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ABSTRACT  
 

The availability of accurate and precise geochronology data is of paramount importance to 

better understand geological and geomorphological processes on Earth. In this thesis, an 

example of this is provided, as the results of an integrated study towards the geochemistry and 

geochronology of the small, intraplate Newer Volcanic Province (NVP) in southeast Australia 

are given. New and existing major and trace element data as well as Sr, Nd and Pb isotope data 

show that the volcanic products within the NVP are the result of a temporally and perhaps even 

spatially changing mantle source within the geodynamic process of edge driven convection 

with shear driven upwelling of magma. Older (95 Ma – 19 Ma) central volcanoes are most 

likely generated by small degrees of partial melting of a mixed mantle source reflected by 10% 

calci-carbonatite metasomatised sub-continental lithospheric mantle veins melting into Indian 

mid-ocean ridge basalt followed by 20% fractional crystallization. Nd and Pb isotope data of 

younger (< 7 Ma) volcanics show that the mantle source eventually changed to a more depleted, 

garnet-rich composition. The two youngest series of volcanics in the NVP: the valley-filling 

lava flows of the Newer Plains series and the overlying lava shields, scoria cones and maars of 

the Newer Cones series were subjected to rigorous sampling for 40Ar/39Ar geochronology to 

gain a better insight into the geodynamic variation over time, as reliable age data were lacking 

for the NVP. The Newer Plains were sampled from two cores and ages ranged from 3.76 ± 

0.01 Ma to 4.32 ± 0.03 Ma (2σ; all sources of uncertainties included), with the production rate 

of volcanism apparently decreasing post-4 Ma. These volcanic products, which show the 

effects of 5% of crustal contamination in their geochemical composition, are interpreted as 

being generated by the geodynamic process of edge driven convection with shear driven 

upwelling with added thermal input of the Cosgrove track mantle plume which migrated along 

the NVP at the time of Newer Plains eruption. The Newer Cones series showed 40Ar/39Ar ages 

ranging from 1290 ± 20 ka to 41.1 ± 2.2 ka (2σ) and are probably derived from a source that 

represent small (5 – 10%) degrees of partial melting from a mixture of depleted, anhydrous, 

Indian MORB type spinel lherzolite and enriched, hydrous spinel lherzolite metasomatised by 

alkaline melts. It is furthermore shown that the spatial distribution of these volcanic features is 

strongly dependent on existing basement structures; in particular the major faults that are 

northward extensions of the major Tasman Fault Zone south of the NVP. An observed apparent 

westerly progressing age trend in the onset of volcanism suggests that sinistral movement along 
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the Tasman Fault Zone and resulting E – W migration of stress potentially aided the 

geodynamic process of edge driven convection in facilitating magma upwelling throughout the 

NVP. 

Cosmogenic exposure dating techniques can provide insight into the timescales of post-

eruptive land surface processes such as e.g. erosion and climate change. In this study, 

cosmogenic 38Ar derived from spallation reactions on Ca and K is further investigated, as this 

stable isotope promises to be a significant tool to obtain rates of landscape evolution over long 

periods of time. Strategically sampled and irradiated pyroxene minerals from Mt Elephant in 

the NVP show statistically significant cosmochrons for which a geologically meaningful 

combined apparent exposure age of 319 ± 183 ka (2σ) was obtained, using a 38Ar production 

rate (Ca) of 250 atoms/g Ca/y. Extremely promising for the further development of this 

technique is the advancement in analytical precision that can be obtained by using the new 

generation multi-collector ARGUS VI mass spectrometer. It is shown that it is now possible to 

determine cosmogenic 38Ar abundances above background values, as well as discriminate 
38Ar/36Ar ratios (1σ absolute precision of ± 0.3%) from the non-cosmogenic background value. 

Apatite from West-Australian granite batholites is less promising as a target for cosmogenic 
38Ar exposure dating, as these suffer from strong natural and reactor-induces Cl interferences 

as well as a strong nucleogenic contribution from the U and Th rich host rock.  

New geochronology techniques are required when conventional techniques cannot be applied, 

due to e.g. alteration of phases of interest. (U-Th)/He dating of olivine phenocrysts has potential 

due to the abundance of olivine in mafic rocks, the retention of He in olivine at temperatures 

of interest and the resistance of olivine to weathering. However, research so far has been 

extremely limited and suffered from analytical complexity. Using a simplified methodology, it 

is shown here that fresh olivine phenocrysts from the Ellendale E9 lamproite deposit (West 

Australia) yielded three (U-Th)/He ages of 18.7 ± 5.2 Ma, 18.7 ± 5.6 Ma and 34 ± 13 Ma; 

equivalent to phlogopite 40Ar/39Ar ages within uncertainty [22.37 ± 0.03 Ma (2σ), 22.40 ± 0.03 

Ma (2σ) and 22.42 ± 0.04 Ma (2σ)]. Hence, (U-Th)/He dating of olivine phenocrysts could be 

a viable new geochronology technique, given that problems with incomplete sample recovery 

and potential volatilization of parental isotopes during heating can be overcome. 
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Chapter 1 Introduction 
 

The scientific community always strives to provide an accurate and reliable temporal framework for 

geological phenomena. The most readily available example is the age of the Earth itself. From the 

first estimates of the age of the Earth (Thomson, 1899), radiometric dating techniques have been 

indispensable to derive a geologically meaningful age of the Earth from meteorites (Patterson, 1956) 

consistent with the age of very old Australian zircons (Compston and Pidgeon, 1986). The availability 

of reliable geochronological data is of paramount importance to correctly interpret geological, 

geochemical and geomorphological processes in terrestrial as well as extra-terrestrial systems. There 

is an ongoing progression in the field of geochronology; where new techniques are being continuously 

developed and advances in instrumental sensitivity allow for the determination of more accurate and 

precise ages.  

The focus of this thesis is to better understand Australia’s igneous geology and geomorphology; the 

timescales and rates on which volcanic activity and landscape evolution has taken place throughout 

geological history. Better understanding of this leads to, e.g. better understanding of the underlying 

processes that have caused volcanism, potentially even leading to assessment of locations and 

timeframes of future volcanism. Here, we improve upon, and further develop existing geochronology 

techniques: 40Ar/39Ar dating of young mafic rocks; (U-Th)/He dating of olivine phenocrysts; and 

cosmogenic 38Ar exposure dating of terrestrial rocks, to achieve this goal.  

Although the 40Ar/39Ar geochronology technique (McDougall and Harrison, 1999) is widely applied 

on K-rich phases, new generation multi-collector mass spectrometers, such as the Thermofisher™ 

ARGUSVI used in this study, prove to be a game-changer where accuracy and precision of the 

resulting ages are concerned. It has been shown that the ARGUSVI is capable of yielding ages with 

an order of magnitude better precision as compared to previous generation mass spectrometers 

(VG3600; Matchan and Phillips, 2014). The importance of having accurate and precise ages available 

to better understand the spatial and temporal distribution of volcanism is shown in Chapter 4. Not 

only does this study massively improve on the existing geochronological database of an intraplate 

volcanic province in which accurate age data is either lacking or restricted to unreliable K-Ar data, 

but it is shown that the availability of precise ages is key to interpret timescales of volcanism and its 

relation to the complex geodynamic setting in the area. 
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The cosmogenic 38Ar exposure dating technique, although widely used in extra-terrestrial settings 

(e.g. Kennedy et al., 2013; Levine et al., 2007), has not yet been applied on Earth but for two 

publications (Niedermann et al., 2007; Renne et al., 2001) and a single, unpublished PhD thesis 

(Knight, 2006). Nevertheless, this technique could be extremely valuable in determining the timing 

of surface processes using Ca-rich or K-rich minerals in rock; such as the timing of past seismic 

activity by dating calcite on exposed fault planes; rates of erosion; the onset of glacial retreat and the 

timescales of climate change. As 38Ar is stable; it can be used on timescales beyond that of other, 

unstable, cosmogenic exposure dating techniques such as 10Be, 26Al and 36Cl. However, development 

of cosmogenic 38Ar exposure dating has long suffered from the difficulty to both distinguish 

cosmogenic 38Ar from the high terrestrial atmospheric background value and to discriminate between 

multiple argon reservoirs in a mineral. In Chapter 5 we show the results of using irradiated (Merrihue 

and Turner, 1966) pyroxene and apatite from strategically sampled locations in southeast and 

southwest Australia, for cosmogenic 38Ar analysis on the multi-collector ARGUSVI mass 

spectrometer with both 38Ar and 36Ar determined using the instruments’ ultra-sensitive compact 

discrete dynode. This approach allows simultaneous analysis of both daughter (38Ar) and ‘proxy-

parent’ (37Ar) isotopes; step-heating and associated statistical analysis of individual degassing steps; 

discrimination between multiple argon reservoirs in a sample and discrimination between 

atmospheric 38Ar and cosmogenic 38Ar. 

 (U-Th)/He dating of olivine phenocrysts could be a valuable tool to date igneous processes when 

minerals suitable for dating with more generic geochronology techniques are either absent or altered. 

However, the methodology as currently proposed (Aciego et al., 2007, 2010) suffers from analytical 

complexity and incapability in determining precise helium concentrations. We present a simplified 

methodology for more accurate and precise (U-Th)/He age analysis of olivine phenocrysts in Chapter 

6, using the Alphachron™ mass spectrometer by Australian National Instruments/CSIRO for He 

degassing experiments and calibrating the resulting ages against high-precision 40Ar/39Ar ages on 

phlogopite from K-rich lamproites from northwest Australia. 

1.1. Geological Background 
Here, the wider geological context of the sampling locations is described and the importance of the 

availability of geochronological data of these regions highlighted. Detailed geological descriptions; 

including rock types, basement geology, geological structures etc. of the Newer Volcanic Province 

can be found in Chapter 3 (Sections 3.3 and 3.4) and Chapter 4 (Section 4.4).  
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1.1.1. The Newer Volcanic Province 
The Newer Volcanic Province 

(NVP) is part of a widespread 

zone of Cenozoic volcanism 

along the eastern margin of 

Australia (Figure 1.1). Volcanic 

regions along this margin have 

been subdivided into three 

distinct groups: 1) central 

volcanic provinces 30 – 100 km in 

diameter; 2) lava fields consisting 

of thick (up to 1000 m) basaltic 

flows and smaller volcanic 

features such as lava shields, 

scoria cones and maars; and 3) a 

single leucite occurrence 

(Wellman and McDougall, 1974). 

Although upwelling mantle 

plumes have been proposed in 

earlier literature as an explanation 

for lava field volcanism 

(Sutherland et al., 2014; Wellman 

and McDougall, 1974), recent 

insights into thickness variations 

of the underlying lithosphere 

have put forward the model of 

Edge Driven Convection (King 

and Anderson, 1998) for magmatic upwelling in the NVP region (Davies and Rawlinson, 2014; 

Demidjuk et al., 2007). Xenolith studies have shown that the NVP is underlain by a heavily 

metasomatised sub-continental lithospheric mantle (Griffin et al., 1988; O’Reilly and Griffin, 1988; 

Stolz and Davies, 1988). The majority of geochemical studies towards the NVP basalts were limited 

to major and trace elements only (e.g. Day, 1983; Irving and Green, 1976; McDonough et al., 1985; 

O’Reilly and Zhang, 1995) and limited Sr isotope data on the lava fields in the NVP (Price et al., 

Figure 1.1. Location map of the Newer Volcanic Province within the
eastern Australian Cainozoic volcanic region. Colours offshore
represent bathymetry, with red colours indicative of higher areas; the
Tasmantids and Lord Howe seamount chains are easily visible.
Onshore, the black areas indicate the location of Central Volcanoes,
whereas the grey areas indicate the location of lava fields. After Knesel 
et al. (2008). 
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1997) which suggested that the enriched geochemical signature of the lava plains basalts could 

potentially be linked to geochemical variations in the underlying lithosphere. In Chapter 3 an 

integrated major and trace element and Sr, Nd and Pb isotope study towards the geochemical 

composition of the NVP basalts is presented, in which not only the geochemistry of the lava plains is 

considered, but also that of the older central volcanoes and the younger scoria cones, lava shields and 

maars (Oostingh et al., 2016). The high resolution of especially Pb isotopes permits differentiation 

between geochemically distinct mantle sources far better than major and trace element geochemistry 

only. Detailed knowledge of magmatic provenance is essential for the correct geological 

interpretation of geochronology data; as we will show in Chapter 4. 

The NVP is the 

youngest (< 5 Ma) 

expression of lava 

field volcanism 

within the larger 

region of Cenozoic 

volcanism in east 

Australia. Most of 

the geochronology 

research in this 

region has been 

restricted to K-Ar 

studies, limited 
40Ar/39Ar and 

fission track dating and few studies using Rb-Sr, U-Pb, cosmogenic isotopes, 14C and TL 

(Vasconcelos et al., 2008). The presence of an apparent K-Ar age trend within the Central volcanoes 

parallel to trends of existing hotspot trails, such as the Lord Howe Rise and Tasmantids seamount 

chains (Figure 1.2), has led researchers to propose that the large central volcanic provinces were 

generated by magmatic upwelling along Earth’s longest continental hotspot track; the Cosgrove track 

(Davies et al., 2015). Lack of any spatio-temporal correlation between and within lava field provinces 

- such as the NVP -  makes volcanism in these regions more enigmatic to explain. Most of the 

geochronology data in the NVP is represented by K-Ar ages on lava plains (Cohen, 2007). K-Ar 

dating will only provide reliable eruption ages if the samples are completely unaltered; sample splits 

Figure 1.2 Graph depicting the relation between latitude (°S) and K-Ar age (Ma) of 
the central volcanoes, lava fields and the Tasmantids and Lord Howe seamount chains.
After Vasconcelos et al. (2008) 
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for K and Ar analysis are homogenous; and if the initial trapped 40Ar/36Ar ratio is within the range of 

the air value [298.56 ± 0.31; as measured by Lee et. al. (2006)]. 40Ar/39Ar geochronology provides 

more reliable age data and analysis with the new generation ARGUSVI mass spectrometer offers the 

resolution to distinguish a potential age progression in the onset of volcanism within the NVP 

(Oostingh et al., 2017; Chapter 4). Hence it is shown that the process of Edge Driven Convection 

alone is probably not enough to ultimately trigger volcanism in such a localized area as the NVP 

(Davies et al., 2015), and a complex interplay between the arrival of the Cosgrove track mantle plume 

and the existing mantle convection by Edge Driven Convection is proposed to explain lava field 

volcanism (Oostingh et al., 2017; Chapter 4).  

The detailed 40Ar/39Ar geochronology of eastern Australia’s Cenozoic volcanic features as presented 

in this study could furthermore aid in investigating the geomorphic and climatic processes that shaped 

the Australian continent. Reliable geochronology data will provide a framework for the interpretation 

of Cenozoic tectonic uplift and denudation data (Aziz-ur-Rahman and McDougall, 1972; Gurnis et 

al., 1998; Sandiford, 2007; Wellman, 1974); as well as eastern Australia’s climatic record, biological 

evolution and human occupation (Tedford et al., 1975; Wellman and McDougall, 1974). For example; 

a study is currently being undertaken at the University of Melbourne using 40Ar/39Ar ages of the 

Tower Hill tuff generated during this research to investigate periods of human occupation of this 

region; indicated by tools found in the tuff layers of this volcano (Matchan et al., in prep).  

1.1.2. Lamproites 
Lamproites are K and Mg-rich, ultramafic igneous 

rocks (K2O/Na2O > 3 [molar ratio]), that can be 

found as flows, cinder cones, dykes, sills and 

diatremes in a variety of geological and tectonic 

environments. Lamproite diatremes often 

resemble a typical sherbet-glass shape (Figure 1.3; 

Bergman, 1987; Mitchell and Bergman, 1991). 

These rocks are generated from a strongly 

depleted mica-harzburgite source (Foley and 

Peccerillo, 1992) in the garnet-stability field 

(previous amount of ~20% partial melting), which 

Figure 1.3 Simplified cross-section of a lamproite
deposit. Depth of the feeder system is approximately
1000m. After Mitchell and Bergman (1991). 
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was later enriched by a metasomatic melt rich in light REE and other incompatible elements (Tainton 

and McKenzie, 1994). Their spatial distribution suggests that lamproite occurrences are strongly 

dependent on pre-existing geological structures within the lithosphere (Jaques and Milligan, 2004). 

More detailed information about the petrogenesis of the individual lamproite occurrence studied in 

this thesis can be found in Chapter 6, Section 6.3. Lamproites are distinguished from kimberlites and 

other K-rich rocks based on their mineralogical composition. They are characterized by the presence 

of typical primary phases such as 1) titanium (2-10 wt% TiO2), aluminium-poor phenocrystic 

phlogopite (5-12 wt% Al2O3); 2) poikilitic phlogopite in the groundmass (5-10 wt% TiO2); 3) 

titanium (3-5 wt% TiO2) potassium (4-6 wt%) richterite, 4) forsteritic olivine, 5) aluminium-poor (<1 

wt% Al2O3) and sodium-poor (<1 wt% Na2O) diopside, 6) iron-rich (1-4 wt% Fe2O3) leucite and 7) 

iron-rich (1-5 wt% Fe2O3) sanidine. Minor and common accessory phases include priderite 

[(K,Ba)(Ti,Fe3+)8O16], wadeite [K2ZrSi3O9], apatite [Ca5(PO4)3F], perovskite [CaTiO3], 

magnesiochromite [MgCr2O4], titanium magnesiochromite [(Mg,Ti)Cr2O4], magnesian titaniferous 

magnetite [(Mg, Fe2+)(Ti,Fe3+)2O4], jeppeite [(K,Ba)2(Ti,Fe3+)6O13], armalcolite [(Mg,Fe2+)Ti2O5], 

shcherbakovite [(K,Ba,Na)KNaTi2O(OH)(Si4O12)], ilmenite [Fe2+TiO3] and enstatite [Mg2Si2O6] 

(Woolley et al., 1996). 

These rocks are considered ideal candidates for the further development of the (U-Th/He) dating 

technique on olivine phenocrysts because of their distinct mineralogy and geomorphology. They both 

contain K-rich phases suitable for 40Ar/39Ar dating, as well as fresh olivine phenocrysts suitable for 

(U-Th)/He dating. The rapid ascent of magma from depth, and small size of resulting intrusions (~ 

50 m diameter; Mitchell and Bergman, 1991) ensures rapid and simultaneous cooling of all phases; 

which will thus most likely all represent a similar age. Importantly; partition coefficients for U are 

generally high in lamproite rocks (Kd = 0.0012) for olivine phenocrysts, as compared to less alkaline 

rocks (Kd = 0.0001; McKenzie and O’Nions, 1991) due to a favourably larger M2 site (Foley and 

Jenner, 2004). Hence, smaller sample aliquots are required for reliable U and Th analysis; facilitating 

better dissolution of degasses olivine samples and improving the duration and accuracy of analysis. 

1.2. Aim and objectives 
The aim of this thesis is to better understand the igneous geology and geomorphology of Australia, 

focusing on the intraplate Newer Volcanic Province, SE Australia; for which both existing as well as 

relatively new geochronology techniques are improved upon and further developed.  

These aims are addressed by several sub-objectives, which are represented by the following chapters: 
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1) To gain insight in the current status of 40Ar/39Ar geochronology, cosmogenic 38Ar exposure dating 

and (U-Th)/He dating techniques and their applicability (Chapter 2). 

2) To get a better understanding of magmatic provenance and geological processes in the Newer 

Volcanic Province, SE Australia (Chapter 3). 

3) To better understand the timescales of volcanism in the Newer Volcanic Province, SE Australia 

and to gain insight in the spatial and temporal distribution of volcanism within this province (Chapter 

4). 

4) To better understand the timescales of geomorphic processes (e.g. erosion) in Australia by further 

developing cosmogenic 38Ar exposure dating (Chapter 5). 

5) To be able to determine timing of volcanism in situations where conventional dating techniques 

are not sufficient; by developing a simplified method for (U-Th)/He dating on olivine phenocrysts 

using K-rich lamproite from Ellendale, western Australia (Chapter 6). 

1.3. Thesis structure 
The thesis opens with an Introduction (Chapter 1), which stresses the importance of improving upon 

existing and further developing new geochronology techniques to better understand the igneous and 

geomorphic past of Australia. Furthermore, the Introduction provides a brief geological context of 

the sampling locations, where the focus is on the larger regional geological setting not discussed in 

the relevant chapters. The main body of the thesis comprises chapters 2 – 6; of these, Chapter 3 is 

published in Journal of Petrology, Chapter 4 is currently under review in Geology, Geochemistry, 

Geosystems (G-Cubed), Chapter 5 is currently under review in Geochimica et Cosmochimica Acta; 

and Chapter 6 is under review in The Australian Journal of Earth Sciences. Copies of the published 

manuscripts can be found in Appendix A, together with the publishers’ copyright as well as co-author 

approvals of all submitted manuscripts. 

Chapter 2. Theoretical background of geochronology techniques used in this study. This Chapter 

ensures a thorough understanding of the fundamental principles, analytical techniques and 

applicability of 40Ar/39Ar geochronology, cosmogenic 38Ar exposure dating and (U-Th)/He dating, as 

is required to correctly interpret the data presented in Chapters 4 – 6.  

Chapter 3: Spatio-temporal geochemical evolution of the SE Australian upper mantle deciphered 

from Sr, Nd and Pb isotopes of Cainozoic intraplate volcanics. This chapter provides a wider 

geological overview of the Newer Volcanic Province and presents a new geological model for the 
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composition of the magma source. The novelty of this research is that it combines a large amount of 

geochemical data from multiple datasets with new major and trace element and isotope analysis on 

the Newer Cones series. Such a part review/part analytical manuscript was not yet published and 

proves key to discovering a geochemical change of the underlying magma source over time. This 

knowledge is extremely important to correctly interpret spatial and temporal trends in magmatism 

based on ultra-precise 40Ar/39Ar geochronology presented in Chapter 4. 

Chapter 4. Ultra–precise 40Ar/39Ar geochronology reveals rapid change from plume-assisted to 

stress-dependent volcanism in the Newer Volcanic Province, SE Australia. This chapter provides 

more than 20 new, ultra-precise 40Ar/39Ar ages for both the Newer Plains as well as the Newer Cones 

series in the Newer Volcanic Province, SE Australia. Furthermore, it presents a spatial analysis of the 

distribution and geomorphology of volcanic features in the region, to better understand and interpret 

the age trends observed. This research is novel as it is the first large-scale study of 40Ar/39Ar ages in 

the region, and one of the few studies that combines geochronology with spatial analysis. The 

advantage of performing such a large-scale study is exemplified by the observation of a progressive 

age trend in volcanism from east to west not previously described in the literature. Several potential 

hypotheses that address this age trend are discussed in Chapter 4, of which that of migrating stress 

fits best with the spatial trends of volcanism in the area. 

Chapter 5. Advancements towards 38Ar exposure dating of terrestrial rocks. This chapter showcases 

the major improvement in analytical precision that can be obtained with the ARGUSVI mass 

spectrometer, which proves to be absolutely essential to derive statistically meaningful cosmochrons 

on terrestrial pyroxene. The chapter is methodology-focused and discusses the degassing 

characteristics and exposure ages derived on two sample sets: very young (< 1 Ma) pyroxene minerals 

from Mt Elephant in the Newer Volcanic Province, SE Australia; and very old (~ 2.5 Ga) apatite 

minerals from the Yilgarn granite bornhardts in the wheatbelt region of SW Australia. As this chapter 

presents an entirely novel technique, it includes a detailed theoretical background of 38Ar cosmogenic 

exposure dating, a detailed methodological approach and a detailed discussion of all the variables and 

unknowns present during the calculation of an exposure age. 

Chapter 6. (U-Th)/He dating of olivine phenocrysts in K-rich lamproites. This chapter presents the 

first-ever results of (U-Th)/He dating of olivine phenocrysts from ultramafic rocks (lamproites). As 

this study represents the third study towards (U-Th)/He dating of olivine phenocrysts, it heavily 

focuses on the methodological development and theoretical background of (U-Th)/He dating in 

general. 40Ar/39Ar dating of lamproites from the Ellendale E9 deposit in northwest Australia was 
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performed, as well as (U-Th)/He dating of olivine phenocrysts which partially overlap within error 

with the 40Ar/39Ar phlogopite age. 
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Chapter 2 Theoretical background of geochronology techniques used in 
this study. 

 

2.1. 40Ar/39Ar geochronology. 
2.1.1. Fundamentals of K-Ar and 40Ar/39Ar dating 
The 40Ar/39Ar geochronology method (Merrihue and Turner, 1966) is an adaptation of the potassium-

argon (K-Ar) dating method which was developed more than 50 years ago (McDougall and Harrison, 

1999). K-Ar dating is based on the natural occurrence of 40K in minerals, which is a radioactive 

isotope with a half-life (t1/2) of 1253 Ma. This 40K isotope undergoes dual decay to both 40Ca and 

radiogenic 40Ar (40Ar*; Figure 2.1). An ideal, simple rock, such as an undisturbed (unaltered) volcanic 

rock erupting at the Earth’s 

surface and completely void of 

pre-existing magmatic 40Ar in its 

structure (degassed), will start to 

quantitatively accumulate 

radiogenic 40Ar after cooling. 

Measurement of the parent isotope 
40K and daughter isotope 40Ar, 

combined with the known rate of 

radioactive decay hence allows the 

calculation of an age; which will 

reflect the time since cooling 

(eruption) of the rock (McDougall 

and Harrison, 1999). Other than 

radiogenic argon, non-radiogenic 

argon might be present in the 

sample and comprises:  

1) Trapped argon; which is the 

argon incorporated within a rock or mineral at the time of its formation or during a subsequent event; 

if a rock or mineral is completely degassed and equilibrated with the atmosphere during formation, 

the trapped argon component has atmospheric composition. However, true trapped compositions 

Figure 2.1 Energy states of the dual decay of potassium. After 
McDougall and Harrison (1999) 
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might differ from atmospheric composition, in which case the trapped argon might also include either 

excess argon or inherited argon from contamination. 

2) Cosmogenic argon; which is argon produced from cosmic-ray interaction with target nuclei such 

as potassium, calcium, iron, titanium, nickel and chlorine by either spallation reactions or neutron 

capture; see Chapter 5.  

3) Neutron-induced argon; which is argon derived from neutron interference reactions on chlorine, 

potassium and calcium during irradiation of a rock or mineral.  

K-Ar measurements are laborious, as daughter isotope 40Ar is analysed via gas extraction and mass 

spectrometry, whereas parent isotope 40K is analysed via dissolution chemistry followed by mass 

spectrometry. This methodology requires a large amount of sample material for analysis (> 1 g) and 

can potentially introduce large analytical errors. Most importantly, the K-Ar dating technique does 

not provide information on the potential of loss or addition of 40Ar to the mineral in case of an open 

system. Furthermore, the composition of trapped argon isotopes initially present in the mineral 

requires an assumption which cannot be verified. 

The 40Ar/39Ar geochronology method provides a solution to the challenges of the K-Ar dating method 

outlined above. Potassium has three naturally occurring isotopes; 39K (93.2581 ± 0.0029 %), 40K 

(0.001167 ± 0.00004 %) and 41K (6.7302 ± 0.0029 %) (Garner et al., 1975). In both the K-Ar as well 

as the 40Ar/39Ar dating technique, the underlying assumption is that the ratio between these isotopes 

remains constant in rocks and minerals (McDougall and Harrison, 1999). To enable 40Ar/39Ar dating, 

a sample is exposed to a neutron flux in a reactor, which converts part of the 39K in the sample to 
39Ar. The 39Ar isotope produced is considered a ‘proxy-parent’, as 39Ar is directly linked to 40K using 

the constant ratio of 39K and 40K in nature. The efficiency of the transformation in the reactor is 

measured by exposing a fluence monitor standard of known K-Ar age to the same neutron flux and 

comparing the 40Ar*/39ArK ratio of the sample with that of the fluence monitor standard. Calculation 

of the age can be obtained by using the standard age equation for radioactive decay: 

t 	 ln 1 J
∗

       (1) 

Where λ is the decay constant (Renne et al., 2010) and J is the irradiation parameter dependent on the 

duration of the irradiation, the neutron flux and the neutron capture cross section. The parameter J 

can be obtained by rearranging the age equation and irradiating a sample of known age: 
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J 	 ∗       (2) 

Due to the ability of simultaneously measuring both parent and daughter isotope (as well as other 

argon isotopes: 36Ar, 37Ar and 38Ar), smaller sample sizes are required, the analytical error is much 

smaller and assumptions on initial argon isotopes trapped in the rock or mineral can be verified. 

2.1.2. Neutron irradiation. 

During irradiation in the nuclear reactor, incident particles react with the target nucleus to produce 

one or more other nuclei and potential other particles. For the conversion of 39K into ‘proxy-parent’ 
39Ar, the reaction is: 

K n Ar H Q      (3) 

Where Q represents the energy released (McDougall and Harrison, 1999). Fast neutrons are required 

for this conversion; therefore, irradiation needs to take place in a nuclear reactor where fast-neutron 

fluxes in the 1012 – 1014 n/cm2/s are available. We have used the Oregon State CLICIT TRIGA reactor 

for all our irradiations where samples are placed in the core of the reactor. This reactor is cadmium 

(Cd) shielded, as cadmium is used to eliminate slow neutrons that can produce unwanted neutron 

interferences.    

However, fast neutrons can produce interfering isotopes of argon produced from reactions on calcium, 

potassium, argon and chlorine in the samples (Table 2.1). These reactor induced interferences are 

routinely corrected by application of interference corrections obtained from long-term exposure of K, 

Ca and Cl bearing salts and glasses in the specific reactor. We will quote the correction values applied 

in each relevant chapter. 

Another effect that could influence the concentration of 39Ar generated during irradiation is nuclear 

recoil (Jourdan and Renne, 2014; Onstott et al., 1995). Nuclear recoil is defined as the displacement 

of 39ArK from the original lattice site of the parental 39K during irradiation. Although it is generally 

assumed that 39Ar formed from 39K is distributed in the same manner as 40K in the sample, small 

differences are possible as 39Ar recoil distances are typically ~ 0.2µm (Renne et al., 2005). This effect 

is particularly relevant for fine-grained or even glassy samples. The age spectra of such samples is 

often ‘saddle-shaped’, with high ages found in the early stages of gas release due to 39ArK recoil from 

grain boundaries and unrealistically low apparent ages in final stages of gas release (McDougall and 

Harrison, 1999). 
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2.1.3. Gas extraction 

The analysis of irradiated samples offers another advantage; the sample can be step-heated and the 

relation of parent and daughter isotope as well as the K/Ca ratio of the sample can be closely 

monitored for each temperature increment. Here, higher temperatures reflect the release of gas from 

deeper within the sample. The West Australian Argon Isotope Facility, John de Laeter Centre, Curtin 

University (WAAIF) where all argon geochronology experiments in this thesis were performed, uses 

a 100 W Photon Machines Fusions 10.6 CO2 laser to incrementally heat the samples. The gas 

extracted for each step is then purified using a series of getters in a custom-build extra low-volume 

(240 cc) stainless steel extraction line. Argon isotope analysis is performed with the multi-collector 

ARGUSVI mass spectrometer from Thermofisher© operating in static mode.  

 Target element 

Ar 
isotope 
produced 

Calcium Potassium Argon Chlorine 

36Ar 40Ca(n,nα)36Ar 
(-7.04, 96.94) 

  35Cl(n,γ)36Cl → 36Ar 
(+8.58, 75.77) 

37Ar 40Ca(n,α)37Ar 
(+1.75,96.94) 

39K(n,nd)37Ar 
(-15.99, 93.26) 

36Ar(n,γ)37Ar 
(+8.79, 0.337) 

 

38Ar 42Ca(n,nα)38Ar 
(-6.25, 0.65) 

39K(n,d)38Ar 
(-4.16, 93.26) 

40Ar(n,nd)38Cl → 38Ar 
(-18.38, 99.60) 

37Cl(n,γ)38Cl → 38Ar 
(+6.11, 24.23) 

 41K(n,α)38Cl → 38Ar 
(-0.12, 6.73) 

  

39Ar 42Ca(n,α)39Ar 
(+0.34, 0.65) 

39K(n,p)39Ar 
(+0.22, 93.26) 

38Ar(n,γ)39Ar 
(+6.60, 0.063) 

 

43Ca(n,nα)39Ar 
(-7.59, 0.14) 

40K(n,d)39Ar 
(-5.36, 0.01167) 

40Ar(n,d)39Cl → 39Ar 
(-10.30, 99.60) 

 

40Ar 43Ca(n,α)40Ar 
(+2.28, 0.14) 

40K(n,p)40Ar 
(+2.29, 0.01167) 

  

44Ca(n,nα)40Ar 
(-8.85, 2.09) 

41K(n,d)40Ar 
(-5.58, 6.73) 

  

Table 2.1. Interference reactions producing argon during neutron irradiation. Q values (MeV) and target 
isotope abundance (atom%) are given in italics in the parentheses. The arrows represent β- decay in all cases. 
After McDougall and Harrison (1999). 
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Extracted and purified argon gasses are ionized using a Nier-type electron-bombardment ion source 

which forms positively charged ion beams of different mass/energy ratio. These ion beams are then 

accelerated and deflected based on mass using a sector magnet as the radius of the path described by 

ions of the same energy - but different mass to charge ratio - varies according to the square root of 

the mass to charge ratio in a magnetic field (McDougall and Harrison, 1999), which means the heavier 

isotopes have a larger path radius. As the ARGUSVI is a multi-collector mass spectrometer, the 

multiple paths of the various argon isotopes can be measured simultaneously. This mass spectrometer 

contains five Faraday detectors (typically used for 40Ar, 39Ar, 38Ar and 37Ar analysis) and a single ion 

counting compact discrete dynode (CDD; typically used for 36Ar) which has an ion counting 

efficiency of > 80%. For each gas extraction step, typically ten cycles of peak-hopping are used to 

determine the raw output data (in fA), with a typical integration time of 33s for each mass. After 

expansion in the ionization chamber, the isotope counts are recorded as a function of time, after which 

the trend resulting from the ten cycles are regressed to time zero. The data at time zero is then 

corrected for the baseline (instrument noise detected off-peaks), mass discrimination factor as well 

as instrumental backgrounds. The mass discrimination of each detector within the collector system is 

determined each day; the Faraday cups contain an internal electronic calibration to calibrate for slight 

offsets in the peak of each mass, whereas the CDD is calibrated each day for its actual yield using a 

series of air aliquots. The instrumental background is routinely measured every fourth sample 

(Chapter 4) or even more often (Chapter 5). Finally, the data is corrected for decay since time of 

irradiation, which is most significant for 37Ar (t1/2 = 35 days) and 39Ar (t1/2 = 269 y). 

2.1.4. Data regression and presentation 
All raw data generated in this thesis has been exported and regressed using the ArArCalc algorithm 

(Koppers, 2002). Here, raw data is corrected for the relevant J-value and reactor dependent neutron 

interferences. ArArCalc calculates an apparent age for each temperature step, which can be plotted 

in an age spectrum diagram of cumulative 39Ar released (%) versus apparent age.  



K.F. Oostingh  Chapter 2 – Theoretical Background 

18 
 

Plateau ages are defined as 

including > 70% of 

released 39Ar from at least 3 

subsequent steps with 
40Ar/39Ar ratios within error 

of the 2σ confidence level 

and satisfying a probability 

of fit (P) based on the χ2 test 

distribution of at least 0.05 

(Figure 2.2a; see for a 

description Jourdan et al., 

2009).  

When these criteria are not 

met, a sample is thought to 

have been extracted from 

an isotopically open 

system. 40Ar* loss due to 

diffusion will cause a 

convex-shaped age 

spectrum (Figure 2.2b). A 

tilde (~) - shaped age spectrum (Figure 2.2c) with corresponding disturbed Ca/K ratios is present 

when plagioclase is altered to sericite (Verati and Jourdan, 2014) or when the sample has been 

affected by recoil effects (Jourdan et al., 2009b). Excess or inherited 40Ar* often results in a saddle-

shaped (Figure 2.2d) age spectrum, where early and late degassing steps give anomalously high ages 

(Kelley, 2002). Excess argon is that component of 40Ar that is present in the sample other than trapped, 

atmospheric 40Ar and that present because of radioactive decay.  

Another way of presenting the data obtained during step-heating is by using a three-isotope diagram, 

of which the inverse isochron (39Ar/40Ar versus 36Ar/40Ar; Figure 2.3) is the most useful (Roddick, 

1978; Turner, 1971). Ideally, for a closed system, samples plotted in this diagram form a linear 

correlation, where the x-intercept corresponds to the pure radiogenic component of the sample and 

the y-intercept to the pure trapped (atmospheric + excess or initial) component of the sample 

(McDougall and Harrison, 1999). If no excess or initial 40Ar is present in the sample, the y-intercept 

Figure 2.2. Potential apparent age plateaus and K/Ca spectra generated 
during step-heating for a) closed system; b) open system; c) sericite 
alteration and d) excess 40Ar. 
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should correspond to the 

atmospheric 40Ar/36Ar ratio 

determined to be 298.56 ± 

0.31 (Lee et al., 2006). 

Therefore, use of the 

inverse isochron will 

provide an independent 

evaluation of the 

composition of trapped 40Ar 

in the sample, for which 
40Ar/39Ar age corrected. 

The age calculated from an 

inverse isochron diagram, 

unlike that calculated from 

the age spectra, is not 

affected by trapped argon 
40Ar/36Ar ratios that are different from the atmospheric ratio and may thus contribute to a better age 

interpretation (Kuiper, 2002). We will provide an example of the impact of using inverse isochron y-

intercept values to correct plateau ages to obtain a more meaningful result in Chapter 4.  

2.1.5. Applicability of the 40Ar/39Ar geochronology technique 
Any rock or mineral can be dated with the 40Ar/39Ar geochronology technique given that potassium 

contents are sufficiently high (or the rock is sufficiently old) so that radiogenic argon can be detected 

within the limits of the currently available instrumentation. The technique has been successfully 

applied on both extra-terrestrial samples (e.g. Cohen et al., 2001; Turner, 1971) and terrestrial rocks 

and minerals; from dating impact structures: e.g. Jourdan et al., 2009b, to archeological applications: 

e.g. Morgan et al., 2009. Ideally, minerals are used that retain argon in their lattice sites, as it is most 

likely that these minerals have retained their radiogenic argon quantitatively at temperatures 

experienced in the geological environment. However, experiments on dating retentive, K-poor 

minerals such as pyroxene are currently being undertaken (Ware et al., 2015). Naturally, it is 

important to consider the resulting ages derived from 40Ar/39Ar in their wider geological context, of 

which we will give an example in Chapter 4. 

Figure 2.3. Example of an inverse isochron diagram for sample VIC38 (see 
also Chapter 4). 
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2.2. Cosmogenic 38Ar geochronology 
2.2.1. Fundamentals of cosmogenic exposure dating 

Cosmic rays are originating from the 

galactic cosmic radiation (GCR) 

which contains high energy (~1 GeV 

to ~ 1010 GeV) nucleons which have 

sufficient energy to interact with 

nuclei in the top layers of the Earths’ 

atmosphere (see for a review of 

terrestrial cosmogenic exposure 

dating; Dunai, 2010; Gosse and 

Phillips, 2001; Niedermann, 2002). 

Following deflection due to the 

Earths geomagnetic field, particles 

enter the atmosphere and cascade 

down as secondary radiation, which 

comprises an electromagnetic 

(electrons) component, a hadronic 

(neutrons and protons) component 

and a mesonic (muons) component 

(Lal and Peters, 1967; Figure 2.4). In 

turn, these nuclei will interact with 

target elements in a rock or mineral, 

where production is based on the 

type of cosmic ray particles 

involved, the nuclear cross section σ 

(energy dependent probability for a 

given particle interaction to occur), 

the flux (φ) of particles with a given energy (E) and the density (N) of target atoms (Knight, 2006). 

Production decreases with depth (the attenuation depth Λ) according to the relation: 

P z P 0 ∗ 	e        (1) 

Where ρ is the density of a rock and z is the depth.  

Figure 2.4. Cascade of secondary particle production resulting 
from the interaction of GCR with particles in the Earth’s 
atmosphere. e- = electron; e+ = positron; γ = gamma ray or 
photon; v = neutrino; µ = muon; n = neutron; p = proton; κ = 
kaon. After (Gosse and Phillips, 2001). 
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The intensity of the cosmic rays entering the Earth’s atmosphere is not isotropic as in space, and 

production rates vary both temporally and spatially. Temporal variations occur predominantly due to 

variations in the primary GCR flux and variations due to solar modulation, whereas spatial differences 

in the production rates are caused by the effects of the geomagnetic field and variations in atmospheric 

shielding (Gosse and Phillips, 2001). Disagreement between potassium exposure ages and 36Cl-36Ar, 
10Be-21Ne and 26Al-21Ne exposure age pairs on iron meteorites, led to the conclusion that the primary 

GCR flux of the last 10 Ma is approximately 28% higher than the average value (Lavielle et al., 1999). 

Some explanations of this temporal variation include a change in the galactic cosmic ray intensity, 

movement of the Earth through different interstellar fluxes or the effect of short-term shock waves 

from nearby supernovae (Gosse and Phillips, 2001). The 11-year and 27-year variations in sun spot 

activity (solar modulation) have an effect on the primary GCR flux, as this flux is partly deflected by 

the interplanetary magnetic field, which is generated by the sun and transported by the solar wind 

(Ahluwalia, 2003). Empirical measurements show that the primary GCR flux (and thus also the 

resulting secondary flux) at low latitudes comprises higher energy particles than the flux at high 

latitudes, as the geomagnetic cut-off rigidity (the minimum rigidity - or momentum of a particle per 

charge – required of an approaching particle of a given charge to penetrate the magnetic field and 

interact with the upper atmosphere) is strongly latitude-dependent. Below latitude 58°, changes in the 

geomagnetic dipole moment may result in significant changed in the GCR flux to a site at a given 

time. The changes in the geomagnetic dipole moment might result from 1) paleo-intensity variations 

of the geomagnetic field, 2) the effects of reversals and excursions and 3) secular variations in the 

Earths dipole axis position (‘polar wander’). Lastly, changes in the effective atmospheric depth can 

also impact the temporal variation in particle fluxes. For example; tectonic uplift of a sample over 

time will place the sample at decreasing atmospheric depths (Brook et al., 1995). It is also thought 

that the changing atmospheric thickness and characteristics due to climate change might play a role 

(Carslaw et al., 2002).  

Relevant production rates are challenging to obtain due to the difficulties outlined above. Estimates 

of production rates for a given isotopic system might be determined 1) experimentally, by laboratory 

experiments of exposure of slabs of known composition, 2) geologically, by measuring the 

cosmogenic isotope concentration of a sample with a simple exposure history [see Chapter 5]; and 3) 

numerically, by computed simulation of potential interactions (e.g. Dep et al., 1994; Masarik and 

Beer, 1999, 2009; Masarik and Reedy, 1995; Masarik et al., 1986). Once determined or calculated, 

production rates are given to the reference condition of a horizontal surface on a flat plain at high 
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latitude (> 70°) at sea level. All samples obtained from other latitudes and altitudes yielding 

production rates or used in the calculation of exposure ages must be scaled to this reference condition. 

Scaling factors include: 1) spatial shielding accounting for the altitude and latitude dependence of the 

secondary nuclear flux (Dunai, 2000; Lal, 1991); 2) topographic shielding where a sloping surface 

might partially obstruct incoming particles from the secondary flux; 3) surface covering where snow, 

soil and/or vegetation can obstruct the incoming secondary particle flux and lastly 4) sample thickness 

(Gosse and Phillips, 2001; Niedermann, 2002). Thus, the concentration of cosmogenic nuclide Nm 

dependent on time, is: 

P , Z λ N       (2) 

Where P is the production rate at depth (Z) and λm is the decay constant for nuclide m (1/y). 

Following this; the concentration of cosmogenic nuclide Nm
 as a function of depth (Z), time (t) and 

erosion (ε) is: 

N Z, t, ε S S S ∑
⁄

exp exp λ t  (3) 

Where Sel, ST and Ss are scaling factors concerned with elevation and latitude, shielding by 

topography and shielding by cover; Jq is the production rate coefficient (atoms/g target element/y) 

and (AL)q the attenuation length (Gosse and Phillips, 2001). In this research, we have performed 

strategic sampling, where samples were selected based on their chemical composition and location to 

greatly simplify the equation above. We have targeted spallation-dominated reactions, where the 

resulting nuclides are stable (38Ar), from top surfaces on which the erosion rate can be considered 

negligible (Chapter 5). The equation above thus becomes linear with time (t): 

N , t S Q P , t       (4) 

Where Qs is the ratio of the production rate integrated over the thickness of a sample to the surface 

production rate, from spallogenic reactions only (Gosse and Phillips, 2001). Note that we assume that 

for our samples, scaling based on topography and cover is assumed to be negligible. 

2.2.2. Cosmogenic 38Ar and the ‘cosmochron diagram’ 
Cosmogenic 38Ar (38Arcos) is predominantly produced from spallation reactions on potassium 

[39K(n,pn)38Ar], calcium [40Ca(n,2pn)38Ar] and iron [56Fe(n,8p11n)38Ar] as well as from negative 

muon capture reactions on potassium [39K(µ-,n)38Ar] and calcium [40Ca(µ-,pn)38Ar], all of which are 

elements found in major rock-forming minerals. Reactions on titanium and nickel are considered 
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minor (Niedermann, 2002). Although widely applied in extra-terrestrial studies (e.g. Levine et al., 

2007; Turner et al., 1971), application of this system to terrestrial samples has been hampered by the 

high concentration of 38Ar in the atmosphere (~ 6 ppm), which can be present as trapped argon within 

a sample. In theory, data can be corrected for this trapped component by correcting to the uniform 

non-cosmogenic terrestrial (UNCT) composition of 38Ar/36Ar of 0.18826 ± 0.00018 (Renne et al., 

2001). However, resolving 38Ar from 36Ar is complex due to 1) cosmogenic production of 36Ar and 

2) time dependent 36Ar production due to β- decay of 36Cl with a half-life (t1/2) of ~ 3 x 105 y. This 

has resulted in the absence of any published studies which perform exposure age dating based on 
38Arcos.  

In this study, the neutron 

irradiation technique has been 

applied (Merrihue and Turner, 

1966; Turner et al., 1971) to 

better understand degassing 

behaviour of minerals with 

respect to 38Ar and 36Ar, as well 

as to investigate the potential of 

deriving statistically significant 

exposure ages based on 

cosmogenic 38Ar. During neutron 

irradiation, parental isotope 40Ca 

is converted into 37Ar via; 
40Ca(n,α)37Ar (t1/2 = 35 days). Due to this very short half-life, it is expected that no 37Ar is initially 

present in the sample and that the 37Ar can be used as a proxy for the parent isotope concentration, 

given that the reaction efficiency is determined by co-irradiating a standard sample of known age 

(flux monitor). As this allows for simultaneous release of both parent and daughter isotope, gas 

extraction of neutron irradiated samples can be performed with step-heating, which provides a wealth 

of information about the degassing behaviour of a sample. Resulting data can be plotted in a 

‘cosmochron diagram’ (Figure 2.5; Levine et al., 2007), which displays the mixing line between the 

atmospheric (y-intercept) and the cosmogenic (x-intercept) component of the argon released as a 

function of 37Ar. The slope of the mixing line is a function of 38Ar/37Ar (and thus 38Ar/40Ca by proxy), 

whereas the value of the y-intercept provides an independent measure of the assumed composition of 

Figure 2.5. Typical cosmochron diagram. See text for discussion of 
main components. 
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atmospheric 38Ar/36Ar present in the sample. Deviations of this ratio from the UNCT of 0.18826 ± 

0.00018 (Renne et al., 2001) implies complexity of the sample which can then be accounted for. 

Combination of the slope, the production rate P(38Ar/36Ar)cos and the true value of the atmospheric 
38Ar/36Ar composition allows calculation of the exposure age of the sample in which the true errors 

of both the analysis, and the uncertainties associated with the production rate and the atmospheric 

ratio can be fully propagated. The production rate for the 40Ca(n, 2p)38Ar reaction is still widely 

debated. Theoretical estimates based on the cross-sections of the spallation reaction yielded a 

production rate of ~ 200 atoms/g Ca/y at high latitudes (> 70°) and sea-level (Lal, 1991). 

Experimental data using a variety of minerals yielded a much higher ratio of ~ 300 atoms/g Ca/y 

(Knight, 2006), however, errors on this rate are estimated to be 50%. Recent experimental work on 

pyroxene from Antarctic Ferrar dolerite yielded production rates ranging from 191 ± 21 atoms/g Ca/y 

to 254 ± 28 atoms/g Ca/y (Niedermann et al., 2007). 

2.2.3. Applicability of the cosmogenic 38Ar geochronology technique 
Applications of terrestrial cosmogenic exposure dating using other isotope systems have included 

(but are not limited to); reconstruction of Quaternary ice volumes; dating of volcanic events; 

providing time controls on palaeoseismic events; determination of surface uplift rates, erosion and 

incision rates; dating meteorite impacts and the determination of rates of landscape and soil evolution 

(Gosse and Phillips, 2001 and references therein).  

38Arcos exposure dating offers some advantages over existing cosmogenic exposure dating techniques. 

As 38Ar is a stable isotope, this dating technique offers a larger time range of applicability as compared 

to the short-lived isotope systems such as 10Be, 26Al and 36Cl (Renne et al., 2001). Furthermore, as 
38Arcos exposure dating is performed on Ca-rich or K-rich rocks, elements comprised in many major 

rock-forming minerals, potential applications could be; determination of erosion rates on carbonate 

rocks, fault exposure dating by means of dating Ca-rich veins, constraining the timing of tsunami’s 

by dating exposed CaCO3 on oceanic rocks deposited on land, and exposure dating of fresh volcanic 

pyroxenes in otherwise altered surrounding rock. Naturally, the largest advantage of 38Arcos exposure 

dating is the potential of irradiating the sample and obtaining independent information about the 

accuracy and precision and well as the statistical meaning of the exposure age derived.  

2.3. (U-Th)/He dating 
(U-Th)/He dating has received renewed attention for two main reasons; 1) it could prove a viable 

alternative to other dating techniques, as the instrument sensitivity for U, Th and He is high, and 2) 

when applied to various minerals of a geological system, it could provide information on the cooling 
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history of this system, due to different rates of diffusive He loss from individual minerals (Farley, 

2002). Due to its omnipresence in many rocks as well as its retentive behaviour for helium, olivine is 

a suitable candidate for (U-Th)/He dating applications. However, published work on this subject is 

extremely limited with two published studies only (Aciego et al., 2003, 2010), which used an 

expansive instrumental methodology on very young rocks (Aciego et al., 2007); yielding results that 

are not always concordant with existing 40Ar/39Ar ages and thus hard to interpret (Aciego et al., 2010).  

2.3.1. Fundamentals of (U-Th)/He dating 
Radiogenic 4He (α particles) are produced by radioactive decay of 238U, 235U, 232Th as well as from 
147Sm, the latter contribution usually negligible. The ingrowth equation for the generation of 4He over 

time (t) is: 

He 8 ∗ U e 1 7 ∗
.

e 1 6 ∗ Th e 1   (5) 

Where uranium, thorium and helium are the present-day concentrations, the coefficients represent the 

number of α particles released by each decay step, λ is the decay constant (λ238 = 1.551 x 10-10 yr-1, 

λ235 = 9.849 x 10-10 yr-1, λ232 = 4.948 x 10-11 yr-1) and the value of 1/137.88 represents the present-day 
235U/238U ratio (Mamyrin and Tolstikhin, 1984). To calculate a meaningful age using this equation, 

there are several assumptions to bear in mind; 1) initial 4He is absent from the sample, 2) the sample 

is in secular equilibrium with respect to the daughters in the decay chain; 3) information about the 

retentive qualities for helium of the mineral being dated is known.  

For volcanic phenocrysts of interest to this study (Chapter 6), assumption 1 is often invalid. At the 

time of eruption, phenocrysts will have 3He and 4He from magmatic sources and atmospheric sources; 

often present in fluid-inclusions. During cooling, nucleogenic 3He produced by Li (6Li(n,α)3H 

followed by 3Hβ-  3He; Mamyrin and Tolstikhin, 1984) as well as radiogenic 4He generated via the 

reaction above starts to form in situ in the phenocryst. Furthermore, if the phenocryst is within 1 meter 

of the Earth’s surface, there will be a combined in situ production of both cosmogenic and 

radiogenic/nucleogenic 3He and 4He. A common approach to resolve the various helium components 

is to crush the sample in vacuo and determine the subsequently released 4He concentrations and 
3He/4He ratios, followed by heating of the sample to release radiogenic/nucleogenic 3He and 4He, 

cosmogenic 3He and 4He as well as residual atmospheric or magmatic 3He and 4He (Aciego et al., 

2007). It has been shown that in vacuo crushing of olivine and pyroxene phenocrysts quantitatively 

retains the cosmogenic and nucleogenic/radiogenic 3He and 4He, given that the size fraction is > 10 

µm and temperature during crushing is kept to a minimum (< 300°C; Blard et al., 2008). Thus, during 
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high temperature gas extraction of a sample, it is assumed that 4Herad = 4Hetot – 4Hecos – 4Heres, where 
4Herad is the radiogenic helium produced from decay of uranium and thorium, 4Hetot is the total 

fraction of 4He released during gas extraction, 4Hecos is helium from cosmogenic sources and 4Heres 

is residual 4He from atmospheric or magmatic sources not released during in vacuo crushing. Strategic 

sampling, where samples are obtained from deeper levels below the Earth’s surface is the easiest way 

to avoid the cosmogenic contribution of 4He. Otherwise, the production rate of 4He from cosmic rays 

(60 atoms/g target element/y; Lal, 1991) is ~3 orders of magnitude lower than the 4Herad production 

rate (Aciego et al., 2007) and can thus safely be neglected for surface samples, given that the sample 

is sufficiently old. Ignoring the presence of residual 3He and 4He from atmospheric and/or magmatic 

sources resulting from undercrushing of the sample will result in overestimated ages. Crushed 

samples can be analysed and corrected for the presence of 4Heres by incorporating a low temperature 

(300°C) gas extraction step, where any gas released which will represent 4Heres derived from fluid 

inclusions.  

The α particles generated by decay of uranium and thorium 

are sufficiently energetic that they can travel up to 20 µm, 

which results in a potential spatial offset between the 

parent and daughter isotopes. Such inconsistencies are of 

major concern at the grain boundary (Figure 2.6), as 

potential α-implantation or α-ejection can occur, resulting 

in overestimated or underestimated ages respectively. This 

effect can be corrected for, either using a quantitative 

model to calculate the correction factor (Ft) based on the 

grain size and geometry (Farley et al., 1996), or by 

physically abrading the outer 20 µm of the sample (Min et 

al., 2006). These latter authors have shown that physical 

removal of the outer 20 µm of sufficiently large grains 

corresponds to an alpha-implantation correction factor Ft 

(Farley et al., 1996) approaching unity. 

As the (U-Th)/He system is based on decay of multiple long-lived parents, and α particles are emitted 

throughout the decay series and not just by the final daughter; the issue of secular disequilibrium 

arises for young samples (< ~1 Ma; Beattie, 1993; Farley et al., 2002). Here, intermediate daughter 

nuclides in the actinide decay chain may become fractionated from each other, which yield largely 

Figure 2.6. The effect of long α-stopping 
distances on helium retention. After 
(Farley, 2002). 
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overestimated or underestimated ages, depending on the initial isotopic activity ratio. The effect is 

strongest for intermediate daughter isotope 230Th (t1/2 = ~ 75 ka). Naturally, long magma residence 

times largely obliterate the effects of secular disequilibrium. To gain insight into potential secular 

disequilibrium of a system as well as estimate magma residence times, it is often recommended to 

co-analyse multiple minerals from a single geological system (Farley et al., 2002). As the samples 

discussed in Chapter 6 are >> 1 Ma, we do not need to correct for secular disequilibrium, which can 

introduce errors up to 50% of final (U-Th)/He ages.   

It has been shown that helium is quantitatively retained within the olivine and pyroxene mineral 

structure at surface temperatures (Aciego et al., 2003, 2007; Niedermann, 2002). However, slowly 

cooled samples might have undergone helium diffusion. Diffusivity is usually expressed by the 

Arrhenius relationship: 

e ⁄        (6) 

Where D is the diffusivity, D0 is the 

diffusivity at infinite temperature, a is the 

diffusion domain radius, Ea is the 

activation energy (kcal/mole), R is the 

gas constant and T the temperature in 

Kelvin. For a single diffusion domain, 

measurements of ln(D/a2) as a function of 

1/T will plot on a straight line, with the 

slope -Ea/R and intercept ln(D0/a2). For 

olivine at low temperatures (150°C - 

600°C) it has been shown that helium 

diffusion obeys this Arrhenius 

relationship, with very low diffusivities 

at environmental temperatures around 1 x 

10-22 cm2/s (Ea = 25 ± 4 kcal/mole; Trull et al., 1991). At mantle temperatures (~ 1200 °C – 1350 °C), 

diffusion of helium in olivine is relatively fast at 2.2 x 10-8 cm/s (Ea = 120 ± 30 kcal/mole; Hart, 1984) 

to 5.3 x 10-9 cm2/s (Ea = 100 ± 4.8 kcal/mole; Trull and Kurz, 1993), which suggest that phenocrysts 

are readily degassed from any magmatic helium. However, the presence of trapped magmatic helium 

in samples (e.g. Aciego et al., 2003, 2007), released during in vacuo crushing, suggests that some 

Figure 2.7. Closure temperature as a function of cooling rate 
for spherical bodies of varying radius (r). After (Hart, 1984) 
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magmatic helium is retained in phenocrysts forming at magmatic temperatures. Based on the 

diffusion parameters above, Hart (1984) constructed a diagram of cooling rate (°C/Ma) versus closure 

temperature (°C) for a suite of differently sized spherical bodies (Figure 2.7). For the grain sizes used 

in this study (~ 300 µm) and the expected fast cooling rate of 107 °C/Ma for a small (~ 50 m) intrusion 

(see Chapter 6), the closing temperature for helium in olivine is about 1000 – 1100 °C. It is shown 

that CO2-rich and H2O-rich peridotite melts (characteristics of lamproites – the host rock of interest 

of this study; Chapter 6 and Section 1.1.2) have solidus temperatures below 1000 °C between 20 – 

30 GPa (Foley et al., 2009), which implies that trapped magmatic helium will be retained in olivine 

phenocrysts during formation of such rocks.  

2.3.2. Applicability of basalt (U-Th)/He dating 
Based on helium retention experiments (Hart, 1984; Trull et al., 1991; Trull and Kurz, 1993); the 

most promising minerals for (U-Th)/He dating  in basalts are clinopyroxene and olivine (Aciego et 

al., 2007). Clinopyroxene should have higher uranium and thorium concentrations, but the effect of 

its mineral structure on diffusivity are not yet fully understood (Lippolt and Weigel, 1988). Therefore, 

olivine might be the most straightforward candidate to date basaltic rocks with low potassium 

abundances; submarine basalts in which K-rich phases will be severely altered; samples containing 

inherited Ar; or samples that have been incompletely degassed.  
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Chapter 3 Spatio-temporal geochemical evolution of the SE Australian 
upper mantle deciphered from Sr, Nd and Pb isotopes of Cainozoic 

intraplate volcanics1 
 

3.1. Abstract 
Intraplate basaltic volcanic rocks ranging in age from Late Cretaceous to Holocene are distributed 

across southeastern Australia in Victoria and eastern South-Australia. They comprise four provinces 

differentiated on the basis of age and spatial distribution. The youngest of these (< 4.6 Ma) is the 

Newer Volcanic Province (NVP) which incorporates lava flows, scoria cones and maars, distributed 

across western and central Victoria into South-Australia. The oldest eruptives belong to the 95 – 19 

Ma Older Volcanic Province, which comprises basaltic lava flows and shallow intrusions distributed 

across eastern and central Victoria. When examined within the broader framework of geochemical 

data available for Cretaceous to Cainozoic intraplate volcanism in south eastern Australia, new major, 

minor, trace and Sr, Nd and Pb isotope analyses of volcanic rocks from the NVP suggest that these 

rocks originated from a distinctively different source as compared to that of the Older Volcanics. We 

propose that the magmas represented by the Older Volcanics originated from low degrees of partial 

melting of a mixed source of Indian mid-ocean ridge basalt (MORB) and calci-carbonatite 

metasomatised sub-continental lithospheric mantle (SCLM), followed by up to 20% fractional 

crystallization. The magmas of the youngest (<500 ka) suite of the NVP (the Newer Cones) were 

generated by up to 13% partial melting of a garnet-rich source, followed by similar degrees of 

fractional crystallization. We also suggest that the temporally intermediate Euroa Volcanics (~7 Ma) 

reflect chemical evolution from the source of the Older Volcanics to that of the Newer Cones. 

Furthermore, energy-constrained recharge, assimilation and fractional crystallisation (EC-RAxFC) 

modelling suggests that the Sr isotope signature of the ~4.6 - 1 Ma Newer Plains component of the 

NVP can be explained by up to 5% upper crustal assimilation. On the basis of these results and 

literature xenolith data, we propose a geodynamic model involving decompression melting of 

metasomatised veins at the base of the SCLM generating the Older Volcanics and modifying the 

initial asthenosphere of Indian MORB isotope character. This was followed by thermal erosion and 

entrainment of the resulting depleted SCLM into the modified Indian MORB mantle generating the 

                                                      
1 This Chapter was accepted as a paper in Journal of Petrology the 28th of July, 2016. Oostingh, K. F., Jourdan, F., 
Merle, R. & Chiaradia, M. (2016). Spatio-temporal Geochemical Evolution of the SE Australian Upper Mantle 
Deciphered from the Sr, Nd and Pb Isotope Compositions of Cenozoic Intraplate Volcanic Rocks. Journal of Petrology 
57, 1509–1530. 



K.F. Oostingh  Chapter 3 – Geochemical Evolution NVP 

33 
 

Newer Cones. Such a model is in agreement with recent geophysical observations in the area 

suggesting edge driven convection with shear driven upwelling as potential geodynamic model 

resulting in temporal upwelling in the region. 

3.2. Introduction 

Cainozoic intraplate volcanism in south east Australia was initiated during breakup of Gondwana and 

subsequent rapid northward rifting of the Australian plate from 40 Ma onward (Veevers, 1986). In 

Victoria and South Australia, volcanism is represented by the 95 – 19 Ma Older Volcanics and the 

eruptive products found in the Newer Volcanic Province (NVP; Figure 3.1); the 4.5 – 1 Ma Newer 

Plains and the < 1 Ma Newer Cones. Furthermore, a 10 – 5 Ma volcanic area of similar age to the 

Figure 3.1. (a) Location of the Newer Volcanic Province in Victoria and its youngest expression (Mt 
Gambier and Mt Shank) in South Australia. The Tasman Line (T), the Gawler Craton, as well as the 
Delamerian and Lachlan fold belts are indicated. (b) Enlarged section of (a) indicating the approximate 
extent of the Newer Volcanics Province in grey; the 4,5–1Ma Newer Plains are located stratigraphically 
below the <1Ma Newer Cones. The 10–5Ma Euroa Volcanics are indicated by cross-hatching. The 95–19Ma 
Older Volcanics are indicated in black. The dashed line represents the approximate outline of the Selwyn 
Block at depth (Cayley et al., 2011). (c) Simplified outcrop of the volumetrically dominant Western Plains 
sub-province indicated in dark grey and location of samples. Indicated in light grey is the Central Highlands 
sub-province; this is an area of slightly older volcanism (Aziz-ur-Rahman &McDougall, 1972). The black 
dashed line represents the approximate westernmost outline of the Selwyn block at depth. Major faults are 
indicated by dashed red lines: C, Colac lineament;H, Hummocks fault; Y, Yarramyljip fault; E, Escondida 
fault; M, Moyston fault; A, Avoca fault; W, Mt William fault. 
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largely felsic rocks of the Macedon-Trentham volcanic province (Price et al., 2003) and with spatial 

affinities of both the westernmost extent of the Older Volcanics and the easternmost extent of the 

Newer Volcanics is located near the town of Euroa (Figure 3.1; hereafter the Euroa Volcanics after 

Paul et al., 2005). The NVP is subdivided into two distinct regions based on geomorphology: the 

Central Highlands and Western Plains (Figure 3.1). The presence of hot springs (Cartwright et al., 

2002) suggests that the province is still active. Nevertheless, the source and provenance of the Older 

Volcanics, the Newer Plains and Newer Cones basalts are still a matter of debate (Demidjuk et al., 

2007; O’Reilly and Zhang, 1995; Price et al., 1997, 2014; Zhang et al., 1999). Enriched geochemical 

signatures for the Newer Plains with spatially variable Sr isotope data corresponding to the location 

of both the Moyston Fault and the Selwyn Block (Figure 3.1) led Price et al. (1997, 2014) to suggest 

that the lithosphere had an important control on observed geochemical variation between the series. 

It is now well-established that the region is underlain by a complex Palaeozoic basement (Cayley et 

al., 2011) as well as metasomatised and heterogeneous sub continental lithospheric mantle (SCLM) 

(Griffin et al., 1988; Handler et al., 1997; O’Reilly and Griffin, 1988; Stolz and Davies, 1988; Yaxley 

et al., 1991). Pb isotopes systematics are thought to resolve source variations at much higher 

resolution than Sr and Nd isotopes and trace element systematics (e.g. Ewart, 2004), however, Pb 

isotope data is only available for basalts of the Older Volcanics (Price et al., 2014), the suite of rocks 

around the town of Euroa (Paul et al. (2005) and two individual eruption centres of the Newer Cones; 

Mt Rouse (Boyce et al., 2015) and Mt Gambier (Van Otterloo et al., 2014). However, single eruptions 

can represent discrete and compositionally distinct magma batches, resulting in considerable 

geochemical variation within and between eruption centres, stressing the need for larger scale 

geochemical investigations to understand the processes involved in monogenetic volcanism (McGee 

et al., 2013). Here, we present new major and trace element analyses and Pb, Sr and Nd isotope data 

for 11 volcanic centres and their associated flows of the Newer Cones, which, with a relatively young 

age span from around 500 000 to 5000 years (Blackburn et al., 1982; Matchan and Phillips, 2011, 

2014), represent a proxy for the current geochemical composition of the mantle beneath south east 

Australia. Recent ultra-precise 40Ar/39Ar age dating on these samples confirms these ages, and 

exemplifies the major age difference between the ~ 4 Ma Newer Plains (Gray and McDougall, 2009) 

and the < 500 000 ka Newer Cones in the NVP (Oostingh et al., 2015). Combined data from the Older 

Volcanics, Euroa Volcanics and the Newer Plains and Newer Cones allow us to resolve spatial and 

temporal source variations and differences in magmatic processes in order to elucidate the origin of 

south east Australian Cainozoic magmatism. 
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3.3. Overview of Cainozoic magmatism in South East Australia 
3.3.1. Older Volcanics 
Day (1989, 1983) subdivided the limited outcrops of the Older Volcanics (Figure 3.1) into fifteen 

separate fields on the basis of major and trace element analyses and outcrop distribution which display 

a continuum of compositions from nephelinites to quartz-tholeiitic basalts showing no spatial and 

temporal correlation between basalt type and location or age. Even though K – Ar dating suggests 

that volcanism has been almost continuous from 95 Ma up to 19 Ma (Wellman, 1974), individual 

volcanic fields show a more restricted age range, leading Day (1989, 1983) to subdivide the Older 

Volcanics into four groups: Group 1 (95 Ma – 55 Ma), Group 2 (59 Ma – 38 Ma), Group 3 (44 Ma – 

31 Ma) and Group 4 (29 Ma – 19 Ma). Recently published major and trace element results as well as 

Sr, Nd and Pb isotope data (Price et al., 2014) suggest that the Older Volcanics are derived from a 

tri-component source of depleted mantle (DM) and enriched (EMI and EMII) mantle components. 

Enrichment in incompatible trace elements and light rare earth elements (LREE) over heavy rare earth 

elements (HREE) in the Older Volcanics can be explained by partial melting of a complex spectrum 

of mantle compositions followed by limited fractional crystallization and potential minor crustal 

assimilation (Price et al., 2014). These authors also recognized two groups within high Mg-number 

samples with subtle variations in trace elements potentially derived from depleted mantle mixing with 

different metasomatised components with either 2-3% EMI or 1% calci-carbonatite composition. 

 

3.3.2. Euroa Volcanics 
The Euroa region represents a key location, as it has spatial affinities with both the Older Volcanics 

and Newer Plains and Newer Cones basalts as well as the small felsic flows, domes, plugs and spines 

of the Macedon – Trentham region (Paul et al., 2005; Figure 3.1b) and is located on a N – S trend of 

more felsic magmatism (8 – 5 Ma; Wellman and McDougall, 1974). These more evolved rocks 

(mugearite to trachyte) have been previously interpreted as the southernmost extent of the New South 

Wales leucitite suite; a north-south trending linear chain of volcanic centres proposed as a trace of 

hotspot volcanism (Davies et al., 2015; Nelson et al., 1986). However, work by Paul et al. (2005) 

revealed that the geochemical characteristics of the Euroa Volcanics are distinct from the New South 

Wales leucitites, questioning the extension of potential hotspot related extrusives into Victoria. 

Geochemical similarities of these Euroa  Volcanics with both the Older Volcanics and Newer Plains 

and Newer Cones basalts suite (Price et al., 2014), suggest a common source. Their age range and 

location provide an additional constraint on the temporal and spatial variability of this source and 

magmatic processes.  
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3.3.3. Newer Volcanics 
The youngest expressions of intraplate volcanism are the < 4.6 Ma (Aziz-ur-Rahman and McDougall, 

1972; Gray and McDougall, 2009; McDougall et al., 1966) alkaline basaltic volcanic products of the 

Newer Plains and Newer Cones series in the NVP (Figure 3.1a and b) covering around 15 000 – 20 

000 km2 of Victoria and South Australia (Boyce, 2013; Price et al., 2003) and comprising more than 

704 eruption points from > 416 volcanic centres (Boyce, 2013). In the Central Highlands sub-

province, scoria cones and lava shield volcanoes have produced valley flows and small lava plains. 

In the volumetrically dominant Western Plains sub-province, thin, ~4.6 to 1 Ma old lava flows (Gray 

and McDougall, 2009; the Newer Plains) cover the basement of Palaeozoic sediments and granites, 

whereas a younger (< 10 – 300 ka; Aziz-ur-Rahman and McDougall, 1972) volcanic phase is 

characterized by small (< 100 m high) scoria cones, maars and lava shields with associated flows (the 

Newer Cones; Price et al., 2003). These younger cones are alkalic lavas and have strong incompatible 

element enrichment, whereas the underlying Newer Plains comprise less enriched transitional to 

tholeiitic rock types (Price et al., 2003).  

 

3.4. Geological setting and sample descriptions 
The NVP is restricted between 141°E - 145°E and 37°S – 38.5°S and is underlain by a complex 

Palaeozoic basement consisting of a series of eastward younging stacked fold belts of deformed and 

metamorphosed rocks of the Delamerian and Lachlan orogenies occurring east of the Tasman Line 

which subdivides the Palaeozoic basement from the Proterozoic Gawler Craton (Figure 1a). An 

important structural domain is the early Ordovician continental crust of the inferred Selwyn basement 

block within the southern Lachlan Orogen (Cayley et al., 2011), which underlies most of the Older 

Volcanics, but is absent from the basement below our samples of the Newer Volcanics of the Western 

Plains that were sampled west of Lake Corangamite (Figure 3.1b).  

 

We focused our sampling efforts on the volumetrically dominant Western Plains sub-province in the 

NVP, targeting the young Newer Cones. Although extensive literature data are available on the 

petrology and major and trace element geochemistry of these Newer Cones (see Price et al., 2003 and 

references therein), isotope data are scarce. A recent study by Price et al. (2014) as well as work by 

Paul et al. (2005) provided isotope data on the Older Volcanics, Newer Plains and Euroa Volcanics; 

which highlights the need for an updated dataset on the Newer Cones to expand the current isotope 

geochemical database available for localized volcanic centres (Boyce et al., 2015; Van Otterloo et 
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al., 2014). We targeted young scoria cones and lava shields and their flows at:  Mt Leura (VIC03); 

Mt Porndon (VIC06); Mt Noorat (VIC09); Mt Pierrepoint (VIC13); Mt Napier (VIC18, VIC19 and 

VIC20) and its Harman flow (VIC14, VIC16 and VIC17); the flow from Mt Rouse (VIC23); the 

Tower Hill complex (VIC25); Mt Eccles (VIC21 and VIC22) and its Tyrendarra flow (VIC28) and 

Staughton Hill (VIC33) as well as a smaller, yet unnamed cone GEOVIC ME-2 (Boyce, 2013; VIC31 

and VIC32) which we will refer to as Mt Boomerang, and the flow at Hopkins Falls that cannot be 

linked to a clear eruptive centre (VIC29). Samples are typically dark grey, cryptocrystalline basalt 

with fresh plagioclase laths and fresh olivine visible in hand specimen and minor vesicularity; in the 

case of flows, vesicles are commonly aligned. Samples VIC19 and VIC22 represent scoriaceous 

samples with very fine, glassy groundmass, whereas VIC25 represents a volcanic bomb within tuff 

layers at the Tower Hill complex. Mantle xenoliths (cm-scale) are present in samples VIC03, VIC09 

and VIC31 and VIC32 and olivine glomerocrysts occur in samples VIC29 and VIC33. All samples 

are devoid of any alteration in thin section. Principal mineral phases observed are phenocrysts of 

olivine, plagioclase and clino-pyroxene in groundmass containing laths of plagioclase and Fe-Ti 

oxides. 

 

3.5. Methods 
Samples were pulverised in an agate pestle and mortar. The major, minor and trace elements of 20 

samples were analysed for major elements at Intertek Genalysis Laboratories, Perth, using X-ray 

fluorescence (XRF) and this was followed by standard dissolution techniques and analysis of 

solutions for trace elements by inductively coupled plasma mass spectrometry (ICP-MS). Internal 

standards SARM1 and SY-4 were used for the major elements and SY-4, OREAS25a, OREAS25b 

and GBW07105 for the trace elements. All major (XRF) and trace (ICP-MS) analyses proved to have 

an internal and external precision better than 5% at the 95% confidence level (2σ), except for V and 

Zr which show precision >5% (2σ) for the standards reported. 

 

Strontium, Nd and Pb isotopes were analysed on a subset of 9 samples at the Department of Earth 

Sciences (University of Geneva, Switzerland) using the method described in Chiaradia et al. (2011) 

and a Thermo Neptune PLUS Multi-Collector ICP-MS in static mode. Ratios used for internal 

fractionation were 88Sr/87Sr = 8.375209 for the 87Sr/86Sr, 146Nd/144Nd = 0.7219 for the 143Nd/144Nd 

ratio and 203Tl/205Tl = 0.418922 for the three Pb ratios (a Tl standard solution was added to the 

sample). The 144Sm interference on 144Nd was monitored on mass 147Sm and corrected by using a 
144Sm/147Sm value of 0.206700 and 204Hg interference on 204Pb was corrected by monitoring 202Hg. 
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External standards used were SRM987 (87Sr/86Sr = 0.710248, long-term external reproducibility: 10 

parts per million (ppm), JNdi-1 (143Nd/144Nd = 0.512115 (Tanaka et al., 2000) long-term external 

reproducibility: 10 ppm), and SRM981 (Baker et al., 2004) for Pb (long-term external reproducibility 

of 0.0048% for 206Pb/204Pb, 0.0049% for 207Pb/204Pb and 0.0062% for 208Pb/204Pb). Based on the 

systematic discrepancy between the measured and proposed Sr, Nd and Pb isotope ratios of the above 

standards, sample values were further corrected for external fractionation by a value of -0.039‰, 

+0.047‰ and +0.5‰ amu respectively.   
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3.6. Results 
All our new analyses of Newer Cones samples have loss on ignition (LOI) < 2 weight percentage 

(wt%) (Table 3.1) and major element data have been normalised to 100% on a volatile-free basis. 

(Appendix B (major and trace elements) and Appendix C (Sr, Nd and Pb isotopes). For comparison, 

we have also plotted the whole rock major and trace element concentrations of the GEOROC database 

and data from Boyce et al (2015), Price et al (2014) and Van Otterloo et al (2014) for Cretaceous and 

Cainozoic intraplate volcanic rocks of south eastern Australia. We have not used data for altered 

samples with LOI > 3 wt% or without LOI recorded as the quality of the data cannot be assessed. 

3.6.1. Major elements 

On a total-alkali-silica (TAS) diagram (Figure 3.2; Le Bas et al., 1986), the data obtained from this 

study overlap with published data on the Newer Cones, with all samples except for VIC06, VIC13 

and VIC14 plotting above the alkaline – sub alkaline division line of Irvine and Baragar (1971). 

Seventeen Newer Cones samples plot within the basalt and trachy-basalt fields, with three samples 

(VIC03, VIC09 and VIC25) classifying as basanite based on CIPW norm calculation. Data for sample 

VIC09, (SiO2 of 47.1 wt% and total alkali composition of 7.8 wt%) overlap with those published for 

Figure 3.2. Total alkalis–silica (TAS) diagram after Le Bas et al. (1986). Older Volcanics and Newer Plains
data are from Price et al. (1997, 2014); Euroa Volcanics data are from Paul et al. (2005); Newer Cones
literature data are from Frey et al. (1978), McDonough et al. (1985), Vogel & Keays (1997), Foden et al.
(2002), Demidjuk et al. (2007), Van Otterloo et al. (2014) and Boyce et al. (2015). Dashed line represents the
alkaline–sub-alkaline division of Irvine & Baragar (1971). 
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Mt Gambier and Mt Shank (Figure 3.1a; Demidjuk et al., 2007; Foden et al., 2002; McDonough et 

al., 1985) which is the westernmost and youngest suite of volcanic rocks of the NVP. Except for these 

three basanites, our analyses of the Newer Cones show a narrow range in Na2O + K2O (wt%).  

 

Our samples define a positive covariation between Al2O3 concentrations and Mg-number [atomic 

ratio of 100Mg/(Mg + 0.85 Fetot)] suggesting progressive differentiation, with our data overlapping 

Figure 3.3. Major element variation diagrams, all data normalized to 100% on a volatile-free basis. Mg-
number calculated as the atomic ratio of [100Mg/(Mg + 0.85*Fetot)]. Data sources as in Fig. 2. 
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Al2O3 concentrations of literature data on the Newer Cones (Figure 3.3a-f; Boyce et al., 2015; 

Demidjuk et al., 2007; Ellis, 1976; Foden et al., 2002; Frey et al., 1978; McBride et al., 2001; 

McDonough et al., 1985; Van Otterloo et al., 2014; Vogel and Keays, 1997). Furthermore, our 

samples show TiO2 concentrations up to 3.2 wt% which is lower than those reported for the youngest 

eruptives in South Australia (Mt Watch and Mt McIntyre; Foden et al., 2002; McDonough et al., 

1985; Vogel and Keays, 1997). Our Newer Cones samples are also distinguished from these rocks by 

their lower CaO content (7.4 – 9.8 wt%). 

3.6.2. Trace elements 
Whole rock Mg-numbers of our Newer Cones samples range between 57 and 66 and Ni, Cr and Co 

concentrations are between 102 – 277 ppm, 101 – 367 ppm and 49 – 64 ppm respectively. The samples 

show no trend in trace element contents versus Mg-number (Figure 3.4a-f), but for the positive 

covariation between Ni concentration and increasing Mg-number. This spread is mainly caused by 

basanite samples VIC03, VIC09 and VIC25 which are significantly enriched in incompatible trace 

elements such as La (47.8 – 65 ppm) and Rb (44.8 – 51.1 ppm) as compared to La (< 37 ppm) and 

Rb (< 34 ppm) for the other Newer Cones samples. Basanites aside, our samples show a restricted 

range in trace element concentrations overlapping with literature data on samples from this region, 

again except for the suite from Mt Schank and Mt Gambier (Demidjuk et al., 2007; Foden et al., 

2002; Van Otterloo et al., 2014). On a La/Nb versus Ba/Nb diagram the data cluster around the 

Primitive Mantle ratio (La/Nb: 0.9 and Ba/Nb: 9; Sun and McDonough, 1989, Figure 3.4g). On a 

Ce/Pb versus Nb/U diagram, 18 of our 20 Newer Cones samples fall within the range defined for 

mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) (Hofmann et al., 1986, Figure 3.4h), 

except for VIC14 which shows an extremely high Nb/U ratio of 235 due to depletion of this sample 

in U (0.1 ppm versus > 0.5 ppm for the other samples) and VIC06 which trends slightly towards the 

continental crust value (Taylor and McLennan, 1995). The samples show a typical OIB trace element 

signature on a normalised extended element diagram (Figure 3.5) with relative enrichment of 

incompatible elements Rb, Ba, Th, U, Nb and LREEs compared to primitive mantle, as well as 

negative Pb and positive Nb anomalies. The basanites (VIC03, VIC09 and VIC25) show a greater 

enrichment in LREEs when compared to the trachy-basalts and (sub-) alkaline basalts with La/Lu 

ratios (normalized to C1 chondrites) of >25. C1 Chondrite normalized REE patterns (Figure 3.6; Sun 

and McDonough, 1989) furthermore show light rare earth element (LREE) versus middle rare earth 

element (MREE) and MREE/HREE enrichment for all Newer Cones samples. 
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Figure 3.4. (a–f) Trace element plots vs Mg-number for all series; data sources as in Fig. 2. Basanite
samples VIC03, VIC09 and VIC25 are indicated in (a); (g): La/Nb vs Ba/Nb; the Primitive Mantle value
is from Sun & McDonough (1989). Samples F1-111, 40, 42, 212, 300 and 301 (Price et al., 1997) are
indicated. (h) Ce/Pb vs Nb/U after Hofmann et al. (1986); the grey field represents the Ce/Pb (25 ± 5) 
and Nb/U (47 ± 10) ratios in both ocean island basalt (OIB) and mid-ocean ridge basalt (MORB);
average continental crust is indicated (Nb/U = 10; Ce/Pb = 4; Taylor & McLennan, 1995). 
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Figure 3.5. Primitive mantle normalized trace element patterns for the Newer Volcanics compared 
with the Older Volcanics. Typical ocean island basalt (OIB; Sun & McDonough, 1989) is indicated 
with a black dashed line. Basanite samples VIC03, VIC09 and VIC25 indicated are indicated by blue 
lines. Data sources as in Fig. 2. 

Figure 3.6. Rare earth element (REE) C1 chondrite (Sun & McDonough, 1989) normalized patterns. 
Typical ocean island basalt (OIB; Sun & McDonough, 1989) is indicated with a black dashed line. 
Basanite samples VIC03, VIC09 and VIC25 are indicated by blue lines. Data sources as in Fig. 2. 
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3.6.3. Sr, Nd and Pb isotopes 
Isotope ratios were corrected to initial values using new 40Ar/39Ar ages for these samples (Oostingh 

et al., 2015). For all samples, isotope age correction yields initial values that are indistinguishable 

from the measured values with differences ranging between 0.00012% and 0.00001% from the 

analysed isotope composition.  

The samples define a relatively narrow range of (87Sr/86Sr)i ratios from 0.70387 for VIC03 to 0.70424 

for VIC25 ( ) for a wide range of Mg-number (Figure 3.7) as well as a narrow range in (143Nd/144Nd)i 

compositions ranging from 0.51281 to 0.51286.  

Figure 3.7. (87Sr/86Sr)i, (143Nd/144Nd)i, (207Pb/204Pb)i and (208Pb/204Pb)i vs Mg-number [atomic ratio of 100 
Mg/(Mg + 0.85*Fetot)]. All isotope data are corrected to initial values; Newer Cones 500 – 41 ka, Newer 
Plains 4.6 – 1 Ma, Euroa Volcanics 7 Ma; Older Volcanics 95 – 19 Ma. Error bars (2σ) are indicated in (c), 
but are smaller than the symbols for the 87Sr/86Sr, 143Nd/144Nd and 208Pb/204Pb isotope data. Published Pb 
isotope data for the Newer Cones are limited to recent studies of Mt Rouse (Boyce et al., 2015) and Mt 
Gambier (Van Otterloo et al., 2014); the respective fields are indicated in (c) and (d). No major element data 
are available for the basalts analysed for Pb isotope composition by Cooper & Green (1969). Other data 
sources are as in Fig. 2. 
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When plotted on a (87Sr/86Sr)i versus (143Nd/144Nd)i diagram, all samples are located on the mantle 

array (Figure 3.8a), trending towards Bulk Silicate Earth (BSE; Zindler and Hart, 1986). Our samples 

show high (207Pb/204Pb)i and (208Pb/204Pb)i ratios for a given (206Pb/204Pb)i value; ranging from 

15.5472 to 15.6112 and 38.4702 to 38.7449 respectively. (208Pb/204Pb)i ratios show a narrow spread 

in the data over a wide range of Mg-number values, whereas the (207Pb/204Pb)i and (206Pb/204Pb)i ratios 

show similar patterns and are slightly more scattered (Figure 3.7). When plotted on the respective 

(206Pb/204Pb)i versus (207Pb/204Pb)i and (208Pb/204Pb)i diagrams, most of the samples plot above and 

parallel to the northern hemisphere reference line (NHRL; Figure 3.8b and 3.8c). When plotted on a 

(207Pb/204Pb)i versus (143Nd/144Nd)i diagram (Figure 3.8d) it can be seen that the Newer Cones trend 

towards HIMU end-member compositions, whereas the Older Volcanics trend towards EMII. 

 

Figure 3.8. (a) (87Sr/86Sr)i vs 
(143Nd/144Nd)i, showing the 
mantle array in green and
approximate locations of
mantle end-members. Indicated 
are fields for Newer Volcanic
Province spinel lherzolite
(pink) and garnet pyroxenite
(purple) xenoliths (McDonough
et al., 1985; Griffin et al., 1988; 
O’Reilly & Griffin, 1988;
Yaxley et al., 1991; Powell et
al., 2004) as well as Group 0
anhydrous xenoliths (cross-
hatched), Group 1 CO2 fluid 
metasomatized (black star),
Group 2 alkaline melt
metasomatized (white star) and
Group 3 carbonatite 
metasomatized xenoliths
(diagonal lines) after Stolz &
Davies (1988). (b) (207Pb/204Pb)i

vs (206Pb/204Pb)i and (c) 
(208Pb/204Pb)i vs (206Pb/204Pb)i

indicating fields for xenoliths
after Stolz & Davies (1988).
NHRL, Northern Hemisphere
Reference Line. Newer Cones 
literature data are from Cooper
& Green (1969), Stolz & Davies
(1988), Van Otterloo et al.
(2014) and Boyce et al. (2015). 
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3.7. Discussion 
3.7.1. Geochemical comparison between the Newer Cones and the Older Volcanics, Euroa Volcanics 
and Newer Plains. 
3.7.1.1. Major and trace elements 
The Newer Cones data overlap with those for the Older Volcanics and Euroa Volcanics in the alkaline 

field of the TAS diagram, whereas the Newer Plains show a more sub-alkaline geochemical 

composition. All series show a wide range in major element compositions, in particular, a negative 

correlation between Al2O3 or Na2O and MgO contents and slight positive correlation between CaO 

(d) (207Pb/204Pb)i vs 
(143Nd/144Nd)i showing the 
isotopic variation in the 
Older Volcanics, Euroa 
Volcanics and Newer 
Cones, as well as the 
isotope composition of 
various mantle end-
members: enriched mantle 
I (EMI), enriched mantle 
II (EMII) and HIMU 
(High-µ; high 238U/204Pb) 
(Stracke et al., 2005), and 
the isotope compositions 
of the various groups of 
mantle xenoliths from 
Stolz & Davies (1988). 
Other data sources as in 
Fig. 2. 
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and MgO content that indicates fractional crystallization of olivine and clino-pyroxene without 

plagioclase. Similar trends are observed for the Newer Cones, Newer Plains and the Older Volcanics. 

The Euroa Volcanics are distinct from the other groups showing lower Al2O3 and Na2O compositions 

and higher MgO, TiO2 and CaO contents, similar to those of the suite of Newer Cones in South 

Australia (Figure 3.3). 

 

Compared to the Newer Cones, the Euroa Volcanics show an enriched signature for highly and 

moderately incompatible trace elements, with Rb values up to ~240 ppm and Zr values up to ~605 

ppm. Whereas the Newer Plains generally show a restricted range in Mg-number and trace element 

composition except for some outliers, the Older Volcanics display constant variation with Mg-

numbers of 57 – 73 and a wide spread in trace element concentration (Th: 1.4 – 16.1 ppm, Zr: 105 – 

523 ppm, Nb: 20 – 208 ppm) except for their narrow range of Rb concentration around 25 ppm (Figure 

4). Six Newer Plains samples (40, 42, 212, 300, 300 and F1-111; Price et al., 1997) show extreme 

La/Nb enrichment of 1.5 – 6 with four of those (40,42 and 212) also having high Ba/Nb ratios of 

23.95 – 63.58, indicative of fluid metasomatism (Price et al., 1997). The other series show a gradual 

trend with the Older Volcanics having the lowest La/Nb and Ba/Nb ratios (~0.5 and ~6 respectively; 

Figure 4g), while the Euroa Volcanics overlap with our Newer Cones data having La/Nb of ~0.7 and 

Ba/Nb of ~8, followed by the Newer Plains which have the most extreme enrichment. All groups 

show enrichment in Ni (Figure 3.4f) for increasing Mg-number. A major part of the Newer Plains as 

well as some of the Older Volcanics trend towards the average Continental Crust value (Taylor and 

McLennan, 1995) on a Ce/Pb versus Nb/U diagram (Figure 3.4h), suggestive of crustal 

contamination. Older Volcanics and the Euroa Volcanics have very similar OIB-type trace element 

characteristics, with negative Pb and positive Nb anomalies (Figure 3.5). These anomalies are absent 

in some of the Newer Plains basalts, which instead show a positive U anomaly for some samples. 

Figure 3.6 shows that the Older Volcanics and Newer Plains have C1 chondrite normalized REE 

patterns similar to those of the Newer Cones, whereas the Euroa Volcanics are characterized by higher 

LREE enrichment. 

3.7.1.2. Sr, Nd and Pb isotopes 
Strontium and Nd data for the Newer Cones overlap with published data (Figure 3.7a – b). Our Pb 

isotope data overlap with the recently published data for Mt Rouse (Boyce et al., 2015), an individual 

volcanic centre of the Newer Cones. However, Pb isotope data for Mt Gambier show slightly higher 

values (Van Otterloo et al., 2014). So far, isotope data for the Newer Plains are limited to (87Sr/86Sr)i 

only (Price et al., 1997), which shows higher isotopic ratios as compared to the other series for a wide 
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range in Mg-number (Figure 3.7a). Our Newer Cones data generally show a narrower range in Sr, Nd 

and Pb isotope compositions compared to those of the Older Volcanics and Euroa Volcanics (Figure 

3.7a-d). These two series show more scatter than our new data but none of the series display an 

obvious trend in the Mg-number versus initial isotopic ratios plots (Figure 3.7a-d). As observed by 

Price et al. (2014), all series overlap on the mantle array in a (87Sr/86Sr)i versus (143Nd/144Nd)i isotope 

diagram, with the Older Volcanics defining a steeper slope (Figure 3.8a). There is no obvious 

correlation with trace element signatures and isotope variation, as the difference in Sr-Nd isotope 

trends for the Older Volcanics is independent of Ce/Pb and Nb/U ratio, as are the high Sr isotope 

Figure 3.9. Models for trace 
element fractionation during
nonmodal partial melting of Newer
Volcanic Province xenolith
compositions (Griffin et al., 1988;
Stolz & Davies, 1988; Yaxley et al.,
1991) with either added garnet
(continuous line) or added spinel 
(dashed line), using the equation
from Shaw (1970). Only basalt
samples are plotted for which less
than 5% fractional crystallization is
inferred. Compositions are
normalized to chondrite after Sun &
McDonough (1989). Trace element
distribution coefficients are from
McKenzie & O’Nions (1983).
Starting modal composition:
continuous line: 56 wt % olivine, 25
wt % orthopyroxene, 11 wt %
clinopyroxene, 2 wt % garnet, 6 wt 
% amphibole and La/Yb = 11; 
dashed line: 56 wt % olivine, 25 wt
% orthopyroxene, 11 wt %
clinopyroxene, 1 wt % spinel, 7 wt
% amphibole and La/Yb¼15.
Melting mode modified from Walter 
(1998): ol 0.08, opx –0.19, cpx 0.81, 
gt 0.15 and sp 0.15. Data sources as 
in Fig. 2. Numbers in rectangles
indicate per cent melting. 
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values for the Newer Plains. Pb isotope data for our data display a parallel trend along the NHRL that 

is also observed for the Older Volcanics and Euroa Volcanics (Figure 3.8b and 3.8c). A (207Pb/204Pb)i 

versus (143Nd/144Nd)i diagram (Figure 3.8d) shows that the Older Volcanics, Euroa Volcanics and 

Newer Cones data trend towards xenoliths of different isotopic composition (Stolz and Davies, 1988), 

indicative of a heterogeneous source.  

 

3.7.2. Petrogenesis 
3.7.2.1. Partial melting 
Distinct isotope and trace element compositions differentiate the Older Volcanics from the Euroa 

Volcanics and the Newer Cones and Newer Plains series, as illustrated by the different trends between 

the series on bivariate REE ratio diagrams (Figure 3.9a and b). Whereas the Euroa Volcanics and 

Newer Cones and Newer Plains show a narrow range in LREE/MREE ((La/Sm)C1 of 2.5 – 5) and 

high MREE/HREE ((Sm/Yb)C1 of 3 – 9.5), the Older Volcanics show a slightly wider range in 

LREE/MREE ((La/Sm)C1 of 2.5 – 6) and lower MREE/HREE ((Sm/Yb)C1 of 2 – 6) values. Trace 

element behaviour in all series is independent of Mg-number variations (Figure 3.4) and therefore, 

the observed trends cannot be explained by either fractional crystallization or contamination 

processes. On the contrary, the different trends observed among the Cretaceous and Cainozoic 

intraplate basalts of south eastern Australia are most likely caused by subtle variations of the melting 

modalities of their respective sources.  

 

To test the melting conditions, we have used the standard equation from Shaw (1970) which describes 

trace element distribution during partial melting. The model was applied only to samples with less 

than 5 % fractional crystallization. A wide range of published trace element concentrations for 

peridotite xenoliths from the NVP (Foden et al., 2002; Frey and Green, 1974; O’Reilly and Griffin, 

1984; Yaxley et al., 1997) was used to constrain the composition of the potential initial source. We 

found that the trace element distribution patterns of the Newer Cones, Newer Plains and Euroa 

Volcanics are best represented by up to ~ 15% batch melting of a hydrated, garnet-bearing lherzolite 

source with a modal composition of 57 wt% olivine, 25 wt% orthopyroxene, 11 wt% clinopyroxene, 

6 wt% amphibole and 2 wt% garnet (La: 0.26 ppm, La/Yb: 15, La/Sm: 2). However, the Older 

Volcanics are better represented by smaller degrees (5 – 10%) of batch melting of a hydrated, spinel-

bearing lherzolite source with a modal composition of 55 wt% olivine, 25 wt% orthopyroxene, 11 

wt% clinopyroxene, 8 wt% amphibole and 1 wt% spinel (La: 0.35 ppm, La/Yb: 15, La/Sm: 1; Figure 

3.9a and b). These results indicate that over time, the mantle source beneath south east Australia 
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became more enriched in MREE, and degrees of partial melting as well as depth of melting slightly 

increased. These degrees of partial melting are slightly higher than those suggested for different 

intraplate volcanic centres in similar settings, such as, for example, 5 – 7% for lava shields at Jeju 

Island volcanic field in Korea (Brenna et al., 2010) and 2 – 3% for alkaline basalts in the Auckland 

Volcanic field (McGee et al., 2011). It is important to note that for this modelling we have assumed 

that the source region is predominantly homogeneous; however, trends in isotope variation diagrams 

are an indication that source heterogeneity might have played an important role in the petrogenesis 

of south eastern Australian intraplate basalts. Therefore, the degrees of partial melting found for all 

series most likely indicate maximum values. 

3.7.2.2. Fractional crystallization 
Covariation on major element variation diagrams as well as parallel REE patterns on chondrite (C1) 

normalized REE diagrams suggests that all series might have undergone fractional crystallization. 

We used the MELTS algorithm (Ghiorso and Sack, 1995) to test this Figure 3.10. MELTS 
(Ghiorso & Sack, 1995) 
modelling results for (a) 
and (c) the Newer Cones 
and (b) the Older 
Volcanics, Euroa 
Volcanics and Newer 
Plains. Data sources as 
in Fig. 2. Continuous 
lines represent isobaric 
(1 kbar) cooling (from 
1200 to 800°C) of a dry 
magma, fO2 = QFM + 1; 
dashed line represents 
isobaric (1 kbar) 
cooling (from 1200 to 
800°C) of a dry magma, 
fO2 = QFM + 2. 

Tick marks represent 
5% steps. 
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hypothesis for the Newer Cones sample suite and further quantify the extent of fractional 

crystallization for all series. We have used model parameters for isobaric cooling at low pressure (1 

kbar) from 1200 to 800°C [fO2 = QFM (quartz – fayalite – magnetite)] using our least differentiated 

sample VIC33 (MgO = 11.2 wt%; Ni = 277 ppm, Cr = 367 ppm) as starting composition. Figure 

3.10a shows that the magmas represented by the Newer Cones basalts could have been generated by 

up to 20% fractional crystallization of olivine and clino-pyroxene. This process led the remaining 

liquid to be progressively enriched in Al2O3. A few other Newer Cones samples previously studied 

have probably undergone similar amounts of fractional crystallization, but were potentially generated 

from a more primitive initial composition. The Older Volcanics as well as the Newer Plains show 

similar trends to the Newer Cones on MgO versus Al2O3 diagrams, and these can also be explained 

by up to 20% fractional crystallization using physical conditions similar to those applicable to the 

Newer Cones (isobaric cooling at low pressure (1 kbar) from 1200 to 800°C, fO2 = QFM). The Euroa 

Volcanics show a different trend, possibly because of plagioclase crystallization in the more evolved 

melts. These rocks have high MgO contents, however, olivine compositions are in good agreement 

with minerals that crystallized in equilibrium with liquids having compositions similar to bulk rock 

analyses of these rocks, indicating that these rocks are unlikely to be cumulates (Paul et al., 2005). 

MELTS modelling is compatible with these rocks being formed in a slightly more reducing 

environment (fO2 = QFM + 2) using melting conditions similar to those applied in other cases 

(isobaric at 1 kbar, 1200 to 800°C). However, deviation from the modelled fractionation trend for 

some Euroa samples suggests that these results are indicative only. Paul et al (2005) reported the 

presence of leucite in some of the most primitive samples, which could indicate derivation of the 

Euroa Volcanics from a more alkaline-rich source, or the generation of under-saturated melts by a 

lower degree of melting. 

3.7.2.3. Crustal contamination 
The basement below South Australia and Victoria is both complex in structure as well as stratigraphy, 

as it contains fragments of Neoproterozoic continental crust incorporated into eastward younging 

Palaeozoic subduction-accretionary systems. Furthermore, it includes Cambrian – Ordovician 

oceanic boninitic and MORB-type tholeiitic volcanic rocks as well as deep-ocean sedimentary rocks 

and arc-related volcanic rocks (Cayley et al., 2011). McBride et al. (2001) suggested on the basis of 

osmium isotopes that the Newer Plains (187Os/188Os: 0.18096 ± 52 to 0.4456 ± 22) basalts might have 

been crustally contaminated (upper continental crust having much higher 187Os/188Os of 

approximately 1.4 based on a 187Re/188Os isotope ratio of 34.4; Peucker-Ehrenbrink and Jahn (2001)), 

in contrast to the Newer Cones which display 187Os/188Os ratios compatible with a derivation from an 
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uncontaminated OIB-like source (187Os/188Os of 0.13423 ± 33 and 0.13677 ± 37). A narrow range of 

(87Sr/86Sr)i compositions over a wide range of Mg-number (73 – 54) and Ce/Pb and Nb/U ratios 

similar to OIB and MORB (Figure 3.4) shows that most of the Newer Cones and Euroa Volcanics are 

indeed unlikely to have been affected by crustal contamination. On the other hand, negative 

covariation between Sr isotopes and Sr element concentration as well as non-OIB or MORB Ce/Pb 

and Nb/U ratios (Hofmann et al., 1986) for the Older Volcanics, Newer Plains and one Newer Cones 

sample (VIC06) suggest that contamination by upper or lower continental crust might have affected 

at least some of these basalts.  

 Thermal parameters 
 Upper 

Crust 
Lower 
Crust 

  

Magma liquidus temperature, Tl,m 1280°C 1320°C Crystallization enthalpy, 
Δhcry (J/kg) 

396000 

Magma initial temperature, Tm
0 1280°C 1320°C Isobaric specific heat of 

magma, Cp,m (J/kg per K) 
1484 

Assimilant liquidus temperature, 
Tl,a 

1000°C 1100°C Fusion enthalpy, Δhfus 
(J/kg) 

270000 

Assimilant initial temperature, Ta
0 300°C 600°C Isobaric specific heat of 

assimilant, Cp,a (J/kg per 
K) 

1370 

Solidus temperature, Ts 

 
900°C 950°C   

Equilibrium temperature, Teq 980°C 980°C   
 Compositional parameters  
 Newer Cones Newer Plains 
 Upper Crust Lower Crust Upper Crust Lower Crust 
 Sr Sr Sr Sr 
Magma initial conc. (ppm), Cm

0 1095.6 1095.6 718 718 
Magma isotope ratio, εm 0.70394 0.70394 0.70415 0.70415 
Magma trace element distribution 
coefficient, Dm 

1.5 1.5 1.5 1.5 

Enthalpy of trace element 
distribution coefficient, ΔHm 

- - - - 

Assimilant initial conc. (ppm), Ca
0 350 230 350 230 

Assimilant isotope ratio, εa 0.722 0.7100 0.722 0.7100 
Assimilant trace element 
distribution coefficient, Da 

1.5 0.05 1.5 0.05 

Enthalpy of trace element 
distribution reaction, ΔHa 

-  - - 

Table 3.3. Input parameters for EC-RAxFC modelling, thermal parameters and standard upper and lower 
crustal composition after Bohrson and Spera (2002) 

We have used the energy-constrained recharge, assimilation and fractional crystallization (EC-

RAxFC) algorithm (Bohrson and Spera, 2001; Spera, 2001) to investigate the possible extent of 

crustal assimilation on these potentially contaminated rocks. Due to the complexity of the crust as 

outlined above, we have used values for average upper and lower continental crust (Taylor and 
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McLennan, 1995) instead of detailed compositions for each individual structural zone. Table 3.3 

provides the thermal and compositional input parameters used for the modelling.  

 

The Newer Cones do not show any correlation between Sr and (87Sr/86Sr)i other than that expected of 

fractional crystallization, suggesting that crustal contamination was either absent or well below 1% 

(Figure 3.11a). The Euroa Volcanics show a similar narrow range in Sr isotope composition over a 

wide range of Sr element concentrations. Any covariation in Sr isotope composition versus Sr element 

concentration is also absent for the Older Volcanics. However, (87Sr/86Sr)i values for the Newer Plains 

roughly increase for decreasing Sr concentration, which can be satisfactorily modelled by up to 5% 

Figure 3.11. (a) Sr (ppm) vs 87Sr/86Sr for all Newer Cones samples showing EC-RAxFC modelling using 
input parameters as in Table 3.3. (b) Enlarged section of (a) showing EC-RAxFC modelling results for
the Newer Plains (Price et al., 1997, 2014) using input parameters as in Table 3.3. The continuous and 
dashed lines represent assimilation and fractional crystallization of average upper and lower crust
(Taylor & McLennan, 1995), respectively.  
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assimilation of average upper continental crust using the most primitive composition among these 

basalts (Figure 3.11b). Whereas the majority of the Newer Plains Sr isotope composition is suggestive 

of crustal assimilation, as they show high Sr initial ratios, most of the Older Volcanics, Euroa 

Volcanics and the majority of the Newer Cones appear to be uncontaminated, as mentioned above. 

Their initial Sr, Nd and Pb isotope ratios are likely reflecting mantle source characteristics. Whereas 

a slightly low Nb/U ratio for VIC06 is suggestive of significant crustal contamination, depletion in U 

for VIC14 is indicative of potential fluid interaction and thus alteration; these samples are therefore 

omitted from the following discussion.  

 

3.7.3. Mantle source compositions 
3.7.3.1. Identifying potential mantle end-members 
Even though agreement exists over the involvement of partial melting and open (assimilation) and 

closed (fractional crystallization) processes contributing to the geochemical characteristics of the 

basalts of the Older Volcanics, Euroa Volcanics and Newer Plains and Newer Cones, the possible 

contribution of the lithosphere and asthenosphere in terms of mantle sources remains contentious. 

Whereas some authors favour partial melting of asthenosphere, either of homogenous composition 

(Paul et al., 2005) or changing over time (Zhang et al., 1999), others argue for melting of the 

lithospheric mantle and entrainment of this melt into the convecting asthenosphere (Price et al., 1997, 

2014).   

 

The south eastern Australian lithospheric mantle has been extensively sampled with spinel lherzolites 

and garnet pyroxenites, which have undergone up to three metasomatic events, being represented in 

xenolith suites of many of the Newer Cones (Griffin et al., 1988; McDonough and McCulloch, 1987; 

O’Reilly and Griffin, 1988; Powell et al., 2004; Stolz and Davies, 1988; Yaxley et al., 1991). On a 

(87Sr/86Sr)i versus (143Nd/144Nd)i isotope diagram (Figure 3.8a) the Newer Cones and the Euroa 

Volcanics overlap with isotope compositions of south east Australian spinel lherzolites or garnet 

pyroxenites. Some samples of the Older Volcanics have less radiogenic (87Sr/86Sr)i compositions 

trending toward Indian MORB compositions (Figure 3.8a). This suggests that a mantle source such 

as Indian MORB asthenosphere can be considered as one of the end-members for these rocks, which 

is in agreement with our trace element modelling (Figure 3.9). 
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Figure 3.12. (207Pb/204Pb)i vs (143Nd/144Nd)i for samples interpreted to represent magmas unaffected by
crustal assimilation showing: (a) calculated mixing line (Vollmer, 1976) between Indian MORB-source 
mantle and melts derived by 1% (blue continuous line) and 5% (blue dashed line) partial melting of Group
3 xenoliths; (b) calculated mixing line between Indian MORB-source mantle and the most primitive sample 
(Mg-number = 67) of the Older Volcanics (green continuous line); (c) calculated mixing line between
Group 0 and Group 2 xenoliths. It should be noted that the Euroa Volcanics plot in two groups. The Seven
Creek West samples (Paul et al., 2005) are indicated.  
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As far as we are aware, only Stolz and Davies (1988) have presented Pb isotope data on the xenoliths 

of the NVP and these have heterogeneous compositions, which are representative of the upper mantle 

beneath the region. These authors have subdivided spinel lherzolites from Mount Gnotuk and Lake 

Bullenmerri into four different suites based on their trace element and isotope compositions: Group 

0: depleted, anhydrous xenoliths with Pb isotope composition similar to the isotopically distinct 

Indian MORB (Rehkamper and Hofmann, 1997); Group 1: enriched, anhydrous xenoliths probably 

metasomatised by CO2-rich fluids with Pb isotope composition trending towards EMII; Group 2: 

hydrous xenoliths probably metasomatised by interaction between alkaline magmas and the depleted 

anhydrous xenoliths with Pb isotope composition similar to Group 3, but having lower Sr isotope and 

higher Nd isotope compositions respectively, and Group 3: hydrous xenoliths metasomatised  later 

by fluids originating from deeper levels in the mantle with Pb isotope composition similar to Group 

2, but having higher Sr isotope and lower Nd isotope compositions (Stolz and Davies, 1988). The 

metasomatic agent for this last group is suspected to be calci-carbonate fluid (Stolz and Davies, 1988), 

and Sr-Nd isotope compositions of this group overlap with those of Group B of Powell et al (2004) 

which is interpreted as having undergone carbonatite metasomatism. Price et al (2014) also indicated 

the potential for 1% calci-carbonate fluid to have been added to depleted mantle to generate the range 

of Older Volcanics with distinctive negative K anomalies.  

 

The difference between the three basalt groups is expressed in a (207Pb/204Pb)i versus (143Nd/144Nd)i 

diagram, where there is a clear distinction between the trends of the Newer Cones, Euroa Volcanics 

and Older Volcanics (Figure 3.12a). As a consequence, we propose that the isotopic compositions of 

the Older Volcanics and part of the Euroa Volcanics can be explained by binary mixing between a 

mantle source similar to the depleted asthenosphere source of the Indian MORBs and a 

metasomatised lithospheric mantle represented by Group 3 xenoliths. In contrast, the isotopic 

signature of the Newer Cones is more consistent with binary mixing between mantle sources similar 

to the Group 0 and Group 2 xenoliths. We modelled this mixing using the equation of Vollmer (1976). 

Figure 3.12a (blue lines) shows that the range of Older Volcanics isotope compositions can be 

generated by mixing of Indian MORB type melts (143Nd/144Nd = 0.51303, 207Pb/204Pb = 15.486 

(taking average compositions for Indian MORB reported in Stracke et al., 2003), [Nd] = 9 ppm and 

[Pb] = 0.6 ppm (Sun and McDonough, 1989)) and small degree partial melt derived from the Group 

3 xenoliths (143Nd/144Nd = 0.512523, 207Pb/204Pb = 15.6424 (Stolz and Davies, 1988)). Trace element 

concentrations used for mixing modelling of the Group 3 xenoliths were [Nd] = 167.78 ppm and [Pb] 

= 13.68 ppm and Nd = 85.24 ppm and Pb = 3.17 ppm as derived from calculations on 1% and 5% 
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batch melting of the most primitive Group 3 xenolith (MgO = 41.02 wt%, [Ni] = 2072 ppm, [Cr] = 

5967 ppm) respectively (Stolz and Davies, 1988). It is shown that Older Volcanics with low 
143Nd/144Nd isotope ratio for a given 207Pb/204Pb isotope ratio can be derived from a source resulting 

from Indian MORB to which 5 to 10% of only small amounts of Group 3 melts are added (1% partial 

melting from the original peridotite), whereas the Older Volcanics with slightly higher 143Nd/144Nd 

isotope ratio for a given 207Pb/204Pb isotope ratio are more likely derived from a source resulting from 

mixing of Indian MORB and up to 40% Group 3 melts (5% partial melting).  

 

Stolz and Davies (1988) Group 0 depleted, anhydrous xenoliths have Pb isotope compositions similar 

to Indian MORB, but have slightly higher and lower Sr and Nd isotope compositions respectively. 

We propose that subsequent interaction of Indian MORB melts with the alkaline melts that generated 

the Older Volcanics could have generated Group 0 xenoliths. Mixing between the most primitive of 

the Older Volcanics [(143Nd/144Nd)i = 0.5127, (207Pb/204Pb)i = 15.599, Mg-number = 69 (Price et al., 

2014)] and Indian MORB with composition as above shows that adding approximately 10% alkaline 

melt to Indian MORB lowers the Nd isotope composition towards that of the Group 0 xenoliths 

(Figure 3.12b – green line).  

 

The Newer Cones, however, show contrasting behaviour having a very narrow range in Nd isotope 

compositions for a given (207Pb/204Pb)i and forming a trend between Group 0 and Group 2 xenoliths. 

Mixing between Group 0 (143Nd/144Nd = 0.51285, 207Pb/204Pb = 15.507, [Nd] = 1.36 ppm and [Pb] = 

0.019 ppm) and Group 2 (143Nd/144Nd = 0.512841, 207Pb/204Pb = 15.619, [Nd] = 4.86 ppm and [Pb] = 

0.059 ppm (Stolz and Davies, 1988) shows that VIC17 can be generated by only 10% addition of 

Group 2 into the depleted anhydrous mantle, whereas VIC03 can be generated by  higher degrees of 

mixing (~80 % of Group 2; Figure 3.12c). There is no direct evidence that carbonatite metasomatised 

xenoliths (Group 3) have had much influence in the generation of the Newer Cones basalts. 

 

The Euroa Volcanics are divided into two groups, where the majority approximately follows the trend 

of the Older Volcanics (Figure 3.12a), whereas the data for samples of Seven Creeks West (Paul et 

al., 2005) overlap with our data on the Newer Cones (Figure 3.12c). It would be interesting to measure 

the age of the samples from the Seven Creeks as an old age would imply that they originated from 

the same process as the Older Volcanics, as described above, whereas ages similar to the Newer 

Cones would indicate that they derived from mixing between Group 0 and Group 2 lithospheric 

mantles. 



K.F. Oostingh  Chapter 3 – Geochemical Evolution NVP 

64 
 

In summary, whereas the 95 – 19 Ma Older Volcanics as well as part of the Euroa Volcanics have 

compositions indicating basalt generation from a source with isotope characteristics similar to that of 

a mixture between Indian MORB and small degrees of partial melt derived from Group 3 (carbonatite 

metasomatised) xenoliths, the (< 1 Ma) Newer Plains and perhaps the remainder of the Euroa 

Volcanics show basalt generation that can be explained entirely by melting of a distinctively different 

suite of source materials comprising modified Indian MORB (Group 0) and alkaline-melt 

metasomatised xenoliths (Group 2). Our model compares well, and is an extension of the model by 

Price et al (2014) who suggested mixing of 1 % calci-carbonate fluid to the depleted mantle to 

generate the geochemical signature of the Older Volcanics. 

3.7.4. Geodynamics 
Recent teleseismic tomography (Davies and Rawlinson, 2014), using variations in P-wave speed, 

revealed the presence of a low-velocity anomaly in the upper mantle which spatially corresponds to 

the surface extent of the NVP. Such an anomaly is indicative of the presence of elevated temperatures 

(mantle plume) and/or a region of partial melt in the upper mantle (Davies and Rawlinson, 2014), the 

latter hypothesis being preferred due to the limited topographic response in the region (Demidjuk et 

al., 2007). The U/Th disequilibria showing a 230Th excess of 12-57 % (Demidjuk et al., 2007) are 

suggestive of dynamic melting in the upwelling upper asthenosphere rather than static batch melting 

within the lithosphere, an interpretation that is supported by magnetotelluric sounding that provides 

evidence for decompression melting in the upper asthenosphere (Aivazpourporgou et al., 2015). It is 

thought that this upwelling is triggered by 3D thickness variations of the lithosphere, creating edge 

driven convection (King and Anderson, 1998). Rapid plate movement from 40 Ma onward after the 

separation of Antarctica and Australia (Veevers, 1986) resulted in a fast, northward plate movement 

of 6.5 cm/year (Sella et al., 2002). As this plate movement is perpendicular to a step in lithospheric 

thickness (Demidjuk et al., 2007) and plate movement is > 1 cm/year; edge driven convection with 

shear resulting in shear driven upwelling is postulated to be the geodynamic cause of NVP 

magmatism (Conrad et al., 2011). Convection cell sizes on the order or 150 – 200 km are observed  

during edge driven convection with shear driven upwelling (King and Anderson, 1998), which is 

comparable to the spatial extent of volcanism in south east Australia. Recent edge driven convection 

modelling for the Moroccan Cainozoic volcanic province (Kaislaniemi and Van Hunen, 2014) shows 

that upwelling mantle; 1) facilitates decompression melting removing the hydrous mantle 

components; and 2) erodes the bottom of the mantle entraining the residual depleted lithosphere. 

Furthermore, this study found that edge driven convection with shear produces convection rolls with 

axes perpendicular to lithosphere thickness steps. The complex lithosphere configuration beneath 
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Victoria, with a stacked alternation of continental (Delamerian) and continental/oceanic (Lachlan) 

crust as well as a locally constrained continental section of the Selwyn block within the Lachlan fold 

Figure 3.13. (a) Interpreted temporal geodynamic evolution of the mantle below SE Australia (after 
Kaislaniemi & Van Hunen, 2014). Thickness to the base of the lithosphere after Davies & Rawlinson (2014). 
(b) Enlarged section. Decompression melting at the base of the lithosphere results in preferential melting of 
metasomatized veins and mixing of the resultant enriched partial melts with Indian MORB-source mantle 
(MORB-A) thereby generating the magmas parental to the Older Volcanics. (c) Mixing of MORB-A with the 
alkaline melts represented by the Older Volcanics results in a slightly modified Indian MORB-source mantle 
(MORB-B). (d) Prolonged periods of melting will deplete the SCLM of calcio-carbonatite metasomatized 
veins. (e) Continued edge-driven convection with shear causes thermal erosion of the base of the lithosphere, 
incorporating depleted SCLM within MORB-B. The resultant melts have the potential to incorporate 
enriched vein material from the SCLM en route to the surface 
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belt, potentially generates a complex 3D configuration of convection rolls, capable of variably 

focusing the loci of upwelling and associated magmatism in the region. 

 

Figure 3.13a shows a schematic representation of our interpretation of the processes leading to the 

genesis of the Older Volcanics, Euroa Volcanics, Newer Plains and Newer Cones magmatism. Using 

the different xenolith groups as proxies for larger scale mantle structures [Group 0 = modified Indian 

MORB (“MORB – B”); Group 2 = depleted SCLM and Group 1/ Group 3 = veined SCLM] we can 

deduce the spatial and temporal variations of the mantle beneath south east Australia. We suggest that 

at the time of earliest basalt generation (Figure 3.13b), the mantle beneath Victoria consisted of an 

Indian MORB-type asthenosphere (MORB-A) and a veined, Group 3-type SCLM (O’Reilly and 

Griffin, 1988). Such veins can have solidus temperatures up to 200°C lower than their surrounding 

wall rock (Foden et al., 2002) and will melt first during decompression melting at the base of the 

SCLM. Mixing of these veins with upwelling Indian MORB potentially resulted in the distinct 

(Sm/Yb)C1, (Eu/Yb)C1 and Pb and Nd isotope signatures of the Older Volcanics and part of the Euroa 

Volcanics. Prolonged periods of decompression melting could have caused minor modification of the 

Indian MORB-type asthenosphere (MORB-B) due to mixing of alkaline melts with this source as 

evidenced by the Group 0 xenolith composition (Stolz and Davies, 1988; Figure 3.12b, Figure 3.13c). 

Furthermore, ongoing vein melting in the region of decompression melting would have purged the 

SCLM of enriched Group 3 veins, leaving a more depleted residual SCLM (Figure 3.13d). 

As upwelling and shear persisted (Figure 3.13e), thermal erosion of the depleted residual SCLM 

potentially resulted in lithosphere delamination and mixing of this depleted SCLM with modified 

Indian MORB-type asthenosphere; which in turn was the source of the basalts of the Newer Plains 

and Newer Cones. High rates of partial melting following lithosphere delamination could have 

resulted in the volumetrically dominant, tholeiitic Newer Plains. As the magmas represented by these 

rocks are relatively depleted in incompatible elements compared to the Newer Cones, assimilation 

and crustal contamination would have affected isotope and trace element compositions of the Newer 

Plains more than the compositions of the Newer Cones. Both of these slightly deeper melts might 

have taken up shallow enriched metasomatised xenoliths of all groups that were unaffected by the 

decompression melting en route to the surface, as suggested by the presence of abundant and 

compositionally variable mantle xenoliths within the Newer Cones. Such a model is in agreement 

with recent geophysical observations in the province as well as with the wide range of pressures 

calculated for both Older Volcanics and Newer Cones basalt generation (1.5 - 4.5 GPa; Price et al., 

2014). 
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3.8. Conclusion 
New major and trace element as well as Sr, Nd and Pb isotope data on the youngest expression of 

Cretaceous to Cainozoic volcanism in south east Australia, suggests spatial and long-term temporal 

geochemical and geodynamic variations within the mantle below. We find that basalts of the < 1 Ma 

Newer Cones were generated by approximately 5 to 10% partial melting of a garnet-spinel mantle 

source; the composition of which can be represented by mixing of depleted, anhydrous, Indian MORB 

type spinel lherzolite and enriched, hydrous spinel lherzolite metasomatised by alkaline melts. The 

resulting melts evolved by fractional crystallisation. According to our modelling, up to 20% of 

crystallisation is required to reach the composition of our samples. EC-RAxFC modelling shows that 

the Newer Cones magmas were not affected by crustal assimilation processes. Conversely, enriched 

trace element and isotope signatures of < 4.6 Ma Newer Plains can be modelled by up to 5% 

assimilation of standard upper crust. The ~ 7 Ma Euroa Volcanics represent basaltic magmas 

generated by smaller degrees of both partial melting (10%) and fractional crystallization (15%). Their 

Pb and Nd isotopes suggest a variable source which we interpret to reflect a progressive temporal 

change from the source of the Older Volcanics to the source of the Newer Cones. The 95 – 19 Ma old 

Older Volcanics have trace element and Sr-Nd-Pb isotope signatures that are very distinct from those 

of the other series and their source can be modelled by adding approximately 10% of melts derived 

from small degrees of partial melting of carbonatite metasomatised vein material to a composition 

similar to that of Indian MORB. We suggest that the temporal variation in the mantle source can be 

explained by the geodynamical model of edge driven convection with shear. The primary magmas of 

the Older Volcanics were formed by decompression melting that favoured the partial melting of 

hydrous carbonatite metasomatised veins. Subsequent thermal erosion and entrainment of the 

depleted SCLM in the locally slightly enriched upper asthenosphere resulted in the eruption of the 

Euroa Volcanics, Newer Plains and Newer Cones. 
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Chapter 4 40Ar/39Ar geochronology reveals rapid change from plume-
assisted to stress-dependent volcanism in the Newer Volcanic Province, 

SE Australia2 
 

 

4.1. Abstract 
Here, we present 40Ar/39Ar ages of volcanic features in the Cenozoic intraplate Newer Volcanic 

Province in southeast Australia. The < 5 Ma volcanic products in the Newer Volcanic Province can 

be subdivided into tholeiitic, valley-filling Newer Plains basalts and alkaline scoria cones, lava shields 

and maars of the Newer Cones series. Plateau ages range from 3.76 ± 0.01 Ma to 4.32 ± 0.03 Ma (2σ; 

all sources of uncertainties included) for the Newer Plains series, with production rates of volcanism 

decreasing post 4 Ma. We suggest that magmatism is related to the complex interplay of magma 

upwelling due to edge driven convection and the Cosgrove track mantle plume located in the northeast 

of the province at 6.5 – 5 Ma. Plateau ages range from to 1290 ± 20 ka to 41.1 ± 2.2 ka (2σ) for the 

Newer Cones series, with a diffuse age progression in the onset of volcanism for these features from 

east to west. Analyses of the distribution and geomorphology of these volcanic features indicates a 

strong control of basement faults on volcanism, reflected in alignment of volcanic features along 

Palaeozoic north – south oriented basement faults in the east and Cretaceous northwest – southeast 

oriented extensional features in the west. This age progression can be explained by a westerly 

migration of stress derived from the left-lateral strike-slip Tasman Fracture Zone. This suggests that 

the general mechanism of volcanism changed from upwelling due to plume-assisted edge driven 

convection prior to ~ 4 Ma to stress-dependent upwelling at around 1.3 Ma.   

                                                      
2 . This Chapter was accepted as a paper in Geochemistry, Geophysics and Geosystems on the 17th of February 
2017. Oostingh, K. F., Jourdan, F., Matchan, E. L. & Phillips, D. (2017). 40 Ar/ 39 Ar geochronology reveals 
rapid change from plume-assisted to stress-dependent volcanism in the Newer Volcanic Province, SE 
Australia. Geochemistry, Geophysics, Geosystems 18, 1065–1089. 
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4.2. Introduction 
The Newer Volcanic Province (NVP; Price et al., 2003) is a relatively small, intraplate volcanic 

province which covers an area of around 19 000 km2 (Boyce, 2013) with basaltic rocks in the densely 

populated area west of Melbourne in south eastern Australia (141° E - 145° E and 37° S – 38.5° S; 

Figure 4.1a). It is sub-divided into three zones; the Central Highlands sub-province, the Western 

Plains sub-province and the Mt. Gambier region in South Australia (Figure 4.1a). There are two 

geomorphological and geochemical distinct types of Cenozoic volcanism in the area: older (> 1 Ma; 

Gray and McDougall, 2009) valley filling Newer Plains basalts, as well as the younger Newer Cones 

series, comprising maars, scoria cones, lava shields and their associated flows. 

The NVP is considered dormant on the basis of δ13C value of CO2
 gas found in mineral waters in the 

area (Cartwright et al., 2002), with the last volcano, Mt Schank in the Gambier region (Figure 4.1a), 

erupting ~ 5 ka ago; based on thermoluminescence dating of quartz from a beach deposit overlain by 

Figure 4.1 Map of the Newer Volcanic Province and sample locations. (a) Approximate extent of the Newer
Volcanic Province, indicating sub-provinces Central Highlands, Western Plains and Mt Gambier. Also
indicated are major structural elements (red lines): T = Tartwaup fault, H = Hummocks fault, Y =
Yarramyljup fault, E = Escondida fault, M = Moyston fault, A = Avoca fault, MW = Mount Williams fault,
C = Colac lineament. (b) Enlarged section of (a) showing the approximate outcrop of Newer Plains in light
grey and some relevant Newer Cone flows in dark grey. Indicated are sample locations (exact coordinates
can be found in Table 1 and Table 2) and the resulting 40Ar/39Ar ages (± 2σ). 
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the Mt Schank lava flow (Smith and Prescott, 1987). Therefore, it is of paramount importance to have 

reliable age data available to better understand the distribution and timeframe of volcanism in the 

NVP. Furthermore, age data can provide a geochronological framework for regional climate 

reconstructions based on lake (e.g. Mooney, 1997; Harle et al., 2002; Wilkins et al., 2013) and swamp 

(Crowley and Kershaw, 1994) sediments that formed as a result of disrupted drainage pathways by 

basalt flows. Accurate ages can also be used to constrain the geodynamic origin of the province, 

which is still a matter of debate (Demidjuk et al. 2007; Davies & Rawlinson 2014; Price et al. 2014; 

Oostingh et al. 2016), and to test if any spatio-temporal migration of the main loci of volcanism 

occurred within the NVP.  

Currently, the majority of available geochronological data in the NVP were either derived by K – Ar 

dating (N = 147; e.g. Aziz-ur-Rahman and McDougall, 1972; Gray and McDougall, 2009; McDougall 

et al., 1966; Singleton et al., 1976) and a few cosmogenic exposure (21Ne and 36Cl; n = 6; Stone et 

al., 1997; Gillen et al., 2010) and 40Ar/39Ar ages (n = 9; Hare et al., 2005a; Matchan and Phillips, 

2014, 2011; Matchan et al., 2016; see for a review on available geochronology Vasconcelos et al., 

2008). K – Ar dating suggests continuous volcanism throughout the NVP from ca. 4.6 Ma to present. 

These data suggest that three volumetric dominant stages can be resolved: 4.6 – 3.0 Ma, dominated 

by tholeiitic eruptions; 3.0 – 1.8 Ma, ranging from transitional hawaiites to basaltic icelandites and 

1.8 Ma - present, with volcanism becoming more alkalic (Price et al., 1997, 2003). Whereas 

cosmogenic exposure dating provides minimum ages only due to potential erosion and shielding 

(Gosse & Phillips, 2001), K-Ar dating will only provide reliable eruption ages if the samples are 

completely unaltered; sample splits for K and Ar analysis are homogenous; and if the initial trapped 
40Ar/36Ar ratio is within the range of the air value [298.56 ± 0.31; as measured by Lee et. al. (2006) 

and independently confirmed by Mark et al. (2011)]. As we will demonstrate in this study, both 

assumptions are often erroneous for the NVP basalts, questioning the reliability of the existing age 

data. 

40Ar/39Ar geochronology is currently widely accepted as an accurate dating technique for a wide 

variety of geological samples (McDougall and Harrison, 1999). New generation mass spectrometers 

such as the multi-collector ARGUS VI equipped with five ultra-sensitive Faraday collectors and one 

ion-counting compact discrete dynode (CDD) have shown to increase accuracy and precision of 

analyses of young basalt; due to improved knowledge of the trapped 40Ar/36Ar ratio, while decreasing 

required sample quantity and the time of sample preparation and analysis (Matchan et al., 2016; 

Matchan and Phillips, 2014). In this work, we will present 19 new 40Ar/39Ar ages from 16 individual 
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eruptive centres and associated flows of the Newer Cones series, as well as 4 new ages from the 

Newer Plains basalts found in the Western Plains sub-province of the NVP. Furthermore, we evaluate 

the distribution and spatial characteristics of eruptive centres in the NVP to assess potential 

relationships between location, geochemistry and eruption age. 

4.3. Geological setting and sample description 
The onset of predominantly basaltic volcanism in southeast Australia is associated with rifting due to 

break-up of Australia and Antarctica from Gondwana in the Late Jurassic, and occurred intermittently 

from 190 Ma onwards with the youngest expression of volcanism in the NVP representing a 

volumetric peak ranging from ca. 4.6 Ma to ca. 5 ka (Blackburn et al. 1982; Price et al. 2003). The 

geodynamic model of edge driven convection (King and Anderson, 1998) accompanied by shear 

driven upwelling (Conrad et al., 2010) due to fast northward plate motions of the Australian plate 

(Sella et al., 2002; 6 cm/year) and complex 3D lithospheric thickness variations (Fishwick et al. 2008; 

Davies & Rawlinson, 2014; Rawlinson, Kennett, et al. 2015) has been proposed to explain the 

occurrence of volcanism in southeast Australia (Demidjuk et al. 2007; Price et al. 2014; Oostingh et 

al. 2016). 

Volcanic products are underlain by a complex Palaeozoic basement consisting of a series of eastward 

younging stacked fold belts of deformed and metamorphosed rocks of the Delamerian orogeny 

(Cambrian to Ordovician) and Lachlan orogeny (Late Ordovician to Carboniferous) as well as rift-

related late Mesozoic – Cenozoic sedimentary basins (Gray et al., 2003). A major lithospheric 

structure in the region is the north – south trending Moyston Fault Zone, which forms the boundary 

between the early-Palaeozoic Delamerian orogeny in the east and the Lachlan orogeny in the west 

(Figure 4.1a; Graeber et al., 2002). Other major structures are the roughly north – south trending fault 

zones bordering the major structural divisions within the Delamerian and Lachlan fold belts: the 

Hummocks and Yarramyljup faults within the Delamerian orogeny, the Avoca fault between the 

Stawell and Bendigo Zones and the Mt. William fault between the Bendigo and Melbourne Zones 

(Figure 4.1a - see Figure 4.7 for main structural zones; Gray et al., 2003). Sediments of the east – 

west trending Otway basin underlie the NVP basalts in the South, in which Late Cretaceous extension 

resulted in west north west – east south east trending structures such as the Tartwaup fault system 

(Lesti et al., 2008). The east – west striking Colac lineament marks the southern extent of the NVP 

volcanics (Figure 4.1a). The area is currently in a slight compressional stress regime (SHmax oriented 

N150°) which followed a period of inversion tectonics during the Pliocene and Quaternary 

(Dickinson et al. 2002; Sandiford 2003; Sandiford et al. 2004). 
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Previous dating efforts (McDougall et al. 1966; Aziz-ur-Rahman & McDougall 1972; Gray & 

McDougall, 2009) concentrated on the valley-filling Newer Plains basalts, as < 1 Ma low-K tholeiitic 

rocks were typically difficult to date with the previous generations of instruments. We sampled 9 

Newer Plains basalts (Figure 4.1 and Figure 4.2) for 40Ar/39Ar dating. VIC12 was sampled from a 

supposedly older flow at Wannon Falls, whereas VIC13 represents a tholeiitic bomb of underlying 

Newer Plains within the scoria cone of Mt Pierrepoint (Figure 4.1b). VIC14 was sampled from a 

quarry excavating basalt located stratigraphically below the young flows of Mt Napier (Figure 4.1b). 

We have sampled fresh mafic rocks from well Kororoit 16 (see Figure 4.1a for location) at two 

different depth intervals: 60 m (VIC38) and 30 m (VIC39) as well as from PRC-6 (Yalimba 20002; 

see Figure 4.1a for location) at four different depth intervals: 112 m (VIC46); 97 m (VIC47), 86 m 

(VIC48) and 39 m (VIC49) to determine the eruption rates of the Newer Plains basalts (Figure 4.2). 

We focused the remainder of our sampling efforts on the stratigraphically younger scoria cones and 

lava shield volcanoes as well as associated lava flows (Newer Cones series) and a single maar (VIC82; 

Terang maar). We sampled a wide range of volcanic features in the volumetrically dominant Western 

Figure 4.2. Stratigraphic logs of bores PRC-006 and Kororoit-16, indicating the depth of samples and their
associated 40Ar/39Ar age (2σ errors). These ages were used to calculate production rates (thick red lines;
m/Ma) and associated 2σ errors (grey outlines) using IsoPlot (Ludwig, 2012). The production rate of VIC46
and VIC47 is apparent only due to poor correlation in Isoplot between two closely located points. 
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Plains sub-province, aiming for a wide longitudinal range in sample locations. A total of 29 samples 

were collected from 16 individual cones and their flows (Figure 4.1a and b; Table 4.1 and Table 4.2). 

In all cases it was possible to sample fresh rock from either recently exposed outcrops in quarries and 

road cuts, or from at least 0.5 m depth to avoid both the effects of cosmogenic exposure and 

production of 38Arc
 as well as alteration on flow surfaces. Samples VIC06, VIC26, VIC27 and VIC28 

were taken at the same location - but deeper levels - of the Gillen et al (2010) and Stone et al (1997) 

cosmogenic exposure dating sites. Most rocks are represented by dark grey, cryptocrystalline basalt 

with slight to moderate vesicularity, often directional in the case of flows. Thin section analysis shows 

that samples are generally unaltered (Figure 4.3), having glassy to fine grained groundmass 

containing plagioclase laths and Fe-Ti oxides. The Newer Cones are characterized by the presence of 

unaltered plagioclase, olivine and clino-pyroxene phenocrysts, whereas a few of the older Newer 

Plains samples show minor alteration indicated by slight iddingsitisation of olivine as well as 

occasional zeolite infill of vesicles. 

4.4. Methods 
4.4.1. 40Ar/39Ar geochronology 
4.4.1.1. Sample preparation and irradiation 
All samples were crushed to cm-scale using a hydraulic press, after which fresh separates were further 

crushed to several hundred μm in size in a Tungsten - Carbide ring mill. The resulting crushate was 

sieved to yield the fraction of interest (355 - 500 μm) and washed multiple times with DI in a sonic 

bath. Approximately 200 - 500 mg of groundmass grains was handpicked for each sample using a 

binocular stereomicroscope; which is a quantity that allows for replicate analysis following 

irradiation. Glassy scoria was handpicked for sample VIC22B. Separates were leached with methanol 

and diluted HF (2N) for 5 minutes, followed by duplicate DI washes to remove any silicate phases, 

and loaded into aluminium discs wrapped in aluminium foil. These discs were stacked together and 

placed in quartz tubes along with the fully inter-calibrated flux monitor Fish Canyon Tuff sanidine 

for which an age of 28.294 ± 0.036 Ma is adopted (Renne et al., 2011). Samples were irradiated for 

20 minutes at the Cadmium-Lined In-Core Irradiation Tube (Cd shielded to minimize undesirable 

nuclear interference reactions) at the Oregon State TRIGA reactor, USA. 

4.4.1.2. Gas extraction and analysis 
40Ar/39Ar step-heating analyses were performed with the ultra-high precision new generation multi-

collector mass spectrometer ARGUSVI from Thermofisher© (Phillips and Matchan, 2013) at the 
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West Australian Argon Isotope Facility, Curtin University, Perth. Approximately 100 – 150 mg of 

five irradiated groundmass separates was placed as a single layer in a custom-made high-grade 

aluminium sample disk and loaded into the sample chamber connected to a custom-built, extra low 

volume (240 cc), stainless steel gas extraction line coupled to the low volume (600 cc) ARGUSVI 

mass spectrometer. The ARGUSVI contains 5 Faraday detectors and a CDD (compact discrete 

dynode) ion counting electron multiplier, which allows for simultaneous analysis of all 5 Argon 

isotopes (Matchan and Phillips, 2014). The sample and extraction line were baked at 120° C for at 

least 12 h to reach acceptable ultra-high vacuum (UHV) background levels. Each sample was step-

heated with a 100 W Photon Machines Fusions 10.6 CO2 laser using a homogenized 4 mm beam 

between 3 – 40 % laser power (max. power of 55 W), whereas standards were fused in a single step. 

The beam was jogged over the sample for approximately one minute to homogenise the temperature 

gradient between grains. 

Figure 4.3. (a) Plane polarized and (b) cross polarized image of VIC18 (Newer Cones basalt). (c) Plane
polarized and (d) cross polarized image of VIC48 (Newer Plains basalt).  
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Resulting gases were purified using a polycold electrical cryocooler, a liquid nitrogen condensation 

trap, a SAES GP50 getter operating at 450°C, a AP10 SAES getter operating at 450°C and a AP10 

SAES getter operating at room temperature. The purified gases were analysed in static mode on the 

ARGUSVI mass spectrometer. Measurements were performed in multi-collector mode with 37Ar, 
38Ar, 39Ar and 40Ar analysed on four Faraday detectors and 36Ar analysed on the CDD. The relative 

abundance of each mass was simultaneously measured during 10 cycles of 33 seconds integration 

time for each mass. These Faraday detectors incorporate high gain amplifier circuits that allow for 

gains of 1012 Ω resistors on mass 40, 38 and 37, and 1013 Ω on mass 39, as well as a high dynamic 

range due to an improved measurement range of 50,000 fA. The CDD has an ion counting efficiency 

of > 95% relative to the Faraday cup set to mass 40, with inherent noise levels lower than 10 counts 

per minute (cpm). Half of the experiments were run with 1012 Ω resistors for all masses, whereas the 

other half was run with a 1013 Ω resistor for mass 39. Faraday detectors are routinely calibrated each 

day to correct for slight offsets in the peak for each isotopic mass either by exposure to a standard 

electrical current (in case of 1012 Ω resistors for all masses), or with a 2900 fA air shot (in case of 

1013 Ω resistor for mass 39), whereas the CDD is calibrated each day for its actual yield by running a 

series of four air aliquots. 

Argon isotope results are corrected for system blanks, mass discrimination, radioactive decay and 

reactor-induced interference reactions. System blanks were measured every fourth sample. Mass 

discrimination was closely monitored via an automated air pipette system before and after each step-

heating experiment assuming an atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 2006; Mark 

et al., 2011). The J-value for all specific levels was calculated by averaging the mean (40Ar*/39Ar) 

ratios from total fusion analysis of four aliquots of FC sanidine bracketing the sample. Mass 

discrimination and J-values ranged from 0.992121 ± 0.00019 to 0.996254 ± 0.00019 per Dalton 

(atomic mass unit) and 0.0000932 ± 0.0000002 (0.205%) to 0.0000972 ± 0.0000004 (0.375%) 

respectively. We used correction factors obtained from prolonged analysis of K-Ca-Cl glass/salts at 

the Oregon State TRIGA reactor: (39Ar/37Ar)Ca = (7.60 ± 0.09) x 10-4; (36Ar/37Ar)Ca = (2.70 ± 0.02) x 

10-4; (40Ar/39Ar)K = (7.30 ± 0.90) x 10-4; and (38Ar/39Ar)K = (1.24 ± 0.004) x 10-2  (Jourdan and Renne, 

2007). 

Data regression and age calculation was performed using the ArArCALC algorithm (Koppers, 2002). 

Plateau ages are defined as including > 70% of released 39Ar from at least 3 subsequent steps with 
40Ar/39Ar ratios within error of the 2σ confidence level and satisfying a probability of fit (P) based on 

the χ2 test distribution of at least 0.05 (see for a description Jourdan et al., 2009). Plateau ages were 
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calculated  using the optimisation model of Renne et al. (2010) and the standard ages (Fish Canyon 

sanidine: 28.294 ± 0.036 Ma) and decay constants of Renne et al. (2011) as well as the atmospheric 

argon composition of Lee et al. (2006) using the mean of all the plateau steps, each weighted by the 

inverse variance of their individual analytical error. Uncertainties were calculated using error 

propagation of uncertainties associated with the mean and plateau ages and J-value and are reported 

at the 2σ confidence level.  

All ages reported in the text correspond to plateau ages corrected for deviations from the atmospheric 
40Ar/36Ar ratio of Lee et al. (2006). Typically, plateau age calculations for young volcanic rocks 

involve correction of the 40Ar contribution from atmosphere using these authors’ 40Ar/36Ar value of 

298.56, assuming that the initial trapped ratio has an atmospheric composition. Multiple 

measurements of the NVP basalts showed that this assumption is not always valid, with ratios both 

above and below the atmospheric 40Ar/36Ar values, respectively indicating excess argon or air 

fractionation during cooling or potential isobaric interferences on mass 36. In addition, the standard 

plateau age calculation does not propagate the uncertainty of the measurement of this trapped ratio, 

thus likely underestimating the true age uncertainty. Therefore, the inverse isochron (40Ar/39Ar vs. 
40Ar/36Ar) age, which accounts for both the trapped ratio value and its uncertainty, provides a more 

accurate representation of the crystallization age of the rock. However, most publications on young 

volcanics, including each publication on the Newer Volcanic Province, only provide (model) plateau 

ages (Hare et al., 2005a; Matchan et al., 2016; Matchan and Phillips, 2011, 2014). In this study, in 

addition to providing inverse isochron ages, we use the 40Ar/36Ar value and its uncertainty as 

measured by the inverse isochron, to correct for the true value of the trapped ratio. Note that this 

approach tends to yield better χ² statistics due to larger errors on each step, but as only inverse 

isochron 40Ar/36Ar values derived from an isochron fit with probability of fit (p) > 5 % were taken 

for the correction, we avoided having plateau ages calculated from statistically insignificant inverse 

isochrons. In cases where the p-value of the inverse isochron was lower than 5%, no plateau age was 

calculated. The uncertainty of the trapped ratio value is then propagated in the final age uncertainty; 

which is therefore generally larger than the uncertainty derived from using the standard plateau age 

model, but smaller than the uncertainty derived from using the inverse isochron. In the text and 

discussion, we choose to report the corrected plateau ages, as this allows an easier comparison in 

terms of uncertainty with published ages, all calculated using the standard plateau approach, but is 

statistically more accurate considering the fact that most studies do not propagate the uncertainty of 

the trapped ratio in their calculation. In addition, the plateau representation allows ready assessment 



K.F. Oostingh  Chapter 4 – 40Ar/39Ar Geochronology NVP 

84 
 

of the amount of gas included in the age calculation. Both the inverse isochron and corrected-plateau 

ages are given in Table 4.1 and Figure 4.5 for the Newer Plains and Table 4.2 and Figure 4.6 for the 

Newer Cones. 

4.4.2. Spatial analyses of the Newer Cones 
4.4.2.1. Regional analysis 
We used the database of Boyce (2013) in which 416 individual volcanic centres are recorded with 

704 eruption points. These authors merged the database of Geoscience Victoria with existing 

databases (Singleton & Joyce, 1970; Rosengren, 1994) using both Google Earth and the Department 

of Primary Industries Seamless Geology ArcGIS layers to identify volcanic features. Contrasting to 

previously used databases for volcanic alignment analysis solely based on satellite imagery (e.g. Lesti 

et al., 2008), a large amount of the volcanic centres proposed by Boyce (2013) has been confirmed 

by ground truthing. For the regional scale density analysis, we used the projected XY coordinates of 

the 416 individual centres as to not over-represent volcanic centres with multiple eruption points.  

Population density analysis of the entire NVP was performed using the Euclidean nearest neighbour 

point pattern analysis incorporated in the spatial analyst tool pack of the ArcGIS - ArcMap 10.3.1 

software suite using a circular area around each point with radius of 25 km to visualize regional scale 

patterns and an output cell size corresponding to the approximate areal extent of volcanic features 

which are typically 1 to 12 km in diameter (Hare et al., 2005b). Four clusters (see sections 4.2 and 

5.4 and Figure 4.7) were visually identified. 

4.4.2.2. Cluster analysis 
We performed quantitative point pattern analysis of the four high volcanic density clusters visually 

identified using the Geological Image Analysis Software suite (GIAS; Beggan and Hamilton, 2010). 

This MATLAB operated script allows automated sample size dependent nearest neighbour (NN) 

point pattern analysis to quantify the degree of randomness between the points using parameters R 

and c (Beggan and Hamilton, 2010). Parameter R is calculated as the ratio between the actual mean 

NN distance (ra) and the expected mean NN distance (re). The expected mean NN distance re is 

dependent on the input population density, ρ0, given as the number of objects N divided over the area 

A of the feature field. The expected standard error of the Poisson distribution, σe is given as 

[0.26136/√(N * ρ0)]. Parameter c is calculated as (ra – re)/ σe (Clark and Evans, 1954). An ideal set of 

random Poisson distributed volcanic centres would have an R value of 1 and a c value of 0, whereas 

values of R < 1 or R > 1 would respectively indicate that volcanoes are more closely spaced or more 

randomly distributed than expected. 
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4.4.2.3. Alignment analysis 
To test the dependence on geological structure for the volcanic centres within clusters, information 

of the shape of each volcanic vent is as useful as information about its location (Paulsen and Wilson, 

2010). We used both visual (e.g. Lesti et al., 2008) as well as automated (e.g. Cebriá et. al., 2011) 

techniques to identify potential alignments between volcanic centres and assess the shape of 

individual volcanoes. For the visual interpretation of volcanic shapes, we printed satellite imagery of 

each centre on a large format to find shapes pointing towards underlying structures, such as elongated 

Figure 4.4. Examples of volcanic alignment and geomorphology interpretations. (a) Satellite image of Mt
Eccles and (b) interpreted alignment direction. (c) Satellite image of Lake Cartcarrong (maar) and (d)
interpreted elongation of the maar structure with preferred orientation. 
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cones, clefted crests and aligned eruption points (Figure 4.4; Paulsen and Wilson, 2010). Using a 

grading scheme (1 = direct observation of elongation/cleft from complete outcrop, 2 = direct 

observation of elongation/cleft from incomplete outcrop, 3 = elongation derived from topography, 4 

= elongation derived from surrounding structures) as well as a ratio larger than 1.2 for the elliptical 

maximum and minimum axis, we derived elongation information with associated azimuth direction 

on a number of volcanic centres within each cluster. GEOrient software (Holcombe, 2010) was used 

to plot azimuth directions of alignments, were we chose to only use azimuths derived from grade 1 

and grade 2 observations. 

A fully automated analysis of small scale alignments within each cluster can be achieved by using 

the MATLAB script developed by Le Corvec et. al. based on two-point azimuth point pattern analysis 

(Le Corvec et al., 2013a, 2013b). We investigated potential alignments between more than three 

eruption points, allowing a width tolerance of 100 – 200 m, as this is a typical surface expression of 

the scale of crustal faults at depth. Furthermore, we used an individual length tolerance for the 

maximum distance allowed between volcanic centres along a single alignment, based on the relation 

between density of the volcanic field (as derived from the GIAS analysis) and the minimum number 

of resulting artefacts which for which we used the relation: -2527 * ln(x) – 36895 (x: population 

density; Le Corvec et al., 2013). GEOrient software (Holcombe, 2010) was used to plot azimuth 

directions of alignments using bins of 10 degrees. 

4.5. Results 
4.5.1. 40Ar/39Ar geochronology  
4.5.1.1. Newer Plains basalts 
We were able to derive statistically significant ages for four of the nine Newer Plains samples (Figure 

4.1a, Figure 4.2 and Figure 4.5; Table 4.1) with plateau ages ranging from 3.82 ± 0.02 Ma (VIC49) 

to 4.32 ± 0.03 Ma (VIC38).  

The Newer Plains samples yielded 40Ar/36Ar trapped ratios ranging from 290.7 ± 1.5 to 313.5 ± 4.5, 

relative to the atmospheric ratio of 298.56 ± 0.31 (Lee et al., 2006). Samples VIC12, VIC14, VIC46 

and VIC47 only yielded a mini-plateau (50 – 70% cumulative 39Ar; Jourdan et al., 2007). Mini-

plateau ages are less robust than their plateau counter-parts and should be taken with caution. They 

might indicate the true crystallization age, but can also represent maximum or minimum age values, 
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arguably in most cases, not too far from the crystallization age. No age could be calculated for VIC13 Figure 4.5. Summary of Newer Plains step-heating analyses; apparent age plateau and inverse isochron
diagrams. Plateau ages (bold) are inverse isochron intercept (40Ar/36Ar) corrected. Mini-plateaus (50 - 70% 
cumulative 39Ar) are indicated in italics. All ages are reported with 2σ uncertainty. The material analysed was
groundmass for all samples.   
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as the probability of fit for the inverse isochron was lower than 5%. Figure 4.5 shows a summary of 

the apparent age spectra and inverse isochron diagrams for the Newer Plains basalts. Full step-heating 

analyses as well as all age and isochron spectra can be found in Appendix D and Appendix F 

respectively. 

 

Figure 4.5. Continued.  
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Figure 4.6. Summary of Newer Cones step-heating analyses; apparent age plateau and inverse isochron
diagrams. Plateau ages (bold) are inverse isochron intercept (40Ar/36Ar) corrected. Mini-plateaus (50 - 70% 
cumulative 39Ar) are indicated in italics. All ages are reported to a 2σ uncertainty. Groundmass was analysed
for all samples except VIC22B (glass). 
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Figure 4.6. Continued 
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Figure 4.6. Continued  
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Figure 4.6. Continued.  
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Figure 4.6. Continued.  
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Figure 4.6. Continued.  
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4.5.1.2. Newer Cones basalt 
Nineteen of the 32 Newer Cones samples yielded statistically significant plateau ages (Figure 4.6; 

Table 4.2), ranging from 41.1 ± 2.2 ka (VIC18A) to 1290 ± 20 ka (VIC92). Replicate analyses of 

samples VIC17, VIC18 and VIC22 allowed us to calculate mean weighted ages of 47.5 ± 2.6 ka, 41.2 

± 1.8 ka and 133 ± 33 ka respectively. These samples yielded 40Ar/36Ar trapped ratios ranging from 

288.9 ± 2.5 to 301 ± 8. Most samples are characterized by sub-atmospheric 40Ar/36Ar ratios (e.g. 

293.9 ± 0.6 for VIC19). Furthermore, some samples have a very low spreading factor along the 

inverse isochron diagram (Jourdan et al., 2009a) of only a few percent or less, for example; 0.6% for 

VIC91. Samples VIC28, VIC52, VIC57, VIC78 and VIC82 only yielded mini-plateaus between 50% 

and 70% cumulative 39Ar released. No inverse isochron corrected plateau age could be obtained for 

Mt Buninyong (BUNYG), VIC09, VIC19, VIC27, VIC32 and VIC33 due to the statistically poor fit 

of their inverse isochrons. No inverse isochron or plateau age could be derived for samples VIC21 

and VIC67. The two aliquots of sample VIC22 show indistinguishable ages of 128 ± 33 ka for sample 

VIC22A (groundmass) and 224 ± 149 ka for sample VIC22B (glass). A summary of the apparent age 

spectra and inverse isochron diagrams for the Newer Cones basalts can be found in Figure 4.6, 

whereas full step-heating analyses and all age and isochron spectra can be found in the Appendix E 

and Appendix G. 

4.5.2. Spatial analysis 
Regional scale point density analysis reveals the presence of four distinct clusters of higher density 

within the NVP region: the Mt Gambier, Western Plains West, Western Plains East and the Central 

Highlands clusters (Figure 4.7). GIAS analysis results indicate that eruption points within all four 

clusters show a non-random distribution with R values of 0.581 for the Gambier cluster, 0.512 for the 

Western Plains West cluster, 0.447 for the Western Plains East cluster and 0.710 for the Central 

Highlands cluster. 
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Visual interpretation of individual volcanic centres shows that for all clusters, volcanic features show 

elongation in a preferred azimuth direction (Figure 4.8a-d; Mt Gambier: 130°N - 140°N (n = 9), 

Western Plains West: 140° – 150° (n = 20), Western Plains East: 10° – 30° (n = 31) and Central 

Highlands: 0° – 10° (n = 65). These azimuth directions are confirmed in two clusters by the results 

of the automated two-point azimuth analysis (Figure 4.8e-h: Western Plains West: 140° – 150° (n = 

6695) and the Western Plains East: 10° – 30° (n = 2371). The alignment azimuth found in Mt Gambier 

is oriented slightly more east – west at 110° – 130° (n = 1757), whereas the Central Highland cluster 

shows two preferential alignment directions at 80° – 90° and 140° – 150° (n = 1151). 

4.6. Discussion 
4.6.1. Comparison with existing K/Ar, 40Ar/39Ar and cosmogenic isotope ages 
4.6.1.1. Newer Plains basalts 
Extensive K-Ar geochronology on the Newer Plains basalts (Aziz-ur-Rahman and McDougall, 1972; 

Gray and McDougall, 2009; McDougall et al., 1966; Singleton et al., 1976) has suggested ongoing 

volcanism from 4.6 Ma to present, with peak volcanic activity from 3 – 1.8 Ma. Our nine samples 

show that all ages but one (~ 1.8 Ma) range from 3.8 to 4.3 Ma, which is significantly older than the 

age range reported for the volumetric peak of Newer Plains volcanism. This could be due to the fact 

that most K-Ar sampling has taken place on basalt flows close to the surface which are potentially 

Figure 4.7. Qualitative Euclidean distance nearest neighbour density map of the NVP, indicated are the four 
clusters resulting from this analysis; darker colours represent higher densities. Also indicated are major and 
minor crustal structures as well as structural zones. 
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altered; from boulders in pastures as well as shallow quarries, whereas most of our samples were 

derived from fresh, mostly unaltered drill core.  

Furthermore, the degassing characteristics of our samples are important for the interpretation of 

published K-Ar ages, as the K-Ar dating technique is not able to recognize (and correct for) non-

atmospheric 40Ar/36Ar ratios and alteration effects. Hence, the reliability of K-Ar ages proves to be 

questionable. Five out of 9 samples analysed show non-atmospheric 40Ar/36Ar ratios, plotting either 

above (313.5 ± 3.5: VIC48; 309.9 ± 4.9: VIC49) or below (293.8 ± 0.5: VIC13; 296.6 ± 1.1: VIC14; 

297.1 ± 0.6: VIC39) the given atmospheric ratio of 298.56 ± 0.31 (Lee et al., 2006). Whereas supra-

atmospheric values can be explained by the presence of excess 40Ar, sub-atmospheric values are more 

difficult to explain. For fresh, young volcanic rocks, this observation is best explained in terms of 

isotopic mass fractionation of argon of atmospheric composition during exchange with the magma 

before or during eruption (Jourdan et al., 2012; McDougall and Harrison, 1999; Renne et al., 2009). 

Low 40Ar/36Ar ratios can also be due to isobaric interferences during analysis on mass 36 for Cl-rich 

samples; however, this explanation is unlikely as 1) atmospheric 40Ar/36Ar ratios for other young 

basalts are routinely obtained in this laboratory using this specific instrumental setup; and 2) isobaric 

Figure 4.8. Rose diagrams of volcanic alignments; (a) – (d): rose diagrams of the four clusters as derived 
from visual interpretation of volcanic centres. (e) – (f): rose diagrams of the four clusters as derived from 
automated two-point azimuth analysis (Le Corvec et al., 2013b). 
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interferences are not expected to be consistent throughout the samples due to natural zoning of Cl and 

associated multiple isotopic reservoirs in a rock, which is not observed in the linear correlation of the 

inverse isochrons.  

4.6.1.2. Newer Cones basalts 
Most of the ages available for the Newer Cones basalts are based on 40Ar/39Ar results and are hence 

much more reliable than the K/Ar data available for the Newer Plains. However, published 40Ar/39Ar 

ages of the Newer Cones are still very scarce, with only 8 ages available in the literature (Matchan et 

al., 2016; Matchan and Phillips, 2011, 2014). From this restricted database, several ages have been 

reinvestigated in this study in an attempt to directly compare with ages generated in a different 

laboratory. Our age of the Mt Rouse flow (VIC23) is in agreement with a recently published 40Ar/39Ar 

age on Mt Rouse analysed using a similar analytical set-up by Matchan and Phillips (2014). These 

authors derived a weighted mean age of 284.4 ± 1.8 ka from multiple aliquots, which statistically 

overlaps with our age of 283.4 ± 4.2 ka from a single aliquot. Furthermore, our age of 519.1 ± 3.6 ka 

for the Hopkins Falls flow (VIC29) is in agreement with, and an order of magnitude more precise 

than, the age of 535 ± 27 previously reported for the youngest of two flows at this location (Matchan 

and Phillips, 2011) measured using the previous generation of noble gas mass spectrometers. Our 

relatively imprecise but statistically correct plateau age of 184 ± 23 ka for Mount Elephant (VIC57) 

supports the recently published hypothesis based on geomorphic observations that this volcano is 

between 390 ka and 40 ka old (Matchan et al., 2016).  

4.6.2. Comparison with cosmogenic ages 
Samples VIC06 (Mt Porndon), VIC16 (Harman flow – Mt Napier) and VIC26 (Tyrendarra flow – Mt 

Eccles) yield 40Ar/39Ar plateau ages of 116.1 ± 5 ka, 44.4 ± 4.0 ka and 54 ± 8 ka respectively and 

allow comparison with the cosmogenic 21Ne (Gillen et al., 2010) and 36Cl (Stone et al., 1997) 

exposure ages reported in literature. Exposure ages of 53 ± 5 ka (21Ne) and 58.5 ± 5 ka (36Cl) for Mt 

Porndon, 37 ± 5 ka (21Ne) and 31.9 ± 2.4 ka (36Cl) for the Harman flow and 36 ± 3 ka (21Ne) for the 

Tyrendarra flow show that the cosmogenic ages are systematically younger than the crystallization 

age. Cosmogenic exposure dating is strongly dependent on assumptions concerning the erosion rate, 

the amount of shielding of a sample (tree cover, rocks), and the production rate of cosmogenic 

isotopes at a certain latitude (Gosse and Phillips, 2001; Niedermann, 2002). Considering that all these 

parameters used to calculate the exposure age are well constrained, the best explanation for the 

discrepancy between exposure ages and eruption ages is that the samples have been temporally 

shielded by vegetation, as lake deposits in the NVP show alternating periods of wetting and drying 

over the past 50 ka (Edney et al., 1990; Harle, 1997). In any case, our results show that when using 
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cosmogenic exposure dating as a tool, one should keep in mind that the results only indicate how long 

a given surface has been exposed to the bombardment of cosmic rays, not when the lava flow has 

erupted. Hence, exposure ages should always be treated as minimum age when used as a proxy to 

date the formation age of a given layer.  

4.6.3. Implications of new 40Ar/39Ar isotope data 
4.6.3.1. Production rate of volcanism – Newer Plains 
The two plateau ages (4.22 ± 0.02 Ma at 85.8 m; VIC48 and 3.82 ± 0.02 Ma at 39 m; VIC49) as well 

as the mini-plateau ages of 4.34 ± 0.04 Ma at 96.6 m for VIC47 and 4.38 ± 0.02 Ma at 112 m for 

VIC46 were used to constrain the production rate of volcanism in core PRC-006. It can be seen in 

Figure 4.2 that the production rate of volcanism for PRC-006 appears to be non-linear; with an 

apparent rate of ~ 385 m/Ma for the lower section and a rate of 115 ± 7 m/Ma for the upper section. 

The two ages of 4.32 ± 0.03 Ma at 58 m (VIC38) and 4.24 ± 0.04 Ma at 29.5 m (VIC39) resulted in 

a relatively imprecise production rate of 356 ± 220 m/Ma (2σ) for core Kororoit-16 (Figure 4.2). This 

suggests that the production rates of volcanism throughout the NVP were relatively high before ~ 4 

Ma, after which a decreased rate of production is suggested by the trend recorded by PRC-006 post 

4 Ma. Recent work has suggested the presence of a mantle plume (‘Cosgrove track’) to the northeast 

of the NVP at around 6.5 - 5 Ma (Davies et al., 2015). We suggest that the potential higher production 

rates before ~ 4 Ma could therefore be a consequence of the increased temperature of the mantle due 

to thermal contribution of this mantle plume. Southward migration of this mantle plume (Figure 4.10) 

over time potentially caused the thermal effects from the mantle plume to the existing process of 

edge-driven convection to decrease and eventually terminate. Rigorous 40Ar/39Ar dating and eruption 

rate calculation of Newer Plains basalts throughout the NVP is required to further test this hypothesis. 

4.6.4. Spatial analyses 
Clustering of volcanic centres within an intraplate setting has been recorded for other volcanic 

provinces such as Armenia [R = 0.63], Daringanga, Mongolia [R = 0.86], Es Safa, Syria [R = 0.63], 

Pali Aike, Chile – Argentina [R = 0.57] and St Michael, USA [R = 0.60] (Le Corvec et al., 2013). 

The number, location and extent of our clusters does not correspond well with the six clusters 

proposed for the NVP by Lesti and co-workers (2008), which were based on the location of volcanic 

features from the database of Rosengren (1984) as well as from visual interpretation of satellite 

imagery. However, their interpretation of 683 volcanic points includes many circular, maar-like 

structures in the North West of the NVP. These features are located to the north of the northernmost 

extent of the sedimentary basement of the Otway basin, and are most likely not of volcanic origin, 

but potentially are dry salt lakes instead. Recent re-assessment of volcanic features in the NVP has 
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stressed the need for ground truthing to confirm features interpreted from satellite imagery (Boyce et 

al., 2014). Clustering of volcanic features on a large scale is generally interpreted to be an indication 

of the geological structures in the sub-surface, such as the location and shape of the underlying magma 

source (e.g. Brenna et al., 2010) and/or the (elastic) thickness of the underlying lithosphere (Vogt, 

1974; Mohr and Wood, 1976; Mazzarini, 2004). Geophysical imaging (Fishwick et al., 2008; Davies 

and Rawlinson, 2014; Rawlinson et al., 2015b) has shown that the lithosphere in southeast Australia 

has a complex 3D thickness configuration, caused by the stacking of both continental and oceanic 

crustal fragments in the Delamerian and Lachlan fold belts, as well as the incorporation of exotic 

crustal blocks such as the Selwyn Block (Cayley, 2011; Cayley et al., 2011). Magneto-telluric 

sounding has shown that distinct regions of partial melt are currently present in the upper mantle 

below the NVP (Aivazpourporgou et al., 2015), spatially overlapping with our Central Highlands and 

Western Plains East clusters, but not with the Mt Gambier and Western Plains East cluster. 

Alignment of volcanic centres in the NVP and Mt Gambier region has previously been ascribed to a 

dependence of magma ascent on major north – south trending basement faults as well as northwest – 

southeast trending Cretaceous extensional structures (Bishop, 2007; Lesti et al., 2008; Holt et al., 

2013; Van Otterloo et al., 2013). Our results show that volcanism in the Mt Gambier region is aligned 

along the west northwest – east southeast Mesozoic extensional features such as the Tartwaup Fault, 

whereas volcanism in the Western Plains West cluster is aligned north northwest – south southeast, 

similar to the major basement fault direction of the Glenelg and Grampians – Stavely Zones (160° – 

170°). Volcanism in both the Western Plains East and Central Highlands clusters is preferentially 

aligned along the north – south trending basement faults of the Bendigo Zone rather than along the 

trend of faults (150° – 160°) in the Stawell Zone (Figure 4.7 and Figure 4.8a-h). Our analyses using 

the new database and automated point pattern analysis show that volcanism in the NVP is strongly 

dependent on basement structures, which is in agreement with previous findings of Lesti et al (2008).  

4.7. Spatio-temporal constraints on NVP volcanism 
Figure 4.9a shows that the predominantly tholeiitic Newer Plains erupted synchronous throughout 

the entire Newer Volcanic Province, starting at around 4.5 Ma. This distribution agrees with 

volcanism predominantly caused by edge driven convection and aided by the thermal contribution of 

a migrating plume. Figure 4.10a provides an illustration of the potential complex interplay between 

lithosphere of variable thickness (Davies and Rawlinson, 2014) and the approximate location of the 

mantle plume at 6.5 – 5 Ma (Davies et al., 2015).  
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Figure 4.9b shows that the 

predominantly alkaline 

Newer Cones display a 

potential age progression in 

the onset of volcanism from 

east to west in an otherwise 

much more diffuse trend of 

volcanism as compared to 

the Newer Plains. Specific 

space-time clusters are 

apparent; with a cluster of 

600 ka old volcanism at 

longitude 143° E, ages 

around 40 ka at longitude 

142° E and a few younger 

ages again at higher 

longitudes (around 143.5° 

E). Nevertheless, no older 

(> 500 ka) ages are found in 

the westernmost part of the 

NVP (141° - 143° E), and 

the age progression fits well 

with young (~ 5 - 27 ka) 

ages found in the 

westernmost Mt Gambier 

region (Blackburn et al., 

1982; Smith and Prescott, 

1987).  The apparent age 

progression in the onset of 

volcanism can potentially be explained either by deep sub-surface processes such as spatial migration 

of the thermal mantle source or by shallow sub-surface constraints such as the availability of suitable 

pathways for magma transport through the crust. Here, we will discuss some potential causes for the 

apparent age progression of the Newer Cones basalts. Note that our age data only represents a 

Figure 4.9. Longitude versus age diagrams. (a) Newer Plains results and
literature data. K-Ar data from; Aziz-ur-Rahman and McDougall, 1972; Gray
and McDougall, 2009; McDougall et al., 1966; 40Ar/39Ar age from Hare et al,
2005a. (b) Newer Cones results and literature data (Matchan and Phillips,
2014, 2011; Matchan et al., 2016). Note that 2σ errors for our data are often
smaller than the size of the symbols used. 
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relatively small number of volcanic centres present in this area, and more rigorous 40Ar/39Ar 

geochronology towards the other centres is required to fully investigate this hypothesis. 

 

4.7.1. Mantle source migration? 
Age progression of volcanic eruption centres is usually linked to migration of the plate over a static 

mantle plume, such as proposed for the classic Hawaiian Islands hotspot trail (Morgan, 1972). 

However, for the NVP we observe an age progression (east to west) perpendicular to the direction of 

plate motion (south to north), thus incompatible with the hotspot track model. Furthermore, isotope 

geochemistry has shown that the Newer Cones most likely originated from the shallow rather than 

the deep asthenosphere; as distinct high (207Pb/204Pb)i ratios for a given (143Nd/144Nd)i value suggest 

large degrees of mixing of metasomatised Sub Continental Lithospheric Mantle into a mantle source 

similar to Indian MORB in composition (Oostingh et al., 2016). The distinct major and trace element 

and isotope signatures (Oostingh et al., 2016), U-Th disequilibria (Demidjuk et al., 2007) and 

Figure 4.10. Cartoon illustrating the generation of the Newer Plains (top right) due to the interplay of complex 
3D lithospheric thickness and the Cosgrove track mantle plume (dashed red line; Davies et al., 2015) and the
generation of the Newer Cones (lower left) as a response to movement along the Tasman Fracture Zone. Ages
of the Newer Cones have been subdivided into three groups: 0 – 100 ka, 100 – 500 ka and > 500 ka to illustrate
the age progression towards the West. Lithosphere thicknesses from Davies and Rawlinson (2015). Note that
there are much more eruption centres present (however undated) in the NVP that are not represented on this
map. 
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geophysical data (Davies and Rawlinson, 2014) of the NVP basalts are best explained by the 

geodynamic model of edge driven convection (King and Anderson, 1998) aided by shear driven 

upwelling (Conrad et al., 2011), resulting in localized upwelling of shallow mantle at the trailing edge 

of an anomalous thick block of lithosphere (Figure 4.10a). It is still possible that the age progression 

is caused by a migrating roll of fertile mantle material from east to west, caused by an east to west 

motion of the shallow mantle during shear assisted upwelling caused by the complex 3D lithospheric 

thickness variations below the NVP (Fishwick et al., 2008; Rawlinson et al., 2015b) during edge 

driven convection. In such a scenario, one would expect that such a fertile mantle patch is now located 

in the west, at the approximate location of the youngest volcanism. However, a region of partial melt 

(or fertile mantle material) is currently present in the east rather than the west (Aivazpourporgou et 

al., 2015) based on the identification of a low-resistivity zone beneath the Bendigo and Stawell zones 

by magneto-telluric sounding. Hence, migration of the mantle source fails to explain the observed 

age trend within the NVP. 

4.7.2. Tectonic controls? 
The alignment of volcanoes along north – south trending basement structures in the east and northwest 

– southeast trending extension structures in the west as observed from our spatial analyses, suggests 

that the lithosphere had a major control on volcanism in the NVP. Such a dependence of volcanism 

on faults could potentially explain the age progression of the Newer Cones volcanoes from east to 

west in the NVP. The present-day Australian continent is not tectonically inert, and southeast 

Australia represents one of the regions with highest seismic activity and widespread neo-tectonism 

(Sandiford, 2003; Hillis et al., 2008) which could have triggered volcanism in the NVP (Lesti et al., 

2008). It has been shown that this neo-tectonism initiated in the Mid-Miocene, resulting in large-scale 

basin inversion (Dickinson et al., 2002) and continued in the Quaternary, with ~ 120 ka dune deposits 

showing evidence of deformation (Sandiford, 2003), suggesting the presence of a tectonically active 

region during eruption of the Newer Cones volcanoes. Stress modelling has suggested that the onset 

of neo-tectonism can be associated with the formation of the Southern Alps in New Zealand 

(Sandiford et al., 2004). Thermal erosion of the Sub Continental Lithospheric Mantle (Price et al., 

2014; Oostingh et al., 2016) beneath southeast Australia could have played a role in weakening the 

intraplate lithosphere, facilitating neo-tectonism and allowing upwelling of magma through the crust 

along reactivated faults. A similar process can be observed in the northern Alpine foreland in Europe; 

which is an intraplate region in a compressional stress regime with active neo-tectonism (Cloetingh 

et al., 2005) and associated volcanism. Lesti et al. (2008) suggested that left lateral strike-slip opening 

of the major north - south trending faults in the NVP caused by movement along the Tasman Fracture 
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Zone (Figure 4.10b; a major sinistral transform fault) triggered magmatism in the area. Loci of 

maximum stress and subsequent reactivation of faults could potentially migrate from east to west 

throughout the NVP, due to the left-lateral nature of the Tasman Fracture Zone; resulting in the 

observed age progression of the onset of volcanism in the NVP. The space-time clustering of our 

Newer Cones age data, as well as the age progression of the onset of volcanism from east to west and 

recurrent volcanism around longitude 143.5° E suggests that stress derived from movement of the 

Tasman Fracture Zone is not accommodated evenly throughout the NVP, with data suggesting that 

major faults such as the Avoca fault (longitude 143° E) were reactivated multiple times (Figure 

4.10b). The Avoca Fault - and to a lesser degree the Moyston Fault - form spatial extensions of the 

north - south component of the Tasman Fracture Zone (see Figure 1 of Gibson et al., 2013). Therefore, 

movement along the Tasman Fracture Zone might have been preferentially accommodated along 

those two faults, explaining the frequent reactivation of these faults as reflected in the wide range of 

ages for volcanic features around longitude 143° E (Figure 4.9b).  

4.8. Conclusion 
40Ar/39Ar dating of Cainozoic intraplate basalts in the Newer Volcanic Province in southeast Australia 

shows a fast change in the mode of magma generation. Ages of 3.8 to 4.3 Ma for valley filling 

tholeiitic Newer Plains basalts and relatively high production rates of volcanism prior to ~ 4 Ma show 

that these rocks were probably generated by the interplay of magma upwelling due to edge driven 

convection and additional thermal contribution of the Cosgrove track mantle plume located in the 

northeast of the area at 6.5 – 5 Ma. No spatial age progression can be observed within the Newer 

Plains.  

The stratigraphically overlying volcanic scoria cones, lava shield and associated flows as well as 

maars of the Newer Cones are significantly younger, with ages ranging from 1.3 Ma (this work) to ~ 

5 ka for Mt Schank (Smith and Prescott, 1987). Detailed structural analysis of the distribution and 

geomorphic characteristics of these features shows a strong dependence of magmatism derived from 

shallow mantle melting and subsequent upwelling due to edge driven convection with shear on 

existing north - south oriented Palaeozoic basement faults and northwest - southeast oriented 

Cretaceous extension structures. An apparent age progression of the onset of volcanism from east to 

west suggests that volcanism was dependent on reactivation of major faults due to a westerly 

progression of stress derived from movement along the Tasman Fracture Zone, with recurrent 

reactivation of volcanism along major faults over time. Although our data is still limited, we suggest 

that volcanism in the NVP changed from being driven by edge driven convection with added thermal 
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input of the Cosgrove track mantle plume resulting in the Newer Plains (‘plume-driven’) prior to ~ 4 

Ma; to localization of volcanism by neo-tectonism along a westerly progressing front in the onset of 

volcanism resulting in the Newer Cones (‘stress-dependent’) starting at approximately 1.3 Ma.  
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Chapter 5 Advancements in cosmogenic 38Ar exposure dating of terrestrial 
rocks3 

 

5.1. Abstract 
Cosmogenic exposure dating of Ca-rich minerals using 38Ar on terrestrial rocks could be a valuable 

new dating tool to determine timescales of geological surface processes on Earth. Here, we show that 

advancement in analytical precision, using the new generation multi-collector ARGUSVI mass 

spectrometer on irradiated pyroxene and apatite samples, allows determination of cosmogenic 38Ar 

abundances above background values, as well as discrimination of 38Ar/36Ar ratios (1σ absolute 

precision of ± 0.3%) from the non-cosmogenic background value. Four statistically significant 

cosmochron (38Ar/36Ar vs 37Ar/36Ar) diagrams could be constructed for southeast Australian pyroxene 

samples from the Mt Elephant scoria cone for which a combined apparent exposure age of 319 ± 183 

ka (2σ) was obtained when using a 38Ar production rate (Ca) of 250 atoms /g Ca/ yr. This exposure 

age overlaps within error with the known 40Ar/39Ar eruption age of 184 ± 15 ka (2σ). Although apatite 

shows much larger 38Ar abundances than pyroxene, our modelling and analyses of unirradiated apatite 

suggest that apatite suffers from both natural and reactor-derived chlorogenic as well as nucleogenic 

contributions of 38Ar. Hence, we suggest that cosmogenic 38Ar exposure dating on irradiated Ca-rich 

(and eventually K-rich), but Cl-free, terrestrial minerals is a potential valuable and accessible tool to 

determine geological surface processes on timescales of a few Ma. Calculations show that with the 

new generation multi-collector mass spectrometers an analytical uncertainty better than 5% (2σ) can 

be achieved on samples with expected exposure ages of > 4 Ma. 

  

                                                      
3 This Chapter was submitted as a paper to Geochimica et Cosmochimica Acta on December 22nd, 2016 and is currently 
being revised for publication. 
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5.2. Introduction 
Primary galactic cosmic radiation interacts with nuclei of atoms in the upper layers of the Earth’s 

atmosphere, resulting in a secondary particle flux cascading down on the Earth’s surface (Gosse and 

Phillips, 2001) and interacting with elements such as Ca and K, which are constituents of major rock-

forming minerals. Daughter isotope 38Ar is predominantly produced from parent isotopes 40Ca and 
40K (both approximately 200 atoms/g/y), and minor Fe, Ti and Cl (e.g., 1.7 atoms/g Fe/y; Lal, 1991), 

when a fast incoming particle of the secondary cosmic ray flux creates a nuclear reaction in which a 

target nucleus in the upper few cm of the Earth’s surface loses two protons and one neutron 

(Niedermann, 2002). Cosmogenic 38Ar exposure dating could be an invaluable dating tool to 

determine exposure ages and related information such as erosion rates, complementing the spectrum 

of existing exposure dating techniques such as 3He, 10Be, 21Ne, 26Al and 36Cl. As 38Ar is stable, the 

technique can be applied to date surfaces on timescales beyond that of other, unstable, cosmogenic 

exposure dating techniques (Renne et al., 2001). Although widely used in extra-terrestrial 

applications for decades (e.g. Kennedy et al., 2013; Levine et al., 2007; Shuster and Cassata, 2015; 

Turner et al., 1971), cosmogenic 38Ar dating of terrestrial rocks has long been considered 

impracticable; mainly because the technique suffered from high atmospheric 38Ar background on 

Earth, as well as the presence of multiple 38Ar reservoirs in a single sample; trapped (magmatic) 38Ar 

and cosmogenic 38Ar (Niedermann et al., 2007).  

Advances in the previous generation of analytical instruments (e.g. MAP 250-50; VG5400) finally 

allows detection of cosmogenic 38Ar above instrumental and background values in terrestrial samples 

(Renne et al., 2001). These authors measured Ca-rich samples (fluor-apatites and a fluorite) from the 

Granite Harbor Intrusive Suite in the Transantarctic Mountains, and derived 38Ar/36Ar values as high 

as 0.2894 ± 0.0029 (1σ); resolvable from their air pipette results of the atmospheric 38Ar/36Ar ratio of 

0.18816 ± 0.00023 (1σ). Furthermore, step-heating analysis showed that incrementally increasing 

laser power yields progressive enrichment in 38Ar/36Ar ratios, suggesting that 38Arcos is tightly 

restrained in the sample (Renne et al., 2001).   

The standard approach to cosmogenic 38Ar dating requires the measurement of the concentration of 

total 38Ar in a sample and subsequent correction for the trapped, atmospheric 38Ar contribution. The 

composition of the trapped argon in terrestrial samples is mostly assumed to be atmospheric, and an 
38Ar/36Ar value of 0.18826 ± 0.00023 (Renne et al., 2001) is generally used to correct the data. 

However, the true value of the trapped 38Ar/36Ar ratio can differ due to e.g. isotopic mass fractionation 

(Jourdan et al., 2012; Kaneoka, 1980; Oostingh et al., 2017). Neutron irradiation (Merrihue and 
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Turner, 1966; Turner et al., 1971) of target material converting parental isotope 40Ca into a ‘proxy-

parent’ 37Ar allows simultaneous analysis of parent and daughter isotopes; and facilitates direct 

measurement of the true trapped 38Ar/36Ar ratio during step-wise heating and gas extraction of 

irradiated samples. Similar to the normal isochron technique used in 40Ar/39Ar dating, step-wise 

degassing of irradiated samples allows construction of a parental relative abundance versus daughter 

relative abundance diagram, as well as testing of the statistical concordance of a dataset. Such a 

diagram has been proposed early on by Turner et al. (1971) and is currently applied exclusively to 

cosmogenic exposure dating on meteorites. It has relatively recently been called a cosmochron 

diagram (Levine et al., 2007) and reflects a mixture between both 36Ar and 38Ar not related to any 
37Ar released (trapped argon), and 36Ar, 38Ar and 37Ar present in a certain proportion (cosmogenic 

argon). The slope of the correlation trend (the cosmochron) as well as the true value of the trapped 
38Ar/36Ar component (y-intercept) can be used to calculate a cosmogenic exposure age in which all 

uncertainties of analysis and data correction can be fully propagated.  

In this study we used the new generation multi-collector ARGUS VI mass spectrometer 

(Thermofisher™) to construct the first ever published cosmochrons for apatite and pyroxene from 

strategically selected samples collected from basaltic volcanic rocks in SE Australia (Oostingh et al., 

2016, 2017; Price et al., 2003) and well exposed granite inselbergs in West Australia (Twidale and 

Bourne, 1998). The unprecedented precision the ARGUS VI offers as compared to the previous 

generation of mass spectrometers (Matchan and Phillips, 2014), allowed us to target the various argon 

reservoirs in these samples and quantify these by step-wise degassing of non-irradiated and irradiated 

samples. Furthermore, we explored the significance of our results in the framework of available and 

new geochronological data Finally, in the light of our results, we will expand on which geological 

contexts would benefit the most from cosmogenic 38Ar dating in comparison to more established 

cosmogenic techniques.  

5.3. Geological setting and sample description 
When using cosmogenic produced isotopes to calculate exposure ages, sample-specific corrections 

concerning erosion rates, shielding from incoming rays due to boulders or vegetation and the effective 

attenuation length for the incoming particle in the target material are required (Niedermann, 2002). 

We have strategically sampled unshielded material from the top few cm of exposed, horizontal rock, 

thus discarding the need for shielding and attenuation corrections which could potentially introduce 

errors in the exposure age calculation up to ~20% (Gosse and Phillips, 2001). Furthermore, to avoid 
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cosmogenic 38Ar produced from spallation reactions on potassium, we have focused our research on 

the K-poor minerals apatite [Ca5(PO4)3(F, Cl, OH)] and pyroxene [(Mg,Fe)CaSi2O6 – Ca2Si2O6]. 

 

5.3.1. Southeast Australian pyroxene 
Mt Elephant (Figure 5.1b) is part of a dominantly monogenetic suite of scoria cones, lava shields and 

maars comprising the Newer Volcanic Province, SE Australia (Figure 5.1a). Groundmass from Mt 

Elephant has recently been dated by 40Ar/39Ar techniques to be 184 ± 15 (2σ) ka (Oostingh et al., 

2017), which provides a maximum age limit on 38Ar exposure dating. We sampled fresh, cm-scale 

sized pyroxene phenocrysts (Figure 5.1c) at six locations (VIC61, VIC62, VIC64, VIC65 and VIC66 

(augite) and VIC63 (diopside) around the western part of the rim of the Mt Elephant (Figure 5.1d-f). 

Thin section images can be found in Appendix H. These phenocrysts were fully exposed on the rim 

of the volcano, with no shielding from flora, boulders or surrounding topography. We acknowledge 

that accounting for erosion rates and complex shielding is required to obtain an accurate and precise 

cosmogenic exposure age; however, this is beyond the scope of this methodological development 

study. 

Figure 5.1. (a) Location map of Mt Elephant in Southeast Australia. (b) Sampling location on top of Mt
Elephant (looking South). (c-f) Panoramic photos show the absence of major shielding. 
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5.3.2. West-Australian apatite 
Gorge rock (VIC100), King’s Rock (VIC101 and VIC102) and Jilakin Rock (VIC103) are examples 

of Archean granite outcrops located in SW Australia (Figure 5.2a), thought to be exposed as early as 

the Cenozoic, as their geomorphology suggest that they pre-date the Eocene laterite soil (Twidale and 

Bourne, 1998).  

Cosmogenic nuclide (10Be and 26Al) analysis of comparable landforms in north Australia suggest that 

these granite outcrops are some of the most stable land surfaces on Earth, thought to have experienced 

erosion of only a few decimetres over the past few million years (Bierman and Caffee, 2002). We 

sampled a few kg of fresh granite from upper ~10 cm layers at the very top of each outcrop, limiting 

the impact of any shielding (Figure 5.2b-d). Thin section images can be found in Appendix I. 

Figure 5.2. (a) Location map of the granite inselbergs in West-Australia; Gorge Rock (VIC100), King’s Rock
(VIC101 and VIC102) and Jilakin Rock (VIC103). (b-d) Panoramic photos of sample locations show the 
horizontal sampling surface and the absence of any shielding factors. 
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5.4. Analytical Methodology 
5.4.1. Sample preparation and irradiation 
5.4.1.1. Pyroxene samples 
Pyroxene grains extracted from surrounding altered scoria were carefully crushed to the 125 - 212 

µm size fraction using an agate mortar and pestle, allowing easy handling of radioactive material 

while minimizing the amount of interfering (fluid) inclusions. Depending on the availability of 

material between 80 and 300 mg of inclusion-free fresh pyroxene grains were handpicked using a 

binocular stereomicroscope; the resulting separate consisting of fresh, transparent dark green to green 

pyroxene (Appendix H). Separates were leached with diluted HF (2N) for 5 minutes to remove 

adhering scoria, followed by multiple DI washes. Each sample as well as four bracketing Fish Canyon 

Tuff sanidine standards (28.294 ± 0.036 Ma; Renne et al., 2011) were loaded into a high-grade 

aluminium disc, wrapped in aluminium foil and placed in a quartz tube, followed by 20 minutes 

irradiation in the Cd-shielded (to avoid undesirable nuclear interference reactions) Cadmium-Lined-

In-Core-Irradiation-Tube (CLICIT), Oregon State TRIGA reactor, USA. 

5.4.1.2. Apatite samples 
Euhedral apatite grains were liberated from the granite matrix using SelFrag™ high voltage pulse 

power fragmentation. The fragmented granite was sieved to the 125 – 212 µm size fraction of interest 

and subjected to a series of magnetic and density separation techniques to concentrate apatite 

minerals. Optically fresh apatite grains were carefully handpicked using a binocular 

stereomicroscope, and the resulting concentrate was subjected to 5 minutes of methanol and dilute 

HF (2N) leaching followed by multiple DI washes to remove adhering silicate phases. An aliquant of 

samples VIC100 and VIC102 was separated for degassing experiments of non-irradiated sample 

material, these samples will be referred to as VIC100ap_unirr and VIC102ap_unirr. Between 200 and 

300 mg of each sample, as well as bracketing GA1550 biotite standard (McDougall and Roksandic, 

1974) for which an age of 99.738 ± 0.100 Ma is adopted (Renne et al., 1998), were loaded into a 

high-grade aluminium disc. These were wrapped in aluminium foil and placed in a quartz tube, 

followed by 3 hours of irradiation in the Oregon State TRIGA reactor. 

5.4.2. Argon gas extraction and analysis 
Step-heating of the samples and analysis of the resulting argon isotopes was performed with the new 

generation multi-collector ARGUS VI mass spectrometer, coupled to a 100 W Photon Machines 

Fusions 10.6 CO2 laser at the West Australian Argon Isotope Facility, Perth (Oostingh et al., 2017). 

This mass spectrometer is equipped with five Faraday detectors as well as an ultra-sensitive compact 
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discrete dynode (CDD); which is an ion-counting electron multiplier, required to detect the extremely 

low concentrations of 36Ar and 38Ar in these samples.  

Approximately 80 - 150 mg of mineral separate was placed as a single layer in a high-grade 

aluminium disc. Both sample chamber and extraction line were baked for at least 12 h at 120 °C to 

ensure acceptable ultra-high vacuum (UHV) background levels. Before sample analysis, Faraday 

detectors were electronically calibrated to normalize the gain of each detector to the others, whereas 

the CDD was calibrated for its actual yield with a series of four air aliquots. Multiple series of three 

air aliquots (40Ar/36Ar ratio of 298.56 ± 0.31; Lee et al., 2006) from an automated air pipette system 

was run before, during and after each sample, allowing the calculation of the mass discrimination, 

which ranged from 0.990372 ± 0.03 (1σ) to 0.993761 ± 0.04 (1σ) per Dalton (atomic mass unit). 

Argon gas aliquots were extracted during 12 to 20 heating steps between 1% and 50% of maximum 

laser power (maximum power of 65 W). A homogenized 4 mm laser beam was jogged over the sample 

for one minute to ensure a homogenous temperature gradient between grains for each step. System 

blanks were measured before and after two incremental heating steps and are around 0 – 0.05 fA for 

masses 36, 37, 38 and 39 and around 15 – 25 fA for mass 40. Argon isotopes measurements were 

performed in multi-collector mode, with 40Ar, 39Ar and 37Ar measured on the Faraday detectors and 
36Ar and 38Ar alternatively on the CDD during two sequences of peak-hopping for each step with an 

integration time of 33s. Ten cycles were measured for each step, to optimize the precision of the 

measurements. Single fusion of the GA1550 biotite or Fish Canyon Tuff sanidine standards in a 

separate disc allowed the calculation of the J-value for each irradiated sample. We used interference 

correction factors obtained from prolonged analysis of K-Ca-Cl glass/salts at the Oregon State 

TRIGA reactor: (39Ar/37Ar)Ca = (7.60 ± 0.09) x 10-4; (36Ar/37Ar)Ca = (2.70 ± 0.02) x 10-4; (40Ar/39Ar)K 

= (7.30 ± 0.90) x 10-4; and (38Ar/39Ar)K = (1.24 ± 0.004) x 10-2  (Jourdan and Renne, 2007). 

Furthermore, we used a value of 0.00082636 ± 0.11% (Renne and Norman, 2001) to correct for 
37Ar(Ca) produced in the reactor with a half-life of 35 days, which greatly improves precision on the 
37Ar/36Ar and 38Ar/36Ar ratios as compared to using the more standard value of 0.000823 ± 1% 

(Koppers, 2002). 

5.4.3. Data reduction and exposure age calculation 
Argon isotope data was regressed using the ArArCALC software (Koppers, 2002). The resulting 

isotopic abundances corrected for blank, mass fractionation and reactor interference were exported to 

an in house developed Excel spreadsheet to calculate exposure ages. This alternate spreadsheet was 

developed to work on raw analytical data, with the additional possibility to carry out the interference 
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corrections offline to make sure no bias was introduced using ArArCALC. Here, the corrected data 

can be used to construct a cosmochron using the Isoplot algorithm (Ludwig, 2012), by plotting [37ArCa 

/ (36Aratm + 36Arcos)] versus [(38Aratm + 38Arcos) / (36Aratm + 36Arcos)] on a bivariate diagram. The slope 

(38Ar/37Ar) and y-intercept (38Aratm/36Aratm) of the resulting cosmochron can be used to calculate an 

exposure age (Levine et al., 2007; Turner et al., 1971) using a modified equation  of Hennesy and 

Turner (1980); 

∗ ∗ ∗ ∗ 7.012 10  (1) 

where α is the proportionality factor to convert 38Ar/37Ar into 38Ar/Ca (Cohen et al., 2001), depending 

on the efficiency of the reactor to convert Ca/K into 37Ar/39Ar (0.52 for the Oregon TRIGA reactor 

as measured with Hb3gr; Jourdan and Renne, 2007; Kennedy et al., 2013). J is the irradiation 

parameter, which ranged between 0.0000922 ± 0.0000003 (2σ) and 0.0000931 ± 0.0000003 (2σ) for 

the pyroxenes and between 0.0007720 ± 0.0000010 (2σ) and 0.0007777 ± 0.0000022 (2σ) for the 

apatite samples. The factor 7.012 x 10-3 incorporates constants of K-decay and unit conversions to 

make 38Ar/Ca into units of cc STP/g. 

(38Ar/36Ar)cos relates the 38Ar/36Ar ratio to the cosmogenic component only (Levine et al., 2007). 
36Arcos is both derived from calcium with a production rate [rate at which a specific nuclide is 

produced from a specific target element in a mineral (units: atoms/g target material/y)] of 38Ar 

produced by calcium [hereafter P38(Ca); Niedermann et al., 2007)] of approximately 69 atoms/g Ca/y 

(Lal, 1991), but is also naturally generated from β-decay on cosmogenic 36Cl (P36(Cl) = 67 atoms/g 

Cl/y) with a half-life (t1/2) of 300,000 yr. This implies that the ratio (38Ar/36Ar)cos is time-dependent 

and ranges from 2.90 for recently exposed samples to 1.47 for samples with > 1 x 106 years exposure 

(Renne et al., 2001). 40Ar/39Ar dating on Mt Elephant resulted in an eruption age of 184 ± 15 (2σ) ka 

(Oostingh et al., 2017), which results in a (38Ar/36Ar)cos ratio of 2.17; calculated using the time 

dependent production ratio equation of Renne et al (2001). We assign a relative generous absolute 

error of ± 0.1 to the calculated (38Ar/36Ar)cos ratio (4.6 % for the ratio of 2.17; Levine et al., 2007) to 

reflect the uncertainties associated with the production rates used in this calculation (Renne et al., 

2001). The presumably old southwest Australian apatite samples are thought to be in secular 

equilibrium with respect to the β-decay reaction on cosmogenic 36Cl, and a (38Ar/36Ar)cos ratio of 1.47 

is taken for these samples.  
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The resulting 38Ar/Ca is then divided by the relevant P38(Ca) scaled to the latitude and elevation of 

interest to obtain a cosmogenic exposure age 

5.4.4. Apatite (U-Th)/He analysis  
As published age constraints are limited for the Western Australian granites, we performed (U-Th)/He 

dating of apatite for all samples to derive a maximum potential Ar exposure age and minimum age 

for radiogenic Ar retention. Approximately 10 to 15 grains were selected under a binocular 

stereomicroscope from the 125 – 250 µm size apatite concentrate. He, U, Th and Sm analyses were 

performed at the GeoHistory laboratory at the John de Laeter Centre of Isotope Research in Perth, 

Western Australia, using the methods outlined in Danišík et al. (2012) and Evans et al. (2005). Single 

apatite grains were loaded in Pt tubes, degassed at ~ 960°C under UHV using laser heating, and 

analyzed for 4He by isotope dilution on a Pfeiffer Prisma QMS-200 mass spectrometer. Each gas 

extraction was followed by a re-extract (Farley, 2002) to ensure complete degassing of the apatite 

grains. Following degassing, all samples were dissolved and spiked with 235U and 230Th. Resulting 

solutions were analysed by isotope dilution for 232Th and 238U and by external calibration for 147Sm 

on an Agilent 7500 ICP-MS. The total analytical uncertainty (TAU) was calculated as the square root 

of the sum of the squares of weighted uncertainties on the U, Th and He abundances and was used to 

calculate the error on the raw He ages. The raw He ages were corrected for alpha-ejection (Farley et 

al., 1996) assuming homogeneous distribution of parent nuclides.  

5.4.5. ELA-ICP-MS analysis 
Selected major (Ca, K) and trace element (Mg, Ti, Fe, Ni, Cl, Th and U) analyses were performed on 

VIC66 pyroxene and all apatite samples using a Resonetics S-155-LR 193 nm excimer laser ablation 

system coupled to an Agilent 7700x quadrupole ICP-MS at the GeoHistory laboratory, John de Laeter 

Centre, Curtin University. As compositions were derived from averaging element abundances of two 

to four (250 µm diameter) spots per mineral which could potentially include inclusions; we 

acknowledge that these compositions are indicative only. 

5.5. Results 
5.5.1. Degassing characteristics 
5.5.1.1. Irradiated pyroxene 
Figure 5.3a shows the degassing pattern, 38Ar/36Ar ratios and K/Ca ratios of a typical pyroxene 

(VIC66); spectra for all other pyroxene samples can be found in Appendix L. Pyroxene samples show 

a complex, two-step 38Ar release pattern with low isotopic abundances (Figure 5.3a). The first step 

of 38Ar release is closely coupled to high K/Ca ratios; with 38Ar abundances as high as 0.3 fA for 

sample VIC66. From around 10% laser power onwards, K/Ca ratios approach zero (0.003 – 0.017) 
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and 38Ar gas release is closely coupled with release of 37Ar. This second stage of 38Ar gas release is 

characterized by 38Ar/36Ar on or just above the uniform non-cosmogenic terrestrial (UNCT) 

composition of 0.18826 ± 0.00018 (2σ; green line in Figure 5.3; Renne et al., 2001). 39Ar abundances 

(Appendix J) are much higher than initially expected from these K-poor minerals, but consistent with 

recent results on dating pyroxene with the 40Ar/39Ar technique (Ware et al., 2015). The 39Ar release 

pattern closely follows both the pattern and the abundance of the 38Ar isotope for each sample. 

Nevertheless, most of the 38Ar gas released is associated with K/Ca value near zero indicating that 

the 38Ar comes from the spallation of 40Ca and that the 40K contribution is negligible, especially after 

ca. 15% of maximum laser power. 

5.5.1.2. Irradiated apatite 
Figure 5.3b shows the degassing pattern, 38Ar/36Ar ratios and K/Ca ratios of a typical apatite 

(VIC100); spectra for all other samples can be found in Appendix M, where VIC101B represents a 

second aliquant of sample VIC101. Apatite shows degassing characteristics similar to those of 

Figure 5.3. Degassing patterns of (a) typical pyroxene and (b) typical apatite. The top diagram displays
isotopic abundance (in fA) for 37Ar (grey line, open circles) and 38Ar (red line, closed squares). Note the
exponential scale and the order of magnitude difference between the 37Ar and 38Ar signal. The middle diagram
displays the 38Ar/36Ar ratio and associated 2σ error. Note that the size of the symbols is larger than the error
for the apatite. The green line in the 38Ar/36Ar graphs represents the UNCT value of 0.18826 ± 0.00018 (Renne 
et al., 2001). The lower diagram displays the K/Ca ratio calculated after the 39Ar/37Ar ratio. 
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pyroxene, but with much higher isotopic abundances (e.g. > 17 000 fA for 37Ar). Again, 38Ar is 

released in two major steps; one up to 6% laser power and another larger one from ~10% laser power 

onwards. The first step of 38Ar release (max of 7 fA) is closely linked to relatively high K/Ca ratios 

(0.01 – 0.05), but is not supported by release of 37Ar. The 38Ar/36Ar ratio associated with this first 

step of 38Ar release is relatively low and ranges from 0.1903 (VIC101B) to 0.2336 (VIC103; 

Appendix K). The second step in 38Ar release is closely linked to the release of 37Ar and extremely 

small K/Ca ratios. The 38Ar signal is detected well above background values (~ 0.03 fA) and ranges 

from 1 – 22 fA for VIC100; 1 – 11 fA for VIC101, 1 – 14 fA for VIC101B; 1 – 10 fA for VIC102 

and 1 – 10 fA for VIC103 with 1 sigma errors smaller than 0.2% in most cases (Appendix K). The 
38Ar/36Ar ratio for the second release step is very high and constant for each sample, showing values 

up to 0.3021 for sample VIC100 (Figure 5.3b). 

5.5.2. Cosmochron characteristics  
5.5.2.1. Irradiated pyroxene 
Figure 5.4 shows the cosmochron diagrams for all pyroxene samples, whereas full argon isotope 

abundances and 38Ar/36Ar and 37Ar/36Ar ratios can be found in Appendix J. Initial steps of gas release 

are not reflective of cosmogenic 38Ar release derived from Ca (no correlation between 37Ar release 

and 38Ar release) but rather from the presence of K (Figure 5.3a), therefore, for the present exercise, 

the 38Ar/36Ar intercept was forced through the atmospheric 38Ar/36Ar ratio. Furthermore, outliers (no 

correlation between 37Ar release and 38Ar release) were removed from the data and are represented 

by a grey colour in the cosmochron diagrams. These typically represent the first few steps of gas 

release; the contribution of outliers to total gas release for e.g. sample VIC66 is 11%. While these 

particular pyroxene minerals are perhaps not ideal for accurate dating due to the presence of K-rich 

inclusions, the approach of removing the first degassing steps associated with high K concentrations 

and forcing the 38Ar/36Ar intercept through the atmospheric value has the merit to allow us to test if 

any apparent exposure age can be derived from the present dataset.  Hence, we can test what age 

uncertainty could be derived from a similar, but better-behaved, dataset derived from inclusion-free 

minerals. 

Isotopic abundances of 38Ar and 36Ar for these young samples are just above the blank level (~ 0.05 

fA); nevertheless 1 sigma absolute errors on the 38Ar/36Ar ratio are around 0.30%. The extreme 

sensitivity of the CDD collector results in statistically significant (p-value > 0.05) cosmochrons for 

four (VIC63, VIC64, VIC65 and VIC65) out of six samples with slopes ranging from 1.38E-5 to 

2.78E-5 (Table 2). An ‘error-cosmochron’ with statistically less meaningful correlation (p-value = 
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0.02) was obtained for sample VIC61 and exposure ages calculated based on this cosmochron should 

be taken as indicative only. No cosmochron correlation could be obtained for sample VIC62.  

5.5.2.2. Irradiated apatite 
Figure 5.5 shows the cosmochrons for all irradiated apatite samples, whereas full argon isotope 

abundances and 38Ar/36Ar and 37Ar/36Ar ratios can be found in Appendix K. Again, the incremental 

heating steps from the first 38Ar release not linked to 37Ar release, as well as steps associated with the 

sudden degassing peak in 37Ar, 38Ar and 39Ar were excluded from the cosmochron slope calculation 

and the slope was forced through the atmospheric 38Ar/36Ar ratio. All samples are characterized by 

much higher 37Ar/36Ar (e.g. 923 for VIC103) and 38Ar/36Ar (e.g. 0.44 for VIC103) ratios than the 

pyroxene samples; due to higher Ca content and especially the longer irradiation time (3h). Absolute 

errors (1σ) on these ratios are around 0.20 – 0.30%. None of the apatite samples yield a statistically 

significant cosmochron, the resulting ‘error-cosmochrons’ have slope values ranging from 2.58E-4 

(VIC101) to 4.98E-4 (VIC100).  
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Figure 5.4. Cosmochron diagrams for irradiated pyroxene. Data in grey forms outliers to the main trend and 
are not used in the construction of the cosmochron. 
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Figure 5.5. Cosmochron diagrams for irradiated apatite. Data in grey forms outliers to the main trend and 
are not used in the construction of the cosmochron. 



K.F. Oostingh  Chapter 5 – Cosmogenic 38Ar   

132 
 

5.5.3. Apatite (U-Th)/He ages 
Mean apatite (U-Th)/He ages of 378 ± 28 Ma (1σ), 395 ± 27 Ma (1σ) and 402 ± 29 Ma (1σ) measured 

for three granites overlap within 1σ error. The mean weighted average age calculated for all aliquots 

is 387 ± 11 Ma (1σ) (Table 5.1). This age is interpreted to record the cooling below 70°C (Farley, 

2002) and provides the maximum age for Ar exposure and minimum age for Ar retention.  

5.5.4. Apatite 40Ar/39Ar ages. 
Surprisingly, we were able to derive apparent age spectra for the apatite samples; showing that these 

samples contain small, but measurable, amounts of K (Figure 5.6). Although none of these show 

statistically significant plateau ages; total fusion ages range from 1155 ± 17 Ma (VIC101B; 2σ) to 

1574 ± 21 Ma (VIC102; 2σ). These total fusion ages provide an estimate of the potential Ar retention 

age of these samples.  

 

Figure 5.6. 40Ar/39Ar apparent age diagram of sample VIC100 – apatite; the total fusion age of this sample is 
1.4 Ga. Note that this age does not represent the formation age of this rock in any case; but rather provides 
an estimate of the integral theoretical duration of 40Ar (and thus nucleogenic 38Ar) retention in the rock since 
formation. 
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5.6. Discussion 
5.6.1. Analytical advancement 
This study represents the first publication of terrestrial cosmochrons using the 38Ar isotope system. 

We have shown that the ARGUSVI mass spectrometer allows measurement of the 38Ar/36Ar ratio 

with a precision up to ± 0.30% for both pyroxene and apatite minerals. Furthermore, we were able to 

discriminate between atmospheric 38Ar/36Ar ratios and cosmogenic 38Ar/36Ar ratios on very young 

pyroxene samples.  

To better illustrate the advancement in analytical precision offered by the new generation of multi-

collector mass spectrometers to the benefit of the cosmogenic 38Ar exposure age dating method, 

cosmochrons between irradiated pyroxene from meteorite material as analysed on the MAP 250-50 

mass spectrometer (Kennedy et al., 2013) versus the terrestrial pyroxene analysed on the new 

Figure 5.7. Cosmochron comparison diagrams between (a) and meteorite pyroxene samples analysed on the 
MAP 250-50 mass spectrometer (Kennedy et al., 2013) and (b) and terrestrial pyroxene analysed on the 
ARGUSVI. The difference in analytical precision is obvious. 
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generation mass spectrometer ARGUS VI in this work are shown in Figure 5.7a and Figure 5.7b. We 

have selected the pyroxene sample with a similar order of magnitude exposure age (ca. 7 Ma) from 

the Kennedy et al (2013) study. Note however that the vertical scale of these authors’ Lake Carnegie 

pyroxene is more than thirty times as large for displaying reasons; which only further illustrates the 

advancement in analytical precision. All errors are given at the 1 sigma level in these diagrams. New 

generation multi-collector mass spectrometers (such as the ARGUS VI) represent a major leap 

forward in analytical precision; with 1σ uncertainty for the MAP 250-50 on the 37Ar/36Ar and the 
38Ar/36Ar ratio about 3% and 8% respectively, as compared with 1σ uncertainties on the ARGUS VI 

for both the 37Ar/36Ar and the 38Ar/36Ar ratio of around 0.3%.  

Using the ARGUS VI’ typical 

1σ absolute error on the 
37Ar/36Ar and 38Ar/36Ar 

isotopic abundances of 0.1 and 

0.0005 respectively, we 

calculate the absolute age 

uncertainty that can be 

achieved with the current 

analytical power. Here, we 

have used ArArCALC to 

regress a cosmochron through 

5 data points (Figure 5.8; X 

and Y of 37Ar/36Ar and 
38Ar/36Ar with associated 

absolute errors on these ratios 

as reported above), which in turn were generated by plotting points along a forced slope that would 

yield a certain age (e.g. a slope of 2.5E-5 yields an age of 1 Ma). This calculation did not consider 

the observation that measurements typically become slightly more precise with higher beam signal, 

however, it will still give a good idea of what can be expected.  

It can be seen in Figure 5.8 that an analytical uncertainty of less than 10% (2σ) can be achieved on 

samples with expected exposure ages of > 2.5 Ma and less than 5% for ages above 4 Ma. For example, 

an exposure age of 6.0 Ma should be associated with an uncertainty of ± 0.24 Ma. Those uncertainties 

are smaller than the 14% (2σ) quoted for the analytical uncertainty typically found during 10Be dating 

Figure 5.8. Calculated potential analytical uncertainty on the exposure
age that can be obtained with the new generation multi-collector mass
spectrometers. Indicated two potential ages as discussed in the text. 



K.F. Oostingh  Chapter 5 – Cosmogenic 38Ar   

135 
 

(Gosse and Phillips, 2001) and show that cosmogenic 38Ar exposure dating using the new generation 

mass spectrometers is a valuable new dating tool for rocks exposed over a few Ma.
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5.6.2. Multiple degassing domains 
The irradiation technique (Turner, 1971) is absolutely essential to analyse terrestrial minerals, as we 

observe multiple degassing domains in both samples. The simultaneous release of 36Ar, 37Ar, 38Ar 

and 39Ar of irradiated samples can discriminate between K-derived 38Ar and Ca-derived 38Ar and 

provide insight in the compositional complexity of these samples. The degassing characteristics of 

the irradiated pyroxene and apatite samples show two separate stages of 38Ar release; the first, which 

is associated with initial peak release of 39Ar is interpreted as cosmogenic 38Ar produced from K-rich 

domains within the crystal structure. We expect that small K-rich phases (either in inclusions or due 

to K zoning) release their argon gasses during an early stage of incremental heating. However, the 

second step of simultaneous 38Ar, 37Ar and 39Ar release is characterized by very small to nil K/Ca 

ratios in all cases, which means that K-rich domains cannot be the source for the 38Ar liberated and 

that this most likely represents cosmogenic 38Ar produced from calcium (37Ar). A more unlikely 

possibility is that the 39Ar signal in these incremental heating steps represents the effect of isobaric 

interferences on mass 39 in the mass spectrometer. However, recent development in pyroxene 
40Ar/39Ar dating (Ware et al., 2015) show a similar and yet, systematic decreasing K/Ca ratio though 

the age spectrum not corresponding with any age variation, thus suggesting that the variation in K/Ca 

is due to compositional zoning for the pyroxene. Unfortunately, as the first degassing steps are 

compromised due to the presence of K-rich domains producing 38Arc (K), no true initial 38Ar/36Ar 

value can be confidently obtained for these samples and an intercept value of 0.1885 ± 0.0005 (Levine 

et al., 2007) is used to calculate all cosmochrons. 

5.6.3. Pyroxene as a potential cosmogenic exposure dating tool 
The exposure ages for all pyroxene samples for which a slope was derived is calculated using equation 

5.1 and are reported in Table 5.2 together with all parameters used in the calculation. Scaling factors 

have been introduced that can be used to calculate the appropriate production rate at specific latitudes 

and elevations (Dunai, 2000). For the following exercise, we have used a P38(Ca) of 250 atoms/g/a 

(high latitudes; sea level), which is within the published range of potential production rates 

(Niedermann et al., 2007), but we note that much calibration work remains before an accurate 

production rate value is established. 
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5.6.3.1. Cosmogenic 
exposure age of Mt 
Elephant 
Individual pyroxene 

ages range from 548 ± 

239 ka to 1101 ± 834 ka 

and overlap in some 

cases with the 40Ar/39Ar 

eruption age of 184 ± 15 

ka for Mt Elephant 

(Oostingh et al., 2017) 

only because of the 

extremely large errors (± 

100% in some cases). 

However, combining the 

data of the four 

statistically significant 

cosmochrons (Error! 

Reference source 

not found.a) results in 

a total cosmogenic 38Ar 

signal significantly 

higher as compared to a 

single sample. In this 

case, we can derive a 

more precise apparent age of 313 ± 179 ka; which is far more accurate and precise than the individual 

ages and still overlaps with the known eruption age (Error! Reference source not found.b). 

Note that the individual apparent exposure ages appear much older as they are defined by slopes 

which are skewed to a larger value due to overrepresentation of late degassing steps. This result shows 

that pyroxene could be a valuable mineral for terrestrial cosmogenic 38Ar studies. Perhaps not at the 

young timescales attempted in this study, but rather for a few Ma old surfaces where it would reach 

a precision better than ± 5% as we have shown above. Furthermore, the results showcase the 

advantage of the analytical approach used with simultaneous analysis of 36Ar and 38Ar on the ultra-

Figure 5.9. (a) Cosmochron diagram for the combined pyroxene samples VIC63,
VIC64, VIC65 and VIC66. (b) Age comparison diagram between the individual
pyroxene samples, the combined exposure age and the 40Ar/39Ar eruption age. 
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sensitive CDD; which yields statistically meaningful cosmochron slopes even for samples as young 

as the pyroxenes analysed in this study. 
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5.6.4. Apatite as a potential cosmogenic exposure dating tool 
5.6.4.1. Cosmogenic exposure age using irradiated apatite 
None of the apatite samples yielded a statistically significant cosmochron correlation, suggesting a 

problem with this set of samples. Forcing an errorchron through the data to get an idea of the exposure 

age, results in apparent, yet improbable, exposure ages which are Late Cenozoic in age and range 

from 90 to 173 Ma (Table 5.2). These apparent exposure ages are most likely largely overestimated, 

as much more than 10 cm erosion is to be expected on such timescales. We expect that the 

composition of apatite (Cl-rich) as well as the composition of the host rock (U-rich) are the cause for 

the overestimated exposure ages, and we will explore this further in the following sections.   

5.6.4.2. The effect of reactor-induced 38Ar(Cl) 
Whereas corrections for reactor-induced argon from K and Ca are relatively straightforward, failure 

to correct for argon produced from Cl during irradiation could result in a significant overestimated 

exposure age (Renne et al., 2001).  

It is expected that apatite minerals will suffer more than the pyroxene minerals from this reactor-

induced chlorogenic argon, due to their natural Cl-bearing composition, if minimal (Table 5.3); and, 

- in the case of this experiment - the long irradiation time (3 hours). Natural chlorine consists of two 

isotopes with relatively large cross sections for thermal neutron capture reactions; 35Cl (2000 barns) 

and 37Cl (20 barns) - which will be followed by β-decay to form 36ArCl and 38ArCl respectively. 

Although production of 36Cl and 38Cl from calcium is not significant during irradiation, reactions on 

potassium are possible via 39K (n, α) 36Cl (β-decay to 36Ar with t1/2 of 300 000 y) and 39K (n, D) 38Cl 

 VIC100 VIC101 VIC102 VIC103 VIC63 
Major target elements (wt%) 
Ca  39.7 39.6 39.5 39.5 15.3 
K  <d.l. <d.l. <d.l. <d.l. 0.0006 
Minor target elements (ppm) 
Mg 83 20 201 26 688 
Ti 179 178 178 178 334 
Fe 298 102 751 199 29548 
Ni 0.32 0.35 0.39 0.34 5 
Cl 471 251 279 304 180 
U 28 15 30 32 0.08 
Th 154 9 18 21 0.001 

Table 5.3. Composition of apatite (VIC100, VIC101, VIC102 and VIC103) and pyroxene (VIC63) 
samples as derived from averaging two-spot (apatite) and four-spot (pyroxene) ELA-ICP-MS 
analysis. 
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(β-decay to 38Ar with t1/2 of 37 minutes). ELA-ICP-MS spot analysis on the apatite samples shows 

that potassium contents of these minerals are below detection limits, whereas chlorine contents are 

significant at 180 – 471 ppm (Table 5.3). We therefore perform a Cl correction on the 38Ar abundance 

to account for the natural and reactor-induced 37Cl (n, γ)38Cl  β- 38ArCl (t1/2 = ~35 days) reaction. 

Here, we have converted the Ca/Cl composition of the sample into 38ArCl/37ArCa by using the relative 

production of 38ArCa/38ArCl in the Oregon State TRIGA reactor of 7.4. 

Figure 5.10 and Table 5.2 shows a comparison between Cl-corrected data (Figure 5.10b) versus the 

original uncorrected data (Figure 5.10a) and the resulting difference in apparent exposure age. All 

other Cl-corrected cosmochrons can be found in Appendix N. Accounting for the reactor-induced 
38Ar contribution from Cl significantly decreases the 38Ar/36Ar ratio; although resulting apparent 

exposure ages are still overestimated; ranging from 52 Ma to 112 Ma. The Cl-correction results in a 

35% - 43% correction on the exposure age. 

5.6.4.3. Cosmogenic exposure age using unirradiated apatite 

If argon produced from Cl during irradiation is indeed responsible for producing most of the 38Ar, we 

would expect that the non-irradiated apatite samples VIC100ap_unirr and VIC102ap_unirr would 

yield a correct 38Ar/36Ar ratio (corrected for natural interferences of Cl content) derived only from 

the exposure history, while unfortunately not providing any information about the 37Ar/36Ar ratio. As 

a complementary experiment, to test our hypothesis, and since the aliquots analysed have a very 

similar mass (~100 mg) and were analysed using the same step-heating protocol, we have combined 

the measured 38Ar/36Ar ratios for every step, with the 37Ar/36Ar value derived for every step from the 

Figure 5.10. Cosmochron diagrams of typical apatite showing the difference in isotopic abundance for (a) 
the uncorrected data vs (b) natural and reactor-derived Cl-corrected data. 
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irradiated aliquots of these two samples to construct a cosmochron diagram which should 

theoretically not be effected by any reactor-induced Cl interferences. In theory, the slope and intercept 

derived from these cosmochrons should provide us with a more meaningful exposure age; as the slope 

and intercept are not effected by any unwanted reactor-induced interferences. Of course, no true age 

could be derived for such an approach, but the value of the slope obtained should return an apparent 

age not too far from the real exposure age. Figure 5.11 shows the cosmochron diagrams of irradiated 

samples VIC100ap and VIC102ap and the non-irradiated samples VIC100ap_unirr and 

VIC102ap_unirr having 37Ar/36Ar from the same respective irradiated aliquots. It can be seen that the 

slopes of the cosmochrons are much steeper for the irradiated samples as compared to the non-

irradiated samples; hence confirming the effect of reactor-induced 38ArCl interferences which result 

in much higher total 38Ar values. This confirms our reservation towards the old apparent ages derived 

for these samples.  

 

Figure 5.11. Cosmochron diagrams to compare exposure ages derived from irradiated apatite samples and 
non-irradiated samples with 38Ar/36Ar taken from non-irradiated degassing experiment and 37Ar/36Ar taken 
from corresponding irradiated aliquot. It can be seen that the irradiated samples have extremely high 38Ar 
values which are most likely derived from reactor-induced chlorogenic interferences. The artificially 
constructed cosmochron slope of the non-irradiated apatite samples is thought to be more geologically 
meaningful and a statistically significant (p > 0.05) exposure age can be obtained for sample VIC102ap_unirr 
at 2.7 ± 0.5 Ma. 
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In fact, sample VIC102ap_unirr yields a statistically significant cosmochron and thus a much more 

plausible exposure age of 2.7 ± 0.5 Ma. We expect that this age is the close to the actual exposure 

age of the West-Australian granite inselbergs. However, VIC100 persists in returning a very old 

apparent, yet implausible age of ca. 45 Ma (Figure 5.11) suggesting that other factors than 38ArCl 

played a role in the production of 38Ar.  

5.6.4.4. The effect of nucleogenic 38Ar 
Uranium-rich rocks will have a contribution of nucleogenic argon from 35Cl (α, p) 38Ar and 35Cl (n, 

γ) 36Ar via reactions on target elements fluorine, magnesium, chlorine and potassium by α-particles 

derived from natural decay of U and Th and neutrons mainly derived from spontaneous fission of 
238U (Eikenberg et al., 1993).  Nucleogenic contributions on both 38Ar and 36Ar could therefore be 

significant in yielding an overestimated exposure age for the apatite samples. The nucleogenic 38Ar 

production rate (in cc STP/g/y) is given as (Ballentine and Burnard, 2002); 

0.76 0.104 ∗ 10   (2) 

Where [Cl], [U] and [Th] are in ppm. We calculate the contribution to 38Ar from the various Cl, U 

and Th concentrations in the samples as ranging from 0.02 to 9.89 atoms/g/y (median value of 1.6 

atoms/g target/y). The apatite (U-Th)/He ages of ~ 400 Ma provide a maximum age at which the 

granite rocks were at the ~ 70°C isotherm (Farley, 2002) and thus provide a minimum Ar retention 

age in apatite. Furthermore, we succeeded in deriving 40Ar/39Ar age spectra from the irradiated apatite 

thanks to the minute amount of potassium present in the crystal. The apparent 40Ar/39Ar age spectrum 

(Figure 5.6), although by no means providing a meaningful formation age, offers another estimate of 

Ar retention in these rocks. The total fusion error-age of the apatite is ~ 1.4 Ga, which suggests that 

there is approximately 1.4 Ga worth of 40Ar still present in the sample. Assuming that all argon 

isotopes show similar diffusion behaviour, this suggests that there is 1.4 Ga worth of nucleogenic 
38Ar present in the sample as well. Figure 5.12 shows the relative contribution (in percentage) of 

nucleogenic 38Ar on the total 38Ar abundance for various exposure ages, depending on the formation 

age of the rock. For example; for a 400 Ma old host rock which is exposed over 10 Ma, the 

nucleogenic contribution to the total 38Ar abundance is ca. 20%. However, for a 1.4 Ga old host rock 

which was exposed over 1 Ma; the nucleogenic contribution to the total 38Ar abundance is more than 

90% and will completely overwhelm the cosmogenic 38Ar abundance, resulting in a strongly 

overestimated exposure age. Such model curves are in good agreement with the data obtained for 

sample VIC100. If we assume an approximate exposure age of 2.5 Ma for VIC100 and not 45 Ma, 
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this would suggest that 94% of the total 38Ar is of nucleogenic origin, as expected for an Archean 

basement. 

 

Figure 5.12. Relative contribution of nucleogenic 38Ar (in %) on the total 38Ar abundance over a range of 
potential formation ages of a rock and different exposure ages. 

5.6.5. Applicability of cosmogenic 38Ar exposure dating. 
As outlined above, pyroxene could be a significant new tool to date the exposure of rocks with 

exposure ages of a few Ma, where a precision of 5% or less could be achieved. However, we strongly 

advise against using apatite (in particular from old host rocks) for this objective due to the inevitable 

presence of Cl in apatite (Sha and Chappell, 1999) and the large effect of reactor-induced and 

nucleogenic 38ArCl on the age calculation. Cosmogenic 38Ar exposure dating of Ca-rich (and 

eventually K-rich), yet Cl-free, minerals is a valuable addition to the range of existing cosmogenic 

exposure dating techniques due to various reasons (Renne et al., 2001). As 38Ar is stable, the 

applicability extends beyond the time scale of short-living cosmogenic isotope systems, such as 10Be 

(< 2.2 Ma), 26Al (< 1 Ma) and 36Cl (< 430 ka; Gosse and Phillips, 2001). Furthermore, due to its much 

larger Van der Waals radius than helium or neon, argon is generally quantitatively retained under 

environmental conditions (Lippolt and Weigel, 1988). For example, testing the usability of calcite 

(e.g. Cassata and Renne, 2013), should be high in the list of priorities of developing this technique 

since this mineral is omnipresent in geological landscape and fault planes. Nevertheless, the most 
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important task is to accurately determine the P38(Ca) by comparison of well-defined cosmochron-

derived 38Ar exposure ages with ages from other exposure dating techniques (e.g. Niedermann et al., 

2007). 

5.7. Conclusions 
Ultra-precise analysis of cosmogenic 36Ar and 38Ar abundances in irradiated terrestrial pyroxene and 

apatite from Australia provides invaluable insight into the argon degassing characteristics of these 

minerals and the potential for further development of the cosmogenic 38Ar exposure dating technique. 

Pyroxene samples from Mt Elephant (40Ar/39Argroundmass = 183 ± 15 ka) in Southeast Australia show 

a complex, two-step 38Ar degassing behaviour. Four statistically significant cosmochrons were 

derived. A combined exposure age from all four samples and using a 38Ar production rate (Ca) of 250 

atoms /g Ca/ yr results in a geologically meaningful age of 313 ± 179 ka; which overlaps with the 

known eruption age. Importantly, even for these young pyroxenes, absolute errors on the 38Ar and 
36Ar abundances are extremely small (~ 0.30%) suggesting that a precision of less than ± 5% is 

achievable for rocks of few million years old. Apatite samples from granite inselbergs in West-

Australia [(U-Th)/He and 40Ar/39Ar closure age of 400 Ma and 1.4 Ga, respectively] show similar 

degassing behaviour, although our analyses and modelling show that samples suffer from reactor-

produced interferences on 38Ar as well as a strong nucleogenic 38Ar contribution and give erroneously 

old exposure ages. 
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Chapter 6 (U-Th)/He dating of olivine phenocrysts in the K-rich Ellendale 
olivine lamproite, Western Australia4 

 

6.1. Abstract 
We present a new olivine (U-Th)/He dating approach and apply it to phenocrysts derived from the 

Ellendale E9 lamproite deposit (Western Australia) using precise 40Ar/39Ar geochronology to 

calibrate the accuracy of olivine (U-Th)/He ages. Obtaining precise and accurate measures of low 

abundances of U, Th and He in olivine has been a limiting factor in previous studies and was resolved 

here by analysing large quantities of olivine in the range of 1.3 – 5.7 mg in each dated aliquot. Our 

method employs careful handpicking, air abrasion and crushing techniques (to assure removal of 

trapped He from the phenocrysts), followed by repeated heating (re-extracts) in a furnace to verify 

complete He extraction, and He measurements by isotope dilution. Parent isotope abundances were 

determined by isotope dilution using inductively coupled mass spectrometry and total acid dissolution 

in pressure digestion vessels. Fresh olivine phenocrysts yielded three (U-Th)/He ages of 18.7 ± 5.2 

Ma, 18.7 ± 5.6 Ma and 34 ± 13 Ma; equivalent to phlogopite 40Ar/39Ar ages within uncertainty [22.37 

± 0.03 Ma (2σ), 22.40 ± 0.03 Ma (2σ) and 22.42 ± 0.04 Ma (2σ)]. Several additional aliquots yielded 

too-old ages (ranging from 53.3 ± 5.0 Ma to 39.8 ± 3.4 Ma) which are explained by the loss of parental 

isotope during sample processing, either due to incomplete recovery of all sample material after 

degassing or due to sample volatilization after too many heating cycles.  The results obtained in this 

study are promising and show that (U-Th)/He dating of olivine phenocrysts could be a viable new 

geochronology technique.  

                                                      
4 This Chapter was submitted as a paper to the Australian Journal of Earth Sciences on December 11, 2016 and is 
currently under review. 
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6.2. Introduction 
High analytical sensitivity for U and Th concentrations and low background levels of ‘excess’ He 

(Farley, 2002) suggest that (U-Th)/He geochronology could be a promising alternative when 

conventional geochronology methods are unavailable, due to, for example; the absence of minerals 

suitable for dating, incomplete degassing behaviour of samples and/or the presence of altered phases. 

Successful application of the (U-Th)/He geochronology and thermochronology technique has been 

demonstrated on apatite (House et al., 1998; Zeitler et al., 1987), zircon (Danišík et al., 2012a; 

McInnes et al., 2009), hematite (Danišík et al., 2013), magnetite (Blackburn et al., 2007), titanite 

(Reiners and Farley, 1999), fluorite (Evans et al., 2005b; Pi et al., 2005) and garnet (Aciego et al., 

2003; Dunai and Roselieb, 1996). Recent work has shown that (U-Th)/He geochronology has the 

potential to be applied on common volcanic phenocrysts such as olivine, with (U-Th)/He ages of 

olivine phenocrysts similar to 40Ar/39Ar ages of Box Canyon basalts (Aciego et al., 2007) and the 

basaltic sequence on Hawaii (Aciego et al., 2010). Nevertheless, research towards routine application 

of the (U-Th)/He dating technique on olivine has been limited to these two studies only, which 

suffered from analytical complexity and an inability to measure precise He abundances. Here, we 

investigate the applicability of (U-Th)/He geochronology on olivine from the Western Australian 

Ellendale E9 olivine lamproite deposit (Jaques et al., 1986), using an extraction line customized for 

He dating, and calibrating of the (U-Th)/He ages against high-precision 40Ar/39Ar ages from co-

genetic phlogopite. 

6.2.1. Theoretical background 
6.2.1.1. Helium 
Radiogenic 4He is produced both by radioactive decay of parent isotopes 238U, 235U, 232Th as well as 

a negligible amount derived from α-decay of 147Sm. For samples >350 ka, secular equilibrium of all 

daughter products in the decay chain can be assumed and the He age can be obtained from solving 

for t (time in year) in the He ingrowth equation: 

He 8 ∗ U e 1 7 ∗
.

e 1 6 ∗ Th e 1   (1) 

where λ is the decay constant (λ238 = 1.551 × 10–10 year-1, λ235 = 9.849 × 10–10 year-1, λ232 = 4.948 × 

10–11 year-1), the coefficients the multiple α particles emitted and the ratio (1/137.88) the current 
235U/238U ratio (Mamyrin and Tolstikhin, 1984). To calculate a meaningful age using this equation, 

there are several assumptions to bear in mind; 1) initial 4He is absent from the sample, 2) the sample 

is in secular equilibrium with respect to the daughters in the decay chain; 3) information about the 

retentive qualities for He of the mineral being dated is known. 
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The total amount of 4He in an olivine phenocryst is potentially derived from three different sources: 

1) radiogenic 4He (4Herad) produced by decay, 2) cosmogenic 4He (4Hecos) produced by exposure of 

the sample to cosmic rays, and 3) initial 4He (4Heinit) derived from incomplete degassing of the sample 

upon eruption. Therefore, to derive a meaningful (U-Th)/He age, it is of paramount importance to 

avoid 4Hecos and 4Heinit during analyses. Cosmogenic 4He can be avoided by taking samples from 

depth, well below the penetration depth of cosmic rays (up to 106 g cm-2, corresponding to an 

approximate depth of ~10 cm (Masarik and Reedy, 1995). However, removal of 4Heinit can be more 

challenging and requires careful crushing of the sample to liberate 4Heinit from fluid inclusions (Kurz, 

1986), while also preserving 4Herad present in the matrix. It has been shown that in vacuo crushing of 

olivine and pyroxene phenocrysts quantitatively retains the cosmogenic and nucleogenic/radiogenic 
3He and 4He, providing the size fraction is >10 µm and temperature during crushing is kept to a 

minimum (<300°C; Blard et al., 2008). Ignoring the presence of residual 3He and 4He from 

atmospheric and/or magmatic sources resulting from under-crushing of the sample will result in 

overestimated ages. Crushed samples can be analysed and corrected for the presence of 4Heinit by 

incorporating a low temperature (e.g. 300°C) gas extraction step, where any gas released represents 
4Heinit derived from fluid inclusions. 

It has been shown that He is quantitatively retained within the olivine and pyroxene mineral structure 

at surface temperatures (Aciego et al., 2003, 2007; Niedermann, 2002). However, slowly cooled 

samples might have undergone He diffusion. For olivine at low temperatures (150°C - 600°C) it has 

been shown that He diffusion obeys the standard Arrhenius relationship of diffusion, with very low 

diffusivities (approximately 1 x 10-22 cm2/s) at environmental temperatures (activation energy [Ea] = 

25 ± 4 kcal/mole; Trull et al., 1991). At mantle temperatures (~ 1200 °C – 1350 °C), diffusion of He 

in olivine is relatively fast at 2.2 x 10-8 cm/s (Ea = 120 ± 30 kcal/mole; Hart, 1984) to 5.3 x 10-9 cm2/s 

(Ea = 100 ± 4.8 kcal/mole; Trull and Kurz, 1993), which suggest that phenocrysts are readily degassed 

from any magmatic He. However, the presence of trapped magmatic He in samples (Aciego et al., 

2007, 2010), released during in vacuo crushing, suggests that some magmatic He is retained in 

phenocrysts forming at magmatic temperatures. Using the diffusion parameters of Hart (1984) for the 

grain sizes used in this study (~ 300 µm) and the expected fast cooling rate of 107 °C/Ma for the small 

(~ 50 m; Jaques et al., 1986) lamproite intrusion at Ellendale, the closing temperature for He in olivine 

is about 1000 – 1100 °C. It has been shown that CO2-rich and H2O-rich peridotite melts have solidus 

temperatures below 1000 °C between 20 – 30 GPa (Foley et al., 2009), which implies that trapped 
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magmatic He will be retained in olivine phenocrysts during formation of such rocks. Therefore, 

removal of this 4Heinit before degassing is of paramount importance for accurate age determination. 

6.2.1.2. Uranium and thorium 
Uranium and thorium concentrations of individual olivine phenocrysts from single basalt flows 

typically show a wide range between 0.002 and 400 parts per million (ppm) for U and 0.005 and 445 

ppm for Th (Blard and Farley, 2008), stressing the importance of determining parental U and Th 

isotope concentrations on the exact same aliquot of olivine used for He extraction. Furthermore, U 

and Th are commonly heterogeneously distributed in the phenocryst, and concentrations are usually 

much higher than that expected on the basis of partition coefficients (Beattie, 1993), probably due to 

the presence of micro-inclusions of U and Th rich phases. 

6.3. Sample description5 
In lamproitic rocks the partition coefficient for U (and other incompatible elements) is generally high 

(Kd = 0.0012) for olivine phenocrysts, relative to less alkaline rocks (Kd = 0.0001; McKenzie and 

O’Nions, 1991) due to a favourably larger M2 site (Foley and Jenner, 2004). Therefore, these rocks 

are ideal candidates for the development of more accurate (U-Th)/He dating techniques. However, 

the outer 20 µm of the olivine phenocryst can be subjected to implantation of alpha particles from 

more U-rich neighbours in the groundmass (e.g. leucite: Kd = 0.005; Farley et al., 2002; Foley and 

Jenner, 2004; Ziegler, 1977). This effect can be corrected for, either using a quantitative model to 

calculate the correction factor (FT) based on the grain size and geometry (Farley et al., 1996), or by 

physically abrading the outer 20 µm of the sample (Min et al., 2006). Min et al. (2006) have shown 

that physical removal of the outer 20 µm of sufficiently large grains corresponds to an alpha-

implantation correction factor FT (Farley et al., 1996) approaching unity. 

We have sampled an Olivine-Clinopyroxene-Phlogopite lamproite from the Ellendale 

diamondiferous lamproite field in the Kimberley region of Western Australia (hereafter sample E9; 

Figure 6.1; Jaques et al., 1986). Geochemical data suggests that these rocks were derived from an 

extremely enriched mantle (McCulloch et al., 1983) that underwent a three-stage enrichment 

evolution (Fraser et al., 1985). Although the distribution of lamproite pipes in Western Australia 

appears strongly dependent on the presence of major crustal structures (Jaques and Milligan, 2004); 

their ultimate magmatic provenance remains enigmatic. Geochronology has shown that these rocks 

are Mesozoic, with combined whole rock and phlogopite Rb-Sr dating showing ages around 24 Ma, 

                                                      
5 We have performed multi-mineral 40Ar/39Ar dating on two other lamproites from Spain and Serbia as well, but as these 
did not yield olivine for (U-Th)/He dating they were not included in the manuscript. The data and interpretation can be 
found in Appendix N.  
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and phlogopite K-Ar dating 

showing an age of 22.0 ± 0.6 

Ma for closely located Mt 

Percy (Wellman, 1973). 

More recent (U-Th)/He 

dating of zircon from 

Ellendale confirms 

Mesozoic emplacement 

with an age of 20.6 ± 2.8 Ma 

and a maximum age of ca. 

22 Ma derived from a 
40Ar/39Ar mini-plateau 

(Evans et al., 2012). Thin 

section analysis (Figure 6.2) 

shows that E9 has a very 

fine grained to glassy matrix 

with abundant perovskite 

and fresh phlogopite 

microcrysts present, 

whereas slightly altered 

phlogopite is also present as 

macrocrysts together with 

slightly serpentenized 

olivine. Two generations of 

olivine are present; the fraction 300 – 400 µm selected for this study is the second-generation of 

olivine phenocrysts thought to represent lamproite compositions (Sobolev et al., 1989). 

6.4. Analytical methodology 
Approximately 3 kg of lamproite material was disaggregated using the high voltage pulse power 

fragmentation SelFrag™ instrument. This process leaves all mineral phases intact; which was 

required to yield adequate amounts of olivine for (U-Th)/He analyses and identifiable K-rich phases 

for 40Ar/39Ar geochronology. 

Figure 6.1. Simplified location map of the Ellendale lamproite field after
Jaques et al (1986). Major geological units are distinguished by different
colours. Major faults are indicated by red lines. Lamproite deposits are
indicated by a star. 
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6.4.1. 40Ar/39Ar geochronology 
Disaggregated sample material was sieved to multiple fractions and washed. Phlogopite was extracted 

using a series of magnetic and density separations, followed by handpicking using a binocular 

stereomicroscope, avoiding altered grains as well as grains containing inclusions. Mineral separates 

were leached for 5 minutes with methanol and dilute HF (2N) followed by duplicate DI washes to 

remove any silicate phases, loaded into aluminium discs wrapped with aluminium foil and placed in 

quartz tubes along with the fully inter-calibrated flux monitor Fish Canyon Tuff sanidine (28.294 ± 

0.036 Ma, 1σ; Renne et al., 2011) and irradiated for 3 hours in the axial position at the Cadmium-

Lined In-Core Irradiation Tube (Cd shielding to avoid nuclear interference reactions) at the Oregon 

State TRIGA reactor, USA. 

40Ar/39Ar step-heating analyses were performed with the high precision, new generation, multi-

collector mass spectrometer ARGUSVI from Thermofisher© at the West Australian Argon Isotope 

Facility, John de Laeter Center, Curtin University, Perth. Argon isotopes were released from 

approximately 5 mg of sample material in 26 steps of increasing temperature using a Photon Fusions 

10.6 CO2 laser operating between 1 and 50% laser power (max power of 60 W). Resulting gases were 

purified using a SAES GP50 getter and two AP10 SAES getters as well as a polycold electrical 

cryocooler condensation trap, and analysed on the ARGUSVI mass spectrometer with 37Ar, 38Ar, 39Ar 

and 40Ar analysed on four Faraday detectors and 36Ar on the ultra-sensitive ion counting electron 

multiplier. A more complete description of the extraction line and ARGUSVI mass spectrometer can 

be found in Oostingh et al. (2016). 

Argon isotope results were corrected for system blanks, mass discrimination, radioactive decay and 

reactor-induced interference reactions. System blanks proved to be around 11 fA for 40Ar as compared 

to > 150 fA for a typical analysis and were measured every fourth sample. Mass discrimination was 

closely monitored via a series of air shots before and after each step-heating experiment assuming an 

atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 2006) and ranged from 0.992294 ± 0.0003 

(0.03%; 1σ) to 0.993432 ± 0.0008 (0.08%; 1σ). The J-value of 0.0008266 ± 0.00000029 (0.035%; 

1σ) for all specific levels was calculated by averaging the mean (40Ar*/39Ar) ratios from total fusion 

analysis of four aliquots of FC sanidine bracketing the samples. We used correction factors obtained 

from prolonged analysis of K-Ca-Cl glass/salts at the Oregon State TRIGA reactor: (39Ar/37Ar)Ca = 

(7.60 ± 0.09) x 10-4; (36Ar/37Ar)Ca = (2.70 ± 0.02) x 10-4; (40Ar/39Ar)K = (7.30 ± 0.90) x 10-4; and 

(38Ar/39Ar)K = (1.24 ± 0.004) x 10-2 (Jourdan and Renne, 2007). 
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The ArArCALC algorithm (Koppers, 2002) was used for data regression and age calculation. We 

define statistically significant plateau ages as including > 70 % of released 39Ar from at least 3 

subsequent steps with 40Ar/39Ar ratios within error of the 2σ confidence level (McDougall and 

Harrison, 1999) and correlations satisfying a probability of fit (p) based on the χ2-test distribution of 

more than 5% (Jourdan et al., 2009a). Ages were calculated relative to the FC sanidine age of 28.294 

± 0.036 Ma (Renne et al., 2011) using the decay constants of Renne et al. (2011) and the atmospheric 

argon composition of Lee et al. (2006). Uncertainties were calculated using error propagation of 

uncertainties associated with the mean and plateau ages and J-value and are reported at the 2σ or 95% 

confidence level. 

6.4.2. (U-Th)/He geochronology 
Disaggregated material from sample E9 was sieved to the fraction 300 – 400 µm, which optically 

contained the freshest olivine. Subsequent magnetic and density separation ensured almost perfect 

separation of olivine phenocrysts and host rock material, however, we carefully handpicked fresh 

olivine to avoid altered (serpentinized) phenocrysts or phenocrysts with inclusions. The handpicked 

olivine was air-abraded for 3 days, using pyrite as shock-absorber, to remove the outer 20 µm of the 

grains in order to overcome errors resulting from alpha-implantation of the olivine from the 

groundmass (Aciego et al., 2007; Blackburn et al., 2007; Farley, 2002; Min et al., 2006). Resulting 

abraded grains were thoroughly washed with alternating acetone, ethanol and DI in a sonic bath to 

remove adhering pyrite powder. Following the approach of Blard et al. (2008), abraded grains were 

carefully crushed with an agate mortar and pestle to release 4Heinit from fluid inclusions, while 

retaining 4Herad in the matrix. The resulting crushed fraction was sieved to 53 – 100 µm and various 

weights (1.3 – 5.7 mg; Table 2) were loaded in degassed Nb crucibles for He extraction. 

Figure 6.2. Thin section images of an olivine phenocryst in the Ellendale E9 sample. (a) Plane polarized 
light and (b) cross polarized light. 
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Helium analysis was performed on an Alphachron™ instrument at the GeoHistory laboratory, John 

de Laeter Centre, Curtin University, Perth. This instrument consists of an UHV extraction line (150 

cc) containing two SAES getters to purify gases; one operating at high temperature (350 °C) and one 

operating at room temperature (18 °C). 4Herad abundances were analysed by means of isotope dilution 

on a Pfeiffer Prisma QMS-200 mass spectrometer, by spiking the standard/sample 4He gas with a 

standard aliquot of 3He and determining the resultant 4He/3He isotopic ratio. Typical long-term 

instrumental blank is approximately 0.005 ncc. The low temperature blank of the extraction line 

ranged from 0.000025 – 0.000418 ncc 4He, whereas the procedural hot blanks at 300° C and 1300° 

C ranged from 0.001826 to 0.004228 ncc 4He and from 0.007597 to 0.010160 ncc 4He respectively. 

Gases were extracted in three temperature steps, using an externally heated tube furnace to heat 

individual Nb crucibles located in an Inconel® sample tube. The first step consisted of raising the 

temperature to 300° C for 15 mins to release any adsorbed He, the second step consisted of raising 

the temperature to 1300° C for 150 mins to liberate all He from the matrix. This was followed by the 

re-extract step at 1300° C for 150 mins to ensure all He was released. Crucibles were retrieved after 

total gas extraction and sample material removed for U and Th isotope analyses. 

U and Th isotope analyses were performed using isotope dilution inductively coupled plasma mass 

spectrometry following methods outlined in Evans et al. (2005). To facilitate dissolution of the 

olivine, samples were split in aliquots of 0.5 mg each and placed in 0.35 mL Savillex micro-vials 

with 350 µL of concentrated HF and 50 µL of a mixed 15 ng/mL 235U – 230Th spike (7M HNO3). 

Nine aliquots, a blank and a spiked standard were added to a single Parr pressure dissolution vessel, 

which was heated to 240° C for 36 hours. Samples were taken to incipient dryness and re-bombed 

with hydrochloric acid to remove fluoride salts. The final solution was taken up in 900 µL of MilliQ 

H2O and analysed for U and Th isotopes on an Agilent 7500 quadrupole inductively coupled plasma 

mass spectrometer at TSW Analytical, Perth. Accurate U and Th isotopic abundances were acquired 

by means of isotope dilution, using a spike with [235U] = 15.6 ± 0.6 ppb, [230Th] = 5.8 ± 0.2 ppb, 
230Th/232Th = 0.2119 ± 0.0007 and 235U/238U = 0.5922 ± 0.0019. The resulting absolute errors on U 

and Th concentrations after recombining the 0.5 mg aliquots for each sample range from 13.22 % - 

16.16 % (1σ) and 13.79 % - 25.91 % (1σ) respectively. 

6.5. Results 
6.5.1. 40Ar/39Ar geochronology 
Table 6.1 provides a summary of the 40Ar/39Ar geochronology results, whereas corresponding 

apparent age plateaus can be found in Figure 6.3. Full step-heating results can be found in Appendix 
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M. All plateau ages reported in this paper are inverse isochron 40Ar/36Ar intercept corrected (see 

Oostingh et al., 2016 for a discussion on this approach). The three aliquots of phlogopite that were 

analysed for sample E9 all yield statistically significant plateau ages (probability of fit (P) based on 

the χ2 test distribution of at least 0.05; Jourdan et al., 2009), from which a weighted mean average 

age of 22.39 ± 0.02 Ma could be calculated.  
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6.5.2. (U-Th)/He 
geochronology 
 

Table 6.2 provides an 

overview of the He degassing 

characteristics for each 

heating step, as well as the U, 

Th and Sm concentrations of 

each degassed olivine aliquot 

and resulting (U-Th)/He 

ages. Samarium is not present 

in high enough abundances to 

significantly impact the age 

calculation. Secular 

equilibrium between U and 

Th decay series is assumed, 

as samples are expected to be 

> 1 Ma old. Ages range from 

53.3 ± 5.0 Ma to 18.7 ± 2.6 

Ma for the six different 

aliquots. The degassing step 

at 300°C yields insignificant 

amounts of 4Heinit for each 

sample and 4He released 

during re-extract steps is less 

than 10% of the main 

extraction step. As absolute errors of the He abundances range from 0.7 % – 1.6 % (1σ), the relatively 

large uncertainty of the calculated (U-Th)/He age (>10%) is mainly caused by the propagated 

uncertainties in calculation of U and Th concentrations. 

  

Figure 6.3. Age spectra of the three E9 phlogopite aliquots. The size of the 
error box represents a 2σ uncertainty on the apparent age. 
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6.6. Discussion 
6.6.1. 40Ar/39Ar versus (U-Th)/He dating 
The ultra-precise 40Ar/39Ar age of 22.39 ± 0.02 Ma obtained for the three phlogopite aliquots confirms 

the Mesozoic emplacement of the Ellendale suite. Furthermore, the precise age shows the advantage 

in using new generation multi-collected mass spectrometers such as the ARGUSVI when analysing 

K-rich minerals. Our approach also shows the importance of adopting strict sample selection 

protocols, as careful handpicking of the unaltered small-size fraction of phlogopite yields an accurate 

eruption age, whereas previous 40Ar/39Ar analysis of the slightly altered but significantly larger size 

fraction only yielded a maximum age (Evans et al., 2012). 

 

Three of the six olivine aliquots overlap within 2σ error with the mean weighted phlogopite 40Ar/39Ar 

age of 22.39 ± 0.02 Ma (Figure 6.4), although age precision (38% error) on the E9-5 sample is poor 

due to a large uncertainty in the determination of the U concentration of this sample (25%). The three 

aliquots with the smallest amount of sample material yield ages that are much older than expected; 

53 Ma (E9-61; 1.3 mg), 40 Ma (E9-9; 1.8 mg) and 41 Ma (E9-4; 4.2 mg). Here, we will discuss the 

potential causes of these overestimated ages; presence of excess daughter (4He) or loss of parent (U 

and/or Th).  

Figure 6.4. Age comparison between (U-Th)/He ages of six olivine aliquots and the ultra-precise weighted 
mean 40Ar/39Ar age of the three phlogopite aliquots of sample Ellendale E9. All errors are 2σ. 
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6.6.1.1. Excess helium? 
As mentioned above, olivine phenocrysts contain multiple reservoirs of helium. Trapped 4Heinit, could 

either be present in fluid inclusions with magmatic composition or derived from alpha-implantation 

in the outer 20 µm of the olivine from U and Th rich groundmass. Furthermore, radiogenic 4Herad will 

be present from decay reactions of parent isotopes U and Th. Cosmogenically produced 3Hecos is 

considered insignificant for these samples, as the Ellendale olivine lamproite sample was taken from 

a recently exposed quarry (Evans et al., 2012). Following the recommendation of Aciego et al. (2007), 

we performed air abrasion as well as crushing techniques to remove the effects of alpha-

implantation/diffusion and liberate trapped 4Heinit from fluid inclusions. It has been shown that 

radiogenic 4Herad is quantitatively retained in olivine phenocrysts during crushing, as long as the 

temperature during crushing is kept to a minimum (Blard et al., 2008). Under-crushing of the sample 

could prove to be a potential risk, which would result in an overestimated (U-Th)/He age. However, 

as all low temperature (300°C) gas extraction steps yielded 4Heinit either below experimental blank 

levels or at concentrations <1% of those obtained during the main heating step, we conclude that we 

have successfully removed excess He from fluid inclusions.  

It is possible, however, that we did not completely remove the outer 20 µm layer during air abrasion. 

As the lamproite groundmass is expected to be much more enriched in U and Th than the olivine 

phenocrysts (e.g. 0.1 - 4.8 ppm U for lamproite glass versus < 0.005 ppm U for olivine in the 

Gaussberg lamproites; Foley and Jenner, 2004; Zanetti et al., 2004), incomplete removal of the outer 

layer could result in overestimated ages due to nett alpha-implantation into the grains. Unfortunately, 

it was not possible to do a volume approximation calculation (Aciego et al., 2007) to verify the 

amount of material removed, as some grains were completely pulverized during air abrasion. We 

Figure 6.5. Ellendale E9 olivine phenocrysts (a) before and (b) after three days of air abrasion used to remove
the outer edge of 20 µm from the grains to overcome α-implantation effects from the U and Th rich lamproite
groundmass. 
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have used visual techniques instead (Figure 6.5). However, as all samples have undergone the same 

air abrasion procedure, it would be expected that incomplete removal of the outer layer would result 

in overestimated ages for each sample aliquot. This is clearly not the case, as three out of six aliquots 

provide geologically meaningful (U-Th/He) ages; we therefore conclude that we have successfully 

removed any alpha-implantation effects from the grains during air abrasion.  

6.6.1.2. Uranium and/or thorium loss? 
A more likely cause of the three overestimated ages is the partial loss of parent isotopes during sample 

preparation and/or analysis. It was challenging to fully recover all the gas-extracted olivine for all 

samples except E9-55 and E9-91 (largest by mass) so it is conceivable that some of the material from 

which He was recovered, did not have their full complement of U and Th due to loss during sample 

recovery (i.e., transfer of grains from Nb microvials to dissolution vessels). We recommend a 

minimum sample weight of 4.7 mg when using similar crucibles, as we observed that no sample 

material was optically visible after removal following gas extraction in the two crucibles with largest 

sample mass.  

It has been suggested that volatilization of U and Th might play an important role during high-

temperature gas extraction (Danišík et al., 2013). Our initial experimental set-up (where four samples 

are dropped into the furnace sequentially), causes the samples that are analysed first to be exposed to 

extraction and re-extraction steps at 1300°C for more than eight times as subsequent samples drop 

and are heated. For example, sample E9-4 (41 Ma) was heated for four cycles, samples E9-9 (40 Ma) 

and E9-5 (34 Ma) were heated for three cycles, samples E9-61 (53 Ma) and E9-55 (19 Ma) were 

heated for two cycles, and E9-91 (19 Ma) was only exposed to a single heating cycle. We suspect 

that U and Th volatilization could be an additional source of overestimated ages to that derived from 

incomplete sample removal. Hence, we would recommend subjecting each sample to a single gas 

extraction and heating schedule only and we propose that too-old ages were obtained on samples that 

lost U and Th during excess heating for He extraction. More experimental work is required to quantify 

the effect of potential U and Th volatilization from olivine phenocrysts exposed to multiple heating 

schedules. 

6.6.2. Future implications 
In contrast to earlier work on (U-Th)/He dating of olivine phenocrysts which suggested limitations 

around accurate He determinations (Aciego et al., 2007), the methodology outlined here yielded 

relatively precise He analysis (ca 1%) and less precise U and Th analyses (ca 15% and 25%). 

Resulting (U-Th)/He ages show errors around 10% which is much higher than 3 – 5% errors generally 
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encountered using (U-Th)/He dating of apatite and zircon (McInnes et al., 2009; Zeitler et al., 1987). 

The dissolution method employed by Aciego et al (2007) utilized up to 1 g of olivine for U and Th 

analysis as compared to the 0.5 mg aliquots used in this study, resulting in absolute errors of ca. 1% 

for Th and ca. 0.5% for U. Importantly, we show that He determination using isotope dilution on the 

Alphachron™ instrument yields accurate He concentrations with extremely small errors, even on 

small sample sizes (< 5.7 mg). This study shows that (U-Th)/He dating of olivine phenocrysts using 

the simple analytical methodology outlined above may provide meaningful geological ages in cases 

when traditional geochronology techniques are not applicable. However, more research is required to 

investigate the potential effects of U and Th volatilization and to find the optimum sample weight 

that ensures both full retrieval of sample material and easy digestion of degassed sample.  

6.7. Conclusion 
This study provides a detailed analytical methodology for (U-Th)/He dating on olivine phenocrysts. 

We have obtained (U-Th)/He ages ranging from 53.3 ± 5.0 Ma to 18.7 ± 2.6 Ma for six olivine 

separates from the Ellendale E9 lamproite (Western Australia). Three of these ages statistically 

overlap with a newly acquired 40Ar/39Ar age of 22.39 ± 0.02 Ma for phlogopite in this lamproite. 

Overestimated ages can be explained by parental isotope loss either due to incomplete crystal 

recovery after degassing or U and Th volatilization during multiple heating cycles. The low precision 

of the (U-Th)/He ages can be explained by relative large errors during U and Th analysis, due to small 

sample sizes. Degassing characteristics as well as the (U-Th)/He ages show that we have successfully 

removed trapped, magmatic 4Heinit as well as implanted He from the olivine grains by employing a 

combination of careful handpicking, air abrasion and crushing techniques before gas extraction. 

Therefore, (U-Th)/He dating of olivine phenocrysts shows potential as a new geochronology 

technique. 
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Chapter 7 THESIS CONCLUSIONS 
 

The research discussed in this thesis demonstrates how the availability of accurate age data is critical 

to understand the geological development of igneous provinces; both by enabling an integrated 

geochemical and geochronological study towards the cause of volcanism in the Newer Volcanic 

Province (NVP), SE Australia, as well as by allowing development of new geochronology techniques 

that will further enhance our understanding of the timescales of igneous and land surface processes. 

As outlined in Chapter 2; the exact magmatic provenance of the NVP remained enigmatic due to a 

lack of high-resolution age data. Most of the available data were K-Ar ages; which will only represent 

geological meaningful ages if samples are unaltered, sample splits for Ar and K analyses are 

homogenous and the composition of trapped Ar is atmospheric. Furthermore, no attempts were yet 

made in the literature to interpret the available geochronology in a wider geological context.  

New major and trace element as well as Sr, Nd and Pb isotope data on the youngest expression of 

volcanism in the NVP, which comprises the scoria cones, lava shields and maars of the Newer Cones 

series, is interpreted in Chapter 3. Here, new geochemical data of the < 1 Ma Newer Cones series is 

combined with published data on three older volcanic series in the NVP: the lava fields of the ca. 1 – 

5 Ma Newer Plains series, the mafic rocks of the ca. 7 Ma Euroa Volcanics series and the central 

volcanoes of the ca. 95 – 67 Ma Older Volcanics series. It is shown that the geochemical composition 

of the mantle source and the geodynamic processes driving volcanism dramatically changed over 

time; caused by melting of various mantle components during the process of edge driven convection 

of mantle material assisted by shear driven upwelling of magma. It is shown that the Older Volcanics 

igneous products have geochemical compositions that can be interpreted as being derived from 

melting a mixture of 10% carbonatite metasomatised vein material of the sub-continental lithospheric 

mantle during decompression melting with Indian mid ocean ridge basalt. Pb and Nd isotope data 

shows that the Euroa Volcanics are derived from a magma source with a composition changing from 

that of the Older Volcanics to that of the Newer Cones. These latter rocks are most likely derived 

from a more and more depleted source during ongoing thermal erosion; as it is shown that their 

geochemical composition reflects small degrees (5 – 10%) of partial melting of a depleted, anhydrous, 

Indian MORB type spinel lherzolite and enriched, hydrous spinel lherzolite metasomatised by 

alkaline melts. It is furthermore shown that the geochemical composition of the Newer Plains reflects 

up to 5% crustal contamination.  
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In Chapter 4 a geochronological framework is presented to further interpret part of the geodynamic 

processes described in Chapter 3, where 5 new ultra-precise 40Ar/39Ar ages of the Newer Plains and 

over 20 new, ultra-precise 40Ar/39Ar ages of the Newer Cones are given. It is shown that ages ranging 

from 3.8 – 4.3 Ma for Newer Plains samples vertically distributed in two boreholes indicate that the 

rate of volcanism was higher < 4 Ma, after which it declined throughout the NVP. This is interpreted 

as the effect of added thermal input to the existing process of edge driven convection by the migration 

of the Cosgrove track mantle plume along the NVP at that time. Spatial analysis of the distribution 

of volcanic centres was performed to better interpret the ages of the Newer Cones; which range from 

1.9 Ma to 40 ka and show an apparent age trend in the onset of volcanism from east to west throughout 

the NVP. It is shown that the distribution of the scoria cones, lava shields and maars of the Newer 

Cones is strongly dependent on the location of underlying basement faults; especially those structures 

which represent the northerly extension of the major Tasman Fault Zone south of the NVP. Hence, it 

is suggested in Chapter 4 that the migration of stress caused by sinistral movement along the Tasman 

Fault Zone was accommodated from east to west throughout the NVP over time; assisting the existing 

process of edge driven convection with shear driven upwelling by opening existing basement faults 

facilitating magma ascent. 

The Ar isotope system is not only suitable for conventional geochronology, but as 38Ar is formed by 

cosmogenic spallation reactions on Ca and K; it promises to be a valuable dating tool to constrain the 

timescales of land surface processes as well. However, the application of cosmogenic 38Ar dating on 

terrestrial rocks is still in its infancy; and Chapter 5 explores the potential of this technique in more 

detail. Here, four strategically sampled and irradiated pyroxene samples from Mt Elephant in the 

NVP, SE Australia, yield statistically significant cosmochrons; and a combined geologically 

meaningful age of 313 ± 179 ka which overlaps with the known eruption age of 183 ± 15 ka. Hence; 

pyroxene minerals with exposure ages of a few Ma have strong potential as a new dating tool, 

especially as we show that the current analytical precision that can be achieved with the new 

generation multi-collector ARGUS VI mass spectrometer on such timescales is better than 5%. 

However, strategically sampled and irradiated apatite minerals from granite batholiths in West 

Australia show less potential as a new cosmogenic 38Ar dating tool; as these suffer from strong natural 

and reactor-induced Cl contributions on the 38Ar abundance as well as nucleogenic contributions from 

high U and Th concentrations in the host rock. 

In some cases, the application of conventional geochronology techniques (such as 40Ar/39Ar) is 

problematic, due to e.g. the alteration of phases, or the absence of suitable phases for dating. 
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Therefore, new geochronology techniques need to be developed to enable the construction of a 

geochronological framework for all geological systems. Chapter 6 presents the results of the further 

development of the (U-Th)/He dating technique on olivine phenocrysts; which are omnipresent in 

many rocks, relatively resistant to weathering and quantitatively retain He for long periods of time at 

Earth surface temperatures. The existing methodology was deemed too complex and suffered from 

ultra-low U and Th abundances in olivine. Here, olivine phenocrysts from K, U and Th-rich Ellendale 

E9 (West Australia) lamproite yielded three (U-Th)/He ages ranging from 53.3 ± 5.0 Ma to 18.7 ± 

2.6 Ma; of which three statistically overlapped with the ultra-precise phlogopite 40Ar/39Ar age of 

22.39 ± 0.02 Ma obtained during this study. It is proposed that the other three, overestimated (U-

Th)/He ages are most likely the result of either sample loss during sample retrieval after degassing or 

due to volatilization of U and Th during multiple heating steps. 

In general; this thesis provides an example of how more accurate geochronology techniques can help 

to better understand and interpret igneous processes on Earth. It furthermore shows how the analytical 

precision that can be obtained with the new generation mass spectrometers aids in the development 

of new geochronology techniques: cosmogenic 38Ar dating of terrestrial rocks and (U-Th)/He dating 

of olivine phenocrysts.  
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APPENDIX P. SUPPLEMENTARY DATA CHAPTER 6 – 
ADDITIONAL 40AR/39AR DATA SERBIAN AND SPANISH 

LAMPROITES 
  



K.F. Oostingh  APPENDIX P  

345 
 

Sample description. 
Sample BK013/B is an Olivine-Clinopyroxene-Leucite lamproite from Boraç, Serbia and is part of 

the Tertiary – Quaternary Mediterranean lamproite province (Figure N.1; Prelević, 2005). These 

rocks are part of two types of ultrapotassic rocks of Tertiary age in the area, both with distinct isotopic 

signatures that were attributed to a strong contribution of variably metasomatised sub-continental 

lithospheric mantle melts on asthenosphere derived magmas (Prelević, 2005). A K-Ar age of 22.78 ± 

0.88 Ma was derived from a geochemically similar, near-by, minette (Cvetković et al., 2004) and this 

age was adopted for the full suite of ultra-potassic rocks around Boraç (Prelević, 2005). It can be seen 

in thin section (Figure P.2b) that this sample contains fresh phenocrysts of phlogopite, amphibole and 

olivine (all > 100 µm) in a very fine grained matrix containing numerous perovskite minerals.  

Sample 03V14 represents an Olivine-

Phlogopite lamproite (Venturelli et al., 1984) 

from the town of Vera in the Spanish Betic-

Alboran Cordillera (Figure P1). 40Ar/39Ar 

dating on groundmass glass has shown ages 

of 6.44 ± 0.28 Ma and 6.37 ± 0.18 Ma, 

whereas the age of phlogopite in these rocks 

is dated at 7.45 ± 0.08 Ma (Duggen, 2005). These rocks are also part of the Tertiary – Quaternary 

Mediterranean lamproite province, but are geochemically very distinct from the Serbian lamproites 

(Prelević et al., 2008, 2010), presumably explained by varying melting relations of a three-component 

Figure P.0.1. Simplified location map of the 
Spanish and Serbian lamproite occurrences. 

Figure P.0.2. Thin section photographs (cross polars) of (b) sample BK13/B and (c) sample 03V14. 
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mantle source (Prelević et al., 2008). Thin section analysis (Figure P.2c) shows that this lamproite 

contains fresh phlogopite as well as >100 µm olivine phenocrysts in a glassy matrix.  

Results. 
The following minerals were selected: phlogopite for sample 03V14; anorthite, K-richterite and 

phlogopite for sample BK013/B. Table P.1 provides a summary of the 40Ar/39Ar geochronology 

results, whereas corresponding apparent age plateaus and relevant K/Ca diagrams can be found in 

Figure P.3. Full step-heating results can be found at the end of Appendix P. The phlogopite from 

sample 03V14 only yielded a mini-plateau age (between 50 – 70% cumulative 39Ar released) (Jourdan 

et al., 2007) of ~ 7.5 Ma, and can be considered as a maximum or minimum age only. Of the three 

different mineral phases analysed for sample BK013/B; K-richterite (32.28 ± 0.11 Ma) and phlogopite 

(32.90 ± 0.12 Ma) yielded statistically significant plateau ages, however, their inverse isochron 

intercepts (atmospheric 40Ar/36Ar) are rather ill defined at 321 ± 28 and 308 ± 39 respectively. The 

mineral anorthite of sample BK013/B did not yield a plateau age or inverse isochron. 

 

 

Figure P.0.3. Age spectra and K/Ca diagrams for relevant phases for K-rich phases analysed. 
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  Plateau characteristics Inverse Isochron characteristics 
    
Sample Mineral 

Plateau age 
(Ma, ±2σ) 

Total 
39Ar 
released 
(%) 

MS 
WD 

P 

Inverse 
Isochron 
age (Ma, 
±2σ) 

n 

40Ar/36Ar 
intercept 
(±2σ) 

MS 
WD 

P 

           
BK013 
/B 

anorthite 
no plateau no inverse isochron 

 K-richterite 32.28 ± 0.11 81 0.69 0.79 32.27 ± 0.20 16 321 ± 28 0.87 0.59 
 phlogopite 32.90 ± 0.12 98 0.36 0.99 32.90 ± 0.16 18 308 ± 39 0.41 0.98 
           
03V14 phlogopite 7.45 ± 0.02 69 0.77 0.65 7.45 ± 0.05 10 301.6 ± 1.4 1.52 0.14 

Table P.0.1. Summary of 40Ar/39Ar results of various K-rich mineral phases of the lamproite samples. Data in 
italics are derived from mini-plateaus (50% - 70% 39Ar released) and are considered minimum ages only. 

Discussion. 
The 40Ar/39Ar ages of respectively 32 Ma and 33 Ma of the K-richterite and the phlogopite from 

Boraç, Serbia (sample BK013/B) show that these samples are likely much older than the K-Ar age of 

~23 Ma that is currently adopted for this suite (Prelević et al., 2008). This older age is still consistent 

with the age range of 35 Ma – 20 Ma that is generally considered for the duration of the lamproite 

intrusions in the Balkan region. Interestingly, the K-richterite is 1 Ma younger than the phlogopite; 

which is a potential indicator of a minimum magma residence time of 1 Ma before eruption, as K-

richterite is a typical late-crystallizing phase (Bergman, 1987; Mitchell and Bergman, 1991) or due 

to the presence of xenocryst inclusions in the phlogopite.  

Although the lamproite from Vera, Spain (03V14) only yielded a mini-plateau age of 7.45 ± 0.02 Ma, 

this age is indistinguishable from the 40Ar/39Ar plateau age of 7.45 ± 0.16 Ma published for this 

sample as measured on a MAP 216 mass spectrometer (Duggen, 2005) which suggest that both ages 

represent the crystallization age of the phlogopite. 
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