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Chronos, the god of time (sculpture by Franz Ignaz Gunther, 1765 – 1770, Bayerisches 

Nationalmuseum, Munich, Germany) 
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Introduction, rationale and outline of this study 

One of the great challenges in Earth Sciences is to date ever younger events and processes with 

satisfactory precision and accuracy. This is an important step towards linking past and present 

behaviour of processes and potentially predicting future trends. Geochronology needs therefore 

refinement of existing methods and development of new ones, including intercalibration of 

methods, and their validation and testing. Radiometric dating is based on the fact that by knowing 

the production or decay of an isotope an age of a sample containing the isotope can be made. One 

of the challenges is that it is not possible to use a single dating method as all depend on suitable 

material and only achieve satisfactory precision within certain time intervals. For example, the 

radiocarbon method depends on the decay of 14C in a specimen over time. It is effectively extinct 

in 10 half-lives, one half- life being 5730 ka. Most other isotopic dating techniques are 

accumulation methods, i.e. they rely on the in-growth of the radiogenic daughter isotope by in situ 

decay of a radioactive isotope, or as will be shown, by continued exposure to a field of cosmic rays 

at the interface between the lithosphere and the atmosphere. All isotopic dating techniques relying 

on accumulation are also constrained by a detection limit of their daughter isotope at the younger 

end of their range of applicability.  

This study was initiated to improve our knowledge about the production rate of in situ terrestrial 

cosmogenic nuclides (TCN) within the framework of the CRONUS-EU Research Training 

Network. The primary aims of this network were to improve our understanding of TCN 

systematics and to train the next generation of scientists in using the TCN technique. CRONUS-

EU and the parallel United States based network initiative CRONUS-Earth also aimed to unify the 

various existing scaling methods and production rates. Prior to these initiatives the best 

characterized calibration sites for the Holocene where clustered on Hawaii and for the Pleistocene 

in the Western USA and on the Canary Islands (Dunai, 2001 and references therein). During the 

CRONUS-EU initiative new sites emerged as potential calibration sites, e.g. Mt Etna and 

Stromboli in Italy and the Canary and Cape Verde Islands in the Atlantic Ocean. 

The research described in this thesis focused on calibration of the cosmogenic 3He exposure dating 

method using 40Ar/39Ar dated lava flows from the Canary Islands. It re-evaluated the Canary 

Islands as a low latitude and low altitude calibration site for cosmogenic nuclides by changing the 

sampling area from Lanzarote to Fuerteventura. This site was part of a natural target network 

spanning a wide range of latitudes from Mt Kilimanjaro at 3 degrees South to Iceland at 64 
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degrees N. It provided also an opportunity for testing new approaches in measuring argon isotopes 

for 40Ar/39Ar geochronology and extracting helium from olivine phenocrysts.  With the successful 

calibration of the cosmogenic 3He exposure dating improvements in production rate knowledge 

would be possible and help to decrease the uncertainties involved in cosmogenic nuclide 

applications.  

 

Technical improvements for dating younger rock samples 

Both the K/Ar and 40Ar/39Ar techniques are well established dating methods. This study uses the 
40Ar/39Ar method as an independent dating tool to validate the results of cosmogenic nuclide 

measurements.  

Since its development from the K/Ar method, the 40Ar/39Ar technique (Merrihue & Turner, 1966) 

has been used to date rocks spanning a wide age range extending from the earliest geological 

records to palaeoanthropological timescales and even the history of Rome in the Classic Era 

(Renne et al., 1997; Ludwig & Renne, 2000). As ongoing analytical improvements in mass 

spectrometry reduce the uncertainties in isotope measurements the uncertainties in K/Ar standard 

ages and irradiation and decay constants have become increasingly important in 40Ar/39Ar 

geochronology (Kuiper et al., 2008; Renne et al., 2008; Min et al., 2000). These analytical 

improvements were necessary because dating increasingly younger samples was hindered by their 

low radiogenic 40Ar content. This problem is particularly accute with ages less than a few 100 ka. 

An additional problem is that the 40Ar/39Ar plateau method assumes the trapped non-radiogenic 

argon component has an atmospheric isotopic composition. Thus, a very good measure of this 

composition is important for dating upper Pleistocene and younger samples (Renne et al., 2009 

and this study).  

The same instrumentation for analysis of noble gases is necessary for 40Ar/39Ar and cosmogenic 
3He geochronology with a furnace or laser commonly used to degas and melt the solid sample 

material. The released gas is normally cleaned using metal sinter or filament getters1 within 

stainless steel pipework at pressures of 10-9 mbar. A magnetic sector mass spectrometer equipped 

with electron multipliers and Faraday cup detectors is used for isotope analysis. Multi-collector 

detection systems are now used routinely in 40Ar/39Ar geochronology because measuring multiple 

                                                 
1 Gas cleanup by adsorption of reactive gasses at activated metal surfaces: e.g. a Zr-AL alloy or a 
Fe-V-Zr alloy has the property of binding N2, O2, H2, CO and CO2 by adsorption. 
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isotopes simultaneously improves precision due to faster data collection and results in increased 

sample throughput (Coble et al., 2011 and references therein; Mark et al., 2009; Mark et al, 2011). 

While the 40Ar/39Ar technique is used to date volcanic rock formation or metamorphic mineral 

crystallization, cosmogenic nuclides are generated by secondary cosmic ray particles in exposed 

rock surfaces and hence date how long the surface has been exposed. It is some 25 years since the 

first publications utilising TCNs for dating and reconstructing Earth surface processes (Kurz, 

1986; Nishiizumi et al., 1986; Phillips et al., 1986). The pace of method development and 

application have in the meantime increased rapidly. Due to the variety of cosmogenic isotopes 

many minerals and rocks can be dated.   In situ cosmogenic 3He is widely used to date the eruption 

of young volcanic rocks. Recent work demonstrates that rocks of Holocene age are datable 

(Foeken et al., 2009). Factors such as erosion and accumulation of non-cosmogenic helium 

isotopes over time usually limit the application of cosmogenic 3He to samples to an age of a few 

100 ka, and in rare circumstances up to a few 10s Myr.  

 

TCN production rates and scaling models 

The production of TCNs (discussed in detail in Chapter IV) in a given rock surface is primarily a 

function of the host mineral and rock chemical composition, and location (principally latitude and 

elevation). Production rates for suites of minerals and rocks are determined on calibration sites.  

Production rates can not, however, be compared directly to each other and need to be scaled to a 

reference position with known geomagnetic and atmosphere attenuation characteristics (i.e. 

geographical latitude and elevation). In the past two decades several scaling models and 

production rates have been developed and improved. The pioneering work was done by Lal (Lal, 

1991). Improved scaling methods have been developed (Stone, 2000; Dunai, 2000, 2001; Desilets 

and Zreda, 2003; Pigati and Lifton, 2004; Lifton et al., 2008). Lal (1991) proposed a scaling model 

using an axial dipole field as an approximation of the geomagnetic field. The first review of Lal’s 

model was undertaken by Dunai (2000) who proposed using a more detailed parameterization of 

the geomagnetic field. This improved the model by incorporating temporal changes in the 

geomagnetic field in order to better assess behaviour of TCN production rates in the geological 

past (Dunai, 2001; Masarik et al., 2001; Desilets & Zreda, 2003; Pigati & Lifton, 2004; Lifton, 

2008). Furthermore, the database of neutron flux measurements was increased and solar 

modulation was included as an important factor (Desilets & Zreda, 2003; Lifton et al., 2005). A lot 
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of production rate calibration work has concentrated on  cosmogenic 3He as production rates in 

suitable targets are high. Production is primarily from O and Si as well as Mg and Al and to a 

lesser extent from Fe. All elements are abundant in olivine and pyroxene phenocrysts in basalts.  

The host rock can be independently dated using 40Ar/39Ar or 14C techniques.  

For cosmogenic nuclide applications analytical uncertainties are less important compared to other 

factors. Intensity of the geomagnetic field since exposure, sample location and composition, local 

shielding and geomorphology need to be constrained in order determine the TCN production rate. 

No complete empirical dataset of cosmogenic nuclide measurements has been assembled yet that 

can test the existing models which are based on mathematical modelling and neutron flux monitor 

datasets. This study was part of a natural calibration network to obtain production rate data over a 

wide range of latitudes. These data would serve as a validation of existing scaling models or a base 

for new ones.  

 
40Ar/39Ar technique and 3He exposure dating 

Both the 40Ar/39Ar and 3He exposure dating techniques are applicable to basaltic rocks. However 

the application age ranges of the two methods are very different and overlap only partially. 

Depending on sample characteristics such as e.g. potassium content, the 40Ar/39Ar technique is 

applicable to samples from the upper Pleistocene or older. Cosmogenic 3He on the other hand is 

commonly used on samples of upper Pleistocene age or younger although exposure ages of 

Miocene age have been obtained in old landscapes. In ideal cases partial overlap in the Pleistocene 

makes intercalibration between the two methods possible. The basis for the intercalibration work 

in this study is the fact that the 40Ar/39Ar technique is not easily applicable to young samples while 

the cosmogenic 3He method still needs major refinement. It will be shown that the quest for 

perfectly preserved basalt flow tops is central to the success of any intercalibration effort.  

 

Intercalibration in Fuerteventura 

Many studies already have focused on cosmogenic 3He calibration: Dunai & Wijbrans, 2000; 

Ackert et al., 2003; Blard et al., 2005; Amidon et al., 2009; Fenton et al., 2009. For samples as 

young as the Holocene intercalibration of cosmogenic 3He with the 14C-method is very common, 

especially for volcanic rocks as they conserve old datable wood material (Kurz, 1986; Liccardi et 

al., 1999; Amidon et al., 2008).  
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This study aimed at calibration of cosmogenic 3He at seal level and was also used as a basis for 

calibration of cosmogenic 36Cl (Mai, 2009). Fuerteventura was chosen as study area because of the 

abundance of well preserved lava flows suitable for both exposure and absolute dating. Its location 

at low latitude and its low relief made it a potential candidate for a sea level calibration site within 

the CRONUS-EU natural target network. Furthermore its latest volcanic history below 400 ka was 

still lacking a complete geochronological record (Coello et al., 1992) apart from some constraints 

on Holocene volcanism (Coello et al., 1999). Similar calibration work has been carried out on the 

neighbouring island of  Lanzarote (Dunai & Wijbrans, 2000), which could be directly compared 

with our results but uses an older set of scaling factors (Dunai, 2000). Our study also aimed to test 

a novel instrumental approach for 40Ar/39Ar geochronology.  

 

Chapter I of this thesis introduces the geology of the Canary Islands and Fuerteventura. First it 

summarizes the different models for the formation of the island: mantle plume, extension, uplift 

and relaxation, or a propagating fracture linked to the Atlas and finally a unifying model 

addressing all aspects of the other models. The focus is on Fuerteventura and its geology and 

geochronology: seamount stage, pre- and post-erosional sub-aerial stages. Finally this chapter 

addresses the geomorphological and climatic aspects important for the part of this study utilizing 

terrestrial cosmogenic nuclides.  

Chapter II starts by describing sampling strategy including satellite image analysis and sampling 

techniques for 40Ar/39Ar geochronology and cosmogenic 3He exposure dating. The sample sites 

and sampled flows are described in detail, followed by petrographic descriptions of the samples.  

Chapter III discusses the theory of K/Ar and 40Ar/39Ar geochronology and highlights the recent 

achievements and discussions concerning K/Ar and 40Ar/39Ar geochronology, especially 

developments and progress on decay constants, standard ages and data interpretation. The main 

focus of this chapter is the description of the novel quadrupole mass spectrometer line used for 
40Ar/39Ar geochronology. It involves instrument testing and intercalibration with the in-house 

magnetic sector instrument as well as other instruments. 

Chapter IV starts with a summary of the theory on terrestrial cosmogenic nuclides and the 

different models proposed for scaling. This is followed by a description of the commonly used 

methods when using cosmogenic 3He for exposure dating and the approach taken at the noble gas 

laboratory of SUERC when analysing olivine. 
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Chapter V shows the results of the dating of Fuerteventura basalts. 40Ar/39Ar data show that 

volcanism on Fuerteventura continued from the upper Pleistocene to 52.0 ± 21.6 ka. 40Ar/39Ar data 

treatment is also discussed with a focus on latest developments in decay constants and standard 

ages as well as redetermination of the composition of atmospheric argon. Exposure ages using in 

situ terrestrial cosmogenic 3He support the younger radiogenic ages from younger than 200 ka.  

Chapter VI concludes with a summary of this study’s results and their 

implications and a perspective on the work necessary in the future to improve 

current methods and timescale precisions. 


