
Earth Chemistry Introduction 

Earth Chemists are primarily interested in the evolution of the Earth through 
measuring chemical and isotopic systems in relevant materials.  Our studies 
range from the earliest solar system through the earliest Earth environments and 
on to processes that are actively taking place today.  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 abundances can reflect protolith 
contributions and processes affecting various systems.  As revealed in this year’s 
research contributions, analytical work can be applied to topics in tectonics, ore 
genesis, metamorphic petrology, paleoclimate, and regolith dating.  Several of 
these contributions have made their way to the pages of Science and Nature, an 
outstanding effort. 

SHRIMP 

A focus of research for many RSES researchers is the SHRIMP arsenal.  The last 
year has seen several important breakthroughs in our attempts to produce 
analytical protocols that allow high precision, robust and reproducible stable 
isotope ratios on the SHRIMP II multiple collector.  These developments are 
extremely important as we commit to the final designs of the SHRIMP SI 
(supported by ARC LIEF in Y2005).  In addition, high precision Pb isotope 
measurements by multiple collection are becoming more routine further 
supporting the success of the multiple collector rebuild.  SHRIMP I continues to 
produce quality data, but this year saw substantial changes to the sample stage 
and handling system to allow automated, unattended operation as is now routine 
for SHRIMP II and SHRIMP RG.   

Personnel 

This year we welcome QEII Fellow Dr Jochen Brocks who has introduced organic 
geochemistry to Earth Chemistry.  Jochen’s research interests focus on the 
signatures of earliest life (biomarkers) and the evolution of the Earth from a 
chemically hostile realm to a flourishing ecosystem. 

Earth Chemistry also welcomes QEII Fellow Dr Daniela Rubatto to the area.  
Daniela has been at the Australian National University for several appointments 
and continues her work in to trace element behaviour particularly in high-grade 
metamorphic rocks. 

Dr Yuri Amelin of the Canadian Geological Survey, Ottawa, has accepted a 
position funded the Planetary Science Institute and is expected to arrive in mid-
2006.  Yuri’s specialty is high precision geochronology, latterly focused on the 
earliest chronology of the solar system. 



ARC 
This year saw three ARC Discovery awards to EC personnel. Professor Mark 
Harrison will continue his work on the Hadean through studies of detrital 
zircons.  Drs Trevor Ireland and Yuri Amelin will focus on the chronology of the 
earliest solar system.  Dr Ian Williams in collaboration with Professor Rainer Grun 
(Earth Environment) will examine oxygen isotope distributions in teeth as an 
environmental indicator.  Dr Jochen Brocks was successful in his ARC LIEF bids 
for a high resolution double-sector mass-spectrometer (GC-MS/MS) instrument 
for biomarker analyses to be housed at RSES and a HPLC-MS/MS to be located at 
Curtin University, while Dr Trevor Ireland supported a successful bid for a High 
Resolution Simultaneous DSC/DTA-TGA-FTIR System with UWS.  
 



New constraints on evolutionary models for the Himalayan orogen 
from Eocene-Miocene granitoid bodies in the eastern North Himalaya 

Amos B. Aikman1
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The record of granitoid magmatism 
preserved in the eastern North 
Himalaya and the southern Tibetan 
plateau places important constraints 
on the structural architecture and 
locus of tectonic activity in the 
Himalayan orogen since at least the 
mid-Eocene.   

The North Himalaya (NH) comprise a 
sequence of predominantly low-grade 
metasediments that originated as 
passive margin deposits north of the Indian Shield prior to closure of the Tethys 
Ocean. The sequence is bounded to the south by the South Tibetan Detachment 
(STD), a segmented normal-sense movement zone cropping out along the peaks 
of the high Himalaya, and to the north by the Indus Tsangpo Suture (ITS), which 
marks the surface boundary between rocks of Indian and Eurasian continental 
affinity.  

Undeformed Eocene (45 Ma) granitoid plutons (the Dala granites, DG) emplaced 
into deformed sub-greenschist facies metasediments of the North Himalaya 
constrain the timing of deformation in the structurally highest units of the 
Himalayan fold and thrust belt (HFTB).  Combined isotopic and thermometric 
studies of the DG indicate they formed by mixing between a juvenile magma and 
a crustal derived component.  In terms of major and trace elements, the DG are 
virtually indistinguishable from granites of the Gangdese Batholith (an Andean 
type complex which formed above a north dipping subduction zone on the 
southern margin of Eurasia, GB).  Isotopically however, they are distinct from 
any of the major Himalayan lithotectonic units outcropping today.  Combined, 
these observations suggest that the base of the North Himalaya was exposed to 
the Gangdese metasomatised mantle wedge in the mid-Eocene, and that high-
grade units such as the Greater Himalayan Crystallines (GHC) did not underlie 
the present-day structurally highest units of the HFTB at that time.   

Miocene (~20 Ma) granites (the Yala-Xiangbo granites, YG) emplaced into the 
high grade core of the Yala-Xiangbo dome (YD) record low zircon and monazite 
saturation temperatures (660±50°C), indicative of hydrous melting conditions.  



High-grade pelites in the core of the 
YD are both isotopically and 
geochemically similar to rocks of the 
GB and southern Lhasa Block (LB).  
These observations are attributed to 
formation of the YG  by dehydration 
melting of the Xigaze Forearc (XF) 
sediments during burial associated 
with activity on the South-Tibetan 
Detachment (STD) – Renbu Zedong 
Thrust (RZT) fault system. 

Petrogenesis of the DG, combined 
with documented evidence for 
ongoing magmatism in the GB as 
recently as ~12 Ma (possibly <10 
Ma) argue strongly against 
underthrusting of Indian lithosphere 
beneath southern Tibet, either as a 
means of thickening the crust, or providing insulation to promote development of 
a weak mid-crustal layer.  These data are in agreement with recent tomographic 
studies.  Combined with abundant evidence that the middle crust of the southern 
LB is not partially molten, we suggest that the presence of Eurasian material in 
the exhumed remnants of the North Himalayan middle crust (high-grade core of 
the YD) can be explained by localised thrust dynamics, without the need to 
invoke complex processes such as channel flow. 

  



Identifying ancient lunar impactor populations using high precision 
siderophile element determinations:  A new look at early  

Moon-Earth Connections 

Vickie C. Bennett1, Marc D. Norman1
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The most prominent features on the Moon’s surface, visible even by eye from the 
Earth, are the impact craters. Many of these craters, including the largest basins 
were formed between 3.8 and 3.9 Ga, and may represent an episode of intense 
meteorite bombardment 
referred to as the “lunar 
cataclysm”.  A record of the 
materials that hit the Moon, 
and almost certainly the 
Earth, during this 
catastrophic period is 
preserved in lunar impact 
breccias; samples of which 
were collected during the 
Apollo missions.   
During 2005, as part of our on-going 
program aimed at linking siderophile 
and lithophile element chemistry of 
lunar breccias with their chronology to 
explore the impact history of the 
Moon, we determined precise Re, Ir, 
Ru, Pt and Pd concentrations, and 
lithophile trace element abundances 
for a suite of Apollo 16 impact melt 
breccias. The Apollo 16 samples, 
allocated to us by NASA for this study, 
were collected from the edge of 
Nectaris, the oldest nearside lunar 
basin.  Our approach is based on 
recent work demonstrating that 
different types of potential impactors 
have subtly different compositions of the 
highly siderophile elements.  Thus 
through high precision siderophile 
element concentration measurements of 
suites of Lunar impact breccias we can 
potentially determine both the type and diversity of impactors at a given site.   

Figure 1. Top, lunar impact crater. 
Bottom, iridium, palladium and 
platinum data for Apollo 16 and 17 
lunar impact breccias showing 
affinities to different types of 
potential impactors. 



The analytical work is accomplished in a purpose built, metal-free, clean lab 
using novel sample digestion and chemical extraction protocols with the PGE lab 
at RSES being one of only a few places in the world capable of these 
measurements. 
 
The comparison of our data from Apollo 16 samples with a primitive meteorite 
reference composition (CI-chondrite- Orgueil) demonstrates two fundamentally 
different types of signatures. One group has “W-shaped” CI-normalized patterns 
with enrichments of Ir, Ru and Pd, relative to Ir and Pt, whereas a second group 
has flat CI-normalized patterns, with Re/Ir and Pd/Pt characteristics more like 
ordinary or carbonaceous chondrites. These data demonstrate that at least two 
different events involving two different types of meteorite impactors can be 
identified from the PGE-Re patterns of these Apollo 16 breccias. The 
identification of distinctive enstatite chondrite-like signatures at both the Apollo 
16 and 17 sites suggests that these were common types of impactors in the 3.9 
Ga bombardment of the Moon. Thus, enstatite chondrites may have had a role in 
establishing the highly siderophile element characteristics of the Earth’s mantle.  
 
In addition to revealing early lunar history, determining the number, timing and 
compositional diversity of materials that struck the Moon provides a mechanism 
for testing models of solar system dynamics.  For example, the various types of 
potential impactors originated in spacially distinct regions of the solar nebula e.g. 
inner versus outer solar system, such that establishing their presence or absence 
in the cratering record on the Moon provides information on the parent body 
trajectories.   
 
Somewhat ironically, establishing the early impact history for the Moon may 
provide a clearer image of early Earth processes, particularly on the much 
speculated role of impacts in hindering or fostering early life and tectonic cycles.  
The Earth and Moon likely experienced related early impact histories, but owing 
to continuous terrestrial tectonic activity with only limited preservation of >3.7 
Ga rocks, this record has been largely obliterated. The Moon, tectonically static 
by comparison, retains a much more extensive image of this mutual early 
history. 



Australia's ancient oceans: toxic and purple 

Jochen J. Brocks 
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1.64 billion years ago, the ancient 
seas in Australia's north were toxic 
seas of sulfide. The marine waters 
harbored phototrophic green and 
purple sulfur bacteria 
(Chlorobiaceae and Chromati-
aceae, respectively), but were 
hostile to eukaryotic algae. It was 
an ecosystem unlike anything we 
know of in the Earth's history, 
according to new investigations of 
the Earth Chemistry Group in the 
Research School of Earth Sciences 
at ANU. 

Today, Earth's oceans are teaming 
with life, and even deep marine 
trenches contain enough oxygen 
to support complex organisms. 
However, oceans in Earth's distant past were fundamentally different. In the first 
half of Earth history, ~4.5 to 1.8 billion years ago, the world's oceans were 
almost entirely devoid of oxygen. Surprisingly, for the following one billion years, 
the state of the oceans remains rather mysterious. Scientists debate whether at 
this time the deep oceans became more oxygenated, in parallel with the Earth's 
atmosphere, or whether they remained oxygen-starved and additionally 
accumulated toxic hydrogen sulfide.  

(DDH McA20)(DDH McA20)

 
The oldest know liquid petroleum in the 
world seeping out of dolomitic mudstone of 
the 1.64 Ga Barney Creek Formation, 
McArthur Group, Northern Territory. The oil 
contains molecular fossils (biomarkers) of 
green and purple sulfur bacteria. 

In a recent paper published in Nature, Dr Jochen Brocks from the Research 
School of Earth Sciences, found the molecular remains of lipids in the world's 
best preserved rocks of the time, the Barney Creek Formation in the McArthur 
Basin, northern Australia. The 1.64 billion year old dolomitic mudstones that 
formed at the bottom of a deep marine trench near the present Gulf of 
Carpentaria contain an oil preserving the molecular fossils (biomarkers) of green 
and purple colored carotenoid pigments that were used by bacteria to conduct 
photosynthesis. Purple and green sulfur bacteria require reduced sulfur species 
and light to live. They provide the first evidence independent of isotopic findings 
that the waters remained oxygen-starved and sulfidic from the bottom of the 
water column to probably less than 20 meters below the water surface. Fossil 



lipids of more complex eukaryotic organisms, the ancestors of algae, plants, 
animals and fungi, were conspicuously scarce in the samples, possibly because 
these organisms were asphyxiated by toxic hydrogen sulfide or lacked essential 
trace elements precipitated under sulfidic conditions.  

Sulfidic oceans throughout Earth’s middle age may thus explain why the world 
was ruled by bacteria for such a long time. When the oxygen-free and toxic 
waters finally retreated about 800 million years ago, complex and multicellular 
eukaryotes finally conquered the world's open oceans. Their development 
culminated in the Cambrian Explosion 542 million years ago, the sudden 
appearance of most groups of animals in the fossil record as we know them 
today.  

Brocks J. J., Love G. D., Summons R. E., Knoll A. H., Logan G. A., and Bowden S. A. (2005) 
Biomarker evidence for green and purple sulphur bacteria in a stratified 
Paleoproterozoic sea. Nature 437, 866-870. 

 



The Origin of Shoshonites: New insights from the Tertiary High-
Potassium Intrusions of Eastern Tibet  
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The shoshonitic intrusions of eastern Tibet, which range in age from 33 to 41 Ma 
and in composition from ultramafic (SiO2 = 42%) to felsic (SiO2 = 76%), were 
produced during the collision of India with Eurasia.  The mafic and ultramafic 
members of the suite are characterized by phenocrysts of phlogopite, olivine and 
clinopyroxene, low SiO2, high MgO and Mg/Fe ratios, and olivine forsterite 
contents of Fo87 to Fo93, indicative of equilibrium with mantle olivine and 
orthopyroxene. Direct melting of the mantle, on the other hand, cannot have 
produced the felsic members   They have a phenocryst assemblage of 
plagioclase, amphibole and quartz, high SiO2, and low MgO and Mg/Fe ratios well 
below the values expected for a melt in equilibrium with mantle olivine and 
orthopyroxene.   Furthermore, lack of variation of Cr with SiO2 and MgO in the 
mafic and ultramafic rocks precludes the possibility that they were derived by 
fractional crystallization from the more mafic members (Fig. 1). Yet all members 
of the suite share similar incompatible element and radiogenic isotope ratios, 
which suggests a common origin and source (Figs. 2, 3 & 4).  We suggest that 
melting for all members of the shoshonite suite was initiated in continental crust 
that was thrust into the upper mantle at various points along the trans-pressional 
Red River-Ailao Shan-Batang-Litang fault system.  The melt produced was 
quartz-saturated and reacted with the overlying mantle to produce garnet and 
pyroxene during its ascent.  The felsic shoshonites reacted little with the 
adjacent mantle and preserved the essential features of their original chemistry, 
including their high SiO2, low Ni, Cr and MgO contents, and low Mg/Fe ratio, 
whereas the mafic and ultramafic magmas reacted extensively.  Although they 
preserved the incompatible element and radiogenic isotope ratios of their crustal 
source, their MgO, Ni, Cr, SiO2 contents and Mg/Fe ratio were buffered by olivine 
and orthopyroxene.  As a consequence, their MgO, Ni, Cr, SiO2 concentrations 
and Mg/Fe ratios were extensively modified to values dictated by equilibrium 
with mantle olivine and orthopyroxene.  Fig. 5 shows trace element modelling of 
the eastern Tibet shoshonites.  The better known shoshonitic rocks of central 
and western Tibet have been attributed to small degrees of partial melting of 
remnant lithospheric mantle that had been enriched previous to melt generation 
between 1 and 20 Ma.  Our data indicate that the tectonics of shoshonite 



generation could be very different than that previously interpreted at least for 
the case of the Red River-Ailao Shan-Batang-Litang fault system. 

 
 
Figure 1: Variations in trace elements (ICP-MS) against MgO (XRF) for samples from 
eastern Tibet and Vanuatu (Eggins, 1993). Data from the Vanuatu oceanic arc are 
plotted with open symbols and are shown for comparative purposes.  *Data for Ni 
from XRF. 
 



 
 
Figure 2: Primitive mantle-normalized trace element patterns for representative 
igneous rocks from the western Yunnan and eastern Tibet. The normalizing values 
used are those of Sun and McDonough (1989). The similarity among the 
compositional groups is demonstrated by the overlapping fields in (d).  
 
 
 

 
 
Figure 3: Plot for igneous rocks from west Yunnan and east Tibet.  The fields for 
MORB, EMI, EMII and GLOSS (global average subducted sediment, Plank and 



Langmuir, 1998) are shown for comparative purposes. Data sources: Xu et al. (2001); 
Wang et al. (2001) Zhu et al. (1992) and Zhang et al. (1997). Comparative data are 
for younger shoshonites from central and western Tibet taken from Arnaud et al. 
(1992), Turner et al. (1996), Miller et al. (1999), and Williams et al. (2004). 
 

 
 
Figure 4: Lead isotope plots for igneous rocks from west Yunnan and east Tibet.  The 
fields for MORB, EMI, EMII, HIMU, GLOSS, Mariana ocean arc basalts and the 
northern hemisphere reference line (NHRL) are shown for comparative purposes. 
Horizontally ruled ellipse in (a) and (b) corresponds to dashed on in (c) and (d).  
Mariana data compiled by Jon Woodhead. Other data source as for Fig. 3. 



 
 
Figure 5: Incompatible trace element models of batch melting of average continental 
crust and continental crust-mantle mixtures. (a) The influence of varying the melt 
fraction F at constant mineralogy (10% orthopyroxene, 10% clinopryoxene and 20% 
garnet) and at a constant continental crust-mantle mass ratio.  (b) The affect of 
varying the amount of garnet in the residue at constant F and crust-mantle ratio.  (c) 
The effect of varying the continental crust to mantle ratio (as a proxy for the extent 
of melt-mantle reaction) at constant F and residual mineralogy. Partition coefficients 
from Salters et al. (2002) and average continental crust composition from McLennan 
(2001) 
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The thermal and structural evolution of the Kumaun Lesser Himalaya, 
north west India. 

Julien Célérier1
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The Himalaya have been described as the ‘worlds best natural laboratory in 
which to study processes associated with large-scale continent-continent 
collision’ and as such play a key role in our understanding of both modern and 
ancient collisonal orogens. It is, therefore, somewhat surprising  that quantitative 
descriptions of the conditions of metamorphism, patterns of deformation and 
exhumation in the Himalaya are currently largely restricted to a narrow strip of 
amphibolite grade rocks known as the Greater Himalayan Crystallines (GHC). The 
GHC, though coinciding with the regions of highest relief and what we 
instinctively think of as the Himalayan mountains, actually only account for <20% 
of the exposure. Owing to perceived and real problems related to understanding 
the petrogenesis of rocks of low metamorphic grade, quantitative constraints 
concerning the evolution of the other 80% of the rock volume are lacking. In the 
last year of research I have been able to integrate metamorphic and 
thermochronological data with structural geology to begin documenting and 
deciphering the complex internal deformation of the Lesser Himalaya of Kumaun, 
India (Figure 1).  
 

 
Figure 1.  Digital Elevation Model of the western Himalaya, Tibetan plateau and Tarim 
basin, showing the position of the Kumaun Himalaya within the orogenic system. 



 
The Lesser Himalayan Series (LHS) is composed of Proterozoic to Palaezoic 
metasedimentary rocks of Indian continental affinity which have been accreted 
to the mountain range since the early Miocene and define one of four principal 
tectonometamorphic units of the Himalayan mountains (Heim & Gansser, 1939). 
The sequence is bounded to the north by the Main Central Thrust (MCT), a major 
crustal thickening structure believed to have been episodically active at ~20 Ma  
and ~4Ma (Harrison et al., 1997), placing the GHC over the LHS, whilst to the 
south, the Main Boundary Thrust places the LHS over the Tertiary foreland basin. 
Several erosional remnants of the crystalline thrust sheet which covered LHS are 
preserved as klippen within the Lesser Himalaya.  

 
Figure 2. Portion of a geological map of the eastern Kumaun Lesser Himalaya.  Peak 
meatmorphic temperatures, as measured by Raman Spectroscopy of Organic Material 
are shown in coloured boxes scaled to temperature. 
 
Raman Spectroscopy of Organic Material (Beyssac et al., 2002) has been used to 
constrain the conditions of metamorphism within the metasedimentary pile. 
Samples of graphitic schist and slate collected along 5 parallel transects reveal 
that adjacent to the MCT, peak metamorphic temperatures are in the vicinity of 
550°C. Down structural section from the MCT (south), thermal gradients are 



relatively steep, in the range of 30°C - 50°C/km.  Beyond <25km south of the 
MCT, towards the contact with the foreland basin, metamorphic temperatures fall 
below the range of the technique (<330°C). My work has also shown that the 
overriding crystalline thrust sheets of the GHC strongly influence the thermal 
structure of the underlying Lesser Himalayan metasedimentary pile. This 
relationship imalHHjmmjdxpsis demonstrated in Figure 2 where LHS samples 
from beneath several klippen show increasing peak metamorphic temperatures 
with increasing proximity to the contact with the overlying crystalline rocks.  
 

40Ar/39Ar geochronology of white micas, separated from Lesser Himalayan 
quartzites, is contributing to a growing geochronological framework for the LHS.  
Results reveal a range of ages from Pliocene to Early Miocene. These cooling 
ages, the first of their kind from the Lesser Himalaya, define a trend of younger 
ages upsection, i.e. towards the MCT, with the youngest age of 4.3 Ma coming 
from an MCT footwall quartzite directly adjacent to the thrust contact. Samples 
within <15km south of the MCT are characterized by cooling ages less than 10 
Ma, whilst ages range between 10 and 26 Ma beyond <15km south 
(downsection) of the MCT.  Many of the ages obtained fit chronological 
frameworks proposing episodic, out of sequence, movement along the MCT 
(Harrison et al., 1997), yet there are also several ages which fall outside the 
Miocene and Pliocene MCT motion paradigm. These ages, and the continuum 
which they define, are particularly interesting as they suggest that exhumation of 
the Lesser Himalayan metasedimentary pile has been continuous since the 
Miocene and independent of motion on the MCT.  
 
Integrating these thermal data sets with microstructural analysis of quartz 
dislocation creep regimes has enabled the quantification of transitions in  
deformation styles (brittle to ductile) within Kumaun Lesser Himalaya. The 
observed deformation and thermal structure can be represented in cross-sections 
composed of four thrust sheets comprising a duplex which evolves from brittle 
deformation, close to the MBT, towards ductile with increasing proximity to the 
MCT.  These cross-sections are a significant departure from currently published 
reconstructions which represent deformation in the Lesser Himalaya as a solely 
brittle process. 
 

 
Figure 3.  Cross section through the western Kumaun Lesser Himalaya. 
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Second-order instrumental effects in zircon Pb/U age determinations 
using SHRIMP 

William Compston1
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Although the SHRIMP ion microprobe has been used for the dating of zircon for 
the past twenty-five years, new small instrumental effects continue to be 
discovered as we endeavor to make the age determinations more precise.  
Precision is especially important for definition of the geological time scale, for 
which the elemental ratio 206Pb/238U must be measured.  This is done by dividing 
206Pb+/238U+ ion ratios from the sample zircons by those from a known standard 
zircon, which gives the sample ages relative to that of the standard.   

Previously, the sample ages so derived 
during an analytical session were placed 
in a table for statistical and geochemical 
testing.  Only rarely were they plotted 
against their times of analysis because 
no such correlation was expected, which 
proved to be a mistake.  Instead, several 
analytical sessions showed irregular but 
definite variations when the time plot 
was applied, which can account for most 
of the residual variance in age per 
session.  In addition, the time variation 
can be quantified by fitting a localized 
weighted least squares curve (the 
‘lowess’ curve), and importantly, the 
lowess curves are strongly correlated between the sample and standard ages 
(Compston & Clement, 2006).  Such correlations had been obscured in the past 
by scatter in age due to counting statistics.  Earlier data can now be corrected 
and previous SHRIMP points for the geological time-scale sharpened.   

Two new observations clarify the origin of the above instrumental effect.  The 
first is the explanation of why 206Pb+/238U+ ion ratios correlate with 238UO+/238U+ 
ion ratios.  The latter has been known since the earliest studies of the sputtering 
of zircon and remains an essential part of routine data-reduction for 206Pb/238U 
ages.  However the physical reasons for the occurrence of 206Pb+/238U+ changes 
and their particular correlation slope with 238UO+/238U remained a mystery until 
recently.  The first clue came from the digitized energy spectra for sputtered 
secondary ions from zircon.  The measured ion current for each ion species is 
that part of its energy spectrum that fits within the energy slit set at 10.0 mm 



(ca. 100eV).  Truncation of the beam by 
the energy slit can be simulated by 
progressively deleting successive ion 
counts from the low- or high-energy 
edge.  The beam intensities are reduced 
and the ion ratios are changed because 
of the different shapes of the spectra for 
different ion species.  Truncation at the 
low-energy edge, ie loss of low-energy 
ions, gives correlated changes in 
206Pb+/238U+ and 238UO+/238U+ that have 
a slope of 2.0, exactly as found during 
measurement operation, while truncation 
of high-energy ions gives a much flatter slope.  Thus, the observed slope is 
explicable by selective loss of low energy ions and the problem is to find where 
and why this is happening.   

The second clue is isotopic fractionation traced to the source-slit during 
measurement of the light isotopes by I.S. Williams, P. Holden and J.J. Foster, 
combined with the long-known fact that the UO+ and Pb+ beam beams require 
slightly different steering for maximum transmission through the source-slit.  
Williams et al. showed that the Earth’s magnetic field causes sufficient mass 
dispersion along the ion path between the analyzed spot and the source-slit to 
partially separate the oxygen isotopes.  Consequently, when the UO+ secondary 
beam is centered through the source slit, the Earth’s field will steer the Pb+ ions, 
which are 23% lighter, slightly off-centre.  The lowest energy Pb+ ions will be the 
more deflected and hence the more truncated at the source-slit edge.   

Compston, W. and Clement, SWJ (in press) The geological ion probe: the first twenty-five years 
of dating zircon. SIMS XV Elsevier Press 

 



Contrasting depositional age inferences for the Au-bearing Mount 
Charles Formation, Tanami Region Australia 

Andrew Cross 
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The Tanami Region is currently Australia’s pre-eminent Palaeoproterozoic Au-
province. Located approximately 600 km northwest of Alice Springs and 
overlapping both the Northern Territory and Western Australia, the region in 
recent years has seen a continued effort by the Northern Territory Geological 
Survey, Geoscience Australia and the Research School of Earth Sciences to 
further understand its geological history. A part of this work has been to 
establish the timing of sedimentation for the various sedimentary units. Only two 
sedimentary units in the Tanami region contain significant Au, the Tanami Group 
and the Mount Charles Formation. No dateable interlayered felsic volcanics have 
yet been identified in the Mount Charles Formation, which has meant that the 
timing of sedimentation for this unit has been interpreted from structural 
observations. This age contrasts markedly with the ages of detrital zircons from 
this unit. The sedimentary sequence in the Tanami from base to top comprises of 
the Dead Bullock Formation (siltstone and sandstone with lesser iron formation), 
the Killi Killi Formation (turbidite) of the Tanami Group, the Ware Group (coarse 
sandstone with interlayered volcanic rocks), the Mount Charles Formation 
(turbiditic siliciclastics and basalt), the Pargee Sandstone (sandstone and 
conglomerate), and Gardiner Sandstone (marine to fluvial sandstone and 
conglomerate) of the Birrindudu Group. Based on structural grounds, the Mount 
Charles Formation is thought to post date the Tanami and Ware Groups and to 
have been deposited at ~1800 Ma (Crispe and Vandenburg, in press). SHRIMP 
U–Pb detrital zircon ages from three samples of the Mount Charles Formation 
contrast markedly with samples from the Killi Killi Formation, Ware group, Pargee 
Sandstone and Gardiner Sandstone. These units contain zircon populations that 
are dominated by ~1.87 Ga detritus. By comparison, Mount Charles Formation 
sediments are dominated by Archaean aged zircon, which is also the major 
detrital component in the basal Ferdies Member of the Dead Bullock Formation. 
The youngest zircon component in all Mount Charles samples are euhedral grains 
and grain fragments that have a crystallisation age of ~1.91 Ga. These zircon 
may have been derived from contemporaneous igneous activity and therefore 
may approximate the timing of sediment deposition. If this is the case, the Au-
bearing Mount Charles Formation may be ~100 million years older than current 
estimates. In an attempt to determine the depositional age of the Mount Charles 
Formation, future SHRIMP work will be undertaken on recently collected 
tuffaceous rocks and also sandstones where diagenetic xenotime will be targeted 
for U–Pb SHRIMP analysis. 

Crispe, AJ and Vandenburg L. (in press) Geology of the Tanami Region, Northern Territory. 
Northern Territory Geological Survey Bulletin. 



Solubility of Oxygen in Sulphide melts as a function of ƒO2, at 1 bar and 
1200ºC 
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It is known that oxygen dissolves into sulphide melts as oxygen fugacity 
approaches QFM. The extent of that dissolution and the nature of the Oxygen 
species in the sulphide melt are not well known. The aim of this work was to: (1) 
Measure oxygen concentrations in sulphide melts at different ƒO2; (2) 
Investigate the nature of oxygen bearing phase in the quench; (3) Discuss 
possible oxygen species in the sulphide melt.  
 
Experiments were conducted in a vertical muffle furnace, equipped with gas 
mixture, at 1200ºC for 96 hours. Five experiments were run between 10-15 atm 
and 10-11 ƒO2. Pure silica crucibles containing 1 gram of troilite powder were 
used. At the end of each experimental run, the sulphide was quenched in cold 
water. Quenching times were calculated to be about one second. Typical 
quenching textures consisted of sulphide crystals and another phase containing 
Fe, S and O, which occupies the interstitial spaces (Figure 1).  

 
Figure 1: Typical 
quenching textures 
present in high ƒO2 
runs. The light gray 
phase consists of 
stoichiometric FeS and 
the dark grey phase is a 
glass containing Fe, S 
and O. In white are PtFe 
crystals. 

 
 
 
 



 

Figure 2: Oxygen concentrations in sulphide melt as a function of ƒO2 

 

Oxygen concentrations were analyzed independently by 3 methods: Electron 
Microprobe, SEM and image analysis. Oxygen in the sulphide melt was shown to 
increase with increasing ƒO2 (Figure 2). Oxygen concentrations in the sulphide 
melt is as high as 7 wt% at 10-10 atm ƒO2. However, obtaining accurate 
measurements of O is hard given the analytical problems inherent in analyzing 
oxygen. 

 
One of the major problems which needed explaining was the presence of the 
interstitial phase. No such Fe, S, O compounds are documented to occur in 
Nature so it is unlikely to be a crystalline mineral. The interstitial phase is present 
at ƒO2 ranging from 10-12 to 10-10 atm. Identification of the oxygen bearing phase 
was done by both X-ray diffraction (XRD) and Transmission electron microscopy 
(TEM).  

 
The XRD yielded 3 phases: Troilite, Cristobalite and, at a much lesser extent, 
wustite which do not explain the observed oxygen contents of the sulphide melt. 
The interstitial phase does not have Si so Cristobalite cannot be used to explain 
the presence of oxygen in the melt. Moreover the wustite peak is too small to 
explain the amounts of oxygen present. The failure of the XRD pattern to show 
peaks for the unknown phase suggest that the Fe-S-O phase may be an 
amorphous glass.  

  
Confirmation of the existence of a glass phase was done by the use of the TEM. 
As with the XRD, the TEM identified the presence of Troilite, Cristobalite and 
Wustite, however it also identified the presence of a glass phase. This glass 
phase has an EDS spectrum with O, S and Fe. The x-ray diffraction patterns for 
this phase (Figure 3) demonstrate that it is an amorphous phase, however it also 



shows minor reflections which indicate that there is some incipient nucleation of 
a crystalline phase occurring within the glass, which given the close association. 
The crystalline phase appears to be the result of a transition between glass and 
crystalline wustite.   

 

 

Figure 3: TEM diffraction pattern of the 
glass phase present in the sulphide 
quench. The presence of minor 
reflections indicates that there was 
some incipient nucleation of a 
crystalline phase within the glass 
phase. 

 
The results present here may provide a mechanism that allows the existence of 
crystals of spinel within sulphide ore deposits such as the Merensky Reef of the 
Bushveld complex (South Africa) and the massive sulphide deposit of Kambalda 
(Western Australia), without having to resort to hydrothermal alteration.  



Dating of Australian arid landforms using cosmogenic Ne/Be exposure 
dating 
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In principle, the history of aridity in Australia can be determined by dating the 
landforms and deposits that form under arid conditions. Over 75% of Australian 
continent is semi-arid to arid, and stony deserts are a major feature of these 
regions. Stony deserts are characterized by a surface monolayer of pebble- to 
cobble-sized rocks (gibbers), which, once formed, tend to remain in place with 
little subsequent modification. Some gibbers were formed in situ by breakdown 
of their underlying parent rock; others were fluvially transported to their present 
positions. We propose that the age of the stony deserts can be estimated by 
determining the time when gibbers were formed.  
 
In this study, we measured cosmogenic nuclides, 21Ne and 10Be, in silcrete gibber 
samples collected from stony deserts in central Australia, to determine their 
exposure ages (Fujioka et al., 2005). The use of cosmogenic 21Ne, which is a 
stable cosmogenic nuclide, allows us to examine the history of gibber formation 
beyond the exposure dating range of 10Be, which limited by radioactive decay to 
a few million years. We note that we have developed a reliable method for 
determining cosmogenic 21Ne in the presence of 21Ne from other sources. 
 
Apparent exposure ages calculated from the concentrations of cosmogenic 21Ne 
and 10Be in the gibber samples from stony deserts west of Lake Eyre in northern 
South Australia ranged from two to five million years, but the apparent 21Ne ages 
are significantly greater than the apparent 10Be ages. The discordance indicates 
that the parent silcrete, from which the gibbers were derived, was buried at a 
shallow depth for a considerable period before being stripped and broken into 
gibbers. Calculations indicate that the silcrete was stripped and gibbers began to 
form around 4 m.y. ago, and that gibber-mantled tablelands were widely 
developed and dissected around 2-3 m.y. ago. These ages correspond to the 
time of late Cenozoic global cooling inferred from benthic oxygen isotope records 
in marine sediment cores (Figure).  

 

 

 

 



 

Figure. Relationship between the timing of the formation of gibber plains in Australia 
and benthic oxygen isotope record in marine sediment cores (east Atlantic Ocean 
Drilling Program Site 659; Tiedemann et al., 1994). Gibber ages (arrows) indicate 
that Australia's stony deserts formed during late Cenozoic global cooling as seen in 
marine sediments, that led to Quaternary glacial cycles. PDB: Peedee belemnite. 
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Young high-grade metamorphism: Linking U, Th-Pb ages to 
metamorphic conditions 

Courtney J. Gregory1
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Over the last decade evidence of short 
geological time spans for high-grade 
metamorphism has become apparent. The 
timing and especially the rates at which such 
processes occur provide first order constraints 
on the dynamics of the Earth’s crust. Such 
information can be obtained by linking isotopic 
ages to metamorphic conditions. Recent studies 
of accessory minerals such as allanite have 
shown that they play a key role in the storage 
and mobility of geochemically important trace 
elements and thus can be effective recorders of 
metamorphic episodes.  

 
Allanite is a LREE, Th (U)-rich trace mineral that 
occurs in a wide range of rock types. Of 
particular interest is its common presence in 
mafic and high-pressure rocks, which potentially 
provide important geochemical constraints for 
tectonic processes, but which have proved more 
difficult to date by well-established minerals such 
as zircon.  
 
In situ U, Th-Pb isotopic analysis of magmatic 
and metamorphic allanite has been carried out at 
RSES. Established SHRIMP dating methods have 
been used in conjunction with the development 
of advanced dating techniques on the ArF 
excimer Laser Ablation quadropole ICP-MS 
instrument. To date, isotopic results have shown 
that allanite can reliably date magmatic events 
with an accuracy of 1-5% (2σ).  
 
Migmatitic and high-pressure metamorphic 
allanite from the Central European Alps were 
analysed as part of a case study on the temporal 
evolution of the polymetamorphic terrane. 
Preliminary results have proved successful, with 
meaningful and comparable Th-Pb ages obtained 

Top: Back-scatter electron (BSE) 
image of a chemically zoned 
magmatic allanite. Middle: Textural 
relationship between garnet and 
metamorphic allanite, PPL. Bottom: 
BSE image of Laser Ablation ICPMS 
pits in a standard allanite sample 
used for isotopic dating.  



Crystallization temperatures of Hadean zircons 
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We applied a new thermometer based on the concentration of Ti in zircon to 
Hadean detrital zircons from Jack Hills, Western Australia and obtained 
significant constraints on the nature of magmatism during the first 500 Ma of 
Earth history.  Jack Hills zircons ranging from 4.0 to 4.35 Ga yield a peak in 
crystallization temperature at 680°C, suggesting that a limited range of 
mechanisms produced zircon-bearing rocks during that period. Together with 
results from other studies (e.g., d18O, Lu-Hf, inclusion mineralogy), these data 
suggest that the following conditions may have obtained throughout the Hadean: 
1) wet, minimum melting, 2) 700-800°C collisional-type melting, 3) formation of 
clay minerals under ambient conditions, 4) peraluminous melting of pelitic 
protoliths, 5) isotopic fractionations requiring a major Hadean continental crust 
forming event, 6) a continent-mantle recycling time constant varying from 200-
50 m.y., 7) global heat flow 3 times higher than present, and 8) Mg-rich mantle 
lithospheres.  We view constraints 1, 3 and 4 to imply the existence of liquid 
water at or near the Earth’s surface, constraints 1, 2, 5 and 6 imply the existence 
of continental crust throughout the Hadean, and we speculate that constraints 1 
and 4 reflect Hadean thrust burial.  These three inferences are most easily be 
explained by the existence of some form of collisional boundary interaction 
among surface plates, whether rigid or not.  The plausibility of plate tectonic-like 
behaviour operating during the Hadean has recently been bolstered by 142Nd 
studies that suggest the Earth’s mantle may have experienced MORB-like 
depletion within a few 10’s of millions of years of planetary accretion. 
 



Evidence of continental crust by 4.5 Ga 
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The paradigm for continent formation long favoured by isotope geochemists is 
that growth began at ~4 Ga and was ~80% of its present mass by 2.5 Ga. This 
view reflects the absence of a >4 Ga rock record and the systematic post-4 Ga 
evolution of depleted mantle 143Nd/144Nd and 176Hf/177Hf. The observations of 
some early Nd and Hf isotopic heterogeneities leave open the possibility of 
earlier global fractionations and a minority view has persisted that continental 
crust was widespread in the early Hadean (the “Armstrong” model). In this 
regard, the relative lack of evidence of earlier depletions (from a magma ocean 
or continent formation) reflects remixing of these heterogeneities. Detrital 
zircons from Jack Hills, Australia, with 4.0-4.4 Ga U-Pb ages transcend this 
ambiguity as they represent pieces of crust that have been sequestered for up to 
~4.4 Ga. Zircons have very low Lu/Hf and thus record near initial 176Hf/177Hf at 
the time given by the U-Pb age. Amelin et al. (1999) used Jack Hills zircons as 
old as 4.14 Ga to investigate early crustal evolution and inferred the existence of 
re-melted Hadean crust.  We have carried out 176Hf/177Hf analyses by both 
solution and laser ablation MC-ICPMS on 104 Jack Hills zircons ranging in age 
from 3.96 to 4.35 Ga. These results indicate very large positive and negative 
εHf(T) deviations from CHUR (λ176 = 0.01867/Ga; 176Hf/177Hf = 0.282772; 
176Lu/177Hf = 0.0332). Negative values of εHf(T) equivalent to (176Hf/177Hf)4.5 Ga 
observed between 4.35 and 4.2 Ga are consistent with development of a Lu/Hf = 
0 reservoir by 4.5 Ga. Positive εHf(T) deviations in the same age interval imply a 
depleted reservoir with Lu/Hf up to 0.1. We interpret these results as indicating 
either that significant continental crust had formed by ~4.5 Ga, consistent with 
recent inferences from Δ142Nd systematics. 



Crustal noble gases in Jwaneng diamonds with links to seismic 
tomography 
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Recent seismic tomography studies of the Kaapvaal-Zimbabwe craton of 
southern Africa reveal distinct seismic velocity profiles at 150 km depth within 
the diamond stability field, that appear to correlate with differences in diamond 
paragenesis. Diamond mines with predominantly eclogitic diamond inclusions 
(e.g. Jwaneng, Orapa, Premier) overlie lithospheric mantle with relatively slow P-
wave velocities, whereas localities with predominantly peridotitic diamond 
inclusions (e.g. Kimberley, Finsch) are associated with faster P-wave velocities at 
150 km depth in the mantle. This distinction in P-wave velocities between the 
two groups can be interpreted in terms of different chemical compositions in the 
lithospheric mantle. Thus, the region with slower P-wave velocities could 
correlate with an oceanic lithospheric component and/or metasomatising fluids 
introduced by ancient subduction-related processes. In contrast, the region with 
faster P-wave velocities may reflect mid-Archean mantle depletion events 
initiated by craton keel formation.  
 
As the mantle beneath the Jwaneng mine is characterized by slower P-wave 
velocities at 150 km depth, our finding of crustal noble gases in Jwaneng 
diamonds (gem-quality diamond aggregates and framesites) appears to be 
consistent with the tomographic observations. It is noteworthy that early helium 
work on diamonds from the Orapa mine also showed radiogenic He-enriched 
3He/4He ratios, as low as 0.16 R/Ra (where Ra represents the atmospheric value 
of 1.4 x 10-6), which could indicate the involvement of crustal helium; consistent 
with our findings from the Jwaneng diamonds.  
 
Thus, it is postulated that diamonds from eclogitic mines could clarify whether or 
not material subducted into the deep mantle retained crustal and atmospheric 
noble gases, and could quantify the influence of subducted material through 
time. In contrast, diamonds from the peridotitic mines could contain pristine 
ancient mantle noble gas compositions at the time of their formation. Verification 
of our hypothesis will be significant in providing a basis for the reconciliation of 
geophysical and geochemical observations in terms of mantle structure and 
mantle geodynamics.  



EXTREME ISOTOPIC ANOMALIES IN METEORITIC HIBONITES 
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Large variations in calcium and titanium compositions are well known in the 
mineral hibonites, which is found in carbonaceous meteorites such as Murchison  
[e.g. 1].  Percent level variations are commonly found in the heaviest isotopes of 
these elements.  In some cases extremely large positive anomalies are found 
with the most extreme being a 27% excess in 50Ti.  The magnitude of this 
anomaly rivals that in presolar SiC grains albeit with a different isotopic 
signature.  The anomalies in the heaviest isotopes are consistent with 
nucleosynthesis in a quasi-equilibrium process, such as in the precursor of a 
Type I or IIa supernova, whereas the SiC grains have V- shaped Ti isotopic 
patterns more consistent with slow addition of neutrons (s-process) that 
commonly occurs in Red Giant stars (or Assymptotic Giant Branch (AGB) 
stars. While the preservation of large variations in circumstellar condensates is 
not surprising, the magnitude of the Ti isotopic variations in meteoritic hibonites 
far exceeds that in any other solar nebula products. 
 
These inclusions therefore offer an intriguing view of the incorporation of Fe-
group isotopic anomalies into the solar system. Thus far are very few anomalous 
grains with extreme excesses of 50Ti (>10%).  Two grains from Murray both 
have 10% 50Ti excesses [2], and there appear to be two crystals with near 27% 
excesses of 50Ti [1,3].  Some of the crystals may be fragments of larger 
inclusions and thus there may be only two extreme compositions.   We have 
reinitiated a search for hibonite crystals with large Ti and Ca isotopic anomalies.  
This requires analysis of many grains because of their low abundance even 
within the hibonite population.  We have developed a protocol on the SHRIMP 
RG for rapid characterization (approx 10 minutes) to a level of around ± 5 ‰ in 
Ca and Ti isotopes.  Using this approach we now have three hibonite inclusions 
with 50Ti abundances 20% or more above terrestrial.  Characterization of these 
grains for other systems will be carried out but thus far there is little to indicate 
exceptional behaviour in REE, O isotopes, or Mg isotope systematics. Oxygen 
isotopes probably underwent exchange with an ambient nebular gas.  REE 
abundance patterns suggest a nebular source and little input from presolar 
sources.  Mg isotopes are near terrestrial consistent with the low 26Al/27Al 
environment for these grains.  This probably reflects the presence of 
nonradiogenic 27Al in the precursors [4].  
 
Individual crystals appear to represent discrete entities with their own 
characteristics.  The precursors were probably originally refractory dust; the 
hibonite crystals reflecting homogenization and crystallization in the early solar 
nebula. The outstanding issue with these grains is where they fit within the 
chronology of the solar system.    
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The Geochemistry of Early Archaean basic and ultrabasic rocks from 
southern West Greenland: tectonic setting and mantle sources 
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Little is known about the earliest Archaean (>3800 Ma) tectonic environments because very few 
rocks of this age have survived to the present day.  Debate centres on whether plate tectonics 
existed, and if so, how similar were ancient and modern tectonic regimes. To provide information 
on the dominant tectonic mechanisms in the Early Archaean we have collected samples of the 
world’s oldest mafic rocks as part of an integrated 
field, geochronological and geochemical study.  All 
these rocks occur as fragments of their original 
sequences scattered as enclaves and tectonic lenses 
within more voluminous orthogneisses. Sample 
suites include volcanic and layered gabbro-u
sequences (Figure 1) from several islands located 
south of Ameralik Fjord, southern West Greenlan
Ages of ≥3850 Ma have been ascribed to these units
(e.g. Krogh et al. 2002; Nutman et al. 2002) making 
them the world’s oldest supracrustal rocks.  None of
the supracrustal rocks contain protolith zircons,
therefore minimum age constrains were obtained by 
U/Pb SHRIMP dating of zircons from younger 
intrusive gneisses. 

ltramafic 

d.  
 

 
 

CPMS.  

 
 (i.e. 

eochemical modelling has identified 

Complete trace element compositions were 
determined on fused glass discs using the LA-I
Major and trace element chemistry indicate that our 
samples of the supracrustal rocks, despite having 
been to granulite conditions, suffered only minimal
secondary alteration of key diagnostic elements
the rare earth and high field strength elements).   
 
G
members of these suites that underwent 
minimal fractional crystallisation such that 
they can be used to reconstruct the 
composition and melting conditions of their 
mantle source regions.  The supracrustal rocks display LREE depleted to slightly 
enriched patterns, indicating that mantle sources were already depleted by 3850 
Ma.  The low La/Sm ratios also indicate that the parental magma was not 
contaminated by felsic continental crust.  Consequently, there is no evidence for 
felsic crust older than the supracrustal rocks within this area; it is likely that the 
earliest crust in this region was predominantly mafic.  Detailed modelling of the 
geochemistry of the various supracrustal suites indicates that by 3850 Ma there 
were diverse source materials for the mafic melts, pointing to tectonic complexity 
similar to that seen in modern day settings. 
 

Figure 1:  The world’s oldest known 
layered ultramafic complex, 
southern West Greenland.  Arrow 
points to person for scale. 
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Progress in analysis of Rb-Cs-Ba in silicate melt inclusions from old 
greenstone belts 
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During 2005, important progress was made in 
the analysis of Cs-Rb-Ba from melt inclusions. 
In the current preferred scheme, Ba/Cs is 
analyzed with SHRIMP and Ba/Rb and other 
incompatible trace elements with LA-ICPMS 
from the same olivine- hosted melt inclusions. 
Successful analyses have been done on targets 
with down to 5 ppb Cs, with a ~20 µm spot 
diameter. Modern reference samples and 
samples from several greenstone belts in the 3.5-2 Ga age range have been 
analyzed. Correct results from multiple reference samples validate the suitability 
of the techniques, but unexpected complexities in the results from old samples 
make it difficult to draw quick conclusions on mantle evolution. Discoveries like 
that of mostly glassy 3.5 Ga melt inclusions (Figure), make it possible to 
quantitatively work on problems of how much old inclusions are altered or 
contaminated – and will help in uncovering the Rb-Cs-Ba chemistry of the early 
mantle. 



Extrasolar Planets  
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Sun-like stars have stellar, brown dwarf and planetary companions.  Relatively 
few brown dwarfs (compared to the number of planets and stellar companions) 
have been found in close orbits around sun-like stars.  Why this should be so is 
unknown.  With PhD student Grether, Lineweaver compiled, analysed and 
interpreted the world’s data on exoplanet, brown dwarf and stellar companions.  
Our analysis i) confirmed that the brown dwarf desert was not a selection effect 
and ii) located the position of the driest part of the brown dwarf desert (the 
mass at which the fewest number of companions exist) at M = 31 +25

-18 
M_Jupiter.   We found that approximately 16% of Sun-like stars have close 
companions more massive than Jupiter: 11%  +/- 3% are stellar, <1% are 
brown dwarf and 5% +/- 2% are giant planets.  Our results are published in the 
paper,  
 
``How Dry is the Brown Dwarf Desert?: Quantifying the Relative Number of 
Planets, Brown Dwarfs and  Stellar Companions around Nearby Sun-like Stars" 
D. Grether and  C.H.Lineweaver Astrophysical Journal, accepted December, 
2005. 
 
 
In observational work, we searched for water masers around stars hosting 
exoplanets.  We were unable to duplicate previous reported detections.  Our 
results are published in the paper: 
 
"A search for water masers toward extrasolar planets" 
V. Minier, & C.H.Lineweaver,  Astronomy and Astrophysics, accepted December 
2005 
 
 

Astrobiology 
 
In theoretical work in collaboration with Paul Davies, we showed that if life 
emerges readily under Earth-like conditions, the possibility arises of multiple 
terrestrial genesis events. We quantified the probability of this scenario using 
estimates of the Archean bombardment rate and the fact that life established 
itself fairly rapidly on Earth.  We found a significant likelihood that at least one 
more sample of life may have emerged on Earth, and could have coexisted with 
known life. We found that it is difficult to rule out the possibility of extant alien 
life.  Our results are published in the paper: 
 



“Finding a Second Sample of Life on Earth” 
Davies, P.C.W. and Lineweaver, C.H., Astrobiology, Vol 5, No. 2, April 2005, pp 
154-163 
 
In theoretical work I challenged the assumption that we have not yet found 
extraterrestrial life.  I argued that by redefining life in a more general way, we 
can legitimately conclude that we have already detected extraterrestrial life.  I 
argued that thermodynamic justifications for a broader definition of life are 
compelling and more universal than the traditional definitions of life based on 
DNA, “self-reproduction” and the chemical complexity of the terrestrial life most 
familiar to us.  These ideas are published in the paper, 
 
``We Have Not Detected Extraterrestrial Life, Or Have We?'' 
Lineweaver, C.H. in ``Life As We Know It''   edt. J. Seckbach, Vol. 10 of a series 
on Cellular Origin, Life in Extreme Habitats and Astrobiology, Springer, Dordrecht 
in press, ISBN 1-4020-4394-5 
 
I reinterpreted biogeographical and plate tectonic observations as the best 
evidence we currently have to evaluate the question: Is human-like intelligence a 
convergent feature of evolution?  I found that this evidence indicates that 
human-like intelligence is not a convergent feature of evolution.  This result is 
published in a review essay, 
 
``Intelligent Life in the Universe: From Common Origins to the Future of 
Humanity'' 
C. H. Lineweaver.  Review of ``Intelligent Life in the Universe: from common 
origins to the future of humanity" by Peter Ulmschneider, Astrobiology, Vol 5, 
No. 5, 2005  pp 674-677 
 
 

Cosmology 
 
We identified the most common misconceptions about the Big Bang held by 
astronomers and the public.  We analyzed and made these misconceptions 
explicit for a popular audience in the paper, 
 
“Misconceptions about the Big Bang” 
Lineweaver, C.H. and Davis, T.M., Scientific American, 292,  Part No 3, March, 
2005,  pp 36-45. 



New discoveries of volcanic and sedimentary structures in the 3800-
3700 million year old Isua supracrustal belt, Greenland: Tools for 

understanding the ancient Earth 

Clark R. L. Friend1 and Allen P. Nutman2

1 45, Stanway Road, Headington, Oxford, U.K. 

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

The Isua supracrustal belt (ISB) in W. Greenland is a 35 km long body of 
amphibolite facies rocks that contains the world’s best record of ancient 3800-
3700 Ma volcanism and sedimentation. Strong deformation destroyed most of its 

atism causes difficulties in 
interpreting the rocks. 
Nonetheless, for 30 years 
the ISB has been a magnet 
for early Earth studies, 
ranging from its mafic 
rocks providing insight into 
ancient tectonic 
environments and mantle 
chemistry – to searching 
for earliest evidence of life. 
However, it is rarely 
communicated that the 
best study areas with low 
deformation and relics of 
volcanic and sedimentary 
structures are extremely 
rare – we estimate they 
are preserved in less than 
a millionth of the belt! We 
have been finding more of 
these relics (funded by 
ARC DP-4707011) to 
obtain important new 
resources for early Earth 
studies via geochemical 
techniques. 

The ISB contains quartz + 

sedimentary and volcanic structures, and metasom

magnetite banded iron formations (BIF) that were precipitated out of the oceans 
3800-3700 million years ago. Banding in the BIF is mostly entirely tectonic i.e., 
transposed, attenuated sedimentary layering combined with new quartz and 
magnetite fabrics (left side of Fig. 1a). Such rocks cannot be taken to pieces 
sedimentary layer by layer to obtain detailed environmental information on the 



early oceans, or be used to seek chemical signatures of individual meteorite 
impacts. In 2005 we found a small low strain zone (albeit still deformed) of ~2m2 
in BIF (right hand side of Fig. 1a). Individual quartz-rich and magnetite-rich 
layers are sedimentary and have internal fine structure. This rare sample will be 
taken to pieces layer by layer in geochemical studies with our RSES colleagues 
Vickie Bennett and Marc Norman. 

Relict pillow structures not only show the sub-aqaueous basaltic protoliths of 
Isua amphibolites, but also allow the most controlled geochemical studies of 

e 
made in Isua this year. Thus even in such well-trodden ground that has been the 

early terrestrial basalt petrogenesis and their depositional environment than by 
working on strongly deformed, banded amphibolites. Our 2005 discovery (~15 
m2) of more pillows (Fig. 1b) is the least deformed in Isua yet, and have well-
preserved triangular domains of siliceous inter-pillow material and also they 
preserve their facing direction (Fig. 1b). The facing direction demonstrates that 
they are capped by an adjacent BIF unit.  The structural top of this BIF is an 
early Archaean mylonite, above which is another package of amphibolites. Thus 
this locality provides a new important constraint on the early tectonics of the 
belt, a new opportunity to study basalt petrogenesis and a unique chance to 
study a 3800-3700 Ma inter-pillow environment – a potential early life habitat. 

These are two examples of several new discoveries of original structures w

focus of 30 years study, continued field work still brings forth new discoveries for 
multidisciplinary research on the early Earth. 

 



Archaean alpine-style collisions in Greenland (Nuuk district): 
Sequential high pressure metamorphic events followed by nappe 

development 

 Allen P. Nutman1 and Clark R. L. Friend2

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

2 45, Stanway Road, Headington, Oxford, U.K. 

The Nuuk district of West Greenland is a deeply eroded and glacially-incised 
section of Archaean basement crust (with recumbent isoclines - Fig. 1a). Very 
small (100µm) zircons provide unique information to reconstruct tectonic 
evolution in monotonous Archaean basement gneiss terranes. Our field mapping, 
zircon SHRIMP dating, trace element geochemistry and inclusion studies were 
funded by ARC DP4707012. In structurally-deep levels in the southern part of the 
district, decompression (~10-5 Kbar) m
pressure melt patch zircons contain 
garnet, clinopyroxene or rutile 
inclusions (Fig. 1b), whereas lower 
pressure melt patches that are the 
same age within errors of 2 million 
years contain sillimanite inclusions. 
The deep structural levels of the 
central part of the Nuuk district 
consists of rocks of different ages 
to deep structural levels to the 
south, but has relicts of 2650 Ma 
high pressure assemblages. The 
terranes with 2700 Ma and 2650 
Ma high pressure assemblages 
were tectonically juxtaposed along 
a major mylonite zone prior to 
development of a northerly directed 
nappe-stack that was imprinted on 
several already-assembled terranes. 
Sequential high pressure events in 
different terranes increases the 
similarity between the Archaean 
tectonic evolution of the Nuuk 
district and collisional Phanerozoic 
orogens such as the European Alps.  

etamorphism occurred at ~2700 Ma. High 



Trace elements as key to the interpretation of zircon and monazite 

ages in high-grade rocks 

Daniela Rubatto and Jörg Hermann  

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

The formation of metamorphic zircon and/or monazite in high-grade rocks is 
virtually ubiquitous and occurs in a variety of rocks types from metapelitic 
granulites to metaperidotites. These minerals can provide not only absolute ages 
through U-Pb dating, but also important information on the petrological evolution 
of the rock and the timing of specific events. The combined study of textural 
relationships, inclusion suites and trace element composition of accessory and 
major minerals is used to link geochronology with petrology and achieve a 
rigorous interpretation of age data.  

The formation, age and trace element composition of zircon and monazite were 
investigated across the prograde, low pressure, granulite sequence at Mount 
Stafford (central Australia). Three pairs of inter-layered, relatively melt-rich and 
melt-poor rocks (metapelite and metapsammites, respectively) were sampled in 
migmatites together with a sample of the nearby granite. U-Pb SHRIMP 
geochronology on metamorphic zircon rims and on monazite indicate that 
granulite facies metamorphism occurred between ~1795 and 1805 Ma. The 
granite intrusion was coeval with metamorphism at 1802±3 Ma and is unlikely to 
be the heat source for the prograde metamorphism. Metamorphic growth of 
zircon started at temperatures of ~750°C well above the pelite solidus and is 
more abundant in the melt-rich rocks. In contrast, monazite growth had already 
begun under prograde sub-solidus conditions. At granulite facies conditions two 
distinct metamorphic domains were observed in monazite. Textural observations, 
petrology and the trace element composition of monazite and garnet provide 
evidence that the first metamorphic monazite domain grew prior to garnet during 
prograde conditions and the second in equilibrium with garnet and zircon close to 
the metamorphic peak. Ages from sub-solidus, prograde and peak metamorphic 
monazite and zircon are within error not distinguishable, indicating that heating 
took place in less than 20 Ma. 

The Duria garnet peridotite (Adula nappe, Central Alps) contains two generations 
of metamorphic zircon formed in sub-solidus conditions, which have inclusions of 
amphibole and clinopyroxene. The first domain is oscillatory zoned, with high U, 
REE and moderately high Ti contents (32 ppm) and Th/U (0.1-0.3). It was 
determined that this zircon formed during decompression, likely at the transition 
from Zr-rich peak metamorphic rutile to Zr-poor retrograde ilmenite. Additionally, 
textures and trace element contents of clinopyroxene, orthopyroxene and 
amphibole that formed contemporaneously with the zircon suggest that 
peridotite recrystallization was assisted by the influx of crustal derived fluids, 



which probably also favoured zircon formation. The second zircon domain is the 
product of recrystallization of zircon 1 and is characterised by low CL emission, 
low REE and Ti contents (5.4 ppm). The Ti content of zircon in the peridotites is 
buffered by the assemblage ilmenite, olivine and orthopyroxene. Application of 
the Ti in zircon thermometer indicates that significant cooling occurred between 
the formation of zircon domain 1 
at ~850°C and its recrystallization 
(zircon domain 2) at ~700°C. 
SHRIMP dating of the two 
domains yield ages of 34.15±0.24 
Ma and 32.94±0.27 Ma, 
respectively, indicating fast 
exhumation of the peridotite 
within the spinel stability field. We 
suggest that the Duria garnet 
peridotite originate from the 
mantle wedge above the tertiary 
subduction of the European 
continental margin and that it was 
assembled to the country rock 
gneisses between 34 and 33 Ma.  

 
Cathodoluminescence image of zircon from 
the Duria peridotite showing the two cross 
cutting metamorphic domains.   



Contrasting marginal basin development in Fennoscandia and 
northern Australia 2.30 to 1.85 billion years ago 

R.W. Roye Rutland1 and Ian S. Williams1
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Remnants of the Earth’s crust 
between 2.30 and 1.85 billion 
years old are relatively rare, but 
they provide a critical link in the 
record of crustal evolution 
through time. Two of the best 
preserved areas, relatively 
unaffected by younger geological 
events, are found in northern 
Australia and northern Sweden 
and Finland. 

These two Palaeoproterozoic 
provinces developed by broadly 
similar sequences of geological 
events (e.g. Rutland, 1997). The 
oldest sedimentary sequences in 
both areas have been related to 
rifting of the Archaean crust, 
evidenced in Finland by several 
phases of mafic magmatism 
between 2.10 and 1.95 billion 
years ago. Early volcanic rocks and tonalitic intrusions dating from between 1.93 
and 1.91 b.y. ago occur in both the Savo Belt of the Svecofennian province in 
Finland and in the Halls Creek orogenic domain in the North Australian province. 
The main episode of plutonism, volcanism and associated mineralisation in the 
Svecofennian province of Fennoscandia occurred between 1.89 and 1.86 b.y. 
ago, and the corresponding events in northern Australia took place between 1.88 
and 1.85 b.y. ago. 

50 µm

Detrital zircon with 
metamorphic overgrowth

Both provinces contain significant gold deposits, but whilst the most important 
mineral deposits in Fennoscandia occur in the pre-1.85 b.y. old province, 
deposits of this age are not prominent in Australia. The Svecofennian province 
shows little evidence of an Archaean basement, and there is abundant mantle 
derived magmatism, with which the principal ore deposits are associated. In 
contrast, coherent Archaean basement to the North Australian province is 
exposed in several areas. 



Against this background, quite different models of crustal evolution have been 
applied in the two regions; rapid arc accretion in Fennoscandia and ensialic 
marginal basin development in Australia. Our recent work in collaboration with 
colleagues in Sweden and Finland has combined data from regional 
aeromagnetic mapping with new field studies and ion microprobe studies of 
critical samples to test the models in those countries (Rutland et al., 2001a and 
b; 2004: Skiöld and Rutland, in press). We have focused on zircon populations in 
metasedimentary rocks. The detrital grains provide a tracer of the source 
materials of the sediments and overgrowths on the grains can provide a record 
of post-depositional metamorphism. 

We have found that the widespread Svecofennian metamorphic complexes in 
both Sweden and Finland are significantly older than previously assumed and 
originally probably formed an extensive oceanic marginal basin that was 
deformed and metamorphosed about 1.92 b.y. ago. Thus, the first stage of 
Svecofennian crustal growth was by marginal basin accretion. Igneous rocks 
previously attributed to rapid arc accretion, and their associated ore deposits, 
actually postdate the basin development, and a re-evaluation of their tectonic 
setting is required. This marginal basin accretion hypothesis has a younger 
analogue in the Lachlan province of Eastern Australia. 

Work in progress in Ostrobothnia will provide a further test of the hypothesis and 
allow correlation of tectonic evolution between northern Sweden and Finland 
across the Gulf of Bothnia.  

Rutland R. W. R. (1997) Palaeoproterozoic of Northern Australia and Fennoscandia: an 
Introduction. In Palaeoproterozoic Tectonics and Metallogenesis: Comparative analysis of 
parts of the Australian and Fennoscandian Shields. Australian Geological Survey 
Organisation Record, 1997/44, 1-5. 

Rutland R. W. R., Kero L., Nilsson G. & Stølen L. K. (2001a) Nature of a major tectonic 
discontinuity in the Svecofennian province of northern Sweden. Precambrian Research 112, 
211-237. 

Rutland, R. W. R., Skiöld, T. and Page, R. W. (2001b) Age of deformation episodes in the 
Palaeoproterozoic domain of northern Sweden, and evidence of a pre-1.9 Ga crustal layer. 
Precambrian Research 112, 239-259. 

Rutland R. W. Roye, Williams, Ian S. and Korsman Kalevi (2004) Pre-1.91 Ga deformation and 
metamorphism in the Palaeoproterozoic Vammala Migmatite Belt, southern Finland, and 
implications for Svecofennian tectonics. Bulletin of the geological Society of Finland 76, 93–
140. 

 



ELA-Q-ICP-MS for the analyses of 207Pb/206Pb and 208Pb/206Pb in 
carbonates 
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Isotope dilution may give the highest quality isotopic data but it is often unsuited 
for the analyses of old samples where post formation mobility of the parent 
and/or daughter isotope can lead to the calculation of incorrect initial ratios.  
Analyzing mineral separates that have a very low parent to daughter ratio can 
minimize the problem but most mineral separates have small mineral or fluid 
inclusions.  Moreover it is often difficult to obtain pure separates of fine-grained 
material.  In situ ELA-Q-ICP-MS offers a viable alternative method.  It is 
substantially less precise than isotope dilution but allows greater control on 
sample selection and avoids problems associated with inclusions and fine grain 
size.  The other advantage in situ ELA-Q-ICP-MS has over standard isotope 
dilution methods is shorter analytical time.  

We have applied the ELA-ICP-Q-MS to analyses of Pb in carbonates from 
monzonite-syenite-carbonatite associated with the Wallaby gold deposit in 
Western Australia.  The aim was to test whether the Pb in the gold mineralization 
was derived from the same source as the intrusions. The biggest problem with 
the application of this method to Pb isotopes is that the interference of 204Hg on 
204Pb excludes the measurement of 204Pb, therefore, limiting the measured ratios 
to 207Pb/206Pb and 208Pb/206Pb. The comparison of ELA-Q-ICP-MS to isotope 
dilution values from the same lithologies was used to characterize the success of 
the application for the analyses of carbonate minerals (calcite, strontianite and 
dolomite).   

During each analyses the background counts were measured for 20 seconds and 
the unknown for 40 seconds during which time each isotope was measured 
approximately 100 times.  Each ratio was averaged and multiplied by a factor 
determined by comparing the average measured ratio of NIST612 (bracketing 
standard) to the published value of Woodhead and Hergt (2001).  The standard 
BCR-2g was analyzed a total of fourteen times and gave averages of 207Pb/206Pb 
= 0.831±4 and 208Pb/206Pb = 2.051±9 which were compared to the published 
values of Woodhead and Hergt (2000) and Jochum et al (2005).  The ratios 
obtained were within error of the published values, giving confidence in the data.  
Uranium and Th were also analyzed so that inclusions rich in these elements 
could be excluded from the average calculation, and correction for radiogenic 
decay since formation could be applied. 



The average Pb isotopic ratios of ore, dikes, Wallaby conglomerate calcite, 
Lancefield conglomerate calcite, and Chatterbox limestone are displayed in figure 
1.  All three Pb isotopic groups at Wallaby cluster in a tight range and data 
collected from locations 10’s Km distance from Wallaby are distinctly different 
(Lancefield and Chatterbox).  

The results of Laser analyses are compared to ratios determined by isotope 
dilution using the methods of Kuritani and Nakamura (2002) in the figure. The 
comparison of the two methods shows that laser produced isotopes are 
consistent with those produced by isotope dilution but with less scatter.  The 
values produced by the less precise method but with better sample control have 
lower scatter suggesting that variable radiogenic decay of U and Th is producing 
the scatter, therefore the sample composition is producing most of the variability 
found by isotope dilution.  The data is also consistent with a common source of 
Pb in the dike suit and gold mineralization. 

 

Figure 1. A graph of the LA-ICP-Q-MS ratios compared to those determined by the 
method of Kuritani and Nakamura (2002) shown in solid symbols. 

 



Jochum K. P., Stoll B., Herwig K., Amini M., Abouchami W. and Hofmann A. W. (2005) Lead 
isotope ratio measurements in geological glasses by laser ablation-sector field-ICP mass 
spectrometry (LA-SF-ICP-MS). International Journal of Mass Spectrometry 242(2-3), 
281-289. 

Kuritani T. and Nakamura E. (2002) Precise isotope analyses of nanogram-level Pb for natural 
rock samples without use of double spikes. Chemical Geology 186, 31-40. 

Woodhead J. D. and Hergt J. M. (2000) Pb-isotope analyses of USGS reference materials. 
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Woodhead J. D. and Hergt J. M. (2001) Strontium, neodymium and lead isotope analyses of 
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The Journal of Geostandards and Geoanalysis 25(2-3), 261-266.  

 

 

 



THERMAL REVERSALS: EVIDENCE FOR MAGMA MIXING LEADING TO 
THE EVOLUTION OF PORPHYRY COPPER DEPOSITS? 

Dianne L. Valente 

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

The El Abra Porphyry Copper Deposit is a major deposit located in the El Loa 
Province, Region II, Chile, and is spatially associated with a suite of intermediate 
to felsic composition, calc-alkaline intrusions, called the Pajonal-El Abra complex.  
The deposit is located 1650km north of Santiago and lies within the Late Eocene-
Oligocene aged, north-south trending Domeyko Cordillera which hosts other 
major porphyry copper mines including Chuquicamata, and Escondida (AMBRUS, 
1977; GRAICHEN et al., 1995; MAKSAEV and ZENTILLI, 1999; GERWE, 2005). 

 

Figure 1:  Regional location plan of the El Abra mine site and PhD project area.  
Figure modified from GERWE (2005) and GRAICHEN et al. (1995). 
 
The Pajonal-El Abra suite of rocks have a shared petrochemical history which 
culminated in the formation of the copper porphyry deposit associated with the 
El Abra porphyry.  These rocks, which are defined in age and by whole rock 



chemistry as three distinct suites, were emplaced between 35-43Ma.  They 
formed through a combination of processes including assimilation, magma 
mixing and fractional crystallisation, with the latter process only being significant 
within suites, whilst the processes of assimilation and magma mixing are more 
important between suites.  A feature of these rocks, especially for Clara suite, is 
that they are sulphur saturated. 
 
The preliminary thermal history, dating and whole rock chemical data indicates 
the three suites of rocks at El Abra define three magmatic cycles, initiated by a 
magma mixing event, followed by combined processes such as crystal 
fractionation and assimilation.  The rate of cooling is exponential over the life of 
the Pajonal-El Abra batholith, with initial, hot, thermal mixing events followed by 
rapid cooling (Figure 2). 

 

Figure 2: Uncorrected Ti-in-zircon temperature versus age (Ma) 

Ambrus J. (1977) Geology of the El Abra Porphyry Copper Deposit, Chile. Economic Geology 
72(6), 1062-1085. 

Gerwe J. (2005) The El Abra Porphyry Copper Deposit: An overview. SCM El Abra (Unpublished 
company presentation). 
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Minerals Company: Unpublished company report. 

Maksaev V. and Zentilli M. (1999) Fission track thermochronology of the Domeyko Cordillera, 
northern Chile; implications for Andean tectonics and porphyry copper metallogenesis. 
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Wrigglers and wombats: improved precision and accuracy in light 
isotope analysis using the SHRIMP II ion microprobe 
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Coinciding with the development of 
a multiple collector for the SHRIMP 
II ion microprobe, there has been a 
resurgence of interest at RSES in 
the in situ isotopic analysis of light 
elements, particularly S and O. 
Initially the main emphasis was on 
improving the performance of the 
collector itself; refining the 
mechanical design, optimising the 
ion counting system and enhancing 
the computer control. This work 
was largely completed in 2005, 
with the multiple collector 
development reaching the stage 
where the main limiting factor in 
the analysis of light isotopes 
became the performance of the 
SHRIMP II secondary ion optics. 

CONODONTS

Early experiments with light isotope analysis of major elements showed that it 
was relatively easy to achieve sub permille precision in a rapid analysis of a 
single spot. However, systematic shifts in the apparent isotopic composition 
during a longer analysis, and even larger random shifts when moving to a new 
spot, made it extremely difficult to reproduce analyses on a uniform target to 
better than one permille. The cause of the isotopic variability was traced to a 
partial separation of the isotopes occurring before the secondary ion beam 
entered the secondary mass analyzer. The separation did not, as first suspected, 
reflect dispersion due to mass-dependent differences in ion energies, but 
apparently the influence of a magnetic field. 

Experiments on the ANU SHRIMP II showed that the separation was very small, 
just a few microns, so it was possible that the cause was the magnetic field of 
the Earth. This was checked by repeating the experiment on the multiple-
collector SHRIMP II at VSEGEI in St. Petersburg. The separation was indeed 



found to occur in the reverse sense, 
consistent with a field reversal. The 
solution was to fit the SHRIMP II source 
with Helmholtz coils and, although the 
Earth’s field is probably not the sole 
reason for the mass separation, the variable 
fractionation effect at the entrance to the 
mass analyser can now be virtually eliminated. 

This and other advances in the light isotope 
analysis protocol have led to significant 
improvements in both single spot analytical precision 
and spot-to-spot reproducibility. The precision of a single 
10-minute spot analysis of 18O/16O in apatite, for example, 
is typically better than 0.5‰ (95% c.l.); spot-to-spot 
reproducibility on a crystal of uniform isotopic composition is 
similar. This level of precision has made it possible, for the first 
time, to explore small systematic changes in measured isotopic 
compositions as a function of other parameters, in particular those 
dependent upon changes in the immediate environment of the spot from which 
secondary ions are being extracted. 

With this improved precision, the study of oxygen isotopic compositions in early 
Paleozoic conodonts (Williams et al., 2004) has been revisited, including an 
expanded sampling of stratigraphic units from the Late Ordovician and Early 
Silurian. The progressive change in isotopic composition up section has now 
been measured more accurately. However, despite testing several samples from 
close to the Ordovician-Silurian boundary, we could not detect any excursions in 
oxygen isotopic composition that might reflect the proposed terminal Ordovician 
glaciation and consequent rapid drop in global sea water temperatures. Whether 
this is due to an hiatus in the stratigraphic sequence we sampled has yet to be 
resolved. 

In preparation for a research program on human teeth to be commenced in 
2006, techniques are being refined for the analysis of oxygen isotopes in 
mammalian tooth enamel. Single spot (25 µm diameter) analyses of the enamel 
from a wombat tooth have achieved precisions of ~0.5‰ (95% c.l.) relative to 
bracketing analyses of a standard and identified a similar shift in isotopic 
composition to that measured by conventional methods. No change in 
composition across the enamel layer was detected.  

Williams, I.S., Holden, P. and Trotter, J.A. (2004) Towards the analysis of oxygen isotopes in 
insulators using the SHRIMP II. Abstracts of the SHRIMP Workshop Hiroshima 2004, 63.



Mounting evidence for a continuation of the Dabie-Sulu ultra-high 
pressure metamorphic belt into Korea 
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The Dabie-Sulu metamorphic belt in central and eastern China contains some of 
the highest pressure crustal metamorphic rocks presently known to be exposed 
at the Earth’s surface. Peak pressures up to 7 GPa have been inferred, equivalent 
to depths of burial of over 200 km (Ye et al., 2000). These enormous pressures 
were generated by the subduction of crust as a result of several continent-
continent collisions between the North and South China Blocks, the last and 
largest of which occurred in the Triassic. The eastern end of the metamorphic 
belt is terminated abruptly at the Yellow Sea coast, so there has been much 
speculation over whether the collision zone might extend into the Korean 
peninsula, and possibly even as far east as Japan. The idea has remained 
speculative until recently, when high pressure metamorphic rocks yielding 
Permo-Triassic isotopic ages have first been found in South Korea (Oh et al., 
2005). 

A visit to RSES this year by two leading 
researchers from Chonbuk National University, 
Prof. Oh Chang Whan and Dr Kim Sung Won, 
initiated a collaboration between the two 
institutes to study key aspects of the geological 
history of South Korea using SHRIMP U-Pb 
dating. Amongst the samples chosen for the 
initial work was one from the Hongseong area 
in the southeastern Gyeonggi Massif, the area 
from which retrogressed eclogite with Permo-
Triassic garnet Sm-Nd ages had previously 
been reported (Oh et al., 2005). The results 
obtained strongly supported the earlier 
interpretation that some of the garnet 
granulites and amphibolites in the Hongseong 
area are retrogressed eclogites, and that the 
age of the high pressure metamorphism is 
Triassic.  

The new evidence came from zircon recovered from a garnet granulite collected 
from a large lenticular body of metabasite at Bibong. Many of the zircon grains 



are similar to the one illustrated, consisting of a low-U, sector zoned core 
surrounded by a distinct younger overgrowth. SHRIMP in situ U-Pb dating of 
these two zircon types showed that the cores are late Neoproterozoic in age, 
whilst the overgrowths are Middle Triassic. The interpretation was that the 
garnet granulite derives from a Neoproterozoic igneous rock, probably of 
intermediate to mafic composition, that was metamorphosed to high grade in the 
Middle Triassic. 

It could be inferred from the type and chemical composition of the major 
minerals in the granulite that its igneous protolith had been metamorphosed 
under eclogite facies conditions (1.6–2.0 GPa), followed by partial re-
equilibration at granulite facies (1.1–1.6 GPa), followed in turn by an amphibolite 
facies (0.8–0.9 GPa) overprint. To determine which stage of the metamorphism 
produced the zircon overgrowths, several cores and overgrowths were analysed 
for trace elements by laser ablation ICP-MS. The cores are enriched in heavy rare 
earth elements (REE) relative to middle and light REE and have a pronounced 
negative Eu anomaly, consistent with zircon precipitated from a magma. In 
contrast, the overgrowths have relatively low total trace element contents, 
virtually no heavy REE enrichment and only weak Eu anomalies, consistent with 
growth in the presence of garnet but not feldspar, namely growth under eclogite 
facies conditions. Even though the granulite no longer has an eclogite facies 
mineralogy, the zircon overgrowths preserve their eclogite facies chemical 
fingerprint, and the U-Pb ages of those overgrowths record the age of that 
event. There is now little doubt that the continent-continent collision zone in 
mainland China extends eastward, running north east across the Korean 
peninsula approximately parallel to the international border. 
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