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Exploding	  stars,	  colliding	  comets,	  DNA	  based	  life	  on	  Earth	  –	  they	  all	  connect	  in	  
the	  search	  for	  extra-terrestrial	  life.	  
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Introduction 
 
PRISE continued to operate as an externally funded research group within the Research School of Earth Sciences, providing 
access to the Research School’s specialised equipment and expertise in areas of geochronology, geochemistry and petrology. 
PRISE scientists also undertake their own research projects as supported by competitive grant applications. They supervise 
postgraduate students, both within the Research School and internationally. 
 
During 2009, Dr Greg Yaxley was awarded an ARC Future Fellowship. Drs Richard Armstrong and Marc Norman have been 
succesful in ARC Discovery Projects and as part of a LIEF grant to purchase a new thermal ionisation mass spectrometer. 
 
All PRISE staff members are actively 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 2009 PRISE hosted twenty-nine local and international visitors, most of whom undertook 
collaborative projects using the SHRIMP, Laser ablation- and solution ICPMS, electron microprobe and TIMS analytical 
facilities. PRISE staff also participated in a number of field-orientated studies in Australia, Africa, North and South America 
and Europe. 
 
Some areas of current research include: 

• Investigations of the origins of pyroxenite bodies in peridotite massifs of the Western Gneiss Region, Norway (PhD 
student A. Rosenthal) 

• High pressure experimental investigations of kimberlite and carbonatite petrogenesis (PhD student K. Kiseeva) 

• Impactor fluxes in the inner solar system from the ages and compositions of lunar glasses (PhD student S. Hui) 

• Bioarchaeology in early Cambodian populations and in situ oxygen and strontium analysis of human teeth 
• Multi-isotopic and trace element zircon studies to constrain magmatic evolution of plate margins and continental 

reconstructions; combined U-Th-Pb, Lu-Hf, Ti geothermometry, trace and REE chemistry, and oxygen isotope studies. 

• Development of in situ sulphur isotope analytical protocols for the SHRIMP 

• Use of sulphur isotopes to aid in understanding the origin and conditions of formation of metal sulphides 

• Chronology of the Archaean-Proterozoic transition and the rise of oxygen in the atmosphere 
• Geological Connection between West Antarctica and Patagonia since the late Paleozoic: Tectonism, Paleogeography, 

Biogeography and Paleoclimate 

• Placing realistic constraints on the timing of world-wide Neoproterozoic glacial events: a critical examination of the 
“Snowball Earth” hypothesis 

• Ages of granites and related mineralisation in NSW 

• Origin and evolution of plume magmas and Hawaiian volcanoes 

• Hydrochemistry of groundwater resources in the Sydney basin and Murrumbidgee Irrigation area of NSW 

 



Imbrium Provenance for the Apollo 16 Descartes Terrain: Argon Ages and
Geochemistry of Lunar Breccias
Marc Norman1, Robert Duncan2 and John Huard2

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200,
Australia
2 College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis OR
97331-5503, USA

The primary geological objective of the Apollo 16 mission to the Moon was to investigate and sample two physiographic
units identified by pre-mission planning: the “Descartes Mountains” and the “Cayley Plains”. Both units were found to be impact-
related deposits, distinguished by differences in lithology and bulk composition as well as morphology, but the provenance and
genetic relationship of these units to specific basins or craters is not well established. The Descartes breccias are of particular
interest because they are often considered to be primary ejecta from the Nectaris basin. Existing constraints on the source of the
Descartes breccias are, however, permissive and subject to interpretation. Arguments for an origin as Nectaris ejecta are based
mainly on analogues with the Orientale basin, the youngest and best-preserved multi-ring basin on the Moon, and predictions from
cratering models. Alternatively, geological relationships observed from lunar orbit suggest that the Descartes and Cayley units both
could be distal ejecta from the Imbrium basin.

As Nectaris ejecta, the emplacement age of these breccias would have significant implications for lunar stratigraphy and the
hypothesis that the Moon experienced a late heavy bombardment of impacting planetesimals at about 4 Ga. Nectaris is the one of
oldest nearside basins and together with Imbrium stratigraphically brackets 12 other lunar basins. The often-quoted ages of 3.92 Ga
for Nectaris and 3.85 Ga for Imbrium tend to favor a late heavy bombardment, whereas an older age of Nectaris would weaken the
case for a late cataclysm. Geochemical characteristics of the Descartes breccias are similar to those of the Feldspathic Highlands
Terrane, so a better understanding of these breccias may provide insights into the origin and evolution of major crustal provinces on
the Moon as well as the early impact history of the inner solar system.

The goal of this study was to improve constraints on the provenance and emplacement age of the Descartes breccias based on
40Ar-39Ar incremental  heating  ages,  major  element,  and  trace  element  compositions  of  clasts  extracted  from two feldspathic
fragmental breccias that represent the Descartes terrain (67016, 67455). Anorthositic clasts with well-behaved 40Ar-39Ar spectra
define ages that are identical with the currently accepted age of the Imbrium basin, and trace element  compositions suggest a
provenance in the Procellarum-KREEP Terrane. We conclude that these characteristics points toward emplacement of the Descartes
breccias as Imbrium ejecta, rather than from Nectaris. 

This conclusion pulls the pin on the Late Cataclysm hypothesis. Mass flux curves showing a late cataclysm depend critically
on an assumed age of ~3.9 Ga for Nectaris to create a sharp rise in the accretion rate at this time. In addition, crater density
populations on the large lunar basin deposits and dynamical evolution models tend to favor a late increase in mass flux if Nectaris is
!4 Ga, but provide little support for a late cataclysm if Nectaris is as old as ~4.1-4.2 Ga. However, the age of Nectaris now appears
to be unconstrained by the lunar sample data, in contrast to previous conclusions. A robust test of the late cataclysm hypothesis will
require an accurate absolute age for one or more of the older lunar basins. Obtaining these ages will be a high priority goal in the
next phase of lunar exploration.

This research was published as:
 Norman MD, Duncan RA and Huard  JJ (2010) Imbrium Provenance for the Apollo 16 Descartes terrain: argon ages

and geochemistry of lunar breccias 67016 and 67455. Geochimica et Cosmochimica Acta 74, 763-783.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4XH5MNN-4&_user=10&
_coverDate=01%2F15%2F2010&_rdoc=24&_fmt=high&_orig=browse&_srch=doc-
info(%23toc%235806%232010%23999259997%231573278%23FLA%23display%23Volume)&
_cdi=5806&_sort=d&_docanchor=&_ct=26&_acct=C000050221&_version=1&_urlVersion=0&
_userid=10&md5=867b6eb8ccce33aef33ad095cc8d187a

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4XH5MNN-4&_user=10&
_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000050221&
_version=1&_urlVersion=0&_userid=10&md5=f1ffd4579dd096c42a68b2f5ed99f268



Figure 1. Back-scattered electron image of a high-pressure
experimental run product (3.0 GPa, 1300°C) in which an
(upper) layer of peridotite was run adjacent to a (lower)
layer of pelite. The peridotite has crystallised as olivine,

orthopyroxene, clinopyroxene and garnet, whereas the pelite
has crystallised as clinopyroxene, garnet, coesite with

interstitial melt now quenched to glass. The mid-tone gray
band running approximately across the centre of the image is
a pyroxene and garnet rich layer which formed as a result of
reactions between silica-rich partial melts of the pelite and

chiefly olivine in the peridotite.

Experimental phase and melting relations
of metapelite in the upper mantle –
implications for the petrogenesis of
intraplate magmas
Carl Spandler1, Greg Yaxley2, David H. Green3 and
Dean Scott2
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Cook University, Townsville, Australia
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The return of extensive volumes of crustal material to
the mantle is an inevitable consequence of long-lived
plate tectonics on Earth. Accordingly, previously
subducted materials may collectively represent a
significant proportion of the mantle and may strongly
influence its geochemical inventory and the production
of mantle-derived magmas. Some distinctive enriched
components detected in primitive oceanic basalts have
been attributed to the presence in the basalts’ upper
mantle source of recycled pelitic sedimentary material, recycled back into the convecting upper mantle
via subduction zones.

To examine the melting behaviour and phase relations of sedimentary rocks at upper mantle conditions,
we performed a series of piston-cylinder experiments on a synthetic pelite starting material over a
pressure and temperature range of 3.0 to 5.0 GPa and 1100 to 1600 ºC. The anhydrous pelite solidus is
between 1150 and 1200 ºC at 3.0 GPa and close to 1250 ºC at 5.0 GPa, whereas the liquidus is likely to
be at 1600 ºC or higher at all investigated pressures, giving a large melting interval of over 400 ºC. The
subsolidus paragenesis consists of quartz/coesite, feldspar, garnet, kyanite, rutile, ±clinopyroxene
±apatite. Feldspar, rutile and apatite are rapidly melted out above the solidus, whereas garnet and
kyanite are stable to high melt fractions (>70%).

Our results indicate that sedimentary protoliths entrained in upwelling heterogeneous mantle domains
may undergo melting at greater depths than mafic lithologies to produce ultrapotassic dacitic melts. Such
melts are expected to react with, and metasomatise, the surrounding peridotite, which may subsequently
undergo melting at shallower levels to produce compositionally distinct magma types. This scenario may
account for many of the distinctive geochemical characteristics of EM–type ocean island magma suites.



Figure 1. Fig 1. Bombardment history as shown by
ideograms created using the lunar impact spherule flux from

Apollo 12 (Levine et al., 2005), Apollo 14 (Culler et al.,
2000) and Apollo 16 (this study). The shaded regions in the
Apollo 16 histogram indicate the presence of exotic impact

spherules.

Tracking Formation and Transport of
Apollo 16 Lunar Impact Glasses through
Chemistry and Dating
Simeon S. M. Hui1, Marc D. Norman1 and Fred
Jourdan2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Western Australia Argon Isotope Facility, Curtin
University of Technology, GPO Box U1987, Perth,
Western Australia, 6845, Australia

Lunar impact spherules are micron to centimetre sized
glass particles formed during impact events where
shock induced melting of the lunar regolith and
impactor produce melt splashes that can be deposited
locally or be ejected far beyond the point of impact.
These particles can be found within the lunar soil and
in microbreccias and are a medium from which we can
study lunar chemistry and impact history.

We have separated over 900 lunar spherules from the
Apollo 16 fines, 66031. Using new mounting and
analysis techniques we have obtained major and trace
element compositions while preserving the maximum
volume of sample for 39Ar/40Ar dating on single
particles. Petrographic descriptions and dimensions
were obtained for 272 lunar glasses greater than 75µm
in diameter along with major element compositions.
Trace element compositions were obtained for a total
of 164 lunar impact spherules. Thirty of these
spherules were further selected for radioisotopic dating
using the 40Ar/39Ar method. Twenty-two of the dated
spherules gave statistically acceptable 40Ar/39Ar
isochrons and plateaus, allowing us to develop the first
impact flux for local impact spherules at the Apollo 16
site (See Figure 1.) complementing previous work at
Apollo 12 (Levine et al., 2005) and 14 (Culler et al.,
2000). This is the first time such an integrated dataset
has been collected for lunar impact spherules. This
additional resolution allows us to determine
contributions to the impact flux from local and exotic
events and identify groups of impact spherules that
may have been formed from a single impact. Our
results show that 13-17 unique impact events may
have produced the twenty-two spherules that were
dated at our site, depending on how the groups are
identified. Our approach has shown that there is potential to suppress apparent peaks on the impact age
distribution, as seen by lunar impact spherules, and increase the apparent contribution of spherules from
exotic sites.

Results of this study were presented at the 9th Australian Space Science Conference, Sydney, Australia,
28th September – 30th September 2009.

Culler T. S., Becker T. A., Muller R. A. and Renne P. R. (2000) Lunar Impact History from 40Ar/39Ar
Dating of Glass Spherules. Science 287(5459), 1785-1788.

Levine J. (2004) Lunar glass spherules as probes of the meteoroid impact history of the Moon. Ph.D.
thesis. University of California, Berkeley.

Levine J., Becker T. A., Muller R. A. and Renne P. R. (2005) 40Ar/39Ar dating of Apollo 12 impact
spherules Geophysical Research Letters 32(15), L15201.




