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ABSTRACT 

 
The primary cosmic radiation arriving at the top of the atmosphere comprise 
mainly positively charged particles: protons (~87%), alpha -particles (~12%) 
and heavier nuclei such as Li, Be, B, C, O and F. Their energy spectrum 
peaks are in the vicinity of 1-2 GeV, but may extend up to 1018eV. They are 
believed to be of galactic origin and to have been accelerated to their present 
energies by intersteller magnetic fields. 
The low energy particles ionize the atmosphere and are stopped. All other 
particles undergo collision with the nuclei of the atmosphere gases and 
produce new particles by a fragmentation process called "spallation". 
During nuclear spallation reactions in the atmosphere, particles are 
produced which may be either fragments of the target nucleus or newly 
created by collision. The particles produced are nuclei of H and He 
particularly 2H, 3H and 3He as well as neutrons. 
The neutrons that are involved in these processes are captured by 14N to 
produce 14C (t1/2 =5730y). Also, produced by interaction with atmospheric N 
are: 3H, 3He, 7Be and 10Be. All these nuclides can also be formed by 
interaction with O as well as 14C. Interaction with 40Ar produces 26AI, 36CI, 
38CI, 39CI, 32Si, 37Ar, 39Ar, 22Na, 24Na, 35S, 33P and 32P. Interaction with Kr 
produces 81Kr and 85Kr. With the exception of 3He, all these nuclides are 
unstable. They either remain in the atmosphere for substantial periods of 
time or are rapidly removed by precipitation. 
Several of the cosmogenic radionuclides have reasonable long half-lives to be 
useful for the study of geological processes. The cosmogenic14C forms 14CO2 
which is rapidly mixed with the atmosphere. Living organisms contain 
constant level 14C, but when dead, the activitydue to 14C decreases with a 
half-life of 5730y. Hence, it can be used to measure ages of C- containing 
materials. 
Tritium (t1/2=12.33y) in the atmosphere is removed with the meteoric 
precipitation, which under favorable conditions can be used to date 
groundwater and study circulation of water in the ocean. 
The cosmogenic noble gases nuclides 37Ar, 39Ar, 81Kr and 85Kr have long 
residence time in the atmosphere. The other cosmogenic ones, 10Be, 26AI and 
32Si, rapidly removed from the atmosphere by precipitation are deposited in 
marine or lacustrine sediments and in the polar ice sheets, where they are 
used to measure the rate of deposition of marine sediments. The group 
10Be,26AI and 36CI are suitable for glaciological studies together with 14C, 
31CI and 81Kr which occur in air bubbles trapped in glacial ice. Also, the 
cosmagenic10Be, 26AI and 36CI accumulate in rocks exposed to cosmic rays at 
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the surface of the Earth, which makes them useful to measure erosion rates 
and exposure ages. 
The existence of 10Be in young volcanic rocks in island arcs and subduction 
zones has been attributed to the melting of deep sea sediments in the down-
going slab of oceanic crust. Similarly, the presence of 10Be in tektites from 
Indochina and Australia can be attributed to melting of continental 
sediments containing 10Be produced in the atmosphere. 
The use of these radionuclides for the study of geologic phenomena has been 
enhanced by ultra-senstive mass spectrometers. This equipment may enable 
to detect time-dependent variations in the production rates of certain 
radionuclides that could be attributed to past fluctuations of the solar 
activity or of the geomagnetic field. 

 
COSMIC RAYS 

The primary cosmic radiation arriving at the top of earth s atmosphere consists mainly 
of positively charged particles mostly protons.The energy spectrum is nearly l-2GeV, but may 
extend to 1015 or1018eV.Heavier nuclei are also present: per 1000 protons are about 150 
nuclei of helium, about 8 nuclei in the range of carbon-nitrogen-oxygen and about 3-4 heavier 
nuclei. Their energy spectra per nucleon are the same as the proton spectrum. 

The cosmic rays incident on the earth's atmosphere are believed to be of galactic 
origin and to have been accelerated to their high energies by interstellar magnetic fields. The 
low energy (lGeV) component of the cosmic ray flux, is arriving from the sun especially 
during solar flares. 

The intensity of the cosmic ray flux increases greatly with increasing altitude, at 6-9 
km above the surface of the earth, it is 30 times greater than at ground level. Also, the high 
latitudes have a much stronger level of cosmic ray flux than low latitudes by a factor of 
five.The high altitude greater intensity is explained by the lower density of air and much less 
interactions, whereas the latitudinal effect is explained by the earth" s magnetic field.In the 
first case, the atmospheric air .pressure is very much reduced at higher altitudes (~50 mbar at 
20km above sea level), so the absorption of cosmic rays by collisions with atmospheric atoms 
is much less.In the second case, the solar wind (a continual flow of protons and electrons) acts 
to press the magnetic lines of force on the side nearest to sun and the magnetic field is 
intensified, whereas on the opposite side of the earth the magnetopause is drawn far off the 
earth causing the lines of force to be attenuated and giving the entire magnetosphere the shape 
of a "Comet". The protons and electrons as well as the products of the cosmic shower are 
entrapped between the magnetic lines of force by being turned back and forth following 
sinuous paths. Thus, they are held far from the earth at the magnetic equator, but can reach 
down close to the ground in the magnetic polar regions.(Fig.  ) This geometry explains the 
latitudinal variation in cosmic flux back ground. 

The energy of more than 50% of the cosmic flux particles is between 0.5 and 5 GeV. 
When high energetic protons hit target nuclei, it emits one or several nucleons and forms a 
product nucleus of lower atomic number. Such spallation reactions occur in the atmosphere of 
the earth when the cosmic ray protons and secondary particles interact with atoms of oxygen, 
nitrogen and argon.(Fig.  ) The resulting cosmogenic radionuclides either remain in the 
atmosphere for a long period of time or are rapidly removed from it by precipitation 
depending on their chemical properties. 
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Several of the cosmogenic radionuclides have sufficiently long half-lives to be useful 
for the study of geologic processes. The most important such radionuclides are 3H, 7Be, 10Be, 
14C, 26A1,32Si, 36C1,39Ar, 81Kr, 85Kr. 

 
THE C-14 DATING 

 
14C is produced in the atmosphere by interaction of cosmic rays produced neutrons 

with the stable isotopes of oxygen, nitrogen and carbon. The most important reaction is that 
between slow neutrons and nitrogen 

14N (n, p)14C 
 

The atoms of 14C are then incorporated into 14CO2 molecules which are rapidly mixed 
throughout the atmosphere and the hydrosphere and attain constant levels of concentration 
representing a steady state. This state is attained by the rate of production of 14C in the 
atmosphere on one hand and its decay on the other according to the equation 
 

14C→14N + β- + υ- +Q 
Where the value of Q is 0.156 MeV to the ground state of 14N and noɣ-ray is emitted. 

 
The radioactivity of carbon extracted from plant or animal tissue that died t years ago 

is given by 
A= A0e-λt 

Where 
A  =14C measured in dpm per gram carbon 
A0= 14C in the same specimen when plant or animal were alive. The best estimate of the 

specific activity of 14C in equilibrium with the atmosphere (A0) is 13.56± 0.07 dpm/g 
t1/2 = 5730± 40y 
λ = 0.693/5730 = 1.209 × 10-4y-1 
 
Solving the above equation for t 
 

t=l/λ ln(Ao/A) 
= 19.035 x 103 log (A0/A) years 

 
However, it was observed that wood of the 18th and 19th centuries have 14C activities 

~2% higher than the wood of the 20thcentury, which was attributed to the massive introduction 
of dead CO2 into the atmosphere by combustion of fossil fuel since the beginning of the 
industrial revolution. This became known as the "Suess Effect". Also, the Nuclear tests in the 
atmosphere in the fifties and the sixties and the operation of nuclear reactors and particle 
accelerators have greatly increased the level of 14C activity on the surface of the earth. The 
Bomb-produced 14C has been detected in the oceans and in the biosphere including humans. 

The distributions of both cosmogenic and anthropogenic 14C have been used to study 
the interaction of the atmosphere with the surface water layer and the deep waters of the 
ocean. 

The development of tandem accelerator mass spectrometers, such ultrasensitive 
instruments enabled measurement of 14C in small milligram size samples. Also, it is capable 
of measuring short lived cosmogenic isotopes. 
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A wide variety of materialsare datable by this method, Table, including calcium  
carbonate  of mollusk  shells.  However,  bio-genic  or inorganically    precipitated    calcium    
carbonate     may    have anomalously low 14C contents due to the presence of dead carbon 
released by the dissolution of limestone or due to aging of oceanic bottom waters. 
 

TRITIUM 
 

Following the discovery by Urey (1933) that natural hydrogen is composed of two 
isotopes, protium and deuterium, the search for heavier isotopes of hydrogen began. 

The Norwegian Hydro-Electric Establishment, Oslo, Norway, electrolyzed 13,000 
tons of ordinary water to 11c.c. and sent the sample to Lord Rutherford (1937) and the sample 
was analyzed by the newly developed mass spectrograph by Aston. This showed that the (T 
atoms : D atoms) was still less 50,000. Later, it was shown the T is radioactive and 31 years 
half-life was assigned to it. This paved the way to more sensitive methods of analysis, 
radioactive counting. 

Naturally occurring T was detected in molecular hydrogen in the atmosphere. The T: 
H ratio was 4×l015. This data supported a suggestion by Libby (1946) that T is produced by 
cosmic rays. 

Tritium is a β- emitter with an energy maximum of 18 KeV and half-life of 12.262± 
0.004 years. It emits no gamma ray. 

Cosmic ray produced tritium takes place by reactions like (n,t), (p,t) or (μ,t) on 14N or 
16O. Based on the energy of the incident particle and the nuclear cross section, the production 
rate ranges between. 

In addition 3H is formed due to the explosion of nuclear devices in the atmosphere and 
by the operation of nuclear reactors and particle accelerators. 

Tritium is rapidly incorporated into water molecules and is removed from the 
atmosphere by precipitation. The residence time of tritiated water in the lower stratosphere is 
1-10 years. Once it reached the lower troposphere, its half-residence time is 35 days. 

The concentration of H in meteoric water is measured in Tritium Units (T.U.), which 
the abundance of one 3H atom per 10 hydrogen atoms and is equivalent to 7.1 disintegrations 
of 3H per minute per liter of water, However, the concentration of  3H in meteoric water 
depends on number of factors: 

1) The natural production rate in the stratosphere, estimated to be 0.5± 0.3 atoms of 
3H/cm2/sec. 
2) The decay of 3H by beta emission to stable 3He with a half-life of 12.26 y. 
3) The second injection of 3H from the stratosphere into the troposphere. 
4) The presence of bomb-produced 3H. 
5) The presence of 3H locally produced by nuclear reaction and particle acceleration. 
 
It was observed that 3H contents in meteoric precipitation in the northern hemisphere 

fluctuated between values less than 25(T.U.) prior to 1953 to 2200 (T.U.) in 1964 following 
the extensive testing of nuclear devices in the atmosphere. 

 
The presence of the bomb-produced 3H can serve as a tracer to study atmospheric, 

hydrologic and oceanic processes. However, the continuing decay of bomb-produced 3H, its 
unequal global distribution and the local injection of anthropogenic 3H, all interfer with the 
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use of this nuclide to trace the movement of water in the subsurface and to date its last 
exposure to the atmosphere. 

An alternative method to date water is based on 3He, the stable daughter of 3H. The 
presence of 3He from the atmosphere and old ground water may be corrected for by 
measurement of the 3He/4He ratio. The atmosphere value for this ratio is 1.384×10-6. The 
existence of excess 3He in the oceans has been confirmed. 
 
7Be and 10Be 

 
The cosmogenic Be-isotopes are formed by spallation reactions of high-energy protons with 

oxygen and nitrogen atoms .The global production rate of 10Be is (1.5-3.0) ×10-2 atoms/cm2/sec. The 
7Be and 10Be are rapidly removed from the atmosphere by precipitation and are transferred to the 
sediments at the bottom of the oceans and to the continental ice sheets of Greenland and Antarctica. 

The short half-life (35 days) of 7Be makes it useful for the study of atmospheric processes, 
surface ocean water and mixing of sediments in near shore marine and lacustrine environments . 

The long lived 10Be (t½=1.5×106 y) is useful in dating marine sediments which not only the 
time elapsed since deposition but also the secular variation of its production rate and the rate of 
sediment deposition 
 

26Al 
It is produced from 40Ar atoms in the atmosphere by spallation reactions caused by cosmic-

ray protons. The production rate of 26Al is about 1.1×10-4 atoms/cm2/sec. The 26Al is rapidly 
removed from the atmosphere and enters the oceans by precipitation and rapidly removed from the 
surface layer of the ocean by adsorption on particles of biological origin. 

Also, 26Al has been used to measure the growth rate of Mn-nodules. Both radionuclides (10Be 
and 26Al) are used to date continental ice sheets of Greenland and Antarctica which are considered 
geological reservoirs of cosmogenic radionuclide that form in the atmosphere. The most suitable 
ones: 10Be, 26Al, 32Si and 36Cl which have short residence time in the atmosphere and are deposited 
on the ice sheets within one year of their formation or less. 
 

36Cl 
The 36Cl has shown some promise for geological and hydrological studies. The radionuclide 

36Cl is produced by spallation reactions caused by cosmic-ray protons interactions with 40Ar atoms. 
About ⅔of the production is in the stratosphere and ⅓ in the troposphere. The 36Cl is also produced 
by irradiation of sea water (35Cl) with neutrons released during nuclear explosions. After short 
residence time of about one week, 36Cl is removed from the atmosphere by rain and snow. 

The fraction of 36Cl that enters the ocean remains in the solution until it decays because of 
the long residence time of chlorine (1×108y). However, chloride-bearing evaporate deposits and 
chloride mineral deposits in desert basins on land should contain cosmogenic36Cl whose 
concentration can be used to date these deposits. Also, 36Cl that is deposited on land remains in 
solution and may be used to date groundwater or trace its migration in the subsurface. The 36Cl 
deposited in snow and ice sheets in Greenland and Antarctica is used to date these ice sheets and 
detect any variations in its production rate in the atmosphere 
32Si 

The 32Si use to date ice sheets and groundwater is limited because the deposition of 32Si by 
meteoric precipitation appears to vary seasonally. Also, a correlation between 32Si and bomb-
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produced 90Sr in air samples was found during the period 1960-1964 which indicated the presence of 
excess bomb-produced 32Si in the air. 
 
39Ar 

It is produced primarily from 40Ar by several nuclear reactions, the most important of which 
is 40Ar (n,2n) 39Ar. Its concentration in the atmosphere is 0.112 ppm per liter of Ar, less than 5% of 
which is contributed by nuclear weapon tests in the atmosphere. The concentration of 39Ar in the 
atmosphere is probably constant both in terms of time and geographic location on the Earth because 
it has a long residence time in the atmosphere which evens out fluctuations in its production rate. 
For this reason the radionuclide is well suited for the dating of glacial ice and groundwater. 
81Kr and 85Kr 

These cosmogenic radionuclides are produced by spallation reactions involving protons and 
by (n,ɣ) reactions from stable 80Kr and 84Kr respectively. The 85k (t½ = 10.6y) is produced also by 
nuclear fission. The 81Kr (t½ = 2.13×105y) is not a fission product but only a cosmogenic 
radionuclide that occurs in the atmosphere, in groundwater that has been in contact with the 
atmosphere and in bubbles trapped in glacial ice, hence suitable for dating such materials. 
 

DATING MARINE SEDIMENTS 
 

The abundance of cosmogenic radionuclide in a terrestrial reservoir such as ice sheets or 
sediments is controlled by: 

1) The production rate of the radionuclide in the atmosphere, which depends on the 
cosmic ray flux, the strength of the Earth`s magnetic field, the concentration of target atoms in 
the atmosphere, and the nuclear cross-sections for the spallation reaction. 
2) The sedimentation rate which in inversely proportional to the concentration of 
radionuclide, because a high sedimentation rate tends to dilute the concentration of the 
radionuclide. 
3) The magnetic latitude of the site and the extent to which latitude dependent variation 
of the production rate are smoothed out by mixing during transport in the atmosphere, within 
the surface layer of the oceans, and bioturbation of sediment or flow deformation of ice. 
4) The time elapsed since deposition. 
The cosmogenic radionuclides 10Be and 26Al initially enter the ocean in ionic form and mix 

with their stable isotopes 9Be and 27Al respectively. Owing to their high ionic potentials (ratio of 
charge to radius), a significant fraction of both ions is rapidly removed from the surface layer by 
adsorption on particles of inorganic or biological origin. 

 
The residence time of 10Be and 26Al in the surface layer of the ocean is estimated at ~16y 

which is comparable to the horizontal mixing time in this layer.The residence time of 10Be and 26Al 
in the deep ocean is very important it determines the time scale for variation in the production rate. 
It has been estimated ~630y for the scavenged species, whereas it is for the dissolved ionic species 
1600y for 10Be and 1400y for 26Al which is comparable to the mixing time of the oceans taken to be 
1000y. This implies that the deposition of 10Be and 26Al should be uniform throughout the oceans. 
For dating sediments, it is assumed that the disintegration rate of (10Be or 26Al) varies only with 
time, according to  

10Be=10Bei e-λt 
Where 10Be is the disintegration rate atomic abundance, 10Bei is the same at time of 

deposition (t=0), λ of 10Be is (0.462×10-6ɣ-1), and t is the time elapsed since deposition 
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If 10Bei is invariant with time and sedimentation rate is constant and equal to (a=h/t) where h 
is depth below top of the sediments, then the above equation can be rewritten as: 

10Be=10Bei e-(λh/a) 
ln10Be=ln10Bei – λh/a 

The last equation is a staright line in the coordinates ln10Be and h whose slope m=-λ/a and 
whose intercept on the ordinate is ln10Bei 

When both 10Be and 26Al are measured in the same samples (Fig.4), the ratio of their 
disintegration rates decreases with time according to the equation 

 
26Al/10Be = (26Al/10Be)I e-t(λAl-λBe) 

= (26Al/10Be)I e-tλ` 
Where λ`=0.506×10-6 y-1 corresponding to t1/2=1.37×106y, and the straight line equation 

takes the form 
ln (26Al/10Be) = ln(26Al/10Be)I – λ`h/a 

The advantage of thisgeochronometer is that time-dependent variations in the production 
rates and geochemical pathways of the two nuclides tend to cancel out. 
 
 
 

VOLCANIC ROCKS 
 

10Be has been observed and measured in lavas extruded by volcanoes associated with 
subduction zones and island arcs. Also, the cosmogenic53Mn (t1/2 = 3.7 ×106y) may be detectable in 
island arc volcanics . The relatively high and uniform concentration of 10Be, lead to the conclusion 
that the 10Be in lava flows of island arcs results from the incorporation of deep-sea sediments at the 
source. This confirms that magma originates, at least in part, by melting within the down-going slab 
of the oceanic crust. 
 

DATING OF CONTINENTAL ICE SHEETS AND GROUNDWATER 
 
The continental ice sheets of Greenland and Antarctica are geological reservoirs of 

cosmogenic radionuclides that form in the atmosphere. The first group of these nuclides (10Be, 26Al, 
36Cl and 32Si) have short residence times in the atmosphere and are deposited on the sheets within 
one year of their formation. 
The second group oflong  livedcosmogenic radionuclides associated with ice sheets have long 
residence time in the atmosphere because they are either noble gases (39Ar, 81Kr) or form gaseous 
compounds (3H, 14C). They occur trapped with air bubbles during conversion of snow to glacial ice. 
Therefore, their abundances are relatively insensitive to fluctuations in their production rates, hence, 
more suitable for dating. 
A more reliable method of dating glacial ice is based on the ratio (36Cl/10Be). The relevant equation 
is 
 

36Cl/10Be = (36Cl/10Be)I e-λ`t 
Where λ`=(λCl-λBe) = 1.788×10-6y-1 

Corresponding to effective t½ = 3.87×105years 
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Table ( 2 ): Material suitable for dating by the C-14  method. 
 

Material 

 

Amount required  

In grams 

Charcoal and wood 25 

Grains, seeds, nutshells, Grasses, twigs, cloth,  Paper, hide, burned 
bones 25 

Organic material Mixed with soil 50-300 

Peat                                                                                        50-200 

Ivory                                                                                             50 

Bones ( charred )                                                                           300 

Bones ( collagen )                                                                         100 or more 

Shells ( inorganic carbon )                                                            100 

Shells ( organic carbon )                                                                several kilograms 

Lake marl and deep-sea Or lake sediment variable 

Pottery and iron                                                                              2-to5 kg 
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Fig. 4  a) The decay rate of cosmogenic10Be and 26Al in manganese nodules from the 
Pacific Ocean. b) the decay rate of the isotopic ratio 26Al/10Be shows that the effective 

half-life is 1.37x106 years. 
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