
PRISE Introduction

PRISE operates as a unique entity within the Research School of Earth Sciences,
providing commercial and collaborative access to the Research School’s specialised
equipment and expertise in areas of geochronology, geochemistry and petrology.

PRISE staff are involved in wide-ranging collaborative research projects with academic
colleagues throughout the world, as well as providing research and analytical skills to
industry and Government agencies on a commercial basis.  During 2007 PRISE hosted
thirty-three visitors from Australia and overseas, most of whom undertook
collaborative projects using the SHRIMP, Laser ablation- and solution ICPMS, electron
microprobe and TIMS analytical facilities. PRISE staff participated in a number of
field-orientated studies in Australia, Africa, South America and Europe.

As members of a self-funded research group, PRISE scientists also undertake their own
research projects and supervise postgraduate students, both within the Research
School and internationally.

Some areas of current research include:

• Constraints on the timing of world-wide Neoproterozoic glacial events: the
“Snowball Earth” hypothesis

• Planetary perspectives on early evolution of the solar system
• High pressure experimental investigations into melting of heterogeneous

upper mantle
• Use of sulphur isotopes to aid in understanding the origin and conditions of

formation of metal sulphides
• Geological Connection between West Antarctica and Patagonia since the late

Paleozoic: Tectonism, Paleogeography, Biogeography and Paleoclimate
• Bioarchaeology in early Cambodian populations and in situ oxygen and

strontium analysis of human teeth
• New techniques for interpretation of indicator minerals used in diamond

exploration
• Linking of geochemical and petrographic data with regional tectonic models

to improve predictive capabilities with respect to the quality of petroleum
reservoirs



Rapid in situ measurement of sulphur isotope ratios: new
developments and results using the SHRIMP II

Richard A. Armstrong, Peter Holden and Ian S. Williams

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

As the most important group of ore-forming minerals, sulphides are of enormous
economic interest, and studies of sulphide isotope geochemistry provide fundamental
information on the genesis of these ore deposits. Sulphur isotope studies also provide
unique information on the geochemistry and evolution of mantle, crustal,
hydrothermal, biogeochemical and atmospheric systems, and the processes within and
between these reservoirs.  This information is gathered from the measurement of the
natural variations of the stable sulphur isotopes, recording mass-dependent and mass-
independent fractionation from a variety of processes.

Sulphur isotope ratio measurements are made using a number of methods, but the
pioneering work by Eldridge et al. (1988, 1989) showed the advantages and insights to
be gained from in situ analyses using the high spatial capabilities of the SHRIMP I.

This technique allows the measurement of isotope ratios on ~20µm spots in a variety
of sulphide minerals. Unfortunately this research and analytical capability ceased
some years ago, but with recent technical developments on the SHRIMP II instrument
at the Research School of Earth Sciences, ANU, renewed efforts have been made to
further explore the possibility of redeveloping this analytical capability, but with the
potential for greater precision and accuracy than previously possible.  In particular,
the dual developments of a Cs+ primary ion source and a multicollector system have
significantly improved sensitivity, stability and the time required for measurement of
sulphur isotopes, and indeed, other stable isotopes.

The accuracy of sulphur isotope measurements is critically dependant on the quality
of the standards available.  Matrix effects also require the standards to be matched to
the composition of the unknown sulphides. Great effort, therefore, has gone into the
quest for standards with homogeneous sulphur isotope compositions, with several of
the international standards currently available being assessed.  An important
additional development which has improved analytical precision is the use of the
larger mega-mounts developed for the SHRIMP oxygen isotope analytical protocol
(see Hiess et al, 2006 RSES Annual Report).

Although we anticipate that further improvements in our analytical and sample
preparation techniques will evolve into further improvements in analytical precision,
we are currently obtaining precisions of the order of ± 0.3 permil or less for any
analytical session. These standards have been used to accurately measure the isotope
ratios in a number of ore deposits, including Au-bearing horizons of  the
Witwatersrand Basin, magmatic systems of the Bushveld Complex and a number of
other deposits from various environments and settings.



Figure 1.  SHRIMP analytical spots across pyrite from the Witwatersrand gold deposit, South Africa.
The SHRIMP spots are approximately 20 µm in diameter.

Future development work includes analysis of 33S in order to assess, inter alia,  the
presence or absence of mass-independent fractionation in sulphides from anoxic
Archaean and early Proterozoic environments  (e.g. Farquhar and Wing, 2005)  and the
unraveling of complex mass-dependant and mass-independent fractionation patterns
relating to early biological activity.
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The Petrography and Chemistry of Cosmic Spherules from Lewis Cliff,
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Micrometeorites are meteoritic particles less than 1mm in size found in the deep sea,
sediments, swamps and the ices of Antarctica. These particles come in a variety of
sizes, shapes and textures. The micrometeorite flux to Earth has been estimated at
about 30,000 tons a year and make up the majority of material accreted to the
present day Earth (Love and Brownlee, 1993). More importantly, these
micrometeorites can provide insights into what kinds of materials that have been
accreting to Earth as early as the Achaean (Deutsch et al., 1998). Micrometeorites can
originate from a variety of sources such as asteroids, comets, planets, and interstellar
dust clouds (Bradley et al., 2003).

We have classified 120 spherules form the Lewis Cliff Ice Tongue Moraine deposit
based upon their petrography, major element compositions determined by electron
microprobe, and we have measure bulk trace element abundances on 71 of these by
laser ablation ICPMS. This increases the number of previously studied spherules from
this locality by about a factor of four.

Similarities in petrography and major element chemistry among cosmic spherule
collections from diverse localities around the Earth suggest a consistent source
supplying the spherules, and analogous processes acting on the spherules during their
entry through the atmosphere. The trace element data suggests that the majority of
the stony cosmic spherules derive from material similar in chemistry to chondrites,
leaning towards CM (carbonaceous) or H (ordinary) type chondrites in particular. The
trace element data also demonstrate significant losses of volatile lithosphile and
chalcophile elements such as Rb and Cu probably due to atmospheric heating, and
fractionation of siderophile elements such as Pt and W. There is also a clear depletion
of siderophile elements in the silicate spherules while iron-rich cosmic spherules
exhibit complementary enrichment. We interpret this as evidence for the formation,
migration and possibly separation of an immiscible iron-rich core during melting.

Results of this study were presented at the 7th Australian Space Science Conference,
Sydney, Australia, 24-27th September.
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New Perspectives on the Lunar Cataclysm from Pre-4 Ga Impact Melt
Breccia and Cratering Density Populations
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Crystallisation ages of impact melt breccias from the near-side equatorial regions of
the Moon show a pronounced clustering between 3.75 and 3.95 billion years. This age
distribution was unexpected and produced competing hypotheses for the early impact
flux in the inner Solar System. In one scenario the impact flux spiked dramatically
about 4 billion years ago. In this ‘late heavy bombardment’ scenario several of the
nearside lunar basins formed within a relatively brief interval of time. A late
cataclysmic bombardment would have significant implications for Solar System
dynamics perhaps involving migration of the outer planets. Alternatively, the impact
flux may have declined steadily with relatively small fluctuations since formation of
the Moon.  In this scenario older impact deposits were destroyed and/or buried by
more recent events.

Recently, we measured an absolute age of 4.20 + 0.07 Ga on the Apollo 16 crystalline
breccia 67955, which we interpret as an impact melt breccia (Figs. 1, 2). This is the
first definitive evidence for a discrete melt-forming impact event older than 4.0 Ga so
far documented from the Apollo lunar sample collection, but the significance of a
single sample for defining the lunar impact cratering history prior to 3.9 Ga is difficult
to assess. Monte Carlo models suggest that a genuine gap in major impact events
between 4.2 and 3.9 Ga would constitute strong evidence favouring a late cataclysm
(Turner, 1979) but the effects of megaregolith evolution and burial bias on the age
distribution of sampled impact melt rocks needs further clarification (Hartmann, 2003;
Chapman et al., 2007).

As a complementary approach we evaluated the long-term lunar impact flux using
crater densities preserved within large basins. This analysis provides strong evidence
for a steep cratering flux early in the stratigraphic sequence of lunar basins but the
implications for changes in the cratering flux through time depends on the absolute
ages of lunar basins, which are not well established. A late cataclysm would be
strongly supported if the South Pole-Aitken (SPA) basin, stratigraphically the oldest
basin on the Moon, has an absolute age not much older than the younger basins (i.e.
~ 4 Ga).  Older assumed ages for SPA (e.g. 4.4 Ga or 4.2 Ga) produce cratering flux
curves indicating an early heavy bombardment, and weaker evidence for a late
cataclysm. However, the absolute age of stratigraphically intermediate basins such as
Nectaris play a dominant role in interpretions of the cratering density curves for a late
cataclysm.



Figure 1.  Thin section photomicrograph of lunar sample 67955.

Figure 2.  Sm-Nd mineral isochron age of lunar sample 67955 (from Norman et al., 2007)
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Exploring the melting behaviour of the Earth's heterogeneous upper
mantle.
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Melting behaviour and high pressure phase relations of heterogeneous mantle
comprised of mixed lithologies (e.g. discrete bodies of mafic eclogite or pyroxenites
and diverse types of metasomatised, re-fertilised or depleted mantle) are poorly
constrained. However, based mainly on isotopic and trace element data, a widely held
view is that such heterogeneities contribute significant melt components to intraplate
and island arc magmas derived from the upper mantle.

My project aims to    systematically    determine solidus temperatures, phase relations and
partial melt compositions during decompression partial melting of upwelling eclogites
(oceanic crust composition), residual garnet-bearing and garnet-free pyroxenites and
refertilised lherzolites as functions of pressure, temperature and bulk composition. The
phase relations thus determined control minor and trace element behaviour during
partial melting and will be essential constraints on models of isotope evolution and
mixing used to explain the isotopic heterogeneity of mantle-derived magmas. The
approach uses techniques of high pressure and temperature experimental petrology.
The experimental data will be applied during parallel studies of carefully selected
natural heterogeneous mantle samples (the layered peridotites from the Almklovdalen
peridotite massif, Norway), using a range of micro-analytical techniques
(electronprobe microanalysis, laser-ablation ICP-MS, FTIR and Raman spectroscopy).

Experimental work completed so far

1. Phase and melting relations of a residual coesite-bearing garnet clinopyroxenite

This project is designed to explore the melting behaviour of subducted crust in an
inhomogeneous, buoyant, upwelling mantle. I am tracking a sequential process in
which melts are redistributed from the (initially) low temperature melting of average
oceanic crust, and then from the residues (garnet pyroxenite) until the solidus of the
latter equals or exceeds the solidus of refertilised peridotite.

Composition Res2 is the melting residue of an anhydrous altered MORB composition
(GA2 of Spandler et al., in press) at 5 GPa near the point of coesite out, and hence is a
model for recycled eclogite which has lost a siliceous melt component during mantle
upwelling (Rosenthal et al., 2007). It is therefore depleted in incompatible minor
elements, with 2.2 wt% Na2O and a CaO/Na2O ratio of 4.9.

Because it proved impossible to eliminate H2O and CO2 from our experiments, FTIR
and Raman spectroscopy was performed on carefully selected Res2 samples to
quantify different volatile species within the charges.

2. Phase and melting relations of coesite-bearing residual garnet clinopyroxenites
with varying CaO/Na2O ratios



This study is designed to reveal systematically solidus temperature, phase relations,
and partial melt compositions during decompression melting of compositionally
different residual garnet-bearing pyroxenites in terms of their Na/Ca ratios to various
degrees (Res3, Res4 and Res5) from 3.0 to 6.0 GPa and ~1200-1500°C. The residual
composition Res2 is used as the “basis” composition. Res3 is identical to Res2, but has
higher CaO/Na2O ratio of 11.5. The particular focus will lie on the comparison of Res2
and Res3 in terms of the influence of varying bulk CaO/Na2O on melting and phase
relations.



High pressure partial melting of gabbro and its role in the Hawaiian
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We conducted high-pressure experiments on a natural oceanic gabbro composition
(Gb108), with the aim of testing recent suggestions that Sr-enrichment in rare
primitive melt inclusions from Mauna Loa, Hawaii, may have derived from melting of
garnet pyroxenite formed in the magma source regions by reaction of peridotite with
siliceous, Sr-enriched partial melts of eclogite of gabbroic composition.

Gb108 is a natural, Sr-enriched olivine gabbro, with a strong positive Sr anomaly
superimposed on an overall depleted incompatible trace element pattern, reflecting
its origin as a plagioclase-rich cumulate. At high pressures it crystallises as a coesite
eclogite assemblage, with the solidus between 1300 and 1350°C at 3.5 GPa and 1450
and 1500°C at 4.5 GPa. Low degree partial melts are highly siliceous in composition,
resembling dacites. Coesite is eliminated between 50-100°C above the solidus.

 The whole-rock Sr-enrichment is primarily hosted by clinopyroxene. This phase
dominates the mode (>75 wt%) at all investigated PT conditions, and is the major
contributor to partial melts of this eclogite composition. Hence the partial melts
have trace element patterns sub-parallel to those of clinopyroxene with �10x greater
overall abundances and with strong positive Sr anomalies.

Recent studies of primitive Hawaiian volcanics have suggested the incorporation into
their source regions of eclogite, formerly gabbroic material recycled through the
mantle at subduction zones. The models suggest that formerly gabbroic material,
present as eclogite in the Hawaiian plume, partially melted earlier than surrounding
peridotite (i.e. at higher pressure) because of the lower solidus temperature of
eclogite compared with peridotite. This produced highly siliceous melts which
reacted with surrounding peridotite producing hybrid pyroxene + garnet lithologies.
The Sr-enriched nature of the formerly plagioclase-rich gabbro was present in the
siliceous partial melts, as demonstrated by our experiments, and was transferred to
the reactive pyroxenite. These in turn partially melted, producing Sr-enriched picritic
liquids which mixed with normal picritic partial melts of peridotite before eruption.
On rare occasions these mixed, relatively Sr-rich melts were trapped as melt
inclusions in primitive olivine phenocrysts.



Figure 1.  Back-scattered image of Gb108 experiment run at 3.5 GPa and 1400°C. The lightest phase is
garnet, the mid-grey phase is omphacitic clinopyroxene and the darkest, interstitial phase is glass,

which quenched from a siliceous liquid at the termination of the experiment.


