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SUMMARY 

Radium, discovered 100 years ago by Madame Curie, is a rather exotic 
element that occurs within the U and Th decay series. It is, however, one of 
the most interesting elements with respect to analytical methods and 
counting techniques in radiochemistry. Radium is composed of four 
different isotopes (228Ra, 226Ra, 224Ra and 223Ra) that decay with 
considerably different half-lives and nuclear properties. The analysis of Ra 
isotopes is furthermore highly suitable for geochemical applications 
because the isotopes 228Ra and 226Ra can be used for dating various 
materials that have been formed in recent times up to a few thousands of 
years ago. Ra geochronometry is therefore useful to discuss and interpret 
the results obtained from further established chronometers 234U/230Th 
(uranium series), and 14C (radiocarbon). Radium dating provides 
information on questions of recent climate changes, evolution of volcanic 
rocks and sediments or growth histories of minerals in the marine 
environment.  

Besides applications in geochronology relationships between radium 
isotopes can be used as natural tracers, because the isotope distribution 
may be highly variable in different environmental compartments. Ra 
isotopes can therefore be taken as fingerprints to follow dynamic 
processes in the biosphere, for instance to determine interactions between 
river water and underlying groundwater or to determine fluxes of 
subsurface waters discharging into the oceans. Examples are presented in 
this work, which support the suitability to use Ra isotopes for dating young 
Pliocene rocks (travertine limestone, volcanic rocks, corals and gravel 
terraces). In addition, a further case study is presented to demonstrate 
isotope systematics between 228Ra/226Ra and 224Ra/226Ra in continental 
waters, i.e. to investigate replacements between groundwater and river 
water or to identify the geological source rock composition through which 
the infiltrating rain-water has been percolated prior to surface run-off. 
For this latter example it was of advantage to develop an analytical 
method for determining radium isotopes in natural waters at very low 
environmental levels. The method presented here is a simple and fast 
procedure based on adsorption of Ra on manganese-coated discs that can 
be used directly for �-particle measurement. 
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1. HISTORICAL BACKGROUND 
As for many phenomena in nature, radioactivity was discovered accidentally in 1898 by Henri 
Becquerel who investigated the fluorescence properties of uranium oxide (UO2) and observed that 
photographic paper spontaneously darkened in the presence of uranium without external irradiation. 
In this time a young female emigrant from Poland (Marya Sklodowska later Marie Curie) began to 
study chemistry at the Sorbonne University in Paris and was fascinated about the new discovered 
phenomenon of radioactivity. She therefore started to investigate radioactivity more closely and 
rapidly observed that the intensity of the unknown radiation was proportional to the concentration of 
uranium in metallic composition. However, when experimenting with natural uranium oxide (i.e. 
with the mineral pitchblende) she observed that the intensity of radiation was about 10 times higher 
compared to industrially purified uranium ore. She and her later husband Pierre Curie therefore 
concluded (in the same year when the phenomenon of radioactivity was discovered !), that natural 
uranium minerals must contain further radioactive elements. In the next two years she worked very 
intensive on the separation of new proposed radioactive elements with initially completely unknown 
chemical properties, and finally succeeded to isolate extremely tiny amounts (less than 1 mg from 1 
kg UO2) of an highly radioactive element which showed analogues behavior to the earth alkaline 
element barium. She termed this element radium, since it emitted high intensive radiation. Only two 
years later Madame Curie succeeded again to separate another unknown, radioactive element that 
occurs in natural pitchblende and that behaved chemically similar to bismuth (Bi). She dedicated 
this new element to her formerly country Poland and termed it polonium (Po). These extraordinary 
discoveries impressed the scientific society and she was honored twice with the maximum award for 
scientists, the Noble Price. Up to now only few persons can be found worldwide who obtained 
comparable honor as Marie Curie. This is even more impressive since in the beginning of this 
century female researchers were not widely accepted as scientists in research institutions.  

2. INTRODUCTION 

The decay of the long-lived primordial radionuclides 238U, 235U and 232Th towards stable end-
members (i.e. 206Pb, 207Pb, 208Pb) involves a complex series of radionuclides such as 230Th or 226Ra 
with highly different half-lives (Table 2-1, Fig. 3.1) and chemical properties. In a geologically old, 
undisturbed sample all members are in radioactive or secular equilibrium, which means that the 
activity of disintegrating atoms per unit time is identical for all members in the respective series. 
However, if natural processes such as differentiation in a magma chamber or precipitation of 
minerals in aquatic environment cause chemical fractionation between the different elements (U, 
Th, Ra, Po), the decay series are set into a state of radioactive disequilibrium. Two cases are 
generally possible and applicable for geochemical dating: (1) A long lived parent isotope is removed 
from the system, i.e. progeny nuclides are not longer supported from their progenitor and then start 
to decay with their own half-life. (2) Vice versa, as soon as a daughter nuclide is removed from the 
system it starts again to grow from production of decaying parent atoms towards secular 
equilibrium.  

Both situations are of great advantage in geochemistry to be used for timing geological 
processes, for instance to calculate sedimentation rates in lakes, residence times in a magma 
reservoir or to date discrete events such as the formation age of a mineral or a fossil species. 
Another interesting application is dating of benthic marine species such as corals, which grow on 
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the surface on the oceans and represents therefore a good example to study the paleo-history of our 
planet. Since the carbonate content in the skeleton of a coral is build-up by CO2 derived from the 
atmosphere, corals can be investigated by various U-series as well as by the 14C (radiocarbon) 
dating methods. This is the more so interesting, because in sea-water 14C undergoes the so-called 
reservoir effect, which delays the time from exchange of gaseous CO2 into the water until 
incorporation into the coral. Comparative dating between two or more chronometers are therefore 
helpful to compensate for such a process or for detecting semi-open isotope systems.  

Due to the tremendous difference in the half-lives between the U- and Th-series isotopes 
(ranging from micro-seconds to 240.000 years), (bio)geological formations can be investigated 
which evolved in the time interval from recent (i.e. a few days) to about one million years ago. The 
geologically most important isotope chronometers that cover this wide time span are the following: 
234U/238U, 230Th/234U, 231Pa/235U 226Ra/230Th and 210Po/210Pb. As shown in Table 2-1 all these 
chronometers have a limited range in time where they can be applied and some of these 
chronometer pairs are also not completely independent of others. Nevertheless, the use of more than 
one chronometer to date a single event is very helpful for the geological interpretation of the sample 
data. Besides the classical 238U/206Pb and 235U/207Pb systems, the U and Th decay series include two 
geologically meaningful isotope pairs (231Pa/235U and 226Ra/230Th) which show overlapping time 
intervals with the most established U-series chronometer 230Th/234U. While 231Pa/235U (or 
231Pa/230Th) dating is being more and more applied in volcanology to discuss the disequilibrium 
between 230Th/234U, there are only very few investigations on 226Ra/230Th for mainly three reasons. 
(1) The chemical separation of Ra from the matrix and, in particular from the chemically 
homologues behaving Ba is very difficult, (2) the half-live of 226Ra (T1/2 = 1600 y) is considerably 
shorter than those of the commonly applied isotopes (230Th/234U) and therefore extremely low 
concentrations of a few fg (10-15 g/g) are typical for crustal rocks. In addition, no artificial long-
lived spike isotope of Ra is available that can be used for isotope dilution analysis (the half-life of 
the next most long lived isotope, 228Ra is only 5.7 years). Finally, (3) the parent-daughter 
relationships between the coupled system 238U, 234U, 230Th and 226Ra is very complex and, 
depending on the boundary conditions that have to be assumed to find mathematical solutions, 
highly different results may be obtained for the same set of raw data.  

To test the applicability of 226Ra for dating young Pleistocene samples, travertine freshwater 
precipitates were studied here via 230Th/234U ingrowth dating and the ages determined are compared 
to those from a second chronometer based on decay of excess 226Ra. A further example focuses on 
young volcanic rocks investigated by 230Th/234U and 226Ra/230Th isochron dating and the last 
example is again on 226Ra excess as well as 230Th/234U ingrowth dating, but for samples in a 
completely different environment, i.e. young, Holocene corals from the Indian Ocean (Mauritius) 
taken from a still active reef system. The latter samples were furthermore analyzed by radiocarbon 
(14C) dating and the results of all three chronometers are compared and discussed in the following in 
terms of closed system behavior or potential sources or sinks of the respective dating system. 

Besides the application of U- Th decay series members for isotope dating, they may be also 
helpful as geochemical tracers or natural markers provided, however, that the isotope patterns of 
interacting components are different. Table 2-2 indicates that within the U and Th-series (9 elements 
in total) only three elements (U, Th, Ra) exist which are composed of more then one isotope with 
half-lives exceeding a few days, i.e. which can be used as potential geochemical markers in nature. 
If only the aquatic environment is considered the number of the decay series members is further 
limited because thorium is almost insoluble in aqueous solution. The applicability of uranium is also 
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limited, because the 235U/238U mass or activity ratio is uniform worldwide (except of the Oklo 
natural fission reactor, Gabon), which means that only the 234U/238U ratio may be characteristic to 
distinguish between different components. Highly promising is therefore the isotope composition of 
radium, for which four isotopes exist, 228Ra, 226Ra, 224Ra and 223Ra. In particular, as 226Ra is a 
progeny of 238U and 228Ra of 232Th, the system 226Ra/228Ra is dependent on the U/Th ratio of the 
corresponding source rocks, which contribute to the ionic composition of the waters. Continental 
waters that migrated through different geological lithologies may therefore show highly differing 
isotope ratios of Ra, even more so, since 223Ra and 224Ra are short lived isotopes, which may 
provide additionally information on the dynamics of mixing systems. In the following an example is 
presented which uses 228Ra/226Ra/224Ra and 87Sr/86Sr relationships to determine exchanges between 
groundwater and surface water derived from carbonate-rich source in a shallow Valley (Upper 
Rhine Graben). Since these waters are additionally mixed with crystalline waters from nearby 
mountains (Vosges) as well as with infiltrating water from the river Rhine, at least three different 
water components contribute to mixed surface waters in the Rhine Valley, i.e. a complex situation 
to prove if Ra isotope relationships are helpful for the application of radium as a natural water 
tracer. 

Table 2-1: Potential parent/daughter isotope chronometers of the U- and Th decay series for dating 
geologically young materials. The table includes the half-lives of the radionuclides, the suitable 
time record for which these chronometers can be applied as well as the detection limits from �-
particle counting converted to mass units (g). 

isotope 
chronometer 

half-lives lower and upper time 
limit for dating [y] 

detection limits [g] 

230Th/234U 76000 y, 2.4·105 y 3000 - 3·105 230Th: 7·10-14, 234U: 3·10-13 
231Pa/235U 33000 y / 7.0·108 y 3000 - 2·105 231Pa: 3·10-14, 235U: 6·10-10 

226Ra/230Th 1600 y / 76000 y 400 - 8000 226Ra: 1·10-15, 230Th: 7·10-14 
210Pb/226Ra 22 y / 1600·y 2 - 100  210Pb: 7·10-17, 226Ra: 1·10-15 
210Po/210Pb 138 d / 22 y· 0.1 - 2 210Po: 6·10-19, 210Pb: 7·10-17 
228Ra/232Th 5.7 y / 1.4·1010 y 1 - 30  228Ra: 2·10-17, 232Th: 1·10-8 
228Th/228Ra 1.9 y / 5.7 y 0.2 - 10 228Th: 7·10-18, 228Ra: 2·10-17 

Table 2-2: Compilation of U- and Th-series elements composed of more than one isotope with half-
lives exceeding a few days, which can be used as geochemical tracer in the earth’s geosphere. 

Element isotope mass number 

U 238 235 234   

Th 234 232 230 228 227 

Ra 228 226 224 223  
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In order to determine Ra isotopes in natural water at levels of about 1 mBq/l (corresponding to 
about 10-16 g 228Ra per liter) with sufficient precision to study the relationship between 
228Ra/226Ra/224Ra in continental water, a chemical method was developed at PSI based on 
adsorption of radium on manganese-impregnated discs that can be used directly for low-level �-
spectrometry. The discussion in this investigation focuses on the effect of various parameters (such 
as pH, ionic strength, temperature, thickness of the impregnated layer etc.) on the chemical recovery 
or adsorption yield of Ra on such a type of disc. To account for the latter, an approach is presented 
here that uses (i) the kinetic uptake behavior and (ii) added short-lived 224Ra or 223Ra spikes 
extracted from more long-lived parent isotope generators. 

In summary the thesis is structured as follows: Chapter 3 describes the U/Th-series 
progeny/progenitor relationships and reduces the complex decay patterns to the geochemical 
relevant subsystems. This section present additionally some known facts on basic geochemical 
relationships between different U- and Th-series members. Chapter 4 introduces into the different 
radioactive decay modes and presents the mathematical equations that are essential for U-series 
dating. Chapter 5 describes the different basic counting measurement techniques applied frequently 
in the literature. Clearly, the content/knowledge of this first part (up to section 5.3) is taken mainly 
from the literature but reading of these preceding chapters is helpful for better understanding of the 
second part (chapters 6 to 10), which presents fully my own research work on Radium isotopes and 
other U/Th series members, i.e. scientific projects which I am carrying out since the last five years. 
An analytical technique for Ra isotopes in tabular water, developed recently in my lab, is given in 
chapter 6 (all data published recently). Chapter 7 is a short section that is helpful to understand the 
basic concepts and limitations valid for U-series dating of sedimentary as well as magmatic systems. 
Chapter 8-1, which is right now (December 2001) appearing in the literature, introduces a model on 
two chronometer dating of freshwater flowstone, while the other two chapters on low temperature 
dating (i.e. 8-2 coral dating, 8-3 gravel terrace dating) have not been published yet (more data are 
required to confirm hypothesis/conclusion). Chapter 9 focuses on dynamic magmatic processes 
occurring on continental/oceanic crust boundaries. This chapter treats a highly complex topic, i.e. 
timing of magma differentiation processes and ascent velocities. (work to be published after 
termination of a mathematical model on island arc volcano dynamics). Chapter 10, published 
recently, is an application on the procedure for determination of Ra isotopes in aquatic systems. 
Waters of different origin and their interaction are discussed and the results obtained with 
224Ra/226Ra/228Ra are compared with the chemical earth-alkaline homologue Sr (i.e. 86Sr/87Sr).  

3. U/TH DECAY SERIES RELATIONSHIPS 

3.1 The U/Th Decay Series Sequences 
The actinides and their decay products can be classified into four major decay series groups, that are 
multiples of the mass number 4, because they decay only by �- (no change of the mass number) or 
by �-emission which causes loss of 4 atomic masses (i.e. 2 neutrons + 2 protons in 4He noble gas 
configuration). This series, summarized in Table 3-1, have their longest-lived members in the mass 
region between A = 232 to 238 which is so far known the most stable region of heavy nuclei in the 
periodical system of the terrestrial elements. While the relatively short-lived 237Np (T1/2 = 2·106 y) 
series did not survive the time elapsed since nucleosynthesis of the solar system (4.56 Gy ago) and 
is available solely via artificial production (e.g. 235U(n,�)236U(n,�)237U(�-)237Np in a neutron source), 
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the other three primordial isotopes (232Th, 235U, 238U) are still present today and particularly 
members of the very stable even-even nuclide series (i.e. 232Th and 238U) can be detected easily in 
almost all materials of the earth’s crust. 

Table 3-1: Compilation of the four decay series of the actinides 

name of series type  stable decay 
product 

longest-lived 
member 

half-life 
[years] 

Thorium 4n 208Pb 232Th 1.39·1010 
Neptunium 4n + 1 209Bi 237Np 2.20·106 
Uranium 4n + 2 206Pb 238U 4.47·109 
Actinium 4n + 3 207Pb 235U 7.13·108 

3.1.1 Uranium-Series 
As illustrated in Figure 3-1, the 238U-series is the longest natural decay chain and contains 14 
radioactive isotopes on the decay path towards stable 206Pb. After decay of 238U with emission of an 
�-particle and two consecutive �-emissions, the series passes again through Z = 92 (i.e. 234U). 
Build-up of this isotope is followed by a sequence of fife successive �-transitions and the final 
product of these �-decays is the isotope 214Pb. This nuclide and next short-lived decay product, 
214Bi, emit a sequence of characteristic �-lines that are frequently used as a measure for 226Ra (for 
instance in large volume soil samples, details in sections 4 and 5). The decay product of 214Po is 
210Pb which is the most frequently used natural tracer for determination of more recent 
sedimentation rates in sweet-water lakes. 210Pb and the next member 210Bi again decay by �-ray 
emission to 210Po. Since this isotope is short-lived it can be taken also as a measure for 226Ra in 
almost all geological samples provided that the preceding rare gas 222Rn does not leak out of the 
crystal lattice. 210Po is additionally interesting for �-spectrometric methods because the separation 
chemistry is simple and the detection limit is way below that of the preceding �-emitters 214Pb/214Bi 
counted by �-spectrometry (section 6.2).  

Fig. 3-2 summarizes schematically the 238U-series subsystems that can be of geochemical 
relevance for dating late Pleistocene samples. Each subsystem in this figure is surrounded by a 
rectangle summarizing all isotopes that are within days in radioactive equilibrium with their 
respective parent isotopes (details on disequilibrium calculations in section 4). 226Ra, for instance, 
decays over short-lived progenies to the more long-lived 210Pb. If 222Rn does not escape from the 
sample (closed system), 226Ra can be determined by measuring any other of the direct short-lived 
progenies within the rectangle. Fig 3-2 shows that the 238U decay series contain four major long-
lived isotopes following the decay of 238U, these are: 234U, 230Th, 226Ra and 210Pb. Disregarding the 
short-lived members, the respective couples potentially suitable for dating are therefore as follows: 
234U/238U, 230Th/234U, 230Th/226Ra and 210Pb/226Ra.  

The other uranium decay chain starting with 235U is less complex compared to the 238U series 
but contains two interesting isotopes with half-lives longer than a few years that are 231Pa (T1/2 = 
33000 y) and its progeny 227Ac (T1/2 = 22 y). 231Pa is used mainly as complement to check on 
concordancy of the 230Th/234U couple in late Pleistocene samples (analogous to the classical 
chronometers 207Pb/235U and 206Pb/238U).  
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Fig.3-1: Schematic illustration of the U- and Th-decay series members. To simplify the scheme in comparison to standard isotope tables 
neutrons are not considered here, i.e. �-decay produces progenies in vertical direction two charge numbers below the parent isotope, while �-
decay is indicated as arrows pointing upwards to the next element with an atomic number of + 1. 
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Fig.3-3: Schematic illustration of the geochemically relevant 235U-series subsystems. 
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3.1.2 Thorium-Series 

Since the half-lives of all decay products of 232Th are short, this series can be used only very limited 
for geochemical dating. The longest-lived isotope is 228Ra with a half-life of 5.7 y and the 232Th 
series is therefore always in radioactive equilibrium for systems that closed more than five half-lives 
or 30 years before present. However, for geological samples with younger ages the thorium series 
becomes highly interesting because of the potential complex parent/daughter decay/ingrowth 
relationships between 232Th and the next two daughters, 228Ra and 228Th (discussion in section 6 and 
10).  

�

� 212Po 
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212Pb 216Po 
220Rn 

228Th

(stable)

Illustration of the 232Th decay series 
with the geochemically relevant
subsystems

�

�

��
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228Ra 
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232Th 

 

 

 
Fig.3-4: Schematic illustration of the geochemically relevant 232Th-series subsystems. 

It has to be noted that the subdivision of the three decay series members into smaller 
subgroups is completely different if aqueous systems are of concern. In this case more couples may 
show disequilibrium such as for example 210Pb and 210Po because in aquatic environment there are 
various sources and sinks contributing permanently to the production/removal of both isotopes 
(adsorption, colloid production, precipitation, etc.). Additionally, other short-lived isotopes such as 
223Ra and 224Ra (235U and 232Th series subgroups with notable stability) can be used as natural 
tracers in near-surface aquifers. 
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3.2 Natural Terrestrial Occurrences of U, Th and Ra 
The precision of any analytical method depends on the content of the element to be determined in 
any kind of sample. It is therefore of relevance to know roughly the concentration ranges in various 
types of materials that are suitable for U-series investigations, and examples of U, Th and Ra 
abundance in igneous and sedimentary rocks as well as terrestrial waters are given in Table 3-2. 

Table 3-2: Typical concentrations of U, Th and Ra (in mass and activity units) in various terrestrial 
rocks and water types. 

type of sample  
238U 232Th 226Ra (1) 

 [ppm] [mBq/g] [ppm] [mBq/g] [ppt] [mBq/g]

igneous granite  2 - 10 25 - 120 5 - 30 20 - 120 0.5 - 4 25 - 120
 Gabbro 0.5 - 2 5 - 25 2 - 6 5 - 25 0.1 - 0.5 5 - 25 
 Basalt 0.1 - 1 1 - 10 0.3 - 4 1 - 15 0.02 - 0.2 1 - 10 
 Ultramafics < 0.02 < 0.2 < 0.05 < 0.2 < 0.01 < 0.2 

sedimentary Shales 2 - 4 25 - 50 5 - 15 20 - 120 0.5 - 1 25 - 50 
 Limestone 1 - 3 10 - 40 0 - 3 0 - 10 0.2 - 1 10 - 40 
 Speleothem 1 - 3 10 - 40 0 - 3 0 - 10 0.2 - 1 10 - 40 
 Coral 2 - 4 25 - 50 < 0.01 <0.04 0.5 - 1 25 - 50 
 Clay 1 - 4 10 - 50 1 - 15 5 - 60 0.2 - 1 10 - 50 
water (2) sea water (3) 3 - 4 40 - 50 < 0.01 < 0.05 0.01 - 0.1 0.5 – 5 
 river water (4) 0.1 - 1 1 - 10 < 0.01 < 0.05 0.01 - 0.1 0.5 – 5 

(1) values valid for secular equilibrium between all 238U-series isotopes. 
(2) units for water samples [ppb] and [mBq/liter]  
(3) range of values for 226Ra from Ivanovich and Harmon, 1992, page 367 
(4) range of values for 238U and 226Ra in river water from river Rhine and confluences in the Upper Rhine Valley 
obtained in this study (complete data set in table 10-2). 

3.2.1 Rock Samples 
Since all of the radioisotopes listed above are �-emitters and since the detection limit using low-
level �-spectrometry is about 0.05 mBq for counting times of days (section 5), it is evident that 
sample quantities of 0.1 - 1 g are sufficient to detect these nuclides in almost all common type of 
rocks via counting methods, with the exception of rocks that are derived from the earth’s mantle 
(mafics and ultramafics). While the U/Th ratio is similar for igneous rocks (Th/U weight ratio � 3, 
activity ratio � 1), much larger differences can be found in low-temperature environmental samples, 
especially in authigenic formations such as corals, carbonates and speleothem. This is because Th 
exhibits only a very limited solubility in water and is present in authigenic sediments mainly as fine 
grained inclusions of geologically old, detritic material (predominantly clay minerals), while U 
undergoes strong hydrolysis and associates with various anionic ligands (section 3.3). Young 
Quaternary sedimentary systems offer therefore the potential for reliable U/Th-series disequilibrium 
dating.  
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3.2.2 Aqueous Samples 
The distribution of uranium in sea water with average oceanic salinity (35 per mille) is fairly 
constant (i.e. about 3.3 �g/l) and varies only with salinity but not with depth (Chen et al., 1986). The 
concentration of U in most continental water is slightly less and was found to amount between 0.1 
and 1 ppm for the waters analyzed in this study. As shown in Table 3-2 the levels of Ra analyzed 
here are comparable to those reported for average oceanic composition (Ivanovich and Harmon, 
1992, page 367). Therefore a counting system with a detection limit of 0.05 mBq is sufficiently 
sensitive to determine the levels of 226Ra and 238U in environmental samples if 1 liter water aliquots 
are taken to analysis. However, determination of 232Th in pure ionic form (i.e. not fixed in 
suspensions or colloids) in natural terrestrial water cannot be archived with counting techniques for 
about liter-sized sample quantities because the levels of dissolved Th are far below to be detected by 
the best counting methods. Th isotope studies in aquatic environment require therefore techniques 
that measure atoms (instead of waiting for radioactive decay) and discriminate between the different 
atomic masses (e.g. ICP-MS, MC ICP-MS). On the other hand, counting techniques are still highly 
suitable for determination of short-lived Th isotopes (e.g. 228Th) in water samples and an example is 
presented in section 6 for measurement of 228Th via counting the progeny 224Ra. 

3.3 Geochemical Behaviour of the U- and Th-Series Members 
in the Aquatic Environment 

3.3.1 Uranium 
All uranium minerals are highly soluble under aerobic (oxic) conditions that are prevailing in almost 
all shallow surface aquifers as well as the open sea. If uranium is present in solids originally in the 
reduced, tetravalent form, i.e. as U(IV), it is oxidized upon weathering to the hexavalent uranyl ion 
and the following hydrolysis reaction can be formulated:  

U H O UO H e4
2 2

22 4 2� � � �
� � � �  (3-1) 

The uranyl ion (UO2
2+) is a highly polar species and forms strong associations with anionic 

ligands (in particular carbonates and phosphates) and most stable uranyl complexes for a typical 
groundwater that is slightly over-saturated with respect to CO2 and in thermodynamic equilibrium 
with the solids calcite and quartz (simulation of a typical marl/limestone environment) are shown in 
figure 3-5. A speciation calculation performed with the computer code EQ3/6 and the 
thermodynamic data set published by Langmuir (1978) suggests that above pH 6 uranyl undergos 
ion association only with hydrogen carbonate and bi-carbonate and forms strong carbonato 
complexes as does the calcium ion with increasing pH. Co-precipitation of uranium with calcite in 
low temperature environment is therefore much likely. 

Only if the thermodynamic conditions are strongly reducing (for instance in a mud where the 
microbial activity has consumed all oxygen during bio-degradation) uranium remains stable in the 
U(IV) state. In this case only uranous hydroxo complexes are formed in contact with water and the 
solubility remains orders of magnitude below that of oxidized uranium minerals. The basic 
hydrolysis reaction is identical to that of thorium (next section) and can be written as: 
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Fig.3-5: Speciation diagram of uranium as a function of pH at total U-concentrations of 10-9 mol/l 
for continental water saturated with respect to calcite and a CO2 partial pressure of 10-2 (data from 
Langmuir, 1978). 

3.2.2 Thorium 
Independent of the prevailing redox conditions in an aquifer, the element thorium remains always in 
the tetravalent state and the solubility of Th-oxides/hydroxides in aquifers are therefore comparable 
to uranium under strongly reducing conditions. Under oxidizing conditions, however, compounds of 
Th remain almost insoluble in aqueous solution, while urainum is much better soluble (Fuger and 
Oetting, 1976; Langmuir, 1978; Langmuir and Herman, 1980; OECD, 1992) and indeed activity 
concentrations below 10-5 Bq/l were reported for the precursors of 226Ra and 228Ra, i.e. 230Th and 
232Th in continental waters (Anderson et al. 1995). The low amounts that can be detected in 
terrestrial fresh waters are adsorbed on colloids and suspended matter while the major fraction sorbs 
on mineral surfaces in contact with the water (Dearlove et al., 1992). The solubility of the major U 
and Th forming minerals (uraninite and thorianite) under slighly reducing conditions and as a 
function of pH is illustrated in figure 3-6. The open circles in this figure display the measured data 
for uranium from rivers and groundwater in the Upper Rhine Valley (chapter 10) and the dashes line 
shows the detection limit for 232Th via a-spectrometry. The figure indicates clearly that the detection 
limit for 232Th (and all other Th-isotopes) in the waters analyzed here is at least two orders of 
magnitude below the values obtained for 238U. 
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Fig.3-6: Solubility of uranium and thorium in aqueous solution as a function of pH. The open 
circles display the measured data for uranium from rivers and groundwater in the Upper Rhine 
Valley (chapter 10). 

3.2.3 Radium 
In the periodic system of the elements radium belongs to the second group, i.e. to the alkaline earth 
elements. Chemically it behaves similar to the next proxy in the same group that is barium. Since 
earth alkaline elements are highly electropositive (2+ valence state), radium does not undergo 
hydrolysis over a wide pH-range and is present in solution mainly as ionic species, i.e. as Ra2+. 
Because of its scarcity in nature no radium solids co-exists in mineral parageneses, but Ra2+ ions 
may co-precipitate with alkaline earth sulfate and carbonate minerals such as calcite CaCO3, 
celestite SrSO4, strontianite, SrCO3 or barite BaSO4. If the latter mineral is formed in an uranium 
rich environment, it may become highly radioactive because of Ba/Ra substitutions. Synthetically 
produced Ra components are simple ionic salts, which ultimately dark with age owing to self-
decomposition from the alpha radiation. Even in saturation with pure salts of radium, hydrolysis is 
important only at very high pH exceeding 12 (Langmuir and Riese, 1985), i.e. conditions that are 
not likely for continental waters. 

Since in nature radium does not form own solids its is highly important to know the behavior 
of radium upon co-precipitation with other earth alkaline salts. This is even more important since 
for dating methods involving 226Ra (section 8.1, 8.2, 9) there are no long-lived isotopes available 
that can be used for normalization, for instance to normalize to the initial concentration in flow 
stones over the entire growth time of the speleothem formation. When a radium salt co-precipitates 
with an alkaline earth salt, there is a systematic way in which the radium atoms are distributed, and 
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which is known as the homogeneous distribution law (Kirby and Salutski, 1964). This law predicts 
that the the concentration ratio of radium to barium in the precipitated crystals is proportional to the 
concentration in the final solution, i.e.,  

Ra
Ba

D Ra
Barock water

�
�
�

�
�
� � ��

�
�

�
�
�  (3-3) 

where D represents the homogeneous distribution coefficient. It is therefore interesting to 
compare the Ba/Ra ratios in fresh-water precipitates (speleothem) with present day groundwater 
from which the precipitates are formed in order  to check if such a relation also applies to the system 
under consideration. In any case, relation (3-3) suggests that the Ra/Ba ratio in the growing mineral 
shows a simple dependency on the concentration of these elements in solution. It is therefore 
evident to use stable Ba as a normalization element in Holocene speleothem that are dated via 
excess of 226Ra. (i.e. to compensate for heterogeneous distribution of initially incorporated 226Ra(0) 
in the precipitating material with time). In ideal case the initial Ra/Ba ratio remains uniform 
regardless of the sample age and the salinity of the water, provided however, that the speleothem 
deposit was produced from a chemically uniform water source. This assumption is the most critical 
boundary condition for the applicability of the 226Ra excess dating method and is discussed, in 
detail, in section 7.1 and 8.1. 

Table 3-3 indicates that there is a remarkable systematics between the natural occurring 
isotopes of Ra and the precursors/progenitors isotope because all 4 naturally occurring radionuclides 
of Ra are derived from decay of precursor Th nuclides. Since in contrast to U, Th remains (even 
under oxidizing conditions) always in the tetravalent state, Th is almost insoluble in aqueous 
solution (see previous section). Dissolved species of Ra are therefore released from solid matter into 
the aqueous phase via desorption and via recoil subsequent to �-decay of Th-precursors. This has an 
important meaning for the production of Ra in natural water especially for calculating Ra/Th 
relationships between short lived isotopes during analytical procedures (section 6.4) or for 
understanding sources and sinks of Ra isotopes in freshwater or marine systems (section 10). 

Table 3-3: Precursor-progeny relationships for the four isotopes of Ra within the 238U, 235U and 
232Th decay series. The modes of decay and nuclide half-lives are listed on top of the arrows, which 
point in direction to the next daughter nuclide in the respective series. 

230 7 54 10 226 1 60 10 222 3 82 2184 3

Th Ra Rn Po daughtersa a d� � �: . : . : .� �

� ����� � ����� � ���� �

232 1 40 10 228 5 76 10 228 613 22810 0

Th Ra Ac Th daugthersa a h� � �: . : . : .� �

� ����� � ����� � ���� �

228 19110 224 3 66 220 55 6 2160

Th Ra Rn Po daugthersa d s� � �: . : . : .�

� ����� � ���� � ���� �

227 18 72 223 11 43 219 3 96 215Th Ra Rn Po daugthersd d s� � �: . : . : .
� ����� � ���� � ���� �  
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3.2.4 Radon 
As shown in Table 3-3, all decay products of Ra isotopes are isotopes of the rare gas Rn. Of 
geological significance is, however only 222Rn that decays with 3.8 days half life, i.e. a time that is 
long enough to enable migration through soil layers and emanation into the atmosphere. Decay of 
222Rn produces charged particles (218Po, 214Pb) that decay to the more long-lived progeny 210Pb (T1/2 
= 22 years), which is deposited with aerosol fallout on the earth surface or in lakes. Excess of 210Pb 
is therefore used to determine sedimentation rates in lakes (Robbins, 1978, 1984). Application of 
222Rn is also of interest in hydrology, because the rare gas radon can be used for assessing short-
term exchanges between groundwater and river water in shallow aquifers, for instance when strong 
rainfall increases river water tables which causes discharge of water into the surrounding 
groundwater (Hoehn and von Gunten, 1989). Since river water does not contain considerable levels 
of 222Rn in comparison to groundwater, this nuclide is re-build along the flow path which allows the 
calculation of infiltration rates by monitoring the concentration of 222Rn in wells with known 
distance from the river bed. 

3.2.5 Lead 
Among all radioactive isotopes of lead generated within the U and Th decay series, only 210Pb is 
sufficiently long-lived to observe disequilibrium with progenitor/progeny isotopes (i.e. 226Ra, 210Po) 
in hydrological systems. Due to emanation of 222Rn from soils into the atmosphere, excess of 210Pb 
is continuously introduced into surface lakes. Since atmospheric fallout lead is rapidly removed by 
adsorption onto sinking particles (residence time of days to month compared to the half-life of 22 
years, Bacon et al., 1980) 210Pb is highly suitable for dating young sediments. In the atmosphere also 
short-lived 212Pb is frequently used to determine the concentration of 220Th particularly for 
monitoring radioactive isotopes in the atmosphere of subsurface mines. 

3.2.6 Polonium 
Five of the six naturally occurring isotopes of Po are extremely short-lived with half-lives of less 
than a few minutes. Only 210Po is sufficiently long-lived to allow geochemical U-series 
disequilibrium studies in aquifers. In most environments 210Po behaves more reactive and is found 
in deficiency compared to preceding 210Pb, however, some investigations yielded large excesses of 
210Po of up to a few Bq/liter for instance in shallow aquifers of western Florida, speaking for a less 
reactive behaviour (e.g. Burnett et. al., 1987). 
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4. RADIOACTIVE TRANSFORMATIONS 
4.1 Modes of Radioactive Decay 
Radioactive decay is the conversion of a non-stable nucleus into a new reorganised atomic 
configuration, mainly by emission of particle and/or photon radiation. With respect to particle 
radiation two major modes of decay are of relevance, that are �- and �-particle emission or, for very 
heavy transuranium nuclei, spontaneous fission besides �-decay. As long as the particle decay does 
not reach the ground state directly, the excited nucleus emits furthermore photons (or gamma) 
radiation. If the conversion of nucleons results in a positive charge of the core, electrons from the 
outer shell are captured as well. All these processes result in dissipation of decay (or reaction) 
energy, which is equal to the mass difference (or mass defect) between mother and daughter 
nucleus. The major modes of decay, that are important for measurement techniques of radium 
isotopes are presented in the following. 

4.1.1 �-Particle Radiation 
Non-stable nuclides with high atomic masses (A > 190) have a high probability to decay by 
emission of particle radiation with heavy mass, termed �-radiation. These particles have the atomic 
mass 4 and are composed of 2 neutrons and 2 protons. Once emitted, the charged nucleus captures 
electrons and then obtains the structure of stable 4He. If a nuclide undergoes �-radiation the number 
of nucleons (A) is reduced by four mass units and that of the charged protons (Z) by two: 

Z
A

Z
AX X He decay energy� � �
�

�

2
4

2
4

 (4-1) 

Considering �-decay of 226Ra to the noble gas 222Rn it follows: 

88
226

86
222

2
4 4 78Ra Rn He MeV� � � .  (4-2) 

The energy conversation equation for �-decay can be written in a similar manner to the mass 
relations given above. The energy (�E) released during �-decay is the difference between the 
nucleonic binding energies of the decay product (EZ-2,A-4) plus those of the �-particle (Ea) and the 
binding energies of the original nucleus (EZ,A) or: 

�E E E EZ A Z A� � �
� �2 4, ,�

 (4-3) 

which means that �-decay is likely for �E > 0, while radioactive decay is not possible for  
�E < 0. Since the nucleonic binding energy of an �-particle is � 28 MeV (i.e. 7 MeV per nucleon) it 
is indicated that �-emission can occur if the binding energy between two adjacent nucleons of the 
original nucleus is less than 7 MeV. Since the specific binding energy for medium-weight nuclei is 
about 8 MeV per nucleon (for 56Fe even 8.8 MeV), �-decay is not allowed for this group of 
nuclides. With increasing atomic mass, however, the specific binding energy decreases due to 
Coulomb repulsion between the protons and decay via �-emission becomes generally possible for 
atomic mass numbers > 190. Clearly, besides Coulomb repulsion also internal shell structures are of 
significant importance for the mode of disintegration of heavy nuclei, which are alpha-, beta-particle 
emission and/or spontaneous fission. 
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The energy E of the alpha particle depends, to a first approximation, on the half-life T1/2 of the 
radioactive isotope and the relation between both quantities can be described by the semi-empirical 
Geiger-Nuttal rule as follows: 

LogT C D
E1 2/ � �  (4-4) 

where C and D are empirical constants (C = 50, D = 129, data from Titayeva, 1994), that are 
almost not dependent on A and Z. The Geiger-Nuttal rule indicates that the probability for �-
emissions at higher energy increases with decreasing half-life and the actual values of the natural U 
and Th series isotopes are shown below in comparison to the empirical curve in a logT-E diagram 
(Fig. 4-1). 
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Fig. 4-1: Theoretical relation between the decay energy of a-emitters and the half-life according to 
the empirical Geiger-Nuttal rule in comparison to the measured physical data of the major nuclides 
from the U- and Th-series. 

Alpha emissions are discrete events at defined quantum energy. However, with few 
exceptions (e.g. isotopes of Po, 100% emission probability at one discrete energy) not all of the 
��conversions turn directly into the ground state of the consecutive nucleus. In most cases there is a 
branching of the �-particle radiation into several levels with different energies. This is less 
pronounced for even-even nuclides which decay almost only over two or three levels with a very 
similar energy (e.g. Table 4-1, 238U 76% emission probability at 4.19 MeV, 24% at 4.15 MeV). This 
close energy distribution is of large advantage for measurement of 238U and 232Th series 
radionuclides via �-spectrometry due to the good resolution between the �-peaks from different 
nuclides in the same spectrum (Fig. 5.1-5.4). On the other side, almost all of the even-odd isotopes 
undergo more complex branching (e.g. 235U with 55% at 4.40 MeV, 17% at 4.36 MeV, 6% at 4.22 
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MeV) resulting in less good resolved �-peaks and therefore requiring a more complex spectrum 
deconvolution between different isotopes if �-particle measurement techniques are applied. 

Table 4-1: Major �-energies and emission probabilities (P�) for geological relevant nuclides from 
the U and Th decay series as well as for some artificially produced spike isotopes that are used for 
chemical yield determination via �-spectrometry. 

238U decay series 235U decay series 

isotope �-energy [MeV], (% P�) isotope �-energy [MeV], (% P�) 
238U 4.19 (76); 4.15 (24) 235U 4.40 (55); 4.36 (17) 4.22 (6); 
234U 4.77 (72); 4.72 (28) 231Pa 5.01(25); 4.95 (23); 5.06 (11) 

230Th 4.69 (76); 4.62 (24) 227Th 6.04 (25); 5.98 (23); 5.76 (20) 
226Ra 4.78 (95); 4.62 (5) 223Ra 5.72 (53); 5.61 (24); 5.74 (10) 
222Rn 5.49 (100)   
210Pb (pure �- and �-emitter)   
210Po 5.30; (100)   

232Th decay series artificial spike isotopes 

isotope �-energy [MeV], (% P�) isotope �-energy [MeV], (% P�) 
232Th 4.01 (77); 3.95 (23) 232U 5.32 (69); 5.26 (31) 
228Th 5.42 (73); 5.34 (27) 233Pa (pure �- and �-emitter) 
228Ra (pure �- and �-emitter) 229Th 4.84 (56); 4.90 (11); 4.81 (9) 
224Ra 5.68 (95); 5.44 (5) 224Ra (only natural nuclides available)

  209Po 4.88 (100) 

Reference: Physics Data; Catalogue of alpha particles from radioactive decay. Fachinformationszentrum Karlsruhe 
Energie Physik Mathematik GmbH (ISSN 0344-8401) Nr. 29-1(1985) 

As indicated in Table 4-1, 4-2 to 4-4 and 5.1-5.4 the even-even nuclides 226Ra and 224Ra emit 
95% of the �-particles at comparable energies that cannot be resolved by �-spectrometry, while 
223Ra shows a more complex branching. All these isotopes undergo additional weak �-
transformation before entering the ground state of the consecutive noble gas isotope (Fig. 4-2-4.4). 
These characteristic �-emissions are, however, to weak to allow �-spectrometric detection of Ra 
isotopes in small rock samples (e.g. mineral separates) at typical environmental levels (i.e. a few 
mBq/g, section 6.4 and 10). 

The decay schemes of the four geologically meaningful isotopes of Ra are given below. 95% 
of the a-emissions of the even-even nuclei 226Ra and 224Ra turn direct to the ground state and only 
about 5% remain in an (slightly) exited state which is depopulated by subsequent emission of 
photons of weak energy (i.e. 0.186 and 0.241 MeV). The third �-emitting isotope of Ra, even-odd 
223Ra shows a much more complex spectrum with several �-transitions between the different exited 
levels produced by �-decay of different quantum energy. 
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Fig. 4-2: Detailed decay scheme of 226Ra. 
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Fig. 4-3: Detailed decay scheme of 224Ra. 
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Fig. 4-4: Detailed decay scheme of 223Ra. 

In contrast to photon radiation, �-particle radiation strongly interacts with matter because of 
the high mass density, energy and the double positive charge. �-radiation causes massive ionization 
in solid or liquid material, but, consequently, penetrates only a few �m before it is completely 
absorbed and converted to stable 4He. Direct detection of �-radiation is therefore only possible via 
measurement of the surface activity of a planar source. For this reason it is necessary to separate the 
radioactive element from the chemical matrix and to produce an almost weightless planar source for 
measurement with semi-conductive solid-state surface barrier detectors or proportional counters 
(details in section 5.2.2, 5.4, counting techniques). The penetration length (d) of �-radiation through 
matter can be roughly calculated according to the following empirical formula (Annunziata, 1998)  

2/3][ eAmd ���
�

�
��
�

�
�

�
�   (4-5) 

where (A) is the atomic mass of the penetrated material and (�) the density of the absorber. As 
�-particles are stopped in matter after penetration of only a few �m, correction of sample self-
attenuation would become difficult, because such tiny distances cannot be measured. It is therefore 
more practical to indirectly replace the distance (d) by the density (�) of the penetrated matter 
because,  

a
md
�

�

�
    (4-6) 

where (m) is the weight and (a) the area of the absorber material. The quotient (m/a) is also referred 
as the specific surface area and an example of the dependency of �-particle penetration through 
matter is presented in section 6.4. 
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4.1.2 �-Particle Radiation 
Radioactive conversion of a non-stable isotope via emission of electrons (or positrons) from the 
nucleus is termed �-decay. These particles have considerably less mass (10-19 amu) in comparison to 
heavy particles (4 amu for �-particles). Two types of �-emissions are principally possible: �--decay 
(electron emission) or �+-decay (positron emission). The emission of electron radiation results from 
conversion of a neutron (with neutral charge) into a positively charged proton and the atomic 
number therefore increases by one. �--decay is typical for neutron-rich (heavy) nuclei (such as the 
actinides) with excess of neutrons compared to the protons. �-decay is always accompanied by 
emission of antineutrinos (	), which share their emission energy with the �-particle due to the 
impulse conservation law. �-emitters therefore produce continuous �-spectra, which range from an 
end point of maximum energy (where the full energy of the decay is transferred to the electron) to 
nearly zero energy (when the decay energy is completely transferred to the antineutrino (�-spectrum, 
section 5.2.3, Fig. 5.7). In analogy to equation (4-1) the radionuclide conversion via �-radiation can 
be written as follows:  

Z
A

Z
AX Y e decay energy� �� � �

�

�
�

�

1 �  (4-7) 

The only isotope of Ra that decays by �-radiation is 228Ra. Since the �-energy of this nuclide 
is very low (Emax = 20 keV) the short-lived (T1/2 = 6.1 h) progeny isotope 228Ac is frequently used as 
a measure for 228Ra (Fig.4-5). 228Ac reaches the consecutive ground state (228Th) by emission of 
several high energetic photons. ��spectrometry of 228Ac in secular equilibrium with its progenitor is 
therefore often used to determine the activity of 228Ra (details in section 5.2).  

In analogy to �-radiation exponential relationship holds between decay constant and energy of 
�-decaying radionuclides, i.e. decay of short-lived nuclides proceeds generally at high energy, while 
weak energy is released for long-lived �-emitters. The empirical Geiger-Nuttal rule is as follows: 

� � � �
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/
max

2

1 2

5

T
k E  (4-8) 

There are large differences of Emax between the various members of the U- and Th-decay 
series that varies over two orders of magnitude. 228Ra decays, for instance, via 20 keV �-particles, 
while the short-lived progeny 212Bi emits electrons with a maximum energy of 2.2 MeV. The 
differences between the emission energies are therefore considerably higher as between �-particle 
emitters, which have more comparable energies (i.e. between 4 and 8 MeV).  

This has a significant meaning for the counting techniques: �-particles are counted with the 
same efficiency which simplifies the calibration of a detector system, while the response of �-
particle counters strongly depend on the energy of the incident radiation. For instance, the counting 
efficiency of a proportional counter with respect to 20 keV electrons is only in the order of a few 
percent, but increases to almost maximum 50% (in 2
-measurement geometry) for 2 MeV �-
particles. 
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Fig. 4-5: Detailed decay scheme of 228Ra to short-lived 228Ac, the precursor of 228Th.  

Another significant difference between heavy particle and �-radiation has to be noted. While 
�-radiation does not change the direction during penetration of matter, electron radiation is affected 
by the electromagnetic field of targeting nuclei. This changes the direction of the �-particle ray 
reduces the velocity and causes emission of additional X-rays, termed braking radiation or 
bremsstrahlung. In photon counting techniques bremsstrahlung may become disturbing if low 
energy photons (e.g. 210Pb from the 238U series) should be measured but the sample contains high 
quantities of high energetic �-emitters (such as 212Pb from the 232Th-series) and is, in addition, 
composed of heavy mass nuclei. The weakening of the intensity of �-radiation due to scattering and 
ionization in the electromagnetic field of the penetrated matter is dependent on similar parameters 
as is valid for �-particle self attenuation (equation 4-5). 

4.1.3 �- and X-Ray Radiation 

Gamma (�) radiation is a short-wave electromagnetic radiation, which is emitted during 
radionuclide transformation in the core of an excited nucleus. Gamma radiation is also released if an 
electron-positron pair undergoes annihilation, i.e. an effect that can be used to measure positron 
emitters in a �-spectrometer. The wavelength for �-radiation is in the order of interatomic distances 
and hence follows the wave-particle dualism in quantum physics. For natural radionuclides of the 
U- and Th-series the maximum energy value is at 2.6 MeV (208Tl, decay product of 224Ra). Since �-
radiation shows discrete energy levels several radionuclides nuclides can be identified via direct 
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measurement in the same �-spectrum without the need to apply chemical sample preparation 
procedures (section 6).  

As noted above, �-radiation follows frequently ���-decay because the conversion of neutrons 
in protons (and vice versa) leads to exited states with discrete rotation energies of the remaining 
nucleus. Many radionuclides reach the ground level stepwise via intermediate levels, i.e. by 
emission of several �-quants with different energies (e.g. cascade decay of 223Ra over several excited 
levels, Fig. 4-4).  

�-radiation is absorbed by matter at the expense of electromagnetic interaction, as is the case 
with charged particles. However, the character of the interaction of a �-photon with matter is 
different and much less strong because (i) they do not have any electric charge and are not subjected 
to Coulomb interactions (ionization of matter) and, (ii) the rest mass of a �-photon is equal to zero. 
�-photons therefore cannot be retarded in the medium and are either absorbed totally (photo effect) 
or scattered by loosely bound electrons (Compton effect). When passing through matter the intensity 
of �-radiation decreases exponentially with the target thickness, i.e.  

I I e d
� �

� �

0
�

    (4-9) 

where (I0) is the initial intensity of the radiation before penetration through a target (for 
instance a soil sample) and (I) is the intensity after having traversed the target thickness (d). (�� is 
the absorption coefficient that is specific for each type of material (i.e. dependent on Z, A). This 
coefficient is furthermore dependent on the energy (E) of the incident radiation as well as on the 
density (ρ) of the material.  

A comparison of the penetration length for particle and photon radiation in different media 
and for different emission energies is presented in Table 4-2 which shows that there are large 
differences especially between photon and �-radiation. For instance considering 226Ra (�-emitter at 
4.8 MeV) and the progeny 214Pb (major �-peak at 0.609 MeV) in an aqueous sample: The �-ray is 
completely absorbed over a distance of only 0.05 mm, while 10% of the �-rays penetrate a length of 
more than 50 cm, i.e. a 10.000 times longer distance. �-spectrometric techniques are therefore 
frequently used for determination of 226Ra in environmental samples (e.g. soil, grass). 

Besides �-rays there is another type of photon emission (X-rays) that is generated if the 
particle radiation from the core hits electrons in the outer shell of the daughter nucleus. Reordering 
of the electronic formation from an excited level into the original position requires discrete quantum 
energy, i.e. emission of characteristic X-rays. These low energy photons (with emission energies of 
typically a few eV to about 100 keV) can be therefore also used to identify different radionuclides in 
a photon spectrometer. As �-radiation typically follows �-decay, X-ray emission is typical for �-
emitters due to the strong interaction of the heavy particle radiation with the electronic shell of the 
decay product. 
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Table 4-2: Comparison of the penetration length of particle and photon radiation in air, water, 
aluminum and lead for different energies. 

penetration length (pl) of �-radiation  

energy [keV] pl in air 
[cm] 

pl in water 
[�m] 

pl in alumina 
[�m] 

pl in lead  
[�m] 

1000 0.3 4 2 0.5 

4000 2.6 31 16 3 

6000 4.7 56 30 6 

8000 7.3 91 48 10 

maximal lineal penetration length of �-radiation  

[keV] pl in air 
[m] 

pl in water 
[mm] 

pl in alumina 
[mm] 

pl in lead  
[�m] 

20 0.01 0.01 0.01 1 

100 0.2 0.2 0.1 10 

500 1.3 1.6 0.8 100 

1000 3.9 4.4 2.1 300 

2000 8.7 9.9 4.6 800 

Penetration length of photon radiation for an attenuation of I/I0 = 1/10 

[keV] pl in air 
[km] 

pl in water 
[cm] 

pl in alumina 
[cm] 

pl in lead  
[cm] 

20 1 2 1 0.01 

100 5 30 8 0.3 

500 8 57 25 1.6 

1000 10 62 30 3.8 

2000 15 78 37 5.9 
 

4.2 Decay Laws: Radionuclide Disequilibrium 

4.2.1 Nuclear Decay and Specific Activity 
As has been shown above, the decay of non-stable nuclides to progeny isotopes involves emission 
of charged particles, photons or both types of radiation simultaneously. The radiation emission rate 
or activity can be described as linear differential equation where the number of atoms (N) decaying 
per unit time is proportional to the number of atoms that still survived decay at the moment (t) or, 

)()( tN
dt
dNtA ���� �  (4-10) 
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with A(t) = activity (decays per unit time) and  = proportional or decay constant. 
Statistically,  refers to the probability how many nuclei (from a large number of atoms) undergo 
radioactive conversion in time t. However, the exact time for an individual, single atom to decay 
cannot be predicted; each atom decays spontaneously. Integration of the decay law with time yields 
the analytical solution, 

N t N e t( ) � �
�

0
�

 or A t A e t( ) � �
�

0
�

 (4-11) 

or, considering the relation between decay constant and half life, i.e. =Ln2/T1/2: 
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These exponential expressions are useful to correct for radioactive decay if short lived 
nuclides are concerned (e.g. 223Ra, 224Ra, 210Po) while the activity of long lived nuclides such as 
238U (T1/2 = 4.46·109) does not change notably over a time span of up to a few 10.000 years. For 
such long-lived nuclides it is of advantage to use the simple relation between A and N for 
calculating the number of atoms from a counting measurement. Rearranging equation (4-10) yields 
for N: 
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Even more convenient is the normalisation of a measured activity per unit mass of the same 
element using the Avogadro number (N0 = 6.02·1023 atoms): 
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where A/m is the specific activity in Bq/g nuclide (if the mass number is taken) or Bq/g 
element (if the molecular weight is taken). Specific activities of typical representatives of isotopes 
from the U and Th decay series are listed in Table 4-3.  

4.2.2 Radionuclide Disequilibrium 
A large number of U-Th series age chronometers use the combined decay of a radioactive parent (X) 
to a non-stable daughter (Y) that further decays into the next member (e.g. a stable nucleus Z). This 
means that the evolution of the activity A of daughter Y with time is dependent on the production 
rate from the progeny and the own decay rate, or:  
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 (4-15) 

This differential equation describing radionuclide disequilibrium can be solved analytically by 
inserting the general coefficients for a specific set of boundary conditions (method of variations of 
constants, Ivanovitch and Harmon, 1992). Inserting the initial boundary conditions Ax = Ax(0) and 
Ay = Ay(0) the following relation is obtained for Ay(t) as a function of time: 
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25 

Table 4-3: Specific activities of geological relevant nuclides from the U and Th decay series 

238U decay series 235U decay series 

isotope half live  
[years] 

specific activity
[Bq/g] 

isotope half live  
[years] 

specific activity 
[Bq/g] 

238U 4.47·109 4.47·104 235U 7.04·109 8.00·104 
234Th 6.57·10-2 8.61·1014 231Pa 3.25·104 1.76·109 
234U 2.45·105 2.30·108 227Ac 2.18·101 2.68·1012 

230Th 7.54·104 7.63·108 227Th 4.98·10-2 1.17·1015 
226Ra 1.60·103 3.67·1010 223Ra 3.13·10-2 1.89·1015 
222Rn 1.04·10-2 5.73·1015    
210Pb 2.23·101 2.83·1012    
210Po 3.78·10-1 1.67·1014    

232Th decay series activity ratios  

isotope half live  
[years] 

specific activity
[Bq/g] 

isotope 
ratio (pair)

activity ratio
(value) 

Remarks 

232Th 1.41·1010 4.06·103 238U/235U 21.66 present day ratio 
228Ra 5.76·100 1.01·1013 235U/238U 0.047 present day ratio 
228Th 1.91·100 3.04·1013 234U/238U 1.000 at secular equilibrium 
224Ra 1.00·10-2 5.91·1015 232Th/238U 0.326 crustal rock ratio 

 

Provided that insignificant daughter nuclides were present in the system at time t=0, the right 
term in equation 4-13 can be neglected, i.e. Ay(0) = 0 and the mother/daughter relation reduces to:  
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Ideally, such starting conditions can be found in sedimentary environment when elements 
such as U, Th and Ra fractionate quantitatively. Good examples are, for instance authigenic 
formations such as freshwater flow-stones or biogenetically formed carbonates such as corals. Since 
Th is almost insoluble in aquatic environment the 230Th/234U or 226Ra/230Th chronometers in such 
recently formed authigenic phases are re-set. If, furthermore the decay of the progeny nuclide 
proceeds much faster than that of the progenitor, the following relation holds: 
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and therefore: 
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If, in addition, the life-time of a system is negligible with respect to the half-life of the 
progeny, radioactive decay of the mother nuclide does not significantly change the number of atoms 
of the parent isotope. In this case the mother/daughter relation can be further simplified by setting 
Ax(t) = Ax(0) and consequently it follows that the ingrowth of the daughter nuclide with time 
dependent on the own decay constant solely. After a few half-lives of the daughter nuclide, the 
ingrowth function comes into saturation with the activity of the parent and therefore for long times 
so-called secular equilibrium between the decay series members is obtained. Mathematically this 
can be expressed as follows: 
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As stated above, geological systems can be investigated by application of U and Th series 
isotopes over time periods of in maximum 106 years. Such times are, however, meaningless with 
respect to the long half-lives of the primordial isotopes of the natural decay series (238U, 232Th) 
whose half-lives exceed 109 years. Therefore, if the primordial isotopes are involved in U-series 
dating, secular equilibrium corresponds to the initial activity of the parent, or: 
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Secular equilibrium may be of great advantage in geochemical dating, if, for instance, 
minerals of different ages are strongly intergrown and the U as well as Th composition of old, non-
authigenic components have to be eliminated in order to obtain the true formation age of a sample 
(details in section 7). 

The first symmetrical form of analytical solutions for a suite of consecutive decay series 
isotopes was developed by (Bateman, 1910). Provided that at t = 0 only atoms of the initial member, 
N1(0), are present, i.e. that the series starts with zero atoms of the progenies 2, 3, ...... N, M (or N2, 
N3,.....NN, NM = 0) the following analytical solution holds:  
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The coefficients C1, .. CN are dimensionless functions of the decay constants and have the 
following systematic values: 
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The initial boundary condition requires that the sum of the coefficients C is zero at begin of 
the decay series growth, i.e.  

C C C C CM N1 2 3 0� � � ������ � � �  (4-24) 

Typical Specific Progenitor / Progeny Relations  
Equations 4-15 to 4-19 describe the development of a mother/daughter disequilibrium system with 
time. As shown above for �x << �y and t >> 1/�y secular equilibrium is attained. What happens, 
however, if mother and daughter have comparable decay constants ? With respect to the general 
solution (equation 4-16) it follows in this case: 
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indicating that for long times the activity of the daughter exceeds that of the mother by the 
ratio �y/(�y - �x). As indicated in figures. 4-6 and 4-7 there is a maximum activity of the daughter at 
intermediate time tm where the activity of the daughter is identical to the progenitor. The value of tm 
(i.e. the maximum activity of the daughter nuclide) can be calculated via the first derivation of the 
function Ay(t) with t. This differential becomes zero if: 
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Rearranging equation 4-26 in logarithmic form and resolving to tm yields: 
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Figs. 4-6 and 4-7 show, furthermore, that the decay and ingrowth function are intersecting at 
the time tm where the activity of the daughter product reaches the maximum value. This time is also 
referred as ideal equilibrium or: 

t t A t A tm x y� � �( ) ( )  (4-28) 

for all other times the situation is as follows 
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The latter case, i.e. when the activity of the decay product always exceeds the activity of the 
precursor nuclide, is termed a transient equilibrium. If the ratio between Ay(t) and Ax(t) is formed, 
the following general expression is obtained by rearranging equation 4-16 (disregarding presence of 
initial daughter nuclides): 
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This expression can be used to identify three significant relations between the activity of 
parent and daughter which is discussed in the following: 

�� First situation: The decay product (Y) is much more long lived compared to the precursor (X): 

� �
�

x y
x

t�� ��; 1
 (4-32) 

A t
A t

ty

x

( )
( )

( )�� � �  (4-33) 

A t A ey x
y

x

ty( ) � � �

�

0
�

�

�
 (4-34) 

The last relations indicate that for long times the progeny decays with its own half life, 
however with a strongly reduced activity given by the ratios of the decay constants between 
daughter and mother isotope. This case is illustrated in Fig. 4-6.  

�� Second situation: The half live of the daughter (Y) is comparable to that of the parent (X): 
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The activity ratio between parent and daughter becomes constant for long times and exceeds 
unity. The decay system is in a state of transient equilibrium (Fig. 4-7).  

�� Third situation: The daughter (Y) is significantly more short lived than the parent (X): 
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The activity ratio between parent and daughter becomes unity for long times (ingrowth of the 
daughter radionuclide). The decay series tends towards secular equilibrium (Fig. 4-8, 4.9).  
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Fig. 4-6: Short-lived parent, long-lived daughter, �x >> �y: Development of the activities of the 
226Ra progenies 210Bi (T1/2 = 5.0 days) and 210Po (T1/2 = 138 days) for the initial boundary condition 
A210Po(t=0) = 0. This is a typical situation if 210Pb is analyzed via spontaneous deposition of the 
direct daughter 210Bi ����-emitter) on Ni-discs and measured via low-level a-spectrometry of the 
next decay series member 210Po. 
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Fig. 4-7: Ideal and transient equilibrium, �x � �y: Development of the activities of 228Ra (T1/2 = 5.8 
y) and 228Th (T1/2 = 1.9 y) for the initial boundary condition A228Th(t=0) = 0. This is a typical 
situation if �-emitting 228Ra is measured via low-level a-spectrometry of the next decay series 
member 228Th. 
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Fig. 4-8: Disequilibrium and secular equilibrium, �x << �y: Development of the activities of 230Th 
(T1/2 = 76.000 y) and 238U (T1/2 = 4.5·109 y) for the initial boundary condition A230Th(t=0) = 0 and 
A234U = A238U . This is the ideal starting condition for usage of the 230Th/234U-dating method. 
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Fig. 4-9: Coupled parent-daughter-granddaughter disequilibrium, �x << �y: Development of the 
232Th-decay series towards secular equilibrium following a fractionation between Th and Ra with 
complete removal of Ra. 
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5. COUNTING MEASUREMENT TECHNIQUES  

5.1  Introduction 
While mass spectrometry (MC ICP-MS) is the most suitable technique to determine stable isotopes 
or long-lived primordial radionuclides (e.g. 238U, 232Th), counting techniques are still highly useful 
for determining short-lived radionuclides with half-lives of less than a few thousand years (e.g. 
226Ra, 228Ra, 224Ra, 210Pb, 210Po). In particular, for analyzing the isotopes of Ra there exist several 
different and simple methods based on counting that yield precise results but are also helpful to 
reduce the effort in chemical separation procedures. Since the different isotopes of radium and their 
immediate proxies decay via several modes of radiation or nucleus/shell interaction (�-, �-particle 
emission, �-, X-ray photon emission, electron capture, etc.) all types of radiation detectors can be 
applied depending on the sensitivity of the detector system and the activity of the sample itself. For 
instance, the Ra isotope inventory of a bulk soil sample can be simply determined by means of �-
spectrometry where the photons are counted directly, i.e. no sample preparation procedures are 
necessary. If, however, activity concentrations in the order of a few mBq should be detected, low 
level �- or �-particle counters are required. This implies however, the use of radiochemical separa-
tion methods because the penetration length of �-particles in solid material is extremely short (cf. 
section 4.4.1). 

All radiation detection systems are based on the interaction between radiation and matter, i.e. 
the energy of the incident radiation is (partially) transferred to the detector material, which is left in 
an exited state. Setting of an external voltage enables the exited electrons to pass through the matter 
in the case of semiconductive systems. Each electrical pulse is then registered and subsequently 
amplified. Other types of detection systems (i.e. scintillation counters) are equipped with photo-
multiplier tubes in which the incident photons are captured. Incident radiation is (i) either directly 
absorbed (e.g. Ge-detectors, �-spectrometers) or, (ii) causes ionization by collision with counting 
gas molecules (e.g. proportional and Geiger Mueller counters) or, (iii) produces emission of 
secondary photons (liquid scintillation and NaI spectrometers). The latter process (i.e. detection of 
light) is being more and more used for determining pure �- and �-emitters via liquid scintillation 
spectrometry because the sample source preparation is very simple (sample solution is simply mixed 
with a liquid scintillation cocktail) and because the background noise of modern LS-counters is low 
enough to allow environmental low-level applications (e.g. measurement of 226Ra via the 222Rn 
emanation method, see section 6.2).  

Of major concern for all types of detectors is the fact that the registered electronic pulse 
(following radiation/matter interaction) is dependent on the energy of the incident particle. Pulse 
height discriminators and multi-channel analyzers allow therefore discriminating between different 
energies and in case of particle detectors to discriminate between �- and �-impulses. An high 
ionizing �-particle generates, for instance in proportional counters, considerably more ion pairs 
compared to those induced by �-particles (typically 104 vs. 102 ionizations per incident particle).  

Three types of radiation detectors are mainly used for radioisotope measurement, that are (i) 
semiconductive counters used for �- and �-ray spectrometry, (ii) scintillation counters applied in 
particular for volatile radioisotopes such as tritium (3H), radiocarbon (14C) or radon (222Rn as a 
measure for 226Ra) and (iii) proportional counters which are highly useful for low level �- and/or �-
measurement of air filters or wipe tests. Table 5-1 provides an overview on properties of different 
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state-of-the-art counting techniques and typical detection limits (in Bq/l) for 226Ra in aqueous 
samples if counting is lasted over 1 day.  

Table 5-1: Frequently used counting detectors in an radioanalytical laboratory and minimum 
detectable activity (MDA) for 226Ra (in Bq/l) in aqueous samples. 

Detector type Principle of 
detection 

Type of 
radiation 

Sample 
source 

Geometry, maximum 
detector efficiency 

MDA 
[Bq/l]  

�-spectrometer semiconductive 
material (Si) 

�����	 planar disc 2
, 40%(�) 4·10-4 (a)

�-spectrometer semiconductive 
material (Ge) 

���X-ray direct sample 
measurement 

2
, 10% (1) 5·10-2 (b)

NaI-Detektor solid scintillator 
(NaI crystal) 

��� X-ray direct sample 
measurement 

2
, 30% (2) 5·10-2 (b)

�/� proportional 
counter 

counting gas 
ionization 

���� planar disc 2
, 45(�), 30(�) 1·10-3 (a)

grid ionization 
chamber 

counting gas 
ionization 

�����	 planar disc 2
, 30%(�) 4·10-3 (c)

�/� liquid scint. 
spectrometer 

liquid scintillator ���� scintillation 
cocktail 

2
, 100%(���) 1·10-2 (d)

(1) valid for a 30% efficiency intrinsic Ge detector (relative to 3x3' NaI) using a 3 cm planar source measured on the 
detector surface and for a photon energy of 200 keV 
(2) valid for a 3x3' � NaI-Detector using a 3 cm planar source measured on the detector surface and for a photon energy 
of 200 keV 
(a) radiochemical separation (sorption onto MnO2-coated discs) from a 1 liter sample 
(b) measurement of the 222Rn progenies 214Pb, 214Bi in gas tight containers (6 liter simultaneously) 
(c) evaporation of 100 ml water in a large surface (20 cm � ) sample holder  
(d) extraction of 222Rn from a 100 ml water sample into an organic cocktail using a separation funnel 

5.2  Semiconductive Detectors 
5.2.1 Principle 
The physical interaction between radiation and the semiconductive material is comparable to the 
principle of ionization counters, i.e. incident particles cause ionization of the detector material and 
therefore induce free charge carriers, which migrate in the electrical field that is superimposed to the 
semiconductive material. Dependent on the type of potential (positive, negative), the free charge 
carriers are transported either as electrons or as electron holes and both types of currents are 
registered as electric pulses in an preamplifier/amplifier. Since the magnitude of the electric pulse is 
proportional to the energy of the incident particle semiconductive detectors provide full energy 
information. The energy resolution is obtained using multichannel analyzers (MCA) and the initially 
analog signal is converted into digital units to obtain readable PC-data by use of analog digital 
converters (ADC’s). Modern �- and �-spectrometers are equipped with complex MCA’s, allowing 
the measured energy range to be distributed into over 8000 channels. This means, for instance for an 
�-spectrometer that is operating up to a maximum energy of 2000 keV, an energy/channel 
assignment of 0.25keV/channel, which is highly suitable to apply smooth (Gaussian) peak fitting 
procedures because the energy resolution of intrinsic Ge-detectors is as low as 1.5-2.5 keV 
(dependent on the energy of the incident photon). 
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5.2.2 �-Spectrometry 
Since the size of sample sources for �-spectrometry is rather small (20 mm if the electrolysis is 
carried out in a semi-open LSC-vial, section 6.2.3) and since shielding for surrounding radiation is 
not necessary, modern �-spectrometer systems consist of 8 to 12 detector chambers that can be used 
independently. If in addition, vacuum is generated between sample chamber and detector a high 
resolution of 20 – 30 keV may be obtained for high purity silica surface barrier detectors (�-energies 
of almost all actinides are between 3000 and 9000 keV). It is therefore possible to obtain completely 
resolved �-spectra as shown for U- and Th-series members in figures 5-1 to 5-4. These can be easily 
analyzed (without the need for deconvolution software) using simple region of interest settings 
provided, however, that sample self adsorption is kept to a minimum (i.e. the chemical separation 
procedure has to yield highly purificated, almost weightless sample source of < 1 �m/cm2). 

As noted above, surface barrier detectors that are sensitive for �-particle radiation show low 
background noise and, because incident cosmic particles have a very low probability to undergo 
radiation/matter interaction during penetration through the very thin semiconductive silica layer 
(active layer < 0.1 mm) shielding of the detector chamber is not necessary The major source 
contributing to background noise comes from the sample itself. This is contamination of the 
detector (and chamber inside) caused by recoil nuclei of daughter nuclides from the sample disc. For 
instance, �-decay of 228Th produces 224Ra. If the �-ray emission is towards the detector surface the 
recoil nucleus of the daughter moves towards the stainless steel disc. If, however the �-emission is 
in opposite direction i.e. towards the disc, the remaining nucleus (here 224Ra) may recoil towards the 
detector chamber resulting in implantation of the radioactive isotope in the active semiconductive 
layer. After termination of such a sample count the background count rate then decreases with the 
half-life of the contaminant. 
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Fig. 5-1: �-spectrum of natural uranium isotopes (including added 232U yield spike) obtained from 
speleothem (travertine calcite). 
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Fig. 5-2: �-spectrum of natural thorium isotopes (including added 228Th yield spike) obtained from 
speleothem (travertine calcite). 
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Fig. 5-3: �-spectrum of natural radium isotopes (including added 224Ra yield spike) obtained from 
speleothem (travertine calcite). 
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Fig. 5-4: �-spectrum of natural polonium isotopes (including added 209Po yield spike) obtained 
from speleothem (travertine calcite). 

5.2.3 �-Spectrometry 
As noted above, intrinsic, high-purity Ge-spectrometers are characterized by an excellent peak 
resolution and can therefore be used to distinguish between several photo peaks simultaneously 
(Debertin and Helmer, 1995) and, indeed high-resolution �-spectrometry on fresh nuclear reactor 
fuel elements one day after reactor shut-down yielded over 350 �-peaks that were resolved either 
physically or by the acquisition software (Eikenberg et al., 1995). A typical �-spectrum of the short-
lived U-Th-series couples in a soil sample is presented in figure 5-5). In addition, sample 
preparation is not necessary since �-radiation has a very high penetration length (cf. Table 4-2). This 
implies however, construction of massive lead shielding around the detector chamber to suppress �-
radiation that is emitted from the external environment (e.g. from primordial isotopes such as 40K 
and the U- and Th-series members present in the surrounding concrete walls). Another disadvantage 
is the need of large dewar vessels filled constantly with liquid nitrogen to enable ordering of the 
crystal structure of the germanium material that semiconductive properties result (semiconductive 
properties are obtained at temperatures below -100 °C).  

Although �-spectrometry is a highly practical technique to obtain the radionuclide inventory of 
a sample without destruction, environmental studies such as Ra isotope systematics in continental or 
sea water can not be carried out via this technique since the counting efficiency for standard Ge-
detectors (20-50% relative to 3''x3'' NaI, Peak-to-Compton-Ratio > 50:1 for the photopeak of 60Co at 
1332 keV) is too low even for large volume samples (e.g. 50 mBq/l by simultaneous measurement 
of 6 liters over 24 hours, Table 5-1). Two parameters have a strong influence on the efficiency, that 
is absorption of low energetic photons from the detector cup and vice versa penetration of high 
energetic photons through the detector without any interaction or by pair production solely (see 
Figure 5-6 and explanation below). An alternative method for detecting �-radiation with higher 
efficiency is the use of well-type large volume NaI-detectors which show however, a much poorer �-
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peak resolution ( 50 keV) and are hence not suitable to disentangle between various lines in 
composed �-spectra from progeny isotopes of 228Ra, 226Ra and 224Ra in the same sample. 
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Fig. 5-5: �-spectrum of 226Ra and 228Ra in secular equilibrium with the most significant �-emitting 
progeny nuclides 214Pb/214Bi (from 226Ra) and 228Ac, 212Pb and 208Tl (from 228Ra) in a soil sample 
from northern Switzerland. The 137Cs-peak is resulting from fallout from the Chernobyl-Supergau. 
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Fig. 5-6: Efficiency curve of an intrinsic Ge-spectrometer (40% relative to 3´´x3´´ NaI) in 
dependency of the energy of the incident photons for a 1-liter �-mix source in a polyethylene bottle 
placed parallel to the detector cap. 

Three effects of radiation interaction are essential in �-spectrometry. These are: 
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�� Photo effect: In the photoelectric effect a bound electron of a detector atom absorbs all of the 
energy of the incident photon. The energy of the electron will then be equal to the difference 
between the energy of the incident photon and the binding energy of the shell from which the 
electron was ejected. The energy of the electron registered in the preamplifier is proportional to 
the energy of the incident photon (channel/energy assignment). Since �-rays have discrete 
quantum energies, single photopeaks are measured. 

�� Compton effect: In the Compton process incident photons are scattered by the electrons with a 
partial energy loss that is transferred to the electrons. The energy of the incoming photon is 
shared in a continuum between the electron and the scattered quantum; a continuous Compton 
spectrum can be observed on the low energy side of the photo peak. 

�� Pair production: If the incident photon has an energy in excess of the rest mass of a positron-
electron pair (1.022 MeV) then pair production is possible. In this process, which occurs in the 
presence of the Coulomb field of a nucleus, the gamma ray disappears and a positron-electron 
pair is created that is emitted in exact opposite direction. The total energy of the pair will be 
equal to the energy of the incident photon and the kinetic energy of the particles is given by the 
total incoming energy minus the rest energy of the pair, or:  

E E E m c
e e� �

� � �� 2 0
2

 (5-1) 

where m0 is the rest mass of the pair, Ee the kinetic energies of positron as well as electron and 
E� the energy of the incident �-ray. Since the positron is unstable as it comes to rest in the field of an 
electron, annihilation of the two particles occurs with the emission of two photons equal in energy 
to the rest mass of the particles (2 x 0.511 MeV = 1.022 MeV). Interaction of the pair process in the 
detector will therefore result in an energy loss equal to the primary photon energy minus 1.022 
MeV.  

5.3  Scintillation Detectors 
5.3.1 ���-Liquid Scintillation Spectrometry 

Liquid scintillation counting is the most frequently applied measurement technique for detection of 
pure �-emitting radionuclides, especially if the radioisotope is present in a volatile form (e.g. 
radiocarbon as 14CO2 or tritium as 3HHO). With this technique a liquid aqueous or organic sample 
is dispersed and homogenized in a liquid scintillation solvent and the light photons emitted as a 
result of the absorption of energy from the �-decays (causing excited states of the scintillator 
molecules) are detected by two photomultiplier tubes (PMT) (details in Anunziata, 1998). These are 
connected in a coincidence circuit to reduce background. The total number of photons from the 
excited scintillator molecules constitutes the scintillation. To a first approximation, this is a linear 
conversion of energy into photons and, therefore the intensity of light detected per ionization track 
is proportional to the initial energy of the �-particle (i.e. enabling energy resolution). LSC is 
performed in 4
 counting geometry because the spherical detector chamber is completely embedded 
in a reflector plane allowing each photon to pass into the PMT. LSC is therefore a technique with is 
often applied for absolute counting, which is required for determining half-lives of long lived 
radioisotopes that do not decay observable during measurement (e.g. 176Lu, 14C, 10Be etc.). Although 
LSC is a spectrometric method, it has to be noted that several �-emitters cannot be analyzed 
simultaneously because �-decay produces continuous spectra (Fig. 5.7, composite �-spectrum of 3H 
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and 14C). Separation procedures for �-LSC require therefore high quality isolation from other 
radionuclides on the one side, but allow a rather high content of not separated stable matrix 
elements on the other. For instance, if 226Ra is analyzed via LSC, interfering radionuclides such as 
40K have to be eliminated while the separation between earth alkaline Ra, Sr, Ca and particularly Ba 
is not necessary (discussion in section 6.3).  
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Fig. 5-7: liquid scintillation spectrum of �-emitting 14C and 3H in aqueous solution mixed with an 
liquid scintillation cocktail. 

For gross �/� counting systems two parameters are essential to determine the sensitivity of 
radioassay that are background count rate (N0) and counting efficiency (�). In general a counting 
sensitivity is obtained from the laws of counting statistics, expressed as figure of merit or (�2/N0) 
(Currie, 1968 and section 5.5). To reduce background scatter, misclassification of � pulses counted 
as � must therefore be minimized. Since in LSC � pulses decay more rapidly than � pulses (Pates et 
al., 1993) Packard’s model TriCarb 2550 TR/AB�, was optimized using the pulse decay and 
afterpulse analysis (Passo and Kessler, 1992, 1993). As shown in Figure 5-8, taking the cocktail 
mixture presented here, low spillover values of each 0.6% � and � misclassification were obtained 
for the crossover point at a discriminator setting (PDD) of 125 ns. Figure 5-9 indicates, however, 
that optimum (�2/N0) values were obtained for a slightly higher PDD setting of 140 ns. At this value 
the � spillover (0.1%) is extremely low (hence significantly reducing the � background count rate), 
while the loss in counting efficiency due to misclassification of some � pulses as � is minimal. 
Simplifying the spillover correction as given in Eikenberg et al. (1996a+b) correction of a measured 
� count rate (�m) is obtained from blank subtraction (�0) as well as correction for the � spillover 
loss (f�). 

�

� �

�

cor
m

f
�

�

�

0
1

 (5-2) 

Besides (�2/N0) relating to the right y-axis, Figure 5-9 also shows the relationship of the � 
background count rate as a function of PDD (left y-axis). Two sources are responsible for this 
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scatter, (i) � spillover and (ii) a residual component, probably dominated by cosmic radiation. The 
latter component (solid squares in Fig. 5-9) was obtained from subtraction of the � spillover 
contribution (triangles) to a measured background count rate of blank samples. Since the residual 
component is almost not dependent on the PDD setting, it is evident from the previous figure that 
(�2/N0) has to pass through a maximum when the discriminator setting is shifted towards very high 
values (further details in Eikenberg et al. 1999a). At optimized discriminator setting background 
count rates of �-pulses can be reduced to  0.1 cpm (Table 5-2) allowing detection of  1 mBq of �-
emitters per sample vial in about 8 hours count interval (i.e. 1 mBq 226Ra/g rock via the emanation 
method, section 6.3). 
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Fig. 5-8: Alpha/Beta crossover curves as function of PDD setting obtained with 241Am and 36Cl 
standards. 

Although application of LSC for �-spectrometry is a challenging technique because sample 
preparation is easily carried out and chemical matrix does not reduce the counting efficiency 
(provided that color quenching is avoided), it has to be noted that peak resolution using LSC is 
about a factor of ten less in comparison to �-spectrometry and hence �/� LSC-systems are used as 
gross counters mainly. While FWHM values of about 600 keV are typical for LSC (especially for 
aqueous cocktails), those obtained with semiconductive surface detectors are about an order of 
magnitude less. Nevertheless, if the scintillation light output is optimized (by use of small vials) and 
if � pulse delaying scintillators are used, FWHM values of 300-400 keV can be obtained with LSC 
(details in McDowell and McDowell, 1994 and Yu et al., 1990). If, however pure organic cocktail 
mixture is used (as for the emanation method), the � peak resolution becomes fairly high (350-400 
keV). This allows peak separation between �-peaks that are a few hundred keV apart such as 239Pu 
and 236Pu (�E = 0.6 MeV, Figure 5-10). Besides resolution two observations are of major concern in 
this figure. First, the peaks are symmetrically shaped and simple Gaussian based fitting procedures 
(without additional terms for peak tailing) are sufficient for accurate fitting of overlapping peaks 
and secondly, there is a significant shift of the � energy displayed in a LS counter with respect to the 
real emission energy.  
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Fig. 5-9: Optimization of count conditions: (�2/N0) in dependency of PDD settings.  

This phenomenon is known as ionization quench because the � particles dissipate their energy 
over a very small distance causing less excited levels in the orbitals of the scintillator targets. 
However, the shift in energy from quenching remains remarkable constant for a fixed cocktail 
mixture. The relation between the true � emission energy and the LS quenched output is 
demonstrated in Figure 5-11 for a pure organic cocktail and an aqueous cocktail used previously at 
PSI for bioassay analysis (details on cocktail composition in Eikenberg et al. 1998b, 1999a). It is 
interesting to note, that for a set of � emitters with different energies, the ratio between both energy 
scales is highly linear. Although the aqueous cocktail is quenched to a higher degree, regression 
analyses yielded identical slopes of m = E�(true)/E�(quenched) of exactly 10. This also implies that 
there is almost no drift for the electronic assignment of a given energy to the multichannel analyzer 
(MCA). Indeed stability tests using 236Pu spiked cocktails, counted on TriCarb 2550 TR/AB®, 
revealed identical peak positions which scattered less then 15 keV on the LS scale for samples 
produced within one year. Therefore, instead counting gross alpha over a wide range of energy, a 
small window of only about 100 keV (LS-scale) can be taken for the group of naturally occurring 
isotopes such as U isotopes (160-280 keV) or the progenies of 226Ra that are present in the 
emanation cocktail (222Rn, 218Po measured between 300 and 400 keV. 

5.3.2 NaI(Tl)-Detectors 
A crystal of sodium iodide, containing 1% thallium iodide as activator, is generally taken as a solid 
scintillator for �-ray detection. If a photoeffect occurs, incident �-rays transfer their complete energy 
to electrons, which are scattered in the electric field of other atoms before they are brought to rest. If 
these electrons transfer energy to the thallium ions, light is emitted resulting from re-ordering of the 
atomic shell. The scintillations produced in the crystal are not very bright and a photomultiplier is 
needed to convert them into electrical pulses. These are then amplified before they are counted.  
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Figure 5-10: Liquid scintillation a-spectrum of 239Pu extracted from a reference material and 
added yield tracer 236Pu measured on LS-spectrometer model Packard TriCarb 2550a/b. The �-
peaks (here shown on LS-scale) are considerable less good resolved compared to �-spectrometry 
(Figures 5-1 to 5-4) but still allow numerical spectrum deconvolution and therefore correction for 
chemical recovery. 
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Figure 5-11: Relation between the true emission energy (in MeV) and the LS-quenched alpha-
particle energies of actinides with different emission energy for two different cocktail mixtures (i.e. 
a more quenched aqueous and a less quenched organic cocktail).  
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Like ���-LSC, solid scintillators have less sharp resolved peaks compared to semiconductive 
analyzers. They are however, still practical for in-situ field measurements or medical applications 
(such as 131I dosages for thyroid tumor therapy) because NaI-detectors need not to be cooled with 
liquid nitrogen. In modern radioanalytical laboratories semiconductive detectors more and more 
replace solid scintillation detectors because the radionuclide inventory in unknown radioactive 
samples is determined much more precisely. 

5.4  Ionisation Detectors: ���-Proportional Counting 
Prior to the development and production of semiconductive spectrometers, radiation measurements 
were most frequently performed by means of ionization detectors such as proportional and Geiger-
Mueller counters and other types of gas ionization chambers. Since most of these counters do not 
discriminate between the different energies of the incident radiation they can be used as gross 
counters solely and are therefore almost not suitable for isotope determinations. Nevertheless, for 
counting very low environmental activities of �-emitters such as 228Ra (Burnett et al., 1995) or 90Sr, 
proportional counters are still in use because these types of detectors show little background scatter 
(with count rates of as low as 0.1 cpm, Table 5-2) and hence higher counting sensitivity compared 
to LSC (section 5.4 and 5.5). 

The principle of proportional counting is the following: a counting gas (for instance P1, a 
10:1argon/methane mixture) continuously flows through a semi-open counting chamber, which is 
separated from the sample holder by a thin membrane (to allow penetration of �-particles). A 
counting wire is placed in the center of the chamber, which acts as cathode and the surrounding 
detector material as anode if the chamber is set under voltage. As soon as incident radiation hits 
target gas molecules and induce ionization, the electrons are accelerated towards the cathode and 
induce along the flow path furthermore secondary ionizations (gas amplifying). The electron pulse 
is registered and converted into digital signal using standard ADC's  

5.5  Activity and Detection Limit Calculations 
5.5.1 Activity Calculations 
In �-spectrometry the activity of a sample is given by the measured count rate (I/t) corrected for 
background scatter and divided by the detector efficiency (�) and �-ray emission probability (Pw) or, 
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where both, background and sample measurement were carried out over the same time. 
Equation 5-3 indicates that the detector efficiency (�) is dependent on the energy of the incident 
photon (c.f. Figure 5-6) and the �-ray emission probability (Pw) on the atomic number and mass. In 
case of �-spectrometry and for even-even nuclides the emission probability of the major lines are 
energetically very similar meaning that the �-emission probability (Table 4-1) is close to 100% for 
the respective counting region, which eliminates (Pw) in equation 5-3. However, since high-
resolution �-spectrometry requires preceding chemical separation steps, the chemical yield or 
recovery (Ychem) has also to be considered. If a sample is less well prepared compared to a source 
used for detector calibration, a sample self-attenuation coefficient ��	�has to be introduced as well. 
Therefore for �-spectrometry the following equation applies:  
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In ideal case, at optimized PDD setting, �-LSC may reach a light output close to 100% 
compared to the �-activity of the measured cocktail. If the sample preparation did not involve steps 
with loss of the radionuclide of interest, the measured count rate is then equal to the disintegration 
rate i.e. counts per minute (cpm) = disintegrations per minute (dpm). This is the prerequisite for 
ideal 4
 counting or simply expressed as: 

A I I
t

�

� 0  (5-5) 

5.5.2 Detection Limit Calculations 
If a sample count rate is not significantly higher compared to the background scatter, a detection 
limit or minimum detectable activity (MDA) has to be determined. If the MDA is exceeded it is 
evident that a sample signal was true. A detection limit is derived from Gaussian statistics (Poisson 
distribution), which also applies for error calculations in counting methods. The derivation of the 
equation for calculating MDA’s from Poisson statistics can be found by Currie (1968) or Seymour 
et al. (1992) and is, to a first approximation, given by the square root of the background signals (I0) 
counted in time (tm):  

MDA f
k I

tm
� �

2 2 0
 (5-6) 

with the parameters (k) = 1.64 = quantilium of the normal distribution for a confidence 
interval of 95% (2 �) that a measured signal was caused by radiation other than background, (I0) = 
total background counts registered in measurement time (tm) and the factor f is a specific value 
dependent on the detection system chosen and the matter of ionizing radiation to be measured. In 
case of �-spectrometry (f) is determined by the detector efficiency (�	 that is dependent on the 
energy of the incident photon and the �-ray emission probability Pw and, clearly, on the sample 
quantity taken for analysis. 
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The correction factor is somewhat different for particle radiation measurement. As noted 
above �-spectrometry requires preceding chemical separation procedures during which the isotope 
of interest (i) is partially lost. Therefore, a correction term for chemical yield has to be introduced. If 
branching occurs during radionuclide conversion the branching fraction (B) has to be considered as 
well. ���-branching is, for instance of importance in the 232Th decay series where 212Bi decays to 
34% via �-emission into 208Tl and to 66% via �-emission into 212Po (Figure 3-1 and 3-4). Sample 
self attenuation (�) is also meaningful particularly for �-particle measurements if a detector has 
been calibrated with an almost weightless standard planar source, but the impure sample disc 
contains significant amounts of chemical matrix elements (visible in the �-spectrum as tailings 
towards lower energy, i.e. less resolved �-particle peaks and consequently more problematic 
spectrum deconvolution).  
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To summarize, the most critical parameters affecting the sensitivity of a counting system are 
the quantity of sample taken for analysis (Vs), counting efficiency (�), chemical recovery for the 
nuclide (i), (Yi), background count rate (N0 = I0/tm) and, in case of �-spectrometric measurement, the 
emission probability (Pw). Table 5-2 summarizes the values of these parameters for three standard 
techniques to determine the minimum detectable activity of 226Ra in a water sample. These are:  

�� (i) extraction of 222Rn from a water sample into a scintillation liquid, that has been set aside for 
3-4 weeks after sampling to allow equilibrium between 226Ra and all progeny products. The 
scintillation cocktail is transferred into a counting vial and measured in a liquid scintillation 
counter in �/� count mode (details in section 6.3).  

�� (ii) co-precipitation Ra with Ba-sulfate, preparation of a planar source, gas tight sealing of the 
source and �-counting of the decay products 214Pb/214Bi in a low-level well-counter after a 
standing time of 3-4 weeks. This delay is - as above - necessary because the rare gas isotope 
222Rn (T1/2 = 3.8 d) has to grow first in the precipitate (details in section 6.4). 

�� (iii) Adsorption of Ra isotopes on MnO2-coated planar discs with short-lived 224Ra or 223Ra as 
chemical yield tracer and an exposure time of about two days. The disc is than dried and counted 
directly using �-spectrometry (details in section 6.4). 

Table 5-2:  Compilation of the relevant parameters that are needed for calculation of minimum 
detectable activities [in mBq/l] for 226Ra in aqueous samples. Three analytical methods are 
compared. 

method parameter 

 Vs [l] Yi [%] I0/t [cpm] � [%] Pw [%] 

(i) 0.1 95 0.1 100 300 (1) 

(ii) 1 90 0.01 20 83 (2) 

(iii) 1 90 0.002 30 100 (3) 

(1) sum of the �-particle induced light from 222Rn and its short lived daughters 218Po and 214Po that also decay by �-
emission. 
(2) sum of the �-lines of 214Pb at 352 keV (37 % ) and 214Bi at 609 keV (46 %). 
(3) �-particle of 226Ra solely, because 222Rn diffuses to a large fraction through the �m-thin MnO2-layer of the sample 
disc. 

The limits of detection for 226Ra as a function of counting time are illustrated in figure 5-12. 
The method based on �-counting yields the least good detection limits, mainly because of the low 
counting efficiency. Of advantage is here, however, that the method allows direct measurement, 
which means that chemical recovery has not to be considered and that large sample volumes can be 
taken for analysis. In contrast, the second method (liquid scintillation counting) has the opposite 
characteristics: extremely high counting efficiency of almost 100% but only small sample volumes 
that can be used in order to transfer 222Rn almost quantitatively into the small volume cocktail of in 
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maximum 20 ml to be filled into the counting vial. In addition, this method does not include 
chemical yield tracers for precise determination of the extraction yield of Rn into the cocktail. The 
last under these three methods, Ra-adsorption, yields the lowest detection limits because the 
counting efficiency is still fairly high, the sample volume is a factor of ten higher compared to the 
emanation method and, clearly because the sample count can be carried out without noteworthy 
consideration of a background count rate that has to be subtracted. 
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Figure 5-12: Detection limit of 226Ra in natural water [in Bq/l] as a function of measurement time 
for three different standard radioanalytical procedures. It is obvious that for identical measurement 
times low level a-spectrometry yields by far the lowest minimum detectable activities. 

5.6  Improvement of Counting Sensitivity 
As shown above, the detection limit is, for all of the counting systems, dependent on the square root 
of the background pulses in a given counting time and the detector efficiency (�). These parameters 
are used to define a sensitivity of a counting system simply by squaring and turning around the term 
(�I0/�) and taking the background counting rate (N0 = I0/tm) instead of total counts in order to be not 
dependent on the duration of the counting time. The resulting term (�2/N0) can be optimized either 
by improving efficiency or by reducing background. For detectors that use planar sources (�/�-
proportional counters, �-spectrometers), improvement of (�) is almost impossible since the sources 
are already counted close to optimum 2
-geometry (i.e. close to 50% efficiency). Increase of 
sensitivity is here obtained by background reduction via use of rapid electronics for pulse decay 
analysis as well as guard detectors (for elimination of pulses induced by cosmic rays). 

Interfering, characteristic photo peaks (from �-emission of cosmic and terrestrial nuclides, e.g. 
7Be, 40K, 228Ra and 226Ra progenies) are suppressed in �-spectrometry by means of massive lead 
shielding around the detector chamber. Furthermore, to reduce fluorescence lines (between 80 and 
90 keV) of the shielding material excited by �-rays of the sample in the chamber, low-level 
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chambers are equipped with further covers of copper and cadmium which absorb the Pb-
fluorescence light and which emit fluorescence light below 50-60 keV, i.e. with energies that are too 
low for transmission through the aluminum cap of the detector.  

Cosmic rays are mainly responsible for background noise in scintillation and ionization 
detectors. Since the energies of the incident cosmic rays (neutrons, muons etc.) are fairly high, 
shielding walls of a few meters thickness would be needed. Low-level counting is therefore possible 
only in very deep basement or underground rock laboratories (e.g. salt domes, low U-Th containing 
limestone, etc.) or by installation of electronic coincidence and anti-coincidence units. Coincidence 
criteria are standard for LSC by placing two photomultiplier tubes (PMT) in vertical direction in the 
detector chamber. If scintillation occurs in the sample vial, light is emitted in radial direction and is 
seen by both PMT’s simultaneously. All other pulses are rejected. Unfortunately, cosmic rays also 
may cause scintillation in the sample vial, as does ���-radiation. Modern LS-spectrometers 
(produced by Packard Instruments, Meriden Il, USA) circumvent this problem by usage of an 
additional anti-coincidence circuit. This is a light transparent scintillation material (for instance a 
bismuth-germanium-oxide crystal) surrounding the scintillation vial. If incident cosmic rays induce 
scintillation in the BGO-guard as well as in the sample cocktail, the coincident signal is suppressed. 
On the other side, light emitted from the sample passes through the BGO-guard without interaction, 
i.e. without loss of energy.  

Table 5-3 provides an overview of the values of the most relevant parameters determining 
counting sensitivity for �/� particle detectors and the detection limits of the 238U- and 232Th-series 
isotopes in secular equilibrium with all daughters are listed in Table 5-4 for a sample quantity of 1 g 
rock powder taken for analysis).  

Table 5-3: Compilation of counting efficiencies (�) and background count rates (N0) for the most 
commonly used three types of particle counters in radiochemistry: �/� proportional and liquid 
scintillation counters and solid state semiconductive �-spectrometry. Sample self-attenuation in 
proportional counting and �-spectrometry as well as color quenching in �/�-LSC is not considered. 

counter type �-emitters (a)  �-emitters (� energy dependent) (b) 

 � ���� N0 [cpm] ������  � ���� N0 [cpm] ������

��� proportional 
counting� 20 0.05 8�103  

40 0.1 4�103 

���-LSC 100 0.1 1�106  90 4 2�103 

solid state  
�-spectrometry 30 2�10-5 5�107 

 
   

(a) valid for �-energies between 3 and 10 MeV (i.e. 226Ra, 224Ra, 223Ra and other �-emitters in the U-and Th-decay 
series) 
(b) valid for 228Ra in secular equilibrium with 228Ac 
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Table 5-4: Counting techniques and detection limits in activity and mass units [Bq/g and g/g] for 
the geochemically relevant isotopes of the U- and Th-series in rock samples for sample quantities of 
1 g and for counting times of 200000 s. 

isotope origin 
 

mode of  
decay 

mode of detection  detection 
limit [Bq/g] 

detection 
limit [g/g] 

238U 238U-series �, (�)� �-spectrometry 5�10-5 4�10-9 
235U 235U-series �, �� �-spectrometry 5�10-5 6�10-10 
234U 238U-series �, (�)� �-spectrometry 5�10-5 2�10-13 
236U spike isotope �, (�)� �-spectrometry 5�10-5 8�10-11 
233U spike isotope �, (�)� �-spectrometry 5�10-5 1�10-13 
232U spike isotope �, (�)� �-spectrometry 5�10-5 6�10-17 
231Pa 235U-series �, (�)� �-spectrometry 5�10-5 3�10-14 
233Pa spike isotope �, �� �-spectrometry 1�10-1 1�10-16 
232Th 232Th-series �, (�)� �-spectrometry 5�10-5 1�10-8 
230Th 238U-series �, (�)� �-spectrometry 5�10-5 7�10-14 
228Th 232Th-series �, (�)� �-spectrometry 5�10-5 2�10-18 
229Th spike isotope �, (�)� �-spectrometry 5�10-5 5�10-14 
228Ra 232Th-series �� proportional counting 1�10-3 1�10-16 
226Ra 238U-series � (�)� �-spectrometry 5�10-5 1�10-15 
226Ra 238U-series �, (�)� ���-LSC 5�10-4 1�10-14 
224Ra 232Th-series �, (�)� �-spectrometry 1�10-4 2�10-20 
223Ra 235U-series �, (�)� �-spectrometry 5�10-5 3�10-20 
210Pb 238U-series �, (�)� proportional counting 1�10-3 3�10-16 
210Pb 238U-series �, (�)� ���-LSC 5�10-3 2�10-15 
210Po 238U-series �� �-spectrometry 5�10-5 3�10-19 
209Po spike isotope �� �-spectrometry 5�10-5 6�10-17 
208Po spike isotope �� �-spectrometry 5�10-5 3�10-18 
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6. RADIOCHEMICAL SEPARATION METHODS 

6.1  Isotope Spiking 

6.1.1 U and Th-Series Tracers for �-Spectrometry: Overview 

Table 6-1 provides an overview over the geologically relevant U and Th series isotopes in a 
terrestrial sample (left column) as well as artificial and natural isotopes of the same elements used 
as isotope spike for precise �-particle measurement (right column). Typical �-spectra of the natural 
U-and Th-series �-emitters including the associated spike isotopes are shown in Figures 5-1 to 5-4. 
These figures indicate (if proper element specific separation chemistry has been carried out) that the 
resolution of �-peaks emitted from even-even nuclides is less than 0.1 MeV, i.e. sufficient to allow 
precise measurement of added spike nuclides without noteworthy interferences in the �-spectrum.  

Table 6-1: Isotope tracers for U/Th-series measurements via �-spectrometry. The major �-particle 
emission energy is given in brackets. 

Element radioisotope in sample and  
emission energy [MeV] 

added spike radioisotope and  
emission energy [MeV] 

U 234U [4.8], 235U [4.4], 238U [4.2] 232U [5.3], 233U [4.8], 236U [4.5] 

Pa 231Pa [5.0] 233Pa (�-, �-emitter) 

Th 228Th [5.4], 230Th [4.7], 232Th [4.0] 227Th [6.0], 228Th(1), [5.4], 229Th [4.8] 

Ra 226Ra [4.8], 228Ra (�-, �-emitter) 223Ra(1) [5.7], 224Ra(1) [5.7] 

Po(2,3) 210Po [5.3] 208Po [5.1], 209Po [4.9] 

(1) also naturally occurring isotopes  
(2) as a measure for 210Pb in geological samples that have been formed more than 2 years ago 
(3) as a measure for 226Ra in geological samples that have been formed more than 100 years ago 

Uranium: The most commonly used spike tracers for measurement of uranium by means of 
�-spectrometry are the artificially produced isotopes 232U and 236U. Their production pathways are 
as follows: 

230 231 231 232 232Th n Th Pa n Pa U( , ) ( , )� �
� �� �

� ��� � ���  (6-1) 

and, 

232 236Th U( , )� �  (6-2) 

If 236U is used as a tracer, the contribution of 235U from the sample has to be subtracted via the 
measured activity of 238U multiplied with the natural 235U/238U activity ratio of 0.048. The 232U 
spike is of large advantage because this spike also contains 228Th (T1/2 = 1.8 years) that grows 
relatively fast towards equilibrium with its progenitor 232U (Fig. 6-1) and because there is a 
considerable difference between the �-energies of tracer and natural U isotopes. The only 
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disadvantage of the 232U/228Th double spike results from radioactive recoil products that 
contaminate the detector (section 5.2.2).  

Table 6-1 indicates furthermore, that the �-emission energy is almost identical for 234U and 
the 233U spike at 4.8 MeV. Therefore, spiking with 233U is rather limited in �-spectrometry and can 
be used only if the 238U/234U ratio in a sample is known (for instance in case of geologically old 
samples and igneous rocks which are always in secular equilibrium because their U isotope ratio 
does not fractionate during melting (section 7.2.3). 
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Figure 6-1: Decay / ingrowth relationship between 232U and 228Th with time in a 232U spike solution 
that was purified initially (i.e. 228Th(t=0) = 0.).  

Protactinium: For this element there is only one isotope available, that is short-lived 233Pa 
(T1/2 = 27 d), which is a �- as well as �-emitter. This isotope is produced either via neutron capture 
of 232Th in a nuclear reactor or, which is the more practical approach, via separation from the long-
lived progenitor 237Np (T1/2 = 2.4�106) in anion exchange columns. According to the half-life 
relationship between both radionuclides, this isotope couple can be used as a generator for 
sequential 233Pa-extractions. 

Thorium: Figure 6-2 shows clearly that even-odd isotopes such as 229Th produce a peak over 
a wide energy range from about 4.8 to 5.1 MeV even if sample self attenuation is not significant 
(visible on the peak form of 230Th in the same spectrum). Alternatively, 228Th can be used as a 
tracer. In this case, however, the sample contribution of 228Th has to be subtracted simply by taking 
the measured peak area of 232Th because the natural 228Th/232Th activity ratio in geological samples 
older than 20 years is unity (c.f. Fig. 4-9). Figure 6-2 indicates, furthermore, that the peaks of 230Th 
and 234U are not resolved, which requires a quantitative radiochemical separation between U and Th 
in order to obtain precise �-spectrometric results for 230Th/234U dating via counting methods. 
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Figure 6-2: �-particle spectrum of the most important three naturally occurring isotopes of Th 
(228Th, 230Th, 232Th) besides the added 229Th spike for determination of the chemical recovery of Th. 
The �-peaks with the highest �-energy (224Ra and 225Ac) are daughter products from 228Th and 
229Th. Isotopes of U (i.e. 234U, 238U) are also present in the spectrum because the fast procedure for 
extraction of the actinides used in this investigation (bioassay of urine for radionuclide incorpo-
ration surveillance of exposed employees, Eikenberg et al. 1999b) did not separate between Th and 
U. 

Radium: Unfortunately, there exist no artificial spike isotopes for radium because all 4 
isotopes with half-lives exceeding a few days occur within the three natural U- and Th-decay series. 
Short-lived 224Ra as well as 223Ra are, however, easily separated using 228Th and 227Ac generators, 
respectively and can be added in excess to the quantity of these isotopes in the sample. For 
234U/230Th/226Ra-dating it is highly practical to use a tracer with 232U/228Th/224Ra in secular 
equilibrium (details below), provided that the chemical separation and the measurement of short-
lived 224Ra can be finished after a few days. 

Polonium: 210Po is frequently used as a measure for 226Ra in rock material because its 
radiochemical separation is fast and simple (section 6.2.5). Two tracers are available as spike 
isotopes, 209Po (T1/2 = 102 y) and 208Po (T1/2 = 2.9 y). 209Po is preferred predominantly because the 
�-emission is at lower energy compared to 208Po (Table 6-1) and because the half-life is 
considerably longer. The use of two Po spike isotopes is, however, ideal for analysis of 210Pb and 
210Po in continental and sea-water because these isotopes are (with few exceptions) generally in a 
state of disequilibrium in natural water. As discussed in section 6.3.3, the most effective method for 
determination of both 210Pb and 210Po is a first extraction of 210Po (with 209Po) and a second one 
after a few months (with 208Po). This allows to discriminate between supported and non-supported 
210Po from both extractions. 
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6.1.2 The 232U/228Th/224Ra Secular Equilibrium Spike for 
234U/230Th/226Ra -Dating 

Isotopes of the 232U-series (decay chain is given below) are highly suitable for quantitative analysis 
of 238,234U, 232,230Th and 228,226Ra, because isotopes of U, Th and Ra occur in this artificial decay 
series. 

232 70 228 18 224 3 7 2201/ 2 1/2 1/2U Th Ra RnT y T y T d� � �

� ���� � ���� � ����
. .    

� �220 55 216 015 212 45 2081 2 1 2 1 2Rn Po Po Pb stableT s T s T s/ / /.� � �

� ���� � ����� � ����   

Table 6-2: Precursor/progeny relationship in the 232U decay series. Ingrowth towards precursors 
proceeds, to a first approximation, with half-life of the daughter.  

As introduced in section 5.5.1 (�-spectrometry) the activity (Ai) of �-emitting radionuclides 
from the U or Th series (for instance 232Th) in a sample (s) is obtained applying the following 
relation (disregarding background contribution): 
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where (I232) refers to the total measured impulses of 232Th obtained in counting time (t), (YTh) 
to the chemical yield (or recovery) of Th resulting from the chemical separation procedure and (�� to 
the counting efficiency of the �-spectrometer. The same relation is valid for activity of 228Th if a 
232U/228Th secular equilibrium spike (sp) has been added to the sample prior to analysis, i.e. 
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Hence if substituting (�), (YTh) and (t) in equations (6-1 and 6-2), the activity of 232Th in the 
sample is simply obtained as follows: 
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Equation (6-5) implies that knowledge of the counting efficiency, chemical recovery and even 
the counting time is not necessary for calculating the activity of 232Th. It has to be noted, however, 
that the spike nuclide 228Th belongs, also to the natural Th isotope composition of the sample, and 
this component is, for sample ages exceeding 20 years, in secular equilibrium with the radioactive 
precursors 232Th (as well as 228Ra), i.e. A232(s) = A228(s). The correction is therefore simply: 

I I Isp t s228 228 232( ) ( ) ( )� �  (6-6) 

where (I228(t)) refers to the total counted impulses of 228Th and (A(228sp)) to the activity of the 
228Th-spike. Since the next daughter 224Ra has a very short half life of 3.66 days and is in secular 
equilibrium in sample and spike, the ratio of impulses from sample to spike is identical to that of the 



52 

mother nuclide 228Th, i.e. this ratio (R) is not dependent on time, although Ra and Th are 
fractionated during laboratory operation. Extending equation (6-6) as the fraction of the spike 
impulses on total counted 228Th (as well as 224Ra) the following relation holds: 
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which yields the solution for determining the activity of 226Ra without the need of using 
further Ra spike nuclides (for instance 228Ra which necessitates, however, a second �-measurement 
of the sample planchet, or addition of short-lived 223Ra which contributes, however, to a complex, 
less good resolvable �-spectrum), i.e. by inserting into equation 6-5, 
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This kind of isotope dilution technique requires, however, a fast analytical chemistry since the 
224Ra has a very short half-life of 3.66 days. As soon as Ra and Th have been separated during 
chromatographic extraction on the actinide selective exchange resin (section 6.2.3), the component 
224Ra is not any longer supported by longer lived 228Th. In this case radioactive decay has to be 
considered in as well, i.e. 
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Note that the two terms considering radioactive decay account for decay of 224Ra between 
chemical separation and begin of the measurement in the time interval (tn) and during radioassay 
(time tm) since counting times in low level �-spectrometry are typically in the order of a few days. 

6.2  Determination of U, Th, Ra and Pb/Po in Rocks 

6.2.1 Overview 

With respect to chemical analysis of U and Th in rock samples several hundreds of methods have 
been developed in the past based on various principles of detection such as fluorimetry, X-ray 
fluorescence, atomic absorption spectrometry, inductive coupled and thermal ionization mass 
spectrometry as well as several counting methods (Ivanovitch and Harmon, 1992 and references 
therein). As has been shown above, �-spectrometry is by far the most sensitive instrument if the 
analysis is carried out applying counting techniques. Therefore almost weightless counting sources 
have to be prepared, requiring (i) radiochemical purification steps followed by (ii) a 
electrodeposition step. Since there is interference in the �-spectrum between naturally occurring 
230Th and 234U (at 4.8 MeV) as well as between the tracers 228Th and 232U (at 5.4 MeV), both 
elements have also to be separated from each another.  

More recently Horwitz et al. (1993) developed a selective actinide resin (product UTEVA�, 
EiChrom Technologies, Darien, Il. USA). The UTEVA-resin is characterized by strong 
adsorption/extraction capacities for U and Th and allows selective elution of both elements from the 
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chromatographic column using different eluants. Ra is not retained in the resin and is passed 
through the column with the sample loading solution and consecutive washings for further 
determination (section 6.2.4). Analysis of 210Po and/or 222Rn was carried out on a separated (split) 
rock aliquot. In summary, the following geologically meaningful isotopes nuclides were analyzed 
mainly using �-spectrometry: 238U, 234U, 232Th, 230Th and 226Ra (the latter also via its short lived 
progenies 222Rn and 210Po). The separation schemes for determining U, Th and Ra by means of �-
spectrometry are illustrated in the two following flow charts. 

�-spectrometry
228Th, 230Th, 232Th

�-spectrometry
234U, 235U, 238U

electrolysis electrolysis

NaHSO4/H2SO4
buffer solution,

evaporation
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U
/T
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A 
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sample solution
3 M HNO3 + 0.5 M Al(NO3)3

+ 232U/228Th tracer

 
Figure 6-3: Flow chart showing the procedure used for the chromatographic separation of U and 
Th from geological samples. 

6.2.2 Sample Dissolution 
Digestion of silicate rocks: Prior to analysis the silicate whole rocks and carbonate samples 
(speleothem and coral) were grinded to a fine grained powder using a vibratory mill (Type MM 
2000, Retsch AG D-42781 Haan/Germany). This was useful to allow sequential analyses on 
different, homogenized aliquots. As mentioned above a 232U/228Th/224Ra secular equilibrium spike 
was added to each sample prior to digestion. The silicate samples (typically 0.5 g) were dissolved at 
moderate temperature on a heating plate in 40% HF (5 ml per g of rock, open digestion in a Teflon 
beaker). After evaporation to dryness the addition of HF following again evaporation was repeated 
two to three times until silica decomposed completely (formation of volatile SiF4). 300 mg H3BO3 
was then added to the mineral ash. This material was then re-dissolved and evaporated again adding 
three times 5 ml 7 M HNO3 (each time). This dissolution/evaporation procedure volatilizes the 
fluoride component, i.e. a necessary step because fluoride undergoes strong ion association with 
thorium which would largely reduce the sorption of Th onto the U/TEVA extraction 
chromatography column (section 6.2.3). 
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Figure 6-4: Flow chart showing the procedure used for the chromatographic separation of Ra from 
geological samples. 

Digestion of carbonate rocks: Low temperature carbonates such as speleothem, corals or shells 
generally contain inclusions of organic material. To destroy these organic compounds (that could 
potentially undergo complexation reactions with U and Th) the powder was calcined initially at 
500°C for a few hours. After addition of the spike solutions (232U, 228Th, 209Po) the samples 
(typically 2-4 g) were dissolved in 6 M HNO3, taken to dryness again and re-dissolved in 3 M HNO3 
(ideal chemical composition of the loading sample solution for subsequent extraction 
chromatography).  

6.2.3 Separation Procedure for Uranium and Thorium 
Extraction chromatography: The dry residue following the digestion of the silicates was dissolved 
in 10 ml of a 1:1 mixed 3 M HNO3 / 0.5 M Al(NO3)3 solution and this solution was then passed 
through a conditioned U/TEVA™ extraction chromatography column (Eichrom Biosciences SA, 
Darien, Il, USA). The resin U/TEVA™ is composed of a liquid extractant (containing a 
diphosphonic acid functional group) coated onto a chromatographic support (amberlite) with a 
nominal particle size distribution of 100 - 150 micron. UTEVA� is highly selective in nitric 
medium for uptake of especially tetravalent and hexavalent ions with large ionic radii such as 
Th(IV) and U(VI). When the sample solution had been passed through, the column was washed 
twice with 4 ml 3 M HNO3. Thorium was eluted with 2x10 ml 5 M HCl and the uranium fraction 
was consecutively mobilized with 2x10 ml 0.02 M HCl. To each fraction 0.6 ml 1 M NaHSO4, 0.4 
ml 18 M H2SO4 and 0.6 ml 9 M HClO4 were then added. This solution was taken to dryness and 
strongly calcinated on a heating plate for about 10 minutes to volatize the excess of sulphuric acid. 
After evaporation a colorless and transparent residue remained, which was dissolved in 4.2 ml de-
ionized H2O and finally transferred to an electrolysis cell (see next paragraph).  
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Source preparation for �-particle measurement: The electrolysis cell used here is a liquid 
scintillation vial from which the bottom has been removed (all technical details on the electrolysis 
procedure in Bajo and Eikenberg, 1999). The vial contains a mounted stainless steel disc (acting as 
a cathode) in the cup and is placed upside/down into an electrolysis apparatus. For the samples 
analyzed here 0.6 ml 1 M NaHSO4 and 5.2 ml 1M Na2SO4 buffer solution were added to the 4.2 ml 
sample solution from the preceding step. Electrolysis was performed over 1 h at a current of 1.2 A. 
That time and current turned out to be sufficient to cause almost quantitative electrodeposition of 
the actinides (Th, U, Pu, Am) on the removable steel disc (Figure 6-5). After drying of this planar 
sample source radio-assay was performed using ultra-low-level high-resolution (16 keV) semi-
conductive surface barrier detectors (system Octete, Ortec Inc., USA).  
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Figure 6-5: Electroplating yield of Pu as a function of the electrodeposition time for a total sulfate 
concentration of 0.63 M and NaHSO4 concentration of 0.05-0.20 M. 

6.2.4 Separation Procedure for Radium 
Determination of 226Ra via Extraction chromatography: Determination of Ra via measurement 
of the progenies 222Rn, 210Pb or 210Po is not possible for samples that are in radioactive 
disequilibrium such as corals with excess, adsorbed 210Pb or young volcanic rocks from which 222Rn 
may escape from melts at shallow depth (Gauthier and Condomines 1999). Such samples require 
direct methods, which are more intensive because (i) other earth alkaline elements such as Ba, Sr 
and Ca exhibit very similar chemical properties and (ii) the electrochemical deposition of Ra is only 
possible in presence of some metals such as platinium. Pt, however, forms also strong complexes 
with Ba and presence of a few mg of Ba in the sample strongly reduces the plating yield of Ra 
(Alvarado et al., 1995; Jurado & Fernandez de Soto, 1995).  

The method selected here uses cation exchange chromatography with BioRad AG 50W X8 
resin that has a strong affinity to adsorb Ra and Ba in HCl medium. Therfore the elution solution 
from the UTEVA column was evaporated and the dry residue was re-dissolved in 15 ml 1 M HCl 
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and passed through a 20 cm long (1 cm diameter) column filled with 5 g BioRad AG 50W X8 resin 
conditioned in 1 M HCl. Purification of the Ra/Ba fraction was obtained by consecutively rinsing 
the column with 25 ml (each) 1 M, 2 M and 3 M HCl as shown in figure 6-4 and the elution of the 
Ra/Ba fraction was carried out with 20 ml 3 M HNO3. To avoid further extensive steps for 
separation between Ra and Ba as necessary for electrodeposition procedures, a simple method was 
developed for source preparation of Ra via adsorption of Ra on manganese coated planar discs 
(details in section 6.4). The Ra/Ba fraction was taken to dryness, re-dissolved in 5 ml 0.1 M HCl 
and diluted with de-ionized water to a volume of 200 ml. This solution was neutralized with NaOH 
to a pH of 7-8. A MnO2 coated disc was placed into this beaker and adsorption of Ra was carried 
out over two days. After drying the discs were set aside for �-particle counting of 226Ra and 224Ra. 

The 222Rn Emanation Method: A more rapid method for determination of 226Ra is via measure-
ment of the next daughter, the noble gas 222Rn. The principle of the emanation method is based on 
the fact that the noble gas Rn is highly soluble in some aromatic organic liquids such as toluene or 
naphthalene, i.e. substances, which are also components of liquid scintillation cocktails for �/�-
measurement via LS-spectrometry (c.f. section 5.3). The product Ultima Gold F ™ (Packard 
Bioscience SA) is characterized by a high distribution coefficient of about 45:1 (organic 
phase/aqueous phase) for Rn (Hoehn and von Gunten, 1989). Therefore, if 20 ml cocktail solution is 
added to a digested sample in a separation funnel and the volume of the aqueous sample solution is 
about 10 ml, about 99% of the radon gas should be extracted into the organic phase (after shaking of 
the separation funnel).  

The extraction of 222Rn into the organic phase with time is illustrated in figure 6-6 (results 
from 12 batch sorption experiments with 1 g dissolved CaCO3 in 4 ml 1 M HCl (+ 1 ml 226Ra-spike) 
and 20 ml scintillation cocktail in a 25 cm3 separation funnel). The scintillation cocktail consisted of 
a mixture of 10ml each Ultima Gold F ™ (high distribution coefficient for Rn uptake) and Ultima 
Gold AB ™ (for optimum �/�-discrimination). Figure 6-6- shows that the experimental data plot 
close to the theoretical ingrowth curve, hence indicating quantitative extraction into the cocktail 
solvent during these experiments. However, although the 222Rn emanation method requires the least 
analytical effort for determination of Ra, there remain some limitations such as: 

�	 The chemical yield is not controlled by added spike isotopes 

�	 The method is not appropriate for low-level analysis with 226Ra at levels of some mBq/g 
or less (c.f. Figure 5-12). 

�	 With time the sample solution starts to oxidize the cocktail, which introduces color 
quench, i.e. affects the �/�-discrimination and counting efficiency. 

6.2.5 Separation Procedure for Lead/Polonium 
Procedure for Po: Because 210Po has a short half-life (T1/2 = 138 days), this isotope is always in 
secular equilibrium with the precursor nuclide 210Pb (T1/2 = 22 years) in geological samples that 
have been formed more than only one year ago. It is therefore sufficient to determine Po (via a very 
rapid method) as a measure for �-emitting 210Pb and, additionally for samples older than 100 years 
as a measure for 226Ra. The radioassay of Po is simple and yields (since two tracers are available) 
precise results. The separation of Po was as follows. After sample dissolution in HCl and addition 
of a 209Po-tracer as well as FeCl3 (about 16 mg), Po was co-precipitated with Fe-hydroxide by 
adding NH4OH until the pH reached 10. The precipitate was filtered on a Buchner funnel and the 
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filtrate discarded. The precipitate was then dissolved in 15 ml 6 M HCl and diluted with 300 ml de-
ionized water. Po was then separated via spontaneous deposition on silver discs (acting as counting 
source) in the presence of ascorbic acid (0.1 g) to reduce Fe(II) to Fe(II) because Fe(III) inhibits the 
deposition of Po. Typical yields were found to vary between 60 to 80%. 
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Figure 6-6: Ingrowth of 222Rn with time in scintillation cocktail after digestion of a rock sample. 
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Figure 6-7: Flow chart showing the procedure used for the separation of Po from geological 
samples. 
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6.3  Determination of U, Pb and Po in Aqueous Samples 

6.3.1 Introduction  
The geochemically important natural U-Th-series isotopes in continental aquifers differ 
considerably to those in rock samples, because various sources and sinks continuously produce 
disequilibrium even between short-lived proxies such as 228Ra and 224Ra (T1/2 = 3.66 days) which 
rapidly turns into equilibrium in solid samples within one month. Furthermore, since thorium is 
almost insoluble in terrestrial environment and radon is a rare gas, the number of detectable U- and 
Th-series isotopes is largely reduced in surface aquifers. The remaining geochemically relevant 
isotopes in aquatic systems are: 238U, 234U, 228Ra, 226Ra, 224Ra, 210Pb and 210Po. While there are 
several techniques available for analysis of U, Pb and Po, determination of Ra-isotopes in aqueous 
samples at levels of 10-3 Bq/l, involves, according to the literature, a tremendous analytical effort 
and furthermore requires large volume samples of 10 liters and more. Radium is, however, 
geochemically among the most important natural tracers to investigate interaction between different 
waters. Therefore a simple and rapid method was developed (Eikenberg et al., 2001), which will be 
presented detailed in section 6.4. 

6.3.2 Separation Procedure for Uranium  
Two methods were applied for determination of U-isotopes in aqueous samples. The first uses 
classical anion exchange chromatography (Eikenberg et al., 1998c), while the second is based on 
batch sorption of actinides onto a resin which exhibits extraordinary strong sorption coefficients for 
particularly tetra- and hexavalent actinides (product Actinide Resin™ Eichrom company, Darien, 
Illinois, USA). 

Anion exchange chromatography: The method applied (all details in Bajo et al. 1997 and Tricca, 
1997) consists on the retention of U on the anion exchanger BioRad 1-X8 from a medium of 0.12 M 
HCl, 0.21 M KSCN and 0.028 M ascorbic acid. Under these conditions the distribution coefficient 
of U is close to 105. Successive washings of the exchanger with a mixture of tetrahydrofuran-methyl 
glycol-HCl and 6 M HCl eliminate practically all of the co-adsorbed elements. After that 
purification step U is eluted with 1 M HCl, electrodeposited and counted via �-spectrometry. 

Batch sorption on actinide selective resin: The product used (Actinide Resin™, Eichrom 
Industries SA) is composes of a liquid extractant (containing a diphosphonic acid functional group) 
coated onto a chromatographic support. The extractant is characterized by extraordinary high 
distribution coefficients for actinides (Kd´s in the order of 107 g resin per ml water). This high 
selectivity allows fast procedures to be used for determining Th, U and transuranium elements from 
complex matrices without the need to carry out preceding pre-concentration steps. Actinide Resin™ 
is, for instance used for screening transuranium �-emitting radionuclides in urine in the course of 
incorporation monitoring or for determining gross �-activity concentrations in reactor coolant or 
waste water (Bickel et al. 1992, Eikenberg et al., 1999a). The method is briefly described as 
follows: 

A 0.5 liter water sample and 100 ml HNO3 65% are transferred to a glass beaker. A precisely 
known quantity of a 236U-spike tracer (i.e. in the order of a few mBq ) is then added to the acidified 
solution for chemical yield determination. The organic matter in the solution is then partially 
oxidized under boiling on a heat plate. After cooling to room temperature, 0.2g Actinide Resin™ are 
added and the solution is stirred for four hours to allow the fixation of the actinides (i.e. uranium) 
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on the resin. The resin containing the sorbed uranium is then separated from the aqueous solution 
via filtration and the reagent is stripped from its inert substrate by rinsing the filter with isopropanol 
(3x5 ml). After evaporation to dryness the reagent is decomposed using a mixture of HNO3 (5 ml) 
and H2SO4 (1 ml). U is now present in few mg of phosphoric acid which can be easily dissolved in 
10 ml NaHSO4 (0.1 M) / Na2SO4 (0.5 M) buffer solution. This solution is transferred to an 
electrolysis cell and the U-fraction is electrodeposited over one hour under a fixed current off 1.2 A 
(all details in section 6.2). 

As mentioned above, natural waters contain also �-emitting isotopes of Ra and Po that would 
affect the �-count of uranium (e.g. non-resolvable emission energies between 234U and 226Ra at 4.8 
MeV). For this reason the uptake of Ra and Po Actinide Resin™ was studied in batch sorption 
experiments and was found to be less than a few percent. With respect to Ra this result is consistent 
with the low sorption coefficients for alkaline earth elements (Ca2+, Ba2+, Ra2+) in strong acid 
medium as reported by Horwitz et al. (1990). Since the Kd is even lower for Ra2+ than Ca2+ (Kd < 
1) and average Ca/Ra ratios in continental waters are extremely high (> 1010 c.f. Table 6.4) no 
additions of Ca or Ba carrier are required to prevent sorption of Ra onto the resin. As for Ra the 
recovery of Po was found to be below a few percent, probably for the following reason. Because 
oxidation of the stripped reagent fraction is performed under high temperatures using HNO3/H2SO4 
mixtures (boiling point of sulfuric acid = 338°C) naturally occurring 210Po is efficiently eliminated 
since under elevated temperature Po (probably present as Po-oxide in the ash) is volatile. Tracer 
experiments with 209Po(NO3)4 spike solutions indeed revealed repeatedly no detectable activity in 
the liquid scintillation cocktail. 
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filtrate: reagent solution 
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electrodeposition and �-spectrometry

aqueous phase + 236U tracer

 
Figure 6-8: Flow chart showing the batch sorption procedure used for the separation of U from 
aqueous samples. 
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6.3.3 Separation Procedure for Lead and Polonium 

Procedure for Po: The procedure was almost identical to that used for analysis of 210Po in rocks. 
Initially, a acidified water sample was spiked with 209Po and 210Po was co-precipitated with Fe-
hydroxide using FeCl3/NH4OH in the same manner as described in section 6.2.5. The supernatant 
aqueous phase was set aside for a second extraction of Po after a few month (next paragraph). 

Determination of Pb via ingrowth of Po: Since 210Pb remained quantitatively in solution after the 
first precipitation step (checked by spike experiments as well as by repeated counts of the silver 
discs after a few month), 210Po grew-in again in the aqueous solution after the precipitation step. 
Therefore 210Pb could be determined by a second separation of Po from the solution after a standing 
time of about 3 months. Then a 208Po tracer was added to account for the chemical recovery. The 
remaining fraction of 210Po from the first separation procedure was simply calculated from the 
measured counts of 209Po obtained during the second one plus the decay corrected 210Po/209Po 
activity ratio from the first analysis. After this correction the activity of 210Pb can be calculated 
according to progenitor/progeny disequilibrium relationship for the boundary condition that the 
activity of the progeny at the time after the first separation was zero, i.e. 
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where t0 and t1 refers to the moments of the first and second removal of Po from the water sample. 
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Figure 6-9: Flow chart showing the procedure used for the separation of Po and Pb from aqueous 
samples. 
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6.4  Development of a Procedure for Determination of Ra-
Isotopes in Aqueous Samples 

6.4.1 Summary 
A fast procedure based on sorption of Ra on MnO2 coated polyamide discs was developed for 
determination of radium isotopes (i.e. 228Ra, 226Ra, 224Ra) in aqueous samples. The sample discs can 
be used directly for low-level �-spectrometry without the need of further separation and preparation 
methods to produce planar sample sources. While the activity of �-emitting 224Ra and 226Ra can be 
determined during a first measurement, �-emitting 228Ra is obtained via ingrowth of the progeny 
228Th on the same sample disc after a standing time of about six months. Calculations are presented 
for optimizing the analytical accuracy as well as for predicting the sorption yield or chemical 
recovery of radium on the sample disc as a function of exposure time because the sorption uptake 
proceeds with first order kinetics. The analyses can be carried out on small samples of 0.5-1 liter 
and for long counting times of one week and use of high purity silicon surface barrier detectors, a 
detection limit of 0.15 mBq l-1 is obtained for 226Ra. Since the half-life of 224Ra is only 3.7 d and 
since 228Th (as a measure for 228Ra) is build up only partially on the sample disc, a slightly higher 
detection limit of 0.24 mBq l-1 is resulting for the latter isotopes. The procedure is therefore 
sufficiently sensitive to allow the investigation of Ra isotope relationships in aquifers at typical 
environmental levels. 

6.4.2 Introduction 
The investigation of radium isotopes in aqueous systems is of great concern in geochemistry 
because four radium isotopes (223Ra, 224Ra, 226Ra, 228Ra) of the U and Th decay series can be used 
as natural geochemical tracers to determine fluxes and mixing rates of continental waters into the 
oceans and estuaries (Moore, 1992, 1996; Plater et al., 1995; Moore et al., 1995; Rama & Moore, 
1996, Moore, 1996, 1997, 1998), to study exchanges between ground water and surface water 
(Eikenberg et al., 2001b and detailed discussion in section 10) or to provide valuable information on 
short-term transport times along flow paths of ascending geothermal brines (Zukin et al., 1987). 
Determination of long-lived 226Ra and its progenies 210Pb, 210Po in drinking water is also of large 
interest in the field of radioprotection since these nuclides partially accumulate in bones leading to 
rather long residence times in the human body (ICRP, 1975). In addition, several progenies of 226Ra 
and 228Ra decay by �-particle emission, which increases committed doses from internal radiation 
(ICRP, 1994). 

Since the different Ra isotopes decay via several modes of radiation (�-, �- particle emission, 
�-ray, X-ray photon emission) and produce further short-lived daughter nuclides, several separation 
and measurement procedures have been developed in the past, and the most established techniques 
are summarized in Table 6-3. For precise measurement of 228Ra Burnett et al. (1995) developed a 
procedure using extraction chromatographic resins (TRU�Spec
, LnSpec�Spec
) to isolate the 
direct daughter 228Ac. Accurate results are also obtained for procedures based on co-precipitation of 
Ra with BaSO4 and subsequent �-spectrometry of short lived 228Ac (as a measure for 228Ra) and 
214Pb/214Bi (for 226Ra) (Moore, 1984; Kahn et al., 1990; Baeza et al., 1998). These techniques 
require, however, the use of large water samples to meet detection limits below 1 mBq l-1 because of 
the rather low counting sensitivity in �-spectrometry (and photon emission probabilities of the 
nuclides concerned). 
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Table 6-3: Compilation of the most common radiochemical methods for determination of the 
four natural Ra isotopes in aqueous samples.  

Ra 
isotope 

mode of 
emission 

half-life short lived  
progenies 

method applied 
and references 

228Ra �
- 5.78 y 228Ac (a), (b), (c) 

226Ra �,(�� 1603 y 222Rn, 214Pb, 214Bi (a), (c), (d), (e), (f), (g) 
224Ra �,(�� 3.66 d 220Rn, 216Po, 212Po, 212Bi (a), (c), (e), (f), (h) 
223Ra � 11.43 d 219Rn, 215Po, 211Bi (a), (c), (e), (f), (h) 

methods: (a) BaSO4 precipitation, source preparation for �-spectrometry of 228Ac, 214Bi, 214Pb etc., ref´s. e.g., Moore 
(1984), Baeza et al., (1998); (b) extraction chromatography of 228Ac (short lived progeny of 228Ra), proportional 
counting, Burnett et al. (1995), (c) adsorption on MnO2 impregnated sample discs, Surbeck (1995) and this work, (d) 
222Rn emanation in a liquid scintillator, �/�-LSC, e.g., Spaulding and Noakes (1993), Schoenhofer (1989), Salonen 
(1993); (e) MnO2 precipitation, re-dissolution, BaSO4-micro-precipitation for �-spectrometry, e.g., Baeza et al., (1998), 
Lozano et al., (1997); (f) extraction chromatography, electrodeposition of Ra in presence of Pt, �-spectrometry, e.g., 
Orlandini et al., (1991); Hamilton et al. (1994); Alvarado et al., (1995); (g) extraction chromatography, mass 
spectrometry, e.g. Volpe and Hammond (1991); Chabaux and Allegre (1994) (h) Rn emanation, coincidence counting of 
219Rn and 220Rn in a scintillation cell, e.g. Moore and Arnold (1996) 

In contrast to �-spectrometry, �/� liquid scintillation counting (e.g. using the 222Rn emanation 
method, Spaulding & Noakes, 1993; Schoenhofer, 1989; Salonen, 1993 or selective extractive 
scintillator for Ra, Burnett & Wie-Chieh, 1992) provides high detection efficiencies for �-particle 
radiation of up to 100% for unquenched samples. But the �-background count rates of LS-
spectrometers optimized for �/�-discrimination are still too high (i.e. typically 0.05 - 0.1 counts per 
minute) to allow determination of 222Rn supported by 226Ra in concentrations of a few mBq l-1 
(Passo & Kessler, 1992, 1993; Eikenberg et al. 1998, 1999a). Nevertheless, the 222Rn emanation 
method is still practical to determine excesses of 222Rn in ground water where the levels of 
unsupported 222Rn are typically more than thousand times higher than that of 226Ra (Hoehn & 
vonGunten, 1989). 

More promising are therefore low-level counting methods such as �-spectrometry (Baeza et 
al., 1998; Alvarado et al., 1995) or thermal ionization mass spectrometry (Volpe et al. 1991; 
Chabaux & Allegre, 1994). Such techniques require, however, several separation steps to isolate Ra 
from the matrix and, in particular, from Ba. Even a few �g of Ba can hinder the ionization of Ra 
from a heated filament (in the case of mass spectrometry) or reduce the electroplating yield in �-
spectrometry. For the latter method, high yields of Ra are obtained if the electrolysis performed in 
presence of platinum (Orlandini at al., 1991; Hamilton et al, 1994; Alvarado et al., 1995; Jurado & 
Fernandez de Soto, 1995). However, as mentioned by these authors, 10 �g of Ba decreases the 
electrodeposition yield of the BaPt-complex from > 90% to about 50%. Since the concentrations of 
Ba in ground and continental river waters typically range between some 10 and 100 �g l-1 (e.g. 
Riotte & Chabaux, 1999 or data in Table 6-4), only small sample quantities could be used to obtain 
acceptable chemical recoveries (without further Ba/Ra purification procedures) if electrodeposition 
methods are applied. However, the use of small sample volumes of some 10 ml would cause too 
high detection limits to meet typical environmental levels.  

As an alternative method, a simple and rapid procedure was introduced by Surbeck (1995) 
which is based on adsorption of Ra onto MnO2-coated polyamide discs and subsequent direct �-
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particle spectrometry. In the present study this investigation was further improved to optimize 
counting conditions, to investigate the sorption uptake kinetics and to increase the overall sensitivity 
in order to determine typical levels of naturally occurring radium isotopes in aquifers of a few mBq 
per liter or less.  

6.4.3 Experimental 
Chemical composition of the water samples: Ground and river water taken from the Upper Rhine 
Valley were used to study the influence of various parameters described below. Details on locations, 
frequency of sampling and water analysis can be taken from the work of Tricca (1997). The ground 
water has a content of � 1g salt per liter and can be characterised as CaHCO3-NaCl type with a 
relatively high content of sulphate (Table 6-4). The three river waters are less mineralised, due to 
dilution by spring and rain water run-off from near-by mountains, but geochemically similar to the 
ground water. Table 6-4 shows that the composition of these waters are comparable, and these 
slightly different samples were therefore taken to test the reproducibility of the sorption uptake 
behaviour with time (see below). In order to avoid carbonate precipitations of the sampled ground 
water due to escape of excess CO2 at equilibrium with the atmosphere, the water was filtered in-
field and then acidified using 10 ml of 12 mol l-1 HCl per liter water to obtain a pH between 1-2. 

Table 6-4: pH and concentration of the major ions, the trace elements Sr and Ba as well as the 
radionuclides 228Ra, 226Ra, 224Ra and 210Po in different water samples used to investigate the 
reproducibility of the method. 

component G-1 R-18 R-19 R-27 

pH 7.57 8.03 8.08 7.78 
Ca2+ [mmol l-1] 2.54 1.58 1.14 1.36 
Na+ [mmol l-1] 2.75 0.48 0.65 1.30 

Mg2+ [mmol l-1] 0.35 0.27 0.21 0.26 
Sr2+ [mmol l-1] 4.5�10-3 2.1�10-3 1.5�10-3 2.3�10-3 
Ba2+ [mmol l-1] 6.5�10-4 3.8�10-4 2.8�10-4 3.6�10-4 
K+ [mmol l-1] 0.25 0.07 0.13 0.14 

HCO3
- [mmol l-1] 3.76 2.86 2.07 2.20 

SO4
2- [mmol l-1] 0.54 0.18 0.22 0.33 

Cl- [mmol l-1] 4.53 0.65 0.78 1.40 
NO3

- [mmol l-1] 0.24 0.26 0.20 0.42 
228Ra [mBq l-1] 5.63 + 0.44 1.93 + 0.20 1.91 + 0.20 2.08 + 0.21 
226Ra [mBq l-1] 2.71 + 0.21 1.22 + 0.11 1.41 + 0.13 1.94 + 0.18 
224Ra [mBq l-1] 4.91 + 0.37 0.48 + 0.06 0.96 + 0.12 1.47 + 0.14 
210Po [mBq l-1] 1.15 + 0.09 1.31 + 0.12 1.08 + 0.05 0.83 + 0.08 

Preparation of the MnO2-coated discs: Determination of 228Ra, 226Ra and 224Ra was carried out 
by adsorption of Ra on MnO2-coated discs prepared as follows: discs of 28 mm in diameter were 
stamped from 2 mm thick polyamide plates (product PA6, Maag Technics SA, Duebendorf, 
Switzerland). The discs were first cleaned successively in 1 mol l-1 nitric acid and de-ionized water, 
and then immersed under stirring in 2% (w/v) KMnO4 solution at 60 °C for 2 hours which causes 



64 

coating of the disc with a thin MnO2-layer of less than 1 �m. The discs were then washed with 
water and left to dry at room temperature. Unless otherwise stated, all discs were prepared according 
to this procedure.  

The quantity of manganese deposited onto the discs depends on the immersion time and on 
the temperature of the KMnO4 solution. This is illustrated in Fig. 6-10 where the thickness of the 
manganese layer is expressed as manganese density (i.e. �g Mn cm-2). Fig. 6-10 indicates that the 
manganese density increases linearly with time for a given temperature, but exponentially with the 
temperature for a given time. Thus, under standard conditions the disc is coated with a thin 
manganese layer of 180 �g Mn cm-2. Given the density for MnO2 of 5 g cm-3, this surface density 
corresponds to a layer thickness of only � 0.4 �m. The content of manganese deposited was 
determined by dissolution of the MnO2-layer and analysis via ICP-AES. 
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Figure 6-10: Preparation of the sample discs: specific surface density of the MnO2-layer on the 
polyamide discs (in �g Mn cm-2) in dependency of the exposure time for solution temperatures of 
40, 60, 70 and 80°C.  

Description of the analytical procedure: The analytical procedure used for analyses of Ra 
isotopes in continental waters is given schematically in Fig. 6-11. The coated discs were mounted in 
a teflon holder which allowed only one side of the disc to come in contact with the water sample. 
This device was then immersed into a 1000 ml glass beaker containing the sample. Prior to 
immersion, acidified waters were neutralized to pH 7-8 with sodium hydroxide. Sorption of Ra was 
then performed at room temperature (20°C) over about 2 days under continuous stirring. 226Ra and 
224Ra were determined directly by measuring the (completely) dried disc in an �-spectrometer. 
Radioassay of pure �-emitting 228Ra was carried out via ingrowth of the next progeny 228Th and 
short lived decay products (i.e. 224Ra with proxies) on the disc after a standing time of about 6 to 12 
months.  
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�-spectrometric determination
of the natural 224Ra/226Ra ratio

aliquot 2: no radiotracer
addition 

groundwater sampling with a PTFE-coated pump (Grundfos MP1) 
in-field acidification with HCl (pH 2), preparation of two 1 - liter aliquots

second �-spectrometric measurement after 6 months
for determination of the natural 228Ra/226Ra ratio via ingrowth of 228Th

�-spectrometric determination
of 226Ra via added 224Ra or 223Ra

 

CO2 stripping with N2, neutralization to pH 8 with NaOH
sorption of Ra onto MnO2-coated polyamide discs 

aliquot 1: addition of
224Ra or 223Ra tracer

 
Figure 6-11: Flow chart showing the procedure used for the separation of Ra from aqueous 
samples. 

Performance of sorption experiments: The following significant parameters were varied to 
investigate the sorption uptake yield (or chemical recovery) for radium on the MnO2-coated discs: 
pH, temperature and salt concentrations of the sample solutions as well as the manganese densities. 
All experiments were carried out taking 0.5 liter of ground water G-1 (Table 6-4) diluted with 0.5 
liter de-mineralized water. This was helpful to prevent potential precipitation of carbonates during 
long-term sorption. This solution was spiked with 0.1 Bq 226Ra/210Po tracer solution (activity ratio 
close to secular equilibrium) added per experiment. Finally, the reproducibility of the kinetic 
sorption uptake behavior was investigated using water samples with similar ionic composition (R-
18,19,27, Table 6-4). 

6.4.4 Results and Discussion 

Sorption Experiments: Parameter Variations 

Effect of pH: As discussed in Davis & Kent (1990) one of the most critical parameters for surface 
complexation reactions is the pH of the solution. Therefore, to study the effect of pH on the sorption 
yield, the discs were exposed at different pH-settings (using HCl - NaOH additions). The range was 
limited between pH 3 and 8 for two reasons: (i) the MnO2-layer may dissolve below pH 3 and (ii) 
above pH 8 mineral precipitation (carbonates, hydroxides) cannot be excluded. For this series of 
experiments the following parameters were kept constant, sorption exposure time = 45 h; sorption 
temperature = 20°C, manganese density = 180 �g Mn cm-2.  

Fig. 6-12 shows the strong dependency of sorbed Ra and Po with pH. For Po the highest 
sorption yield is obtained in acid medium, while for Ra the yield remains low below pH 4. With 
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increasing pH, however, the situation is reverse, i.e. Ra sorbs efficiently, while a sharp decrease can 
be noted for Po. These reverse trends are related to the surface loading of the MnO2-layer and the 
hydrolysis of Po and Ra in aqueous solution. Speciation modeling using the code Phreeque 
(Charlton et al., 1997) and the thermodynamic equilibrium constants for Ra evaluated by Langmuir 
& Riese (1985) predicts that Ra2+ is the predominant Ra species up to pH 11 where it starts to 
hydrolyse to Ra(OH)+ and, in presence of HCO3

-, additionally to Ra(HCO3)+ and Ra(CO3)(aq). 
Therefore, for the pH range studied here, only positively charged Ra2+ is available to undergo 
surface complexation. Studies on mineral-water interface geochemistry showed that due to the 
presence of proton excesses under acid conditions, the surface S of Fe or Mn oxides/hydroxides is 
positively charged, which prevents diffusion of positively charged earth alkaline species (e.g. Ba2+, 
Ra2+) into the surface layers (Davis & Kent, 1990). With increasing pH, however, more functional 
OH- groups develop on the surface, hence allowing positively charged species to undergo surface 
complexation. The strong increase of the fraction of Ra sorbed with pH observed here agrees well 
with experimental and model curves for alkaline earth cations such as Ba (Hayes, 1987).  
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Figure 6-12: Effect of pH on the adsorption yield of Ra2+ and PoO3
2- on the MnO2-coated discs. A 

significant increase of the sorption yield with pH is indicated for Ra, while less Po is sorbed at 
elevated pH, whereas at low pH the reverse uptake behavior can be noted. This effect can be well 
explained with surface complexation reactions of negatively charged polonite on protonated S(H)+ 
surface groups and, vice versa, association of Ra2+ onto negatively charged S(OH)- groups that 
evolve with increasing pH.  

Although the speciation of Po is still poorly known, this element is probably negatively 
charged in acid medium under oxidizing conditions (i.e. present as polonite ion, PoO3

2- in analogy 
to chemical homologous behaving selenium, that is present as SeO3

2- over a wide stability field). 
Indeed studies of Se(IV) on Fe and Mn oxides/hydroxides yielded strong sorption of SeO3

2- in acid 
milieu, while above pH 7 the fraction adsorbed decreased exponentially (Hayes et al., 1988). This 
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result agrees well with the observed high sorption yield of Po at low pH. In summary, the following 
simplified surface complexation reactions can be written:  

2 2
2S OH Ra SOH Ra( ) ( )� �

� �  (6-11) 

2 3
2

2 2S H PoO SO Po H O( ) ( )� �
� � �   

Since the uptake behavior of Ra and Po are inversely correlated it can be concluded that the 
MnO2-coated discs can be either used for determination of 210Po, if sorption is carried out at pH 3-4, 
or, as suggested here, for analysis of Ra isotopes at almost neutral pH of 7-8. Fig. 6-13 shows 
indeed that there is a weak influence of naturally present 210Po on the �-spectrum of 224Ra and 226Ra 
in (unspiked) ground water G-1, although the activity concentrations of 210Po and 226Ra in this 
sample are comparable (Table 6-4). It is furthermore indicated, that for manganese densities of 180 
�g cm-2 the different �-peaks remain fairly well resolved (FWHM �200 keV), hence allowing 
calculation of the activity of 224Ra besides 226Ra in the same spectrum (details in spectrum analysis 
section). 
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Figure 6-13: Typical �-spectrum 226Ra and 224Ra (including short-lived proxies) obtained from 
water sample G-1 on a disc coated with a manganese density of 180 �g cm-2.  

Effect of manganese layer density: This series of experiments was carried out to study the 
sorption yield as a function of the sorption exposure time for different layer densities of 90, 180 and 
360 �g Mn cm-2. (coatings produced at 60 °C see Fig. 6-10; sorption temperature = 20°C, pH = 8). 
As shown in Table 6-5 and Fig. 6-14, the sorption yield increases with the manganese density for a 
given times, but then tailing of the �-peaks becomes more pronounced (migration into deeper layers 
causes higher self-absorption). For instance, if a disc with a manganese density of 360 �g Mn cm-2. 
is taken, a degraded �-spectrum is obtained (FWHM � 400 keV), which requires deconvolution of 
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strongly overlapping peaks. On the other hand, the use of thin layers would yield peaks with less 
pronounced tailings as those shown in Fig. 6-14 (˜100 keV for a manganese density of 90 �g cm-2), 
but the fraction of Ra adsorbed would remains very low (˜ 40% after 4-5 days exposure time, Fig. 
6-14, Table 6-5). Since the exposure time should be restricted to a few days (T1/2 of 224Ra = 3.66 
days) considerably higher detection limits would result if too thin coating layers are taken. 
Therefore, as an optimum for both, spectral resolution and chemical recovery, an intermediate layer 
thickness of 180 �g Mn cm-2 is recommended for determination of Ra isotopes in continental fresh 
waters. 
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Figure 6-14: Adsorption yield of Ra on the sample disc as a function of exposure time for different 
surface densities of 90, 180 and 360 �g Mn cm-2. 

Table 6-5: Sorption rate of 226Ra-tracer(in percent) added to groundwater samples G1, R-
18,19,27) for different manganese densities, solution temperatures and sorption exposure times 
Errors are given as 2 �. 

sample manganese  solution tem- sorption exposure time [hours] 

 density [�g cm-2] perature [°C] 5 h 20 h 45 h 80 h 150 h 

G-1, 360 20 22  2 65  3 94  5 98  5  
G-1  180 20 16  1 49  3 78  4 91  4  
G-1 90 20 7  1 18  2 27  2 36  3  

G-1,  180 20 16  1 49  3 78  4 91  4  
G-1  180 40 30  2 67  3 88  4 98  4  

R-18  180 20 14  1 62  3 84  4 91  4 99  5 
R-19  180 20 17  1 56  3 82  4 94  4 96  4 
R-27 180 20 19  2 61  3 83  4 95  4 101  4 
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Effect of sorption temperature: These experiments were carried out at solution temperatures of 
20°C and 40°C while the other parameters were held fixed (pH 8, layer density 180 �g Mn cm-2). 
Table 6-5 indicate that the fraction sorbed (at a given time) is slightly higher at 40°C, however, for 
exposure times of two days or longer the difference in the sorption yield is small between both 
temperatures (< 10%), which means that the exposure can well be carried out under ambient 
temperature. The two regression lines through the data in figure 6-15 (semi-log scale) show clearly 
that sorption uptake follows first order kinetics for both sets of temperatures since the remaining 
fraction of Ra in solution decreases exponentially (or linearly in semi-log illustration). This allows 
calculation of sorption uptake constants �sorb (or sorption half-lives), which can be further used to 
calculate the sorption (or chemical) yield for a given solution temperature and sorption exposure 
time. 
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Figure 6-15: Remaining fraction of Ra in solution with exposure time for solution temperatures of 
20 and 40°C. 

Effect of salt concentration: The influence of the salt concentration on the sorption of Ra was 
investigated by diluting sample G-1 (Table 6.4) with de-ionized water in different proportions 
ranging from undiluted (i.e. 2.5 mmoles Ca per liter) to highly 1:100 diluted samples. The sorbed 
fractions of Ra obtained for two sets of experiments at 20°C and 40°C are plotted in Fig. 6-16 
versus the concentration of Ca2+ that is taken as the major representative of competing earth alkaline 
ions with Ra2+. Similar trends can be observed for both temperatures: the fraction sorbed is close to 
100% up to Ca2+ concentrations of 0.5 mmol l-1, while for Ca2+ concentrations exceeding 2 mmol l-1 
less than 50% have been sorbed within two days. The low recoveries indicate that the capacity of 
free sorption sites is used up most likely by competing earth alkaline elements (Ca2+, Sr2+, Ba2+) if 
the discs are exposed to solutions with high salt content (such as undiluted ground water G-1). It is 
therefore recommended to dilute such samples before the disc is exposed to the aqueous sample or 
to expose another water aliquot after a standing time of three weeks (decay of naturally present 
224Ra) but this time spiked with 224Ra-tracer (obtained from a 228Th/224Ra-generator) for precise 
chemical yield calculations via the 224Ratracer/226Rasample ratio (details below). 
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Figure 6-16: Adsorption yield of Ra on the sample with increasing concentration of Ca2+ for 
solution temperatures of 20 and 40°C. 
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Figure 6-17: Reproducibility testing: sorption yield of Ra with the exposure time for three river 
water samples (mean values plotted). The figure shows the remaining fraction of Ra in solution and 
the regression analysis yields the sorption uptake rate for this particular type of water. 
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Reproducibility testing: The reproducibility of the sorption rate of added 226Ra tracer with time 
was studied using three different river water samples with a similar chemical composition. Table 6-
5 clearly indicates almost identical sorption uptake values with time, suggesting a reproducible 
kinetic development with time for similar groups of aqueous solutions. Fig. 6-17 displays the mean 
values of the remaining fraction of 226Ra in solution with the Y-axis in a semi-log scale. In 
consistency to the data given in Fig. 6-15, all data plot on the regression line through the data. In the 
particular case a sorption rate of 0.0385 h-1 was extracted, corresponding to a half-life of 18 h. 

Spectrum Analysis: Optimization of the Spectrum Regions for 224Ra 

Fig 6-13 shows that the �-particle peaks of 226Ra and progenies of 224Ra (216Po, 212Po) remain 
resolved for densities of the manganese layer of 180 �g Mn cm-2, which allows simple spectrum 
deconvolution by setting energy windows (Table 6-6). This table indicates that there is an 
interference between 224Ra and 222Rn (that grows from decay of 226Ra). Nevertheless, due to the 
presence of several very short lived progenies (220Rn, 216Po, 212Po, 212Bi), the activity of 224Ra can 
still be calculated precisely provided that the daughter products are in, or close to secular 
equilibrium with 224Ra on the sample disc. Indeed, in preceding experiments using pure 224Ra tracer 
solutions (separated from a 232U/228Th standard solution) the following activity ratios were 
repeatedly measured for the standard procedure: 220Rn/224Rn = 0.90 + 0.02, 216Po/224Ra = 0.89 + 
0.02, 212Po/224Ra = 0.89 + 0.02 (��� branching of 212Bi considered), indicating that secular 
equilibrium holds between 220Rn and all ultra short-lived progenies and that there is a slight 
deficiency of the noble gas 220Rn (T1/2 = 55 s), with respect to 224Ra. This disequilibrium cannot be 
attributed to a process such as molecular diffusion since the diffusion length 220Rn is much longer 
than the thickness of the disc, and the time for diffusive penetration of 220Rn through a 0.4 �m thick 
MnO2-layer was calculated to be less than one second. A 10% deficiency 220Rn is, however, 
consistent to calculations considering simply recoil from decay of the precursor, indicating that 
large parts of the rare gas 220Rn (and proxies) are still bound on fixed positions in the lattice of the 
MnO2-layer. Integration of the pulses of 220Rn, 216Po, 212Po and 212Bi as a measure for 224Ra is also 
of great advantage to improve the counting sensitivity, because the detection efficiency of 224Ra is 
increased by a factor of three. 

Table 6-6 and Fig. 6-13 show furthermore that 218Po (i.e. the daughter of 222Rn) strongly 
interferes with 212Bi, but this quantity can be simply subtracted taking the peak area of well-resolved 
214Po (i.e. the next very short lived daughter in the 222Rn decay series). It has to be noted, that 
spectrum analysis of 228Th (from decay of �-emitting 228Ra on the sample disc) can be done in the 
same manner as for 224Ra, because 228Th emits 5.43 MeV �-particles, i.e. an energy which is much 
closer to 222Rn (5.49 MeV) than that of 224Ra (5.69).  

Further corrections from members of the 223Ra decay chain on 224Ra can be disregarded for 
samples with comparable activities of 224,228Ra and 226Ra. This is reasonable because both Ra 
isotopes from the U series (223Ra and 226Ra) are generated via similar production pathways. 223Ra 
originates from 235U (via almost insoluble precursors of Ac and Th), while 226Ra is formed from 
decay of 238,234U (via almost insoluble 230Th). Therefore, since the chemical properties of the 
progenitor members are comparable (non-soluble parents) and since the terrestrial activity ratio of 
235U/238U = 0.047, it can be concluded that (223Ra/226Rawater) ≈ (235U/238Uwater), i.e. contribution of 
223Ra (and progenies) on 228,224Ra (and progenies) should be in the order of a few per cent. This 
simple statement can be validated for each particular case by looking for presence of �-particle 
pulses from 215Po (223Ra decay series) between 6.9 and 7.3 MeV. The 215Po peak does not interfere 
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with any other �-peaks from the even-number Ra decay series and therefore corrections can be 
carried out in the same manner as discussed for 222Rn, i.e. via 214Po. 

Table 6-6: Emission energies, probabilities and energy windows taken for �-spectrum analysis 
of 226Ra and 224Ra via progeny nuclides. The interfering �-energies from 226Ra daughter isotopes 
are also indicated. 

isotope emission energy [MeV] 
and probability (%) 

energy window 
[MeV] 

interfering 
nuclide [MeV] 

226Ra [4.78] (94.5), [4.60] (5.5) 4.8 - 4.2 none  
224Ra [5.69] (95.1), [5.45] (4.9) a 222Rn [5.49] 
220Rn [6.29] (99.9) 6.8-5.7 b none  
216Po [6.78] (100) 6.8-5.7 b  none  
212Bi [6.06] (25.2), [6.09] (9.6) 6.8-5.7 b  218Po [6.00] 
214Po [7.69] (100) 7.7 - 7.3 none  
212Po [8.78] (100) c 8.8 - 8.2  none  

a not taken for spectrum analysis, 
b ROI: 220Rn + 216Po + 212Bi (in secular equilibrium),  
c The total �-emission intensity is reduced to 64.2 % if ��� branching of 212Bi is 
taken into account. 

Relationships between Th-Precursors and Ra-Progenies in Continental Waters 

To calculate the activity concentration of short-lived isotopes of Ra at the time of sampling, it is 
essential to know the concentration of the more long-lived precursor isotopes. As has been 
discussed in section 3.2.3 all 4 Ra isotopes are produced via decay of preceding Th nuclides (Table 
3-1), which are almost insoluble in aqueous solution (at least the Th-isotopes with the low specific 
activities, i.e. 232Th and 230Th, cf. Table 4-3) Indeed very low concentrations for 230Th and 232Th (the 
precursors of 226Ra and 228Ra) between 0.01 – 0.1 mBq/l have been reported for continental river 
waters by highly precise TIMS-measurements (Anderson et al. 1995), indicating that the measured 
isotopes of Ra in the aqueous samples (concentrations in Table 6-4) were almost not generated by 
dissolved Th isotopes but rather released from solid matter into the aqueous phase via desorption 
and via recoil subsequent to �-decay of Th-precursors.  

Although the levels of dissolved 228Th in the water samples are expected to be also of minor 
importance, it is worthwhile to check on co-sorption of 228Th with 224Ra on the MnO2-layer by 
observing the decay of sorbed 224Ra during measurement. Analyses of several ground and river 
water samples taken from the study area yielded that the decay of 224Ra followed its half life of 3.66 
days, indicating that there was insignificant support from the precursor nuclide 228Th on the sample 
disc and three weeks after the sorption exposure no 224Ra could be detected.  

To check on possible presence of 228Th in the water samples, second sorptions were 
performed using the same water aliquots three weeks after the first sorption to allow ingrowth of 
224Ra from 228Th. However, since it turned out that 224Ra always proved to be below the detection 
limit of 2.4�10-4 Bq l-1, it is concluded that 224Ra was essentially not supported by 228Th in the 
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aqueous phase. As shown below, this allows simple correction terms to be used for decay of 224Ra 
from sampling to measurement. 

Mathematical-Analytical Approaches  

Activity calculations: For determination of an unknown activity (A) of a nuclide (i) the 
following relation holds in �-spectrometry:  
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1 0
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 (6-12) 

where (Ii) are the total measured counts of nuclide (i) in counting time (t), (I0/t0) background 
count rate of a blank sample and the divisors (�� and (Yi) refer to the detector efficiency (for the 
respective geometry) as well as chemical yield or recovery, respectively. Equation 6-12 indicates 
that the chemical yield has to be known if no artificial spike nuclides are available that are not 
present in environmental samples (e.g. 209Po for determination of 210Po). In the case of radium, there 
do not exist any artificially radioisotopes to circumvent chemical yield calculations. The isotope 
223Ra, extracted from a 227Ac generator, could be used in principle, however due to the presence of 
various proxies in the complex 226Ra/224Ra spectrum (Fig. 6-11) a high �-particle peak resolution in 
the order of ˜ 50-100 keV would be required for proper spectrum deconvolution. Consequently, this 
would require electroplating procedures (e.g. Orlandini et al., 1991) and therefore prior separation 
of Ra from Ba. An alternative approach that is applied frequently (Moore, 1984; Baeza et al. 1998) 
is the use of 133Ba as a non-isotopic tracer counted on a �-spectrometer. However, under the 
condition given here, Ba does not behave like Ra as is the case for co-precipitation. Low sorption 
recoveries (between 20 and 30% in 45 h exposure time) were obtained repeatedly, although the 
133Ba spike solutions were added in an almost carrier free form (< 10 �g per experiment). This result 
is not surprising since for simple ion exchange the following sequence of sorption constants can be 
generally observed (e.g. for the earth alkaline group) Kd(Ra) > Kd(Ba) > Kd(Sr) > Kd(Ca) > Kd(Mg). 
The higher values for the sorption constants with increasing mass are explained by less strongly 
bound water groups around the dissolved ions with increasing ionic radii (Davis and Kent, 1990). 

There exists, however, a further approach to calculate the adsorption yield as a function of 
exposure time by calculating sorption uptake rates. As support of 224Ra from 228Th is insignificant 
after sampling, the fractional sorption yield YRa(t) on the disc in time t can be simply calculated as:  

Y t eRa sorbt( ) � �
�1 �  (6-13) 

where (�sorb) is the sorption uptake constant extracted from the regression analysis (Fig. 6-12 
and 6-13). Sorption half-lives of 21 h and 14 h were obtained for 1:1 diluted ground water G-1 at 
20°C and 40°C, respectively, while T1/2 = 18 h was calculated for the mean of the river water 
samples R-18,19,27 at 20°C. This indicates that the sorption uptake yield is above 80% for typical 
fresh water, if the sorption exposure time lasts for two days. 

In summary, considering the decay of 224Ra after sampling, the chemical yield correction and 
decay during measurement, three additional correction terms (referred as D1, D2, D3) apply for the 
calculation of 224Ra at the time of sampling. Three time intervals, which have to be noted, 
correspond to these correction terms, (i) �t1, the time elapsed between sampling and termination of 
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the sorption exposure, (ii) �t2, the sorption exposure time, and (iii) �t3, the counting time of the 
measurement.  
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where �sorp is the sorption uptake and �224 the decay constant of 224Ra. Inserting the terms D1-
D3 (to correct for radioactive decay as well as for the chemical recovery) into equation 3 the 
following expression is obtained for the calculation of the specific activity of short lived 224Ra (or 
223Ra): 
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The use of sorption uptake constants for yield calculations is, however, not recommended for 
analysis of chemically highly different waters, in particular for waters with high ionic strength. To 
obtain precise results for such a case it is useful to add 224Ra as a tracer to a second aliquot that has 
been set aside for 3 weeks to allow complete decay of naturally present 224Ra in the sample. 
Preparation of the 224Ra spike solution at PSI is as follows: A 2 ml UTEVA (Eichrom Industries, 
Darien Il, USA) extraction column (conditioned with 3 mol/l HNO3) is loaded using a small volume 
(0.1 ml) 232U/228Th standard solution (in 3 mol/l HNO3) with a specific activity of 228Th of about 
8000 Bq/ml. The column is then rinsed with 2x3 ml 3 mol/l HNO3 and the eluted solution 
containing > 99% of 224Ra is captured in a 50ml polyethylene bottle. The latter is filled with 
distilled water to the nominal volume of 50 ml and measured in an intrinsic Ge-spectrometer prior 
calibrated for this specific geometry. �-counting is performed with a delay of 2 days after separation 
of 224Ra from the UTEVA column to guarantee that transient equilibrium holds between 224Ra and 
the most long lived progeny 212Pb (T1/2 = 10.6 hours). This is necessary because the progenies 212Pb 
and 208Tl have the most intensive photon emissions (212Pb: 43.6% at 239 keV, 208Tl corrected for 
branching: 31.0% at 583 keV) and are taken as a measure for 224Ra which emits only a weak �-line 
at 241 keV. The now calibrated 224Ra spike solution can be used about one month and for low level 
counting of 226Ra the initial spike solution has to be further diluted. The UTEVA column can be 
taken as long lasting generator for production of 224Ra from 232U/228Th because washings with 30 
free column volumes yielded that breakthrough of either U or Th is still insignificant. The activity 
of 226Ra in the spiked sample is simply calculated from the ratio of total counted impulses of 226Ra 
and 224Ra (or daughters) as follows: 
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where �t1 (used in term D1) is the time elapsed between elution of 224Ra from the generator 
(t0) and start of the measurement and �t3 (used in term D3) the counting time for the �-
measurement. The absolute activity of 224Ra in the non-spiked aliquot is obtained in analogous 
manner, i.e. from the I224/I226 ratio in this sample (corrected for decay) times the activity of 226Ra 
determined in the spiked sample.  
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Ingrowth of 228Th on the sample disc: If small volume samples of 0.5 to 1 liter are investigated 
and �-emitting 228Ra is at levels as low as 10-3 Bq l-1 (or 10-16g l-1), one of the most suitable 
counting techniques for determination of �-radiation, i.e. low level proportional counting (with 
background count rates of about 0.1 cpm) is not precise enough to meet such low levels. Therefore 
the radioassay of 228Ra was performed indirectly via ingrowth of �-particle emitting 228Th 
(including 224Ra with proxies) on the same disc after a standing time of about 6-12 months, i.e. a 
period in which ˜ 20-30% ingrowth of 228Th is produced from parent 228Ra. The coupled decay-
ingrowth relation between two consecutive radionuclides having similar half-lives can be solved 
analytically and yields for the initial activity of 228Ra: 
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where A228Ra(0) is the initial activity of 228Ra at the time of sampling and A228Th(t) the activity 
of 228Th obtained during the second measurement. The decay-ingrowth relations between both 
isotopes are illustrated in Fig. 6-18 showing the maximum of the 228Th activity at the intersection of 
the 228Ra decay and the 228Th growth curve. At this point, precursor as well as progeny nuclide have 
the same activity, i.e. A228Ra(t) = A228Th(t). Hence resolving equation (6-19) for A228Th(t), and 
inserting A228Ra(t) = A228Ra(0)e-�t, the following expression is obtained for the optimum time in 
which the maximum activity of 228Th has been build up on the sample disc:  
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At the optimum time of 4.5 years, A228Th(t) is about 60% of A228Ra(0). However, in order to 
obtain the results in a shorter time, a standing time of about 6 to 12 months is sufficient since due to 
the fast initial ingrowth of 228Th after sample preparation, where as much as 30% of 228Th is grown 
from 228Ra within 12 months. 

Optimization of the Counting Sensitivity for 224Ra: As 224Ra is short lived, it is important to 
obtain a maximum value for the product D1·D2 by calculating the optimum time for the maximum 
activity of 224Ra sorbed on the sample disc. This time was obtained via an analytical solution for the 
coupled ingrowth-decay relation using the computer program MAPLE (Radfern, 1996) suitable for 
solving differential equations. The following relation is valid for the activity concentration of 224Ra 
sorbed on the disc at a time t, A224Ra,disc(t) starting from an initial activity in solution, A224Ra,(0) or,  

A t A e eRa disc Ra
t tsorb

224 224 0 224 224
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( )( ) ( ) ( )� � �
� � � �� � �  (6-21) 

The optimum number of 224Ra atoms (or activity) sorbed on the disc is obtained at that 
moment when production and decay is identical, i.e. when there is no change of sorbed 224Ra with 
time, or: dA224Ra,disc/dt = 0 and the final expression resolved for tmax is as follows:  
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Inserting �sorb = 0.0385 h-1 (i.e. the mean uptake constant obtained for the three river waters 
analyzed here, Fig. 6-17) the optimum time is calculated to about two days (46 hours, Fig. 6-19).  
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Figure 6-18: Optimization of counting sensitivity: development of the 228Th activity (�-emitter) on 
the sample disc with time produced from decay of longer-lived, pure �-emitting 228Ra. 
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Figure 6-19: Optimization of counting sensitivity: development of the 224Ra activity on the sample 
disc with time. 
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Calculation of detection limits: The minimum detectable concentration (MDC) [in Bq l-1] at the 
95% confidence probability level was calculated from analysis of blank samples using the relation 
given by Seymour et al. (1992): 
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K I
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where (K) = 1.96 = statistical value for a confidence interval of 95%, (I0) = total background 
counts in time t; (t) = counting time, (Yi)= chemical recovery or sorption yield, (�) = counting or 
detector efficiency, (Vs) = sample volume, (D1) correction term for decay of short lived Ra isotopes, 
(D2) correction term for the fractional uptake of Ra during sorption exposure, (D3) correction term 
for decay during counting, (Rbr) = branching ratio for different decay modes, and (�) = attenuation 
coefficient. For 228Th that growths on the sample, an additional ingrowth correction term, fing has to 
be considered as well. The set of parameters  (i.e. I0, �, D1-3, fing) used for the calculation of the 
minimum detectable concentration of the radium quartet in the river water samples is given in Table 
6-7. The other parameters were kept constant for all Ra isotopes, i.e. (Vs) = 1.0 liter, (tsorb) = 48 
hours, �sorb = 0.0385 h-1, (tcount) = 500000 seconds or were included in the counting efficiency (Rbr, 
�).  

Table 6-7 indicates that the minimum detectable activities are similar for all Ra isotopes (0.1-
0.3 mBq l-1). Although, for example, massive decay or ingrowth corrections are necessary for 224Ra 
and 228Ra, these isotopes are counted with a comparable sensitivity to 226Ra due to the presence of 
short lived progenies (220Rn, 216Po, 212Po, 212Bi), which increase the counting efficiency for a single 
�-peak by a factor of three. 

Table 6-7: Compilation of the relevant parameters to calculate the minimum detectable activity 
(MDA) of radium isotopes in aqueous samples (I0 = total counts from background pulses for 
measurement over 500000 s, � = detector efficiency, D1-D3 = correction terms for radioactive 
decay and sorption uptake, fing = factor for 228Th growing on the sample disc from decay of pure 
�-emitting 228Ra). 

Ra- measurement parameter  MDA 
isotope via  I0 � D1 D2 D3 fing  [Bq l-1] [g l-1] 

228Ra 220Rn, 216Po, 212Po 10 0.51 1 0.84 1 0.3  2.4�10-4 2.4�10-17 

226Ra 226Ra 4 0.17 1 0.84 1 1  1.5�10-4 4.1�10-15 

224Ra 220Rn, 216Po, 212Po 10 0.51 0.56 0.84 0.58 1  2.4�10-4 3.9�10-20 

223Ra 215Po, 211Bi 10 0.34 0.83 0.84 0.86 1  1.7�10-4 9.0�10-20 
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6.4.5 Conclusions and Recommendations 
MnO2-coated polyamide discs are suitable for determination of radium isotopes (i.e. 228Ra, 226Ra, 
224Ra) in terrestrial aquifers at environmental levels. The discs can be used for either deposition of 
Ra isotopes if the exposure is carried out at neutral pH (7 to 8) or for deposition of Po (210Po) if the 
water is acidified (pH = 3-4). An exposure time of about two days is sufficient for almost complete 
sorption of Ra onto the MnO2-layer of the disc. A sorption exposure time of two days yields 
additionally the optimum loading of short-lived 224Ra on the disc, which is controlled by the 
sorption uptake rate on the one side and radioactive decay on the other. While the �-particle 
emitting isotopes 224Ra and 226Ra are counted immediately after sorption, 228Ra is obtained via 
ingrowth of its progeny 228Th on the disc after a standing time of 6-12 months. If counting is 
performed over a week, minimum detectable activity concentrations of 0.1-0.2 mBql-1 are obtained 
for 226Ra, whereas the detection limit is slightly higher (0.2-0.3 mBql-1) for short-lived 224Ra as well 
as for 228Th that has been build up only partially on the sample disc. Since all three Ra-isotopes in 
most continental waters are typically in the range of a few mBql-1, it is indicated that the method is 
sufficiently precise to meet typical environmental levels of Ra in water. 

Nevertheless, direct exposure of the MnO2-coated discs to small volume (0.5-1 l) samples 
does not allow determination of 223Ra, because the levels of this isotope are too low in most 
terrestrial aquifers. Simultaneous determination of short-lived 223Ra and 224Ra would be, however, 
highly informative for important topics in oceanography such as submarine discharge of continental 
groundwater water into the oceans. Production of larger discs (e.g. 2000 mm2 instead of 700 mm2 as 
used here) and use of 3 liter samples could reduce the detection limit at maximum by about a factor 
of 3. More promising for such ultra low level applications are therefore pre-concentration 
techniques via co-precipitation of Ra with Ca-phosphate or MnO2, re-dissolution and purification on 
a chromatographic exchanger and a final exposure of the filtrate to a sample discs that is 
impregnated with a very thin layer of MnO2 (for high resolution �-spectrometry). In addition, a 
chromatographic separation step would be essential for sea-water analysis to eliminate the high salt 
content as well as other radioisotopes such as uranium. However, since the elution solutions can be 
kept small and have low ionic concentration, sorption uptake will most likely proceed much more 
rapidly and shorter exposure times will hence increase the counting sensitivity for short-lived 223Ra 
and 224Ra.  

As long as chemically similar types of water are analyzed, sorption uptake constants can be 
determined to calculate the sorption yield or chemical recovery on the sample discs. If, however, 
further purification steps are included it is recommended to spike a second sample aliquot with a 
short-lived Ra-tracer. 224Ra, for instance, can be easily produced by chromatographic extraction 
from an actinide selective column that is loaded with a 232U/228Th standard solution.  

Finally, it has to be noted that strongly reducing waters with high sulfide concentration may 
reduce the sorption efficiency of Ra on the MnO2-layer. Such waters should be acidified after 
sampling with non-oxidizing acids to pH 0 - 1 to avoid dissociation of sulfide. By subsequent 
boiling of the sample most of the hydrogen sulfide should evaporate. 
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7. U/TH/RA-DISEQUILIBRIUM FOR DATING 
PLEISTOCENE EVENTS 

7.1  The U-Th-Series Dating Methods  
7.1.1 Introduction 
As has been discussed detailed in section 3, most of the U- and Th-series members are characterized 
by large differences in their chemical behavior, in particular in surface/subsurface environment. 
These different chemical properties may result in fractionation between the decay series members 
and, subsequently cause radionuclide disequilibrium. The most prominent example is the 
disequilibrium between 230Th and 234,238U in young authigenic material (speleothem, corals, 
mollusks) because of the highly different solubility of U (for which two valence states exists, IV and 
VI) and Th (valence state always IV). Weathering under oxidizing condition leads to formation of 
U(VI)-components that are highly soluble in aqueous solution, while Th remains always in reduced 
form and therefore has a very limited solubility. As soon as a solid phase starts to precipitate and 
incorporates traces of uranium from the aqueous phase, the couple 230Th and 234U is set into a state 
of radioactive disequilibrium, which then tends towards secular equilibrium via ingrowth of 230Th. 
This situation represents a classical example for ingrowth dating. On the other side, however, if U is 
removed from a source rock, while Th resides in-situ, there remains an excess of 230Th with respect 
to 234U. Such situation is typical for soils in humid climate or in oceanic sediments where 230Th 
(produced from decay of dissolved 234U) immediately forms colloids which rapidly precipitate on 
the sea floor and various models on scavenging mechanisms have been discussed in the literature 
(e.g. Bacon et al., 1985, Nozaki et al., 1987). In these latter cases secular equilibrium between 230Th 
and 234U evolves via decay of a 230Th component that is in excess with respect to 234U. U-, Th-decay 
series dating can therefore be carried out potentially in two different ways, (i) via ingrowth of 
daughter isotopes or (ii) via decay of an unsupported component (same principle as for radiocarbon 
dating). Both dating tools require, however, knowledge on the following boundary conditions at 
system closure, i.e., 

�� the initial activity concentration for chronometers based on excess decay (e.g. 14C, 210Pb, 
226Ra, 228Ra, 230Th). In this case it is of great advantage if the radionuclide can be normalized to 
another isotope (ideally a stable one) of the same element (e.g. 14C/12C, 228Ra/226Ra, discussion in 
sections 7.1.3, 7.2, 8.1 and 9) because it is reasonable to assume that the initial ratio remains 
almost constant over a system's life time, which is less likely for a non-normalized activity 
concentration. If the radionuclide cannot be normalized, chemical homologues can be taken (e.g. 
Ba for Ra, Se for Po etc.) or it has to be demonstrated that the initial activity concentration does 
not vary with time. There are, however, only few examples for such a hypothesis as for instance 
the initial 230Th/231Pa excess in marine sediments, because the production rates for 230Th and 
231Pa from decay of dissolved 234U and 235U is almost constant in the deep oceans. 

�� the inherited activity for radioisotopes that grow from a long-lived parent. This is of particular 
meaning for 230Th/234U or 231Pa/235U chronometry in sedimentology and becomes very important 
if young samples are investigated that have been formed less than 10 ky ago. The inherited 
component of 230Th or 231Pa is not considered in many research studies because the 
concentrations of these isotopes are extremely low in almost all terrestrial waters (discussion in 
section 3.2). This assumption is clearly justified for U-series dating of corals (section 8.2) 
because in-situ produced 230Th precipitates immediately on the sea-floor and is therefore not seen 
by phases that grow on or close to the water surface. Inherited 230Th is more problematic in 
karstic soils if partially dissolved material with excess of non-removed 230Th is intergrown with 
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new authigenic material and both phases are analyzed simultaneously (example in section 8.3. 
This problem can, however, be circumvented by the use of isochron straight lines which is 
discussed in the next section. 

Table 7-1 provides a summary of the U- and Th-series chronometers that are in principle 
suitable for application in earth and environmental sciences. As stated above, the most frequently 
and successfully applied U- and Th-series chronometer is the 230Th/234U couple (several references 
in section 7.1.2., 7.2.3, 8.1 and 9) as well as 210Pb-excess dating to determine sedimentation rates in 
lakes (Robbins, 1978, Oldfield et al., 1978). Recent studies using high sensitivity mass spectrometry 
include also 231Pa/235dating to support 230Th/234U -ages (in analogy to 207Pb/235U vs. 206Pb/238U 
concordia/discordia relationships, (Steiger and Wasserburg, 1966, 1969). There are, however only 
few investigations in sedimentology that additionally extend 230Th/234,238U-dating to the next 
member, 226Ra (e.g. Kim and Burnett, 1985, Latham et al., 1986, Sturchio, 1990). Since the 
investigation presented here focuses on coupled 226Ra/230Th/234,238U-dating, all mathematical-
analytical solutions presented in the following are restricted to these chronometers solely. Details on 
230Th/231Pa, 210Pb-excess dating or dating with 232Th series members can be found in standard text 
books (e.g. Faure, 1986, Geyh and Schleicher, 1990; Ivanovitch and Harmon, 1992; Titayeva, 1994; 
Attendorn and Bowen, 1997). 

Table 7-1: Compilation of the principally usable U- and Th-series chronometers for application in 
earth and environmental sciences. 

chronometer 
(isotope pair) 

dating 
principle  

applications to geological systems or processes 

230Th/234,238U  
(234U > 238U) 

ingrowth oceanography: dating of corals and other authigenic phases 
(phosphorites, Mn-crusts etc.) for studies of paleo-sea level 
variations, paleo-climatology, continental uplift rates, etc. 
sedimentology: dating of Quaternary speleothem, gravel terraces 

230Th/238U 
(234U = 238U) 

ingrowth 
and decay 

petrology, magmatic rocks: dynamics of MORB-evolution, 
dating of young eruptiva and investigation of melt differentiation

230Th decay oceanography, marine sediments: determination of 
sedimentation rates on continental shelves and in the deep ocean

234U/238U 
(234U0 = 1.15·238U) 

decay oceanography: dating of corals, phosphorites, Mn-crusts etc., 
investigations on the dynamics of the sea-floor spreading  

231Pa/235U and 
230Th/234U/ 

ingrowth 
and decay 

two-chronometer system: concordant vs. discordant 230Th/238U- 
231Pa/235U-ages, dating of magmatic rocks and biogenetically 
formed authigenic phases in the marine environment 

226Ra/230Th ingrowth 
and decay 

as 230Th/234U/238U in sedimentology and volcanology: applicable 
for younger systems with maximum formation ages of 6000 
years 

210Pb decay sedimentology: determination of sedimentation rates in 
continental lakes, studies on soil weathering 

228Ra decay petrology: dynamics and genesis of active hydrothermal systems 
sedimentology: recent growth processes in stalagmites  

228Th/ 228Ra ingrowth 
and decay 

extended method to the decay of 228Ra-excess  

232Th 228Ra/228Th ingrowth 
and decay 

extended method to 228Th/ 228Ra  
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7.1.2 The 230Th/234U/238U Chronometer 

The 230Th/234,238U dating method is the most frequently used isotope chronometer of the U- and Th-
decay series members. With a half-life of 76000 years for 230Th this method is restricted to samples 
that have been formed less than 350000 years ago (i.e. 5 half-lives yield 97% ingrowth). The 
method is mainly applied to determine formation ages, growth histories and paleo-climate evolution 
using authigenic freshwater and marine precipitates as well as biogenetically formed material (e.g. 
Sturchio and Binz, 1988; Latham and Schwarcs, 1992; Szabo et al., 1995, Sultan et al., 1997, 
Kaufman et al. 1998). Frequently analyzed are (i) speleothem (travertine, stalagmites, in caves), (ii) 
freshwater tufa and secondary calcite in Pleistocene gravel terraces and (iii) marine formations such 
as corals, phosphorites, mollusks and manganese crusts. Corals, in particular, are of high interest for 
reconstruction of the paleoclimate on earth, since U-series ages can be compared with 14C-data and 
can be inserted in 14C-age correction diagrams (Joeris and Weninger, 1998) . This is especially 
valuable for times between 10.000 and 40000 before present, because the direct comparison of 14C-
ages with tree ring dendrochronology is possible only up to the early Holocene (Bard et al, 1990, 
Stuiver et al., 1998).  

If a geological process caused fractionation between U and Th, but this fractionation was not 
quantitative (for instance during differentiation of a melt in the earth's mantle) the following relation 
holds for the 230Th/234U couple (c.f. section 4.2):  

)()0()0()( 230234230 234230230 ttt eeUeThtTh ���
��

�

�����  (7-1) 

The two terms in relation (7-1) relate to decay of excess 230Th for samples that were enriched 
in Th at (t=0) (i.e. 230Th(0) > 234U(0)) on the one side, and ingrowth of 230Th on the other (i.e. 
230Th(0) < 234U(0)). Determination of sample ages under such conditions (i.e. incomplete separation 
between U and Th) would be, however, almost impossible for an individual sample since 230Th(0) is 
not known (and if so, most likely not constant during the evolution of a speleothem deposit). In this 
case it would be essential to take co-genetic material that formed at the same time but with different 
230Th/234U activity ratios (c.f. isochron dating, section 7.2). In ideal case there is a quantitative 
separation between U and Th which eliminates the first term in equation 7-1 or,  

)()0()( 230234234230 tt eeUtTh �� ��

��� . (7-2) 

Provided that 234U/238U-isotope ratio is in or close to secular equilibrium, decay of 234U can be 
omitted, because it is fully supported by 238U, i.e., 

teUtU 238)0()( 234234 ��
�� . (7-3) 

Relation (7-3) is always valid for magmatic rocks since melting processes do not lead to 
isotope fractionation between U-isotopes. A decay correction for 234U that is in excess to 238U is 
also not necessary in sedimentology if (i) very young samples with formation ages of < 1·104 y are 
concerned (T1/2 of 234U = 2.5·105 y), or if the excess of 234U is only moderate (e.g. present day 
234U/238U in the oceans = 1.15). Under these requirements it is justified to take measured 234U in an 
authigenic phase as the initial 234U(0), which further reduces relation (7-2) to:  

)1()( 230234230 teUtTh ��
���  (7-4) 

Such ideal conditions hold for many authigenic phases in the oceanographic environment, in 
particular for phases that grow close to the surface (such as corals). Young continental speleothem 
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formed during the Holocene record can also principally be dated applying equation (7-4). It has to 
be considered, however there is anther important issue if sedimentary systems are concerned 
because most authigenic samples are slightly contaminated by fine grained not separable detritic 
material (mainly clay minerals) which also contains U and Th and which intergrows with the 
authigenic phase. If the latter, detrital material is very fine grained (clay minerals as suspensions in 
water are �m-sized) a mechanical separation between the two minerals cannot be carried out. This 
problem can be circumvented via use of two approaches,  

�� the undissolved residue approach (Kaufman, 1993) and,  

�� isochrone straight lines of several co-genetic samples or via sequential leaching (Luo and Ku, 
1991; Bischoff and Fitzpatric, 1991) 

In both approaches it is reasonably assumed that the authigenic material does not contain 
notably isotopes of thorium, i.e. that measured 232Thm belongs solely to the detrital phase and that 
the U- and Th-series are in secular equilibrium, because the included allochtonic particles are 
geologically old (> 300 ky and therefore 230Thdet = 234Udet). Hence, the detrital component can be 
simply calculated under these assumptions via measured 232Thm and the (234U/232Th)det ratio of the 
detrital contaminant. For instance, 234Uaut is calculated as follows:  
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In identical manner, equations (7-5) and (7-6) apply for correcting 230Thm because 230Thdet = 
234Udet in the detritus component. The sample age is than simply obtained by solving equation (7-4) 
for the time (t) elapsed since formation of the rock, i.e., 
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Equation 7-4 represents the most ideal case with complete elemental fractination in nature, 
however, the 230Th/234U dating method may become much more complex in sedimentology, if:  

UUwithUU 238234238234
��  (7-8) 

where the excess of 234U in continental waters result from preferential leaching of this more 
loosely bound isotope (c.f. section 3.2). Considering the evolution of the (declining) 234U/238U 
activity ratio besides that of 230Th/234U, a more complex analytical solution holds, which was first 
presented by Broecker (1963),  
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where the time of formation in the right term has now to be solved iteratively.  
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7.1.3 The 226Ra/234U or 226Raex/226Ra(0) Chronometer 

While measurement of 226Ra besides 230Th and 234U has become a standard procedure for 
present day U-series investigations in volcanology (Rubin and MacDougall, 1988, 1992; Volpe ans 
Hammond, 1991, Gill et al., 1992, Chabaux and Allegre, 1994, MacDougall, 1995, Gill and 
Condomines, 1999) only few examples for U-series dating of sediments via excess of 226Ra can be 
found in the literature and a compilation of the few literature data from previous research work is 
given in section 8. A detailed analytical solution of the complex system 238U/234U/230Th/226Ra was 
presented by Kim and Burnett (1985) who extended the analytical solution given by Kaufman and 
Broecker (1965) for the U/Th system to the next progeny 226Ra. In order to obtain 226Raex-ages such 
complex solutions have to be solved iteratively. If, however, defined boundary conditions for the 
initial concentrations of all involved isotopes can be found, more reduced expressions may be 
obtained. For instance, for samples starting without significant inherited 230Th, the boundary 
condition holds: 230Th(t=0) = 0 (eq. 7-4). As noted above, for young Pleistocene formations and, 
preferentially for samples with 234U � 238U a second boundary condition holds, i.e. 234U(t) = 234U(0). 
This is of advantage for calculating the evolution of the next daughter, 226Ra, with time. The 
complex decay system involving 234U, 230Th and 226Ra was solved here using the computer program 
MAPLE 5 (Radfern, 1996) which yields the following analytical relation for the evolution of 226Ra 
with time (neglecting 2nd order of the terms 1/�230 and 1/�238), i.e., 
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where the first term refers to decay of initially incorporated 226Ra (excess component), while 
the second describes the delayed ingrowth of 226Ra via production from 234U (ingrowth component). 
Provided that the above-mentioned two boundary conditions are correct, relations (7-4 and 7-10) 
show clearly that the 230Th ingrowth is dependent only on 234U and, therefore, the 230Th supported 
226Ra ingrowth is also dependent on the activity of 234U alone. Hence under such ideal conditions it 
is concluded that for this coupled system there is no need to measure 230Th besides 234U and 226Ra 
and therefore this couple can be termed the 226Raex/234U chronometer or, normalized to initial 
radium, as 226Raex/226Ra(0). The 230Th/234U and 226Raex/234U ingrowth relationships are shown 
theoretically in Figure 7-1 for an ideal system which started under the boundary conditions defined 
above, and for three different initial (226Raex/234U)0 activity ratios of 0.2, 0.5 and 1. 

Since the second term in equation (7-10) is simply the 234U supported component of 226Ra 
(which, in ideal case, does not require additional concentration measurements of 230Th) this 
equation can be re-arranged to: 
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where 226Ram refers to the measured activity of 226Ra. The sample age can be simply 
calculated by the use of standard spread sheet program with the time t as the free parameter. The 
formation age of the sample is then obtained if both terms in equation (7-11) have the same value 
(details, section 8.1). Since remaining component of unsupported, initially inherited, excess 226Ra is 
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Inserting into equation (7-11) yields the more convenient form, i.e. resolved to the time of 
formation, 
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Fig. 7-1: Theoretical parent/daughter ingrowth/decay relationships for the chronometers 230Th/234U 
and 226Raex/234U as a function of time for systems starting without initial 230Th and for three sets of 
initial 226Raex/234U activity ratios of 0.2, 0.5 and 1.0. 

7.2  U-Series Isochron Dating 
7.2.1 Principle 
This type of dating approach is essential for magmatic rocks since fractionation between U and Th 
during melt differentiation is rather incomplete than quantitative (both actinides are incompatible 
elements, discussion in section 9). This approach is suitable furthermore for dating mixed 
sedimentary systems, provided that an authigenic phase is mixed with detrital contaminants which 
exhibit similar 234U/232Th ratios and which have the 238U- and 232Th-series in secular equilibrium. 
The following expression is obtained, for instance, if the 230Th/234U ingrowth relationship (here for 
young sedimentary systems, equation 7-4) is normalized to 232Th.  
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where the indices „mix“ refer to the 234U/232Th and 230Th/232Th isotope ratios in a mixed 
mineral assemblage with an authigenic and a detrital component that also contains U and Th with 
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their series in secular equilibrium. Equation 7-14 is a linear relationship with the ingrowth term as 
the slope. Taking the authigenic (230Th/234U)aut ratio instead of the ingrowth term, the form of a 
linear relationship (y = m·x + a) is more obvious, 
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where (E) is the intersection of the regression line (isochron) through all co-genetically formed 
samples with the vertical axis. The intersection point with the y-axis is, however, geologically 
meaningless (c.f. discussion below).  

7.2.2 Isochron Dating in Sedimentology 
The principle of isochron dating in sedimentology is illustrated in Fig. 7-2. The slope (m) or the 
isochron straight line (equation 7-15) is defined by the (230Th/234U)aut ratio of the authigenic phase 
or, m = �y/�x = (230Th/232Th)mix/(234U/232Th)mix = (230Th/234Th)aut. Ideally, all co-genetically formed 
samples with different degree of contamination by detrital material start on the vertical mixing line 
which intersects with the secular equilibrium line (i.e. the so-called equiline with a slope of 45°) at 
that point where 230Th/232Th = 234U/232Th. This point, also termed equipoint, displays the U/Th ratio 
of the pure detrital phase. Therefore, samples plotting on this point have not undergone any 
fractionation between 230Th and 234U, i.e. remain invariant with respect to their U/Th isotope ratios 
with time. The other authigenic and co-genetic samples with different degree of mixing show 
initially different 234U/232Th ratios (U is sited in both phases whereas Th is in the detrital phase 
solely) but uniform 230Th/232Th, provided that there was no inherited 230Th-excess at the time of 
formation. In contrast to magmatic rocks, these mixed samples start always with higher 234U/232Th 
ratios in comparison to the intergrown detrital contaminant. As soon as 230Th starts to grow in the 
authigenic phase at system closure, the 230Th/232Th ratios of the co-genetic samples also begin to 
increase while 234U/232Th remains constant. The degree to which extend the 230Th/232Th ratios 
increase is dependent on the purity of the authigenic material. Nevertheless, for any fixed times (t) 
all co-genetic samples define a straight line (the isochron) which intersects the new 230Th/232Th 
values with the equipoint. With increasing time, this isochron rotates counterclockwise around the 
equipoint towards the equiline which is reached after a time span of a few half-lives of 230Th. Ages 
of disequilibrium samples are obtained via fitting the isochron as regression straight line through the 
data. To extend the spread of the data to be fitted linearly it is of advantage also to include, if 
known, the equipoint.  

Since the equipoint is nothing other than the U/Th ratio of the detritus in secular equilibrium, 
it is possible to measure this ratio, for instance in a silicate residual surviving dissolution of 
authigenic calcite in HCl, by means of less intensive methods, such as direct photon measurement of 
short-lived U and Th progenies in a �-spectrometer (214Pb, 214Bi for 234,238U; 208Tl, 228Ac for 232Th,). 
Other rapid and appropriate methods are based on fluorimetry or ICP-instruments (ICP-AES, ICP-
MS). Correct isochron calculations require, however, the following conditions to be fulfilled, 
namely: 

�� that the 238U/234U isotope ratio was close to unity when the sample was formed, because 
significant disequilibrium between 234U and 238U would change also the 234U/232Th ratio in 
isochron plots (particularly important with increasing sample age). 

�� that the detrital component is in secular equilibrium. 
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�� that there is a uniform 238U/232Th ratio of the detrital component for different co-genetic samples 
(requirement of a pure two-component-system connected with straight lines in a three isotope 
diagram). 

The first point is sometimes limiting the applicability of proper detritus correction as soon as 
continentally formed speleothem are concerned. Depending on the degree of contamination, this 
limitation may affect the precision for dating authigenic sweet-water precipitates (for instance, such 
as young Pleistocene gravel terraces, c.f. section 8.3). Less significant affected are phases that form 
in oceanic environment, because there is only slight excess of 234U (15% excess at present). 
Assuming that also samples formed in the past that started with initial 230Th/234U of 1.15, correction 
of this ratio with time is of minor importance. For instance, if a marine sample was formed less than 
100.000 years before present, the age correction amounts to less than 1%.  

The second point is fulfilled in almost all cases, because most of the earth’s rock material is 
older than a few million years. The most common detrital component in speleothem are fine grained 
silicates (clay minerals and weakly soluble Mn,-Fe-hydroxides/oxides). 

The third point concerns again continental fresh-water precipitates and clearly depends on the 
geological composition of the minerals infiltrating into an authigenic deposit. However, since most 
of these allochtonic minerals are of crustal origin, their U/Th ratio does not vary considerably, 
because this ratio (in crustal rocks) is similar worldwide and amounts to approximately 1/1 (on 
activity basis) or 1/3 (on mass basis). 
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Fig. 7-2: Schematically illustration of the evolution of the 230Th/232Th ratio in mixed samples for 
different initial 234U/232Th ratios or degrees of mixing with incorporated detrital material in which 
all of the U- and Th-series members are in secular equilibrium. 
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7.2.3 Isochrone Dating in Volcanology 
In young magmatic systems there are three processes that have the potential to fractionate parent 
and daughter isotopes in the U and Th decay series, i.e. (i) degassing of volatile behaving isotopes 
(particularly concerning 222Rn and 210Po, details in section 9), (ii) partial melting for instance of a 
subducting slap and (iii) fractional crystallization in a magma chamber or during uplift of a melt 
towards the earth’s surface. U and Th-series measurements hence provide the unique possibility of 
investigating the timing of these magmatic processes. The basic equations for dating U/Th 
disequilibrium are less complex compared to sedimentary systems, because processes such as 
mineral/melt partitioning do not fractionate between 234U and 238U and, as will be shown in section 
9, probably all volcanic rocks deposited on the earth’s surface have undergone mineral/melt 
fractionation more than 100 years before eruption (i.e. inferred from several recorded 210Pb/226Ra 
equilibrium ratios). This means that short-lived isotopes of Th and Pa that stand between 238U and 
234U can always considered to be in equilibrium with parent 238U.  

When about 30 years ago U-series measurements where extended to investigate young 
Pleistocene volcanic rocks, it was intended initially to use the 230Th/238U (or 230Th/234U) pair mainly 
for dating purposes via isochrones in analogy to sedimentary systems (Allègre and Condomines, 
1976). However, most of the investigations did not obtain U and Th isotope data that can be simply 
taken for isochron dating, because complex melt fractionation processes, different melt residence 
times in magma chambers as well as and melt wall rock interaction cause isotope ratios that do not 
allow simple straight line U- Th-series isochron fitting (e.g. discussions in Gill et al., 1992; 
MacDougall, 1995; Turner, 1999; Gill and Condomines, 1999). Nevertheless, the U-series 
disequilibrium studies (since a few years additionally extended to 231Pa and 226Ra besides 230Th and 
234U) on recent IAB (island arc basalts) and MORB (mid ocean ridge basalts) volcanoes provide 
interesting information if used as geochemical mantle tracers. Disequilibrium between 226Ra, 230Th 
and 234U in recently formed volcanic rocks is used, for instance to calculate mantle porosities and 
velocities of ascending mantle plumes and residence times in magma chambers (e.g. Gill and 
Williams, 1990; Volpe and Hemond, 1991; Hemond et al, 1994; Chabaux and Allègre, 1994; 
Condomines, 1994; Condomines et al., 1987, 1995; Macdougall, 1995; Turner et al, 1996, 1997).  

There are also examples for successful dating of volcanic rocks and the first work which 
provided detailed demonstration of the potential of the 230Th/238U disequilibrium pair was presented 
by Allègre and Condomines (1976) for young eruptiva from Costa Rica (i.e. from a mantle 
subduction zone). This work introduced to the first time 234U/232Th and 230Th/232Th normalization 
diagrams to study the time scale of magma evolution and it was discussed by Allègre and 
Condomines (1976) how variations of the initial 230Th/232Th (i.e. in an equilibrated melt) would 
affect the dynamics of melt differentiation. For instance, if the residence time of a differentiating 
magma in a shallow chamber is short compared to the half life of 230Th , but U and Th underwent 
fractionation, the 230Th/232Th ratio displays the true initial 238U/232Th ratio in the source melt 
composition.  

In order to carry out isochron dating on volcanic rocks successfully, it is necessary to produce 
mineral separates (i.e. pyroxene, hornblende, plagioclase, magnetite, whole rock). These minerals 
may exhibit a primarily enriched as well as depleted 230Th/234U component, i.e. may tend towards 
secular equilibrium via radioactive decay or ingrowth. Uranium, for instance, migrates prevailed 
into magnetite, while Th is more preferentially incorporated into ino-silicates such as pyroxene (e.g. 
examples presented by Allègre and Condomines, 1976; Volpe and Hammond, 1991 as well as this 
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work (section 9). Besides mineral separates also whole rock samples are useful to have more data 
available for straight line fitting. The whole rock plots generally on or close to the equipoint since 
the partition of U and Th removed from the melt and incorporated into minerals is similar (both 
elements behave non-compatible during the partial crystallization of the melt). The equipoint is of 
geological meaning because it reflects the initial, non-fractionated U/Th-ratio of the original source 
melt. The evolution of a source melt towards disequilibrium (during differentiation) and after 
fractionation again back towards secular equilibrium is shown schematically in Fig. 7-3. When a 
melt differentiates during uplift, minerals crystallize that have different distribution coefficients for 
U and Th, which causes different 238U/232Th ratios (fractionation line in Fig. 7-3). If, ideally, these 
minerals are true co-genetic, i.e. crystallized simultaneously, all these minerals should start with an 
identical 230Th/232Th ratio. This is basically the same situation as discussed above for sedimentary 
systems, however this time samples may have lower 234U/232Th ratios compared to the source rock 
composition, if crystallization enriched Th relative to U (i.e. decay of excess 230Th with time). As 
for impure authigenic sediments, with time the isochron rotates counterclockwise around the 
equipoint to wards the secular equilibrium line. 
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Fig. 7-3: Schematically illustration of the isochrone relationship in a 230Th/232Th vs. 234U/232Th 
diagram for different co-genetically formed minerals from a young basaltic rocks province (e.g. 
typically plagioclase, pyroxene, hornblende, magnetite) which crystallized during melt 
fractionation. These minerals may exhibit a primarily enriched as well as depleted 230Th/234U 
component, i.e. may tend towards secular equilibrium via radioactive decay and ingrowth. The 
equipoint is of geological meaning because it reflects the initial, non-fractionated U/Th-ratio of the 
original source melt. 
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Expanding the 3-isotope system 230Th-232Th-234U to further potential chronometers of the U- 
and Th-series, a general form may be written for the normalized decay/ingrowth relationship 
between long-lived mother and short-lived daughter isotopes. 
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where the three parameters X, Y and Z are as follows:  

�� X = long-lived radioactive mother isotope with respect to the progeny (Y) (i.e. �x << �y or Ax(t) 
= Ax(0)). 

�� Y = short-lived radioactive daughter isotope with respect to the progenitor (X). 

�� Z = long-lived or (even better stable) isotope, ideally of the same element as (Y), which is used 
for normalization. Fractionation between X and Y does not affect Y/Z if (Z) represents an isotope 
of the same element as (Y) because melting processes do not cause fractionation between 
isotopes of the same element. Ideally Z is a stable isotope, which requires, however an 
independent concentration measurement. If Z is also a radioactive isotope, the half-life should be 
considerably higher than those of the dating couple, since a time dependent X/Z ratio would 
violate the principle of straight line isochron dating. 

The geochronologically relevant isochron daughter/parent couples (X/Y) in the U- and Th-
decay series normalized ideally to an isotope of X (i.e. X/Z) are summarized in Table 7-2. There are 
a few requirements for correct X/Z vs. Y/Z isochron dating in volcanology. For instance, the parent 
(X) has to be long-lived with respect to (Y), both isotopes have to be radioactive, and both to 
behave chemically different so that fractionation of (X) from (Y) can occur. Furthermore, Y has a 
stable or long-lived isotope or a close chemical analogue (Z) against which the activities of (X) and 
(Y) may be normalized. And, finally (Z) and (Y) should not fractionate during the event that causes 
fractionation between (Y) and (X).  

From Table 7-2 it is obvious that except for the couples 231Pa/235U and 226Ra/230Th all other 
potentially usable chronometer can be normalized to stable or long-lived isotopes of (Y). For Ra 
und Pa chemical homologue elements have to be taken that are within the same chemical group 
(earth alkaline Ba for Ra2+ and rare earth elements for trivalent Pa (e.g. La, Ce, Nd, Sm etc.)  

Table 7-2: List of the parameters X, Y and Z for progeny/progenitor U/Th- series pairs that can 
potentially be applied for isochron dating by use of tree isotope normalization diagrams Y/Z vs X/Z. 

isotope pair X Y Z dating range [y] 

230Th/234U 234U, 238U 230Th 232Th 3000 – 350.000 
231Pa/235U 235U 231Pa La, Ce, REE 2000 - 200.000 
226Ra/230Th 230Th 226Ra Ba (Ca) 200 - 6000 
210Pb/226Ra 226Ra 210Pb Pb 2 - 100 
228Ra/232Th 232Th 228Ra 226Ra 1 - 20 
228Th/228Ra 228Ra 228Th 232Th 0.1 - 6 
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8. U/TH/RA-DATING OF SEDIMENTARY SYSTEMS: 
SPELEOTHEM AND CORALS  

8.1  230Th/234U and 226Ra/226Ra(0) Dating of a Freshwater 
Limestone Cave in Central Switzerland 

8.1.1 Summary 
In order to determine the geochemical evolution of a freshwater limestone cave system located in 
central Switzerland (Hell Grottoes at Baar/Zug,) young postglacial tufaceous limestone and 
travertine precipitates were investigated using the 230Th/234U ingrowth system. Additional analyses 
of further radionuclides within the 238U decay chain, i.e. 226Ra and 210Pb, showed that the Th/U 
chronometer started with insignificant inherited 230Th over the entire formation period of the 
travertine setting (i.e. 230Th(0)=0). A contribution from detrital impurities with 230Th/234U in secular 
equilibrium could be precisely subtracted by applying isochron dating of co-genetic phases and 
recently formed travertine. The resulting precise 230Th/234U formation ages were found to be 
consistent with the geological stratigraphy and were furthermore used to demonstrate the 
applicability of the next geologically important chronometer in the 238U-decay series, based on 
decay of excess 226Ra normalized to the initial, i.e.226Raex/226Ra(0). This system is suitable for 
dating phases younger than 7000 years when the correction of a detritus component increasingly 
limits the precision of the 230Th/234U chronometer. Analytical solutions of the coupled 
234U/230Th/226Ra radionuclide system predicted that the 226Raex/226Ra(0) chronometer is independent 
of the actual 230Th activity build up from decay of 234U, if the systems starts with zero inherited 
230Th(0). The data set confirmed this hypothesis and showed furthermore that the initially 
incorporated 226Ra excess must have remained almost uniform in all limestone over a period of at 
least 7000 years, i.e. 4-5 half lives of 226Ra. This is concluded because (i) the 226Raex/226Ra(0) ages 
agreed well with those derived from 230Th/234U, (ii) all data plot within uncertainty on the 
226Raex/226Ra(0) decay curve and (iii) the atomic Ba/Ca ratio was found to be constant in the 
travertine material independent of the sample ages. Provided that such boundary conditions hold, 
226Raex/226Ra(0) should be applicable to materials which are suitable for 230Th/234U dating in 
sedimentology and oceanography, i.e. travertine, corals, phosphorites etc., and should strongly 
support 230Th/234U for samples that have been formed a few thousand years ago. 

8.1.2 Introduction 
The travertine limestone caves (“Höllgrotten”, engl. Hell Grottoes) investigated in this study are 
located near Lucerne at Zug/Baar, Switzerland (Fig. 8-1). Up to now it has not been possible to 
develop a convincing model of the geological setting and evolution of the massive speleothem. The 
underlying sedimentary strata suggests that the freshwater calcite precipitations were formed during 
global warming in the Holocene, i.e. less than 10,000 years ago and fresh precipitates show that the 
formation of travertine is still active (details on thermodynamic equilibrium reactions causing 
calcite precipitation in section 3.4). Previous attempts using the most suitable dating methods 
available (14C radiocarbon method, or analyses of potentially included pollen) for such a young 
setting have failed, because the carbon isotope composition in the extremely small fractions of fossil 
organic residues is strongly disturbed by carbon of inorganic origin from precipitating calcite. 
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Pollen analysis is also not applicable due to strong dissolution of organic matter. However, for 
geological systems which have been developed less than 300 ky ago, radionuclides from the U and 
Th decay series may be used as chronometers, provided that fractionation processes, such as 
different solubility, cause activity disequilibrium between the different members (238,234U, 230Th, 
226Ra etc.) in the waters where the precipitates are forming (Edwards et al., 1987; Burnett et al., 
1988; Sturchio and Binz, 1988; Osmond and Ivanovich, 1992; Kaufman, 1993, Wagner, 1998). This 
investigation therefore applied 230Th/234U ingrowth-dating on travertine precipitates from the cave 
system. 

Since the isotope data indicated deposition of travertine in the Holocene, the potential 
applicability of the next geologically important chronometer in the 238U-decay series, based on 
decay of excess 226Ra; i.e. 226Raex/226Ra(0), was also studied (further details in Eikenberg et al., 
1998a, 2001). Although 226Raex dating of speleothem has been rarely performed in the past, there are 
some interesting investigations suggesting that decay of excess inherited 226Ra can be useful in 
obtaining formation ages and growth rates of Holocene sediments (i.e. Koide et al. 1976; Kim and 
Burnett, 1985; Latham et al., 1986; Sturchio, 1990; Latham and Schwarcz, 1992). While 230Th/234U 
ingrowth-dating covers a time span from about 4 to 300 ky (where the system reaches secular 
equilibrium), 226Ra excess-dating (T1/2 = 1600 years) is ideal to investigate younger samples ranging 
from a few hundred years to about 7-8 ky (or up to 5 half lives). 226Raex chronometry is thus 
potentially a good complementary tool to support 230Th/234U. However, three major requirements 
have to be fulfilled in order that 226Raex dating yields reliable results: (i) correct subtraction of a 
detrital, non-authigenic component, (ii) insignificant inherited, unsupported 230Th(0) in the 
precipitating authigenic material and (iii) constant initial  concentration of 226Ra(0) in all samples 
independent on the time of system closure. This study therefore investigates these three boundary 
conditions, presents an analytical-numerical approach to calculate precise 226Raex/234U ages and 
focuses on the geological interpretation of the growth history of the cave system investigated here. 

8.1.3 Geological Setting 
The Hell Grottoes belong to the lower part of the Lorze Valley, which was covered by the Muota-
Reuss glacier during the last glaciation. After melting of the ice, strong erosion exposed more than 
300 m thickness of quaternary sediments such as tills and highly permeable gravel sequences and, in 
the region of the Hell Grottoes (at the bottom of the valley) additionally the underlying less 
permeable strata (Upper Freshwater Molasse). Springs here continuously discharge infiltrated rain 
and groundwater at the contact between these sequences (Fig. 8-1). Throughout the Holocene a 
tufaceous limestone-complex with a volume of about 200,000 m3 (Heim, 1919) was built up. The 
deposit was mined for the production of brick stone during the 19th century (cf. Fig. 8-1 old and 
present day surface) until large caves were discovered and the mining was stopped in order to 
preserve the cave system. The freshwater precipitates consist mainly of porous tufaceous limestone 
that formed at the surface, assisted by assimilating plants (moss, algae). In the overhanging cliffs 
finely structured tuffcurtains were built up around tree roots and moss garlands, leading to the 
formation of the caves. As soon as the caves were closed by further growth of tuffcurtains, massive 
crystalline travertine precipitations coated the caves inside. Some of the caves were completely 
sealed by these precipitations, which led to formation of lakes inside (Wyssling and Eikenberg, 
2000). 
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Figure 8-1: Geological section through the limestone caves near Zug/Baar (Switzerland), The 
figure (scale ca. 100x50m) distinguishes between 8 sedimentary formations, (i) post-glacial 
formations: 1 = crystalline travertine, 2 = porous tufaceous limestone (tufcurtains), 3, 4 coarse and 
fine grained tufaceous limestone, 5 = talus deposits with tufaceous sand, (ii) glacial sediments: 6 = 
gravel with groundwater, 7 = moraine, (iii) pre-glacial sediments: 8 = Upper Freshwater Molasse 
(marls and sandstone); w = drainage tunnel. 

8.1.4 Chemical Formation of the Flowstone Complex 

In contrast to most limestone caves found throughout the world, this setting is not formed from 
weathering profiles in karst formations. In this particular case decomposition of dying organic 
matter in the soil from oxygen consuming bacteria and microbes leads to an increase in CO2 
according to the simplified reaction: 

OHCOOCOH 2222 �����  (8-1) 

If the water table is covered with a less transmissive soil layer such as moraines only fractions 
of carbon dioxide can escape to the atmosphere leading to a partial conversion via hydrolysis into 
hydrogen bicarbonate (Krauskopf, 1979), i.e. 

��
���� 33222 HCOHCOHOHCO  (8-2) 
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This deprotonation reaction causes dissolution of calcite as soon as the slightly acidified 
groundwater (CO2-oversaturation) percolates through the underlying strata (e.g. carbonate gravel), 
or, 

����
���� 3

2
33 2HCOCaHCOHCaCO  (8-3) 

This dissolved (super-saturated) inorganic carbon is now responsible for the calcite 
precipitations because as soon as the groundwater reaches the surface, CO2 can equilibrate with the 
atmosphere and its release leads to a raise in pH, which can be expressed by the chemical reaction  

HCO CO OH3 2
� �

� �  (8-4) 

An increase in pH, however, shifts the bicarbonate/carbonate equilibrium towards the second 
dissociation reaction, which is, 

HCO CO H3 3
2� � �

� �  (8-5) 

Association of CO3
2- with free Ca2+ ions is directly controlled via the solubility product of 

solid calcite, i.e. 

Ca CO CaCO2
3
2

3
� �
� �  (8-6) 

Summarizing equations 3-4 – 3-6 the overall mass balance has the following form: 

2 3
2

3 2 2HCO Ca CaCO CO H O� �� � �� ��  (8-7) 

It is obvious that (due to the law of mass action) CO2-gas will escape as soon as such CO2-
oversaturated groundwater enters the surface and hence equilibrates with the atmosphere. With 
CO2-release the bulk reaction is shifted to the right side, which causes precipitation of calcite. While 
plants on the surface (moss, shrub and tree roots), are acting as crystallisation seeds for huge 
quantities of carbonate precipitations, crystallization of highly pure travertine in a cave system is 
progressing with much slower growth rates because of the higher partial pressure of CO2 in a semi-
open system (see discussion below). 

8.1.5 Sampling Strategy and Sample Preparation 
Sampling Strategy: A compilation of the samples analyzed is presented in Table 8-1. The sampling 
strategy included the following considerations (a) sampling of recently formed precipitations to 
obtain the initial value for 226Ra(0), the maximum amount of inherited, not-supported 230Th(0), and 
the variability of the U/Th ratio in the present day detritic, i.e. non-authigenic impurities; (b) 
sampling along profiles to check on the consistency of the isotope ages with the strata and to obtain 
growth rates; (c) sampling of co-genetically formed limestone to check on the reproducibility of the 
isotope ages and U/Th composition of older detrital impurities via isochron straight lines, and (d) 
sampling of further selected material to specifically investigate the geological evolution of the 
cavern system at the particular study area. The assignment of the corresponding samples to items (a-
d) is given in Table 8-1. 

Sample Preparation Because of the very low radionuclide concentrations (typically between 0.3 
and 10 mBq/g) samples of about 40 g were homogenized to fine grained powders with grain size < 
200 �m. While one aliquot of 10 g was set aside for analysis of (volatile) 210Po, another aliquot of 
15 g was first heated to 500°C for 2 hours (to destroy traces of organic components which reduce 
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the chemical recoveries) and then split into two aliquots: 5 g for U/Th isotope analysis and 10 g for 
determination of 226Ra via measurement of short-lived 210Po (see below). To avoid isotope 
disturbances caused by infiltration of recent (acid) rainwater into the upper layers of the travertine 
caves (dissolution - re-deposition), all sample surfaces were cleaned by abrasion of a layer of a few 
mm thickness. However, some of the very fine grained tufaceous limestone samples which could 
not be abraded mechanically exhibited a significant excess of 210Po compared to the progenitor 
nuclide 226Ra, probably due to surface complexation of 210Po and/or 210Pb on co-precipitated organic 
matter. Such sample material is not suitable for the use of 210Po as a measure for 226Ra and other 
methods, such as direct measurement of 226Ra (via extraction chromatography) or of its short-lived 
daughter 222Rn (via the emanation method), have to be applied. In addition to the rock specimens, 
samples of the corresponding groundwater responsible for the carbonate precipitations were taken 
and analyzed for radionuclide concentrations as well as bulk chemical composition. 

Table 8-1: Geological and mineralogical description of the travertine samples from the Hell 
Grottoes at Lucerne (Switzerland). A detailed explanation of the sampling strategy (items a-d) is 
given in the text. 

sample 
    � 

sample 
strategy 

geological and mineralogical description 
230Th/234U
age [ky] 

1 (b) fine grained calcite tuff from the bottom of the deposit (profile I) 8.8 ± 0.4 

2 (b) fine laminated, light brownish travertine on top of profile II  2.6 ± 0.3 

3 (a) recent precipitations strongly intergrown with detrital clay minerals < 1 

4 (b, c) brownish travertine crust from the surface of a small palaeolake 3.7 ± 0.3 

5 (b, c) cogenetic aliquot of � 4 from the other side of the palaeolake 3.9 ± 0.3 

6 (d) fine grained, tufaceous limestone with inclusions of sandy tuff grains 7.1 ± 0.4 

7 (b) porous calcite tuff on top of the lower cave system (profile I) 5.3 ± 0.3 

8 (d) massive travertine from a level close to type 4,5 samples 4.1 ± 0.3 

9 (b) sample from the upper layer of the fine laminated limestone(profile I) 6.2 ± 0.4 

10/1+2 (a, c) recent precipitations from a spring outside the caves (two aliquots) 0.5 ± 0.4 

11 (b) travertine from a massive flowstone layer (profile II) 5.1 ± 0.3 

12 (b) travertine from the bottom of a massive flowstone layer (profile II) 5.9 ± 0.3 

13 (b) fine grained tufaceous limestone on the basement of profile I 7.9 ± 0.4 

14/1+2 (c) two cogenetic porous tuffs from a wall of a cave outside the deposit  6.5 ± 0.5 

14/3 (c) snail embedded in formation containing � 14 (cogenetic aliquot) 6.6 ± 0.3 

15 (d) purple travertine crystals on the surface of samples of type 4+5 3.5 ± 0.3 

16 (d) massive stalagmites (re-crystallised travertine of the first generation) 7.1 ± 0.4 

17 (d) fine laminated massive light brownish travertine 2.2 ± 0.3 

18 (a) young carbonate crusts (white, thin plates) outside the cave  1.7 ± 0.3 

19 (a) very young calcite crust on the surface of a 10 year old electric wire < 0.4 
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8.1.6 Analytical Techniques 

Rock samples: After complete sample dissolution in HNO3 (sample dissolution, section 6.2.2) and 
addition of the chemical yield calibration spikes (232U, 228Th, 209Po) the following nuclides were 
analyzed mainly using �-spectrometry: 238U, 234U, 232Th, 230Th and 226Ra (the latter via its short 
lived progenies 222Rn and 210Po). The sequence of the geological meaningful 238U-series members 
(including short-lived 222Rn and 210Po) is given in the following scheme, 

� � � �238 234 230 226 222 210 210U U Th Ra Rn Pb Po� � � �  (8-8) 

where the nuclides in brackets tend rapidly towards secular equilibrium with their progenitors 
(222Rn � 3 weeks, 210Po �1 year) and hence can be used as a measure of the activity of their parent 
nuclides. U and Th were separated chromatographically and consecutively on one column using 
UTEVA resin (details in section 6.2.3) and the sample discs were prepared via electrolytic 
deposition using HNaSO4- Na2SO4 buffer solution according the procedure developed by Bajo and 
Eikenberg (1999). 226Ra was determined indirectly via spontaneous deposition of its short-lived 
daughter 210Po on silver discs because this procedure is fast, simple and yields highly precise results 
(section 6.2.5). Radioassay of all these planar sources was performed using ultra-low-level high-
resolution (16 keV) semiconductive surface barrier detectors (system Octete, Ortec Inc., USA). 
While 210Po could be taken as a measure for 226Ra for samples > 100 years, i.e. 5 half lives of 210Pb, 
all other samples, which could have been formed more recently, were also analyzed utilizing 
emanation of 222Rn into an organic cocktail. Counting of organically bound 222Rn and its very short-
lived progenies 218Po and 214Po was then carried out using low level �/�-LSC (LS-counter, TriCarb 
2550 TR/LL, Packard SA, Meriden CT, USA)  

Water samples: In freshwater 226Ra and its progenies 210Pb and 210Po are likely to be in a state of 
disequilibrium, due to several sources and sinks for 210Po and its geochemical relevant progenitors 
210Pb, 222Rn and 226Ra (e.g. Harada et al., 1989, Plater et al., 1995). Therefore it was essential to 
analyze 226Ra directly, which was done similarly to the procedure presented in section 6.4, i.e. via 
sorption of Ra on MnO2. After sampling, the 1 liter water samples were set aside for about 2 weeks 
to allow unsupported 224Ra to decay and were then spiked using 228Ra/224Ra secular equilibrium 
solution to obtain the chemical yield precisely. Following the spiking each sample was exposed to 
MnO2-coated polyvinyl discs for about 2 days and, thereafter, analyzed directly using �-
spectrometry (c.f. section 6.4). 

In addition to the radioanalytical investigations, bulk chemical analyses were carried out 
applying ICP-MS and AAS (cations) and ion chromatography (anions). These measurements 
yielded the concentrations of all major and some minor stable elements in the carbonates as well as 
the waters (Ba, Sr, Ca, etc.) 
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Table 8-2: Results of the U and Th isotope analysis (measured data, subscript m) and 
calculated (230Th/234U) ratios in the authigenic, pure carbonates (subscript aut). 

� 
238U 

[mBq/g] 
234U 

[mBq/g]
230Th 

[mBq/g] 
232Th 

[mBq/g]
234

232
U
Th m

�

�
�

�

�
�  230

232
Th
Th m

�

�
�

�

�
�  234

238
U
U aut

�

�
�

�

�
�  230

234
Th
U aut

�

�
�

�

�
�  

1 4.04 5.33 0.46 0.04 133 11.5 1.32 0.077 

2 4.45 5.58 0.18 0.04 140 4.5 1.26 0.023 

3 4.40 5.48 1.27 0.97 5.65 1.3 1.34 < 0.01 

4 4.30 5.29 0.20 0.02 265 10.0 1.23 0.033 

5 5.62 6.69 0.26 0.02 335 12.9 1.19 0.035 

6 5.68 7.44 0.58 0.09 82.7 6.4 1.31 0.063 

7 7.97 10.3 0.65 0.13 79.2 5.0 1.30 0.047 

8 3.82 4.99 0.21 0.02 250 10.5 1.31 0.037 

9 4.54 5.92 0.45 0.10 59.2 4.5 1.31 0.055 

10/1 3.13 4.04 0.38 0.28 14.4 1.4 1.33 0.004 

10/2 3.16 3.94 0.40 0.30 13.1 1.3 1.28 0.005 

11 5.53 7.09 0.34 0.01 709 34.0 1.28 0.046 

12 9.45 12.2 0.66 0.02 816 43.9 1.30 0.052 

13 6.67 8.41 0.64 0.04 205 15.6 1.26 0.070 

14/1 3.01 3.83 0.48 0.21 18.2 2.3 1.30 0.058 

14/2 6.75 8.62 0.56 0.02 431 28.0 1.28 0.062 

14/3 19.3 24.8 1.54 0.06 413 25.7 1.29 0.059 

15 4.16 5.14 0.18 0.01 509 17.8 1.24 0.033 

16 13.5 17.1 1.09 0.01 1750 109 1.26 0.064 

17 4.20 5.16 0.14 0.03 172 4.7 1.23 0.020 

18 5.08 6.21 0.11 0.01 621 11.0 1.22 0.016 

19 6.60 8.65 0.04 0.03 228 1.3 1.31 < 0.002 

gw(1) 13.0 16.5 < 0.01 < 0.01 >1000  1.27 < 0.001 
(1) gw = present day groundwater 
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Table 8-3: Measured 210Po and 222Rn activities as well as calculated activities of the 
components 226Raaut and 226Raex. A comparison between the 230Th/234U and 226Raex/226Ra(0) 
formation ages is given in the last two columns. 

# 210Pom 
[mBq/g] 

222Rnm 
[mBq/g] 

226Raaut 
[mBq/g] 

226Raex 
[mBq/g] 

230Th/234U 
age [ky] 

226Raex/226Ra(0)
age [ky] 

1 0.38 ± 0.02  0.33 ± 0.02 0.02 ± 0.03 8.8 ± 0.4 > 7 

2 0.39 ± 0.02 0.38 ± 0.07 0.34 ± 0.03 0.29 ± 0.03 2.6 ± 0.3 3.0 ± 0.3 

4 0.31 ± 0.02 0.33 ± 0.07 0.28 ± 0.02 0.19 ± 0.02 3.7 ± 0.3 3.9 ± 0.4 

5 0.34 ± 0.02 0.29 ± 0.07 0.31 ± 0.02 0.19 ± 0.02 3.9 ± 0.3 3.9 ± 0.4 

6 0.47 ± 0.03 n.a. 0.35 ± 0.03 0.03 ± 0.04 7.1 ± 0.4 > 7 

7 6.82 ± 0.15 0.63 ± 0.11 6.65 ± 0.15 6.35 ± 0.18 5.3 ± 0.3 (a) 

8 0.35 ± 0.02 n.a. 0.32 ± 0.02 0.23 ± 0.03 4.1 ± 0.3 3.6 ± 0.5 

9 0.43 ± 0.02 n.a. 0.30 ± 0.03 0.08 ± 0.04 6.2 ± 0.4 5.8 ± 2.7 

10 1.13 ± 0.04 1.19 ± 0.15 0.77 ± 0.04 0.76 ± 0.04 0.5 ± 0.4 0.7 ± 0.1 

11 0.33 ± 0.02 n.a. 0.32 ± 0.02 0.12 ± 0.03 5.1 ± 0.3 5.0 ± 2.0 

12 0.52 ± 0.03 n.a. 0.50 ± 0.03 0.09 ± 0.04 5.9 ± 0.3 5.8 ± 2.5 

13 0.54 ± 0.03 n.a. 0.49 ± 0.03 0.06 ± 0.04 7.9 ± 0.4 6.5 ± 4.2 

14/1 0.53 ± 0.03 0.60 ± 0.11 0.26 ± 0.04 0.11 ± 0.04 6.5 ± 0.5 5.3 ± 1.9 

15 0.40 ± 0.02 n.a. 0.39 ± 0.02 0.31 ± 0.03 3.5 ± 0.3 2.8 ± 0.3 

16 0.77 ± 0.03 n.a. 0.76 ± 0.03 0.01 ± 0.04 7.1 ± 0.4 > 7 

17 0.40 ± 0.02 n.a. 0.36 ± 0.02 0.32 ± 0.02 2.2 ± 0.3 2.7 ± 0.2 

18 0.48 ± 0.03 n.a. 0.47 ± 0.03 0.44 ± 0.03 1.7 ± 0.3 2.0 ± 0.2 

19 2.41 ± 0.08 1.11 ± 0.14 1.05 ± 0.12 1.05 ± 0.12 < 0.4 < 0.1 
n.a. = not analyzed, (a) not determined due to surface contamination with excess 210Po 

8.1.7 Dating Principles 
Two methods using mother/daughter relationships within the 238U decay chain are mainly applied in 
the fields of sedimentology and oceanography (i) 230Th/234U ingrowth-dating for systems which 
evolved between 10 and 300 ky (Bischoff et al. 1988; Edwards et al. 1987, 1993; Burnett et al., 
1988; Bischoff and Fitzpatrick, 1991; Luo and Ku, 1991, Kaufman 1993, etc.) and (ii) 210Pb excess-
decay dating (supplied from decay of soil-emanated 222Rn into the atmosphere). The latter method is 
used mainly to determine sedimentation rates in lakes for sample ages of up to about 100 years 
(Robbins, 1978; Oldfield et al., 1978). The third geologically meaningful chronometer, which uses 
the decay of excess 226Ra has been applied much more rarely because this method has to consider 
various boundary conditions (e.g. Koide et al. 1976; Kim and Burnett, 1985; Latham et al., 1986; 
Sturchio, 1990). However, this chronometer fills the time gap between the two more established 
chronometers and is suitable for dating between � 100 years and about 7-8 ky or 5 half lives of 
226Ra. This situation is illustrated in Fig. 8-2 which shows the evolution of the activity ratios in the 
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238U series for hypothetical cases with initial daughter/parent ratios of 2 (twice daughter excess) and 
0 (i.e. zero inherited daughter activity at the time of formation). The bold lines in Fig.8-2 indicate all 
three chronometers of relevance in natural terrestrial systems while the dashed lines display all other 
hypothetical chronometers between the different members in the 238U series. 
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Figure 8-2: Schematic illustration of time scales over which different pairs of the 238U decay series 
members decay towards secular radioactive equilibrium (after Williams, 1987).  

As has been discussed in section (7.1), for systems in which the 234U/238U activity ratios are 
close to unity (i.e. secular equilibrium), the activity of 234U as a function of time depends on decay 
of the long lived parent 238U or, 

234 234 2380U t U e t( ) ( )� �

��
 (8-9) 

where �238 is the decay constant of the parent 238U. Since decay of 238U proceeds extremely 
slowly (T1/2 = 4.5·109 y) the activity of 234U (supported from 238U) remains almost unchanged in 
samples which formed less than a few tens of million years ago. Furthermore, if, the sample 
material is as young as a few thousand years, decay of slight excess of 234U (T1/2 = 2.5·105 y), i.e. 
disequilibrium between 234U and 238U can also be disregarded. Given this situation, the activity of 
the next geologically relevant daughter, 230Th, is not dependent on a change in 234U, i.e.  

230 230 230 234 2300 1Th t Th e U et t( ) ( ) ( )� � � � �
�

�
� �  (8-10) 

While the first term on the right side of equation (8-10) refers to the decay of an initially 
inherited component of 230Th, the second term describes the ingrowth of 230Th in a mineral that 
incorporated uranium, but not thorium. Therefore, for samples starting without significant inherited 
230Th, the first term in equation (8-10) can be neglected, i.e. the boundary condition 230Th(t=0) = 0 
is required in this case. As noted above, for young minerals having formed less than 10 ky ago and 
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with 234U � 238U a second boundary conditions holds, i.e. 234U(t) = 234U(0). This is of advantage for 
calculating the evolution of the next daughter, 226Ra, with time (section 7.1), i.e.  

226 226 226 234 226
230

230
226

226 230
0

1 1
Ra t Ra e U

e et
t t

( ) ( )
( ) ( )

� � � �

� � � � �

�

�

� �

�

� �
� �

� �
 (8-11) 

where, in analogy to equation (8-10), the first term refers to decay of initially incorporated 
226Ra, while the second describes the delayed ingrowth of 226Ra via ingrowth of 230Th. As indicated 
in the second term, the 226Ra ingrowth depends on the activity of 234U solely (provided that 
230Th(t=0) = 0) and this term is therefore termed the supported component, i.e. 226Rasup. 

8.1.8 Results and Discussion  
The results of the U and Th isotope analysis are presented, in terms of their activities, in Table 8-2. 
The typical relative uncertainties (in 2�) are 234U, 238U: 1-3%, 234U/238U: 2-5%, 230Th: 4-10%, 232Th 
for samples with 234U/232Th activity ratios of � 100, about 10-30%. While the activities of the U-
isotopes are fairly constant in the travertine samples, 230Th is more variable because of different 
sample ages and/or contribution of a detrital component also containing 232Th and 238U with all 
progenies in secular equilibrium (see discussion below). In an average sample (for instance # 4,5,8) 
the activities of 230Th are very low (� 0.2 mBq/g or � 3·10-15 mol/g). For this reason, all samples 
were counted for about one week. The activities of 210Po and 222Rn are given in Table 8-3 along 
with a compilation of the 230Th/234U and 226Raex/226Ra(0) ages and the results of the bulk chemical 
investigations are summarized in Table 8-4 including the results for 226Ra in the water sample. 

Table 8-4: Bulk chemical compositions of six travertine samples and present day groundwater. 

Element sample # (in sequence with increasing U/Th-age) [mg/g] 
[mg/g] # 19 # 10 # 2 # 4 # 12 # 13 g.w.(1)  

Na+ 0.39 0.41 0.41 0.38 0.40 0.42 3.73 
K+ 0.05 0.11 0.05 0.07 0.06 0.09 0.54 
Mg2+ 3.29 2.79 3.60 3.55 3.72 3.61 18.3 
Ca2+ 399 380 396 392 397 385 142 
Sr2+ 0.25 0.23 0.17 0.26 0.30 0.21 0.279 
Ba2+ 0.19 0.19 0.18 0.19 0.19 0.18 0.089 
Ra2+(2) 3.0·10-11 3.0·10-11 1.1·10-11 8.4·10-12 1.4·10-11 1.5·10-11 1.8·10-11 
Zn2+ 0.03 0.03 0.03 0.02 0.03 0.02 0.041 
SO4

2- 4.05 3.75 4.35 3.82 3.90 3.97 3.38 
Mg/Ca 8.2·10-3 7.3·10-3 9.1·10-3 9.1·10-3 9.4·10-3 9.4·10-3 1.3·10-1 
Sr/Ca 6.3·10-4 6.1·10-4 4.3·10-4 6.6·10-4 7.6·10-4 5.5·10-4 2.0·10-3 
Ba/Ca 4.8·10-4 5.0·10-4 4.6·10-4 4.8·10-4 4.8·10-4 4.7·10-4 6.3·10-4 
Ra/Ca 7.5·10-14 7.9·10-14 2.8·10-14 2.1·10-14 3.5·10-14 3.9·10-14 1.3·10-13 
Ra/Ba 1.6·10-10 1.6·10-10 6.1·10-11 4.4·10-11 7.4·10-11 8.3·10-11 2.0·10-10 

(1) g.w. = present day groundwater in [mg/l], (2) calculated from radiochemical determination 
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Dating with the  230Th/234U Chronometer:  
Correction for non-authigenic (detrital) material: One of the major requirements for correct use of 
the 230Th/234U chronometer on a single sample is knowledge of the initial activity values at the time 
when the system’s clock started. In the case of limestone precipitations there is a further 
complication because the freshly precipitating, authigenic phases are generally intergrown to a 
certain degree with detrital material (mainly clays) containing U and Th of different age. However, 
as discussed in a review paper given by Kaufman (1993) it is reasonable to assume that such 
material is older than a few 100 ky, i.e. all members within the U and Th decay series are in or close 
to secular equilibrium (234U = 230Th = 226Ra). This means that independent of the degree of the 
detrital impurities, internal isochrons connecting all co-genetic phases can be defined by 
normalizing the 230Th/234U decay/ingrowth relationship to 232Th, or, 
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� �� �  (8-12) 

where �230 is the decay constant of 230Th and the slope m (or the isochron = 1 - e-�230t) yields the 
age of all (cogenetic) samples which have been formed simultaneously. Basically, relation 8-12 is 
useful to distinguish between two mixed phases (e.g. travertine, detrital silicates) and therefore to 
eliminate the uncertainties on predominantly 230Th(0). A thorough explanation of 230Th/232Th - 
234U/232Th isochron relationships, introduced first by Allègre and Condomines (1976), can be 
obtained from the reviews by Gill et al. (1992) or MacDougall (1995) and several successful 
demonstrations have been presented for dating authigenic sediments (Bischoff and Fitzpatrick, 
1991; Luo and Ku, 1991; Kaufman, 1993; Israelson et al., 1997, Kaufman et al., 1998). A typical 
isochron relationship of the samples investigated here is shown in Fig. 8-4 for two simultaneously 
formed fine grained travertine from the bottom of the deposit (� 14/1 and 14/2) including a fossil 
snail (� 14/3) which could be purified from the surrounding material of type � 14. The isochron 
straight line intercepts with the equiline or the detrital component (i.e. the line on which all samples 
are in secular equilibrium or 230Th/234U = 1) at 230Th/232Th (or 234U/232Th) = 1.3 + 0.1. A second 
regression line in Fig. 8-4 connects the U/Th isotope data of two recently formed young precipitates 
taken from a spring outside the limestone caves, more (� 3) or less (� 10, two aliquots) strongly 
intergrown with detrital material, as well as very young travertine coatings (� 19) overgrowing a 10 
year old electric wire. These zero age samples define the present day mixing line, which intersects 
the equiline at 230Th/232Th = 1.3 + 0.1. This horizontal line therefore documents (at least for recently 
formed limestone) a uniform 230Th/232Th ratio for the detrital component. In addition to this, another 
sequence of co-genetic phases was collected, that are two travertine samples taken from the same 
sea level of a paleolake, (� 4 and 5). Clearly two samples are not sufficient for calculation of an 
isochron slope, but a construction line connecting these samples with the detrital 230Th/232Th ratio 
defined by the other co-genetic samples is, within error, consistent with the U/Th isotope ratios of � 
4 and 5. 

It is, therefore, very likely that all travertine analyzed here contain detrital inclusions with 
identical 238U/232Th ratios because the three slopes cover a period in which most of the travertine 
was deposited (i.e. between present day and � 9000 years). Given this situation all other samples 
should be datable applying the 230Th/234U isotope pair without the need of constructing individual 
isochrons, i.e. via analysis of several cogenetic phases or sample leachates to obtain one single 
formation age. With a constant U/Th ratio in the detrital phase, correction for such impurities can be 
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simply obtained via subtraction of 232Th times the detrital U/Th ratio from measured 234Um and 
230Thm or, for instance, for 234U, 
234 234 232U U k Thaut m m� � �  (8-13) 
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Figure 8-3: 230Th/232Th - 234U/232Th isotope diagram showing isochrons connecting cogenetic 
travertine of different age (6.5 ky, and present day U/Th mixing line obtained from recently formed 
limestone). Both regression lines intersect the equiline at 230Th/232Th and 234U/232Th = 1.3, 
indicating uniform U/Th ratios of the detrital component in all samples from the deposit, The 
analytical uncertainties are given as 2�. 

where k refers to the 234U/232Th ratio of the impure detritus and the subscript “aut” refers to the 
234U activity in the pure, authigenic material. Following the detritus correction, the 230Th/234U age 
can be obtained by use of equation (7-7). Since, in addition, for young systems < 10 ky the 234U 
activity remains almost constant (decay of maximum 3% if not supported by 238U), the equipoint 
can be directly used to extract the U/Th ratio of the detrital phases. Since 234U/238U = 1.3 for typical 
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travertine (Table 1) like 230Th/232Th on the equipoint, a 238U/232Th activity ratio of 1.0 results for the 
detrital phase. Converted to more convenient mass units, this corresponds to a 232Th/238U mass ratio 
of 3, which is typical for the Th/U mass ratio in crustal rocks.  

Maximum inherited initial 230Th/234U ratios in recently forming calcite: For successful 230Th/234U 
dating according to equation (7-7), a component of inherited or excess (i.e. unsupported) 230Th is 
not allowed nor is a change of the activity of 234Uaut with time. In the case of uranium, the samples 
are characterized by similar 234U/238U ratios of 1.28 + 0.04 (mean value of all data in Table 8-2) 
indicating rather low excesses of 234U in comparison to 238U. This means that for system closure 
times < 10 ky, the change in 234U/238U from decay of excess 234U is extremely small ( < 1% for 
samples which crystallized 10 ky ago). Since the change of the U-isotope activity ratio is still less 
for younger samples, it can be reasonably considered that the 234U activity remained constant in all 
samples analyzed here. 

The second assumption (230Th(0) = 0) is somewhat more difficult to prove, because, although 
the solubility of Th4+ in aqueous solutions is orders of magnitude below that of UO2

2+ (Fuger and 
Oetting, 1976; Langmuir, 1978; Langmuir and Herman, 1980; OECD, 1992), there remains the 
possibility that 230Th (from decay of dissolved 234U) forms colloids or adsorbs on suspended matter 
as has been shown to be the most likely case for its presence in river and ground waters (Langmuir 
and Herman, 1980, Tricca, 1997). Therefore the associated groundwater of the limestone complex 
(causing travertine precipitation) was analyzed as well. Radioassay of this water including complete 
digestion of all particles in HF-HNO3 yielded no detectable activity of 230Th as well as 232Th (both 
isotopes < 1·10-5 Bq/l). Expressed in mass units these detection limits convert to: 230Th < 3·10-14 g/l 
and 232Th < 3·10-9 g/l, i.e. detection limits which do not exceed the values obtained from non-
turbulent river waters and estuaries as reported, for instance, by Anderson et al. (1995) using high 
sensitivity thermal ion mass spectrometry (TIMS). In contrast to Th, a significant activity of U-
isotopes (234U = 16.5 mBq/l) was measured, yielding an 230Th/234U activity ratio < 6·10-4. Assuming 
conservatively that the co-precipitation yield for unsupported 230Th exceeds that of 234U by a factor 
of 10, the initial (230Th/234U)aut activity ratios in the recently formed limestone still remain < 6·10-3, 
i.e. a value which is consistent to the (230Th/234U)aut activity ratios obtained for the recently formed 
travertine samples �10 and �19.  

Maximum inherited initial 230Th/234U ratios in older samples: From the previous paragraph it can 
be concluded that the present day precipitates do not incorporate significant quantities of 230Th(0), 
but how can one further prove that the present day water is chemically similar to its composition a 
few thousand years ago? To answer this question the 234U/238U ratios in the rock and water samples 
can be used, because independent of the precipitation yield of uranium in the individual samples, the 
234U/238U ratio should remain constant in solid and aqueous phases if the limestone precipitated 
from one water source with uniform 234U/238U. Fig. 8-4 shows that, within error, the U-isotope 
ratios of the rock samples remained constant at 1.28 + 0.06 independent of the time of formation 
and that this value also agrees with the present day 234U/238U ratio in the corresponding groundwater 
(at 1.27 + 0.04). The data therefore suggest that the precipitates are likely to have formed from a 
chemically similar water source, the more so, since the concentrations of stable elements such as 
Na+ and, in particular, the bivalent ions , Mg2+, Ba2+, SO4

2- in six samples analyzed here (Table 8-4, 
and Ba/Ca ratios in Fig. 8-4) are almost identical. 
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There are, in addition, two further points, which support the assumption that the travertine 
investigated here did not incorporate significant amounts of inherited 230Th. For samples > 8 ky 
more than 97% of initial 226Ra excess has decayed, therefore 226Ra and 230Th should be in a fixed 
transient activity equilibrium. As will be shown below (discussion on Ra) this is indeed confirmed 
by comparison of the 226Ra/230Th data of such old samples to the theoretical value obtained when 
calculating with 230Th(0) = 0. 

The other point is that the 230Th/234U ages are consistent with the relative succession of the 
geological strata. The continuously increasing 230Th/234U formation ages with depth are indicated 
for two profiles through the tufaceous limestone outside and travertine flow stones inside the lower 
cave system (Table 8-5, Fig.8-1). Table 8-4 shows that samples with notable initial (230Th/234U)aut in 
the order of 6·10-3 (which introduces an error of up to 1 ky) are likely to violate the relative age 
sequence in the profile. 

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

mean 234U/238U ratio in travertine = 1.28 + 0.06

mean Ba/Ca ratio in travertine = (0.49 + 0.02)10-3

present day 234U/238U groundwater ratio

Ba/C
a w

eight ratio (*10 -3)

23
4 U

/23
8 U

 a
ct

iv
ity

 ra
tio

230Th/234U sample age [ky]

 
Figure 8-4: Plot of the 234U/238U activity and Ba/Ca weight ratios of the travertine samples versus 
their 230Th/234U formation ages (uncertainties: 2�). The dashed line indicates the U-isotope ratio 
for present day groundwater. 

Table 8-5: 230Th/234U ages of samples from profiles through the tufaceous limestone outside and 
travertine flow stones inside the lower cave system. The locations of 6 of the 8 samples from both 
profiles are also shown in the magnification of the lower cave system in Fig. 8-1. 

profile I. tufaceous limestone profile II. travertine flow stone 

sample 
# 

230Th/234U 
age [ky] 

distance from 
bottom [cm] 

growth rate
[cm/ky] 

sample
# 

230Th/234U 
age [ky] 

distance from 
bottom [cm] 

growth rate
[cm/ky] 

7 5.3 ± 0.3 550 60 2 2.6 ± 0.3 70 10 
9 6.2 ± 0.4 350 120 4,5 3.7 ± 0.3 60 15 
13 7.9 ± 0.4 150 170 11 5.1 ± 0.3 40 50 
1 8.8 ± 0.4 0  12 5.9 ± 0.3 0  
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Dating with the  226Raex/226Ra Chronometer:  
Previous studies: In a similar manner to the 230Th/234U pair normalized to long-lived 232Th, 
isochron dating using 226Ra/230Th was introduced by Williams et al. (1986) to investigate magma 
genesis and several applications in volcanology have been presented since (Williams, 1987; Volpe 
and Hammond, 1991; Volpe 1992; Condomines et al, 1988; Volpe and Goldstein 1993, Chabaux et 
al., 1994). Since, beside 226Ra, no long-lived Ra isotope can be found in nature, it was suggested to 
use stable Ba as normalization isotope because this element behaves chemically in an analogous 
manner to Ra. However if short-lived systems are considered, precise ages can be obtained by 
normalizing 228Ra (T1/2 = 5.7 years) to 226Ra. A good example of the applicability of 228Raex/226Ra 
chronometry was presented by Sturchio (1990) who investigated the diagenetic transformation from 
aragonite to calcite at Mammoth Hot Spring, Wyoming. Due to the short half-life of 228Ra this 
chronometer is suitable only for samples that formed less than 20-30 years ago. For precipitations 
that formed a few thousand years ago further interesting examples can be found in the literature, 
demonstrating that non-normalized 226Ra-excess dating may also yield meaningful ages. 
Applications were presented for marine sediments (Koide et al. 1976) or phosphorites (Kim and 
Burnett, 1985) as well as travertine and speleothem (Latham et al., 1986, Romano et al, 1987; 
Sturchio, 1990). The study of Latham et al. (1986) showed, for instance, good concordance between 
14C- and 226Raex-ages in a Mexican stalagmite. Kim and Burnett (1985), however, measured in 
phosphate nodules from the Peru/Chile seafloor with U/Th ages > 10 ky repeatedly 226Ra/230Th 
ratios below unity, speaking for removal of 226Ra in rather old samples where both nuclides should 
be in transient equilibrium. While most of the investigations assume that ingrowth of 226Ra from 
decay of 230Th is not significant (and hence do not consider any corrections), Koide et al. (1976) 
discussed an approach to correct for 226Ra supported from decay of 230Th (however not considering 
dynamic ingrowth of 230Th from 234U). A detailed analytical solution of the complex system 
238U/234U/230Th/226Ra was presented by Kim and Burnett (1985) who extended the analytical 
solution given by Kaufman and Broecker (1965) for the U/Th system to 226Ra. In order to obtain 
226Raex-ages such complex equations have to be solved iteratively. However, provided that the 
boundary conditions 230Th(0) = 0 and 234U(t) = 234U(0) are correct, there is simple way (shown 
below and in section 7.1) to calculate 226Raex/234U or 226Raex/226Ra(0) precisely considering 
changing activity concentrations of 226Ra supported by ingrowth of 230Th. 

Correction for non-authigenic (detrital) material: After having shown that (i) detrital impurities 
can be subtracted for the samples investigated here using an identical U/Th activity ratio and, that 
(ii) all samples started without significant amounts of inherited 230Th, it is possible to apply the 
analytical solution for ingrowth and decay of 226Ra, the third geochemically important radionuclide 
in the 238U decay series. Since the second term in equation 8-11 describes the 230Th supported 
ingrowth of 226Ra (226Rasup), the amount of the residual excesses of 226Ra surviving the decay of 
initially incorporated Radium can be calculated as follows: 

226 226 226Ra t Ra Ra tex aut( ) ( )sup� �  (8-14) 

where 226Raaut is the total activity of 226Ra in the pure authigenic phase. Assuming secular 
equilibrium between 230Th and 226Ra in the detrital phase yields, similarly to equation 8-13:  

226 226 232Ra Ra k Thaut m m� � �  (8-15) 
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Comparison of the 226Raaut/234U data with the 226Raex-decay/226Rasup-ingrowth relationship: 
Equation 8-14 indicates that calculation of 226Raex(t) still requires knowledge of two components, 
226Raaut (which can be simply calculated by use of equation 8-15) and 226Rasup(t) from ingrowth of 
the precursor 230Th. The evolution of 226Rasup(t) normalized to 234U is shown in Fig. 8-5 taking 
226Ra(0)/234U from the most recently formed sample (� 19, discussion next paragraph), as a fixed 
parameter. In contrast to Fig. 7-1 two more curves are presented in this figure, i.e. the decay of 
226Raex and the 230Th supported ingrowth of 226Ra, i.e. 226Rasup. It is indicated that 226Rasup is 
strongly delayed because at short times both terms, �230(1 - e-�230t) and �226(1 - e-�226t) in equation 
8-11 yield very similar values, while with increasing life time of the system the term �226(1 - e-�226t) 
tends more rapidly towards 1 than the ingrowth term of 230Th. This leads to a transient, fixed 
equilibrium between 230Thsup and 226Rasup tending to �226/(�226 -�230) = 1.02 for t >> T1/2 (226Ra). 

It is now interesting to compare the measured 226Raaut/234U data with the 226Ra(t)/234U 
decay/ingrowth curve. To be able to do this, two parameters have to be known (i) the age of the 
samples obtained from an independent method, and (ii) the value for 226Ra(0)/234U. While the 
sample ages were taken from the 230Th/234U chronometer, the initial 226Ra(0)/234U was taken from 
the most recently formed sample (� 19), in which there is a disequilibrium between 210Po and 222Rn 
(Table 8-2) and which must, therefore, be younger than 100 years (c.f. Fig. 8-2, 210Pb/226Ra 
relationship). Provided that the initial ratio 226Ra(0)/234U at system closure remained invariant, all 
samples should plot, within error, on the 226Ra(t)/234U decay + ingrowth curve. This is, however, not 
the case, indicating that the initial 226Ra(0)/234U ratio varies from sample to sample (at least due to 
varying U-concentrations, Table 8-2) and cannot be used directly as a dating tool. 
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Figure 8-5: Magnification of Fig. 7-1 showing the coupled 234U/230Th/226Ra decay and ingrowth 
relationships for a short-term view from present day to 10 ky ago. The measured activity ratios 
(226Raex/234U)sup of the travertine samples are also plotted as a function of their 230Th/234U ages 
(uncertainties: 2�). It is obvious that the analytical data do not fit well to the 226Ra(t)/234U decay 
plus ingrowth curve which indicates that the initial 226Ra(0)/234U is not uniform for all samples. 
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Comparison of the 226Raex /226Ra(0) ages with the 230Th/234U ages: Since decay of the excess 226Ra 
component follows first order exponential decay, i.e. 226Raex(t) = 226Ra(0)e-�226·t the relationship 
presented in equation 8-11 can be rearranged in a similar manner to other dating systems based on 
decay of an excess component (such as 14C-dating), i.e. as 226Raex/226Ra(0) or as follows  

226

226

226 226

2260 0
226Ra t

Ra

Ra Ra t
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( )
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�
��  (8-16) 

or resolved to the time of formation, respectively, 
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As shown in equation 8-17 the component 226Rasup(t) is dependent on time as well as on the 
specific 234U activity of each sample. For the samples investigated here the term 226Rasup(t) was 
simply obtained using the sample ages determined individually via 230Th/234U. The resulting data 
are illustrated in Fig. 8-6 as 226Raex(t)/226Ra(0) versus time, taking 226Ra(0) = 226Raaut from the most 
recently formed travertine (� 19) as the initial. All those samples which started with identical initials 
to � 19 should plot on the theoretical 226Raex/226Ra (0) decay curve. Indeed, most of the data plot on 
or close to the curve, and even samples, which exhibit ages 4 times the half-life of 226Ra, still fit 
well to the decay curve. Note, that after correction for 226Rasup the residing component 226Raex of the 
oldest samples (i.e. # 1, 6, 13, 16) is extremely small ( < 0.1 mBq/g or < 3·10-15 g/g), but still 
calculable within 30 - 50% uncertainty. From the youngest to the oldest samples the data cover a 
range of more than one order of magnitude with respect to 226Raex(t)/226Ra(0).  

Fig 8-6 also includes the slope of the theoretical decay curve, �226 = 0.432·10-3/y (or T1/2 = 
1600 years, Firestone and Shirley, 1996) besides the regression fit through the data, which yields 
similar values for �226 = 0.444·10-3/y (or T1/2 = 1560 years), indicating the consistency of the data 
to the decay curve 226Raex(t)/226Ra(0). The intersection of the regression line with the y-axis yields 
0.96 + 0.04 which means that the 226Ra(0) initial obtained from the most recently formed sample (# 
19, t < 0.1 ky), is supported by the mean through 16 further data points, strongly speaking for a 
similar initial 226Ra(0) activity concentration in all samples.  

The comparison of the 226Raex-ages to the 230Th/234U-ages is given in Fig.8-7. It is indicated 
that the 230Th/234U chronometer becomes highly non-precise for samples < 2 ky (2� > 50% for 
carbonates with only 3 vol% detritus inclusions, see appendix). On the other hand, precise results 
are obtained using 230Th/234U with increasing sample ages, while this time decay of 226Raex reduces 
the precision of 226Raex/226Ra(0). For those samples which have formed between 2 and 6 ky ago (# 
2, 4, 5, 8, 15) both chronometers yield very similar ages and analytical uncertainties, which strongly 
suggests that  226Raex-dating of young Holocene samples is likely to be a good complementary 
method to 230Th(t)/234U.  
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Figure 8-6: Illustration of 226Raex/226Ra(0) in semi-log scale as a function of time (uncertainties: 
2�). The regression analysis through the data results in a slope which is very similar to the 
theoretical 226Ra decay curve and yields a half-life of 1560 + 150 years, i.e. a value which is close 
to generally accepted value of 1600 years (Firestone and Shirley, 1996). 
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Figure 8-7: Plot of the calculated 226Raex/226Ra(0) formation ages versus the 230Th/234U ages 
(uncertainties: 2�). The figure demonstrates the good agreement between both chronometers for 
travertine samples that have been formed 2-6 ky before present. 
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Comparison of 226Ra(0) with bulk chemical analyses: Although the isotope data argue for a 
uniform initial input of 226Ra into the precipitating material, there is further proof provided from the 
bulk chemical analysis to justify this conclusion. Table 8-4 summarizes the major ionic components 
in 6 travertine samples and in the groundwater. The minor constituents are not shown, because their 
contributions were found to be very low and almost below the analytical detection limits (traces of 
Fe, Si, Mn, Al, P, Cu, Cr etc. < 0.005 mg/g). Only sample 10 contains significant traces of Si and Al 
of ca. 0.01 mg/g, indicating impurities of the calcite with silicate material (probably of clay 
mineralogical composition). These additions are consistent with the higher concentration of 232Th in 
# 10 (Table 8-2) compared to the other five pure calcite samples presented in Table 8-4 (# 2, 4, 12, 
13, 19). Assuming similar densities of detritus and pure travertine, as well as comparable 
concentrations of uranium in both phases, the detrital contribution in sample # 10 amounts to about 
5-10%, while in all other samples this contribution is less than 1%. The concentrations of Ca2+ 
confirm this conclusion because the Ca/CaCO3 weight ratio of pure calcite is 0.40 and this value 
was obtained for the five pure travertine samples. The authigenic phase is hence pure calcite in 
which about 1% of the cations (i.e.Ca2+) is substituted by Mg2+. There is, in addition, a slight 
contribution of SO4

2- to the anions (CO3
2-). The latter forms probably individual phases, such as 

celestite (SrSO4), which is a typical low temperature mineral associated in limestone formations 
(Hurlbut and Klein, 1977). Presence of such phases could explain the higher variability of Sr2+ in 
comparison to all the other earth alkaline elements (Mg2+, Ba2+).  

In particular, as Ra is an earth alkaline element behaving chemically similar to Ba, it is 
interesting to study the variation of Ba in the rock samples. Since the concentration of Ca in the 
authigenic carbonate phase is uniform it is most suitable to use the Ba/Ca ratios as a measure of the 
variability of Ba in the authigenic material. As Fig. 8-4 indicates, this ratio is highly constant (0.49 
+ 0.02)·10-3 for all six samples and no trend with sample age can be observed, which corroborates 
the conclusion made above of uniform initial 226Ra(0) with time. It is also interesting to note that the 
Ra/Ba ratio in the water is very similar to that in the most recently formed samples, # 19, i.e. 
(Ra/Ba)water/(Ra/Ba)#19 = 1.4. This indicates that the co-precipitation yield is similar for these 
homologue elements. 

Calculation of 226Raex ages for samples with unknown 226Rasup: As the right term of equation 8-11 
indicates, 226Raex/226Ra(0) ages depend on the component 226Rasup(t), which changes with time. To 
obtain an estimate on the fraction of the component 226Rasup (supported from 234U and 230Th) on 
total 226Ra in the authigenic phase, the ratio (226Rasup/226Raex + 

226Rasup) is plotted as a function of 
the time since system closure and for different initial 226Ra(0)/234U activity ratios of 0.2, 0.5 and 1.0 
(Fig. 8-8). It is obvious that for sample ages ranging from present to 2000 years before present, the 
fraction of 226Rasup on total 226Ra is fairly low (< 10%) but, for formation ages preceding that time 
the component 226Rasup becomes increasingly dominant, the more so if the samples started with low 
initial 226Ra(0)/234U ratios. To circumvent rather extensive iteration procedures, a more practical 
approach is presented in the following to calculate 226Raex-ages via expression of equation 8-16 as 
difference of two terms, i.e., 

F t
Ra Ra t

Ra
eaut t( )
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( )
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226 226

226 0
226�  (8-18) 
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The consideration is as follows: If F(t) = 0, it is required that both terms in equation 8-18 have 
to give identical values. Such a situation exists at one fixed moment, which is exactly the time of 
the mineral formation, i.e. when 226Rasup = 0. The function F(t) can be simply calculated using the 
time as a free parameter, provided that measured values for 226Raaut, 226Ra(0) and 234U are available. 
The age is obtained from the intersection of F(t) with the horizontal line where F(t) = 0. The 
evolution of F(t) is shown graphically in Fig. 8-9. Two examples are presented in this figure, (i) a 
226Raaut/226Ra (0) activity ratio of 0.5 (termed type A curve series) and (ii) 226Raaut/226Ra (0) = 0.25 
(type B curve series). Series A and B split into four separate curves marked with the indices 0 to 3 
which refer to different initial 226Ra(0)/234U ratios of 0.2, 0.5, 1.0 and � respectively. For both curve 
type series it is shown that with increasing concentration of uranium, the component 226Rasup 
contributes more to 226Raaut which increases the 226Raex/226Ra(0) age. 
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Figure 8-8: Fraction of the precursor supported 226Ra over total Ra (supported + excess) with time. 
Extremely low contributions of the 226Rasup component are indicated for systems which are younger 
than two half-lives of 226Ra or which started with similar activities of 226Ra and 234U. 

Excesses of 210Po on sample surfaces and check on closed system behavior: As noted in the 
analytical section, recent infiltration of rainwater may lead to a significant disequilibrium between 
226Ra and 210Pb-210Po on the rock surfaces. One fine grained sample with a highly porous surface (# 
7), which could not be purified mechanically confirms this observation. Analysis of 226Ra via 
emanation of short-lived 222Rn (T1/2 = 3.8. d) into a liquid scintillation cocktail yielded a value 
which is much closer to the expected 226Ra activities of material with comparable formation ages (# 
4, 5 8, 11, 12) while 210Po - 210Pb is in large excess. Since it cannot be ruled out that the surface of # 
7 exhibits additional slight excesses of sorbed 226Ra, this sample was not included in the 
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comparison between U/Th-ingrowth and Raex-decay ages. On the other hand, for samples with 
abraded surfaces (i.e. for which surface effects causing isotope disequilibrium could be ruled out) 
combined analysis of 210Po and 222Rn is helpful for the selection of very young samples < 100 years, 
if 210Po (as a measure for 210Pb) and 222Rn (for 226Ra) are not in secular equilibrium. Such samples 
are useful to obtain a value for 226Ra(0) and a good example for short-term disequilibrium between 
210Pb and 226Ra is indicated for sample  # 19 (fresh precipitated limestone covering a 10 years old 
electric wire).  

The use of taking 210Po (advantage: "fast chemistry'') besides 222Rn as a measure of 226Ra in 
samples with formation ages exceeding 5 times the half-life of 210Pb or t > 100 y is, in addition a 
proper tool to demonstrate closed system behavior, if both isotopes yield identical activity 
concentrations. We therefore additionally selected 5 abraded samples (# 2, 4, 5, 10, 14/1) for 
analysis via the 222Rn emanation method. The data in table 8-3 clearly show that the activity ratio of 
210Po/222Rn (or 210Pb/226Ra) is almost unity or that these nuclides are in secular equilibrium. Closed 
system behavior can also be investigated if much older sample material is considered, because in 
samples as old as 7 ky 97% of authigenic 226Ra is supplied from 230Th, i.e 226Raaut � 226Rasup. If there 
would be leakage of the rare gas 222Rn through the crystal lattice one would measure a much lower 
apparent 226Ra content (or calculate negative ages). However, as the data show, there is no visible 
trend indicating preferential loss of 222Rn.  
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Figure 8-9: Model examples demonstrating the difference between the time dependent quantities 
(226Raex = 226Raaut - 226Rasup(t)) and 226Ra(0)·e-�226t as a function of the time since sample formation. 
The correct age is obtained when both terms are equal, or the difference is zero. Type A curves hold 
for samples with 226Raaut/226Ra(0) = 0.5, type B curves for samples with 226Raaut/226Ra(0) = 0.25. 
The indices 0, 1, 2, 3 refer to (226Ra/234U)aut ratios of 0.2, 0.5, 1.0 and �, respectively. 
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8.1.9 Geological Evolution of the Travertine Deposit 
The results of 230Th/234U as well as 226Raex/226Ra(0) dating of tufaceous freshwater limestone 

and travertine coatings inside caves contribute in understanding the origin of the Hell Grottoes cave 
system. The isotope data confirm the assumption that the Hell Grottoes travertine formed in the last 
9000 years in common with other freshwater limestone complexes in Europe (e.g. Krka Falls, 
Yugoslavia). The highest limestone deposition rate was probably during the Holocene climate 
optimum (Hypsithermal) between 8000 and 5500 years when about 80-90% of the limestone 
complex was built up (Wyssling and Eikenberg, 2000). Subsequently, the tufaceous limestone 
precipitation decreased dramatically, and in the last few thousand years there has been only little 
limestone precipitation on the surface, while in the closed cavities travertine flow-layers were 
formed and stalagmite nodules started to grow. This interpretation of the growth history of the 
travertine deposit is based on the geographic location from where the samples were taken as well as 
their ages. In addition, considering the stratigraphic sequence of the limestone complex, isolines of 
identical age were added to the geological profile shown in Fig. 8-1. Clearly, such isolines remain 
somewhat speculative because the limestone complex has a massive structure (i.e. without marker 
horizons) and because large parts were removed previously (and no samples were preserved during 
the mining activity).  

The strong decrease of the tufaceous limestone precipitation in the last few thousand years is 
most presumably inferred by a change of the vegetation in the water recharge area in the Lorze 
Valley which is a large moor. During the Holocene this moor gradually grew from a fen to a bog 
which still exists today. The appearance of the limestone precipitation is directly connected with the 
development of the moor. In the fen, percolating rainwater is acidified by uptake of CO2 from 
decomposition of organic matter and by formation of humic acids. As soon as such acidified waters 
come into contact with the underlying clastic limestone sediments, some lime will dissolve and 
dissociate. Consequently, when the groundwater discharges again, carbon dioxide escapes into the 
atmosphere and, due to a rise in pH, limestone starts to precipitate (c.f. section 3). However, with 
the change of a fen to a much thicker bog, less water can percolate through the underlying 
sediments, because with thickness the moor becomes less transmissive which causes storage of the 
water and surface run-off. This situation is shown schematically in Figure 8-10 where the relative 
precipitation rate of limestone according to this interpretation is given along with literature based 
rainwater fall and change in temperature over the last 10,000 years (Patzelt, 1995; Burga and Perret, 
1998). The tremendous decrease of the limestone formation in more recent times is most likely due 
to a rapid change of the shallow moor to a massive bog in the cause of pronounced rainfall in the 
early Atlantikum. If this explanation is valid throughout, the isotope ages also fix the change in the 
moor from a fen to a bog at the end of the Holocene climate optimum. 

8.1.10 Conclusions 
238U series disequilibrium dating of young tufaceous freshwater travertine from the limestone caves 
Hell Grottoes at Lucerne, Switzerland yielded 230Th/234U formation ages ranging from recent time to 
about 9 ky ago and therefore indicate that the authigenic deposit was formed during global warming 
in the Holocene. The major part of the limestone complex formed during a warm and humid period 
8000 - 6000 years before present and the travertine filling of the caves extended to about 3000 years 
b.p. Correction of slight impurities of detrital silicates in the authigenic travertine via U/Th isochron 
relationships yielded almost identical 232Th/234U ratios for the silicate material, thus allowing the 
same correction procedure to be applied for all samples (i.e. internal isochrons to 
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Figure 8-10: Schematic reconstruction of the growth evolution of the limestone complex of the Hell 
Grottoes and the development of the catchment area from a fen to a bog in the cause of temperature 
increase and high rainfall intensities during the early Atlantikum. The temperature curves and 
relative water precipitation data are redrawn after Patzelt (1995). 

obtain one age for several co-genetic samples were unnecessary). The resulting individual ages of 
about 20 calcite samples hence sufficed to reconstruct the geological history of this deposit.  

The ages obtained by 230Th/234U were then used to test the applicability of the 226Raex/226Ra(0) 
chronometer based on decay of excess 226Ra in the authigenic precipitates. This chronometer is most 
suitable to investigate samples that formed between a few hundred years and up to about 7000 years 
ago, corresponding to 4-5 half-lives of 226Ra and therefore fits ideally into the time gap between the 
two established U-series chronometers, i.e. 210Pb (suitable from 0 - 100 y) and 230Th/234U (from 4 - 
200 ky, see appendix). For further investigations it is recommended to use the similar samples that 
are suitable for 230Th/234U chronology studies (e.g. speleothem such as calcite tuffs, phosphorites or 
biochemical formed materials as corals etc.). If the U and Th isotope analyses show that the sample 
material does not contain significant quantities of inherited 230Th(0), 226Raex/226Ra(0) dating can 
strongly support 230Th/234U, in particular if young samples are strongly intergrown with detrital 
impurities. However, to obtain geologically meaningful 226Raex/226Ra(0) ages, the initial value of 
incorporated excess 226Ra, i.e. 226Ra(0), has to be uniform independent of the time of system 
closure. To study the stability of uniform 226Ra(0) over time it is further useful to determine the 
concentration of the chemically analogous behaving element Ba as well (normalization isotope) and, 
if 210Po is taken as a measure for 226Ra, sample surfaces should be abraded to exclude excesses of 
sorbing 210Po or 210Pb, introduced by surrounding present day groundwater, on surface sites. 
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8.2  Dating of Indian Ocean Corals 
8.2.1 Summary 
Young quaternary corals from Mauritius Island (Indian Ocean) were investigated by two 
chronometer dating using the 238U-series couples 226Raex/226Ra(0) (excess decay) and 230Th/234U 
(ingrowth) as has been introduced for freshwater travertine from a limestone cave in Northern 
Switzerland (section 8.1). While 226Raex/226Ra(0) dating of that particular travertine deposit could be 
extended to times of about 6000 years before present (b.p.), this chronometer is limited to about 
3000-4000 years for corals because of the very low initial 226Ra(0)/234U activity ratio of about 0.05 
(see data below). The 226Ra data of older samples are, however, potentially applicable to investigate 
open/closed system behavior between 230Th and 234U and are therefore probably useful to discuss 
the discrepancies between 14C and 230Th/234U ages generally observed on corals. This is of 
importance for the construction of 14C calibration curves for times > 10-15 ky that cannot be 
recorded by tree ring dendrochronology, i.e. for investigating the paleo-climatic evolution on earth. 

As discussed in section 8.1 closed system in the 238U series was furthermore suggested for the 
limestone samples by measured secular equilibrium between the progeny of 226Ra, i.e. 210Pb which 
is considerably more short lived (i.e. 22 years vs. 1600 years) and which is the decay product of the 
rare gas 222Rn. For corals, however, the tool of taking 210Po or 210Pb as a measure for 226Ra is not 
applicable, because (as discussed below) recent 210Pb sorbs on the surface of the highly porous 
corals, if these are permanently exposed to present-day seawater.  

8.2.1 Introduction 
Radiocarbon (14C) dating is one of the most powerful methods for reconstructing the paleo-climate 
evolution on earth and since the first suggestion of using 14C for dating purposes (Libby, 1946) a lot 
of work on precisely measuring carbon isotopes has been carried out in order to explore present and 
past day climate changes. Many articles and textbooks (e.g. Geyh and Schleicher, 1990; Attendorn 
and Bown, 1997 and references therein) have been published since than, and the journal 
“radiocarbon” is essentially focusing on radiocarbon applications. 14C is highly interesting because 
it is continuously produced in the atmosphere and therefore participates in the global carbon cycle 
and, consequently labels all living species on earth. Furthermore, with a half-life of 5700 years 14C 
is an ideal isotope to study the latest development of the paleo-climate from 50.000 years before 
present to recent days, which is of particular interest to speculate on terrestrial climate and sea level 
variations in the near future.  

One of the most appropriate biological materials to study paleo sea level low / high stands (or 
glacial / interglacial periods) are corals since they grow on the surface of the oceans (e.g. Bard et al., 
1996). Corals are therefore also highly suitable to be used as sensors for paleo-temperature and 
since they grow in equatorial regions they are representative for the global paleo-climate on earth. 
However, for many reasons (as discussed below) 14C ages have to be corrected by means of 
radiocarbon calibration curves. These have been calculated precisely from comparison with tree-
ring dendrochronology (and further comparisons) for times up to 10-15 ky before present (Stuiver 
and Kra, 1986; Stuiver et al., 1998). For older times, however, additional chronometers have to be 
consulted to obtain absolute ages. Again corals are highly ideal because they allow precise 
230Th/234U chronometry besides 14C and many interesting articles have been published addressing 
this concern (e.g. Burnett et al., 1988; Bard et al., 1990; Edwards et al., 1993; Szabo et al., 1994, 
1995; Stirling et al., 1995; Joeris and Weniger, 1998). 
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8.2.2 Sample Location and Preparation 
The corals investigated here were selected from a profile through a coral reef located off-shore and 
south-west of Mauritius island (position 20´20´ south, 57´20´ east, provided courteously by PD Dr. 
J. Geister, University of Berne). This profile was originally taken to study the influence of heavy 
metals such as anthropogenic lead from combustion of fossil fuels on the living conditions of active 
coral reefs, which are increasingly observed to decline in recent days probably in the cause of water 
pollution or damage of the atmospheric ozone layer (e.g. Shen et al., 1987, Gutzman and Jimenez, 
1992, Immenhauser-Potthast, 1994). Two aliquots were taken from “zero-age” samples (i.e. younger 
than 20 years identified by annual varve layers) to obtain a value for Raex(0), to study the chemical 
homogeneity and to check on the reproducibility of the analytical methods. 

8.2.3 Results and Discussion 
The isotope data for U, Th and Ra of the seven coral samples from Mauritius island analyzed here 
are summarized in Table 8-6 and 8-7. The latter table gives also a comparison of the formation ages 
deduced from three isotope chronometers applied, i.e. 14C, 230Th/234U and 226Raex/226Ra(0). Two 
additional corals from the Caribbean sea were analyzed for 226Ra and 210Po; the 14C and 230Th/234U 
data of these samples were courteously provided by the University of Michigan, Ann Arbor, USA 
(Prof. Dr. A. Halliday). 14C dating on the Mauritius island corals was carried out in the physics 
institute, university of Berne, Switzerland (Prof. Dr. H. Loosli). 

The analytical uncertainties (in terms of 2� errors) are 1-2% for U and � 5% for 230Th, 226Ra 
as well as 210Po since the activity concentrations of these latter isotopes were found to be about one 
order of magnitude below that of uranium. Before discussing the aspects on dating, it is worth 
mentioning three more items with respect to the data given in table 8-6. These are: 

�� 6 of the 9 samples are not in secular equilibrium between 226Ra and 210Po with excess of 210Po 
in most cases. It is therefore not possible to take short-lived 210Po as a direct measure for 226Ra 
in order to reduce the analytical effort in the laboratory (details in sections 6.2). This is in 
contrast to the secular equilibrium situation between 226Ra and all progeny products in the 
flow-stone deposit presented above, and is probably resulting from adsorption of recent 210Pb 
on coral skeletons that are exposed to fresh sea water. Excess of 210Pb in the uppermost 
oceanic layers is not unexpected because this isotope is produced continuously in the earth’s 
atmosphere by decay of emanating 222Rn from the continents, giving an additional source for 
22 y half-life 210Pb (Robins, 1978, 1984).  

�� Corals show relative high contents of uranium (of 30-40 mBq/g or � 3 ppm) which yields 
precise results using �-spectrometry. A good parameter demonstrating this is the 234/238U ratio 
which is uniform at 1.15 + 0.01 in the open oceans (Edwards et al., 1987, 1993), and therefore 
applying to the Mauritius island corals), but which is slightly higher in continental vicinity 
such as the semi-open Caribbean sea (C-5 and C-6 coral with slightly higher 234/238U of 1.17). 

�� The content of 232Th is very low in corals (in this study 0.01-0.04 mBq/g or 0.2-1�10-8 g/g) 
which yields ideal boundary conditions for precise 230Th/234U dating, in particular on young, 
Holocene samples because correction for 230Th from contamination with detrial material is 
almost meaningless (which can be much more problematic for 230Th/234U dating on 
continental speleothem, c.f. discussion in section 8.3). 
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Table 8-6: Results of the U, Th, Ra and Po isotope analysis on coral samples (species porites) from 
Mauritius Island. The authigenic 234U/238U and 210Po/226Ra activity ratios are given as well. While 
the 234U/238U activity ratios agree well with the average value for sea water of 1.15, many samples 
show excess of 210Po over 226Ra, strongly indicating that a second source contributes to the excess 
of short-lived 210Po. 

� 238U 
[mBq/g] 

234U 
[mBq/g] 

230Th 
[mBq/g] 

232Th 
[mBq/g]

226Ra 
[mBq/g] 

210Po 
[mBq/g] 

autU
U

�
�

�

�

�
�

�

�

238

234  
autRa

Po
�
�

�

�

�
�

�

�

226

210  

E-1 33.9 39.2 2.16 0.01 1.80 1.69 1.16 0.94 

E-3 40.0 46.0 0.16 0.01 2.49 2.81  1.15 1.12 

E-4 43.4 49.0 3.22 0.04 2.52 5.07 1.13 2.01 

E-7 33.1 37.7 2.70 0.01 2.39 5.28 1.14 2.10 

E-9 44.8 51.2 3.69 0.02 2.65 2.81 1.14 1.06 

E-11 32.2 36.6 2.51 0.03 1.72 3.36 1.14 1.96 

18C-1 32.4 36.6 0.04 0.02 2.55 2.47 1.13 0.97 

18C-2 30.5 35.3 0.07 0.04 2.52 2.63 1.15 1.04 

C-05 32.7 38.3 2.49 0.01 1.99 3.09 1.17 1.55 

C-06 33.8 39.6 1.79 0.01 1.55 1.95 1.17 1.26 
 

Table 8-7: Calculated activity concentration of 226Raex and compilation of the 14C, calibrated 14C, 
230Th/234U and 226Raex/226Ra(0) formation ages (uncertainties on sample ages: 2�) The relatively 
large error on the calibrated 14C-ages is mainly caused by the uncertainty of the residence time of 
14C in the sea before incorporation into the coral skeleton. 

# 226Ram 
[mBq/g] 

226Raaut 
[mBq/g] 

226Raex 
[mBq/g] 

226Raex/226Ra(0)
age [ky] 

230Th/234U 
age [ky] 

14C 
age [ky] 

calibrated 14C
age [ky] 

E-1 1.80 1.79 0.39 4.8 + 1.5 6.15 + 0.40 5.16 + 0.04 5.5 + 0.2 

E-3 2.49 2.48 2.47 0.1 + 0.1 0.35 + 0.10 0.69 + 0.03 0.4 + 0.2 

E-4 2.52 2.47 0.24 5.0 + 1.5 7.30 + 0.45 6.56 + 0.04 7.0 + 0.2 

E-7 2.39 2.38 0.42 4.4 + 1.5 8.05 + 0.50 7.30 + 0.04 7.9 + 0.2 

E-9 2.65 2.62 - 0.053 > 6.0 8.10 + 0.50 7.99 + 0.05 8.6 + 0.2 

E-11 1.72 1.68 - 0.094 > 6.0 7.65 + 0.45 6.48 + 0.04 7.0 + 0.2 

18C-1 2.55 2.52 2.52 < 0.1 < 0.1 < 0.1 < 0.1 

18C-2 2.52 2.47 2.47 < 0.1 < 0.1 < 0.1 < 0.1 

C-05 1.99 1.98 0.23 5.5 + 1.5 7.30 + 0.40 5.5 + 0.1 5.9 + 0.1 

C-06 1.55 1.54 0.48 3.9 + 1.5 5.00 + 0.30 4.2 + 0.1 4.4 + 0.1 
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Table 8-8: Bulk chemical compositions (in particular earth alkaline element data) of the coral 
samples analysed here. 

ion sample # (columns in sequence with decreasing U/Th-age) [mg/g] 

[mg/g] # E-9 # E-7 # E-11 # E-4 # E-1 E-3  18-C-1  18C-2  

Na+ 3.9 4.0 3.8 3.7 3.9 4.1 4.2 4.4 

K+ 0.69 0.52 0.46 0.65 0.72 0.49 0.40 0.32 

Mg2+ 0.90 0.82 0.86 0.92 1.73 0.85 1.03 0.94 

Ca2+ 370 350 350 360 370 360 370 370 

Sr2+ 6.8 7.0 6.6 7.6 7.1 7.3 7.0 6.8 

Ba2+ 0.035 0.037 0.030 0.028 0.040 0.036 0.036 0.030 

Zn2+ 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.01 

SO4
2- 2.3 2.4 2.3 2.4 2.3 2.5 2.5 2.4 

Na/Ca 1.05·10-3 1.12·10-3 1.13·10-3 1.02·10-3 1.05·10-3 1.13·10-3 1.20·10-3 1.26·10-3

Sr/Ca 1.8·10-2 2.0·10-2 1.9·10-2 2.1·10-2 1.9·10-2 2.0·10-2 1.9·10-2 1.8·10-2 

Ba/Ca 9.5·10-5 1.1·10-4 8.6·10-5 7.8·10-5 1.1·10-4 1.0·10-4 9.7·10-5 8.1·10-5 
 

Table 8-7 indicates that there is a clear discrepancy between the 230Th/234U and 14C-ages, 
which is also illustrated in (Fig. 8-11). It is obvious that the 14C ages are significantly lower 
compared to the U-series data, in agreement to previous U-series investigations on corals and 
mollusks in the oceans (Gascoyne and Harmon, 1992 and references therein, Edwards et al., 1993; 
Stirling et al., 1995; Joeris and Weniger, 1998). This trend was also observed in shallow water 
environment, for instance by Peng et al. (1978) who compared 14C and 230Th/234U on mollusks from 
Searles Lake, California and obtained systematically younger 14C ages. A detailed compilation of 
14C data besides 230Th/234U for more than 20 Caribbean sea corals and over a time record from 5 to 
20 ky b.p. was published by Bard et al. (1990) who could show that the difference between 14C and 
230Th/234U significantly increased with sample age (from a bout 1 to 3 ky for corals that grew 
between about 10 and 20 ky before present (figure 8-12). 

The most important process to explain the age discrepancies is considered the fluctuation of 
the 14C production rate with time. This effect changes the initial 14C specific activity of a living 
species and was first suggested by DeVries (1958) and since that time systematically studied by 
various investigators in order to obtain reliable 14C calibration curves (Stuiver, 1982, Stuiver et al., 
1998). For instance, as graphically illustrated in figure 8-13, a higher “paleo” initial would increase 
a 14C age as incorrectly deduced from the present day 14C/12C initial of 230mBq/gC (value valid for 
the NIST oxalic acid standard conventionally normalized to the pre-nuclear bomb year 1950). 
Indeed, from comparison with tree ring dendrochronology it is known that the 14C specific activity 
was significantly higher (and, additionally, increasingly with age) from about 2000 y b.p. to at least 
the end of the holocene (i.e. 10,000 y b.p.) (Stuiver, 1998). Higher production rates are caused by 
elevated solar activity and/or a weaker earth magnetic field which shields a large fraction of the 
solar wind protons to penetrate through the earth’s atmosphere (Neftel et al., 1981). Other possible 
reasons contributing to too young 14C ages are exchanges (or contamination) with recently formed 
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radiocarbon or a lesser CO2 concentration in the paleo-atmosphere. Fig 8-13 shows two more 
details: 

�� The 14C decay curve is normalized to 12C, which is of high advantage because absolute atomic 
mass or activity determinations are not necessary for radiocarbon dating. This means that the 
overall uncertainty on a radiocarbon age caused by chemical losses in the laboratory and 
imprecisely calibrated detection instruments is reduced to simple counting statistics, which 
yields 2�-uncertainties as low as 1% (table 8-7). 

�� There is a certain residence time for newly produced 14C between entrance into the earth’s 
oceans and fixation in a coral skeleton, which is known as the reservoir effect (Stuiver and 
Pollach, 1980; Olson, 1980). This effect is shifting the radiocarbon age in the opposite 
direction, i.e. causing too old ages because the corrected initial is lower than the present day 
14C/12C initial (schematically shown in figure 8-13). For corals older than a few thousand 
years, the reservoir effect is, however, less significant compared to the DeVries-effect because 
typical residence times of 14C in the oceans are estimated to be in the order of only a few 
hundred years (Stuiver et al., 1998). 
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Figure 8-11: Plot of the corrected as well as calibrated 14C ages versus the 230Th/234U ages of the 
coral samples investigated here (all uncertainties: 2�). It is obvious that even the calibrated 
radiocarbon ages are significantly lower compared to 230Th/234U.  
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Figure 8-12: Paleo-sea level, as reconstructed from dated corals (Acupora Palmata) submerged of 
the coast of Barbados (figure from Bard et al. 1990). The left curve shows the 14C-dated record and 
the right curve the 230Th/234U dated record. The right hand axis gives an estimate of the effect of 
sea-level change on the oxygen isotopic composition (given as �18O) of the world oceans. 

The calibration of the radiocarbon ages of the corals investigated here was carried out using 
the INTERCAL98 calibration curve and, additionally minus 300 years (according to Stuiver et 
al.,1998) to account for the reservoir effect (calibrated 14C ages in Fig 8-11 and table 8-7). Clearly, 
the calibrated radiocarbon ages fit much closer to 230Th/234U, however, it seems that the 14C-ages are 
still slightly younger than those obtained with 230Th/234U. This observation is in consistency with a 
set of coral data compiled by Stuiver et al. (1998) for the time record of 7 to 12 ky before present 
(figure 8-14). While the vertical axis in this figure refers to the conventional (non-calibrated) 14C 
ages, the 230Th/234U ages are plotted on the horizontal or “cal BP” axis. It is obvious that the 
230Th/234U ages of most of the samples data plot on the left side of the 14C calibration curve, 
indicating, despite correction, still slightly higher 230Th/234U ages for most of the samples. 
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Figure 8-13: Schematic illustration of the decay of radiocarbon with time for different initial 
14C/12C ratios (all explanations in the text). 

 
Figure 8-14: 14C calibration curve for the time interval between 7 and 12 ky before present (from 
Stuiver et al. 1998). The open circles show the calibrated 14C ages (left y-axis) of Caribbean Sea 
corals in comparison to 230Th/234U ages (x-axis) obtained on aliquot sample material. 
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Principally, various reasons may contribute to the age discrepancies between the radiometric 
chronometers, such as contamination with recent 14CO2 or a wrong correction value for the reservoir 
effect. But also the U-series may be affected by either loss of 234,238U or gain of 230Th. The latter can 
be excluded because the oceans do not contain significant quantities of Th (c.f. sections 3.3, 6.4, 
8.1, 10) and the loss of U is discussed below. To solve such a disagreement a third, independent 
chronometer such as 226Ra-excess would be ideal. However, coral dating via 226Ra-excess seems 
rather limited (at least for the samples investigated here) for three reasons, these are:  

�� Except of sample E-3 all other corals are rather old (5 to 9 ky), i.e. more than 80% of the 
initial 226Ra-excess has been decayed and the errors for the 226Raex/226Ra(0)-ages are 
significantly higher than those for 230Th/234U (c.f. table 8-7, figure 8-15). Figure 8-15 
indicates, in addition, that six of the samples (E1, E3, E4, E7, C5, C6) would fit better to the 
decay curve if about a 20% higher initial 226Raex would be inserted while 226Raaut in the 
remaining two other samples is calculated to result completely from 230Th supported ingrowth 
(i.e. slightly negative 226Raex-values or sample ages > 6 ky). 

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

C06

E11

E7

E9

E4

E1

C05

E3

18C excess 226Ra decay curve
226Raex(t)/

226Ra(0) = e-�226t

22
6 R

a ex
 / 

22
6 R

a(
0)

time after formation [ky]

 

Figure 8-15: Calculated 226Raex/226Ra(0) of the investigated corals as a function of time with the 
230Th/234U ages as formation ages. The 226Ra decay curve is shown for comparison. All samples 
starting with a uniform initial identically to the present day sample (# 18C) should plot on or close 
to the 226Ra decay curve. Within error, this is almost indicated, although six of the eight samples 
would be more consistent with the decay curve if their initial 226Ra(0) was about 20% higher than 
that of the present day sample 18C. 
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�� In identical manner as in the previous section (travertine flowstones) it is possible to speculate 
on the variation of the initial value for 226Ra by additional measurement of other earth alkaline 
elements, in particular the chemical homologue Ba. Again, since corals are composed of 
CaCO3 essentially (i.e. uniform concentration of Ca) it is of advantage, to normalize to Ca, 
which eliminates uncertainties on absolute concentration measurements. As illustrated in 
figure 8-16 it is obvious that the Ba/Ca ratios of the investigated corals scatters more widely 
(about 30%) than those of the flowstones presented in the previous section (the latter with a 
variation of less than 10%). This means not necessarily that the initial Ra/Ba ratio scatters that 
much with time, however, the samples seem to be chemically less uniform with respect to 
their trace element concentrations at least in comparison with the major elements such as Sr or 
Na.  

�� The initial activity ratio 226Ra/234U is very low (> 0.1, table 8-6, figure 8-17). Therefore, after 
about 3 ky the 230Th supported component of 226Ra on total measured radium becomes the 
predominant fraction (intersection of the 226Raex and 226Rasup curves in figure 8-17). 
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Figure 8-16: Sr/Ca and Na/Ca ratios vs. Ba/Ca in eight corals from Mauritius Island. Since the 
concentration of Ca is almost uniform for all samples (corals are mainly composed of CaCO3) a 
slightly higher variability of the trace element Ba is indicated in comparison to the major ions Sr 
and Na. 

Although the preliminary data on 8 corals are not sufficient to answer the question if 226Raex-
dating is feasible to be generally applied as geologically meaningful chronometer on corals, the data 
are still useful to check on closed system behavior within the U-decay series, because total 
measured 226Ra in 6 of 8 samples result almost from decay of 230Th. This means, that the uncertainty 
introduced from a slightly variable 226Ra(0) initial is insignificant for samples in which over 80% of 
total 226Ra has been grown from 230Th. It is therefore interesting to observe what happens if a model 
of continuous U-loss is applied in order to explain the differences between the calibrated 14C and 
230Th/234U ages which are, in average, in the order of10%. These differences could be caused by a 
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systematic error within the U-series, if, for instance, primarily incorporated U is continuously 
removed from the coral skeleton with time. 
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Figure 8-17: Development of Ra(t)234U activity ratio with time from decay of initially incorporated 
226Raex and a second component that is supported from growing 230Th. The figure shows a second 
hypothetical Ra(t)234U decay + ingrowth curve which was calculated assuming continuous U-loss 
of 3% per 1000 years. 

The preliminary model taken here assumes a continuous 3 per cent loss of uranium per 1000 
years. This shifts the calculated 230Th/234U ages of corals, which lived between 6 and 8 ky ago (and 
which is the case for most of the samples investigated here) towards approximately 10% lower 
formation ages. The calculated individual 230Th/234U ages of all corals with similar 234U 
concentrations (i.e. � E1, 3, 7, 11, 18C, C5+6) are presented as circles in figure 8-17. The figure 
shows furthermore that the modeled Ra(t)234U decay + ingrowth curve plots below the original 
curve used for closed systems, because the model assumes a decreasing Ra(0)/234U initial with time. 
It is, however, obvious that the new calculated, lower 230Th/234U ages differ much more widely from 
the corresponding Ra(t)234U curve, speaking against continuous leakage of U, which consequently 
could mean that the discrepancy between both chronometers could be a systematic error caused by 
the radiocarbon method (presumably due to less longer residence times of 14C). 

In conclusion, it is suggested that 226Raex/226Ra(0) applied on young, Holocene corals may be 
suitable to explain discrepancies between 230Th/234U and 14C which is of importance in the context 
of terrestrial climate evolution over the last few tenths of thousand years. However much more data 
are necessary to study the systematics between the U decay series couples in corals more closely. 
New samples from a profile through the Great Barrier Reef (Australia) are currently selected to 
more systematically investigate U-series chronometers (230Th/234U, 231Pa/235U, 226Raex/226Ra(0)) 
besides 14C as well as oxygen isotopes (project in collaboration with Prof. Dr. A. Eisenhauer, 
GEOMAR Institute, University of Kiel, Germany). 
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8.3   Dating of Pleistocene Gravel Terraces 

8.3.1  Introduction 
In the past decade intensive work was carried out by the Swiss Federal Department for Water 
Resources and Geology (Bundesamt für Wasser und Geologie) to obtain a complete geological and 
stratigraphic characterization of Quaternary deposits from high and low terraces in Northern 
Switzerland which were formerly attributed to the “Riss”- and “Würm”-glaciation (Schlüchter et 
al., 1987, Graf, 2000, Graf and Hofmann, 2000, Matousek et al., 2000).  

However, a litho-stratigraphic framework for the different gravel terraces does not provide 
information on the velocity and duration of the various glaciation /de-glaciation periods and, in 
particular, on the relationship of Quaternary surface development with paleo-climate evolution. 
Comparison to lithologically similar rock sequences (as often successfully applied in 
sedimentology, especially for oceanic strata) is often problematic since there are almost no 
characteristic fossils that can be used to date a Pleistocene terrace formation. In rare cases fossil 
residues such as mammoth teeth or preserved trees are discovered which can be dated, for instance, 
using 14C. However, these fossils yield only the maximum age for the investigated geological strata 
since the sediment was formed (most likely) post mortem of the living species (c.f. table 8-9, 
suitable methods for determination of deposition times of Pleistocene sediments). The scarcity of 
fossil residues is furthermore particularly evident because extremely cold climate allows only a very 
limited bioactivity of an individually rich fauna characteristic for a certain evolutionary period on 
earth. In addition, the high degree of geological activity during glaciations is not suitable for the 
preservation of marker horizons (such as paleo-soils) and organic relics in particular. 

As an appropriate alternative to biological dating methods are secondarily formed minerals 
(dated via U/Th-series) such as calcite cements that can be found as interstitial masses between 
weathered carbonate gravels. Also calcite concretions, which form during development of paleo-
soils are potentially suitable candidates for U decay series dating. However, in contrast to the fossil 
residues, secondary minerals dated by U series chronometers yield this time minimum ages because 
secondary minerals are forming after deposition of the sediment layers even up to very recent days 
(table 8-9).  

 

Table 8-9: Potentially suitable methods for determination of deposition times of Pleistocene 
sediments which yield different upper and lower age limits.  

Geological criteria  method method yields: 

biological markers (plants, 
fossils etc.) 

14C, 226Ra/230Th/234U, pollen analysis, 
comparison with evolutionary stages 

maximum age of terraces 

relative succession of a 
sedimentary strata 

stratigraphic comparison with similar 
sediments of known age 

identical, extrapolated ages 

secondarily formed minerals 
(calcite, gypsum, silica)  

226Ra/230Th/234U minimum age of terraces 
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8.3.1  Study Area 
In Northern Switzerland the most important Pleistocene gravel terraces can be found along the 
valleys of the Rhine and Aare rivers. The samples investigated here were taken from locations in or 
close to the Rhine valley between the western end of Lake Constance and the confluence of Aare 
and Rhine about 60 km east of Basel. This region is especially characterized by massive fluviatile 
gravel deposits as well as by deep eroded glacial basins and therefore surrounds the region between 
the huge Alpine glaciers and the fluviatile-dominated territory situated in front of these. 

The geological investigations of the Quaternary gravel terraces performed by Graf (2000) and 
Graf and Hofmann (2000) yielded a detailed litho-stratigraphic sequence of the sedimentary strata 
(high and low terraces). Paleomagnetic data indicate that the formation of these sediments started at 
about 800 ky before present and lasted until the end of the last ice age (10 ky b.p.). To obtain more 
information on the deposition periods it was attempted here to use the U-decay series for absolute 
age determination. 

 
Figure 8-18: Schematically illustration of the litho-stratigraphical profile through the gravel 
terrace depositions in Northern Switzerland. 

8.3.1  Sampling Strategy and Chemical Analysis 
The sampling strategy was as follows: Most of the samples were taken from locations for which the 
time of deposition could be very roughly estimated from the sedimentary strata. This was useful to 
check on the validity of U-series dating for such type of geological material. It was attempted to 
collect samples consisting of highly pure authigenic calcite that formed from 
dissolution/precipitation of carbonate gravels in the respective sedimentary layer. Therefore, 
formation ages were expected for these secondary phases as old or younger than the deposition time 
of the strata.  

Seven samples were selected, which optically seemed to consist mainly of authigenic calcite 
(sample HG1-5 secondary calcite in the strata, samples HG6-7 calcite concretions in a paleo-soil). 
Since it turned out, that 4 of the secondary calcites contained significant fractions of U and Th from 
detrital source, the non-soluble residue of these samples following chemical digestion in HCL was 
additionally digested in HF and also analyzed for the U and Th isotope composition (samples HG-
1b-5b in table 8-10). Such additional analysis of a detrital end-member can be helpful to distinguish 
between U and Th isotopes in a mixed phase composed of an authigenic and detrital component (c.f. 
section 7-1). 
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Table 8-10: Results of the U and Th isotope analysis for authigenic carbonates from gravel 
terraces in Northern Switzerland and four silicate sample residues (samples HG-1b, -2b, -4b, -5b) 
after decomposition of the carbonates in HCl. The uncertainties of the U/Th-ages are given in 2�. 

Sample 
238U 

[mBq/g] 
234U 

[mBq/g] 
230Th 

[mBq/g]
232Th 

[mBq/g]
mTh

U
�
�

�

�

�
�

�

�

232

234

 
mTh

Th
�
�

�

�

�
�

�

�

232

230

 
mU

Th
�
�

�

�

�
�

�

�

234

230

 
autU

Th
�
�

�

�

�
�

�

�

234

230

 

230Th/234U
age [ky] 

HG-1a 1.80 1.92 1.73 1.15 1.67 1.50 0.90 0.88 > 200 

HG-1b 95.1 82.0 79.5 92.2 0.89 0.86 0.97  > 300 

HG-2a 2.38 2.49 2.09 1.53 1.63 1.37 0.84 (a) (a) 

HG-2b 48.8 51.3 49.2 31.6 1.62 1.56 0.96  > 300 

HG-3 3.74 4.53 2.77 0.12 37.8 23.1 0.61 0.61 102 + 8

HG-4a 2.87 2.96 1.93 1.98 1.49 0.97 0.65 (a) (a) 

HG-4b 57.6 56.9 60.6 50.8 1.12 1.19 1.06  > 300 

HG-5a 1.41 1.61 1.07 0.94 1.70 1.14 0.66 (a) (a) 

HG-5b 35.5 37.0 38.0 28.1 1.32 1.35 1.03  > 300 

HG-6 20.5 22.1 8.77 2.18 10.1 4.02 0.39 0.32 41 + 8 

HG-7 26.6 29.1 10.59 0.90 32.3 11.8 0.36 0.34 45 + 4 
(a) The authigenic 230Th/234U ratio and sample age could not be not determined because of too 
strong contribution of 230Th from detrital, not separable phases on measured 230Th.  

8.3.1  Results and Discussion 
The uncertainties for all radioisotopes are 4-5% (2�) for sample quantities of 4g and activity 

concentrations of approximately 1 mBq/g. The uncertainties for the silicate residues are comparable 
to the authigenic calcite because the activity concentrations of the residual silicates (which did not 
dissolve in hydrochloric acid) were found to be about 50 to 100 times higher, but the sample 
quantities were about a factor of 50-100 less compared to the weight of the original sample taken for 
analysis (i.e. 0.04-0.08 g vs. 4.0 g).  

As shown in table 8-10, four of the seven analyzed secondary formed calcite samples contain 
significant levels of 232Th that are comparable to 230Th which indicates strong contamination of the 
U and Th isotopes of these samples with those derived from detrital material. In order to correct for 
this component in a proper manner, it was necessary to analyze the residing residual silicate material 
that did not dissolve during the chemical digestion in HCL-medium (principal approaches on 
detritus correction of mixed phases in sections 7-1, 7-2). The 234U/232Th ratios and concentrations of 
232Th determined for the detrital component (# HG-1b-5b) confirm that the contribution of the 
contaminant is too strong to observe a significant fraction of re-build 230Thaut from decay of 234Uaut 
in the authigenic calcite, i.e. measured 230Thm can be explained by calculated 230Thdet in the detritus 
component, whereby: 

det
230230230 ThThTh maut ��  (8-19) 
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�
��

Th
UThTh m  (8-20) 

It is worth mentioning to make a few remarks concerning the isotope data of the detritus 
component in table 8-10, for instance that 230Th/234U in the residual silicates is close to unity, 
indicating secular equilibrium or sample ages exceeding 300 ky. This means that the 234U/232Th 
ratio of the silicate residue can be taken for correction of measured 230Th and 234U in the mixed 
samples HG1a - HG5a. As furthermore expected, the 238U/234U activity ratio of the silicate residue 
is (with exception of sample HG-1b) within uncertainty in secular equilibrium, again confirming old 
sample ages. Sample HG-1b is slightly depleted in 234U (82 mBq/g) with respect to 238U (95 
mBq/g). This result is most likely due to preferential leaching or extraction of 234U from percolating 
groundwater leading to depletion of this isotope in the silicate soil matrix that underwent weathering 
(c.f. section 3.2).  

For sample HG-1a it is possible to estimate a minimum formation age of 200 ky. This sample 
is close to secular equilibrium in the 238U-series (230Th/234U/238U � 1) and has a less significant 
contribution of U and Th from detrital contamination compared to the other more strongly 
intergrown samples HG-2a, -3a and -5a. Although the contribution of the detrital impurity is � 50% 
for the U-isotopes in sample 1b, the contribution in terms of mass is much less and amounts to only 
� 2% if similar densities are assumed for both mineral phases. Such a little fraction results because 
the specific activities of the U and Th isotopes are significantly higher in the silicate residue (table 
8-10). This result clearly indicates that it is difficult to select pure authigenic calcite by field 
observation, if traces of detrital impurities contribute to almost the whole content of U and Th in a 
mixed sample. With a specific activity for 238U of 12mBq/�g (= 1ppm), concentrations of a few 
ppm result for the detrital phases, which is typical for clay minerals. 

Three of the selected samples (# HG-3, -6, -7) are highly suitable for 230Th/234U-dating 
because of weak contamination with 230Th from detrital material. For these sample an average 
correction factor of 234U/232Th = 1.2 was taken from the mean of the silicate residue analysis. The 
oldest of these sample yields a 230Th/234U formation age of 102 ky, while the two samples 
originating from a paleo-soil indicate formation ages of 40 to 50 ky before present. The estimated or 
expected formation ages of the gravel terrace depositions are presented in table 8-11 in comparison 
to the minimum ages deduced from the U/Th isotope analysis. 

Table 8-11: Comparison between estimated and calculated formation ages of gravel terraces in 
northern Switzerland. 

  Formation age of corresponding terrace [ky]  

sample  estimated or expected age via U/Th disequilibrium 

HG-1  Gravel formation > 300 > 200 

HG-3  Tufa formation < 120 102 + 8 

HG-6  Soil formation > 30 41 + 8 

HG-7  Soil formation unknown 45 + 4 
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9. U/TH/RA-DATING OF IGNEOUS ROCKS 

9.1  Introduction to U-Th-series studies of volcanic rocks 
9.1.1 Systematics of U-Th-series in earth mantle melts 
The basic idea using 238U and 232Th decay series for dating of magmatic systems is the following: 
during intrusion of an ascending melt into higher crustal niveaus, partitioning between compatible 
and incompatible elements in the ascending melt and residue is continuously progressing, leading to 
enrichment or depletion of these elements with respect to the initial chemical composition. This is 
of special meaning for the state of activity disequilibrium between the members of the 238U series. 
In an non-fractionated primary mantle melt (undisturbed system) secular equilibrium between 238U, 
234U and their radioactive progenies 230Th (T1/2 = 76000 years) and 226Ra ( = 1600 years) holds, i.e. 
their activity ratios are close to unity. If, however, less compatible elements such as U and Ra will 
be enriched in the melt relative to Th during magma differentiation (i.e. depleted in the crystallizing 
minerals), the 238U decay chain is running progressively out of equilibrium. If, finally, at any state of 
disequilibrium the melt solidifies in shallow crustal niveaus or on the earth’s surface, the U/Th/Ra 
system again starts to evolve towards equilibrium via ingrowth of (depleted) 230Th or 226Ra and 
decay of (excess) 230Th or 226Ra. Provided the elemental fractionation between U and Th would be 
complete, an 230Th/234U rock formation age could be simply obtained using the exponential 
ingrowth factor in an ideal two component radionuclide decay system with long half-life of the 
parent nuclide (238U,234U) with respect to its progeny (230Th), i.e. 230Th(t)/234U = (1 - e-�t). However 
during magmatic processes such fractionation is rather weak and often do not exceed 20-30% in 
bulk rock specimens (e.g. Condomines and Sigmarson, 1993; Macdougall, 1995 and references 
therein). To compensate for the uncertainty of the initial U/Th ratio (or U enrichment) of the 
solidifying melt, to 232Th normalized 3-isotope isochrone diagrams can be applied, provided that co-
genetic rock samples or mineral separates from a bulk rock are available for analysis (details on 
normalization diagrams in section 7).  

Several studies (details in next sections) investigating U/Th/Ra disequilibrium in recent 
volcanic rocks yielded the following pattern for mid oceanic ridge basalts (MORB´s) on the 
spreading zones of the earth: Ra > Th > U meaning that the distribution coefficients between 
forming minerals and remaining ascending melt (D-values) are in the opposite order (i.e. DRa < DTh 
< DU.), i.e. incompatible with respect to the crystallizing solids. On the oceanic crust / continental 
crust subduction zones (island arc basalts or abbreviated IAB) the situation is slightly different 
because Uranium is generally found in excess over Thorium, while Radium (provided the rocks are 
younger than a few thousand years) can be found again in large excesses over the actinides (i.e. Ra > 
U > Th or DRa < DU < DTh). This situation is illustrated in Figure 9-1 by plotting 226Ra/230Th versus 
238U/230Th using literature data for MORB (Rubin and Macdougall, 1988) and results of this study 
for IAB’s. Enrichment of U over Th in IAB is often attributed to Uranium addition via infiltration of 
continental fluids to ascending melts (e.g. Condomines et al., 1982, Gill and Williams, 1990, 
Macdougall, 1995) and Radium (as well as Barium) appears to be considerably more incompatible 
compared to actinoide elements (e.g. Chabaux and Allègre, 1994, Hemond et al., 1994, 
Condomines, 1994 Condomines et al, 1995, Gauthier and Condomines, 1999). Several models and 
hypotheses have been formulated in the literature (next section) to explain the difference between 
the distribution coefficients of these three elements and predominantly the following topics are 
addressed using U- and Th-series isotopes in volcanology:  
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(i) Dating of the moment of melt/mineral partitioning, i.e. the timing of fractionated 
crystallization 

(ii) Estimating residence time of melts in shallow magma chambers  

(iii) Dating of magma eruptions and deposition of eruptiva,  

(iv) Estimating melt porosity and uplift rates (particularily for MORB’s) 

(v) Assessing the genetic evolution (maturity) of the magma during differentiation, and  

(vi) Determining the source-region chemical composition of the initial melts 

However, several requirements have to hold in order to investigate one of these topics 
successfully, for instance,  

(i) timing of mineral/melt differentiation or fractionated crystallization is only possible if this 
is an instantaneous process, i.e. a short process with respect to the half-life of the isotope 
addressed. Ideally, a fractionation event can be derived if the eruption occurred recently but 
internal consistent U-Th-Ra isochrones point to much older formation ages.  

(ii)  If the melt differentiation process is considered to be continuous (transient systems) a 
magma residence time can be estimated. However, this requires that the time of lava 
deposition is known (i.e. more or less recent and well documented historical lava flows 
have to be subject to analysis) and that, additionally, a reasonable transient transport model 
can be formulated.  

(iii)  Dating of the deposition time of eruptiva is possible only if essential boundary conditions 
are not changing with time. For instance, dating of historic and prehistoric, few thousand 
years old lava flows require ideally a constant initial 226Ra/230Th in the underlying magma 
chamber or at least mixing models that use a constant mass balance between all sources 
and sinks (Condomines et al., 1995).  

(iv,vi) Estimating velocities of ascending melt and determining original melt source-region 
composition requires long half-lives of the radionuclides considered with respect to the 
process (Macdougall, 1995).  

(v)  The genetic evolution of a magma cannot be understood in detail using U-Th-series 
isotopes alone. Several other geochemical parameters and isotope ratios (such as 87Sr/86Sr, 
143Nd/144Nd, 206Pb/204Pb) oven provide valuable information on the evolution of a magma 
over time and space (processes such as differentiation, contamination with crustal rocks, 
infiltration of fluids etc., Turner et al. 1996, 1997). 
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9.1.2 230Th/234U disequilibrium: previous studies 
Chronology Applications: As mentioned in section 7 and the paragraph above, U/Th isochrone 
dating via use of the 230Th/238U pair normalized to long-lived 232Th is possible only if, (a) the source 
melt has the same initial U/Th ratio, (b) the fractionated crystallization occurs within a period which 
is short with respect to the half-life of 230Th and finally, if (c) the fractionation between U and Th in 
the different minerals is significant, that regression fitting through the data yield meaningful 
isochron ages. A few examples were published in the past 20 years, which were able to define 
mineral isochrones for mineral parageneses in volcanic rocks (e.g. Allègre and Condomines, 1976; 
Condomines et al., 1982, Williams et al., 1986). However, several other U-series investigations of 
volcanic rocks resulted in more heterogeneous U/Th isotope relationships and various reasons were 
discussed such as initial Th isotopic heterogeneity in the source melt (e.g. Volpe and Hammond, 
1991; Hémond et al., 1994), addition of partial melts of sub-ducted sediment in island arc basalts 
(Gill and Williams, 1990; Turner et al, 1996, 1997) or mixing of melts with different U/Th isotope 
source region composition (Pyle et al., 1988, Volpe and Hammond, 1991). Other examples showed 
very little isotopic fractionation between 230Th and 238U because U and Th obviously undergo 
almost identical partitioning during magma evolution (detailed discussion in Condomines and 
Sigmarson, 1993). This similar behavior was also obtained in laboratory high pressure/temperature 
experiments on the partitioning between U, Th, Ba, Pb, Sr and Zr between clinopyroxene and 
basaltic melts using synthetic MORB melts (Lundstrom et al, 1994).  

Estimating Dynamic Magmatic Processes: Recent trends in interpreting U-series data of volcanic 
systems are much more focusing on the understanding of dynamic melt conditions than purely 
trying to date geologic events, the more so since mineral/melt partitioning in magma chambers or 
during magma uplift is rather a dynamic than an instantaneous process (Condomines et al., 1987, 
1990, 1995, Gill and Condomines, 1992, Volpe and Hammond, 1991, Chabaux and Allègre, 1994, 
Macdougall, 1995, Turner et al, 1996, 1997, Gauthier and Condomines, 1999). Most of these 
studies were aimed to obtain melt residence time in magma chambers beneath strato-volcanoes and 
most of these studies used 226Ra/230Th as well, because this couple seems to be much more suitable 
for scaling recent mantle dynamics than classical 230Th/238U (next section). 

9.1.3 226Ra/230Th disequilibrium: previous studies 
Chronology Applications: In a similar manner to the 230Th/238U pair normalized to long-lived 
232Th, isochrone dating using 226Ra/230Th was introduced hypothetically by Williams et al. (1986) 
for applications in volcanology. Since, beside 226Ra, no long-lived Ra isotope can be found in 
nature, these authors suggested to use stable Ba as normalization isotope because this element 
behaves chemically analogous to Ra. However, as noted by MacDougall (1995), the requirement 
that cogenetic phases have to start with identical 226Ra/Ba ratios, may be violated if the time of 
mineral formation in a magma chamber is not significantly lower than the half-life of 226Ra, i.e. 
below a few hundred years. Similar conclusions were also given by Volpe and Hammond (1991), 
Volpe (1992) and Volpe and Goldstein (1993) who made open system behavior responsible for non-
ideal isochrone relationships. Another aspect questioning the applicability of the 226Ra/230Th pair 
normalized to Ba for dating mineral/melt partitioning by was discussed by Volpe and Hammond 
(1991) and Condomines et al. (1995), because of different and mineral dependent partitioning 
between Ra and Ba during melt differentiation. In their work on magma dynamics at Mt Etna 
Condomines et al. (1995) suggested, however, interestingly to use the 226Ra/230Th disequilibrium as 
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a method for dating prehistoric, (< 8000 years) as well as unknown historical lava and ash flows, 
provided that the initial the 226Ra(0)/230Th does not vary considerably with time. By simply decay 
correcting the excess of 226Ra in historically documented flows deposited over the last millennium, 
using 226Ra(0) from more recently erupted flows, these investigators obtained calculated initial 
226Ra(0)/Ba ratios that scattered less than 20% between 18 samples deposited over time from the 
year 900 AD to recent times. A similar approach was also presented by Rubin and Macdougall 
(1988, 1990) to estimate eruption ages of MORB glasses. 

Estimating Dynamic Magmatic Processes: Despite all this uncertainties concerning dating 
applications, several examples can be found in the literature that used observed significant 
disequilibria between more incompatible 226Ra on the one side and 230Th and 234,238U on the other to 
investigate ongoing volcanologic processes in recent magmatic systems, for instance such as 
melting rates, fluxes and porosity or magma residence times (Condomines et al., 1987, 1988, 1990, 
1995, Rubin and MacDougall, 1988, 1990, Volpe and Hammond, 1991; Volpe, 1992; Gill and 
Condomines, 1992, Volpe and Goldstein, 1993; Hémond et al., 1994; Chabaux and Allègre, 1994, 
Macdougall, 1995, Gauthier and Condomines, 1999). 

Chabaux and Allègre (1994), for instance, developed a model that correlated 226Ra/230Th 
disequilibria in Atlantic Ocean island basalts (samples from Canary islands, Azores, St. Helena, 
Tristan da Cunha etc.) with the buoyancy flux of the underlying plume. Hémond et al., 1994 used 
226Ra/230Th data of volcanic rocks of Maona Loa (Hawaii) to model mantle melting. For typical 
present-day 226Ra/230Th ratios of about 1.2 they estimated the velocity of the upwelling flux to be in 
the order of a few meter per year, which is in the same order of magnitude for subduction derived 
volcanism obtained in this study (section 9.2). The mechanism of melt transport during uplift using 
238U/230Th/226Ra and 231Pa/235U disequilibrium was also investigated in a pure model work 
presented by Iwamori (1994), who concluded that melt transport for island arc volcanism is most 
likely via channeled flow, while it remains uncertain whether transport of ascending melt under hot-
spot volcanoes (e.g. Hawaiian plume) is via channeled or porous flow.  

With respect to subduction zone derived island arc volcanism it is widely considered that 
“primitive” magma of basaltic composition from a partially molten subduction slap ascends from a 
source region some 100 km deep in the earth mantle into small, shallow magma chambers some 10 
km beneath the earth surface. The magma differentiates in this chamber by producing heavy, mafic 
minerals such as olivine, pyroxene/amphibole, is therefore becoming less dense and ascends further 
until surface eruption occurs. As soon as the magma has been removed from the chamber, new 
upwelling melt refills the chamber, i.e. the melt in the chamber is always in a transient state. Based 
on this hypothesis on magma uplift, there are some investigations that estimated/modeled the mean 
residence time of the melt in the assumed host chamber and the volume of such chambers (e.g. 
Condomines et al., 1990, 1995; Gill and Condomines, 1992,). Since these authors always observed 
strong disequilibrium between 226Ra and the progenitor 230Th, it was concluded that the estimated 
magma residence times for recently erupted flows must have been the order of a few hundred to a 
few thousand years. Condomines (1994) presented a steady state model and developed an analytical 
solution for assessing the residence time by using measured and initial 226Rai/230Thi. The latter ratio 
was obtained from 226Ra/230Th measured in recently deposited, more mafic lava flows that were 
considered to have by-passed larger magma chambers during uplift. 
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Fig. 9-1: Values of 226Ra/230Th versus 238U/230Th for mid oceanic ridge basalts (MORB’s) analyzed 
by Rubin and Macdougall (1988) (ref 1) and for oceanic alkali basalts analyzed by Chabaux and 
Allègre (1994) (ref 2) in comparison to island arc basalts from subduction zones (IAB’s) 
investigated in this study. It is obvious that 238U/230Th is significantly higher in the IAB basalts 
compared to MORB and that 226Ra is in large excesses over both actinide isotopes in all types of 
recently forming mantle melts. 

9.1.4 210Pb/226Ra disequilibrium: previous studies 
In the literature only few publications can be found investigating disequilibrium between 210Pb and 
226Ra in volcanic rocks. Most of these investigation yielded, within uncertainty, equilibrium 
between both isotopes (e.g. Condomines et al., 1987, 1995, Gill and Williams, 1990, this work). 
Other investigations showed, however, besides equilibrium samples, also 210Pb deficiencies with 
respect to 226Ra. Such a depletion was noted for carbonatite magma formation at the Oldyino Lengai 
volcano, Tanzania (Williams et al., 1986), hot-spot volcanism at the Macdondald (Tamarii) 
seamount (Rubin and Macdougall, 1988) recent lavas from the Vestmannaeyjar volcanic system in 
Island (Sigmarsson, 1996) and island arc basalts at the Sunda-Banda subduction zone at Indonesia 
(Gauthier and Condomines, 1999). The state of disequilibrium between both isotopes was 
interpreted in most of the cases as Ra enrichment processes, during either magma genesis or 
differentiation but, anyway, fractionation between Ra and Pb must then have occurred only a few 
years or decades before eruption (T1/2 of 210Pb is only 22 years). The assumption of such rapid 
magma dynamics is, however in contrast with estimates performed by Rubin and Macdougall 
(1990), Volpe and Hammond (1991), Condomines (1994) and Condomines et al. (1995) who 
realistically estimated for island arc volcanism the time of magma differentiation or residence times 
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of a magma prior to the final uplift (using 226Ra/230Th disequilibrium along with various other 
chemical parameters) in the order of a few hundred to a few thousand years. A much more realistic 
hypothesis of sustained Radon degassing was evoked by Gauthier and Condomines (1999) who 
explained low measured 210Pb/226Ra ratios via continuous degassing of 222Rn, the precursor of 210Pb, 
from a shallow magma chamber into the surrounding crustal rocks.  

9.1.5 210Po/210Pb disequilibrium: previous studies 
When Rubin et al. (1994) investigated almost recently erupted MORB glasses, they noted a strong 
deficiency of 210Po with respect to preceding 210Pb. However, to obtain the exact time of eruption 
via ingrowth of Po, the extend of the initially degassed fraction has to be known. Rubin et al. (1994) 
therefore made a series of measurements over time periods spanning several half-lives of 210Po to 
define the grow-in curves. The best fitted exponential first order ingrowth curves through the data 
yielded for most of the samples that the MORB glasses must have started without noteworthy initial 
210Po, strongly speaking for complete degassing of volatile Po at the time of eruption (Figure 9-2) . 
If such a result proves to be true in general for MORB, this method could find wide utility for 
assessing highly precise ages of submarine lava flows that are suspected to have erupted very 
recently.  
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Fig. 9-2: Growth curves showing 210Po/210Pb activity ratios for few month young MORB glass from 
the East Pacific Rise at 9°50’N (redrawn after Rubin et al., 1994). 
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9.2  Island Arc Rocks in Indonesia: The Merapi Volcano 

9.2.1 Geological setting, sample petrology and analysis 
The South Indonesian islands Sumatra and Java belong to the most active volcanic provinces on 
earth, because at this location oceanic crust of the Pacific ocean is subducting continuously beneath 
the Eurasian plate (Sunda-Banda arc). One of the most active volcano within the Sunda-Banda arc is 
the Merapi, an about 60.000 years old stratovolcano located on Java Island which is highly dense 
populated by man. Over the last two, and probably six, centuries, its volcanic activity has been 
mainly characterized by a cyclic succession of lava dome extrusion episodes interrupted by brief 
destructive (i.e. explosive) events generating pyroclastic flows (Siswowidjoyo et al., 1995). The 
volcano is currently been investigated by various research organizations to better understand the 
processes causing eruption and to better forecasting earthquakes (research project of the European 
Union within the 5th frame program). In such a context it is of interest to obtain information on 
timing of melt differentiation processes and eruption events. 238U-230Th-226Ra-210Po disequilibrium 
studies were therefore carried out here on five volcanic lava flows, one from the Old Merapi and the 
other from the younger and present-day active volcano (Table 9-1). 

Table 9-1: Sample type and location of the five andesitic volcanic rocks from which the mineral 
separates were prepared. 

sample � sample type location estimated time of 
eruption 

estimated time via 
226Raex(t)/226Raex(0) 

M-056 lava flow Old Merapi > 10000 years b.p. > 7000 years b.p. 

M-137 ash flow basis Jurangiero profile ca. 2000 years b.p. ca. 2600 

M-142 ash flow Kali Boyong very recent (1994) used for normalization

M-167 ash flow Klakah ca. 1000 years b.p. ca. 1000 

M-392 ash flow Kali Apu ca. 500 years b.p. ca. 300 

Since fractionation between U/Th/Ra/Pb is not quantitative in magmatic rocks (section 7), the 
minerals from each type of lava were separated to potentially enable isochron dating between co-
genetically formed minerals. The whole rocks, consisting of volcanic glass and the minerals 
plagioclase, pyroxene, amphibole and magnetite, were initially crushed to mechanically separate the 
mineral assemblage into single mineral fractions and the separation between the different minerals 
was obtained using heavy liquids and magnetic separation apparatus. Since the minerals pyroxene 
and amphibole exhibited similar magnetic properties as well as densities, it was not possible to 
isolate one type of mineral from the other in quantities of a few gram. Nevertheless, as shown in 
Table 9-2, three different mineral fractions were obtained besides the whole rock for isochrone U-
series disequilibrium dating. In addition to the isotope analyses also ICP-MS measurements were 
carried out on each type of mineral to obtain the concentrations of stable Ba and Pb that are used as 
normalization elements for 226Ra/230Th and 210Pb/226Ra isochrone relationships.  
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9.2.2 Results 
The results of the radionuclide analysis are summarized in Table 9-2 while those for the stable 
elements are compiled in Table 9-3. Precise determination of the isotopes of U, Th 226Ra and 210Po 
(as a measure for 210Pb because the samples were collected more than one year before analysis) 
required a sample quantity of 1-2 g. Because too little material was left for the heavy minerals after 
analysis of U, Th and Po, determination of 226Ra was possible only on the larger mineral fractions, 
i.e. bulk rock and plagioclase. However, as indicated in Table 9-2 and Fig. 9-3, the values obtained 
for 210Pb are almost identical to those of 226Ra determined on the whole rocks as well as on 
plagioclase, therefore suggesting secular equilibrium between both isotopes in all other minerals 
(discussion below). 

Besides the data obtained here, three literature data from the work of Gauthier and 
Condomines (1999) are presented for comparison (whole rock analysis, samples MP93-95 in Table 
9-2). It is obvious that the analytical results for the 1994 whole rock andesite from Kali Boyong (M-
142) is very close to the U and Th isotope data obtained by Gauthier and Condomines (1999), which 
shows that the composition of the erupted lava taken from different locations is very similar for the 
same year of eruption. In contrast to U and Th there is, however a slight, bur significant (15%) 
disagreement of the results obtained for 226Ra between this and the work performed by Gauthier and 
Condomines (1999). This could be due to an systematic analytical error of one of the laboratories, 
although both laboratories verified their methods using reference materials and certified spike 
isotopes. On the other hand, the concentration of 226Ra is extremely low (in the order of 10-15 g/g) 
that heterogeneity of this element between rocks from different locations are more likely than those 
for elements that show considerably higher concentrations (U and Th in the order of 10-6 g/g). 

With respect to Tables 9-2 and 9-3 the following observations can be made: Compared with 
groundmass (or whole rock) composition the minerals phases are depleted in U, Th, Ra and Ba. 
This is not unexpected since all three elements are incompatible, i.e. remain preferentially in the 
groundmass when fractionated crystallization occurs. Relative orders of trace element compatibility 
for the minerals are: plagioclase (and whole rock): Ra > Th > U, pyroxene/amphibole and magnetite 
Ra ˜ Th > U. 230Th/238U for most of the whole rocks as well as mineral separates is close to 
equilibrium, while - on the first sight surprisingly - the 210Pb/230Th or 226Ra/230Th couples is 
significantly exceeding unity although these latter couples should attain much more rapid secular 
equilibrium than the 230Th/238U pair because of the shorter half-lives (discussion section, below). 

9.2.3 Discussion 
210Pb/226Ra disequilibrium: The relationship between 210Pb and 226Ra normalized to stable Pb is 
shown in Fig. 9-3. Within uncertainty (2�-errors for 210Po 3-5%, 226Ra 5-8%) and except for sample 
137 (plagioclase fraction) all data scatter around the equiline, which indicates secular equilibrium 
between 22 years lived 210Pb and considerably longer lived 226Ra. This result clearly suggests that 
for all samples investigated here the mineral/melt fractionation in the original magma occurred more 
than 5 half-lives of 210Pb or more than 100 years ago. This is not surprising for the older ash flows, 
but holds also for ash flow M-142, that was deposited after a strong eruption in the year 1994. The 
sample exhibiting slight (20%) deficiency of 210Pb with respect to 226Ra (i.e. plagioclase of sample 
137, deposition time > 1700 years b.p.) may have suffered slight losses of 222Rn, however since the 
eruption event of this ash flow is considerably older compared to the half-life of 210Pb, the leakage 
must have taken place in the solid material after deposition. In contrast to a slight noted de- 
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Table 9-2: Results of the 238U series isotopes in bulk rocks and mineral fractions obtained from 
andesitic lava samples of the Merapi volcano (Indonesia). 

 Concentrations activity ratios 
sample � 238U 

[mBq/g] 
232Th 

[mBq/g] 
230Th 

[mBq/g] 
226Ra 

[mBq/g]
210Pb 

[mBq/g]
238

232
U
Th

 
230

232
Th
Th

 
230

238
Th
U

 
Th
Ra

230

226

          

056 whole rock 14.6 19.1 13.4 13.7 13.5 0.77 0.70 0.91 1.02 
056 plagioclase 2.29 2.56 2.06 2.39 2.51 0.90 0.80 0.89 1.16 
056 pyrox./amph. 2.38 3.44 2.55  2.43 0.69 0.74 1.07 0.96(1)
056 magnetite 2.62 1.97 1.73  1.85 1.33 0.88 0.66 1.07(1)
          
137 whole rock 15.3 20.4 13.5 18.6 19.9 0.74 0.66 0.88 1.48 
137 plagioclase 4.88 6.61 4.21 8.78 7.15 0.74 0.64 0.86 1.69 
137 pyrox./amph. 4.03 5.55 3.85  4.56 0.73 0.69 0.96 1.18(1)
137 magnetite 3.59 5.41 3.25  5.06 0.66 0.60 0.91 1.56(1)
          
142 whole rock 20.7 29.1 19.4 51.4 50.9 0.71 0.67 0.94 2.62 
142 plagioclase 3.46 4.59 3.60 16.5 17.2 0.75 0.78 1.04 4.77 
142 pyrox./amph. 6.60 10.3 6.77  12.6 0.63 0.66 1.03 1.86(1)
142 magnetite 6.65 9.53 6.15  15.8 0.70 0.64 0.93 2.57(1)
           
167 whole rock 21.8 33.7 22.0 46.3 45.5 0.65 0.65 1.01 2.07 
167 plagioclase 5.73 8.43 5.57 15.9 15.6 0.67 0.66 0.98 2.80 
167 pyrox./amph. 3.28 5.09 3.27  4.99 0.65 0.64 1.00 1.52(1)
167 magnetite  6.93 7.75 6.85  12.6 0.89 0.88 0.99 1.84(1)
          
392 whole rock 17.4 22.0 14.7 35.5 35.3 0.79 0.67 0.84 2.40 
392 plagioclase 4.07 5.60 3.65 9.18 10.0 0.73 0.65 0.90 2.74 
392 pyrox./amph. 2.86 4.27 2.52  7.44 0.66 0.59 0.88 2.95(1)
392 magnetite 6.32 8.54 6.16  12.6 0.74 0.72 0.97 2.04(1)
          
MP-93 (2) 19.6 28.8 19.0 58.8 52.9 0.68 0.66 0.96 2.83 
MP-94 (2) 19.6 28.7 18.8 58.3 53.6 0.69 0.66 0.97 2.84 
MP-95 (2) 19.6 28.8 19.3 58.4 58.4 0.68 0.67 0.98 3.06 

(1) The data for 210Pb were used for the mafic minerals pyroxene/amphibole and magnetite 
(2) Literature data of Merapi whole rocks from Gauthier and Condomines (1999), i.e. MP-93 from the 
eruption April 1993, MP-94 from October 1994 and MP-95 from September 1995. 
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Table 9-3: ICP-MS data for Pb, Ba and Sr in bulk rocks and mineral fractions obtained from 
andesitic lava samples of the Merapi volcano (Indonesia). The last two columns display the 
normalized 226Ra/Ba and 210Pb/Pb ratios. 

 concentrations [ppm] normalized ratios [Bq·g-1/g element·g-1] 

sample � Pb Ba Sr  230Th/Ba 226Ra/Ba 226Ra/Pb 210Pb/Pb

        
056 whole rock 15.3 454 519 29.4 30.1 900 880 

056 plagioclase 5.0 208 1008 9.9 11.5 480 510 

056 pyroxene/amph. 4.0 76.7 47.3 33.2 31.6 (1)   

056 magnetite 16.9 132 28.7 13.1 14.0 (1)   
        
137 whole rock 19.6 445 552 30.2 41.8 950 1015 

137 plagioclase 5.5 217 994 19.4 40.5 1590 1300 

137 pyrox./amph. 3.2 91.4 218 42.1 49.9 (1)   

137 magnetite 3.4 141 51.0 23.0 35.9(1)   
        
142 whole rock 19.8 552 546 35.2 93.1 2600 2570 

142 plagioclase 6.8 245 1077 14.7 67.5 2430 2520 

142 pyrox./amph. 8.3 88.4 70.0 76.6 142.6(1)   

142 magnetite 9.3 221 75.5 27.8 71.5(1)   
        
167 whole rock 13.8 603 614 36.4 76.7 3360 3300 

167 plagioclase 5.6 343 1344 16.2 46.4 2790 2790 

167 pyrox./amph. 2.6 114 67.0 28.7 43.8(1)   

167 magnetite  4.2 176 51.7 38.9 71.5(1)   
        
392 whole rock 18.2 515.1 569.0 28.5 68.9 1950 1940 

392 plagioclase 5.6 766 1158 4.8 12.0 1640 1790 

392 pyrox./amph. 2.8 160 185 15.8 46.5 (1)   

392 magnetite 5.1 176 56.7 35.0 71.6(1)   
        
MP-93 18.5 526 (2) 36.1 112 3180 2860 

MP-94 18.8 525 (2) 35.8 111 3100 2850 

MP-95 19.9 525 (2) 36.8 112 2940 2940 

(1) ratios calculated with the data obtained for 210Pb;  
(2) not published 
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Fig. 9-3: Relationship between 210Pb and 226Ra normalized to stable Pb. All samples plot on or 
close to the equiline indicating that magma differentiation took place more than about 5 half-lives 
of 210Pb or more than 100 years before present. 

ficiency for 222Rn of about 10% in some of the younger ash-flow samples taken between 1992 and 
1995 by Gauthier and Condomines (1999), the 1994 sample shows unity between 226Ra and 210Pb, 
i.e. no indication for continuous 222Rn losses from a magma chamber prior to eruption. In 
conclusion, considering the literature data and the results of this study, losses of 222Rn from the 
volcanic rocks of this study area must be of minor importance (slope of a regression line through all 
data is almost identical to that of the equiline, i.e. 210Pb = 226Ra). For this reason it is justified to 
adapt the values for 210Pb as a measure for 226Ra and 226Ra/230Th ratios, which is discussed in the 
next paragraph. 

226Ra/230Th and 230Th/238U disequilibrium: The relationships between 230Th/232Th and 238U/232Th 
are illustrated in Figs. 9-4 (samples M-056, M-167) and 9-5 (samples M-137, M-142, M-392). The 
230Th/232Th and 238U/232Th ratios of sample M-167 plot on the equiline, therefore, on a first sight, 
strongly suggesting that partial crystallization of this melt occurred more than a 4 to 5 half-lives of 
230Th or more than about 300000 years ago. This conclusion is however in contradiction with the 
geological suspicion of a likely deposition event about 1000 year b.p., because this would mean that 
an already differentiated magma hosted for hundred of thousands of years in a chamber before it 
erupted. Nevertheless, the clearly different 238U/232Th and 230Th/232Th ratios between magnetite and 
the other three phases of sample M-167 seem to point to a secular equilibrium situation of an 
original source melt that underwent significant fractionation between U and Th some hundred 
thousand years ago. However, as will be shown below there is a significant disequilibrium between 
226Ra and 230Th that indicates magmatic processes, which must have taken place much more 
recently. 
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Fig. 9-4: Isochron plot with 230Th/232Th and 238U/232Th for separated mineral phases and whole 
rocks for samples M-056 and M-167 from the Merapi volcano, Java, Indonesia. The regression line 
through the data points of sample 056 gives an age of 38000 years, while the other sample (M-167) 
seems to be in secular equilibrium with respect to the couple 230Th/238U. 
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Fig. 9-5: Relationship between 230Th/232Th and 238U/232Th for the other three samples (M-137, M-
142 and M-392) from the Merapi volcano, Java, Indonesia. 
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Sample M-056 shows as M-167 clearly a positive U/Th fractionation in magnetite compared 
to the other minerals. This result is agreement to literature data where similar observations were 
made (Allègre and Condomines, 1976; Condomines et al., 1982; Volpe and Hammond, 1991). The 
U and Th isotope data of this sample indicate, furthermore 230Th/238U isochron relationship and the 
slope of the regression fit yields an formation age of 38000 + 4000 years. This result is in agreement 
with the geological observation that speaks for a deposition age of greater than 10000 years before 
present. Since the data define an isochron, it is obvious that the mineral/melt partitioning between U 
and Th of this particular sample was short with respect to the half-life of 230Th, i.e. not longer than a 
few thousand years.  

The other three samples do not provide evidence for any visible U/Th isotope systematics. 
These samples are only weakly fractionated between U and Th even for four separated mineral 
fraction of each ash flow. As mentioned above, little U/Th fractionation is not untypical for island 
arc rocks because of the similar partition coefficients of both incompatibly behaving element during 
melt differentiation (Condomines and Sigmarson, 1993). However, the 230Th/232Th and 238U/232Th 
are, within uncertainty, significantly different between the four mineral separates of each sample 
and this can be explained only by melt mineral isotope heterogeneity for instance due to mixing of 
two melts that did not equilibrate, or for mineral melt partitioning at completely different stages. 
Also addition of Uranium from infiltrating crustal fluid may have contributed to isotope 
heterogeneity. Anyway, whatever process was responsible for heterogeneous U/Th isotope data, 
these processes occurred less than a few hundred thousand years ago because most of the samples 
plot significantly off the equiline. 

More informative than 230Th/238U is the 226Ra/230Th couple which is characterized by strong 
daughter excess in all samples except for sample M-056, the ash flow from the Old Merapi that 
erupted more than 10000 years b.p. The mineral separates of this latter sample show indeed 
226Ra/230Th ratios close to unity, which is consistent with the rather old 230Th/238U crystallization 
age of 38000 years as well as with the likely deposition time of more than 10000 years b.p., i.e. 
secular equilibrium between 226Ra/230Th must have established for eruption times that are 
considerably longer than the half-life of 226Ra. The close position of the Ra/Th isotope data to the 
equilinie of sample M-056 is illustrated in figure 9-6. 

As discussed in section 7 the first approach to obtain geologically meaningful ages by use of 
the 226Ra/230Th couple is via normalization of both isotopes to stable Ba, which should exhibit 
similar chemical properties as Ra because both elements belong to the earth alkaline group and are 
direct neighbours in the periodic table of the elements. In analogy to the U/Th isotope illustrations 
given above, the normalized 226Ra/Ba and 230Th/Ba data are plotted in Figs. 9-6 (samples M-056, 
M-167) and 9-7 (samples M-137, M-142, M-392). Both figures demonstrate clearly that except for 
the secular equilibrium sample M-0-56 all other mineral separates of the other four samples do not 
define isochrones with slopes between 0 and, in maximum, 45° for secular equilibrium situation and 
if the data do correlate their slopes are obviously steeper. Such arrangement of the data is possible 
only if partitioning between Ra and Th also includes significant partitioning between Ra and Ba 
with more incompatible behavior of Ra compared to Ba (and of course compared to Th). Such 
trends were also observed by Volpe and Hammond (1991) and Condomines et al. (1995) who 
concluded that Ra/Ba Th/Ba normalization diagrams are not suitable for isochrone dating if 
minerals such as plagioclase fractionate Ra and Ba differently or if 226Ra excesses reflect non-
equilibrium processes rather than continuous partial melting with constant partitioning between melt 
and minerals. 
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Fig. 9-6: 226Ra normalized to stable Ba versus preceding 230Th normalized to the same element for 
sample M-056 and M-167 from the Merapi volcano, Java, Indonesia. 
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Fig. 9-7: 226Ra normalized to stable Ba versus preceding 230Th normalized to the same element for 
the other three samples (M-137, M-142 and M-392) from the Merapi volcano, Java, Indonesia. 
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For the case investigated here there is a further complication because the eruption or 
deposition times of the collected samples are highly different. To account for radioactive decay of 
226Ra after deposition, i.e. to estimate the 226Ra/230Th ratios for each flow at the time of eruption, it 
was assumed that the melt composition was similar in the past. The evolution of the 226Ra/230Th 
disequilibrium towards equilibrium with preceding 230Th with time, starting with (or normalizing 
to) the 226Ra-excess measured in the seven year old ash sample M-142) is depicted in figure 9-8. 
Clearly this simple decay slope holds only if 230Th/234,238U is close to equilibrium (i.e. 230Th at t=0 
remains almost invariant with time) as it is, indeed, the case for the four samples that do not define 
any 230Th/234,238U isochrones (i.e. M-137, M-142, M-167, M-392). Figure 9-8 shows also the 
estimated deposition ages suggested from the stratigraphic sequences and marker horizons of the 
ash flows within the stratovolcano. It is obvious that the simple correction by use of the recent 
sample M-142 as the initial is consistent with the estimated eruption ages of all other samples. The 
stratigraphically derived ages were therefore taken to correct to the initial (226Ra/230Th)(0) ratios of 
sample M-137, M-167 and M-392 that were deposited in historical times.  
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Fig. 9-8: Development of (226Ra(t)/230Th)(0) with time for estimation of the deposition time of the 
volcanic ash after eruption. The estimated eruption ages for the five ash flows (filled squares) from 
stratigraphic observation are also given for comparison. 

After having corrected decay of excess 226Ra after surface deposition, the magma dynamics 
and mineral/melt as well as melt/melt partitioning of the magma during uplift can be closer looked 
at. The 226Ra data shown in the following three figures are therefore corrected for post-depositional 
decay.  

First of all it is interesting to study the relationship between 226Ra and the normalization 
element Ba in a simple correlation plot (Fig. 9-9). The data show (i) a fairly good correlation 
between both earth alkaline elements and (ii) highly different concentration values for whole rocks 
on the one side and the minerals on the other. Since the whole rocks are composed of non-
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crystallized groundmass (i.e. melt before eruption) mainly, it is clearly indicated that Ra and Ba 
behaved incompatibly during mineral/melt partitioning (low concentrations in the minerals, 
considerably higher concentrations in the groundmass or whole rocks). It is further important to note 
that mineral/melt partitioning was obviously similar for Ba and Ra in the rocks investigated here, i.e 
(DBa mineral/melt) ˜ (DRa mineral/melt). Form the slope of the data in Fig. 9-9 partition coefficients 
of DRa and DBa of ˜ 0.3 are derived and these values are highly comparable to the D-values reported 
by Condomines et al. (1995) for chemically similar arc basalts from the Mediterranean Sea. A 
conclusion of similar distribution coefficients for Ba and Ra between melt and minerals would 
suggest that fractionation between of both elements during partial crystallization of the melt is of 
minor importance, provided however, that both elements would remain in the mineral/melt 
assemblage, i.e. a closed system that excludes, for instance inventory changes of Ra or Ba from 
external sources or sinks during the time the fractionated crystallization occurs. However, as will be 
discussed below, there is strong evidence that during melt differentiation and ascent, fractionation 
between Ba and Ra took place in a significant manner, i.e. that 226Ra was progressively enriched 
over 230Th as well as Ba. 
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Fig. 9-9: Relationship between 226Ra and Ba which is generally suggested for normalizing 
concentration heterogeneity. An almost linear relationship is indicated between all ash flows 
investigated and between whole rocks and the minerals. 

The enrichment of 226Ra over 230Th is depicted in Fig. 9-10. This figure demonstrates 
additionally the relationship between the 226Ra/230Th activity ratio and the Ba/Th mass ratio with 
232Th representing more than 99.99% of the total mass of Th (6 orders of magnitude difference 
between the half-lives of 232Th and 230Th along with comparable and almost uniform activity 
concentrations, c.f. Table 9-2). The equiline (i.e. 226Ra = 230Th) in such a type of normalization 
diagram is horizontally orientated and it is clearly indicated that there must be strong excess of 
226Ra because all 226Ra/230Th ratios plot significantly above the equiline. Fig. 9-10 shows also a 
positive correlation of 226Ra/230Th with Ba/Th indicating, since Ra correlates with Ba positively, 
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correlation of Ra with Th. The highest 226Ra/230Th and Ba/Th ratios were measured in the minerals 
plagioclase, which is reasonable because this mineral incorporates a high content of Ca (chemical 
form of the plagioclase end member anorthite is Ca2Al2Si2O8). 

To proof if 226Ra, corrected for decay after eruption, can be used to obtain better information 
on melt dynamics, the disequilibrium samples M-137, M-142, M-392 and M-167 were again plotted 
in a diagram with 226Ra vs. 230Th normalized to stable Ba (Fig. 9-11). In contrast to the uncorrected 
results presented in Figs. 9-6 and 9-7 there is considerably less scatter between the corrected data. 
However, application of classical isochrone dating (which, of course assumes instantaneous 
fractionation between Ra and Th) is not possible because all connection lines (if this is allowed at 
all) through each co-genetic suite (dashed lines in Fig. 9-11) are definitely steeper than the equiline. 
Without fractionation between Ba and Ra during melt differentiation or an additional source for 
226Ra this would be physically not possible and isochrones that are steeper than the equiline would 
not be allowed. The likely path of the additional Ra/Ba fractionation besides Th/Ba is illustrated in 
the inset in Fig.9-11. Ideally, before differentiation, a melt is in secular equilibrium. When 
fractionated crystallization occurs during cooling of the melt upon ascent, Ca- Ba- and Ra-rich 
minerals such as plagioclase are formed which do not fractionate between Ra and Ba, i.e. DRa = DBa 
> DTh. (indicated in Fig. 9-11 as a horizontally orientated vector in the inset). In contrast, other 
minerals as well as the bulk melt may fractionate between Ra and Ba in the relative sequence DRa > 
DBa > DTh. If such vector end-points would be connected, a slope exceeding the equiline (i.e. 45°) 
would be obtained. Clearly, if such trends would happen in closed systems there must evidence for 
mineral phases or melt relicts that plot on the right side on the equiline. Since this is not the case 
here, it is concluded that Ba was continuously enriched of over Th as well as over Ba during melt 
ascent and (since the co-genetic suites have similar trends in Fig. 9-11) that the degree of 
enrichment was similar in each lava flow. 

Further reduction of the 226Ra/Ba data in Fig.9-11 to reconstruct isochrones is, however, 
highly vague and speculative, because the slopes of any hypothetical or realistic correlation lines 
between cogenetic mineral phases are dependent on (unknown) decay of 226Ra in the melt and the 
degree of the 226Ra/Ba fractionation in each of the four studied lava flows. The obvious isotope 
heterogeneity between 226Ra and 230Th is also supported by the non-systematically behavior of the 
U/Th data presented in 230Th/232Th vs. 238U/232Th normalization plots because of the following 
reason: 

Since the pair 226Ra/230Th is in a state of disequilibrium, magmatic processes before eruption 
must be rather short-lived. This means that fractionation between elements such as U and Th that 
occurred only a few thousand years ago, should not cause a significant shift of the 230Th/232Th ratios 
between different co-genetic minerals, because decay/ingrowth of the 230Th/238U pair is of minor 
importance for short times. Consequently horizontally orientated 230Th/232Th data would be 
expected in Figs. 9-4 and 9-5 except for lava-flow M-056 that erupted more than 10000 years ago. 
Horizontal orientation is, however, not the case for most of the ash flows studied here therefore 
strongly indicating isotope heterogeneity within the 238U-series. Various reasons could contribute to 
this non-systematic relationship such as: 

�� multi-stage evolution in a magma chamber producing crystallization and re-dissolution of 
minerals. This process was suggested by Pyle at al. (1988) and Volpe and Hammond 
(1992) who observed resorbed cores in plagioclase phenocrysts surrounded by oscillatory 
zoned rims grown in later stages, 
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Fig. 9-10: 226Ra/230Th (activity ratio) vs Ba/Th (atomic ratio) for volcanic ash flows from from the 
Merapi volcano, Java, Indonesia. 
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Fig. 9-11: To figures 9-6 and 9-7 analogous normalization diagram with 226Ra/ Ba versus  230Th/Ba 
corrected for the for the four Ra/Th disequilibrium samples (M-137, M-142, M-167 and M-392). 
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�� chemical disequilibrium between minerals and melt due to non-ideal mixing of melts with 
different chemical composition,  

�� contamination of melts with crustal components during ascent, or 

�� intrusion of fluids that are enriched in 226Ra (and slightly also in 234,238U) over 230Th 

The latter case is, however, less likely because crustal fluids are predominantly characterized 
by 238U/226Ra ratios > 1 (Ra behaves chemically reactive, U as uranyl ion rather conservatively) and, 
furthermore because intrusion of a fluid phase into a melt that occurred more or less recently should 
not change the 230Th/232Th ratio of the melt.  

9.2.4 Conclusions 
There is clear evidence for isochron relationship between minerals and melt in the ash flow taken 
from the Old Merapi volcano, the more so since the 226Ra/230Th ratios of all mineral separates are in 
equilibrium and since stratigraphic field observation suggests an eruption age of at least 10000 years 
b.p. The obtained isochron age of 38000 years must be therefore a combination of the times elapsed 
since lava deposition and mineral/melt fractionation in a magma chamber or during ascent. All other 
samples are characterized by significant excess of 226Ra over 230Th (as well as 238U) which indicates 
that all possible magmatic processes such as mineral/melt fractionation, melt/melt mixing and 
interaction with crustal rocks must have been taken place in rather short time periods between a few 
hundred (210Pb/226Ra is in equilibrium) to a few thousand years before eruption. By normalizing to 
the 226Ra/230Th ratio of a recently erupted flow and by comparing with relative stratigraphic 
sequences, the likely eruption times could be roughly estimated. The resulting data corrected for 
decay of 226Ra after surface eruption suggest high initial 226Ra/230Th ratios of 2-3 for all flows 
investigated here. However, normalization of the initial 226Ra activity concentrations to the 
chemically similar behaving element Ba did not result in 226Ra/230Th isochrone relationships. The 
slope of the data clearly suggest that there was additional Ra/Ba partitioning (besides Ra/Th) during 
melt/mineral fractionation and that 226Ra was continuously enriched during melt uplift (non-closed 
system). Although only weak fractionation occurred between U and Th the 230Th/232Th vs. 
230Th/238U isotope data suggest additional complex magmatic processes such as mixing of melts that 
did not equilibrate isotopically. Interpretation of such complex isotope relationships to study mantle 
dynamics (i.e. transient systems) need a numerical model which uses realistic boundary conditions, 
for instance constant inflow/outflow of melt from a deep source into a shallow magma chamber 
accompanied with continuous mineral/melt partitioning.  

Nevertheless, the strong disequilibrium between 226Ra and 230Th and the equilibrium between 
210Pb and 226Ra can be taken to roughly estimate melt ascent times for island arc volcanism in the 
Sunda-Banda arc. Assuming a bigger magma chamber beneath the Merapi volcano in a depth of a 
few 10 km, and time periods of the ascending melt between a few hundred to a few thousand years 
from the chamber to the earth surface, the melt uplift velocity should be in the order of a few 10 to 
100 meters per year. 
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9.3   Island Arc Rocks in the Mediterranean Sea 

9.3.1 Geological setting, sample petrology and analysis 
The South Aegean volcanic island arc system extending from south of the Peloponnesian Island 
(Greece) to the Turkish continent has been created geologically in analogous manner to the 
Indonesian Islands, i.e. by ascending magma caused by subduction of oceanic beneath continental 
crust (here African plate beneath the Eurasian plate, Fig. 9-12). The tectonic activity of this 
subduction system started during the Middle Miocene and is still ongoing in present days (Fytikas et 
al. 1984; Dietrich et al. 1988). From petrographic observation and geochemical analyses the 
following model for the genetic evolution of the Aegean volcanic province can be formulated 
(simplified after Dietrich et al., 1988): 

The incline of the slope and seismic measurements strongly suggest that the upper earth 
mantle melts partially in about 140 km depth beneath the earth surface (depth in agreement with 
Benioff zone measurements). This initial (so-called primitive) melt is basaltic in composition. 
During uplift of the initial melt into more shallow magma chambers some 10 km beneath the earth 
surface, the melt begins to differentiate via fractionated crystallization and typical initial mineral 
parageneses are olivine, plagioclase, Ti and Al rich clinopyroxene and Mg-hastingite. Although the 
initial melts probably do not reach the surface, this early mineral association can be derived from 
petrographic investigation of basaltic inclusions that can be found occasionally in more 
differentiated dacitic lava flows. Further fractionation in the magma chamber produces an amphibol 
– plagioclase assemblage that forms cumulates. The remaining melt is enriched in less compatible 
elements (such as Na, K, Ba, Ra as well as the actinides U and Th) and becomes progressively more 
viscous since the concentration of silica increases with differentiation. The most differentiated 
product is a rhyodacite composed of about 70 wt% SiO2 and 7 wt% Na2O + K2O. Although strong 
differentiation is common generally for all volcanic sequences in the Aegean region, each individual 
lava ash flows may have undergone complex processes such as partial mixing of a more primitive 
melt intruding into a more differentiated one, assimilation of crustal rocks or infiltration of fluids 
from surrounding bed rocks. To obtain information on such processes, 12 whole rocks subdividing 
into 4 co-genetically formed lava flows were studied here by means of U, Th, Ra isotope. The 
samples were taken from the islands of Aegina, Methana and Santorini which seriously exploded in 
historical time probably 2700 years ago. 

9.3.2 Results 
A geological description of the selected samples is displayed in Table 9-4 and the analytical results 
are compiled in Table 9-5. Table 9-4 distinguishes between 4 epigenetically related, weakly 
fractionated (primitive) basalts, basaltic andesites as well as highly differentiated andesites and 
(rhyo)dacites each probably derived from the same melt source region. Sample type A is considered 
to have been deposited more than a million years ago, hence expecting secular equilibrium in the 
238U-decay series. Eruption of types B and C are estimated to have occurred 0.5 and 0.2 million 
years ago and finally, the type D samples are from the historic explosion 2700 years b.p. which 
caused complete extinction of a highly developed civilization living on Santorini island at that time. 
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Fig. 9-12: Geological/geographic map of the south Aegean Sea showing the tectonic situation of 
the subducting African plate between Greece and Turkey. The dashed lines indicate the Benioff 
zone, i.e. the depth of the subducting oceanic crust beneath these projection lines. The active 
volcanic islands (marked in dark) are located around the 150 km line, which is the depth of the 
source melt region. 

Table 9-4: Analyzed volcanic glasses from Santorini island (Aegean Islands / Greece. 
classified in four cogenetic suites (A, B, C, D) of different eruption age. Each suite 
comprises between 2 and 4 individual samples. The estimated deposition ages are 
given as well.  

sample � petrographic sample type estimated time of eruption 

A-1,2,3,4 rhyodacites > 1 My 

B-1,2 B-1 basalt, B-2 dacite/andesite about 0.5 My 

C-1,2,3,4 C-1 basalt, C-2,3 andesite, C-4 dacite about 0.2 My 

D-1,2 rhyodacites 2700 years b.p. 
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Table 9-5: Results of the 238U series isotopes in volcanic glasses from the Santorini island(Greece). 

 Concentrations activity ratios 
sample � 238U 

[mBq/g] 
232Th 

[mBq/g] 
230Th 

[mBq/g] 
Ba 

[�g/g] 
238

232
U
Th

 
230

232
Th
Th

 
230

238
Th
U

 

        
AKRO 1 81.2 62.5 68.4 286 1.30 1.09 0.84 
Cakro 1 78.0 61.8 67.3 342 1.26 1.09 0.86 
Bal 3 75.8 65.4 68.1 318 1.16 1.05 0.90 
        
MAVRO 2 (1) 52.7 43.4 48.6 205 1.21 1.12 0.92 
MAVRO 2 (2) 52.3 43.3 49.4 205 1.21 1.14 0.93 
Bal 12 3.9 4.3 4.0 74 0.91 0.93 1.02 
        
CAKRO 36 A 45.5 46.4 43.5 360 0.98 0.94 0.96 
CAKRO 36 B 16.6 17.5 15.7 216 0.95 0.90 0.95 
Messa 8 22.3 21.8 20.2 296 1.02 0.93 0.91 
WHB 3  55.5 40.9 52.0 302 1.35 1.27 0.94 
        
PKL 2 49.0 41.6 39.0 390 1.18 0.94 0.80 
PKL 5 54.1 54.4 51.5 365 0.99 0.95 0.95 

(1,2) two aliquots  

9.3.3 Discussion 

The U/Th disequilibrium study of lava flows from the Aegean arc addressed the following topics: (i) 
dating of melt differentiation using co-genetic volcanic rocks, (ii) investigating the genetic evolution 
(maturity) of the magma during differentiation, and (iii) determining the source-region chemical 
composition of the initial melts. 

As has been shown in the previous section, fractionation between 230Th (T1/2 = 76000 years) 
and 238U, 234U is expected to be limited for island arc volcanism during magmatic evolution since U 
and Th are incompatible elements with highly similar partition coefficients between melt and 
various minerals. Nevertheless, 230Th/232Th vs. 238U/232Th diagrams may be useful for isochron 
dating of cogenetic materials and investigation of the initial U/Th ratio in the primitive melt before 
magma evolution and ascent. As illustrated in Figs. 9-13 and 9-14 the isotope pattern is comparable 
to those obtained above, i.e. 230Th deficits or 238U enrichments, or data points mainly on the right 
side of the equiline. This indicates partial melting with DU < DTh, or a process such as recent 
addition of U to the melt. In the following each sample type is discussed singularly.  

For sample type A addition of U seems to be responsible for the observed disequilibrium, 
since the 230Th/232Th data are within uncertainty identical, while 238U/232Th is generally above unity 
and scatters more widely. Sample types B and C are very close to equilibrium but still have slight 
excess of 238U. Isochrones through each co-genetic suite would have slopes that are very close to the 
equiline and if the rocks erupted some hundred thousand years ago (i.e. were in secular 
equilibrium), slight addition of fluid derived U could be a likely reason to shift the 238U/232Th ratios 
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of these highly different differentiated lava flows to the right. Types B and C show impressively that 
the most primitive basaltic rocks (with U and Th concentrations < 1 ppm) have almost equal activity 
ratios, while the highly differentiated dacitic derivatives (with U, Th up to 20 ppm) have 
considerably higher 238U/232Th ratios speaking for relative enrichment of U over Th during melt 
differentiation. This explanation is more realistic than the assumption of continuous admixture of U 
from surrounding bedrock fluids, because this should have affected more significantly those rocks 
with lower concentration of U (i.e. the basalts) than those with considerably higher concentrations 
of uranium (i.e. dacites/rhyodacites). 

The two andesites from sample type D show a higher state of disequilibrium between 
230Th/238U compared to all other volcanic rocks from the Aegean arc analyzed here. If these two 
samples really define an isochrone, it would intersect with the equiline at the chondritic value, 
therefore indicating fractionation from a much more primitive (deep) mantle source. This 
hypothetical isochrone would suggest an age of about 95000 for mineral/melt partitioning. 
However, additional analysis of 226Ra on these two samples yield 226Ra/230Th activity ratios of about 
1.5, i.e. again strong disequilibrium between the 226Ra/230Th couple. This suggests that fractionation 
and surface deposition must have been occurred less than 6000 to 7000 years ago. Such short times 
would not have affected the 230Th/232Th ratios as obtained for the type D andesites. Melt/mineral 
isotope heterogeneity is hence presumably much more likely than the assumption of U/Th 
fractionation in an isotopically homogenized closed system. This would not allow the generally 
observed excess of 226Ra in island arc rocks.  
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Fig. 9-13: 230Th/232Th vs. 238U/232Th isochron diagram showing the analytical results for different 
co-genetic volcanic rocks from South-East Mediterranean islands. The interception of a 
hypothetical regression line with the equiline (i.e. equipoint or starting source melt composition) 
would yield a low U/Th activity ratio of 0.8 that is close to chondritic composition. This would then 
indicate genesis from an almost undifferentiated mantle melt. 
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Fig. 9-14: 230Th/232Th vs 238U/232Th isochron diagram for the two andesites from a historically 
reported lava flow (sample type D in Table 9-4).  
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10. RA ISOTOPE RELATIONSHIPS IN  
HYDROGEOCHEMISTRY 

10.1  Summary 
The relationships between Ra and Sr isotopes in surface water / groundwater environment was 
investigated in a research project performed by the earth science department of the university Louis 
Pasteur (Strasbourg, France) and the radioanalytical laboratory at PSI (1995-1997). In this project, 
ground- and river-waters were selected from a hydrogeologically complex region in the upper Rhine 
Valley (Alsace, France) and were analyzed for the chemical composition of the major elements, Sr-
isotopes and radionuclides from the U and Th series. In particular, the isotope ratios and 
concentrations of Ra and Sr could be used as geochemical tracers to distinguish between different 
types of water and their interactions. The bulk chemical analyses suggest that the surface waters in 
the Rhine Valley can be described as mixtures between Ca-Na-HCO3 rich groundwater and less 
mineralized slightly acidic river waters which have been migrated through crystalline (mainly 
granitic) basement rocks of the Vosges mountains. Mixing of these waters yield positive correlation 
between bulk Sr, U, Ca and HCO3, indicating that carbonate rich sediments are the main source for 
U and (non-radiogenic) Sr in the Rhine Valley aquifers. The combination of the Ra and Sr isotope 
systems (228Ra/226Ra, 87Sr/86Sr) shows, however, that probably three sources contribute to the 
surface river waters in the upper Rhine Valley, i.e. (i) a highly radiogenic crystalline component, (ii) 
a groundwater source and, (iii) a third component from infiltrating Rhine water along the flow path 
of the parallel running river Ill into northern direction. The Sr and Ra isotope systems were also 
used to calculate small-scale mixing fractions of tributaries along the flow path of the Ill. Mixing 
ratios of non pure end-member waters were determined using three isotope diagrams (i.e. 
224Ra/226Ra vs. 228Ra/226Ra) and the results obtained with the Ra isotope system were found to be 
consistent with the data using Sr isotope relationships (i.e. 87Sr/86Sr vs. 1/Sr). 

10.2  Introduction 
The application of the Sr isotope system i.e. 87Sr, 86Sr, (in comparison to major elemental 
composition and/or Nd isotope determinations) has been demonstrated to be a valuable tool for the 
characterization of water types and to distinguish between different water components (Goldstein & 
Jacobsen, 1987, 1988; Anderson et al., 1992, 1994; Zhang et. al., 1995). This is because the 
87Sr/86Sr ratio is strongly dependent on the mineralogical composition of the source rocks. Highly 
differentiated granitic rocks, for instance, contain rather high concentrations of alkaline elements as 
Rb and therefore, due to decay of long-lived 87Rb to stable 87Sr, the 87Sr/86Sr ratio is continuously 
increasing with geological time. In contrast to this, the 87Sr/86Sr ratio in rocks with minor contents 
of Rb is less supported from decay of 87Rb, i.e. remains on a lower level. Good examples for low 
radiogenic Sr isotope composition are, for instance, carbonate rich sediments and evaporites and 
their corresponding surface and groundwater of Jurassic formations in central Europe (Buhl et al., 
1991; Matter et al., 1991). In a similar manner to the Sr isotope system it is possible to use 
radionuclides of the U and Th decay series for investigation of the interaction of different water 
components since there are several elements existing of two or more isotopes with half lives long 
enough to survive geochemical processes (i.e. 238U, 234U, 232Th, 230Th, 228Th, 228Ra, 226Ra, 224Ra 
(e.g. Osmond & Ivanovich, 1992; Osmond & Cowart, 1992). In particular, as 226Ra is a progeny of 
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238U and 228Ra of 232Th, the system 226Ra/228Ra is dependent on the U/Th ratio of the corresponding 
source rocks which contribute to the ionic composition of the waters and is therefore sensitive to 
distinguish between different waters such as freshwater and saline water in an estuary (Moore et al., 
1995; Plater et al., 1995; Moore, 1996, 1997). Furthermore, as the alkaline earth elements Sr and Ra 
exhibit similar chemical properties it is interesting to study the relation of both, the Ra and Sr 
isotope systems in an aquifer environment where different water components are mixing with highly 
varying proportions. As an appropriate example we therefore selected river and ground waters from 
the upper Rhine Valley on the western side where surface river water (i.e. river Ill) is flowing almost 
parallel to the major river (Rhine) and is continuously been mixed with confluence rivers from the 
Vosges mountains of highly different chemical composition. 

10.2  Sample Area and Hydrochemistry  
10.2.1 Geological description of the sample area  

In the southern part the about 300 km long Rhine Graben system is surrounded by the calcareous 
“Sundgau” and “Markgraefler” hills (which belong geologically to the Swiss/French Jura mountain 
chain) and by mostly crystalline basement rocks of the Vosges mountains on the western side 
(figure 10-1). In the study area the Vosges mountains are composed of mainly Palaeozoic granitic 
and metamorphic sequences with some contribution of Triassic to Jurassic carbonate, sandstone and 
evaporites. The sediments in the upper Rhine Valley consist geologically mainly of Tertiary marls 
covered by Pliocene and Quaternary alluvial carbonate-rich, unconsolidated erosion products 
(gravels). This strata represents the reservoir host rocks of the shallow groundwater (Simler, 1979) 
and consists mineralogically of mainly carbonates as well as crystalline gravels which were 
deposited during formation of the Rhine Graben rift system in the Tertiary. 

10.2.2 Hydrological description of the sample area 
The superficial hydrography of the Rhine Valley is dominated by two main rivers: the Ill with a 
discharge flow rate ranging between 5 and 10 m3 s-1 (at Strasbourg) and the channelled Rhine with a 
flow rate typically between 700 and 1500 m3 s-1 (figures 10-1, -2). Since the flow direction of the Ill 
is almost parallel to the Rhine before its confluence at Strasbourg, all smaller rivers carrying the 
discharged water from the Vosges mountains are flowing directly into the river Ill before the mixed 
water enters the Rhine aquifer (Fig. 2). Therefore, along the flow path, the River Ill is continuously 
mixed with waters from granitic source suggesting an increasing contribution of the crystalline 
water sources on the chemical composition of the Ill. In addition, due to the very shallow 
groundwater table in the Quaternary aquifer of the study area (1-2 m below surface) and the high 
porosity of the coarse grained clastic, alluvial sediments, there is a strong interaction between the 
river waters in the plain and the ground water as has been shown by Simler (1979) who investigated 
the influence of contaminated surface water (brines and hydrocarbons from industrial release) onto 
surrounding groundwater. The exchange between river and plain aquifers is even further increased if 
strong precipitation causes rising levels of river beds leading to river water discharge into the 
surrounding groundwater and, consequently a rising groundwater table (Freeze & Cherry 1979). 
Indeed, due to the large seasonal differences in the run-off intensities (high water discharge from 
melting snow during spring, low rainfall and evaporation during August/September) the piezometric 
surface can vary up to 5 m in the Upper Rhine Valley (Simler, 1979). As shown in Figure 2 there 
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exists a complex network of surface river waters, connecting channels and groundwater on the 
western site of the Rhine, which is therefore an excellent study area to investigate interactions 
between different aquifer components and to compare Sr and Ra isotope systematics.  

Ill

Belfort

Mulhouse

Basel

JURA

Aa
re

Zürich

StuttgartStrasbourg

Séléstat

Colmar

R
hi

ne

Nancy

Rhine

N

BL
AC

K 
FO

RE
ST

VO
SG

ES

France

 

Fig. 10-1: Topographic illustration of the Upper Rhine Rift Valley (re-drawn after H. Cloos, 
Geologische Rundschau, vol. 44, 1955, approx. scale: 100 km = 5.5 cm). 

10.3  Analytical Methods 
10.3.1 Water Sampling 
The Rhine Valley groundwater was sampled from four wells and over a period of 2 years (1995-
1996). In this time additional 30 water samples were taken from rivers in the Rhine Valley as well 
as from smaller feeder rivers discharging from the adjacent crystalline rocks in the Vosges 
mountains (figure 10-2). Groundwater samples were pumped from agricultural wells, which are 
typically 7 to 8 m deep and about 0.5 m wide. In order to replace the stagnant water by fresh 
groundwater, the well volume was replaced 2-3 times before sampling. To avoid any interactions of 
pumping equipment with the water components a throughout stainless steel Grundfos MP1 
immersed pump equipped with polypropylene tubing was used. All groundwater as well as surface 
water samples were filtered on-site through 0.45 �m Millipore filters, previously rinsed with the 
sample water to allow chemical equilibrium, in an stainless steel filtration apparatus under nitrogen 
pressure. Temperature and pH were also measured in-situ. For the radionuclide analyses, the filtered 
water samples (collected in standard 1-l polyethylene bottles) were then acidified in field using 10 
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ml of 12 mol l-1 HCl to obtain a pH between 1-2. A further 250 ml aliquot (not acidified) was taken 
for measurement of the anions, alkalinity, conductivity and DOC.  
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Fig. 10-2: Geological map of the study area showing the hydrological drainage basin of the Ill with 
confluence rivers from the Vosges mountains on the western side of the Upper Rhine Valley. The 
numbers in circles refer to the sample locations.  
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10.3.2 Radionuclide Analysis and Assay 
The following, geochemical important isotopes of the U and Th decay series, i.e. 238U, 234U, 228Ra, 
226Ra, 224Ra, 222Rn (data for Rn in Tricca, 1997) and 210Po were determined mainly by the use of 
low level �-spectrometry. Table 10-1 provides an overview of the different radionuclides, the 
isotope spikes (tracers) taken for chemical yield correction, as well as the lower limits of detection. 
The analytical results for the radionuclides including their uncertainties (2�) are summarized in 
table 10-2. A detailed report of the chromatographic separation procedure for U has been given by 
Bajo et al. (1997) and a brief description of the separation procedure for Po is given in Eikenberg et 
al. (1998c) and section 6.3 (i.e. via co-precipitation with iron hydroxide followed by dissolution in 
0.5 mol l-1 HCl and spontaneous deposition on a silver disc). 222Rn was determined via �-
spectrometry of the progenies 214Bi/214Pb in secular equilibrium obtained on gas tight samples or via 
emanation into a scintillation cocktail for LS-spectrometry according to the procedure presented in 
section 6.3. Ra was determined via sorption on MnO2-impregnated polyamide discs. This analytical 
method is described, in detail, in Eikenberg et al. (2001a) and section 6.4. 

Table 10-1: Compilation of the radioisotopes investigated, added tracers for chemical yield 
determinations, methods applied and the calculated minimum detectable concentrations (MDA). 

radio- half-life chemical yield  method applied MDA 
nuclide  spike isotope  [Bq l-1] [g l-1] 

238U 4.5�109 y 232U chromatographic extraction 5.0�10-5 4.1�10-9 
234U 2.5�105 y 232U chromatographic extraction 5.0�10-5 2.1�10-13

228Ra 5.8�100 y via 224Ra(1) and �sorb 2nd measurement, via 228Th ingrowth 2.4�10-4 2.4�10-17

226Ra 1.6�103 y via 224Ra(1) and �sorb 1st measurement of Radium-disc 1.5�10-4 4.1�10-15

224Ra 3.7�100 d via 224Ra(1) and �sorb 1st measurement of Radium-disc 2.4�10-4 3.9�10-20

210Po 1.4�102 d 208Po spontaneous deposition on Ag-disc 5.0�10-5 3.3�10-19

(1) Measurement of two aliquots, one additionally spiked with 224Ra tracer 

10.3.3 Stable element analysis  
In addition to the radiochemical measurements, bulk chemical analyses were carried out using a 
Perkin Elmer 430 atomic absorption spectrometer (cations) and a Dionex ionic chromatograph 
(anions). Application of ICP-MS and ICP-AES yielded additionally the concentrations of Sr and 
further trace elements such as Fe, Mn, Al, Rb (data in Table 10-3, trace elements in Tricca, 1997). 
The detection limits for the major ions were at a level of about 1 �mol l-1 leading to analytical 
uncertainties (2�) of typically 2-4% for the Rhine valley waters, and slightly higher (i.e. about 5-
10%) for the less mineralized waters from crystalline sources of the Vosges mountains.  

The isotopic composition of Sr was obtained as follows: a 20 ml sample was evaporated, 
dissolved in 4 mol l-1 HCl and rinsed through a cation exchange column (AG50W-X12, 200-400 
mesh) to separate Sr from Rb. Additions of citric acid were useful to support the separation of the 
high quantities of calcium. The fraction of Sr was measured on a VG thermo ionization mass 
spectrometer using a NBS standard spike solution with 86Sr/88Sr of 0.1194 for normalization. 
Consecutive 38 measurements of the standard solution carried out during this work yielded a 
87Sr/86Sr ratio of 0.71026 with a standard deviation of as low as 0.00001. 
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Table 10-2: Results of the U and Th series radionuclide isotope analysis, specific activities and 
activity ratios for 238U, 234U, 228Ra, 226Ra, 224Ra and 210Po. 

sample � 
238U 

[mBq l-1] 
234

238
U
U

�

�
�
�

�

�
�
�

 
224Ra 

[mBq l-1] 
226Ra 

[mBq l-1]

228Ra 
[mBq l-1]

224

226
Ra
Ra

�

�
�

�

�
�  228

226
Ra
Ra

�

�
�

�

�
�  

210Po 
[mBq l-1] 

River Rhine 
Rhine, �7 9.21 � 0.45 1.18 � 0.05 0.48 � 0.06 2.00 � 0.15 1.49 � 0.17 0.24 � 0.02 0.75 � 0.04 0.41 � 0.05 

Rhine, �8 9.45 � 0.48 1.11 � 0.05 0.52 � 0.06 1.92 � 0.16 1.42 � 0.18 0.27 � 0.02 0.74 � 0.04 0.43 � 0.05 

Plain rivers (strong mixtures) 

Thur, �13 2.61 � 0.15 1.2 � 0.1 1.98 � 0.21 2.51 � 0.21 3.18 � 0.31 0.77 � 0.03 1.27 � 0.06 0.78 � 0.08 

Ill, �18 6.22 � 0.27 1.05 � 0.05 0.48 � 0.06 1.22 � 0.11 1.93 � 0.20 0.39 � 0.03 1.58 � 0.07 1.31 � 0.12 

Ill, �19 4.15 � 0.27 1.2 � 0.1 0.96 � 0.12 1.41 � 0.13 1.91 � 0.20 0.68 � 0.04 1.35 � 0.07 1.08 � 0.05 

Lauch, �26 6.97 � 0.38 1.23 � 0.06 1.06 � 0.12 1.14 � 0.12 2.02 � 0.22 0.93 � 0.08 1.77 � 0.08 1.24 � 0.11 

Ill, �24 15.8 � 0.5 1.19 � 0.04 1.45 � 0.14 2.10 � 0.20 1.90 � 0.18 0.69 � 0.04 0.91 � 0.05 0.49 � 0.06 

Ill, �27/2 9.33 � 0.45 1.20 � 0.09 1.40 � 0.14 1.94 � 0.18 2.08 � 0.21 0.72 � 0.05 1.07 � 0.05 0.83 � 0.08 

Lauch, �21 9.21 � 0.45 1.9 � 0.1 0.76 � 0.10 0.67 � 0.08 1.36 � 0.15 1.13 � 0.08 2.03 � 0.11 1.30 � 0.12 

Thur, �22 5.60 � 0.28 1.11 � 0.06 1.61 � 0.17 1.60 � 0.15 2.50 � 0.21 1.01 � 0.05 1.56 � 0.08 0.62 � 0.07 

V-Thr, �23 14.5 � 0.5 1.29 � 0.06 1.78 � 0.18 2.20 � 0.20 3.08 � 0.31 0.81 � 0.04 1.40 � 0.07 0.81 � 0.08 

Lauch, �25 24.5 � 0.7 1.48 � 0.04 1.47 � 0.14 1.54 � 0.14 2.97 � 0.29 0.95 � 0.08 1.92 � 0.09 1.02 � 0.11 

Ill, �27/1 5.0 � 1.5 1.6 � 0.4 1.69 � 0.16 1.90 � 0.16 1.93 � 0.17 0.89 � 0.07 1.02 � 0.09  

Ill, �30 14.3 � 0.7 1.25 � 0.06 1.40 � 0.13 1.72 � 0.15 1.55 � 0.14 0.81 � 0.07 0.90 � 0.08 1.90 � 0.15 

Vosges rivers, source rock of granitic composition 

Fecht, �28 5.1 � 0.5 1.4 � 0.1 0.46 � 0.06 1.10 � 0.12 0.58 � 0.08 0.42 � 0.06 0.53 � 0.06 0.80 � 0.08 

Cleurie�48 0.87 � 0.08 1.2 � 0.2 (a) 1.33 � 0.13 1.46 � 0.16  1.10 � 0.07 2.44� 0.19 

Cleurie�49 0.75 � 0.07 1.5 � 0.2 (a) 2.45 � 0.19 2.21 � 0.23  0.90 � 0.05 1.71 � 0.15 

Fouch.�50 0.50 � 0.05 1.1 � 0.2 (a) 6.58 � 0.45 5.71 � 0.42  0.87 � 0.04 6.80 � 0.36 

Thur, �51 6.10 � 0.29 1.15 � 0.05 (a) 3.51 � 0.29 5.88 � 0.43  1.68 � 0.08 1.43 � 0.12 

Muesb.�41 0.25 � 0.03 1.9 � 0.4 0.37 � 0.05 1.54 � 0.15 1.14 � 0.13 0.24 � 0.03 0.74 � 0.04 0.92 � 0.09 

Adelsb.�42 0.62 � 0.06 1.4 � 0.3 0.17 � 0.04 0.65 � 0.08 0.67 � 0.08 0.26 � 0.05 1.03 � 0.11 1.15 � 0.11 

Adelsb.�43 0.61 � 0.06 1.1 � 0.2 0.24 � 0.04 0.95 � 0.11 0.55 � 0.07 0.25 � 0.04 0.58 � 0.06 0.70 � 0.07 

Ibach�44 1.12 � 0.09 1.2 � 0.1 0.21 � 0.04 0.78 � 0.09 1.11 � 0.12 0.27 � 0.05 1.42 � 0.08 0.72 � 0.07 

Bergba.�46 4.23 � 0.21 1.06 � 0.06 0.52 � 0.07 1.41 � 0.14 1.14 � 0.12 0.37 � 0.04 0.81 � 0.05 0.96 � 0.10 

Strengbach profile, source rock of granitic composition 

Stren., �33 1.37 � 0.09 1.0 � 0.1 0.25 � 0.04 1.14 � 0.12 0.46 � 0.06 0.22 � 0.03 0.40 � 0.05 1.29 � 0.12 

Stren., �32 1.49 � 0.10 1.2 � 0.1 0.64 � 0.08 3.15 � 0.24 1.41 � 0.15 0.20 � 0.03 0.45 � 0.06 0.78 � 0.08 

Stren., �35 0.75 � 0.06 1.0 � 0.1 0.38 � 0.05 1.52 � 0.15 0.82 � 0.09 0.25 � 0.04 0.54 � 0.06 0.78 � 0.08 

Groundwater (Colmar region), source rock of sedimentary marl and sandstone composition 

�G-1 20.7 � 0.6 1.25 � 0.05 4.91 � 0.37 2.71 � 0.21 5.63 � 0.44 1.81 � 0.09 2.07 � 0.09 1.15 � 0.09 

�G-2 21.4 � 0.6 1.21 � 0.05 4.95 � 0.37 2.72 � 0.21 5.72 � 0.48 1.82 � 0.09 2.11 � 0.10 1.20 � 0.09 

�G-3 21.6 � 0.6 1.19 � 0.05 4.81 � 0.35 2.75 � 0.21 5.93 � 0.44 1.75 � 0.09 2.16 � 0.10 1.22 � 0.09 

�G-4 21.6 � 0.6 1.22 � 0.05 5.15 � 0.40 2.68 � 0.21 5.86 � 0.42 1.92 � 0.10 2.19 � 0.10 1.29 � 0.10 

(a) decayed prior to analysis 
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Table 10-3: Results of the Sr-isotope analysis and stable element concentrations. 

sample � Sr 
[�g/l] 

87

86
Sr
Sr

�

�
�

�

�
�  pH Ca2+

[mmol/l
] 

Na+

[mmol/l]
Mg2+

[mmol/l] 
K+ 

[mmol/l
] 

HCO3
-

[mmol/l] 
SO4

2- 
[mmol/l] 

Cl- 
[mmol/l

] 

NO3
- 

[mmol/l] 

River Rhine 
Rhine, �7 345 0.70843 8.16 1.37 0.33 0.37 0.28 3.00 0.34 0.32 0.12 
Rhine, �8 338 0.70848 8.21 1.53 0.36 0.30 0.27 3.23 0.29 0.35 0.18 

Plain rivers (strong mixtures) 

Thur, �13 69 0.70983 7.58 0.41 0.98 0.10 0.23 0.60 0.27 0.97 0.08 
Ill, �18 182 0.70888 8.03 1.58 0.48 0.27 0.07 2.86 0.18 0.65 0.26 
Ill, �19 135 0.70905 8.08 1.14 0.65 0.21 0.13 2.07 0.22 0.78 0.20 
Lauch, �26 84 0.70992 7.81 1.60 2.60 0.12 0.15 1.64 0.75 1.14 0.09 
Ill, �24 210 0.70878 7.60 2.41 2.73 0.33 0.13 3.71 0.47 3.31 0.36 
Ill, �27/2 172 0.70889 7.82 1.68 1.77 0.24 0.19 3.10 0.27 1.28 0.17 
Lauch, �21 122 0.71002 7.75 1.34 1.97 0.44 0.22 3.30 0.39 1.16 0.44 
Thur, �22 88 0.70977 7.50 0.65 3.82 0.18 0.71 1.42 0.69 3.20 0.19 
V-Thr, �23 290 0.70890 7.42 2.36 2.79 0.34 0.16 3.60 0.49 3.43 0.37 
Lauch, �25 266 0.70906 7.56 2.36 0.99 0.49 0.13 3.85 0.51 1.49 0.46 
Ill, �27/1 198 0.70905 7.78 1.36 1.30 0.26 0.14 2.20 0.33 1.40 0.42 
Ill, �30 160 0.70930 7.71 1.08 0.76 0.25 0.09 1.79 0.23 0.87 0.19 

Vosges rivers, source rock of predominantly granitic composition 

Fecht, �28 42 0.71340 7.36 0.24 0.28 0.08 0.04 0.46 0.13 0.19 0.06 
Cleurie�48 9 0.71733 6.73 0.04 0.13 0.02 0.01 0.04 0.32 0.10 0.02 
Cleurie�49 9 0.71798 5.72 0.03 0.31 0.02 0.01 0.02 0.04 0.33 0.00 
Fouch.�50 8 0.72033 5.57 0.02 0.04 0.01 0.01 0.02 0.04 0.03 0.02 
Thur, �51 10 0.71390 7.80 0.09 0.06 0.03 0.01 0.20 0.03 0.03 0.02 
Muesb.�41 16 0.71707 6.89 0.09 0.06 0.04 0.05 0.14 0.06 0.09 0.24 
Adelsb.�42 20 0.71594 7.22 0.13 0.19 0.06 0.02 0.17 0.10 0.19 0.06 
Adelsb.�43 24 0.71693 7.75 0.23 0.23 0.14 0.04 0.45 0.08 0.32 0.06 
Ibach�44 22 0.71515 7.69 0.33 0.13 0.19 0.05 0.77 0.10 0.21 0.05 
Bergba.�46 60 0.71661 7.77 0.42 0.55 0.17 0.05 0.83 0.17 0.54 0.08 

Strengbach profile, source rock of pure granitic composition 

Stren., �33 14 0.72104 6.82 0.11 0.25 0.03 0.04 0.13 0.09 0.18 0.04 
Stren., �32 12 0.72504 6.20 0.08 0.09 0.03 0.02 0.03 0.09 0.06 0.03 
Stren., �35 15 0.72068 7.25 0.12 0.26 0.04 0.05 0.17 0.09 0.20 0.05 

Groundwater (Colmar region), source rock of sedimentary marl and sandstone composition 

�G-1 393 0.70875 7.57 2.54 2.75 0.35 0.25 3.76 0.54 4.53 0.24 
�G-2 376 0.70878 7.61 2.52 2.75 0.34 0.19 3.55 0.54 4.62 0.25 
�G-3 418 0.70866 7.54 2.43 2.83 0.38 0.12 3.47 0.54 5.24 0.30 
�G-4 370 0.70875 7.61 2.55 2.55 0.36 0.18 3.51 0.51 4.80 0.27 
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10.3.4 Rock sample analysis  
Bottom sediments of the rivers and the groundwater were sampled to determine the Ra isotope 
composition in the source rocks corresponding to the different end-member water types (i.e. alluvial 
sediments in the Rhine Valley and bottom sediments from the Strengbach river in the Vosges 
mountains that showed highly radiogenic 87 Sr/86Sr ratios (�32-35). The samples were measured 
first directly using �-spectrometry (to obtain the total content of Ra) and aliquots of 30 g were then 
leached for one hour under boiling in 100 ml 8 mol l-1 nitric acid (to obtain surface bound Ra). The 
aqueous solution containing the leached ions was than separated from the suspension via 
centrifugation, evaporated and the residue was transferred in a gas tight glass bottle (to avoid escape 
of emanating 222Rn) and again measured via �-spectrometry of the progenies 214Bi/214Pb in secular 
equilibrium with 222Rn after 3 weeks. �-emitting 228Ac was taken as a measure for 228Ra and 208Tl as 
well as 212Pb as a measure for 224Ra. The mean 228Ra/226Ra and 224Ra/226Ra ratios obtained on three 
rock samples taken from each location are presented in table 10-4. The sediments were additionally 
analyzed for the mineralogical composition by X-ray diffraction spectrometry and yielded in 
average 70% quartz, 15% clay minerals (illite, illite/smectite) and 15% feldspar for the Strengbach 
sediments and 55% quartz, 15% clay minerals, 20% feldspar and 10% carbonate minerals (calcite, 
dolomite) for the Rhine Valley sediments (details in Tricca, 1997). 

Table 10-4: Results of the �-spectrometric determination of the 228Ra/226Ra and 224Ra/226Ra ratios 
in bulk rock samples and leachates. The average Ra isotope ratios of the corresponding water 
samples are additionally given for comparison. 

Location untreated rock  leached fraction  corresp. water sample

 228Ra/226Ra 224Ra/226Ra 228Ra/226Ra 224Ra/226Ra 228Ra/226Ra 224Ra/226Ra

Strengbach river (�32-35) 0.7 + 0.2 0.8 + 0.2 0.2 + 0.1 0.3 + 0.1 0.4 + 0.1 0.2 + 0.1 
groundwater (�G1-4) 1.2 + 0.2 1.2 + 0.2 1.5 + 0.3 1.6 + 0.3 2.1 + 0.1 1.8 + 0.1 
river Ill (�24) 1.1 + 0.2 1.0 + 0.2 0.9 + 0.3 1.1 + 0.3 0.9 + 0.1 0.7 + 0.1 

10.4  Results 
10.4.1 Water samples 
The results of the radionuclide isotope analysis of the water samples are summarised in table 10-2, 
while the data of the stable element analysis (major elements) including the isotope composition of 
Sr are given in table 10-3. Both tables distinguish between the different water types, i.e. the end 
member components Rhine water and Rhine Graben groundwater on the one side, and river water 
discharging from crystalline basement rocks of the Vosges mountains on the other. The latter waters 
are furthermore separated in types which had been in contact with pure granitic rocks (Strengbach 
river) and various other samples taken from different locations in the Vosges mountains where the 
water had migrated mainly through granitic rocks, however with minor contributions of Mesozoic 
strata (Permian to Triassic sandstone and Triassic carbonates). A fourth group comprises the river 
waters that have entered the plain of the upper Rhine Valley, i.e. the Ill, and its tributaries (Thur, 
Lauch, Fecht etc., Fig. 10-2). 

As Table 10-2 and 10-3 show, there are large differences in the chemical composition of the 
end member waters. The groundwater, which exhibits the highest ionic strength of all waters, can be 
described as Ca-HCO3 type with a significant NaCl component strongly contributing to salinity. 
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Table 10-3 demonstrates furthermore that the groundwater is very uniform with respect to the 
overall chemical composition, i.e. a justification to take this water as a pure end-member component 
with a definite composition. Speciation calculations using the geochemical code PHREEQC 
(Charlton et al., 1997) yielded saturation of Ca2+ and HCO3

- with calcite and a slightly elevated 
pCO2 of -2.5, whereas the crystalline waters are considerably undersaturated with respect to 
carbonate minerals. In contrast to the groundwater considerably lower ionic concentrations were 
measured for the waters from crystalline sources of the Vosges mountains, especially for those 
samples taken from fresh spring waters (� 32-35 and 48-51). The pH of these waters is more 
variable (i.e. between 5.7 to 7.8), probably because pH-buffering minerals are lacking that are in 
thermodynamic equilibrium with the aqueous phase. In agreement to other waters from crystalline 
environments these waters show higher Mg2+/Ca2+and SO4

2-/HCO3
- ratios in comparison to typical 

waters from a limestone environment (Pearson, 1987).  

With respect to the Sr isotopic signature it is obvious that the groundwater and Rhine water 
are characterised by very similar and low 87Sr/86Sr ratios of about 0.708, i.e. indistinguishable, while 
the crystalline water exhibit considerably higher (radiogenic) ratios of up to 0.725 (Strengbach river, 
� 32-35). In accordance to the major ions the concentrations of Sr also decrease with increasing 
distance from the plain. The same trend can be observed for uranium as well as for the 234U/238U 
activity ratio which is uniform in the groundwater (234U/238U = 1.2) but which increases to values of 
up to 1.9 in the river waters.  

In consistency to the other chemical parameters uniform concentrations were measured for all 
three Ra isotopes in the groundwater. 224Ra (from the 232Th series) is close to secular equilibrium to 
its progenitor 228Ra, but in terms of activities, about a factor of 2 higher than that of 226Ra (238U 
series). Waters discharging from highly radiogenic source rocks (� 32-35) show, however a 
complete different isotope composition of Ra. Although the Ra concentrations of these samples are 
highly variable, their isotope ratios are almost constant with 228Ra/226Ra ratios as low as 0.5 and 
even lower 224Ra/226Ra ratios of 0.2-0.3. The 228Ra/226Ra as well as the 224Ra/226Ra ratio of the 
Rhine water is much closer to the crystalline type indicating that with respect to Ra these 
components can be hardly distinguished, while in contrast to 87Sr/86Sr the components groundwater 
and Rhine water are highly different with respect to 228Ra/226Ra. 

Although not shown, but in order to complete the radionuclide analysis, the results for 222Rn 
are briefly given below (full data, Tricca 1997). In the river waters the noble gas 222Rn always 
proved to be below the detection limit of 0.1 Bq l-1 caused by immediate degassing of the turbulent 
river systems upon equilibration with the atmosphere. In contrast, large excesses of 222Rn (compared 
to the mother nuclide 226Ra) of in average 20 + 4 Bq l-1 were repeatedly measured in all groundwater 
samples. The presence of such high levels is due to the fact that there is a permanent emanation of 
the noble gas from loosely bound positions in mineral lattices and that the time scale for emanation 
through the sediments to the atmosphere is much longer in comparison to the decay half life of 3.8 
days (e.g. Krishnaswami et al., 1982). Such situation is typical for a chemically and structurally 
homogeneous shallow water environment (e.g. Hoehn & von Gunten, 1989), i.e. a further indication 
to take the groundwater as a discrete, chemically homogeneous source (i.e. end member). Although 
there are immense excesses of 222Rn compared to the mother nuclide 226Ra (101 vs. 10-3 Bq l-1) in 
the groundwater, there is no excess of the 222Rn supported daughter 210Po in comparison to 226Ra. 
These samples exhibit 210Po/226Ra activity ratios < 1, speaking for relatively short residence time of 
210Po (and its precursor 210Pb) in the groundwater.  
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10.4.2 Rock Samples  
�-spectrometric counting of all rock samples yielded, within error, identical 228Ra/226Ra and 
224Ra/226Ra activity ratios (Table 10-4), indicating that 228Ra = 224Ra or (since 228Ra is the daughter 
of 232Th and 224Ra is produced by decay of 228Th, table 10-5) that the 232Th-decay series is in secular 
equilibrium. Since 226Ra is a member of the 238U-series (decay product of 230Th, table 10-5) and 
since the major fraction of Ra in the bulk samples is fixed in geologically old silicate minerals, it is 
reasonable to take the 228Ra/226Ra activity ratio as a measure for bulk Th/U in the untreated samples. 
The 228Ra/226Ra ratios of these samples are close to unity which is in consistence with typical Th/U 
mass ratios of � 3 for average crustal rocks (Taylor & McLennan, 1985; Titayeva, 1994). The 
leachates show different Ra isotope ratios that are close to the values measured in the corresponding 
water samples. 

10.5  Discussion 
10.5.1 Sr and Ra isotope relationships in aqueous and solid phases  
The systematics of the Ra isotope system can be taken from table 10-5 which shows that all 4 
naturally occurring radionuclides of Ra are derived from decay of precursor Th nuclides. Since in 
contrast to U, Th remains (even under oxidizing conditions) always in the tetravalent state, Th is 
almost insoluble in aqueous solution (Langmuir and Herman, 1980; Anderson et al. 1995) and the 
very low amounts that can be detected in terrestrial fresh waters are bound on colloids and 
suspended matter (Dearlove et al., 1992). Dissolved species of Ra are therefore released from solid 
matter into the aqueous phase via desorption and via recoil subsequent to �-decay of Th-precursors. 
This has an important meaning especially for the 232Th series. While 228Ra is directly formed from 
surface bound 232Th, the �-decay of 228Ra (and consecutively of 228Ac) leads to an increase of two 
atomic numbers, i.e. to the formation of 228Th. As demonstrated by Krishnaswami et al. (1982) 
dissolved Th-species have very short transient times in groundwater in the order of a few minutes. 
Therefore, as soon as dissolved 228Ra(II) decays to 228Th(IV), this nuclide rapidly adsorbs onto solid 
matter. Under the assumption that the next daughter, i.e. 224Ra, would desorb quantitatively into the 
aqueous phase again, its activity cannot exceed that of the progenitor 228Ra. Even more so, since 
224Ra is a short-lived component with a half-life of 3.66 days and is not supported from precursor 
228Ra dissolved in the aqueous phase. If now the transport time for 224Ra desorbing from a deeper 
layer of a river bottom sediment is not considerably shorter compared to its own half-life, only a 
smaller fraction can survive the distance from the bottom layer to the surface environment from 
which a water sample is taken. Due to this additional (and local) sink, higher 228Ra/224Ra ratios are 
expected for less turbulent systems such as slowly flowing rivers in a shallow valley.  

Table 10-5: Precursor-progeny relationships for the four isotopes of Ra within the 238U, 235U 
and 232Th decay series. The modes of decay and nuclide half-lives are listed on top of the 
arrows, which point in direction to the next daughter nuclide in the respective series. 

daughtersRnRaThseriesU aa
����� ������ ���

�� 2221060.1:2261054.7:230238 34
: ��

daugthersRnRaThseriesU dd
���� ����� ���

21943.11:22372.18:227235 : ��

ThRaThseriesTh aa 2281076.5:2281040.1:232232 010
: ���� ������ ���

�� ��

daugthersRnRaThseriesTh da
���� ������ ���

� 22066.3:2241091.1:228232 0
: ��  
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The other isotope ratio of Ra, 228Ra/226Ra is derived from different decay series, i.e. 232Th and 
238U and hence should reflect an average U/Th composition (or more precisely, the surface bound 
232Th/230Th ratio) in the various geological lithologies through which the waters have been migrated 
(Négrel et al., 1993). For this reason it is interesting to compare the Ra isotope ratios of the water 
samples with those of the leachates. Table 10-4 indicates that the values for solid and corresponding 
aqueous phase are comparable. It is therefore likely to take the leachates roughly as a representative 
of the solid phase that interacted with the corresponding aqueous phase.  

The leachate analysis corresponding to the highly radiogenic water (�32-35) is helpful to 
explain the low 228Ra/226Ra ratios in these waters because a significant excess of 226Ra of about 200 
Bq/kg was measured in different aliquots while the concentration of 228Ra (� 40 Bq/kg) was close to 
average levels in crustal rocks. The excess of 226Ra is caused by enrichment of U that is generally 
observed in almost all highly radiogenic granitic rocks that were formed during the Hercynian 
orogenesis in Central Europe about 300 My ago (Leroy and Holliger, 1984). In contrast to the 
granitic samples, a reverse situation holds for the sediments taken from location �G1-4 (Rhine 
Valley groundwater). These samples show excess of 228Ra over 226Ra, which is most likely caused 
by weathering of the Rhine Valley sediments that contain a higher fraction of feldspar and carbonate 
minerals. If such minerals dissolve under aerobic conditions, lattice bound U and Th are released. 
While Th immediately sorbs on solid matter, parts of oxidized U(VI) goes into solution and 
discharges with time into the oceans. However, if a fraction of U is removed prior to decay into 
230Th, the non-supported part of 230Th sorbing on the accessible surface for water/rock interaction 
decays with time so that the 232Th/230Th ratio (and consequently that of the direct daughters, i.e. 
228Ra/226Ra) increases with time. 

10.5.2 Calculation of binary /ternary mixtures via 228Ra/226Ra and 224Ra/226Ra 
The graphical illustration using 87Sr/86Sr isotope ratios vs. 1/Sr is a powerful tool to check on 
potential mixtures if rocks (especially sediments) are dated via the Rb/Sr chronometer (e.g. Faure, 
1986; Clauer, 1982). In addition, in the past decade, Sr isotope investigations were also successfully 
applied to study the interactions between different aquifers (e.g. Négrel, 1993; Anderson et al., 
1992, 1994; Zhang et al., 1995). In the following we introduce a similar approach for radium, which 
is based on the fact that (in analogy to Sr) the isotope ratios of Ra are not uniform in different 
natural systems. If two different aquifers of component (A) and (B) are interacting to form a mixed 
component (M), the following relation holds, provided that two isotopes with different 
concentrations and isotope ratios are available, i.e. in the case of Ra,  

)1(228228228 fRafRaRa BAM �����  (10-1) 

)1(226226226 fRafRaRa BAM �����  (10-2) 

where (f) is the fractional proportion (or “mixing factor”) of each component in the mixture,  

f A
A B

�

�

and ( )1� �

�

f B
A B

 (10-3) 

Equation (10-1) and (10-2) can be written either in terms of activities or in terms of atomic 
mass, however, mixing of different units are not allowed. These equations require the determination 
of activities (for radioactive Ra) or concentrations (for stable Sr), which means that parameters such 
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as that overall chemical yields (from the analytical procedure) as well as detector efficiencies have 
to be known. Significantly more precise, however, are measurements of isotopic ratios because for 
ratio measurements the uncertainty of the total analysis is reduced to simple counting statistics 
(Wilson, 1965; ISO, 1995, appendix of this work) provided that only one counting system was used. 
Rearranging equations (10-1, 10-2) in terms of isotope ratios yields for (f):  
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Principally, this equation is also strictly valid for the Sr system. However, if the analysis of Sr 
is carried out un-spiked by measuring 87Sr/86Sr ratios (mass spectrometry) as well as by determining 
the bulk concentrations (e.g. via ICP), the concentrations of masses 87 and 86 are not known. 
However, as demonstrated by Faure (1986) the fraction of 87Sr and 86Sr in a bulk chemical analysis 
can be considered to be constant provided that the 87Sr/86Sr ratio between the end member 
components are not too different. For instance, the 87Sr/86Sr ratios of all waters investigated here 
differ by less than 3%, yielding a maximum difference in the fraction of 87Sr on total Sr of less than 
3‰ which is negligible (83at% of terrestrial Sr is at mass 88). Considering this simplification the 
mixing equation for Sr is as follows (c.f. Faure, 1986): 
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For a graphical proof to see if the component (M) can be explained as mixture of two end-
members (A) and (B), the fractional proportion (f) of (A) and (B) in (M) has to be eliminated. 
Rearranging equations (10-1) and (10-2) yields this time an expression with has the form of a 
hyperbola, which convert to a straight line when plotting 1/226Ra, or 

228

226 226
Ra
Ra

a
Ra

b
M M

�

�
�

�

�
� � �  (10-6) 

where the parameters (a) and (b) in the hyperbola equation are composed as follows: 
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The hyperbolic form for the two isotope system of Sr is identical (87Sr/86Sr=a/Sr + b), 
however with slightly different parameters a and b (values in Faure, 1986). Under the same 
assumptions (i.e. no sources and sinks such as precipitation of solids) as has been made above, the 
three isotope system, 224Ra/226Ra/228Ra, allows theoretically the distinction of a further, third 
component in a complex aquifer environment. If the partial fractions of the components (A), (B) and 
(C) in the mixture are denoted as (f1), (f2), and (f3), the two component system (equation 1, 2) can be 
extended as follows: 

228 228
1

228
2

228
3Ra Ra f Ra f Ra fM A B C� � � � � �  (10-9) 

226 226
1

226
2

226
3Ra Ra f Ra f Ra fM A B C� � � � � �  (10-10) 

224 224
1

224
2

224
3Ra Ra f Ra f Ra fM A B C� � � � � �  (10-11) 

with f3 = (1 - f2 - f1). This system of linear equations yields one unique or no clear solution 
and can be written in matrix form (which is more practical for simple deconvolution of (f1-3) via 
matrix inversion and vector analysis),  
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10.5.3 Estimation on the Fraction of Sr and Ra on Suspended Matter  
If mixing fractions are calculated using absolute concentrations or activities (i.e. 1/Sr, 1/Ra), the 
potential influence of particular bound Sr and Ra on the total measured amounts has to be estimated, 
because the suspended matter may provide additional sources or sinks for Sr and Ra in the dissolved 
load. During investigation on the behavior of Ra isotopes in coastal waters of the Amazon shelf, 
Moore et al. (1995) studied the contribution of Ra loaded on suspended matter on total collected Ra. 
They reported fairly constant 226Ra activities in the suspended matter between 20 and 30 mBq g-1, 
i.e. a quantity which is in the order of typical continental erosion products (i.e. river bottom 
sediments, soil and clay minerals (Evans and Erikson, 1983; Key et al., 1985; Moore et al., 1995). 
Although even high turbid samples in the estuary of the Amazon mouth (dominated by discharge of 
the Amazon river essentially) contained loads of suspended solids up to to 20 mg l-1, the fractions of 
226Ra bound onto the suspended matter was estimated to be in the order of 10% and less. In the river 
and ground waters studied here, the amounts of suspended matter turned out to be rather small, i.e. 
< 2 mg l-1, because (i) the river waters had traversed only small distances from their discharge 
springs and (ii) the groundwater is always filtrated during percolation through the unconsolidated 
sedimentary bed formations. Taking the typical value of 20-30 mBq g-1 for the suspended matter 
and the loads observed here, a maximum contribution of 40-60 �Bq of 226Ra per liter water is 
obtained. However since the activity of dissolved 226Ra is in the order of a few mBq l-1, it can be 
concluded that less than 5% of the total inventory of Ra can be bound on suspended matter. A 
similar result (i.e. in the order of in maximum a few per cent) is obtained for Sr (data for suspended 
matter see Tricca, 1997) indicating that the concentrations (or activities) of both elements can be 
well used for calculation of continental river water mixing or water displacement of interacting 
groundwater and surface water. 
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10.5.4 Geochemical Characterization of the Different Aquifers: End-Member 
Components and Mixed Systems  

From the bulk chemical composition at least two major types of waters can be distinguished that are 
(i) aquifers in the Rhine Valley (i.e. groundwater, river Rhine and river Ill with tributaries), and (ii) 
waters from crystalline source (Vosges rivers and Strengbach) which had been in contact with 
metagranitic and metamorphic rocks before mixing with the Ca-Na-HCO3 rich waters in the Rhine 
Valley. As shown in figure 10-3, Ca2+ (as well as Sr2+) is positively correlated with HCO3

- over two 
orders of magnitude from weak mineralized spring water in the Vosges mountains to groundwater 
in the Valley with high ionic loading. Since the concentrations of Ca2+ and HCO3

- are comparable 
for all samples, it is likely that dissolution of carbonate phases such as dolomite, CaMg(CO3)2, or 
calcite, CaCO3 are mainly responsible for the presence of earth alkaline elements in solution. A 
similar correlation relationship holds for U and Sr (figure 10-4). According to this figure it is likely 
to explain the valley rivers Ill and tributaries as mixtures between groundwater (and probably also 
Rhine water) and spring water discharging from the Vosges mountains. The end-member types 
groundwater and river Rhine water are surrounded by circles in both figures which mark the 
concentration range for each type and which are helpful to easily find the locations of both types in 
the concentration diagrams. 
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Fig. 10-3: Concentration of Ca2+ vs. bicarbonate. Rhine valley rivers (Ill and tributaries, circles) 
plot between the high and low mineralized types, i.e. groundwater and river Rhine (carbonate rich 
source, squares) on the one side and rivers from the Vosges mountains (granitic or crystalline 
source, triangles) on the other. 
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Fig. 10-4: Correlation diagram for U and Sr. The higher variability of the mixed river waters in the 
plain can be explained by the higher variability of U and Sr in the granite-type waters from the 
Vosges mountains. 

Application of simple correlation plots using concentrations of two elements does, however, 
not allow a clear distinction between water from either one source or geological environment that is 
more or less diluted (for instance caused by different residence times of infiltrating rainwater in a 
rock) or real two component water mixtures where each end-member is derived from different 
source rock composition. Therefore the elemental ratios Mg/Ca vs. Na/Ca are plotted in figure 10-5. 
Dilution effects cancel out in such normalization diagram that allows separating between different 
components more closely. Besides the data obtained here, figure 10-5 includes average 
compositions of surface waters from the literature (average data of end-member components are 
within the open circles). Field A refers to typical continental water compositions in marls and 
limestone (Négrel et al., 1993) while field B, which is considerably higher in Na/Ca, is typical for 
fresh water aquifers from the upper crust, i.e. for water that interacted with crystalline rocks (Taylor 
and McLennan, 1985; Négrel et al., 1993). Field C finally refers to average water compositions from 
continental evaporites (Zhang et. al., 1995). If taking (i) the average crust values (field B), (ii) the 
values for Rhine and (iii) plain groundwater as the three extremes, almost all other river waters in 
the Rhine Valley can be roughly described as mixtures, because most data of river Ill and tributaries 
plot within a triangle limited by the three components given above. The figure also shows that it is 
rather difficult to explain the groundwater to have been derived from mainly carbonate rich sources, 
which is suggested by the geological strata. The reason for the deviation from field A is a high salt 
(NaCl) component of the groundwater. If this component would originate from dissolution of 
Triassic evaporites, which can be found along a contact zone between the mountains and the Rhine 
Graben, one would expect considerably higher Mg/Ca ratios as typical for evaporites (field C in Fig. 
10-5). Mixing with groundwater from deeper source is also less likely since the �18O(SMOW) values 
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of about -10‰ (data in Tricca, 1997) are typical for continental water from shallow sources 
(Siegenthaler, 1979, Buhl et al., 1991). In this case human activities are responsible for the high salt 
content in the groundwater for two reasons: run-off of brine water from potash mines as well as 
strong irrigation of agricultural used areas with Rhine Valley groundwater, which consequently 
increases the evaporation rates during the summer. 

0.1 1 10
0.1

1

10

C

B

A

Vosges rivers 
Strengbach river 

river Ill and tributaries

river Rhine
Rhine Valley groundwater

M
g/

C
a

Na/Ca
 

Fig. 10-5: Normalization plot showing Mg/Ca vs. Na/Ca for end-member identification using bulk 
chemical data. The figure includes the typical values obtained from pure carbonate derived waters 
(field A, Négrel et al., 1993) average upper continental crust (B, Taylor and McLennan, 1985; 
Négrel et al., 1993) as well as average compositions from continental evaporites (C, Liu et al., 
1993; Zhang et. al. 1995).  

In the following, the Sr and Ra isotope data are discussed. Figure 6a is a classical mixing plot 
between 87Sr/86Sr and 1/Sr showing that the Sr isotope as well as concentration data of all water 
samples taken from the plain are very similar and their slight (but significant) differences will be 
discussed later in Figure 6b. Instead, the less mineralized crystalline waters are clearly more 
radiogenic but these data show a much wider spread. It is therefore indicated that it is not possible to 
reduce all crystalline waters to one component because the mineralogical compositions of the host 
rocks are not identical. It has to be noted that three samples taken from magmatic orthogneisses 
(Strengbach river, # 32 -35) are characterized by highly radiogenic 87Sr/86Sr ratios of up to 0.725 
while most of the other samples from the Vosges mountains are less radiogenic, probably because 
these waters had been also in contact with paragneisses (i.e. previous sediments) and carboniferous 
strata.  

As shown in figures 6a+b the 87Sr/86Sr ratios are almost identical for groundwater and Rhine 
river water, and therefore do not distinguish between both water types. If, however, 228Ra/226Ra 
ratios are considered as well, a plot 87Sr/86Sr vs. 228Ra/226Ra (Fig. 10-7) is very useful to show end-
member components with small variation. 
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Fig. 10-6: Mixing plot of the Sr isotope system with 87Sr/86Sr vs. 1/Sr. Figure 6 (a) illustrates that 
the crystalline waters are significantly higher radiogenic compared to the water samples taken from 
the Rhine Valley, i.e. Ill and tributaries, groundwater and Rhine. Figure 6 (b) shows the 
magnification of figure 6a for the low radiogenic samples and in particular the mixing relationships 
between confluence rivers into the Ill along the flow path in northern direction (i.e. �13 + �18 
mixes to �19; �24 + �26 to �27/2 and �27/1 + �28 to �30). The suitability of the Sr isotope system 
to determine short distance mixtures is clearly indicated since all samples taken downstream of the 
confluence points plot on straight lines connecting the respective local “end-members” at each 
location. 
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Due to this isotopic normalization, additional uncertainties of the concentration data from 
either analytical procedures, or sources and sinks by adsorption of dissolved species of Sr and Ra on 
competing particles (colloids, suspended load) cancel out. As in the previous figures we marked the 
position of the suspected end-member components in circles. Figure 7 clearly indicates that there is 
a difference between the 228Ra/226Ra ratios of the groundwater and the river Rhine, which is 
insignificant with respect to the 87Sr/86Sr system. 87Sr/86Sr is, however highly suitable to show the 
third end-member component, i.e. waters form radiogenic, crystalline source, which can be hardly 
distinguished from Rhine water if looking at 228Ra/226Ra solely. If all other water samples are 
mixtures between these components, their data should plot within the space between the three end-
member components. Indeed, (ii) the less radiogenic Vosges rivers plot roughly between highly 
radiogenic crystalline and Rhine Valley waters and (ii) the mixed river waters in the Valley (Ill and 
tributaries) plot between the components river Rhine and groundwater. Furthermore, within 
analytical uncertainty, the 228Ra/226Ra ratios of the samples collected from the river Ill (which flows 
parallel to the Rhine) show roughly a trend with the sample location in northern direction towards 
the Rhine water component  (# 18, 19, 24, 27/1, 27/2, 30). Clearly, a few samples are still not 
significant enough to justify increasing admixture of Rhine water into the plain aquifers, but the 
isotope system of Ra demonstrates at least that it may be useful to identify additional components in 
combination with 87Sr/86Sr. In addition, the trends inferred from figure 10-7 are not too unrealistic, 
because in a similar hydrological environment with flat hydrological gradients (Glatt valley in 
northern Switzerland) Lienert et al. (1994) could clearly identify strong infiltration of river water 
into the adjacent groundwater by analyzing 234U/238U ratios.  
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Fig. 10-7: Plot of the isotope ratios 87Sr/86Sr vs. 228Ra/226Ra. This illustration is useful to distinguish 
between the components groundwater and water from highly radiogenic source, but additionally 
between these waters and the river Rhine. According to such type of diagram the Rhine Valley river 
water samples (Ill and tributaries) can be described as mixtures between groundwater and a second 
component with a considerably lower 228Ra/226Ra ratio (river Rhine) while the 87Sr/86Sr ratio of 
groundwater and Rhine water is too similar to separate between these water types.  
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With respect to the activity concentrations of the three analyzed isotopes of Ra (Fig. 10-8a, 
228Ra vs. 226Ra; Fig. 10-8b, 224Ra vs. 226Ra) no correlation between either 228Ra and 226Ra or 224Ra 
and 226Ra can be discerned. This is in contrast to a detailed investigation on Ra isotope relationships 
in waters from the mouth of the Ganges-Brahmaputra river studies performed by Moore (1997). 
That study yielded a strong correlation between 228Ra and 226Ra and the correlation between both 
isotopes could be used to demonstrate mixing of two components (ground and river water) because 
of almost constant concentrations of 228Ra and 226Ra in each component, respectively. Such an ideal 
situation is, however, not valid for the fresh spring waters investigated here. For instance, the 
activities of 228Ra and 226Ra in samples from the same river (Strengbach, #32-35) are highly 
variable over small local distances. However, as indicated by the dashed line, the 228Ra/226Ra ratio is 
almost uniform for this type of water. Since 228Ra/226Ra is reflecting the surface bound 232Th/230Th 
(or roughly the U/Th ratio) it is obvious that the crystalline source rock in this region is also uniform 
with respect to the U/Th composition, while the individual concentrations of the Ra isotopes may be 
variable (for instance due to different contact times of infiltrating rainwater with the source rock 
lithology). A second dashed line connects the origin of figure 8a with the 228Ra, 226Ra activities of 
the groundwater. Again, taking groundwater and crystalline waters as end-members, all mixtures 
between these components must exhibit 228Ra/226Ra ratios between the dashed lines, which is 
indicated for the Valley rivers (Ill and tributaries). A similar situation holds for 224Ra vs. 226Ra (Fig. 
8b), i.e. the Strengbach samples (#32-35), show variable activities of the Ra isotopes but are 
uniform with respect to the 224Ra/226Ra ratio. In comparison to figure 8a it is indicated that the 224Ra 
activity concentrations are significantly lower than 228Ra and, with the exception of the 
groundwater, all samples plot on or below the unity ratio where the activity of 224Ra is equal to that 
of 226Ra.  

In contrast to the results obtained the Upper Rhine valley aquifer, 224Ra/228Ra activity ratios 
clearly exceeding unity were measured in waters from estuary environment where large rivers 
(Amazon river, Ganges-Brahmaputra) discharge into the oceans, thereby releasing large fractions of 
fine grained sedimentary loads into the estuary (Key et al., 1985; Moore et al., 1995, Moore, 1997). 
These authors ascribed the higher activity concentration of 224Ra to have been generated from 
excess of 228Th adsorbed onto particle surfaces infiltrating the estuary. However, since the fractions 
of suspended loads were found to be very low in this investigation (see below) 224Ra/228Ra activity 
ratios not exceeding unity are expected (i.e. the same decay series with sorbing 228Th between both 
Ra isotopes). The deficiency of 224Ra is clearly indicated when plotting 224Ra/226Ra vs. 228Ra/226Ra 
(Fig. 10-9) since all data are located above the activity equilibrium straight line with 228Ra = 224Ra. 
In analogy to figure 10-7 this type of normalization diagram is very suitable to illustrate end-
member components with little scatter because the absolute concentrations cancel out. The 
crystalline waters (in particular the Strengbach samples) can be taken as a good example for this 
normalization. With well-defined end-member positions figure 10-9 principally allows to clearly 
distinguish between three end-member components according to equation 10-12. It has to be noted 
however that the Ra isotope ratios are similar for Rhine river water as well as for the river water 
from crystalline source of the Vosges Mountains. Nevertheless, mixtures between these components 
on the one side and Rhine Valley groundwater on the other should plot between these three the end-
member components.  
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Fig. 10-8: 228Ra vs. 226Ra (Fig. a) and 224Ra vs. 226Ra (Fig. b). The dashed lines connect two end-
member types, i.e. groundwater with high 228Ra/226Ra and 224Ra/226Ra ratios and samples from 
crystalline sources with considerably lower 228Ra/226Ra ratios. Samples from the most radiogenic 
source (�32-35) show highly variable concentrations of 226Ra and 228Ra, but almost uniform 
228Ra/226Ra as well as 224Ra/226Ra ratios. The mixed waters in the Rhine Valley plot between both 
dashed lines.  
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This ideal situation is, however, not given for the majority of samples taken from the plain (Ill 
and confluence rivers), which are much lower in 224Ra/226Ra compared to 228Ra/226Ra. In contrast to 
almost all river waters taken from the Rhine Valley, 224Ra is close to 228Ra for two of the end-
members (i) fresh pumped groundwater and (ii) young, turbulent spring water from the mountains. 
These waters had been in contact with rock surfaces when the samples were taken and therefore 
short-lived 224Ra was physically close to a state of saturation between decay and ingrowth from 
surface adsorbed 228Th. In the Rhine Valley, however, where the waters are slowly migrating there 
is a clear indication for a sink of 224Ra, because most of the data plot far above the unity ratio 
between 224Ra and 228Ra. For these waters it is concluded that desorption and migration of 224Ra 
from deep bottom sediments towards the aquifer surface takes too long to maintain equilibrium 
between production and radioactive decay. Nevertheless, for mixing phenomena on a very local 
scale, the use of 224Ra/226Ra vs. 228Ra/226Ra may be helpful to calculate mixed fractions between 
two or three components (see below). 
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Fig. 10-9: Ra isotope diagram with 228Ra 224Ra normalized to 226Ra (i.e 228Ra/226Ra vs. 224Ra/226Ra). 
Such a diagram allows discerning between three isotopically different components (groundwater, 
crystalline water, Rhine water) which all show uniform Ra isotope distribution. However, since the 
data of the mixed Rhine Valley rivers (Ill and tributaries) do not plot between these components it is 
indicated that there must be an additional sink for 224Ra which is most likely due to decay of 
unsupported 224Ra of the less turbulent flowing river waters in the shallow plain. 

10.5.5 Calculation of exchange fractions from small-scale river confluences 
In the following three examples for mixing between two components are presented using 

samples, taken directly upstream and downstream from the confluence of smaller feeder rivers 
(Thur Lauch and Fecht) into the Ill, which is shown schematically in figure 10-10. The results for 
the Sr isotope system are displayed in figure 10-6b as 87Sr/86Sr vs. 1/Sr. As stated above, successful 
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application of a two component isotope system must yield data points for mixed samples on a 
straight line connecting both end-member components. The suitability of the Sr isotope system is 
indicated since all samples taken downstream each confluence point plot between those samples 
taken upstream of this point. For instance, #19 plots on the mixing line between #13 and #18. It is 
then interesting to note that sample #24 (taken 10 km further downstream) does not show the same 
isotope signature of Sr as #19, most probably because strong displacement with groundwater along 
the flow path resulted in a “reset” of the Sr isotope system towards low radiogenic 87Sr/86Sr ratios 
and high Sr concentration. The next location (i.e. confluence of Ill and Lauch) yields a different 
slope of the straight line between #24 and #26. Indeed, within error, #27/2 plots on the connection 
line between these “end-members” and finally also the third mixed water sample (#30), taken 
downstream from the confluence location between Ill and Fecht, fulfills the requirement to plot on a 
straight line between #27/1 and #28. 
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Fig. 10-10 Schematic illustration of the confluence of three tributaries from the Vosges mountains 
into the river Ill. To determine the mixing fraction of the feeder river into the Ill, three samples were 
taken at each locality, i.e. upstream and downstream the confluence point. 

Table 10-6: Calculated fractions (f-values) of end-member components in water mixtures taken 
directly after the confluence of the major Vosges rivers into the Ill: comparison of the data from the 
Sr and Ra isotope systems. 

isotope system #13, Lauch 
(in #19) 

#26, Thur 
(in #27/2) 

#28, Fecht 
(in #30) 

87Sr/86Sr 0.43 � 0.04 0.30 � 0.03 0.24 � 0.02 
228Ra/226Ra 0.6 � 0.2 0.3 � 0.1 0.3 � 0.1 
224Ra/226Ra 0.6 � 0.2 0.3 � 0.1 0.3 � 0.1 

 
After having shown graphically that the Sr isotope system is suitable to distinguish between 

mixtures, we can take the analytical data to calculate the respective volume fractions of each feeder 
river in the mixed water (results in table 10-6). In a similar manner we calculated the respective 
volume fractions using the Ra isotope data 224Ra/226Ra and 228Ra/226Ra vs. 1/Ra. The results 
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obtained are less precise compared to Sr, but within the analytical uncertainty there is still 
agreement between both isotope systems. It is therefore probably indicated that mixing on locally 
very small scale does not introduce further sinks (i.e. via admixture with further ground water 
containing less or more supported 224Ra) because 224Ra/226Ra and 228Ra/226Ra yield, within error, 
agreeing results. Clearly more promising for further application of Ra isotopes with respect to 
estimations of water mixing or displacement is the use of 228Ra/226Ra vs. 224Ra/226Ra. (Fig. 10-9). 
Excluding sinks for 224Ra such diagrams indicate mixings using Ra isotope ratios without the need 
of concentration measurements. Figure 10-9 shows that the Ra isotope ratios of the mixed samples 
from the small scale study are consistent to the prerequisite that mixtures between two components 
have to plot on straight lines connecting both end-members.  

10.6  Conclusions and Recommendations  
Bulk chemical compositions, 87Sr/86Sr as well as 228Ra/226Ra/224Ra isotope ratios were used for 
characterization of different aquifer components and their interactions in terms of exchanges in a 
study area on the western side of the Upper Rhine Valley. In the flat regions where the hydrologic 
head gradients are very low and the saturated zone is close to the soil surface, surface river water 
from crystalline source (Vosges mountains) is continuously replaced by surrounding groundwater of 
different composition.  

There is positive correlation of U with HCO3 and bulk Sr between the crystalline waters and 
aquifers in the Rhine Valley (river Ill with tributaries and groundwater), which leads to the 
conclusion that alluvial sediments in the Rhine Valley are the main sources for U and (non-
radiogenic) Sr. With distance from the plain the 87Sr/86Sr ratio increases continuously due to 
contribution of a highly radiogenic Sr component from crystalline sources. However, since the 
87Sr/86Sr ratios of different aquifers in the upper Rhine Valley are almost indistinguishable, 
contributions of infiltrating water from the major river in the plain (river Rhine) into the 
groundwater can hardly been detected using the Sr isotope system solely. If, however, 228Ra/226Ra 
ratios are used besides 87Sr/86Sr three end-member components can be distinguished (i) crystalline, 
highly radiogenic spring water from the Vosges mountains, (ii) groundwater in the Rhine Valley and 
(iii) probably Rhine water that continuously replaces the composition of radium isotopes of the river 
Ill long the flow path in northern direction to the confluence with the Rhine itself. 

Since the 228Ra/226Ra and 87Sr/86Sr ratios are different for Rhine Valley rivers and feeder 
rivers from near-by mountains, these ratios can be used to estimate volume fractions of two rivers in 
the water downstream from a local confluence. For mixtures of waters from highly and less 
radiogenic source the 87Sr/86Sr system provides the most precise results, while 228Ra/226Ra could 
become highly suitable for systems with less different Sr isotope ratios, e.g. to study the 
replacement of groundwater by river water in times of high water tables. If more than two 
components are interacting, the analysis of radium isotopes may provide additional information on a 
further third component and normalization diagrams such as 228Ra/226Ra vs. 224Ra/226Ra may be 
suitable to detect mixing of different aqueous components without the need of knowing absolute 
activities or concentrations. This is of great advantage because isotope ratios of the same element 
are essentially not changed by interaction of reactive species between dissolved load, suspended 
matter, colloids or mineral surfaces, i.e. additional sources and sinks which can seriously affect 
absolute concentration measurements. 
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11. CONCLUDING REMARKS 

Geochemical Disequilibrium Dating with Radium Isotopes:  
Low temperature environment studies: Disequilibrium dating based on excess of 226Ra with 
respect to the progenitor 230Th in speleothem is a valuable method to support Holocene 230Th/234U 
ages provided that the initial Ra/Ba ratio does not vary with time. A Swiss freshwater limestone 
cave was studied in detail using comparative 230Th/234U and 226Raex/234U dating and the ages of the 
latter chronometer agreed well with 230Th/234U obtained on aliquots. The data are therefore 
consistent with a simple model that was used to calculate 226Raex/234U ages and which assumes 
insignificant inherited 230Th and uniform initial 226Ra(0) with time. Such conditions, as most likely 
prevailing for the particular speleothem deposit, could as well hold more globally for systems in 
oceanographic environment that additionally allow paleo-climate studies, i.e. corals or mollusks. It 
is suggested that it is worth investigating more intensively (i) the suitability of the 226Raex/234U 
chronometer for dating Holocene corals and (ii) to check on closed system behavior between the 
three consecutive 238U-series decay products, 234U, 230Th and 226Ra. This is of particular interest 
because literature 14C and 230Th/234U ages often not agree (even if reservoir effects are 
compensated) and because the reconstruction the 14C calibration curve for times Pre-Holocene need 
a reliable second independent and absolute chronometer, ideally geochemically not affected 
230Th/234U in coral.  

High temperature environment studies: With respect to U- and Th-series applications for 
understanding recent earth mantle melt dynamics, the couple 226Ra/230Th seems to be much more 
informative than the classical pair 230Th/238U. This is because during melt differentiation both, U 
and Th, are partitioning with almost identical distribution coefficients between typical magmatic 
minerals such as magnetite, pyroxen/hornblende, plagioclase and the melt. For instance, molten 
mantel material with typical initial concentrations of 30 ppb U and 100 ppb Th, which undergoes 
strong differentiation during uplift to the earth surface, may, not untypical, enrich U and Th by 
about two orders of magnitude, i.e. to final concentrations of 3 and 10 ppm. Despite these 
tremendous fractionation of U and Th from the initial to the final melt, the U/Th partitioning is 
often less than 10%, meaning that the 230Th/238U disequilibrium is too weak to allow precise 
estimates on the timing of melt differentiation. Although Radium behaves, as the actinide elements, 
incompatible during melt differentiation, it seems to be remarkable more enriched in all recently 
forming terrestrial volcanic rocks. From the 226Ra/230Th disequilibrium data obtained for arc basalts, 
andesites and dacites from the islands Aegina, Methana, Santorini (Aegean Sea, Hellenic Arc) and 
Java (Indonesia, Banda-Sunda Arc) it is obvious that the mineral/melt differentiation of recent lava 
flows must have occurred less than about 7000 years ago because the half-live of 226Ra is only 1600 
years and because after about 5 half-lives the radioactive decay chain has gained equilibrium again. 
Since, in addition, equilibrium between 22 year long-lived 210Pb and 226Ra was measured in recently 
erupted whole rocks and mineral separates from the Merapi volcano (Indonesia) it is indicated that 
at this location mineral/melt differentiation during uplift or in a deeper magma chamber must have 
occurred more than 100 years (or 5 half-lives of 210Pb) ago. Assuming the location of a magma 
chambers beneath the Merapi volcano in a depth of some 10 km, the velocity of ascending magma 
towards the earth surface can be estimated to range between a few and a few hundred meters per 
year. In any case, the most promising way to obtain realistic time scales of recent dynamic melt 
processes is to investigate the disequilibrium between 226Ra/230Th and probably also between 
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231Pa/230Th and to additionally use a realistic numerical transport model to interpret the complex 
geochemical data sets. 

Radium Isotope Analysis for Hydrogeochemical Applications:  
Radium is the only element with four geochemically relevant isotopes that occur within the U- and 
Th-decay series and that is soluble in water. All four isotopes are generated by insoluble Th-
precursors, i.e. enter the aqueous phase by desorption and recoil from solid phases through which 
the water percolates. Therefore no isotope within the Ra-quartet is supported by precursors in the 
aqueous phase, which allowed here the development of a fast and effective analytical method simply 
by preparation of a manganese oxide discs on which Ra automatically sorbs. After sorption the 
radioassay is carried out directly placing the disc under a silicon surface barrier detector and simple 
decay / ingrowth equations can be applied to calculate the activity concentration after termination of 
the count.  

Since Ra is an element of the earth alkaline group it is present in water as Ra2+ and is hence 
chemically behaving very similar to Sr2+. A pilot study was carried out comparing 226Ra/228Ra, 
224Ra/228Ra and 87Sr/86Sr in a hydrogeochemically complex region in the upper Rhine valley where 
at least ground water and turbulent river water from the Vosges Mountains mix with slow moving 
river water in the valley. It could be shown in that particular study that additional Ra isotope 
measurements besides 87Sr/86Sr can be useful to identify more than two components in water 
mixtures derived from a complex network. Ra isotope relationships are also helpful to obtain 
information of the geological lithology through which the water migrated prior to discharge, 
because the 226Ra/228Ra ratios reflect roughly the U/Th ratio in the source rock. Decay of short-lived 
224Ra and 223Ra may furthermore provide information on transient processes such as dispersion of 
ground or river water discharging into an estuary since the levels of these isotopes are extremely 
low in marine environment.  
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APPENDIX: EVALUATION OF THE ANALYTICAL 
UNCERTAINTIES IN 234U-230TH-226RA DATING  

The chronometer 230Th/234U  

The evaluation of the overall analytical uncertainties in radio-chemistry include statistical or random 
errors from counting radioactivity as well as systematic errors resulting from laboratory operations 
and from uncertainties of the activity concentrations of radionuclide calibration tracers (spikes) 
which are used for isotope dilution analysis (Faure, 1986; Ivanovich and Murray, 1992; Attendorn 
and Bowen, 1997). The random (or type A, see Seymour et al., 1992; ISO, 1995) uncertainties in �-
spectrometry can be calculated precisely by simply considering the total counted net impulses Ii of 
any nuclide with mass number i (here i = 230Th, 232Th, 234U, 238U, 210Po) and Ji of the isotope 
dilution spikes (228Th, 232U, 209Po). For ultra low level counting systems, i.e. with meaningless 
background scatter, the absolute uncertainty (�� of a measured �-peak is given by normal 
distribution statistics (Poisson distribution), i.e.  

� � Ii  (A-1) 

where (�� corresponds to one standard deviation (or a 68% confidence interval). This is 
justified since background pulses (I0) using high-purity surface barrier �-detectors are insignificant 
compared to the measured count rates of the sample nuclides (typically in this work for the peak 
region of 234U: I0 < 5, I234 � 5000 counts under the counting conditions as given below). Following 
the law of error propagation for the division of two measured quantities (for instance for a spiked 
Uranium analysis) the uncertainty on the sample/spike ratio, I234/J232 is given as follows: 
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or, in case of pure counting statistics, i.e. incorporating equation A-1, a more simplified 
expression is obtained (cf. Wilson, 1968): 
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For calculation of a sample nuclide activity such as 234U using reference 232U-spike additions, 
the following relation holds,  

a I
J

a234
234

232
232�  (A-4) 

The same relation holds for calculation of the Th isotopic composition (232Th, 230Th) in the 
sample adding 228Th-yield tracer. Therefore, if two uncoupled radiospikes of U and Th are used, the 
overall statistical uncertainty error on U-, Th-nuclides or U/Th isotope ratios has to consider the 
(statistical) uncertainty of the true value of the spike activity, �ai which has to be added as (�ai/ai)2 
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into equation (A-3). In addition, the uncertainty would further propagate, if additional uncertainties 
from laboratory operations (i.e. spike quantities taken for analysis) are also taken into account. 
However, in �-spectrometry this problem can be circumvented, if coupled long-lived mother - 
short-lived daughter spike pairs are taken for isotopic dilution analysis, because for times of spike 
preparations preceding a few half lives of the short-lived progeny, the coupled system is in, or close 
to secular equilibrium (and any progressive equilibrium can be calculated easily). The couple 
232U/228Th belongs to such a system and shows half-lives of T1/2 = 68 y and 1.8 y, respectively. 
Since for secular equilibrium the activity of 228Th equals that of 232U (i.e. a232 = a228) the 230Th/234U 
activity ratio can be calculated without knowledge of the activities of the spike nuclides added to the 
sample solution. This is derived simply by applying equation A-4 (U-isotopes) for Th and by 
substituting ai which yields, 
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Partial derivation according to the law of error propagation yields an expression similar to 
equation A-3, i.e.  
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If, in addition, the samples are over-spiked by a factor (R > 1) for 232U/234U (and hence 
significantly higher for 228Th/230Th in case of 230Th/234U ingrowth dating) the term 

1 1234 232/ /I J� can be expressed as ( ) / /R R I� �1 1 234 . For, say, R = 3, the uncertainty 
introduced by counting scatter of the 234U signal extends only by a factor of 1.15. This means, that 
the random error including J232 insignificantly contributes to the uncertainty on the 230Th/234U 
activity ratio. For calculation of the uncertainty of 230Th/234U formation ages, the mother/daughter 
growth relation 230 234 2301Th t U e t( ) ( )� �

�� has to be solved for (t). Rearranging this expression and 
considering the measured counts Ii it follows, 
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To obtain the overall error on t, all quantities in equation A-7 have to be derived partially, i.e. 
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  (A-8) 

Considering all internal and external derivations the following expression is finally obtained: 
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Relation A-9 holds only for ideal systems containing pure, authigenic minerals alone. 
However, as discussed above, such ideal conditions do not relate to the travertine analyzed here 
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because the authigenic young carbonate phase were always found to be mixed with some (old) 
detritic material containing 232Th and 238U in secular equilibrium with all their progeny nuclides 
(section xx). Since in this case the activity of 234U is equal to that of the daughter 230Th (i.e. a234 = 
a230), correction of detritic impurities from measured 230Th is simply obtained according to the 
relation, 

I I k Icor m230 230 232, ,� � �  (A-10) 

where the subscripts (cor) and (m) refer to the detritus corrected impulses of 230Th. Clearly, 
equation A-10 requires knowledge of the value for k = (230Th/232Th)det in the detritus component, 
which can be obtained from extremely young samples and/or isochron relationships of co-genetic 
samples (details in section 8.1). Incorporating the correction term for detritus contribution into 
equation A-7, the partial derivations yield this time for �(t): 
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indicating the dependency of �(t) on the value for (k). Nevertheless, �(t) in equation A-11 
remains still a statistical uncertainty or a type A error, defined as �A(t). However, k (since 
experimentally determined) introduces a further uncertainty, which could be systematic and 
therefore �k has to be considered as a type B error, giving �B(t) = ( / )� �t k k2 2

� � . Combining 
both types of errors the overall error on the samples’ ages can be formulated in a general way,  

� �� � �t t tA B� �
2 2( ) ( )  (A-12) 

which results in an expression of the following form: 
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In equation A-13 the terms for (J228) and (J232) were neglected, because, for samples which 
have been over-spiked by a factor of about three, the uncertainties introduced from the spike 
impulses essentially do not increase the overall uncertainty of the 230Th/234U age. Nevertheless, this 
simplification still does not allow a rapid estimate on the accuracy of the 230Th/234U ages a function 
of the systems life-time. Therefore, to show the accuracy of 230Th/234U dating for typical sample 
material analyzed here (Fig. A-1), the following reasonable values were inserted for the parameters 
in equation A-13: 234U = 6 mBq/g, sample weight = 4 g, counting efficiency (	) = 35%, Yi = 95%, 
total counting time = one week. This yields I234 � 5000 counts after termination of the measurement. 
I230 was calculated using I t I e t

230 234
2301( ) ( )� �

�� , assuming that initial 230Th was insignificant, i.e. 
230Th(0) = 0 (section 8.1). Furthermore, since the chemical recoveries were comparable for U and 
Th, the spike isotope ratio J228/J232 was taken as 1. In addition, to demonstrate the effect of detritic 
contributions to the authigenic fractions (with k = 1.3 + 0.1), Fig. A-1. shows a sequence of sample 
mixtures with different 234U/232Th ratios ranging from 500 to 10 (which corresponds to relative low 
contributions of detritic uranium of less than 1% to about 10% on the total sample mixture. Fig. A-1 
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demonstrates clearly that samples with 234U/232Th ratios of below 10 are not suitable for U/Th 
dating if the sample ages are below 10 ky. Even if the authigenic phase contributes to about 98% of 
total measured uranium (i.e. 234U/232Th = 50), the uncertainties of sample ages below 3000 years 
exceed 10%. For travertine that was precipitated about 30 ky ago, the relative uncertainty is passing 
through a minimum and for formation ages above that value, the 230Th/234U ratio rapidly progresses 
towards secular equilibrium (leading to I234/I230 
 1, i.e. �(t) 
 �), while in the right term in 
equation A-13 the component I230,cor becomes similar to I230,m, because for older samples significant 
quantities of 230Th have been built in. 
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Fig. A-1: Illustration of the relative uncertainty (2�) of 230Th/234U ages as a function of the time 
after formation. This chronometer is limited for ages below 3-4 ky, especially with increasing 
contribution of detritic impurities (given as 232Th/234U ratio), while with increasing sample age the 
influence of detritus additions are less significant. For ages above 100 ky the uncertainty increases 
again because the 230Th activity tends towards secular equilibrium with 234U. 
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The chronometer 226Raex/226Ra(0):  

In contrast to 230Th/234U this chronometer requires at least two samples for determining (i) 
226Raex in the material to be dated and (ii) 226Ra(0) in very young samples in which decay of 
226Ra(0) needs not to be considered. As described above, radioassay of both samples is performed 
using yield spike isotopes (i.e. 209Po besides 210Po). Providing secular equilibrium between 210Po 
and 226Ra, four measured quantities have to be considered, that are, I210(s) = total counts of 210Po in 
the sample to be dated, J209(s) = total counts of the 209Po isotope dilution spike in the sample, I210(i) = 
total counts of 210Po in the sample taken as initial and, J209(i) = total counts of the 209Po isotope 
dilution spike in the sample taken as initial. To calculate the 226Raex/226Ra(0) activity ratios, 
equations A-4 and A-5 can be applied yielding  
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where R209 is the activity ratio of the spike in the unknown sample to be dated and the sample 
taken to define the initial concentration of radium. Since a sample age is obtained using t = -
1/�226ln(226Raex/226Ra(0)), the statistical uncertainty on the time t has to be performed via partial 
derivation of all quantities listed in the right term of equation A-14, which yields, 
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This relation is strictly valid only for ideal systems containing no detritus contamination and 
radioactive progenitors (i.e. 234U, 230Th) supporting 226Ra with time. In reality, however, the samples 
have to be corrected for both terms, i.e.,  

I I k I Icor m210 210 232 210, , ,sup� � � �  (A-16) 

Considering these parameters and providing similar chemical extraction yields for Th and Po, 
the following expression is obtained for the calculation of an 226Raex/226Ra(0) age, 
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Further, considering the uncertainties on (k) and (I210,sup) as type B error, the overall 
calculation on �(t) (considering propagated statistical and systematic errors) can be carried out in a 
similar manner with respect to equations A-11 - A-13, which yields this time,  
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In analogy to equation A-13, the errors on (J209) were omitted since, in case of over-spiked 
samples, the 209Po-spike does not significantly increase the total uncertainty on 226Raex/226Ra(0) with 
respect to counting statistics. In addition, the uncertainty introduced from a detritus correction of the 
initial sample was not considered because, in contrast to 230Th/234U, this correction is much less 
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important for the recently formed material compared to older samples, in which unsupported 226Raex 
has been decayed partially. While detritus correction less significantly increases the uncertainty in 
226Raex-dating, here the uncertainty of the initial 226Ra(0)/234U ratio has a strong influence on the 
accuracy of the sample age. Fig. A-2 indicates a minimum uncertainty between 2 and 6 ky with a 
very step increase with time, because total measured 226Ra is then determined essentially by 
ingrowth from 230Th. Four curves are shown in this figure with different initial 226Ra(0)/234U ratios 
between 1 and 0.2. This means for the samples analyzed here, that 226Raex-dating with an 
uncertainty below 10% is limited for samples that formed between 1-2 and 6 ky ago. 
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Fig. A-2: Illustration of the relative uncertainty (2�) of 226Raex/234U ages as a function of the time 
after formation. In contrast to 230Th/234U, this chronometer is most suitable for samples which have 
been formed between about 1 and 6 ky ago. Here, besides the time, the most important parameter 
determining the uncertainty of a sample age is the uncertainty of the initial 226Ra(0)/234U activity 
ratio. In the optimum time range (i.e. between 1 and 6 ky) the total analytical uncertainty can be as 
low as a few percent. 

 


