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Summary 
 
Geochronology is the science of determining the age of a mineral by measuring 
radioactive and radiogenic isotopes. The prerequisite for most dating experiments is 
detection of the radiogenic daughter isotope. This usually recommends selecting 
minerals that have highest concentrations of radioactive parents. As the initial 
concentration of the daughter isotope is unknown, it is necessary to analyze at least two 
cogenetic minerals. A regression through the data-points will give a line, termed 
isochron, if and only if all analyzed samples were in mutual isotopic equilibrium. 
Controlling the goodness of this assumption, and thus assessing the accuracy of an age 
assignment, is possible by examining the statistical dispersion in an overdetermined 
regression (3 or more data-points). Modern high-resolution analyses show that isotope 
equilibration, which in the past had been assumed to be common, is actually often 
lacking in magmatic and especially metamorphic rocks. 
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Among the most widespread applications of geochronology are dating Quaternary 
events and dating old (metamorphic) crust. These two disciplines make use of different 
isotopic systems and face different problems. In Quaternary geochronology, 
discriminating minute amounts of radiogenic daughter isotopes is mainly a problem of 
analytical precision. 
 
While an apparent age always results from mathematical equations, its geological 
interpretation can be difficult. When dating crustal events, successful approaches 
require establishing a context among different isotope systems, and even more 
importantly, between mineralogy, microtextures, microchemistry, and isotope record. 
Understanding the mechanisms of isotope transport at the atomic scale is now necessary 
to understand metamorphism and alteration. Electron microscopy reveals that many 
minerals consist of mixtures at the sub-µm scale. Minerals can be intergrown with their 
retrogression products, and/or can contain unequilibrated relics. Lack of chemical 
homogeneity is due to low diffusivity under anhydrous conditions. Modern, direct 
determinations of dry diffusion in minerals yield rates that are orders of magnitude 
slower than was thought twenty years ago. By contrast, water enhances element and 
isotope mobility, both in experiments and in natural systems. It is a fact that availability 
of water, not temperature, is the principal factor controlling isotope transport; one 
should view the isotope record of a mineral as a geohygrometer. Water accelerates 
recrystallization, which effects isotope reequilibration. In the absence of 
recrystallization, petrographic relics ensure isotopic inheritance. 
  
1. The age equations 
 
Isotopic geochronology is a discipline that endeavours to understand the timing of 
geological processes and their rates. It is based on the natural occurrence, in almost all 
terrestrial rocks, of radioactive nuclides. It is also closely related to isotope 
geochemistry, which studies the fingerprinting of geological processes. 
 
Knowing the present-day concentrations of the radioactive parent nuclide, M, and of the 
radiogenic daughter, F, the initial concentration of the daughter isotope, F0, and the 
half-life (or the decay constant λ, defined as λ = ln2/half-life) of the parent nuclide, it is 
possible to calculate the time interval t during which the daughter has been 
accumulating: 
 

01 ln(1 )F Ft
Mλ
−

= × +  (1) 

 
Basing on this simple age equation, the first successful age determination was 
performed by Rutherford in 1906 by measuring U and He concentrations in a 
pitchblende sample. The age he obtained, 500 Ma (millions of years), was the decisive 
argument in ruling out Lord Kelvin's view that the Solar System could be no older than 
40 Ma. 
 
A list of the nine radioactive nuclides most frequently used in dating terrestrial samples 
is given in Table 1a. These nuclides have half-lives sufficiently long to have survived 
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since the last galactic nucleosynthetic event preceding Solar System formation, and 
sufficiently short to produce measurable amounts of daughter isotopes. There exist other 
radioactive nuclides with even longer half-lives; the accumulation of their radioactive 
daughters since the formation of the Solar System is negligible and these nuclides are 
not used as geochronometers. 
 

Parent nuclide daughter nuclide half-life 
   
40K 40Ar or 40Ca 1.25 
87Rb 87Sr 49 
138La 138Ce or 138Ba 97 
147Sm 143Nd 106 
176Lu 176Hf 37 
187Re 187Os 46 
232Th 208Pb and 4He 14.0 
235U 207Pb and 4He 0.704 
238U 206Pb and 4He 4.47 

 
Parent nuclide daughter nuclide half-life 
   
3H 3He 0.012 
10Be 10B 1510 
14C 14N 5.73 
26Al 26Mg 716 
36Cl 36Ar 301 
210Pb 210Bi 0.022 
226Ra 222Rn 1.6 
230Th 226Ra 75 
231Pa 227Ac 33 
234U 230Th 245 

 
Table 1. (a) The most widely used radioactive decay systems used in geochronology. 

The half-lives are indicated in Ga (billions of years). (b) The most widely used 
radioactive decay systems used in Quaternary geochronology. The half-lives are 

indicated in ka (thousands of years). 
 

Nuclides with half-lives shorter than about 100 Ma have totally decayed since the 
accretion of the Earth. However, a few of them are constantly replenished and can be 
used for dating young geological events. Two mechanisms for replenishment operate. 
Light nuclides (Table 1b) are made by the interaction of cosmic rays with suitable target 
nuclides: nitrogen in the upper atmosphere is the main target nuclide for the production 
of 3He, 10Be and 14C; 26Al is produced from Si, Al and Mg in rocks in the uppermost 2 
m of the Earth's surface by primary and secondary cosmic rays that managed to cross 
the atmospheric shielding; 36Cl is analogously produced from K and Ca in rocks, and 
also from 36Ar in the upper atmosphere. 
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The age equation for these short-lived systems is based on the ratio of initial parent 
nuclides, M0, to M(t), the parent nuclides surviving at time t:  
 

t =
1

λ
× ln(

M0

M(t)
)  (2) 

 
M(t) can be measured by mass spectrometry or by alpha/beta/gamma counting; M0 can 
be estimated from the abundances of target nuclides, the relevant production rates, and 
the knowledge or modeling of past cosmic ray intensity. 
 
The second replenishment mechanism is relevant for the five heavy nuclides in Table 
1b, which are intermediate decay products of long-lived U before the stable daughters 
206Pb and 207Pb are reached. The general form of the decay equation for these so-called 
"U series nuclides" is complex and has only a numerical, but no analytical, solution. In 
paragraph 4.9 we will only discuss the simplified systematics as required for the most 
widespread application of U series dating, viz. dating of Quaternary carbonates 
(speleothems and corals).  
 
2. Isotope ratios and isochrons  
 
The convention among most geochronologists is to indicate a "dating method" by 
indicating the parent and daughter nuclide, in that order: it is usual to refer to the K-Ar, 
Rb-Sr, etc., methods. From Table 1 it can be seen that most of the radioactive parents 
are trace elements, whose concentrations in whole rocks are generally quite small. As 
the precision of the dating increases with the concentration of the daughter isotope, it is 
very desirable to perform a dating experiment on minerals, choosing those that 
fractionate the parent/daughter ratio towards high values. 
 
The age equation requires the accurate knowledge of F0, the concentration of the 
daughter isotope that the mineral had at the time when the radiogenic isotope started 
accumulating. In some instances, it is legitimate to neglect the uncertainty deriving from 
assuming a slightly incorrect F0. This is done in the U-He and K-Ar dating methods, 
which assume that rare gases are never incorporated in a newly formed mineral, and in 
U-Pb dating of old zircons and other U-rich minerals, under the assumption that divalent 
Pb cannot substitute for the same major element as does tetravalent U. However, in all 
other instances it is incorrect to assume a value for F0 a priori, and it becomes necessary 
to accurately estimate it.  
 
In order to reconstruct the isotopic composition in a mineral at a time inaccessible to us 
now, it is necessary to resort to an indirect argument. Consider a well-stirred magma, 
which has stayed totally molten for a sufficiently long time to have achieved complete 
isotopic equilibrium. When the magma solidifies, all minerals have the same amount of 
F0 relative to some other isotope of the same element (the so-called "common isotope", 
denoted as C): the F0/C ratio is the same for all.  
 
In principle, isotopic ratios can be modified by fractionation. This is well known for the 
case of oxygen, whose permille variations of isotopic composition are used as a 
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geothermometer, with applications ranging from climatology to hydrothermalism to 
contact aureoles. The mass fractionation of any atomic species among two different 
molecules is a function of temperature and of the relative mass difference between 
fractionating isotopes. In practice, most of the decay systems listed in Table 1a are not 
affected by a detectable fractionation due to at least one of the following reasons: the 
relative mass difference between F0 and C is so small that the fractionation is of the 
order of a few parts per million (ppm), and is either undetectable or not significant for 
the age calculation; the temperature of the geological process being dated, magmatism 
and high-grade metamorphism, is so high that fractionation factors are below 
detection/significance limits. Thus, it can be said that the only significant modification 
of the isotopic ratios of elements relevant for geochronology is by radiogenic ingrowth. 
While F0/C is constant at equilibrium, the partition coefficients for the two-element pair 
ensure that in every mineral the M/C ratio is different. Thus, at the time of magma 
solidification, the crystallizing minerals define a horizontal alignment in an isochron 
diagram such as that shown in Figure 1. As time passes, parent nuclides decay (i.e., the 
M/C ratio decreases) while at the same time daughter nuclides, F*, are formed (i.e., the 
F/C ratio increases, whereby F = F0 +F*). Data-points representing the minerals move 
upward and to the left in Figure 1. As the number of daughter nuclides is proportional to 
the number of parent nuclides 
 

* ( ) ( ) ( 1)tF t M t eλ= × − ,  
 
the increase of the F/C ratio is proportional to that of the M/C ratio, whereby the F*/M 
ratio is constant for all points that are isochronous (have the same age). These points 
having the same age define a straight line called an isochron line, given by 
 

0y = y  + bx  (3) 
 
where x = M/C , y = F/C , y0 = F0/C , and b = eλt −1 .  
 

 
 

Figure 1. An isochron diagram is any diagram in which isochronous (a Greek word 
meaning contemporaneous) samples define a straight line. In the example shown here, 
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the abscissa is proportional to the concentration of the parent nuclide, and the ordinate 
to that of the daughter nuclide. Each mineral forming the initial equilibrium assemblage 

lies on the horizontal dashed line. As time passes, parent nuclides decay while at the 
same time daughter nuclides are created. The isotopic evolution of each mineral can 

therefore be represented by a trajectory towards the upper left (dotted arrows). Because 
the concentration of radiogenic daughters, F*, is only a function of time and the 

concentration of parents, in a set of isochronous minerals the ratio F*/M is constant and 
the points define a line with slope b = exp (λ t) - 1. 

 
The requirement of complete isotopic homogenization is less obvious than its 
proponents about forty years ago had imagined. In anatectic magmatic rocks, partial 
remelting of the crustal protolith is not always sufficient to reset all minerals to 
equilibrium. It is of paramount importance, when dating magmatic rocks, to ascertain 
whether the microtextures only reflect growth from a melt, in which case isotopic 
equilibration may be expected, or if petrographic relics have been preserved, causing 
isotopic inheritance.  
 
In this case, the whole-rock system (i.e., the sum of all rock-forming and accessory 
minerals) does not represent the magma from which the minerals crystallized and must 
not be regressed together with them to obtain an isochron because the inferred age 
would be inaccurate.  
 
A special cause of concern is the fact that several of the radioactive parents listed in 
Table 1a are high field strength elements (HFSE), which have the tendency to form 
accessory minerals in which bonds are extremely strong, considerably more than those 
of the more abundant minerals such as pyroxenes and feldspars. We shall discuss below 
the influence of bond strength on isotope systematics; it will be sufficient to note that 
such HFSE accessory minerals are very resistant and hence very likely to survive partial 
melting events. 
 
The analytical improvements over the last 40 years allow us to recognize small but 
significant deviations from ideal behavior. Therefore, the most reliable isochrons are the 
overdetermined ones, i.e., those formed by three or more independent points; by 
allowing a statistical examination of deviations, it is possible to test the isochrons for 
internal consistency. If data points lie off the regression line by more than their 
analytical uncertainty, presumably they record a significant geological process which 
differs from that defined by the other data points, and it is an obligation for 
geochronologists to try and understand the cause of such scatter. 
 
The possibility to detect systematic departures from ideality thanks to improved 
instruments raises the philosophical question of the difference between precision and 
accuracy of an analysis. Precision only mirrors random errors, i.e., expresses the 
likelihood that a duplicate analysis of the same material will reproduce the obtained 
value within some interval (the analytical uncertainty); accuracy is only affected by 
systematic errors, i.e., reflects whether a calculated value is right or wrong. Accuracy is 
thus an undecidable property in the mathematical sense: it cannot be ascertained in the 
framework of the edifice from which it was derived and its validation requires criteria 
external to that edifice. 
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