in Lake Baikal can be described by a 6-box model [136] 



Vitali LAZAREV Chapter 4.  Interpretation of the results 

 91

36Cl enters the region of Baikal. This reduces the 36Cl fluxes on its watershed and the 36Cl 

concentration in the lake. Khubsugul is separated from the northern air by the mountains and 

the 36Cl fluxes should be typical for the latitude. 

4.8.4. Mixing in Lake Baikal 

Baikal is the deepest and the largest freshwater lake in the world. Though the lake was studied 

for a long time, the rate and mechanism of its water mixing are still under discussion. The 

mixing of the bomb-produced 36Cl was supposed to be an important proof of the existing 

models. Nine samples of the water (10 liters each) were taken from the northern, central, and 

southern parts of the  lake at different depths between 200 m and 1300 m in August 1998. The 
36Cl concentration there was measured as it was described in Chapter 3. 

 In [136], it was suggested to describe the lake as 6 boxes with characteristic exchange 

times (Figure 38). The upper 300 m of water undergo seasonal convective mixing whereas the 

deep water remains stationary. The sills reach up to the depth of about 300 m and separate 

deep water of North, Central, and South basins. The surface layers are coupled and horizontal 

mixing takes place there.  

 The model described in [136] was used to calculate the time dependence of the bomb 
36Cl distribution in the boxes. It was assumed that the 36Cl fluence F of about 1.2⋅1012 at m-2 

fell onto the catchment area of each basin (shown with A  in Figure 38) in 1960 and entered 

the surface layer of the basin immediately. Then an exchange between boxes and outflow 

(Lower Angara) from the surface layer of the South Basin took place. The natural component 

 South Basin Central Basin North Basin 

Surface layer 2.46 2.38 2.41 

Deep water 2.53 2.45 2.46 

Table 26  Calculated concentration of the bomb-produced 36Cl in different compartments of lake Baikal in 
1999, 107 at/l 

36Cl concentration, 107 at l-1 

Depth of the sampling, m South Basin Central Basin North Basin 

200 200 200 2.2±0.4 2.1±0.6 1.7±0.4 

600 800 500 2.4±0.4 2.2±0.3 2.2±0.4 

1300 1500 800 2.9±0.4 1.7±0.7 2.1±0.5 

Table 27  Measured 36Cl concentration at different locations of lake Baikal 
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of 36Cl was neglected in this calculation. The equilibrium between the boxes was established 

at about 1975 so that the difference in the 36Cl concentration in different parts of the lake was 

below 10%. The calculated 36Cl concentration in 1999 is shown in Table 26. The largest 

difference (of about 6%) was expected between the deep water of the southern basin and the 

surface water of the central and northern basins. The measurements (Table 27) confirm higher 
36Cl content in deep water of the southern basin compared to the shallow water of the northern 

basin. However, because of the large uncertainty of about 20% they do not allow reliable 

conclusion on the determined in [136] exchange times. 

4.8.5. Closure time of lakes 

Lakes become salty if evaporation plays a dominant role in the water output. Precipitation and 

inflowing rivers contain salt in a small concentration. In the lake, the water evaporates and the 

concentration of salt increases. If a lake has a river output, a stable value of salinity is reached 

after period of about flushing time has passed (see section 2.6). In case of closed lakes 

without outflow (Figure 39), the salinity grows continuously and becomes comparable or even 

larger than the salinity of the ocean. If this process lasts longer than about million years, old 
36Cl decays and the ratio of 36Cl/Cl becomes lower than the experimental sensitivity of AMS. 

The 36Cl decay in lakes younger than about 300 ka is small and 36Cl becomes a powerful tool 

to understand the lake’s age and the exchange processes. 

 Lake Issyk-Kul is the fifth deepest lake in the world and it has a mean absolute salinity 

of 6.06 g kg-1 [137]. The lake was formed in Lower Carboniferous and it was fresh at the 

beginning. In the Middle Pleistocene, the mountain ridges rose and the level of Issyk-Kul 

sank [125]. The water surface is at altitude of 1607 m at present and at elevation of about 

1620 m the lake becomes open. The fluctuations of the lake’s level led to temporal overflows 

[138], but these periods remained short. 

 A number of works were devoted to the esitmation of the lake’s age (the period since 

Issyk-Kul became a closed basin). In [139] a closure age of about 6,900 years BP was 
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Figure 39  If outflow of a lake is stopped and the inflowing water evaporates completely, the lake becomes salty 
(e.g. Issyk-Kul) 
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deduced on the base of the ratios of Sr/Ca, U/Ca, and Mg/Ca measured in the lake sediments. 

In [140] a comparison of methods using the input rate of a trace element and its modern 

concentration in the lake was done. It was shown that the method depends strongly on the 

chosen trace element and the obtained age varies from 2,100 a (Ca2+) to 190,000 a (Cl 1-). 

Obviously, there are some mechanisms of geochemical or biochemical removal of the ions. 

Even the application of the most conservative element (Cl 1-) is difficult because only a 

present state of the surface water source function is known. If the groundwater is taken into 

account, the chlorine residence time decreases to 39,000 a [141]. 

 The measurement of the 36Cl concentration in the lake allows an independent 

estimation of the closure age. Multiplying the 36Cl concentration with the lake’s volume, a 

total amount of 36Cl in the lake N=(3.6±0.7)⋅1024 at can be obtained. The estimated bomb-

produced 36Cl fluence on the watershed of Issyk-Kul is of about 1.1⋅1012 at m-2 and the 

corresponding amount of 36Cl is about 2.5⋅1022. This is less than 1% of the total 36Cl amount 

and can be neglected in the calculation. Because no other event is known, which could lead to 

a production of large amounts of 36Cl (e.g. a nuclear explosion in the lake), almost the entire 
36Cl in the lake is cosmogenic. The production rate of the cosmogenic isotopes remained 

stable in the past and only under extreme conditions, it increased by about 50% [23]. 

Assuming a constant 36Cl input Φ and 36Cl decay with life-time τ, a closure time 

 







τΦ
−⋅τ−=

N
tcl 1ln.  (30) 

can be calculated. With a natural 36Cl flux at the latitude 42°N of 26 at m-2 s-1, annual input 

Φ=1.8⋅1019 at a-1 is obtained. Because the precipitation rate over Issyk-Kul changed many 

times within the last 100,000 a, no correction for it was done here. Thus, the 36Cl content in 

lake Issyk-Kul corresponds to its closure age of about 270,000 a. It is hardly possible to 

determine the uncertainty of this estimate. Because Issyk-Kul is situated between mountains, 

the local meteorological conditions can influence the 36Cl fallout. Assuming a possible 36Cl 

flux enhancement of about 50%, the closure age can be reduced to 160,000 a. If the 36Cl 

fluxes are too small, no upper limit for the lake’s age can be obtained. On the contrary, the 

modern 36Cl content in the lake sets a lower limit on the flux, which is of about 12 at m-2 s-1. 

 The obtained time T should be interpreted as a closure age of the basin of the lake and 

not as a closure of the lake itself. It is possible that the lake still had an outflow but the 36Cl 

fallout was stored in the glaciers on the watershed. After the closure of the lake, 36Cl entered 
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Issyk-Kul with melted water during a warm period (e.g. last full interglacial, 120-130 kyrs 

BP). 

4.8.6. Groundwater outflow from terminal lakes 

Lake Balkhash is another lake without surface outflow (Figure 40). However, its salinity 

remains in the range of 1 – 5 g l-1 because of the groundwater. According to [124] its outflow 

exceeds its inflow by 0.38 – 0.39 km3 a-1. This value contradicts the estimated absolute 

groundwater inflow of 0.08 km3 a-1 and outflow of 0.028 km3 a-1 [141]. Measurements of the 
36Cl concentration in the lake can deliver information on the flushing time and the outflow. 

 Lake Balkhash is divided by Say-Isek Peninsula into the western and eastern sectors. 

The water exchange occurs through a narrow and shallow channel. This allows consideration 

of the lake as two separate reservoirs. The water flow from the western part to the eastern part 

varied between 2.7 km3 a-1 and 2.1 km3 a-1 in the period from 1961 to 1999 [142]. 

Hydrological parameters of each sector are presented in Table 28. Precipitation rate over the 

watershed reaches 1.8 m a-1 in the southern mountain region and it varies from 0.15 to 

0.25 m a-1 over most of the low land [124]. 
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Figure 40  Lake Balhkash does not have any river outflow. The water balance is reached through the 
evaporation and groundwater outflow. Additionally, there is a flow from the western to the eastern 
part of the lake. 

 West Balkhash East Balkhash Total 

Mean depth, m 4.6 7.5 5.8 

Surface area, km2 10600 7600 18200 

Volume, km3 49 57 105 

Catchment area, km2 310000 103000 + 310000 413000 

Table 28  Mean depth, surface area, volume, and catchment area of Lake Balkhash [114, 124, 142] 
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 A precipitation rate of 0.2 m a-1 was adopted as a mean value and the content of bomb 
36Cl in West Balkhash was calculated. In order to explain the observed 36Cl concentration 

(Table 18) a reservoir’s flushing time of about 17 years is required. This corresponds to the 

outflow from West Balkhash of about 2.9 km3 a-1. The obtained value is slightly higher than 

one indicated in [142]. This difference could arise due to the influence of the groundwater 

outflow or due to model uncertainties. 

 East Balkhash does not have any surface outflow and the 36Cl measurements in its 

water could be used successfully to study the groundwater balance. 
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Conclusion 

The contribution of cosmogenic and anthropogenic sources to the 36Cl content in 

environmental compartments was studied in this work. The global mean production rate of the 

cosmogenic 36Cl is about 16 at m-2 s-1. This value can differ by a factor of two when solar 

modulation or geomagnetic field undergoes large fluctuations.  

 Due to the “near water” nuclear weapon tests, a large amount of 36Cl was released to 

the atmosphere. The peaks of this release were in 1954, 1956, and 1958. A significant part (of 

about 18%) of the bomb-produced 36Cl reached the stratosphere and thus became mixed 

globally. The latitudinal distribution of the 36Cl fallout is not clear yet. However, the results 

obtained with an atmospheric transport model show that about two thirds of the bomb 36Cl fell 

down in the northern hemisphere and one third in the southern hemisphere. This corresponds 

to the deposition of about 2200 years and 1000 years of natural production in the northern and 

southern hemispheres, respectively. 

 The 36Cl washed out of the troposphere is not lost. A part of it (up to 16% in average) 

can be caught by the biosphere. The plants decay with a typical time of 10 years and the 

chlorine stored in them is released to the troposphere: half in form of inorganic chlorine and 

half as methyl chloride. The 36Cl released in inorganic form is washed out of the troposphere 

having a residence time of 18 days for wet deposition and of 36 days for dry deposition. 

Methyl chloride is mixed globally and it decays in the reactions with OH- radicals at 

equatorial latitudes mostly. Thus, though more than 40 years have passed since the bomb 36Cl 

injection into the atmosphere, the fallout of bomb 36Cl can be still observed in the modern 

precipitation. The effect of the recycling is larger over land than over the ocean and in the 

northern hemisphere than in the southern one. Large fluxes of the recycling bomb 36Cl are at 

the equatorial latitudes where the OH - concentration hat maximum. 

 While the nuclear power plants are functioning, the stable chlorine contained in the 

nuclear fuel and moderator captures neutrons and produces 36Cl. This 36Cl enters the 

environment in liquid phase at the region of reprocessing plants. Only a minor part of it is 
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released in gas form, producing local 36Cl contamination. During the nuclear accident in 

Chernobyl in 1986 about 0.5 kg of 36Cl was released into the troposphere. This 36Cl is 

unequally distributed over Europe so that a typical fluence over Germany or Switzerland is of 

a few 1012 at⋅m-2, which is comparable to the deposition of bomb 36Cl. 

 The 36Cl of all types discussed above can be observed in the world lakes with different 

flushing times. In the lakes with flushing times longer than a few thousand years cosmogenic 
36Cl dominates. In the lakes with flushing times from about 15 years to a few thousand years 

most of the 36Cl is of bomb origin. European lakes with flushing times longer than 5 years 

contain large concentrations of Chernobyl 36Cl. The lakes with short flushing times below 5 

years are influenced by the recycling and groundwater. 

 Due to its hydrophilic properties, 36Cl can be successfully used as tracer to investigate 

water exchange processes. In European lakes with flushing times shorter than 5 years, a part 

of Chernobyl 36Cl entered the groundwater. Because of the slow flow rate of the groundwater 

this 36Cl is still continuously injected into the lakes. Thus, the characteristics of the 

groundwater flow into the lake can be obtained measuring the 36Cl concentration. In Balkhash 

Lake, the bomb-produced 36Cl leaves the lake with the groundwater. Thus, the temporal 36Cl 

concentration in the lakes shows the flow rate out of the lake. Lake Issyk-Kul does not have 

any outflow and its 36Cl concentration shows how long the lake has been storing natural 36Cl 

or how long the lake has been remaining closed. 
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Appendixes 

The data on chlorine-36 fluxes 

Time of sampling Latitude  
Precipitation 

rate, 
m/a 

36Cl flux, 
at m-2 s-1 

Ref. Comment 

8/10/91-28/1/92 38.2  49 ± 9 [61] Total flux 

29/1/91-5/8/92 38.2  67 ± 6 [61] Total flux 
6/8/92-6/10/92 38.2  51 ± 9 [61] Total flux 

Averaged  
(8/10/91-6/10/92) 

38.2  59 ± 8 [61] Total flux 

8/10/91-28/1/93 38.2  29 ± 10 [61] Chlorine in water 
29/1/91-5/8/93 38.2  5 ± 9 [61] Chlorine in water 
6/8/92-6/10/93 38.2  38 ± 4 [61] Chlorine in water 

Averaged  
(8/10/91-6/10/92) 

38.2  44 ± 9 [61] Chlorine in water 

1979 -75.9 0.5 140 [58] Estimation in a 
glacier 

 77.2 0.27 24 [34] Camp Century 

 72.6 0.23 18 [34] Summit 
 70.3 0.49 24 [34] Milcent 
 65.2 0.59 20 [34] Dye 3 

11/93 - 10/94 -43.9 0.102 139 ± 33 [8]  
01/94 - 12/94 -41.7 0.684 68 ± 45 [8]  
11/89 - 12/90 5.3 0.975 106 ± 52 [8]  

09/93 - 08/94 5.3 1.633 188 ± 97 [8]  
01/95 - 12/95 5.3 1.234 86 ± 41 [8]  
01/95 - 12/95 9.45 1.279 53 ± 19 [8]  

11/89 - 10/90 9.6 1.054 389 ± 92 [8]  
04/93 - 03/94 10.4 1.26 39 ± 11 [8]  
05/94 - 04/95 12.65 1.183 61 ± 14 [8]  

05/94 - 04/95 13.5 0.669 32 ± 7 [8]  
05/94 - 04/95 20.2 0.099 25 ± 1 [8]  
01/89 - 12/89 31.2 0.762 755 ± 169 [8]  

01/93 - 12/93 44.07 1.46 222 ± 149 [8]  
12/93 - 11/94 45.08 0.801 258 ± 32 [8]  
03/93 - 02/94 48.13 1.081 347 ± 83 [8]  

02/96 - 06/96 48.16 0.506 170 ± 82 [8]  
04/96 - 06/96 48.4 0.52 235 ± 106 [8]  
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Time of sampling Latitude  
Precipitation 

rate, 
m/a 

36Cl flux, 
at m-2 s-1 

Ref. Comment 

3-5, 10-11/90 52.27 0.29 109 ± 86 [8]  

03/90 - 02/91 55.75 0.895 202 ± 70 [8]  
03/91 - 02/92 58.4 0.73 74 ± 45 [8]  
03/89 - 02/90 58.4 1.555 83 ± 51 [8]  

3-4/90, 01/91 59.9 0.757 161 ± 44 [8]  
03/91 - 02/92 61 0.426 79 ± 30 [8]  
03/91 - 12/91 61.15 0.607 88 ± 31 [8]  

03/89 - 02/90 61.6 3.197 395 ± 160 [8]  
03/91 - 12/91 61.6 1.949 504 ± 279 [8]  
03/89 - 02/90 62.8 1.392 97 ± 68 [8]  

03/91 - 02/92 62.8 2.018 274 ± 213 [8]  
03/89 - 02/90 65.8 1.581 249 ± 95 [8]  
03/91 - 02/94 66 0.384 31 ± 31 [8]  

03/89 - 02/90 69.1 0.684 60 ± 32 [8]  
03/91 - 02/92 69.1 0.799 327 ± 43 [8]  
03/89 - 02/90 78.9 0.282 59 ± 46 [8]  

03/91 - 02/92 78.9 0.388 76 ± 28 [8]  
 -12 0.723 20 ± 2 [62]  
 -14 0.675 27 ± 2 [62]  

 -16 0.465 26 ± 2 [62]  
 -19 0.09 11 ± 1 [62]  
 -22 0.196 11 ± 1 [62]  

 -25 0.36 12 [62]  
 -25 0.09 14 [62]  
 -26 0.244 9 [62]  

 -27 0.242 18 [62]  
 -27 0.172 14 [62]  
 -27 0.228 10 [62]  

 -28 0.348 14 [62]  
 -28 0.179 16 ± 1 [62]  
 -29 0.48 20 ± 2 [62]  

 -29 0.356 18 ± 1 [62]  
 -32 0.552 22 ± 1 [62]  
 -34 0.612 24 ± 3 [62]  

Table 29 The available data on 36Cl fluxes 
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Atmospheric chlorine in the environment 

Chemical composition NaCl HCl CH3Cl CHCl3 C2H3Cl3 C2Cl4 C2HCl3 CH2Cl2 CHClF2 

Total mass in 
troposphere, Tg 

15 0.6 2.8 0.21 2.3 0.16 0.0053 0.25 0.65 

Content in troposphere, 
ppt 

3562 143 665 50 546 38 1.3 59 154 

Life time in the 
atmosphere, years 

0.0083 0.01 1.1 0.37 3.9 0.36 0.015 0.36 8.1 

Total 1806 65 1.33 0.564 0.583 0.328 0.223 0.7 0.08 
Ocean 1785  0.46 0.32  0.016 0.02 0.16  

Biomass burning 6.3 6.3 0.64 0.002 0.013   0.049  
Industrial 

production 
  0.01 0.062 0.57 0.31 0.2 0.49 0.08 So

ur
ce

s,
 

T
g 

/ y
ea

r 

Others 15 58.5 0.22 0.18  0.002 0.003   
Total 1803 62 2.6 0.412 0.39 0.44 0.35 0.5 0.04 

Transport to 
stratosphere 

  0.2 0.002 0.05   0.01 0.01 

Chemical 
reactions 

  2.4 0.41 0.3 0.44 0.35 0.49 0.03 

Sorption by soil   0.18       
Fall-out 1753 62        

Si
nk

s,
 T

g 
/ y

ea
r 

Others 49.6    0.04     

Table 30 The most abundant chlorine-containing chemical compositions. Their source and sink fluxes [86] 
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