ISOTOPE GEOCHEMISTRY

Isotope geochemistry deals with variations in the relative abundance of the isotopes of an element in materials of interest to the earth scientists. Isotopic variations are caused by radioactive decay of unstable nuclides and fractionation during reactions (exchange reactions, kinetic reactions) and physico – chemical processes, (evaporation, diffusion, melting, condensation).

The chart of nuclides of different chemical elements is given below. The study of isotopes can help us to determine the source of earth materials such as magmas, hydrothermal fluids and ore components. Isotopes can also help us to understand the processes that operate in geochemical systems and thermal conditions that are favorable for formation of mineral assemblages. Radioactive isotopes and their daughter products are used to determine the age of rocks and geological events. Isotope geochemistry is divided into geochronology and stable isotope geochemistry. The widely studied radiogenic isotopes are those of Ar, Sr, Pb and Nd. Stable isotope variations are more pronounced in the low atomic weight elements such as Hydrogen, Carbon, Oxygen and Sulphur. 
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Geochronology

The application of isotope data in the absolute dating of geologic events is an important aspect of isotope geochemistry. This involves careful   measurement of the concentrations of the parent radioactive nuclides and their associated daughter products. Systems of radioactive nuclides and their daughter products are known as accumulation/decay clocks. The radioactive nuclides commonly used in geochronology are given below.
	NUCLIDES
	HALF – LIFE (yr)
	Decay Constant – λ  (yr-1)
	Effective Range (yr) 
	Materials

	238U - 206Pb 
	4.47 x 109
	1.55 x 10-10
	107 – 109 
	Zircon, uraninite

	235U – 207Pb
	0.71 x 109
	9.72 x 10-10
	10 7-  109
	Zircon, uraninite

	232Th – 208Pb
	1.39 x 1010
	4.99 x 10-11
	107- 109
	Zircon, monazite

	87 Rb – 87Sr
	4.88 x 1010
	1.42 x 10-11
	107- 109
	Micas, igneous and metamorphic rocks

	147Sm- 143Nd
	1.06 x 1011
	6.54 x 10-12
	109
	Igneous rocks

	40K – 40Ar
	1.31 x 109
	β 4.72 x 10-10 

κ 5.85 x 10-1                            
	104- 109
	Micas, hornblende, sanidine, igneous and metamorphic rocks

	14C – 14N
	5730
	1.21 x 10-1
	0 - 105
	Wood, charcoal, bone, shells


Modes of radioactive decay

Radioactive nuclides undergo spontaneous transformations that involve the emission of particles and of radiant energy. Different ways in which unstable nuclides decay include the following:
1. Beta Decay

2. Positron decay

3. Electron Capture Decay

4. Branched Decay

5. Alpha Decay

6. Nuclear Fission                     

Beta decay is the transformation of a neutron into a proton and the electron is expelled from the nucleus as a negative beta particle. This kind of transformation may be indicated by the following reactions:
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40K
                40Ca +[image: image3.png]f_+v+ Energy (1312 mev)




27[image: image143.jpg]Evidently the daughter produced by positron
decay is an isobar and has one less proton than
its parent.

The positron that is emitted in this process
is slowed by collisions with atoms. When it is
nearly at rest, it interacts with a normal neg-
ative electron as a result of which both are
annihilated. Their rest masses are converted
into two gamma rays of 0.511 MeV each, which
are emitted in opposite directions. The total
decay energy of positron decay is the end point
energy of the positron plus 1.02 MeV arising
from the annihilation. Positron decay is pos-
sible only when the mass of the parent is greater
than that of the daughter by at least two elec-
tron masses.

2/ POSITRON DECAY

Positron decay can be represented by an
equation similar to one we used to illustrate
negatron decay:

YF—>180 + B + v+ Q

where B is the positron, v is the neutrino, and
@ is the total energy given off by this decay.
The value of @ in this case is 1.655 MeV and
the end point energy of the positrons is
1.655 — 1.02 = 0.635 MeV. Positron decay may
leave the product nucleus in an excited state.
The excess energy is lost by emission of gamma
rays. This is illustrated by the decay scheme
diagram in Figure 3.6 for the positron decay
of 0 to stable 4N. During this decay two
groups of positronsare emitted having endpoint
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Figure 3.6 Positron decay of 40 to

~| stable ¥N. The parent emits two sets of
positrons having end point energies of
1.809 and 4.1 MeV, respectively. The
emission of the former leaves the prod-
—| uct nucleus in an excited state and is
followed by a gamma ray of 2.313 MeV.
The positrons are slowed by a series of
collisions and are eventually annihi-
lated by interaction with an electron
resulting in the formation of two
gamma rays with a total energy of 1.02

Atomic Number (Z)

MeV. (Data from Holden and Walker,
1972.)
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A large group of unstable atoms decay by this mechanism. Gamma rays are emitted in cases where the product nucleus is left in an excited state. This process affects nuclides that lie to the right of the zone of nuclear stability on the chart of nuclides.
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Positron decay
This involves the emission of a positron from the nucleus. It is the transformation of a proton in the nucleus into a neutron, a positron and a neutrino. Examples are given below:
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cay leading to %2At, which in turn can decay
to 2£Bi by alpha emission or to gRn by beta
decay, and so on. However, all of these alter-
nate routes lead by a succession of alpha and
beta decay steps to the same end product, which
is stable 2% Pb.

6 / Nuclear Fission

In 1938, Otto Hahn and Fritz Strassmann, two
of Germany’s foremost radiochemists, bom-
barded uranium with neutrons and found that
barium was produced in this experiment. This
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230 Inorganic Geochemistry

TABLE 9.1. Decay chain of 2**U
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The use of radioactive nuclides in geological studies usually entails a
modified form of equation (9.1):
N,=N(e"-1), 9.3)

where N,, the number of daughter atoms, is equal to No — N. Hence the age
(t)* of a mineral can, in principle, be determined from (9.3) if the numbers of
daughter, or radiogenic, atoms and remaining radioactive parent atoms are
known, together with the appropriate decay constant. In practice the mineral

* 1is the period of time during which radioactive decay has given Ngatoms; it can represent the
time that a rock has been in existence. Hence, 7 is a positive number.
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This mechanism affects nuclides that lie to the left of the zone of nuclear stability on the chart of nuclides.

Electron Capture Decay
This involves capture of an extra nuclear electron by the nucleus. This is the reaction between an orbital electron and a proton in the nucleus to form a neutron and a neutrino.
125I 
125Te + ν +𝐄
40K   
40Ar + ν + γ + 𝐄
Branched decay
 This involves the decay of an isobar to two adjacent stable isobars by positron emission and negatron emission. The good example is branched decay that involves 40K, 40Ar, 40Ca. 40K undergoes branch decay to 40Ar and 40Ca. The decay to 40Ar is by positron emission (0.001 %) and electron capture (11.0%). The decay to 40Ca is by emission of a beta particle (88.8%)

[image: image14]
Alpha decay
 A large group of radio nuclides decay by the spontaneous emission of alpha particles from their nuclei. This mode of decay mostly affects those nuclides with atomic numbers greater than 58. Alpha decay can be represented by the following equations:
238U 
233Th +4He +Energy
228Th   
   224Ra +4He +Energy
222Rn 
      218Po + 4He + Energy

[image: image15]
Nuclear Fission
This is the breaking or splitting of the nuclide into two daughter/product nuclides which have different atomic numbers. Fission of isotopes of U and TH can be induced by bombarding their nuclei with neutrons, protons, deuterons, alpha particles, gamma rays and x-rays. Each Fission event results in emission of alpha particles and neutrons and release of large amount of energy (   200 MeV). Spontaneous nuclear fission does occur in nuclides with very high atomic number (e.g. 235U, transuranium elements).

Equations for Radioactive Decay

The rate of decay of an unstable parent nuclide is proportional to the number of atoms (N) remaining at any time (t). This is given by the following expression:
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                     (1)
Introduction of a proportionality constant or decay constant (λ) transforms this expression into the following equation:
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         (2)

Rearrangement leads to
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ax



dt
Integration leads to;
-ℓn N=λt +c
 When t=0   N= N°  

  c= -ℓn N°
-ℓn N=λt – ℓn N°
-ℓn N + ℓn N° = λt

ℓn[image: image23.png]


  =-λt

ℓn [image: image25.png]
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 = e- λt
N=Noe-λt    (5)
The above equation defines the number of parent atoms remaining (N) after time (t) from the original number of parent atoms (No) present at time t=0. This is the basic equation that describes all radioactive decay processes.

Let us consider a system in which the number of daughter atoms is Do at time t=0. The number of daughter atoms at any time t is given by:
D=Do + No – N 

Provided that the change in the number of parent and daughter atoms in the system is due to the radioactive decay of the parent atoms.
D=Do + No – Noe –λt
D=DO+NO (1-e-λt)
Definition of half life
The half life is the time required for half of the radioactive atoms present to undergo decay.

When t=T1/2, N=No/2
Using equation 5 we have
[image: image29.png]


 =N₀e –λt
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 e-λt


ℓn 0.5= -λT1/2

ℓn2=λT1/2   
 T1/2 =[image: image33.png]


 =[image: image35.png]0.693




If D* represents the number of daughter atoms produced by radioactive decay, then

D* = No - N   

=No-N0e-λt
But No=Neλt
D*=Neλt – Neλt e-λt
=Neλt – N

=N(eλt –1)
D=Do +D*

=Do+N (eλt-1)        (9)
Equation 9 is the basic equation that is used to make age determinations of rocks and minerals, based on the radioactive decay of a parent to a stable daughter. Both D and N are measurable quantities, while Do is a constant whose value can either be assumed or measured from data for co genetic samples of the same age. When values for D, Do and N are known, equation 9 can be used to determine the age of the system provided the following conditions are satisfied:
1. The rock or mineral system has neither gained nor lost either parent nor daughter atoms (the rock or mineral sample must be a closed system with respect to the parent and daughter).
2. A realistic value is assigned to Do
3. The value of the decay constant (λ) must be known accurately.

4. The measurements of D and N are accurate and representative of the material to be dated.

Decay Series

There are some long lived radioactive nuclides that produce stable radio nuclides through their decay to  intermediate radioactive daughter nuclides that form a decay series. The number of daughter atoms in a system that forms a decay series increases with time until the equilibrium is established. At equilibrium the following condition applies.
λ1 N1 =λ2 N2=λ3 N3 =λn Nn

[image: image36]

[image: image37]
Therefore the rate of growth of the stable radiogenic daughter at the end of a decay series in secular equilibrium is equal to the rate of decay of the parent that starts the series, therefore for a system or series under conditions of secular equilibrium, the following equation is applicable.
D*=N1 (eλt -1)
The most common decay series of interest to the geologists are….

238U                         206Pb, 235U                 207Pb and 232Th                208Pb

DATING SYSTEMS USED IN GEOLOGY
The dating systems that are used in geology are given in the table below
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K-Ar Method
This method is based on the decay of 40K to stable 40Ar by electron capture and positron emission. Only 11.2% of the 40K atoms decay to Ar. About 88.8%of the 40K atoms decay to 40Ca.

40Ar* + 40 Ca* = 40K (eλt -1)

            λ is the total decay constant for 40K
λ=λe + λβ
λe is the decay constant for 40K
40Ar λβ  is the decay constant for 40K                 40Ca

λe = 0.581 X 10-10 y -1
λβ =4.962 x 10-10 y -1
λ = 5.543 x 10 -10 y-1
The fraction of 40K atoms that decay to 40Ar atoms is given by (λe/λ) 40K. The growth of radiogenic 40Ar atoms in K-bearing materials is given by the following equation.

40Ar*=[image: image40.png]


40K (eλt-1)
40Ar= 40Ar0   +   40Ar*

        = 40Ar0 +   [image: image42.png]


 40K (eλt-1)

The equation above is the K Ar age equation.

t=  [image: image44.png]


 ℓn [40Ar*/40K   ([image: image46.png]


 ) +1]
t is the age of the mineral when the following conditions are satisfied;

1. No radiogenic 40Ar produced by decay of 40K in the mineral during its life time has escaped.

2. The mineral became closed to 40Ar soon after its formation.

3. No 40Ar was incorporated into the mineral either at the time of its formation or during a later metamorphic event.

4. An appropriate correction is made for the presence of atmospheric 40Ar.

5. Mineral was closed to K throughout its life time.

6. The isotopic composition of K is normal and has only been changed by decay of 40K.

7. The decay constants of 40K are known accurately and have not been affected by conditions in the environment.

8. The concentration of 40Ar and K were determined accurately.

The date calculated from the age equation is expressed in units of 106 (Ma) or 109 (Ga) years measured backwards from the present. To calculate the age of the mineral we need to measure the concentration of K and Ar. If Ar has been lost from the system then the calculated date has no meaning.

Argon loss can be attributed to the following causes:

1. Inability of mineral lattice to retain argon

2. Melting of rocks and crystallization of new minerals

3. Metamorphism at elevated temperatures and pressures

4. Increase in temperature due to burial or contact metamorphism.

5. Chemical alteration of minerals.

6. Mechanical breakdown of minerals in the natural environment or during excessive grinding at sample preparation stage.

Hornblende retains its radiogenic argon better than biotite. K-feldspar is not suitable for dating because it loses its argon readily. To be useful for dating by the K – Ar method, minerals and rocks must retain argon quantitatively, they must be resistant to chemical alteration, and they must contain K. Minerals that are most useful for dating rocks are given below. 

Geological materials that can be dated by K – Ar method

	
	Volcanic
	Plutonic
	Metamorphic
	Sedimentary

	Sanidine
	      X
	
	
	

	Plagioclase
	      X
	
	
	

	Biotite
	      X
	      X
	     X
	

	Phlogopite
	
	
	     X
	

	Glaucony
	
	
	
	          X

	Hornblende
	      X
	       X
	     X
	

	Pyroxene
	
	
	
	

	Muscovite
	
	        X
	      X
	

	Whole rock
	       X
	
	      X
	


Only fresh samples should be collected for dating of whole rocks. Care should be taken to analyze only specimens from the rocks that do not contain excess argon. Excess argon may be attributed to exposure of minerals to high partial pressure of Ar during regional metamorphism, formation of pegmatites or kimberlite pipes. Fluid inclusions may also contribute to excess Ar in minerals. The excess Ar is produced by out gassing of K-bearing minerals in the crust and mantle of the earth.

K-Ar Isochrones
Dating of minerals that contain excess Argon may result in determination of older dates
40Ar=40Aro +[image: image48.png]


 40K(eλt-1)
Non consideration of excess argon incorporated during magmatic and metamorphic processes may yield higher K-Ar dates. This problem may be avoided by the use of the isochron method of dating. If the K-Ar dating equation is divided by the number of 36Ar atoms we have.
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Co -existing K- bearing minerals will have similar (40Ar/36Ar) ratio
The above equation is an equation of a straight line in coordinates of  

 Y= (40Ar/36Ar) and X= (40Ar/36Ar) whose intercept is b= (40Ar/36Ar)₀ and slope is m= ([image: image52.png]


) (eλt -1)
Data for co-existing minerals of the same age plot on a straight line defined by the above equation. This line is called an isochron, because all the points on this line have the same age. If the points on a straight line represent data from minerals the straight line is called a mineral isochron. If the points represent data from whole rock samples it is called a whole rock isochron. Data generated from analysis of samples representing co-genetic mineral or rock specimens that had similar initial 40Ar/36Ar ratio yield straight isochrones with a high goodness of fit. K-Ar dates are useful in establishment of uplift and cooling histories of cratons and orogenic belts. The K-Ar date may reflect the time of attainment of blocking temp in a given system. 
Rb-Sr Method

Rubidium is an element that belongs to group IA and is strongly associated with K, in geological materials due to similarity in ionic radius. Rb is dispersed in K- bearing minerals such as micas. K-feldspar, clay minerals and evaporite minerals. The proportions of the two isotopes of Rb are 72.165 %( 85Rb) and 27.8346 % (87Rb). This method is based on the radioactive decay of 87Rb to stable 87Sr by emission of a negative beta particle.

87Rb                 87Sr+β- +[image: image54.png]
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Sr is a dispersed element that is strongly associated with Ca in minerals such as plagioclase, apatite, calcite, and aragonite. The ionic radius of Sr2+ (1.13 Angstrom) is similar to that of Ca2+ (0.99A). Sr2+ can be captured by K- feldspar in place of K+ ions. Strontium has four naturally occurring isotopes (88Sr, 87Sr, 86Sr, 84Sr) whose isotopic abundances are 82.53%, 7.04%, 9.87%, and 0.56%, respectively. The isotopic abundances of strontium isotopes are variable because of the formation of the radiogenic 87Sr by the decay of naturally occurring 87Rb. The isotopic composition of Sr in geological materials depends on the age and Rb/Sr ratio of that material. In a series of co genetic rocks the Rb/Sr ratio increases with increase in degree of differentiation. Rocks formed from late magmatic liquids may have Rb/Sr ratios of 10 or higher, this is so because Sr is concentrated in the early magmatic differentiates while Rb is enriched in the late magmatic differentiates such as pegmatites. The concentrations of Rb, K, Sr and Ca in igneous and sedimentary rocks are given in table below:

	Rock type
	Rb

Ppm
	K
Ppm
	Sr
Ppm
	Ca
ppm

	Ultra basic
	0.2
	40
	1
	25 000

	Basaltic
	30
	8300
	465
	76 000

	High Ca granitic
	110
	25 200
	440
	25 300

	Low “  “
	170
	42 000
	100
	5100

	Syenite
	110
	48 000
	200
	18 000

	Shale
	140
	26 600
	300
	22100

	Sandstone
	60
	10700
	20
	39100

	Carbonate
	3
	2700
	610
	302 300


Equations used in dating of Rb bearing minerals in igneous rocks is given below
87Sr=87Sro+87Rb (eλt-1)
87Sr is the total number of atoms of this isotope in a unit weight of the mineral. 87Sro is the total number of atoms which were incorporated in the mineral at the time of its formation.87Rb is the number of atoms of Rb. The above equation can be divided by the number of 86Sr atoms, which is constant to get the equation that is generally used in dating of geological materials by Rb-Sr method.
87Sr/86Sr= (87Sr/86Sr)o + 87Rb/86Sr(eλt-1)

To solve the above equation for time (t) we need to know the accurate value for λ, value for (87Sr/86Sr) o, measure the ratio (87Sr/86Sr), concentrations of Rb and Sr, isotopic abundances of 86Sr and 87Rb and atomic weights of Rb and Sr. the isotopic ratio (87Sr/86Sr) is measured on the mass spectrometer after separation of Sr from other impurities in the form of a salt. Concentrations of Rb and Sr are determined by x-ray fluorescence method or isotope dilution method. Atomic weights of Rb and Sr can only be determined from isotopic abundances of Rb and Sr. The (87Rb/86Sr) ratio is determined from the ratio of concentration  of Rb and Sr (Rb/Sr) using the equation below…
87Rb/86Sr= Rb/Sr X [image: image58.png]Ab 87Rb-WSr
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Where Ab 87Rb is the relative isotopic abundance of 87Rb
             W Sr is the atomic mass of Sr

The dates of systems that are strongly enriched in radiogenic 87Sr are insensitive to the initial ratio (87Sr/86Sr). Recently formed basic volcanic rocks have the initial ratio of 0.704. The Rb isotopic composition of terrestrial, lunar and meteoritic materials is the same. The (λ) value for 87Rb that is currently in use is 1.42*10-11 yr-1.
To calculate the age of a mineral we solve the dating equation for time (t) to get the following equation,

 t=[image: image60.png]
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The numerical value of t is a date in the past, this date represents the age of the mineral only when the following conditions are fulfilled:
a. The mineral has remained a closed system with respect to Rb and Sr.

b. The assumed value of the initial ratio is appropriate.

c. Analytical results are accurate and representative of the material to be dated.
The date calculated using the above assumptions is referred to as a model date. The appropriate name for such a date is isotopic date. Mineral dates from the same rock unit or co-genetic rock units, which are identical, are referred to as concordant dates. Discordant dates are more common because of the tendency of minerals of a rock to gain or lose radiogenic 87Sr as a result of reheating during regional or contact metamorphism after crystallization from magma.

Dating of Igneous Rocks

When values of 87Rb/86Sr are plotted against 87Sr/86Sr ratios for co-existing co-genetic rocks, the result is a straight line that we call a whole rock Rb-Sr isochron. The orientation of this Rb-Sr isochron depends on the 87Rb/86Sr initial ratio and the age of the system. We get a straight line because the Rb-Sr dating equation represents a family of straight lines defined by values of co-magmatic rocks formed from a homogeneous magma. 
We can use Rb[image: image64.png]


 dating equation to determine the age of formation of rock specimens that belong to a co-magmatic suite. We can use the whole rock isochron to determine the age and the (87Sr/86Sr) initial ratio.
M = eλt - 1
 B = (87Sr/86Sr) 0
This can be achieved by means of an appropriate statistical procedure. The isochron method of determining ages of rock systems is superior to calculated model dates based on assumed values of the initial ratio. The isochron method provides the age as well as the value for the initial ratio.
Minerals of rocks that have not been metamorphosed lie on the same isochron as whole rocks from which they were separated. Minerals of rocks that have been metamorphosed form a separate mineral isochron that can be used to determine the age of metamorphism. Unmetamorphosed sedimentary rocks such as the siltstones and shales can be dated by this method provided only mineral particles that are formed during diagnosis are analyzed. The most commonly used particles are those of clay minerals that are less than 2 microns in size.
Fitting of isochrons

Isochrons can be fitted using a graphical method or the least squares regression method.
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b = (∑X*∑XY -∑Y*∑X2)/ ((∑X) 2 – N (∑X2))
Where Y represents the 87Sr/86Sr ratios and X represents 87 Rb/86Sr ratios and N is the number of data points.

Origin of Granitic Rocks
The 87Sr/86Sr ratio of the upper mantle is estimated at about 0.704. Basalts at mid oceanic ridges have a lower ratio (0.702) than basalts associated with islands arcs, oceanic islands and continental areas (0.7058). The best initial ratio estimate of the earth has been made from specimens of Achondrites. The best initial ratio estimate from analysis of these specimens is called BABI and is 0.69897. BABI represents the initial ratio of the solar nebula during formation of the planets. Younger meteorites are characterized by 87Sr/86Sr initial ratios that are significantly higher than BABI.

Granitic rocks that are derived from magma formed in mantle are characterized by low values of initial87Sr/86Sr ratios (less than 0.704) Granitic rocks derived from the crust are characterized by high value of initial 87Sr/86Sr ratio (> 0.708).
U-Th-Pb methods of dating

These methods are based on the decay of 238U, 235U and 232Th to stable isotopes of Pb.

238U                206Pb   :    235U                                    207Pb      :     232Th                208Pb
The decay of parent to daughter isotopes involves a series of decay reaction/steps which define decay series of U and thorium. The decay process is summarized as follows:
238U                         206Pb + 84He + 6β- + E
235U                         207Pb + 74He + 4β- + E
232U                         208Pb + 64He + 4β- + E
The dating equations that are based on theses decay equations are as follows:
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To determine the date (t value) we need to measure the concentration of U, Th, and Pb by isotope dilution method and to determine the isotopic composition of Pb by mass spectrometry.
   T 206=[image: image94.png]™



 ℓn [image: image96.png]206PD
20sPb




 +1
The U, Th-Pb methods normally yield discordant ages due to loss of daughter nuclides from U and Th- bearing minerals (monazite, Zircon, apatite). In case of discordant ages a fourth date can be obtained from the combination of geochronometry equations for 238U and 235U.
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 λ2 is the decay constant for 235U and λ1 is the decay constant for 238U
The date obtained from the above equation is known as Pb-Pb date. The date can be obtained by using tables of values of radiogenic 207Pb/206Pb ratio as a function of the age (t)

The ratio 207Pb/206Pb at present time is given as follows:
(207Pb/206Pb) p =[image: image104.png]137,08
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= 0.04604.
	X 109y
	eλ1t-1
	eλ2t-1
	207Pb/206Pb

	0
	0.000
	0.000
	0.04604

	0.2
	0.0315
	0.2177
	0.05012

	0.4
	0.0640
	0.4828
	0.05471

	0.6
	0.0975
	0.8056
	0.05992


λ1 (238U) = 1.55125 X 10-10 y-1
λ2 (235U) = 9.8485 X 10-10 y-1
U-Pb Concordia diagram

The Concordia diagram was proposed by Wetherill in order to solve the problem of discordant U Pb dates that are caused by loss of Pb and U. Concordant dates can be obtained by the use of the two U – Pb geochronometers in a mineral that satisfies the requirements for isotopic dating.
[image: image108.png]206PD*

238U



 = eλ1t -1
[image: image110.png]207Pb*

2350



 = eλ2t -1
The two equations can also be used to calculate compatible sets of 206Pb*/238U and 207Pb*/335U ratios for specified values of time (t). These are the coordinates of points representing U-Pb systems that have the concordant dates in coordinates of 206Pb*/238U (y) and 207Pb*/235U (x). This curve which is defined by the locus of all Concordant U-Pb systems was named Concordia by Wetherill (1956). It can be plotted from a table with compatible values of   t, eλ1t -1, eλ2t -1.
A system that has experienced episodic loss of Pb can be defined by points on a straight line (Discordia) that intersects the Concordia at points τ and τ₀. Τ₀ represents the time of crystallization of the original minerals or rocks. Τ represents time when episodic loss of Pb took place. 
Isotope Fractionation
Variations in the relative abundance of stable isotopes of low atomic number elements (O, S, H, and C) are caused by isotope fractionation. The degree of isotope fractionation depends on differences in the masses of the isotopes, on the temperature of formation of the compounds in which they occur, on the character of the chemical bonds they form and on other factors. Elements whose isotopes are commonly fractionated include H, C, N, O and S. (see table below)
Isotope fractionation studies may help us to establish the environmental conditions under which minerals were formed. Isotope fractionation is caused by isotope exchange reactions and by mass –dependent differences in the rates of certain chemical reactions and physical processes.
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At 25oC 18O forms a stronger covalent bond with C than 16O. The general rule in isotope exchange reaction is that the heavy isotope goes preferentially into the chemical compound in which the element is bonded more strongly. Molecules containing the heavy isotopes have lower vibration energies and more stable than those that contains lighter isotopes. 
Differences in the velocities of the isotopic molecules of the same compound may lead to fractionation of isotopes during diffusion and evaporation. Molecules of lighter isotopes are faster than those of heavy isotopes at any given temperature, so the faster molecules may diffuse out of the system more rapidly than the slower molecules resulting in the enrichment of the system in heavy isotopes. For example during the evaporation of water molecules 16O is enriched in the vapor while 18O is enriched in the water.
The tendency for weaker bonds formed by lighter isotopes to be more likely to be broken during chemical reactions result in the enrichment of lighter isotopes in the products of unidirectional chemical reactions. During sulfate reduction by bacteria the 32So42- ions. Therefore 32s is enriched in products of this bacterial process such as H2S-, Hs- and metal sulfide relative to 34S. Since the 32S-O bonds are more easily broken than 34S-O bonds.

Equilibrium constants of isotope exchange reactions depend on temperature and approach 1 with increase in temperature.

Mathematical Relations
The degree of isotope fractionation is measured by the value of the fractionation factor defined as follows.
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     where R is the ratio of the heavy to the light isotope in a phase.

The fractionation of the isotopes in water molecules at 25oC is expressed by.∝1y=R1/Rv=1.0092
Rl= 18O/16O in the liquid phase
Rv= 18O/16O in the vapor phase. 
The corresponding fractionation factor for H between water and its vapor is defined in terms of D/H ratio and has the value of 1.074 at 250C.
The isotope composition of H, C, N and S are expressed as the per mille difference of the isotope ratio of a sample (Spl) and the standard (std).

For Oxygen we have.
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Where R is the ratio of the heavy to the light isotope(R=18O/16O).

 δ13C = [image: image120.png]Rispl)—Rised)
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 x 103%. 

R=13C/12C

The standards for O and H are standard mean ocean water (SMOW) and that for C is the calcite of the belemnite from the peedee formation in S. Carolina. The standard for N is N​2 of the atmosphere. The standard for S is the S in troilite of the canyon diablo meteorite from meteor crater, Arizona. A positive [image: image122.png]


- value indicate that the sample is enriched in the heavy isotope relative to the standard, where as a negative [image: image124.png]


 - value indicates depletion in the heavy isotope. The isotope ratios are determined on specially designed mass spectrometers.
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The temperature variation of isotope fractionation for specific exchange reactions is usually determined experimentally by equations of the form given below.
103 ℓn∝ab =[image: image132.png]Ax10(8)
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This on approximation becomes
103 ℓn∝ab ≈δa – δ a ƒ            ab≈[image: image134.png]4 X 10(6)
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 +B

As long as 1.00x x<10.

This approximation applies to fractionations of isotopes of S, N, O and C in many natural systems of interest to the earth Scientists.

Isotope Fractionation in the Hydrosphere

Evaporation of water from the surface of the oceans in the equatorial region of the earth causes the formation of a mass of water that is depleted in the 18O and 2H compared to the sea water. As the air masses move from low altitude to high altitude region fall in temperature causes condensation and precipitation as water rain or snow. The condensate is enriched in the high isotope of O and H relative to the remaining vapor. As the air masses in the north hemisphere move in the north easterly direction water vapor becomes progressively depleted in 18O and ∆. Therefore the δ18O and δ ∆ values of meteoric precipitation become progressively more negative with increase geographic altitude.

The systematic variation of δ18O and δ ∆ values of meteoric with change in altitude is expressed by an empirical equation known as the meteoric-water line.

O∆=8 δ 18O+10

The slope and intercept for the meteoric-water line vary depending on the local climatic conditions. The climate dependence of the isotope fractionation factor for Oxygen during evaporation/ condensation of water from O to 100OC is given by the following equation.
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The fraction of H in water from 0 to 50oCIs given by,
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O and H in the minerals in sediments/ surface environment

The isotope fraction factors for H and O between sedimentary minerals and water at earth surface temperatures are given below.

	Mineral
	Hydrogen
	Oxygen

	Kaoliaite
	0.97
	1.027

	Montmonicaite
	0.94
	1.027

	Glauconite
	0.93
	1.026

	Illite
	-
	1.0236

	Gibbsite
	0.984
	1.018


Isotope fractionation factors depend on temperature. Fractionation factors between sedimentary minerals and water vary with temperature in the form defined as follows.

103ℓn∝=A x 106/T2 +B

	Mineral
	A
	B

	Kaolinite
	2.5
	-2.87

	Illite
	2.43
	-4.82

	Chlorite
	1.56
	-4.70

	Quartz
	3.38
	-3.40

	Calcite
	2.78
	-2.89

	Anhydrite
	3.21
	-4.72


The isotopic composition of ground water and geothermal water may change as a result of interaction of meteoric or connate water with the surrounding rock material.

