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Exploding	  stars,	  colliding	  comets,	  DNA	  based	  life	  on	  Earth	  –	  they	  all	  connect	  in	  
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Earth Chemistry 
 
 
Introduction 
 
The chemistry and isotope chemistry of natural materials is highly indicative of provenance and process throughout 
geological history. Our studies range in time from the earliest solar system through to processes that are actively taking place 
today, and in scope from planetary systems to individual molecules. Active areas of research centre on planetary studies, 
metamorphic and igneous geochemistry and geochronology, geochemistry of life processes, and chronology of all processes 
encompassed. 
Most of our analytical work involves detailed analysis on the microscale, or concentrating trace elements from larger samples 
for high precision analysis. Isotopic systems can reveal both the nature of the processes involved (stable isotopes) as well as 
the timing of events (radiogenic isotopes), while chemical and molecular abundances can reflect protolith contributions and 
processes affecting various systems including biologic systems. As revealed in this year's research contributions, analytical 
work can be applied to topics in tectonics, ore genesis, metamorphic petrology, paleoclimate, paleoecology and regolith 
dating.  
 
Highlights  
 
Following on from the establishment of the SHRIMP and Chemistry laboratory facilities in J5, the J3 laboratory where SHRIMP 
II was formerly located, was renovated as a Thermal Ionization Mass Spectrometry laboratory. The Thermo-Finnigan Matt 261 
mass spectrometer has been installed and is now operational. The award of a LIEF grant to fund a new Triton mass 
spectrometer will provide the latest technology for high-precision isotopic analysis of Earth and Planetary materials. Earth 
Chemistry personnel participated in the Geochemistry, Mineralogy, and Petrology review and enjoyed the opportunity of 
presenting their research agendas to the committee. Members of Earth Chemistry participated at numerous conferences, in 
particular Goldschmidt 2009 in Davos, Switzerland, Australian Space Science Conference in Sydney, and the American 
Geophysical Union Conference in San Francisco, USA. 
 
Personnel 
 
Dr Vickie Bennett was promoted to Associate Professor.  
 
Dr Daniela Rubatto was awarded the Dorothy Hill Prize of the Australian Academy of Science for 2009.  
 
PhD studies were completed by Ryan Ickert.  
 
Postgraduate studies were commenced by Ms Jane Thorne and Ms Barbara Frasl (supervised by Professor Trevor Ireland), Ms 
Katherine Boston (supervised by Dr Daniela Rubatto), Ms Jia-Urnn Lee (supervised by Dr Marnie Forster), and Mr Aditya 
Chopra (supervised by Dr Charley Lineweaver).  
 
Dr Tsuyoshi Iizuka, a long-term visitor from the University of Tokyo, was awarded an ARC post-doctoral fellowship to 
continue his studies in early Earth and planetary systems.  

 



SHRIMP 'keyhole' geochronology: evidence for an extension of the Svecofennian
orogenic province into north-eastern Poland
Ian S. Williams1, Ewa Krzemińska2 and Janina Wiszniewska2

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
2 Polish Geological Institute, ul. Rakowiecka 4, 00-975 Warszawa, Poland

The basement rocks of Poland are buried beneath an extensive cover of much younger sedimentary
rocks. The thickness of the cover ranges from about 500 m in the east to over 5 km in the west. The
broad geological structure of the basement has previously been mapped using magnetic and gravity
surveys, supplemented by deep seismic investigations. The only samples of the basement rocks that can
be studied directly, however, are drill cores recovered from a limited number of boreholes, mostly drilled
to investigate deep geophysical anomalies. As part of a joint research project between RSES and PGI, we
are piecing together the geological evolution of the Polish basement using the limited view provided by
these irregularly-spaced ‘keyholes’ into the buried terrane.

Our work initially focused on studies of rocks collected from holes drilled in areas that showed the most
pronounced geophysical anomalies, especially magnetic or gravity highs. For example, the rocks beneath
Lomza, about 150 km NE of Warsaw, were shown to be part of a late Paleoproterozoic mafic igneous
suite; the ‘Archean’ crystalline basement of the Mazowsze granitoid massif in far NE Poland was shown
to be actually of late Paleoproterozoic age; and a belt of rocks from the Warmia area about 50 km SE of
Gdańsk, once considered to be high grade metasediments, was shown to be of igneous origin and coeval
(possibly cogenetic) with the Mesoproterozoic Mazury Complex to the east.

Over the last two years we have turned our attention to the basement rocks cored away from the
geophysical anomalies in areas that are geophysically bland. Such areas are extensive, but the density
of coring is relatively low. Drill holes at Jastrzebna and Monki in far NE Poland, for example, intersected
a monotonous sequence of metasedimentary rocks possibly representative of the host rocks to the
igneous complexes throughout NE Poland.

Superficially the Polish metasediments resemble the Paleoproterozoic metasediments of the Svecofennian
Domain exposed to the north in Finland and to the northwest in Sweden. Chemical analyses of the
metasediments and SHRIMP U-Pb dating of zircon and monazite have shown that the resemblance is
more than superficial—the rocks from Poland are so closely related to those in Finland and Sweden in
composition, provenance and metamorphic history that they are probably part of the same orogenic
province (Williams et al., 2009; Krzemińska et al., 2009).

The most compelling evidence that the Polish metasediments are part of the Svecofennian Domain
comes from the ages of the detrital zircon cores. The age distribution is distinctive; a main, bimodal
zircon population with ages in the range 2.05–1.85 Ga, and a secondary population with ages in the
range 3.0–2.6 Ga. The same pattern of ages is seen in the detrital zircon cores from Svecofennian
metasediments in Finland and Sweden (Fig. 1).

It is highly likely that the Polish basement metasediments were derived from the same source region as
the 'classical' Svecofennian metasediments, and were deposited in the same basin or basin system. The
ages of the detrital zircon cores do not match the ages of any known igneous rocks currently exposed
within the Baltic Shield, but do match the ages of rocks to the east, indicating their possible derivation
from source areas in Sarmatia and adjacent regions.

The next step will be to explore further afield to find out how far the Sevecofennian basement extends.

 

Williams, I.S., Krzemińska, E., Wiszniewska, J. (2009) An extension of the Svecofennian orogenic
province into NE Poland: Evidence from geochemistry and detrital zircon from Paleoproterozoic
paragneisses. Precambrian Research 172: 234–254.

Krzemińska, E., Wiszniewska, J., Skridlaite, G., Williams, I.S. (2009) Late Svecofennian sedimentary
basins in the crystalline basement of NE Poland and adjacent area of Lithuania: ages, major sources of
detritus, and correlations. Geological Quarterly 53: 255–272.



Figure 1. Relative probability plots of the 207Pb/206Pb ages of zircon cores from metasediments from NE Poland, and representative
Svecofennian metasediments from Finland and Sweden, showing the close similarities between them.



Figure 1. Texture in experimental run at 1000 oC, 40 kbar.

Experimental study of monazite/melt trace
element partitioning
Aleksander Stepanov, Daniela Rubatto and Joerg
Hermann

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

Monazite is a common accessory mineral
(LREE,Th)PO4. In Earth Science monazite is relevant
for Th, U-Pb geochronology and as host of REE, Th
and U during metamorphism and melting.

Monazite is an ideal mineral for Th,U-Pb dating
because of its high closure temperature and low
common lead content. However, the interpretation of
monazite ages may be hampered by limited knowledge
of its behavior during metamorphic and igneous processes. One powerful method for the interpreting the
relationship between age data and petrological events is linking accessory mineral ages with garnet
growth zones through the equilibrium partitioning of trace elements. Partitioning of trace elements
between monazite/garnet and monazite/melt have so far been estimated only in natural samples.

During melting the presence of monazite as a residual phase could produce enrichment in the restite of
elements that are strongly incompatible in other circumstances (Rapp et al, 1987). Monazite also plays a
critical role in the fractionation of REE relative to one another and could be responsible for granites with
unusual REE patterns. Recently monazite has been identified as an important player in the melting of
sediments withing subduction zones and magma generation at subarc depths (Hermann and Rubatto,
2009).

Experimental determination of monazite-melt partitioning was performed at conditions revalent for
melting within the crust and in subduction zones. The starting composition was granite with about 8 %
H2O and doped with trace elements. Experiments in piston-cylinder press were performed at 10 kbar
over the temperature range from 750 and 800 to 1300°C with steps of 100°C. Additionally, a pressure
series form 10 to 50 kbar with steps of 10 kbar was conducted at 1000°C. In order to reach conditions
relevant to subduction zone environments, additional temperature series is planned at 30 kbar.

Experiments at temperature >800°C and pressure <30 kbar produced melt with monazite. At lower
temperature additional quartz and plagioclase appeared in the experimental charges. At higher pressures,
kyanite, coesite, jadeite, apatite, zircon and allanite start to crystallize. Monazite was produced in all
experiments but with very small grain size (<5µm), making it impossible to determine the trace element
composition of monazite alone. As alternative, LA-ICP-MS analyses of monazite-melt mixes were
performed and the monazite composition was calculated using regression analysis.

Preliminary results show that monazite solubility decreases of a factor of two at pressures above 20 kbar.
However, because high pressure experiments produced different melt composition and higher water
content, changes in monazite solubility are likely a combination of pressure and melt composition. Study
of monazite composition have shown that only REE, Th, U, Y and As strongly partitioning into monazite,
whereas other trace elements (Li, Be, B, Sc, Ti, V, Mn, Sr, Zr, Nb, Ba, Hf, Ta, Pb) have a partitioning
coefficients lower than 10. Monazite has the highest preference for LREE, with a decrease in partitioning
coefficients for Sm, MREE and HREE. Partitioning for Th is much higher than for U.



Figure 1. Exploding stars, colliding comets, DNA based life on
Earth - they all connect in the search for extra-terrestrial

life.

We are made of star dust
Aditya Chopra and Charles H. Lineweaver

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

One way of answering the question ‘What is life?’ is to
look at the ingredients of life on Earth. In terms of
chemical elements, oxygen, carbon, hydrogen and
nitrogen, make up 96.8 ± 0.1% of the mass of life
(based on humans and bacteria). Phosphorus and
sulfur together make up 1.0 ± 0.3%. The remaining
2.2 ± 0.2% is dominated by potassium, sodium,
calcium, magnesium and chlorine, while 0.03 ± 0.01%
is attributed to trace elements such as iron, copper
and zinc. 

All atoms that are or have been part of living matter
on Earth have either been produced during big bang
nucleosynthesis or in different processes of the stellar
nucleosynthetic pathways that take place in stars.
Around ~4.5 billion years ago our Sun was formed out
of a collapsing molecular cloud that was polluted by
earlier stellar processes and a proto-planetary disk
that was made of the remaining dust gave rise to
terrestrial planets like the Earth. 

While the elemental composition of planets reflects to
a large extent the composition of the Sun, relative to
the Sun, the Earth is depleted in the most volatile
elements hydrogen, helium and the noble gases. These
elements were swept away by the solar wind from the
region of the solar nebula where rocky planets like
Earth formed. However, later input of volatile elements
from chondritic material, comets and other objects
from the outer solar system led to a surface crust on
the Earth which exhibits elemental abundances more
like the Sun depleted in volatile elements than the
bulk Earth. 

Life does not reside in the mantle or the core of the
Earth and so its elemental abundances are more
reflective of abundances in the crust (specifically the
biosphere) than abundances in the bulk Earth. 

Since, the abundance of most elements in life forms and their environments on Earth follow cosmic
abundances (as represented by the Sun), perhaps extraterrestrial life on Mars or moons of Jupiter and
Saturn or perhaps extra-solar planetary systems, will also exhibit elemental abundances similar to those
found in life on Earth.

Aditya Chopra and Charles H. Lineweaver (2009), The major elemental abundance differences between
Life, the Oceans and the Sun, in Australian Space Science Conference Series: 8th Conference
Proceedings. Full Refereed Proceedings DVD, National Space Society of Australia Ltd, ISBN 13:978-0-
9775740-2-5
www.tinyurl.com/ACCL08

http://rses.anu.edu.au/highlights/www.tinyurl.com/ACCL08


Figure 2. The positive correlation between elemental abundances (by number of atoms) in life (as represented by humans) and the Sun.



Figure 1. The Tree of Life diverged early in Earth's history
into three domains. Humans, animals, plants, fungi are all

kingdoms within Eucaria.

Sugar, spice and everything nice... The
search for elemental ingredients of life
Aditya Chopra, Charles H. Lineweaver, Jochen J.
Brocks and Trevor R. Ireland

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

We are finding out if the most primitive organisms on
Earth started out with basic ingredients of life and
became more complex as they evolved. The findings
from the research, could give hints on where and how
life got started on Earth. 

Over the next few years, we will collect samples of
bacteria and archaea (a very ancient form of bacteria).
The samples will include including extremophiles, the
life forms that thrive in punishingly hot or acidic
environments. We then use atomic emission
spectrometry, mass spectrometry and elemental
analysers to know precisely what these life forms are
made of. We will measure the abundances of about
half of the 80 most abundant stable elements in nature including major elements such as carbon,
hydrogen, oxygen, nitrogen, sulphur and phosphorus and trace elements such as sodium, potassium,
calcium, iron and copper. 

With this information we will find out if the most ancient life forms are made of fewer elements than the
life forms that appeared on Earth more recently. Just as a novice chef starts baking a cake with simple
ingredients like flour, eggs and sugar, life may have started with the most abundant (or bio-available)
elements. These could be elements like carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus and
ions like calcium or boron to stabilise its structures, and catalytic metals like iron. 

Later, life began to accessorise with more elements like bromine and selenium – like an experienced chef
who has learnt to use vanilla, cinnamon and the rest of the spice rack. This increase may be in response
to changes in the bioavailability of elements in environments such as the oceans – particularly during the
great oxidation event ~2.4 billion years ago. 

Aditya Chopra, Charles H. Lineweaver, Jochen J. Brocks and Trevor R. Ireland,
Palaeoecophylostoichiometrics: Searching for the Elemental Composition of the Last Universal Common
Ancestor, in Australian Space Science Conference Series: 9th Conference Proceedings (submitted)

Website
http://www.mso.anu.edu.au/~aditya/publications.html

http://www.mso.anu.edu.au/~aditya/publications.html


Figure 2. A possible sequence of increasing diversity of elements used by life.



Figure 1. Rutile-bearing metapelite (A) in hand specimen; note
light layers of leucosome (melt) and dark layers of restite (the
rock left after melt extraction). (B) Under microscope in plane-
polarised light, showing rutile. (C) Under microscope in cross-

polarised light.

Testing the significance of hafnium
isotopes in rutile across a crust-
mantle transition
Tanya Ewing, Daniela Rubatto and Jörg
Hermann

Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200,
Australia

The study of metamorphic rocks that have
been brought to the Earth’s surface gives us
an insight into processes that are occurring
today in parts of the Earth we cannot observe
– such as deep in the Earth’s crust, under
mountain belts, and in subduction zones.
Metamorphic histories are often complex,
with multiple phases of deformation and/or
heating. A powerful tool for unravelling the
story of metamorphism is the study of
isotope systems, such as hafnium (Hf).

Hf isotopes can be accurately measured
in-situ for the metamorphic mineral rutile
using our laser ablation multi-collector
inductively coupled mass spectrometer
(LA-MC-ICPMS). Hf isotope information is
combined with U-Pb ages obtained by
SHRIMP, and trace element information
measured by LA-ICPMS. The formation
temperature of rutile is calculated according
to the Zr-in-rutile thermometer of Watson et
al. (2006). Each of these techniques can be
applied in sequence to a single rutile grain,
providing linked age, temperature, chemical
and isotopic information.

We aim to assess the significance of Hf
isotopes in rutile, and how their behaviour in
response to pressure, temperature and fluids
compares to that of Hf isotopes in zircon. A
study of the Ivrea-Verbano Zone in northern
Italy will provide a “natural laboratory” to
investigate these questions.

The Ivrea-Verbano Zone (IVZ) preserves a
spectacular section through the lower crust
and mantle that exposes interlayered metapelites (metamorphosed sedimentary rocks) and
metabasites (metamorphosed basic igneous rocks) which have undergone metamorphism at
high temperatures and pressures. The higher grade end of the section underwent significant
partial melting, forming rutile in metapelites. Partially-digested slivers of metapelitic material are
found within the underlying Mafic Complex. In the field, a wide range of degrees of mixing
between the mafic igneous and metapelitic end-members can be observed.

Rutile-bearing samples collected from the IVZ record varying degrees of mixing between
metapelite and gabbro; a range of pressures and temperatures; and variable amounts of
overprinting by a later, lower-temperature metamorphic event. The presence of metamorphic
zircon rims in some samples allows comparison of the behaviour of Hf isotopes in the two



minerals – but their absence in other samples emphasises the relevance of a thorough
understanding of Hf isotopes in rutile.

Preliminary data indicate that the Hf isotope signature of rutile may be very robust, even in an
area that has seen high temperatures, mixing of different lithologies to varying degrees, and
significant fluid influx.

 

Watson EB, Wark DA, Thomas JB (2006) Crystallization thermometers for zircon and rutile.
Contributions to Mineralogy and Petrology, 151: 413-433.



Genesis of granites: U-Pb geochronology and O-Hf isotopic analyses
Carboniferous-Permian granites across the boundary between the Lachlan and New England
fold belts
Heejin Jeon, Ian Williams and Vickie Bennett

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

Since significant fractionation of 18O from 16O occurs at low temperature, the δ18O value of granite (7-
12 ‰ in general) could be used to determine whether the source material of magma experienced low-
temperature geologic processes at surface. However, the bulk δ18O value could be easily affected by
subsequent geologic events, and magma differentiation (even in a closed system) as the proportion of
quartz and feldspar which tend to concentrate 18O in more felsic magma is changed, whereas the δ18O
value of zircon retains constant (Valley, 2003). That is, igneous zircons potentially preserve the oxygen
isotopic compositions equilibrated with the magma from the time of their crystallization. Therefore, the
δ18O of zircon can be used to trace relative contribution of new, mantle-derived crust (δ18Ozircon value
of 5.5 ‰) and crust that has chemically evolved and been reworked (δ18Ozrc value of 12 to 14 ‰;
Valley, 2003). In addition, development of in-situ analyses technique using SHRIMP II (Ickert et al.,
2008) enables us to identify the timing of each stage of δ18O.  

Based on the 176Lu-176Hf isotopic system having slightly more incompatible daughter than parent, crust
which derived from partial melts of mantle contains lower Lu/Hf ratio than residual mantle, and then
176Hf/177Hf ratio in crust increases slower than in mantle where 177Hf accumulates faster. The
176Hf/177Hf ratios of crust (lower) and mantle (higher) which diverge are generally represented as
negative and positive εHf values, respectively. The notation of εHf expresses the difference between the
initial 176Hf/177Hf ratio of rocks and the CHUR (CHondritic Uniform Reservoir) which probably coincide
with a bulk earth. Therefore Hf isotopic study of granite could be used to determine crustal and/or
mantle sources of magma based on their distinct εHf values, and crustal residency and continental
growth based on the Hf model age for the formation of the granite or its precursor from the CHUR.
Considerable amount of HfO2 (mostly <3 wt.%) and hardly involved parent Lu in zircon (significantly low
Lu/Hf) enables this mineral to well preserve the initial Hf isotopic composition. In-situ Hf analyses of
each growth domain for magmatic zircons have been carried out using LA-MC-ICP-MS (Laser Ablation
Multi-Collector Inductively Coupled Plasma Mass Spectrometry). The results could be combined with
SHRIMP based U-Pb ages and O isotopic composition on the same analyzed grains to determine nature
of the source magma and crustal residence ages which might not correspond to the emplacement ages
(Hawkesworth and Kemp, 2006; Kemp et al., 2007).

To provide a fresh approach in granite genesis, a new micro-analytical technique - in-situ combined
isotopic analyses of U-Pb, O and Hf for zircons from granites which reserve the information about the
nature of protolith, it is possible to determine most reliable emplacement ages of each plutonic body,
relative contribution of recycled and/or pre-existed crustal material and juvenile/mantle derived
component to magma which give rise to the granites, and crustal residency of source rocks where each
zircon domain grew. Particularly, my project focuses on the granites across the boundary between the
Lachlan (Carboniferous) and New England (Permian) fold belts in the southeastern Australia. So far, the
preliminary results of U-Pb and O isotopic data of zircons reveal that: (1) ages (340-325 Ma) and
δ18O (6.5-7.8 ‰) show slight negative correlation and inherited zircons imply possible crustal
assimilation consistent with O isotopic inter-granite heterogeneity in the Lachlan Fold Belt; (2) there is
no inherited zircons in the late Permian I-type granites in the New England Fold Belt (same range in
δ18O with the Lachlan Carboniferous granites); and (3) even S-type granites (early Permian and > 11
‰ in δ18O) contain only late Paleozoic inherited zircons probably from the volcanogenic sediments of the
same fold belt.

 

Ickert, R.B., Hiess, J., Williams, I.S., Holden, P., Ireland, T.R., Lanc, P., Schram, N., Foster, J.J.,
and Clement, S.W., 2008, Determining high precision, in situ, oxygen isotope ratios with a SHRIMP
II: Analyses of MPI-DING silicate-glass reference materials and zircon from contrasting granites:
Chemical Geology, v. 257, p. 114-128.
Hawkesworth, C.J., and Kemp, A.I.S., 2006, Using hafnium and oxygen isotopes in zircons to
unravel the record of crustal evolution: Chemical Geology, v. 226, p. 144-162.
Kemp, A.I.S., Hawkesworth, C.J., Foster, G.L., Paterson, B.A., Woodhead, J.D., Hergt, J.M., Gray,



C.M., and Whitehouse, M.J., 2007, Magmatic and crustal differentiation history of granitic rocks from
Hf-O isotopes in zircon: Science, v. 315, p. 980-983.
Valley, J.W., 2003, Oxygen Isotopes in Zircon, in Hanchar, J.M., and Hoskin, P.W.O., eds., Zircon,
Volume 53: Reviews in Mineralogy and Geochemistry, p. 343-380.



Figure 1. PhD Student Richard Schinteie sprays 800 million
year old, carbon-rich carbonates with diesel oil: “This is the

only way to find steranes in these ancient rocks”, he justifies
his action

Figure 2. PhD students Ben Kotrc and Jessica ‘JC’ Creveling
(Knoll Lab, Harvard University) and Richard Schinteie (ANU)

enjoying field work in Alice Springs. The rocks in the
background are the Neoproterozoic to Cambrian McDonald

Ranges spanning almost the entire time range of our
biomarker study.

The Succession of Oxygen Producers in
Early Oceans
A study of the world’s oldest molecular fossils
JOCHEN J. BROCKS, AMBER JARRETT, RICHARD
SCHNINTEIE and JANET HOPE

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

The dead biomass of organisms in the oceans is almost
completely remineralised back to CO2, water and
nutrients. Only a small fraction of dead organic carbon
becomes permanently buried in sediments. However,
this small fraction determines the redox state of the
surface of our planet: for every mole of CO2 buried as
organic C, one mole of O2 is released into the
atmosphere. A major factor contributing to carbon
burial and, thus, atmospheric oxygen levels, is the
type of organic matter produced by the dominant
photosynthetic organisms in the world oceans and on
land. For instance, the emergence of land plants led to
the formation of enormous coal deposits and
increasing atmospheric O2 levels in the Carboniferous.

In the Proterozoic, the time between 2,500 and 542
million years (Ma) ago, land plants had not yet
evolved, and atmospheric oxygen was controlled by
single-celled primary producers such cyanobacteria and
various groups of algae. Shifting regimes of these
organisms in the oceans must have had dramatic
effects on the atmosphere and carbon cycle, possibly
triggering the late Proterozoic Snowball Earth events
and an increase of oxygen that may have permitted
the evolution of animals some 600 Ma ago. The most
dramatic regime change in the oceans was probably
the shift from cyanobacteria to algae. Most
cyanobacteria produce high proportions of digestible
carbohydrates, whereas algae often contain resistant
cell wall material with a high chance of burial [1].

To determine when Earth’s early oceans were
dominated by cyanobacteria, and when and why these
organisms were displaced by successive groups of
algae, we studied molecular fossils (biomarkers)
extracted from sedimentary rocks 2,800 to 500 million
years in age. Biomarkers are the hydrocarbon fossils of
biological molecules such as lipids. For instance, algae
produce a wide variety of steroids, and the fossils of
these steroids, the steranes, can be preserved as
hydrocarbon skeletons in sedimentary rocks for
hundreds of millions of years old.

In contrast to previous studies, and to our great
surprise, we found that biomarkers of eukaryotic algae
are rarely detected in rocks older than 635 Ma [2, 3], the time before the first animals appear in the
geological record. Also, when present in ancient rocks, the steranes were very distinct from later periods
in Earth’s history. The record of sedimentary sequences with demonstrably indigenous biomarkers is still
exceedingly patchy. However, it appears that complex algae may have displaced cyanobacteria as the
rulers of the carbon cycle roughly at the time when increasing oxygen levels permitted first animals to
evolve.

A new project that was generously funded by the Australian Research Council for 2010 to 2014 will now
have a very close look at the exciting history of these biomarkers in the Precambrian, and how the



evolution of early organisms controlled the carbon cycle and influenced the tumultuous climate of the
Neoproterozoic (1000 – 542 ma ago).

For more information, go to the home page of the Brocks group.
http://shrimp.anu.edu.au/people/jjb/jjb.html

Figure 3. The famous Ellery Creek outcrop covers the time period from about 800 to 500 million years ago. On the right is the mid-
Neoproterozoic Heavitree Quartzite, and the ridge in the distance is a Cambrian sandstone. The almost vertical-standing layers in between

encompass glacial deposits of the Snowball Earth events, a rise in atmospheric oxygen and the first appearance of animals followed by
their explosive radiation at the Precambrian/Cambrian boundary.

http://shrimp.anu.edu.au/people/jjb/jjb.html


Figure 1. Example of an evaporitic sample from which lipid
biomarkers were extracted. The sample is composed of 
grey-brown dolomitic laminae and gray-white crystaline

anhydrite. Sample is 7 cm wide.

Molecular characterization of a
Neoproterozoic hypersaline ecosystem
Richard Schinteie and Jochen J. Brocks

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

Numerous microorganisms survive and flourish in
environments that are often considered “extreme”
from an anthropogenic view point. Such environments
include hydrothermal vents, hydrocarbon seeps, and
acid hot springs. Hypersaline environments are another
type of setting where microorganisms live under
salinity regimes exceeding those of seawater. In order
to understand the evolution of ecosystems from such
settings, Neoproterozoic halite-bearing evaporites were
investigated for their lipid biomarker content.  While
previous work identified potential halophiles in the
Cambrian and Precambrian, we aim to present a more detailed investigation of a microbial ecosystem
under "extreme" conditions.

Thus far, we extracted biomarkers from evaporitic sediments composed of dolomite, anhydrite and/or
halite. The samples are derived from evaporitic sediments of the Neoproterozoic Bitter Springs
Formation, Amadeus Basin, central Australia. Due to the broad shallow nature of the Amadeus Basin and
a tenuous connection with the ocean, the water was characterized by elevated salinity levels during that
time. As a result, very thick (100 m to >2000 m) evaporite units were deposited.

The Neoproterozoic evaporites are often composed of numerous microbial mat-like formations that
exhibit roll-up structures and tearing. Full scans (gas chromatography - mass spectroscopy, GCMS) of the
saturate fraction revealed high ratios of mono- and dimethyl alkanes relative to n-alkanes. Such patterns
are typical of Precambrian and Cambrian samples and observed in a number of facies settings. An
outstanding characteristic are several pseudohomologous series of both regular (to C25) and irregular (to
C40) acyclic isoprenoids. These isoprenoids are present in high concentrations and have never before
been reported in the Precambrian. The presence and relative concentrations of these compounds vary
with regards to the sedimentology of the host rock. Hopanes and steranes are often present in low
concentrations or are absent.

Based on these results, we present an ancient and extreme, saline environment dominated by
prokaryotes – with potentially the oldest evidence of haloarchaea in the geologic record. The presence of
exceptionally well preserved biomarkers in anhydrite, despite the fact that sulfate and biomarkers are
thermodynamically not stable together, raises the prospect of finding biomarkers in sulfate deposits on
Mars.

 



Figure 1. Plot of !Hfi versus U/Pb ages.

Rate of growth of the preserved
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Detrital zircons from the Mississippi River
have been analyzed for U-Th-Pb, Lu-Hf and O
isotopes to constrain the rate of growth of
the preserved North American continental
crust. U/Pb dates on zircons mounted in
epoxy resolved six major periods of zircon crystallization: 0-0.25 Ga, 0.3-0.6 Ga, 0.95-1.25 Ga,
1.3-1.5 Ga, 1.65-1.95 Ga and 2.5-3.0 Ga. These age ranges match the ages of the recognized
tectonic units of the North American continent in the hinterland of the Mississippi River.
Ninety-six zircons mounted on tape, which show no age zonation, were selected to represent the
six U/Pb age time intervals and analyzed for Lu-Hf and O isotope by laser ablation MC-ICP-MS
and SHRIMP II, respectively.  Zircons derived from juvenile crust, which we define as having

mantle d18O (4.5 - 6.5 ‰) and lying within error of the Hf depleted mantle growth curve, are
rare or absent in the Mississippi basin (Fig. 1). The overwhelming majority of zircons crystallized
from melted pre-existing continental crust, or mantle derived magmas that were contaminated
by continental crust. The average time difference between primitive crust formation and
remelting for each of the recognized lithotectonic time intervals, which is defined as crustal
incubation time in this study, is 890 ± 460 Myr.

If the zircons are weighted by the area of North America covered by the six recognized periods
of zircon crystallization the average Hf model age is 2.35 Ga, which compares favorably with a
weighted by area Nd model age of 2.36 Ga.  Our preferred approach is to use the measured O

isotope values to constrain variations in the 176Lu/177Hf ratio of the granitic source region from
which the zircons crystallized, making the assumption that zircons with mantle like O isotopic

ratios have higher 176Lu/177Hf than zircons with higher O isotope values.  This method gives an

average Hf model age of 2.53 Ga, which is 180 Myr older than the constant 176Lu/177Hf
calculation.  The area weighted zircon Hf model ages show two distinct periods of crust formation
for the North American continent, 1.6 to 2.2 and 2.9 to 3.4 Ga. At least 50% of the preserved
North American continental crust was extracted from the mantle by 2.9 Ga and 90% by 1.6 Ga.
Two similar periods of crustal growth are also recognized in Gondwana (Hawkesworth and Kemp,
2006), suggesting that these may be periods of global continental crustal growth.

Link to paper
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4V166D3-1&
_user=554534&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&
_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&
md5=b8b4068dfc9d121f2e1212ddbd4f051a

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4V166D3-1&_user=554534&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&md5=b8b4068dfc9d121f2e1212ddbd4f051a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4V166D3-1&_user=554534&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&md5=b8b4068dfc9d121f2e1212ddbd4f051a


Figure 1. 207Pb/206Pb age histograms of concordant and
<5% discordant monazites for Mt. Narryer metasediments
(a) MN051, (b) MN074, (c) MN080, (d) MN090, and (e)
MN100 and Jack Hills metasediments (f) EH26 and EH27.
Columns are coded according to internal structure under

backscattered scanning electron imagery.
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Knowledge of early crustal evolution is central to
deciphering the evolution of the young Earth. Mt.
Narryer and Jack Hills metasediments in the Narryer
Gneiss Complex of Western Australia are of particular
importance for the study of early crustal evolution
because they yield Hadean (>4.03 Ga) detrital zircons;
no crustal rocks have been found from the first 500
Myr of Earth’s history. To better understand the
tectonothermal history and provenance of these
ancient metasediments, we have undertaken in-situ
LA-ICPMS geochronology and geochemistry of
monazites from the metasediments.

Our data reveal multiple periods of metamorphic
monazite growth in the Mt. Narryer metasediments
during tectonothermal events, including metamorphism
at ~3.3–3.2 and 2.7–2.6 Ga and a hydrothermal
alteration at 3.2–3.1 Ga. These results set a new
minimum age of 3.2 Ga for deposition of the Mt.
Narryer sediments, previously constrained between
3.28 and ~2.7 Ga. Despite the significant metamorphic
monazite growth, detrital monazites survive with a
relatively high proportion in a Fe- and Mn-rich sample.
This could be primarily due to its Fe- and Mn-rich bulk
composition leading to the efficient shielding of old
monazite by garnet. By contrast, the metamorphic
monazite growth in the Jack Hills metasediments was
insignificant, suggesting the lack of high-grade
metamorphism in the region.

The detrital monazites provide evidence for the derivation of Mt. Narryer and Jack Hills sediments from
3.6 and 3.3 Ga granites, likely corresponding to Meeberrie and Dugel granitic gneisses in the Narryer
Gneiss Complex. Importantly, no monazites older than 3.65 Ga have been identified. This can be
interpreted as indicating that the source rocks of the >3.65 Ga detrital zircons contained little monazite,
thereby providing no evidence for the presence of granites (sensu stricto) on Hadean Earth. An
alternative interpretation is that although the source rocks may have contained monazite, this phase
completely dissolved/recrystallized during <3.65 Ga metamorphism or was eliminated during prolonged
sedimentary recycling.



Figure 1. Neon isotope diagram, showing the results from
Jwaneng polycrystalline diamonds (this study) and

framesites. The MORB correlation line and a mixing line
between atmospheric and crustal nucleogenic neon are also

plotted.
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Research goals in noble gas geochemistry include
understanding the structure of the Earth’s mantle and
the creation of a coherent model of its evolution. In
this regard, noble gas compositions in mid-ocean-ridge
basalts (MORBs) and ocean island basalts (OIBs) have provided very useful information on the mantle.
However, virtually all these data are from samples that are effectively of zero-age and, therefore, only
give information about the present composition of mantle noble gases. If noble gas measurements are
made on mantle-derived samples of different ages, these can allow further refinement of models
concerning mass transport in the mantle.

Diamonds have unique characteristics which make them potentially very useful as sources of noble gases
from the mantle: (1) most diamonds appear to be derived from 150 km to 200 km depth in the Earth,
(2) diamonds cover a wide range of crystallization ages of between 1.0 and 3.5 billion years, and (3)
diamonds have suffered little interaction with crust or atmosphere. Thus, diamonds provide a direct
window into the ancient mantle.

We have undertaken helium, neon and argon analyses of eleven polycrystalline diamonds from the
Jwaneng kimberlite pipe, Botswana, with known diamond paragenesis. In contrast to the findings of
crustal noble gases in framesites from the same kimberlite pipe (Honda et al., 2004), the Jwaneng
polycrystalline diamonds appear to have similar noble gas, particularly neon, isotope compositions as
observed in MORBs, regardless of their parageneses (Fig. 1). This implies that the Jwaneng
polycrystalline diamonds may have formed in recent times, and are possibly as young as kimberlite
emplacement (~ 235Ma). In contrast, Jwaneng framesites could be as old as sulphide inclusions in
diamonds, which have model Re-Os ages of ~2.9 Ga. Furthermore, as shown in Figure 1, neon isotope
compositions in the mantle where Jwaneng diamonds formed, appear to have changed over this time
period from crustal Ne (as observed in the framesites) to MORB-like Ne (as observed in the
polycrystalline diamonds).

The apparent difference of neon isotope compositions and formation ages between the Jwaneng
polycrystalline diamonds and framesites may imply that primordial noble gases in the upper part of the
mantle were outgassed at an early stage of the Earth’s formation, and that crustal noble gases could
have been introduced into the diamond stability field of the sub-continental mantle by subduction-related
processes. Subsequently primordial noble gases were continuously supplied from the lower to upper part
of the mantle in order to form MORB-like Ne compositions in the upper mantle.
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Fluid inclusions enable crustal fluids to be sampled from deeper and hotter environments than can be
sampled by direct means and have been trapped throughout Earth's History.   Therefore fluid inclusions
enable us to investigate the noble gas systematics of magmatic and metamorphic systems that have
never been investigated previously.  Analysis of unirradiated samples maximises information from He,
Ne, Ar, Kr and Xe isotopes while complementary analysis of irradiated samples enables halogen
determination (Ar-Ar methodology) meaning the fluid inclusions Ar concentration can be determined from
its salinity and the measured Ar/Cl value.  Combining these approaches has proven powerful because it
enables the noble gases to be studied in tandem with other volatiles including the halogens, H2O, CO2
and CH4.  

Current projects applying these tools to important ore systems in the Mt Isa Inlier and Yilgarn Terrane of
Australia have demonstrated it is a powerful tool for testing exploration models.  In addition the work
has lead to new insights on how noble gases are transported through the crust.  We now understand
noble gases are partially coupled to the major volatiles and unravelling mixing systematics can provide
information on both fluid source and water-rock interactions.  Measuring noble gas concentrations in the
actual fluid is essential to a complete understanding and we are now developing methods to determine
fluid inclusion salinity and Ar content independently.  New research projects apply these techniques to
subduction related metamorphic rocks and promise to transform our understanding of the noble gas
volatile cycle.  



Figure 1. Figure 1: Three-isotope plots of oxygen isotopic
composition in lunar metal grains and lunar ilmenites

(regolith soil 10084). High-precision measurements carried
out by SHRIMP II using a single collector (a) and multiple

collection (b). Analyses on individual grains showed an offset
from the TFL by Δ17O = +25.6±3.2‰ (δ17O = δ18O =

+50‰) [3].
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oxygen diffusion in iron metal
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Most of the mass in our Solar System, more than
99,8% [1], is cumulated in our Sun, which is believed
to reflect the original composition of the solar nebula,
and yet little is known about its isotopic composition.
Analysing the surface of lunar soil grains is an attempt
to identify the isotopic oxygen signature of the solar
wind and the Sun. The oxygen isotopic composition -
oxygen having three stable isotopes: 16O, 17O and 18O
- is commonly plotted in a three-isotope oxygen plot.
Previous analyses on solar wind implantation in lunar
grains show very different results, from 16O-enriched
[2, 3] to 16O-depleted [3, 4] compositions.

This research focuses on the stable isotope signature
of implanted ions in the surface of lunar grains,
predominantly metal spherules in the soils with a main
focus on oxygen isotopes. The main goal is to
understand solar wind exposure effect on lunar soils
and the implications for oxygen isotopic fractionation.

A new generation of SHRIMP, optimized for stable light
isotopes (SHRIMP SI), will be used to characterize the
isotopic composition of oxygen, nitrogen and carbon
implanted on the surfaces of individual grains and
analyses on the Noble Gas Mass Spectrometer at RSES will provide noble gas isotopic and abundances,
helium and neon, on single grains for correlation of measured abundances and isotopes to characterise
the composition of the solar wind.
In order to gain further knowledge on the issue of oxygen diffusion in iron an experimental approach is
in progress to address this matter. This aims to provide a depth profile of oxygen in various iron metals
after heated to different temperatures, simulating conditions on the Moon’s surface and to gain a reliable
timescale for oxygen diffusion for lunar metal grains.

 

[1] WIENS, R., BURNETT, D., HOHENBERG, C., MESHIK, A., HEBER, V., GRIMBERG, A., WIELER, R. &
REISENFELD, D. (2007) Solar and Solar-Wind Composition Results from the Genesis Mission. Space
Science Reviews, 130, 161-171.
[2] HASHIZUME, K. & CHAUSSIDON, M. (2005) A non-terrestrial 16O-rich isotopic composition for the
protosolar nebula. Nature, 434, 619-622.
[3] IRELAND, T. R., HOLDEN, P., NORMAN, M. D. & CLARKE, J. (2006) Isotopic enhancements of 17O
and 18O from solar wind particles in the lunar regolith. Nature, 440, 776-778.
[4] HASHIZUME, K. & CHAUSSIDON, M. (2009) Two oxygen isotopic components with extra-selenial
origins observed among lunar metallic grains - In search for the solar wind component. Geochimica et
Cosmochimica Acta, 73, 3038-3054.



Figure 1. Initial 53Mn/55Mn for the Brenham Pallasite. The
correlation between Cr-isotopes and the inter-element ratio
is considerably steeper than the Solar System initial, and
likely represents complex diffusion processes rather than
accumulation of 53Cr from radioactive decay in a closed-

system.

Successes and limitations of extinct
nuclide initial abundances in meteorites
by in-situ analysis
53Mn in Angrites and Pallasites
Seann J. McKibbin, Trevor R. Ireland, Yuri Amelin and
Hugh St. C. O’Neill

Research School of Earth Sciences, Australian National
University, Canberra, ACT 0200, Australia

The abundances of extinct radioactive nuclides in the
early Solar System provide constraints on the stellar
environment of formation and are used for obtaining
relative ages of meteorites. For some isotope systems
these initial abundances serve as accurate and precise
meteorite chronometers, but even reliable isotope
systems sometimes turn up uncooperative samples.
We have developed a technique to measure Cr
isotopes by ion-probe in meteoritic olivine. Correlations
between Cr isotopic composition (53Cr/52Cr) and the
inter-element ratio (55Mn/52Cr) indicate the abundance
of the extinct isotope 53Mn (which decays to 53Cr, t1/2

3.7 My). This is reported as the initial 53Mn/55Mn. We have applied this method to meteorites from two
different environments: angrites, which are crustal rocks crystallised from magma near the surface of a
small body, and a pallasite, which is a mixture of planetary mantle olivine and core metal. 

For volcanic angrites, initial 53Mn/55Mn is at the level of ~3-4 × 10-6. Plutonic (slowly cooled) angrites
have a lower abundance, ~1 × 10-6. In a pallasite, we find apparent initial 53Mn/55Mn of 2.6±0.9 × 10-

5, in agreement with previously reported ion-probe results from a different laboratory (Hsu 2005). Mn-Cr
systematics in angrites are well understood in terms of chronology; angrite magma is sequentially
isolated from a parent reservoir (e.g. the bulk asteroid/planet) while 53Mn decays over a period of
several My, resulting in differences in initial 53Mn/55Mn.

However, pallasite results pose a problem for Mn-Cr dating, because initial 53Mn/55Mn at the level of 10-

5 translates into an unrealistic age based on intercalibration between Mn-Cr and absolute ages for
angrites. Such high concentrations of 53Mn are only expected in the molecular cloud or interstellar
medium (initial 53Mn/55Mn for the Solar System is ~8.5 ± 1.5 × 10-6; Scott and Sanders 2009).
Pallasite absolute ages are not well known but are probably about the same as angrites and in any case
they are not presolar. We conclude that microscale Mn-Cr systematics of some pallasites do not reflect
initial 53Mn/55Mn and are the product of a complex history.

 

Hsu, W. 2005. Mn-Cr systematics of pallasites. Geochemical Journal, 39, 311.

Scott, E. & Sanders, I. 2009. Implications of the carbonaceous chondrite Mn-Cr isochron for the
formation of early refractory planetesimals and chondrules. Geochimica et Cosmochimica Acta, 73, 5137.



Figure 1. Garnet millipede structure where an initial garnet
growth overprints crenulations. The concave rims suggest a

later garnet growth over a simultaneously deflecting
schistosity (XPL, x1.6 objective). This later phase is

correlated with 'F3' in the TSD below.

Tectonic sequence diagrams used to
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The Himalaya is characterised by a sequence of large
thrusts, each of which can be poorly extrapolated from place to place because of the rugged nature of
the terrain, and the lack of continuous exposure.  Previous work has extrapolated the Main Central
Thrust over vast distances, but there is often little data to support the detail of the correlation. Work
conducted during the 2006-2009 field seasons suggests that the areal extent, and the location, of
individual thrusts (and thrust-related shear zones) is not as well defined as might be expected. 

Although the Main Central Thrust in principle should juxtapose the Greater Himalayan crystalline rocks
against the Lesser Himalaya, complexities and misunderstanding are increased within the Lesser
Himalaya due to the existence of many smaller (?) but still laterally extensive thrust faults. One region
where this is of importance is in the NW region of the Himalaya near the town of Shimla, where one of
the anastomosing faults has been mislabelled as the Main Central Thrust.  The Jutogh Thrust carries the
Shimla klippe, allowing us to reassess the nature and timing of movement in one of the most intensely
deformed movement zones along this tectonic boundary. 

Tectonic Sequence Diagrams were used to establish the complex deformational and metamorphic history
of this movement zone, ensuring that all field and thin-section data is included of this information,
recording the timing relationships between folding, metamorphic mineral growth events and the different
ductile shear zones that could be identified. Previous studies on this particular area have placed an
emphasis on folding. There is a general consensus that there were three episodes or styles of folding.
However results from this study suggest that these were not all distinct, separate events. A sequence
diagram from a garnet-rich zone where both folding and shear zone movement has occurred shows that
shear zones affected the second and possibly third folding event, and that these later fold events may
be linked. Garnet-grade Barrovian metamorphism overprinted earlier formed crenulations, and ongoing
shear zone operation transposed these structures and developed spectacular pressure shadows. The
initial garnet porphyroblasts acted as nucleation sites for subsequent episodic garnet growth .  Mineral
growth alternated with shear zone activity.  NE-directed shear bands may be conjugate to SE-directed
ones, and conjugate crenulations may have formed as well. 40Ar/39Ar geochronology is being undertaken
to constrain the timing of individual events within the sequence diagram.

Figure 2. The tectonic sequence diagram described in the text, correlated with prior deformation schemes, with folding (F1, F2, F3) and
metamorphic (M1, M2) history as shown. A crenulation cleavage formed in the axial plane of isoclinal folds, followed by an upper

greenschist metamorphism defined by garnet growth. Garnet growth continue during the with the operation of an overall SW-directed
shear zone with both SW- and NE-directed S-C' fabrics, and recumbent folding with axial planes parallel to the shear zone. Biotite grew in

the low stress zones around rotating porphyroblasts where microdilational sites opened during shearing. With continued deformation
conjugate crenulations started to form, and were overprinted by yet  another garnet growth episode (see millipede structure in Figure 1).
The conjugate crenulations develop a weak differentiated fabric. Late near-static garnet growth may have occurred without any significant



Figure 1.  Pb-isotopic data for acid-washed fractions from
Allende CAI SJ101, plotted in a 207Pb/206Pb vs.

204Pb/206Pb isochron diagram.

Figure 2. Uranium isotopic compositions of USGS standard
rocks, fragments of the Allende meteorite, an aliquot of an

assorted Allende chondrule population, and Allende CAI
SJ101.
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The 238U/235U ratio must be known for accurate
determination of 207Pb-206Pb ages. This ratio was
thought to be invariant until recent discoveries of
uranium isotope variations in terrestrial rocks and in
Ca-Al-rich refractory inclusions (CAIs) in carbonaceous
chondrites. CAIs are considered the oldest Solar
System objects and their 207Pb-206Pb age has been
used as our best absolute age for the beginning of our
Solar System’s formation, but their Pb isotopic ages
don’t fit well in the emerging consistent pattern of the
early Solar System chronology. It is possible that some
of the differences in formation time intervals between
various early Solar System objects, obtained from
extinct nuclide chronologies and from 207Pb-206Pb
dates, are caused by variations of the 238U/235U
ratios. We report the first combined high precision
238U/235U and 207Pb-206Pb data for a large CAI from
the Allende meteorite, and U isotopic data for
chondrules and representative whole rock samples of
the same meteorite. The difference of 0.129±0.046 in
the 238U/235U ratio between the CAI and chondrules
and bulk Allende meteorite increases the 207Pb-206Pb age difference by ~1.4 million years, yielding an
accurate CAI-chondrule time interval, which is also more consistent with the extinct nuclide data. The U
isotopic variations are not caused by the presence of 247Cm, but may be related to isotope fractionation
or nucleosynthetic anomalies. Our data support the growing evidence that small 238U/235U variations in
planetary materials are pervasive, and can make significant changes in 207Pb-206Pb ages at the current
precision of dating. It is clear that any geo- and cosmochronological study using the 238,235U-206,207Pb
isotopic system must include precise determination of the 238U/235U ratio when the ultimate precision
and accuracy of the age is needed.



Figure 1. Argon apparent age spectra (a) produced from
furnace step-heating methods of argon geochronology, where
traditionally a ‘perfect’ apparent  age spectra with only one

age or plateau would be concluded actually holds significantly
more information. This particular spectra has one dominant
gas population at ~25 Ma, but is overprinted by a younger

event at ~20 Ma, all other steps are mixing ages; (b)
Inverse Isochron Plots’ can be used to understand results, in
particular the different gas populations that are recorded in
the apparent age spectra and the steps that are mixing or

meaningless. (Forster and Lister 2009).

Argon geochronology and microstructural
analysis: a unique and reliable duo
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40Ar/39Ar geochronology is the only geochronometer
that allows structural geologists and tectonists to
directly date the complexity of deformation in a single
sample, as well as acting as a geospeedometer that
allows calculation of rates and the duration of events
and processes. This of course cannot be done unless a
number of criteria are met.  In particular the sample
must be taken from an ancient "argon partial retention
zone" in which case there is a strong correlation
between microstructure and the age spectrum that will
be obtained. 

To analyse such material, the sequence of events that
affected the rock must be determined by
microstructural analysis: these may include mineral
growth, and recyrstallisation of minerals associated
with distinct deformational events and the overprinting
effects.  The pressures, temperatures and duration of
the individual events will have a major influence on
the resultant apparent age spectra that is produced
during incremental heating of the sample during
diffusion experiments.  It is often not a simple matter
to correlate between the different parts of the
apparent age spectrum and the observed
microstructural elements.  Laser in situ analysis is not
useful because argon diffusion is clearly multiscale,
and spot analyses eliminate almost all useful
information.

The science of "cooling ages" has in the past dominated the science of 40Ar/39Ar geochronology.  In
reality, few terranes get so hot that "cooling ages" have much relevance, and most argon analyses are
not at all amenable to this classic method of interpretation.  The much sought after "plateau" in the
apparent age spectrum may not exist. Nor has the concept of "closure temperature" any particular
theoretical relevance.  And in many cases, a "plateau", if it exists, means something quite different than
classical theory would allow (see figure).  In fact, unless a sample is from very hot rock and/or subject
to a simple history, it can be expected that the argon system will retain multiple gas populations and
information on multiple events during the history of the grain/s. 

In traditional argon analysis these ‘disturbed spectra’ are often cast aside, but in fact much information
can be obtained from samples where older gas population are at least in part preserved and only partially
reset during the on-going evolution.  Now, with increasingly routine application of the method of tectonic
sequence diagrams to conduct fabric and microstructural analysis, and with routine application of the
method of asymptotes and limits to analyse apparent age spectra obtained from carefully designed
sequences of step-heating experiments, the VG1200 argon facility at ANU is producing reliable, precise
and accurate age determinations of a variety of complex scenarios. 

In terms of the science of the argon partial retention zone, argon geochronology and microstructural
analysis offer a unique and reliable duo.



Figure 1. Field photograph of migmatite from the Central
Alps.

Figure 2. Cathodoluminescene image of a dated zircon crystal
from migmatite.
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The Earth’s crust is constantly melting in regions where
high thermal conditions are reached, as for example
the deep roots of mountain buildings, i.e migmatites.
This process is an important component of the secular
chemical evolution of the crust and ultimately the
planet. Migmatites (rocks that recorded melting) now
exposed on the crust surface offer the opportunity to
investigate the dynamic of the melting process through
geological times. The timing of melting has been
investigated in a well-exposed migmatitic terrane in
the Alps, through U-Pb dating of the accessory
minerals zircon. Over a series of samples, individual
melt-related zircon domains yielded ages ranging over
10 million years (32 to 22 Ma ago). Multiple melt
episodes could be analyses within a single grain
indicating that the same rock reached melting
temperatures more than once over that period. The
chemistry of the zircon domains allows discriminating
between melts formed at different conditions
(temperature and chemical environment).  The
distribution of ages also indicates that melting occurred
at different times in samples a few meters apart
because of the local rock composition and localized
influx of fluids; and that repeated melting was localized
in particular levels with a favourable composition
(leucosomes), whereas vast areas were unaffected.

This detail study has important implications for the
dynamic of the crust during melting. Melting persisted
over a long period, much longer than what previously
thought, but was scattered throughout the terrain. The
proportion of leucosome present in outcrops is the
cumulative result of several melting episodes. During
the protracted high temperature history, the
migmatites in the Central Alps never contained
significant amounts of melts at any given time. The lack of large melt volumes at any given time implies
that the rheological behaviour of the crust was not profoundly affected by the melting process, opposite
to what argued by some tectonic models.

Full details in the online article: 
http://www.springerlink.com/content/38k0273620335873/

http://www.springerlink.com/content/38k0273620335873/


Figure 1. Average age for the subaerial shield building
volcanism for Ta’u, Ofu/Olosega, Tutuila and Upolu, and the
average age determined on samples from dredge D115 from
the submarine edifice of Savai’i (cf. Koppers et al. 2008) in
the Samoa Islands, plotted against distance from Vailulu’u,

the site of current volcanism (Hart et al. 2004).  A
reasonable fit to a straight line is found, indicating that the
migration rate of the volcanism to the ESE occurred at 72.1
± 14.1 mm/a. Error bar for the mean age for each island is

the standard deviation of the age population used in the
calculation of the mean age.
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Potassium-argon (K-Ar) ages on whole rock samples
have been measured on lavas from the subaerial
Samoa Islands, which form a broadly linear volcanic
chain that extends from the ESE to the WNW for
about 360 km. The Manu’a Islands near the southeast
limit of the chain exhibit youthful ages, with most
<0.4 Ma, in keeping with the geological observations.
Tutuila consists of several volcanoes and previous work
yielded a mean K-Ar age of 1.26 ± 0.15 Ma for the
shield-building volcanism. Upolu, to the WNW of
Tutuila, gives a mean age of 2.15 ± 0.35 Ma for the
shield-building phase, represented by the Fagaloa
Volcanics, with much of the island covered by
significantly younger volcanic rocks. Savai’i, further to
the WNW, is dominated by youthful volcanism,
extending into historic times. In a restricted area, adjacent to the NE coast of Savai’i, previously thought
to have volcanic rocks correlating with the Fagaloa Volcanics of Upolu, the ages are much younger than
those on Upolu, lying between 0.32 and 0.42 Ma. Considering only the subaerial volcanism from Ta’u to
Upolu, but also including Vailulu’u, the volcanism has migrated in a systematic ESE direction at 130 ± 8
mm/a over 300 km in the last 2.2 Ma. This rate is nearly twice that obtained from GPS measurements of
Pacific Plate motion of 72 mm/a at N64ºW in this area. However, if the much older age of shield-building
volcanism from the submarine foundations of Savai’i is included, the regression yields a volcanic
migration rate of 72 ± 14 mm/a (Figure 1), in keeping with the measured GPS rate and consistent with
a hotspot origin for the island chain. This suggests that the volcanic migration rates determined from the
age of subaerial volcanism can be considerably overestimated, and this is now evident in other Pacific
Ocean island chains. Clearly, the age of the main shield-building volcanism from subaerial volcanism are
minima, and if the older submarine lavas can be measured, these may yield a migration rate more in
keeping with current plate motions.
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