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Introduction 
 
The chemistry and isotope chemistry of natural materials is highly indicative of provenance and 
process throughout geological history. Our studies range in time from the earliest solar system through 
to processes that are actively taking place today, and in scope from planetary systems to individual 
molecules. Active areas of research centre on planetary studies, metamorphic and igneous 
geochemistry and geochronology, geochemistry of life processes, and chronology of processes at all 
time scales. Much of our analytical work involves detailed in situ analysis on the microscale, or 
chemically concentrating trace elements from larger samples for high precision analysis. As 
highlighted in this year's research contributions, a range of analytical approaches has been applied to 
answering key research questions in tectonics, petrology, solar system studies, paleoclimatology, and 
paleoecology.  
 
2011 has been a year of transitions and of exciting analytical developments for Earth Chemistry. In 
June, after 9 highly successful years for the group, Prof. Trevor Ireland has stepped aside from the 
administrative role of area coordinator, with Dr. Vickie Bennett taking up this position and becoming 
an Associate Director. Congratulations to four members of Earth Chemistry on their successful 
applications in the 2010 promotions round, with Dr. Jochen Brocks and Dr. Yuri Amelin moving to 
Senior Fellow and Dr. Stewart Fallon and Dr. Marnie Forster promoted to Fellows. We welcome new 
staff members Ms. Susan Alford and Dr. Rachel Wood, who will be part of the Radiocarbon lab team 
under the direction of Dr. S. Fallon.Dr. Igor Iatsevitch, after many years in the Noble Gas area, will 
now be providing technical expertise to the argon dating facility. We acknowledge the highly 
competent services of long-time Area Administrator Ms. Robyn Petch, who in June moved to a similar 
position within Earth Environment; Ms. Josephine Magro has now capably taken up the administrative 
duties within Earth Chemistry. New PhD students enrolled this year are Mr. Alex McCoy-West (2010 
Jaeger Scholarship awardee; supervisor V. Bennett), Ms. Magdalena Huyskens (Y. Amelin) and Ms. 
Kelly James and Ms. Aimee Komugabe (S. Fallon). Dr. Andrew Cross and Dr. Ryan Ickert were 
awarded their PhD degrees and Ms. J. Avila submitted her thesis. 
 
Dr. D. Rubatto and Dr. J. Brocks were both awarded highly prestigious Queen Elizabeth II Fellowships 
by the Australian Research Council in the 2010 Discovery round. Following on from a successful 2010 
ARC LIEF grant, a new Thermo Triton Plus thermal ionization mass spectrometer was delivered to the 
TIMS lab in November, with instrument acceptance testing and commissioning being overseen by Drs. 
Y. Amelin and V. Bennett. The acquisition of this equipment fulfills recommendations of the 2009 
Geochemistry and Petrology Review and will facilitate new types of isotopic measurements, 
complementing the in situ microanalytical capabilities of the SHRIMPs as well as enabling new 
research directions. In-house construction of the ARC funded, next generation SHRIMP SI, which will 
be used exclusively for stable isotopic investigations, has now been completed and this instrument has 
moved into the testing phase. A new SEM, funded by a 2010 ANU Major Equipment proposal led by 
Dr. D. Rubatto, was delivered and accepted in December. Loss of several labs and workrooms owing to 
the space reorganization resulting from start of construction of new building J8, accompanied by 
destruction of OHB-A, resulted in periods of disruption for many Earth Chemistry staff, but with all 
necessary functions now accommodated, at least temporarily, in other spaces.  
 
Earth Chemistry postgraduate students and academic staff were prominent at national and international 
conferences, including conference presentations at the Goldschmidt Conference, held in Knoxville in 
June, the Australian Earth Science Convention, held in Canberra in July, the Lunar and Planetary 
Science Conference at Houston in March and the American Geophysical Union meeting in December 
in San Francisco. Academic staff increasingly took on formal undergraduate teaching commitments 
this year. PhD candidates Ms. Tanya Ewing and Mr. Sasha Stepanov, in turn, organized our well-
attended, weekly mass spectrometry seminar series. 
	  



Figure 1. Cathodoluminescence images of representative
zircons from the gneiss. SHRIMP U-Pb ages constrain the

Permian crystallization of the protolith and Jurassic to
Cretaceous ages attest to melt and fluid infiltration in the

sample.

 The link between ocean-continent
transition zones and (ultra-)high pressure
metamorphism: a geochronology study
Daniela Rubatto 1, Marco Beltrando 2 and Gianreto
Manatschal 3
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Rifted margins comprise wide zones of exhumed
crustal and mantle rocks that separate ‘typical’
continental and oceanic crust. These zones, referred to
as Ocean Continent Transitions (OCT), may extend
over more than 50% of the present-day rifted
margins. Because of their extension and complex
architecture, OCT may exert significant influence on
the subsequent evolution of the margins when they
become compressional and enter orogenies.
Lithological associations compatible with distal
continental margins are found in high-pressure (HP)
and ultra-high-pressure (UHP) terranes.

We investigated the origin of such a lithological
association in the Etirol-Levaz unit of the Western
Alps, and its role in the dynamic of the deep subduction of the margin. This unit records HP
metamorphism and crops out close to the UHP terrane if Lago di Cignana. Because of the intense
reworking of this unit during subduction, we used zircon, a highly retentive geochronometer, to trace its
rift-related, pre-subduction history.

Zircons from a mafic eclogite and a mylonitic gneiss were dated. The age of the zircon cores in both
samples confirm the Permian intrusion of mafic and felsic magmatic protoliths, respectively.  Age and
chemical composition of zircon rims indicate limited melt infiltration in the continental basement during
the Mesozoic. We attribute such melting to the intrusion of mafic magmas in the oceanic crust during the
Jurassic. In turn, this implies that at 150-165 Ma the continental basement was resting upon oceanic
crust. Subsequent zircon overgrowths in the gneiss and eclogite constrain possible Cretaceous
hydrothermal circulation on the ocean floor and subduction to HP conditions in the Eocene.

We conclude that the investigated HP and UHP units were part of a Mesozoic OCT and suggest that
OCT’s are placed in a favorable position to reach (U)HP conditions, following negatively buoyant oceanic
lithosphere into subduction. Such zones are then accreted to the orogen, in response to the arrival of
more buoyant continental lithosphere, resisting subduction. The preservation of original relationships
between rock units that underwent subduction to (U)HP conditions also suggests that the process of
tectonic burial and exhumation need not be chaotic, but large, coherent bodies can behave relatively
rigidly, while well-defined movement zones accommodate most of the deformation.

Relevant publication 
http://geology.gsapubs.org/content/38/6/559.abstract

Figure 2. Jurassic palaeogeography of the European margin of the Western Tethys. Star indicates position of the Etirol-Levaz continental
slice.

http://geology.gsapubs.org/content/38/6/559.abstract


Figure 1. False colour backscattered electron image of a
monazite crystal from a Kandy ultra-high temperature

granulite showing spots analysed by SHRIMP II with their U-
Pb dates (Ma). The purple core is at least 50 million years

older than the retrograde metamorphic monazite surrounding
it.

Zircon and monazite can really stand the
heat
Ian S. Williams1, Krishnan Sajeev2 and Yasuhito
Osanai3
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Radioisotope geochronology involves far more than
simply measuring the ages of rocks. Different isotopic
systems record different stages in the thermal history
of a rock depending upon the chemical stability of the
host mineral and the closure temperatures of each
isotopic system in that mineral. One of the most
robust isotopic systems is the U-Th-Pb system in
zircon and monazite. In suitable environments, both these minerals are chemically stable at
temperatures up to at least 900oC, and experimental studies indicate that their U-Th-Pb closure
temperatures are at least as high at that. A question that remains unresolved, however, is whether the
closure temperatures measured experimentally are the same as the closure temperatures under natural
geological conditions.

The rocks of the central Highland Complex in Sri Lanka have been subject to some of the highest peak
temperatures of crustal metamorphism known, over 1050°C. At such temperatures most crustal rocks
would develop sufficient partial melt to mobilise, but the metasediments of the Highland Complex were
unusually dry, and hence have remained intact. Rocks metamorphosed under such extreme conditions
provide a rare opportunity to study zircon and monazite growth, and the behaviour of their U-Th-Pb
isotopic systems, at ultra-high temperatures.

Two sapphirine-bearing metasediments from near Kandy were chosen for our study (Sajeev et al., 2010),
one quartz-saturated (containing remnants of the peak metamorphic mineral assemblage) and the other
quartz undersaturated (containing only retrograde assemblages). The quartz-saturated granulite
contained both zircon and monazite, the quartz-undersaturated granulite contained zircon only.

By analysing the various growth zones in the zircon and monazite crystals using the ANU SHRIMP II ion
microprobe, we identified and dated zircon and monazite formed at different times in the geological
history of these rocks. The zircon crystals in the quartz-saturated rock mostly consisted of three growth
layers: protolith detrital zircon, prograde metamorphic zircon and retrograde metamorphic zircon.
Remarkably, each layer preserved an accurate U-Pb record of its crystallisation age, proving that under
suitable geological conditions, the closure temperature of the zircon U-Th-Pb isotopic system exceeds
1050°C, higher than has been demonstrated by any experimental study. Most of the monazite preserved
only the age of retrogression, but one older core was identified (Figure 1), demonstrating that monazite
also has a U-Th-Pb closure temperature in excess of 1050°C. The metamorphic zircon overgrowths in the
quartz-undersaturated granulite recorded only the age of retrogression.

The rocks near Kandy were originally sediments derived from sources ranging in age from 2.5 to 0.83
Ga. The sediments were heated to over 1050°C at a depth of about 25 km at about 570 Ma, then rapidly
decompressed isothermally at about 550 Ma. These Sri Lankan metasediments were trapped in an ultra-
hot collisional orogen during the final amalgamation of Gondwana, locally superheated, possibly by
basaltic underplating, then rapidly uplifted, a cycle that we now know lasted about 20 million years. 

Reference:
Sajeev, K., Williams, I.S. & Osanai, Y., 2010: Sensitive high-resolution ion microprobe U-Pb dating of
prograde and retrograde ultrahigh-temperature metamorphism as exemplified by Sri Lankan granulites.
Geology, 38, 971–974.



Figure 1. Pressure-temperature-time path for the Duria
garnet peridotite, modified after Hermann et al. (2006).
Stars indicate crustal fluid influx events. Rutile from the
Duria peridotite is shown in transmitted light (top), and

zircon in cathodoluminescence (centre). 

A new protocol for in situ measurement of
the hafnium isotope composition of rutile
Tanya Ewing, Daniela Rubatto, Steve Eggins and Jörg
Hermann

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

Hafnium (Hf) isotope signatures can differentiate
between important reservoirs within the Earth, such as
the crust and mantle. Measurement of Hf isotopes thus
allows fingerprinting of which reservoirs have had
input to the source of a rock. Hf isotope analysis has
most commonly been applied to the mineral zircon,
but recently it has also been applied to rutile
(Choukroun et al., 2005; Aulbach et al., 2008). Rutile
(TiO2) is a mineral that occurs in many metamorphic
and sedimentary lithologies. It is appealing for isotopic
analysis in metamorphic samples as it is more easily
linked to major reactions than zircon. However, it
contains relatively low levels of Hf (<300 ppm) and
therefore requires careful analysis to obtain accurate
Hf isotope measurements.

We have developed a new analytical protocol to
measure the Hf isotope composition of rutile by laser
ablation multicollector inductively coupled mass
spectrometer (LA-MC-ICPMS) as accurately and
precisely as possible. This technique allows an area of
rutile ~200 mm in diameter to be analysed in situ. The
new protocol produces excellent results.  Rutile from a
New Caledonian trondhjemite has been analysed by
solution MC-ICPMS to provide an independent
constraint on its Hf isotope composition. 95 LA-MC-
ICPMS analyses of rutile from the same sample are in
excellent agreement with the solution result,
demonstrating the accuracy and long-term
reproducibility of our technique (Fig. 2).

A case study on the Duria garnet peridotite
demonstrates the usefulness of Hf isotope analysis of
rutile for investigating the evolution of metamorphic
rocks. This sample contains both zircon and rutile.
Hermann et al. (2006) showed that rutile formed as
part of the peak metamorphic assemblage with a
depleted mantle signature, whereas zircon formed later
during retrogression and the influx of crustal fluids
(Fig. 1). We analysed both rutile and zircon for Hf
isotopes by LA-MC-ICPMS. Rutile has a Hf isotope
composition that indicates a depleted mantle origin. In
contrast, the Hf isotope signature of zircon records
input from a crustal source. These results are
consistent with the findings of Hermann et al. (2006). Furthermore, they emphasise that when rutile and
zircon form at different times they can record isotopic information about different events. This example
demonstrates that Hf isotope analysis of rutile is a powerful tool for understanding metamorphic
histories, as it can unlock information that zircon may not record.

References:
Aulbach S, O’Reilly SY, Griffin WL, Pearson NJ (2008) The eclogite mantle reservoir: 176Hf/177Hf, Nb/Ta
and Zr/Hf of rutile. Nature Geoscience  1: 468-472.
Choukroun M, O’Reilly SY, Griffin WL, Pearson NJ, Dawson JB (2005) Hf isotopes of MARID (mica-
amphibole-rutile-ilmenite-diopside) rutile trace metasomatic processes in the lithospheric mantle. Geology
33(1): 45-48.



Hermann J, Rubatto D, Trommsdorff V (2006) Sub-solidus Oligocene zircon formation in garnet peridotite
during fast decompression and fluid infiltration (Duria, Central Alps). Mineralogy and Petrology 88(1-2):
181-206.

Full details in the online article in Chemical Geology (in press): 
http://dx.doi.org/10.1016/j.chemgeo.2010.11.029

Figure 2. Measured Hf isotope composition (176Hf/177Hf) of rutile from a New Caledonian trondhjemite in four sessions across three
years. Note excellent agreement with the 176Hf/177Hf determined independently by solution MC-ICPMS.

http://dx.doi.org/10.1016/j.chemgeo.2010.11.029


Figure 1. Comparison of the Nd isotopic composition of the
Mt. Narryer and Jack Hills monazites with previously

published whole-rock Nd isotopic data for the granitoids in
the Narryer Gneiss Complex (Nutman et al., 1993). A Nd

isotopic evolution curve of 4.4 Ga mafic crust
with 147Sm/144Nd of 0.171 is also shown for reference.

Early crustal evolution deduced from a
combined U-Pb and Sm-Nd isotopic study
of Mt. Narryer and Jack Hills monazites
Tsuyoshi Iizuka1, Oliver Nebel1 and Malcolm
McCulloch1, 2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 School of Earth and Environment, University of
Western Australia, Perth, WA 6009, Australia

Knowledge of early crustal evolution is central to
deciphering the evolution of the young Earth.
Metasedimentary rocks from the Mt. Narryer region in
the Yilgarn Craton of Western Australia are of
particular importance, because they yield Hadean
(>4.03 Ga) detrital zircons, that contribute to our
understanding of early crustal evolution (e.g., Froude
et al., 1983; Compston and Pidgeon, 1986). Despite
the geological significance of the Hadean crustal fragments, other detrital mineral phases in the
metasedimentary rocks are just beginning to receive some attention and little is yet known.
Characterization of different detrital phases is crucial for the robust provenance analysis.

Monazite, a LREE phosphate mineral, is ubiquitous as an igneous accessory phase in low-Ca felsic rocks
and as a secondary accessory phase in a wide range of metamorphic rocks. Monazite can be precisely
dated by the U-Th-Pb system, thereby providing timing constraints on igneous and metamorphic events.
In addition, its 147Sm-143Nd systematics provide constraints on whether the source magma is of juvenile
‘mantle’ origin or reflects a more extensive crustal reworking history. In this study, we have conducted in
situ U-Pb isotopic dating and 147Sm-143Nd analyses of monazites from Mt. Narryer and Jack Hills
metasedimentary rocks. 

U-Pb isotopic data reveal the occurrence of detrital monazites with ages up to 3.6 Ga (Iizuka et al.,
2010). All detrital monazites have negative initial εNd(t) values, indicating that their parental magmas
formed by remelting of older crustal materials. The comparison between the initial εNd(t) values of the
detrital monazites and granitoids in the Narryer Gneiss Complex indicates that the Mt. Narryer and Jack
Hills sediments were partly derived from the most isotopically enriched surrounding granitoids with ages
of ca. 3.6 and 3.3 Ga (Fig. 1). 

The U-Pb and Sm-Nd isotope systematics of the Mt. Narryer and Jack Hills monazites are consistent with
either of two hypotheses for the source of Hadean detrital zircons: (i) the zircons were originally derived
from granitic rocks containing igneous monazite, but experienced prolonged sedimentary recycling leading
to complete dissolution of the monazite, or (ii) the parental magmas of the zircons were not granitic and
generated by remelting of 4.5–4.4 Ga mafic crust that had also contributed to the genesis of some
Archean Narryer granitoids. The latter hypothesis can be further tested by investigating 146Sm-142Nd
systematics of the monazites.

References
Compston W., Pidgeon R.T., 1986. Jack Hills, evidence of more very old detrital zircons in Western
Australia. Nature 321, 766–769.
Froude D.O., Ireland T.R., Kinny P.D., Williams I.S., Compston W., 1983. Ion microprobe identification of
4,100–4,200 Myr-old terrestrial zircons. Nature 304, 616–618.
Iizuka T., McCulloch M.T., Komiya T., Shibuya T., Ohta K., Ozawa H., Sugimura E., Collerson K.D., 2010.
Monazite geochronology and geochemistry of meta-sediments in the Narryer Gneiss Complex, Western
Australia: constraints on the tectonothermal history and provenance. Contrib. Mineral. Petrol. 160, 803–
823.
Nutman A.P., Bennett V.C., Kinny P.D., Price R., 1993. Large-scale crustal structure of the northwestern
Yilgarn Craton, Western Australia: Evidence from Nd isotopic data and zircon geochronology. Tectonics
12, 971-981.

Iizuka et al. (2010) Contrib. Mineral. Petrol.
http://www.springerlink.com/content/j46h3q3449564329/

http://www.springerlink.com/content/j46h3q3449564329/


Enrichment of Rh, Ru, Ir and Os in Cr spinels from oxidized magmas: evidence
from the Ambae lava, Vanuatu arc
Jung-woo Park, Ian H. Campbell and Stephen M. Eggins

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

Cr-spinel has been considered to be an important host for Rh and IPGEs (Iridium-group elements: Os, Ir
and Ru). The correlation between whole rock Cr and Rh and IPGEs contents observed from various
magmatic suites and the enrichment of Rh and IPGEs in chromitites from the layered intrusions,
ophiolites and alpine-type peridotites suggest that there is a genetic link between Rh and IPGEs contents
in a rock and Cr-spinels. It is, however, controversial whether the trends are mainly controlled by the
Cr-spinels which accommodate Rh and IPGE in solid solution or platinum group minerals (PGM) and PGE-
bearing sulphides which are entrapped in Cr-spinels during their growth.

Experimental studies on partitioning of PGEs (Platinum Group elements) between spinels and silicate
melts showed that Rh and IPGE can be held in solid solution, showing high compatibility of Ir (DIr=5-
22000), Ru (DRu=20-4000) and Rh (DRh=41-530) to Cr-spinel in oxidized condition (> QFM+2).
However, Cr-spinels often occur in association with PGE-bearing microinclusions in natural samples from
layered intrusions, ophiolites and komatiitic basalts, and the main host for Rh and IPGE in the chromite-
rich rocks is thought to be PGE-rich inclusions trapped in Cr-spinels indicating that the physical process
appears to be dominant in more reduced environment (~QFM). This discrepancy suggests that the
partition coefficients for PGEs between silicate melt and Cr spinel from the experimental studies were
overestimated or they are dependent on oxygen fugacity.

Platinum group element (PGE), Au and Re abundances in Cr spinels from the relatively oxidized magma
(Ambae lava, Vanuatu Arc) and relatively reduced magma (the Jimberlana layered intrusion, Western
Australia and the Bushveld complex, South Africa) have been measured using laser-ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS).

Preliminary results show that the Ambae Cr-spinels contain tens of ppb Rh, Ru, Ir and Os (Fig. 1). The
uniform count rates during the laser ablation and the correlations of Rh and IPGEs with Cr-spinel
compositional parameters indicate that these elements are held in solid solution. In contrast, although
their magmas are thought to be more enriched in PGE than the Ambae magma, most of the Jimberlana
and Bushveld Cr spinels contain no detectable PGE except for some grains containing <15 ppb of Ru, Ir
and Os (Fig. 1). Pt-Fe alloys with variable Ir, Os and Rh were entrapped in some of the Ambae Cr-
spinels. The low Mg# Cr-spinels (0.6<Mg#) are depleted in Rh and Os compared to the high Mg# Cr-
spinels (0.6>Mg#), indicating that these elements may have migrated from Cr-spinel to Pt-Fe alloy
inclusions during subsolidus reequilibration (Fig. 1). Rhodium, Os and Ru contents in the high Mg#
Ambae Cr-spinels are positively correlated with spinel Fe3+/ (Fe3++Cr3++Al3+). The empirical partition
coefficients for Rh, Ru and Ir in Cr spinel (DRh=~600, DRu=~2400 and DIr=~500) are comparable
experimentally determined values at a similar oxygen fugacity. Our results confirms the high
compatibility of Rh and IPGEs in Cr-spinel in oxidized condition and suggest that the partition coefficients
for Rh and IPGEs between silicate melt and Cr-spinel are strongly controlled by oxygen fugacity.

 



Figure 1. Variation of Rh, Ru, Os and Ir in Cr-spinels from the Ambae lava, Jimberlana layered intrusion and Bushveld complex as a
function of Fe3+/ R3+.



Biogeochemical Evolution in Neoproterozoic Oceans
The search for a ‘turbid ocean’
Amber J. M. Jarrett and Jochen J. Brocks

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

The fossil record indicates that the first morphologically-complex animal phyla appear in the Ediacaran
(630-542 Ma) and rapidly diversify during the ‘Cambrian Explosion’ after 542 Ma (Xiao and Laflamme,
2009). Chemical, geological and isotopic evidence demonstrate that the oceans in the late
Neoproterozoic (800 – 542 Ma) were subject to significant environmental and chemical change.
Relationships between ocean chemistry and the evolution of organisms in the Neoproterozoic remain
largely unclear. The aim of our study is to resolve some of the relationships between ocean chemistry
and evolutionary events by testing the hypothesis of organically-loaded ‘Turbid Oceans'.

Logan et al. (1995) noticed a distinctive shift of biomarker assemblages as well as preservation of
organic material across the Precambrian-Cambrian boundary. Bacterial biomarkers isolated from
Proterozoic sediments appear unusually highly biodegraded indicating reworking in a stagnant
organically-loaded water column. These conditions are thought to have dominated the carbon cycle for a
quarter of Earth history between 1,800 – 580 Myr ago (Fike et al., 2006; Logan et al., 1995; Rothman et
al., 2003). In Phanerozoic sediments, preservation of algal lipids greatly improves due to rapidly sinking
organic material due to larger organism size and the evolution of organisms which produce fecal pellets.
This process is termed the 'biological pump' and was also thought to have facilitated oxygenation of the
deeper ocean (Fike et al., 2006).   

A turbid ocean would firstly be populated by high levels of picoplankton-sized (0.2 -2 µm in size) bacteria
thought to dominate the Neoproterozoic oceans due to the absence of predators before the late
Ediacaran (Butterfield, 2009). Secondly, organic material in the turbid ocean would be highly biodegraded
due to constant microbial reworking of material sinking slowly through the water column. Finally, the
ocean state would be anoxic, or possibly euxinic (anoxic and sulfidic) or ferruginous, due to the lack of
oxygen dissolved in the ocean at depth. At present, there is no direct geological evidence to suggest that
such an ocean with suspended organic material existed. In this study we are using the above
characteristics to test for the presence of a ‘Turbid Ocean’ using samples from the Centralian Superbasin,
Australia and searching for evidence for a transition to a clear water, ventilated ocean state expected to
conincide with the ‘Shuram excursion’ ~560 – 570 Ma (Fike et al., 2006).  

We have recently acquired iron and sulfur speciation data and complementary biomarker assemblages
from Neoproterozoic sections of the Centralian Superbasin. Our data indicate that the Neoproterozoic
oceans in Australia were anoxic and ferruginous. In contrast to previous biomarker studies, our recent
work has shown that Neoproterozoic molecular fossils are not as abundant as initially thought. The
majority of biomarkers found in this study were contaminants from drilling fluids and diesel oil.  In this
study we found that samples older than 635 Ma did not have detectable amounts of indigenous steranes
in the interior fraction, however they were abundant on the exterior surfaces of the drill core.
Furthermore, indigenous steranes from samples dated between 635 Ma and the Precambrian-Cambrian
boundary (~542 Ma) contained sterane ratios fundamentally different to those in the Phanerozoic (542
Ma - present).

Butterfield, N. J., 2009. Macroevolutionary turnover through the Ediacaran transition: ecological and
biogeochemical implications. Geological Society, London, Special Publications 326, 55-66.

Fike, D. A., Grotzinger, J. P., Pratt, L. M., and Summons, R. E., 2006. Oxidation of the Ediacaran Ocean.
Nature 444, 744-747.

Logan, G. A., Hayes, J. M., Hieshima, G. B., and Summons, R. E., 1995. Terminal Proterozoic
reorganization of biogeochemical cycles. Nature 376, 53-56.

Poulton, S. W., Fralick, P. W., and Canfield, D. E., 2010. Spatial variability in oceanic redox structure 1.8
billion years ago. Nature Geosci 3, 486-490.

Rothman, D. H., Hayes, J. M., and Summons, R. E., 2003. Dynamics of the Neoproterozoic carbon cycle.
Proceedings of the National Academy of Sciences of the United States of America 100, 8124-8129.

Xiao, S. and Laflamme, M., 2009. On the eve of animal radiation: phylogeny, ecology and evolution of
the Ediacara biota. Trends in Ecology & Evolution 24, 31-40.



Figure 1. Neon isotope diagram, showing results from
Jwaneng polycrystalline diamonds and framesites. The MORB
correlation line and a mixing line between atmospheric and
crustal nucleogenic neon are also plotted. Note the contrast

in Ne isotopic compositions between the polycrystalline
diamonds (MORB-like) and the framesites (crust-like).

He, Ne and Ar in peridotitic and eclogitic
paragenesis diamonds from the Jwaneng
kimberlite, Botswana
Implications for mantle evolution and diamond
formation ages
M. Honda1, D. Phillips2, J.W. Harris3 and T.
Matsumoto4

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 School of Earth Sciences, University of Melbourne,
Victoria 3010, Australia
3 Department of Geographical and Earth Sciences,
University of Glasgow, Glasgow G12 8QQ, UK
4 Division of Physical and Chemical Sciences

Diamonds have several unique characteristics that
make them invaluable as robust capsules of mantle
noble gases: (1) diamond is highly retentive of
mantle-derived noble gases, which are sometimes present in relatively high concentrations, (2) most
diamonds appear to be derived from the sub-continental mantle lithosphere at depths of 150 km to 200
km, (3) diamonds crystallized over a wide time range, with most measured ages between 0.6 and 3.5
billion years, (4) diamonds exhibit very low diffusivities for noble gases even under mantle conditions,
and (5) diamonds are chemically inert with little interaction with the crust or atmosphere.

We have undertaken helium, neon and argon step-heating, isotopic analyses of eleven polycrystalline
diamonds of known peridotite/eclogite paragenesis from the Jwaneng kimberlite pipe, Botswana. In
contrast to the findings of crustal noble gases in framesites from the same kimberlite pipe (Honda et al.,
2004), the Jwaneng polycrystalline diamonds appear to contain similar noble gas isotopic compositions
(particularly Ne; see Figure x) to those representing a mantle source for MORBs. This implies that the
Jwaneng polycrystalline diamonds may have formed in recent times, possibly close to the time of
kimberlite emplacement at ~235Ma. In contrast, Jwaneng framesites could be as old as gem-diamonds
(oldest mineral inclusion ages of ~2.9 Ga). If correct, this suggests at least three diamond forming
events in the mantle region beneath the Jwaneng kimberlite: ~2.9 Ga, ~1.54 Ga and ~0.24 Ga.

Furthermore, the contrast in Ne isotopic compositions between the Jwaneng polycrystalline and framesite
diamonds, in conjunction with the inferred age differences, may imply that primordial noble gases in the
sub-continental mantle lithosphere, in which the Jwaneng diamonds formed, was outgassed (or
overprinted) at an early stage of Earth’s history (~2.9 Ga), with crustal noble gases introduced into the
region by subduction-related processes. Subsequently primordial noble gases were supplied continuously
from the underlying mantle, resulting in the present-day MORB-like Ne compositions in the sub-
continental lithospheric mantle.



Figure 1. Example of a Neoproterozoic evaporite, featuring
dolomitic laminae (dark layers) and anhydrite (light layers).
Such rocks are an ideal target in the search for evidence of

ancient hypersaline organisms.

Assessing microbial diversity during the
deposition of a Neoproterozoic (c.800 Ma)
saline giant: evaporites as an archive for
Precambrian halophiles
Richard Schinteie and Jochen J. Brocks

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

We conducted the first molecular investigation of the
biotic composition and biogeochemistry of an
evaporitic, hypersaline environment from the mid-
Neoproterozoic (c.800 Ma). Through detailed analyses
of both sedimentary textures and their lipid
biomarkers, we provide evidence for potentially the
oldest saline sensitive molecular fossils. In addition, we
provide confirmation for the syngeneity of these
molecules and demonstrate the ease with which
hydrocarbon contamination can alter the indigenous biotic signal. Such research is timely, since the
discovery of evaporite deposits on Mars highlights the need to understand their capacities as biological
archives.

Samples for this study were derived from evaporitic sediments of the Neoproterozoic Bitter Springs
Formation, Amadeus Basin, central Australia. Due to the broad shallow nature of the basin and a
tenuous connection with the ocean, the water was characterized by elevated salinity levels during that
time. As a result, very thick (100 m to >2000 m) evaporite units were deposited [1]. All samples for this
study were derived from drill cores held at Geoscience Australia (Canberra) and at the Northern Territory
Geological Survey at Alice Springs.

We extracted biomarkers from evaporitic sediments composed of dolomite, anhydrite and/or halite. The
dolomite layers commonly assume the shape of microbial mat-like formations that exhibit roll-up
structures and tearing. Pyrite was commonly associated with the dolomite. Full scan gas
chromatography-mass spectrometry (GCMS) of the saturate fraction revealed high ratios of mono- and
dimethylalkanes relative to n-alkanes. Such a pattern is typical of Precambrian and Cambrian samples
and observed in a number of facies settings. However, both hopanes and sterane signals are absent in
these samples. This observation is in direct contrast to previous studies of Neoproterozoic sedimentary
rocks from the Amadeus Basin [2], where these molecules are purported to be present. 

An outstanding characteristic of these evaporites are the presence of several pseudohomologous series of
both regular (to C25) and irregular (to C40) acyclic isoprenoids. It is important to note that the relative
concentrations of these molecules vary and depend on the mineralogy of the host rock. Indeed,
concentrations of these molecules were observed to vary within millimetre scales, depending on the
textural characteristics of the sedimentary rock.  However, through these observations, we were able to
identify saline-sensitive biomarkers and potentially the oldest occurrence of haloarchaea in the geological
record. 

Based on these results, we present an ancient and extreme, saline environment dominated by
prokaryotes. We also demonstrate that only a spatially and texturally integrated study can yield a
maximum amount of information pertaining to biomarker distribution in a sedimentary host rock.
Currently, such studies are rarely conducted. Furthermore, we show that the presence of exceptionally
well preserved biomarkers in anhydrite (CaSO4), despite the fact that sulphate and biomarkers are
thermodynamically not stable together, raises the prospect of finding biomarkers in sulphate deposits on
Mars.

References
[1] Lindsay (1987) Geol. Soc. Of Am. Bul. 99, 852-865.
[2] Hill et al. (2000) SEPM Spec. Pub. 67, 327-344.



Figure 1. Halogen data for serpentinites and serpentinite
breakdown fluids; porphyry copper arc magmas and the
sedimentary marine pore fluid trend (organic Br/I ~ 1).

New constraints on the global halogen
cycle
Mark Kendrick1 and Masahiko Honda2

1 School of Earth Sciences, University of Melbourne, Victoria 3010, Australia
2 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

There is a great deal of interest in the global halogen cycle. Limited Br/Cl data have been available for
Mid-Ocean Ridge Basalts (MORB) since the 1970’s. However, Br and I are difficult to measure by
conventional techniques and most recent studies have focused on Cl abundances or isotope analyses
only. Unfortunately the Cl isotopes exhibit very limited variation which has restricted advances in our
understanding of the Cl cycle.  

We have adopted an entirely different approach by combining analysis of halogens (Cl, Br plus I) with
noble gas isotopes. This technique is an extension of the Ar-Ar method, it provides very high sensitivity
and recently developed monitors enable Br/Cl and I/Cl reproducibility at the 2% level. 

Serpentinites formed on the seafloor and by sedimentary pore fluids are estimated as the dominant
mantle input for Cl in subduction zones.  Br/Cl and I/Cl are strongly fractionated when serpentine breaks
down to olivine, ortopyroxene and water at sub-arc depths (e.g. 60-200 km; Fig 1).  The serpentinite
data are combined with published data for sedimentary marine pore fluids and mineralizing fluids derived
from porphyry copper arc magmas (Fig 1).  These data show Cl is recycled more efficiently than Br or I.
 Further analyses are now required to test the extent to which seawater controls MORB Br/Cl (or visa
versa) and the halogen composition of ocean Island Basalt.  



Figure 1. S- and C-surface foliations from the Rohtang
Mylonite.

Figure 2. Older S-surfaces yield older apparent ages of
between 60-47 Ma, while younger C-surfaces yield apparent

ages of about 23-22 Ma.

Dating Himalayan microstructures using
40Ar/39Ar geochronology
Jia-Urnn Lee and Marnie Forster

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

40Ar/39Ar geochronology is used to investigate the
timing of tectonic events in NW India. The step-heating
method can record multiple apparent ages, rather than
a singular age from a thermally disturbed rock.

Most Himalayan 40Ar/39Ar studies investigate the
timing of cooling to determine rates of cooling,
exhumation and erosion, the timing of peak
metamorphism, or the age of emplacement of for
example, an igneous body. However the processes of
deformation and recrystallisation can also change or
“reset” the argon isotopic system, meaning that the
timing of deformation can potentially be preserved in a
rock. This is particularly the case with incompletely
reset rock systems which may have escaped younger
and/or more intense deformation and metamorphism,
and is applicable to Himalayan terrane. Multiple
apparent ages potentially correspond to various
tectonic and thermal events affecting the history of the
rock, and can be obtained from structures and even
microstructures an argon partial retention zone.

The South Tibetan Detachment System (STDS), a
series of major interlinking extensional fault systems in
the Himalaya, has been given “across-the-board”
deformation ages of 22-17 Ma from various
geochronological methods, using 40Ar/39Ar. The
Rohtang Mylonite, which is within this STDS zone, was
studied to investigate the effect of different
microstructures on argon apparent ages. White micas from S-surface and C-surface foliations, were
separately analysed. Preliminary results show that the S-surfaces crystallized at about 60 Ma, and the C-
surfaces crystallized at about 22 Ma during a mylonitisation event. The preservation of distinctly older
deformation ages from older microstructures in a “young” rock shows the differentiation of argon system
into two immediately adjacent domains. This demonstrates the necessity of microstructurally focused
argon geochronology when dating complexly deformed metamorphic rocks.  



Figure 1. High-pressure rocks are juxtaposed against rocks
from higher in the Earth crust, different rocks preserving

different histories. Periods of both extension and compression
occur throughout the zone.  Significant folding sequences are

preserved, as seen here in marble sequences, between
extensional shear zones.

Exhumation of rocks from great depth:
squeezed out in a channel,  or a roller-
coaster ride as they are torn out by deep
crustal faults? 
Forster, M.A.1, Moustaka, E.2, Soukis, K.2, Lozios, S.2

and Maganas, A.2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 The National University of Athens, Athens, Greece

The processes behind the bringing of high-pressure
rocks from depths greater than 50km to the surface of
the Earth are phenomena that are still heatedly
disputed. One model sees rocks buried and brought
back up within a subduction channel, and this is the
most accepted model today.  However such models
have significant flaws. These are being illustrated by
research in the southern region of Evia, west Aegean
Sea, Greece. Here we find a well-preserved record of the processes that operated.
 
These high-pressure rocks occur on the western side of a high-pressure belt that outcrops across the
Aegean. Preliminary research is proving this site important in providing new data on the timing and
character of processes involved. Two crustal-scale faults, or movement zones, have been found that are
associated with the exhumation of these deep rocks. Microstructurally focused 40Ar/39Ar geochronology
has been undertaken to time the different periods of shear zone activity, and thus verify the distinct
stages of movement.  The structurally deepest fault has been found to have operated at a time >~30 Ma,
while the more complex movement zone immediately adjacent operated at least 14 million years earlier.
The structurally higher major movement zone has largely been ignored in the literature - yet it is this
contact that has brought these rocks up from the deepest zones.  Movement has taken place across a
broad heterogeneous zone and may have operated over an extended period spanning at least 10 million
years. The effects of alternating compression and extension may explain the shuffling of tectonic slices
along the zone.
 
The character of these two distinct movements zones differ greatly, the younger zone being a narrow
intense zone overprinted by a brittle fault which may eventually be proven to be a major low-angle
extensional detachment fault. The older zone is uncommonly broad and characteristic of what has
previously been referred to as an ophiolitic mélange. We consider this to be a ‘tectonic shuffle zone’ due
to the actual character of shuffling that has occurred during the exhumation of these rocks. 

Details of research and resources available in the Structure and Tectonics Team. 
http://rses.anu.edu.au/tectonics/

http://rses.anu.edu.au/tectonics/


Figure 2. The high mountains of southern Evia, Greece preserve the high-pressure rocks that have been exhumed from greater than 50
km depth.  The Evia detachment lies below these high peaks. On the highest point of Mt Ochi are the rocks exhumed from the greatest

depth within this sequence and are surrounded by extensional shear zones. Google Earth Image.



Figure 1. The results of this study demonstrate the successful
extraction of solar noble gas ratios from 24 individual lunar
olivine grains (circles with error bars). These compare well
with other solar noble gas studies on lunar (red circles: [5,
7]). The solar Ne fractionation line is included in the figure
with the solar wind and SEP components (green triangles:
[8, 9]) as anchor points, as well as the Genesis data set

(blue cube: [10])

Figure 2. This figure shows the result of SRIM (Stopping and
Range of Ions in Matter)  modelling isotopic fractionation

effects upon implantation mixed with cosmogenic Ne (GCR).
The comparison with Ne ratios measured in lunar

plagioclases reflects a good agreement with the simulation.
This data based on Genesis mission results suggests that a

second heavy solar component (SEP) is not needed to
explained solar wind ratios recorded in the lunar soil [11].

Solar-wind exposure effects on lunar soil:
Light nobles gases implanted in 10084 olivines
Barbara Frasl, Trevor Ireland and Masahiko Honda

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

Characterisation of oxygen isotope signature implanted
on lunar soil still remains unsolved. Various analyses
on solar wind implantation in lunar grains show very
different results, from 16O-enriched [1, 2] to 16O-
depleted [2, 3] compositions. Comparison with results
unveiled by analyses from the Genesis mission [4] lead
to even more questions than answers. One of the
most important ones: Why haven’t we found the solar
oxygen isotope ratios recorded in the Genesis targets
in the lunar soil?

Analysing the surface of lunar soil grains was originally
an attempt to identify the isotopic oxygen signature of
the solar wind and the Sun. The main goal is to
understand solar wind exposure effect on lunar soils
and the implications for oxygen isotopic fractionation.

In order to gain further insights on the different
oxygen signatures found in lunar soil we have
attempted to correlate the measurements of oxygen
isotopes with light noble gas isotopes, particularly
helium and neon.

In a pilot study on lunar olivine grains solar isotope
signatures of helium and neon were successfully
measured. Noble gases from 24 single lunar olivine
grains were individually extracted by total fusion
experiments using a diode laser (800nm wavelength).
The released gases were analysed with the VG5400
noble gas mass spectrometer.

The obtained measurements show good agreement
with previous studies [5, 6] on light solar noble gases
in lunar grains (Figure 1) and modelled data of a
mixture of fractionated solar Ne as a function of
implanted depth and a cosmogenic end-member
(Figure 2).

These experiments have effectively demonstrated that
solar helium and neon were preserved in all of these grains. We will now look to extend our noble gas
analytical set-up to lunar ilmenites and metal grains, and ultimately to combine noble gas and oxygen
isotope analyses on the same samples.
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440(7085): p. 776-778.

4. McKeegan, K.D., et al. Genesis SiC Concentrator Sample Traverse: Confirmation of 16O-Depletion of Terrestrial Oxygen.
in Lunar and Planetary Science Conference. 2010.

5. Pepin, R.O., R.H. Becker, and D.J. Schlutter, Irradiation records in regolith materials. I: isotopic compositions of solar-
wind neon and argon in single lunar mineral grains. Geochimica et Cosmochimica Acta, 1999. 63(13-14): p. 2145-2162.

6. Palma, R.L., et al., Irradiation records in regolith materials, II: Solar wind and solar energetic particle components in
helium, neon, and argon extracted from single lunar mineral grains and from the Kapoeta howardite by stepwise pulse



heating. Geochimica et Cosmochimica Acta, 2002. 66(16): p. 2929-2958.

7. Frick, U., R.H. Becker, and R.O. Pepin. Solar wind record in the lunar regolith - Nitrogen and noble gases. in Lunar and
Planetary Science Conference. 1988. Houston.

8. Benkert, J.-P., et al., He, Ne, and Ar From the Solar Wind and Solar Energetic Particles in Lunar Ilmenites and Pyroxenes.
J. Geophys. Res., 1993. 98(E7): p. 13147-13162.

9. Geiss, J., et al., Solar Wind Composition Experiment, in Apollo 16 Preliminary Science. Report, N.M.S. Center, Editor.
1972. p. 14.1–14.10.

10. Heber, V.S., et al., Noble gas composition of the solar wind as collected by the Genesis mission. Geochimica et
Cosmochimica Acta, 2009. 73(24): p. 7414-7432.

11. Grimberg, A., et al., Solar Wind Neon from Genesis: Implications for the Lunar Noble Gas Record. Science, 2006.
314(5802): p. 1133-1135.



Figure 1. Back-scatter electron and trace elemental maps for
an olivine grain in the Brahin pallasite meteorite. Divalent
element distributions (Ni and Co) are controlled by olivine

morphology. Other elements have distributions that date to
before the olivine-metal mixing event.

Trace element mapping of olivine from
pallasite meteorites using LA-ICP-MS
Seann McKibbin, Hugh O'Neill and Guil Mallmann

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

Pallasite meteortites are mixtures of olivine (Mg2SiO4)
and Fe-Ni metal alloy that may represent mixtures of
core and mantle material from now destroyed asteroids
or minor planets. We have mapped trace-element
distributions in olivine from these meteorites using
laser-ablation inductively-coupled-plasma mass
spectrometry (LA-ICP-MS). Olivine interiors have
heterogeneous distributions for most trace-elements;
these features often bear no relation to current crystal
morphologies. Rather, cross-cutting relationships
suggest they predate olivine-metal mixing and may
have formed in the pallasite precursor's mantle. The
elemental distributions appear to be controlled by Al,
which acts as a point defect in the olivine crystal
lattice and has very specific charge balancing requirements.

In contrast, the divalent elements Ni and Co are homogeneously distributed and have smoothly
decreasing concentrations near crystal margins. These elements enter olivine with no special charge-
balancing requirements (substituting for Mg and Fe) and their distributions are consistent with freezing-
in of diffusion-out profiles formed during re-equilibration with metal during cooling. This probably
occurred after fragmentation of olivine and mixing with metal during the pallasite-forming event.



Age Determination and Growth Rates in Deep-Water Bamboo Corals (Isididae)
Stewart Fallon1 and Ronald Thresher2

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
2 CSIRO Wealth from Oceans and Climate Adaptations Flagships and Division of Marine and Atmospheric
Research, Hobart, Tasmania, Australia

Gorgonians are a major element of the fauna of deep-water coral reefs and very long-lived recorders of
deep-water paleo-oceanography.  Both ecological studies and paleoclimate reconstructions require
accurate age determination and dating of colony formation. However these corals reside in water depths
between 1000-4000m which makes direct validation of aging methods logistically difficult. Analyses were
carried out on specimens of deep-water Bamboo (Isididae) corals. Specimens were collected by dredge
from seamounts south and east of Tasmania, Australia.

We use radiocarbon (14C dating) analysis of both the node organic tissue and internode calcite (Figure
1) to provide robust age and growth rates. Growth rates ranged from 40 to ~140 microns per year in
samples collected from 600 to 3500m water depth.  These corals had lifespans of 100-350 years.  These
age models will then be used to reconstruct climatic information. 

Figure 1. Figure 1. Left panel shows a decalcified and peeled node from the bamboo coral, right panel shows the typical alternating
organic node (black) and calcite node (white).  Radiocarbon analyses were performed on both the organic and calcite portions of the coral.



Calibration of GA1550 biotite standard for K/Ar and 40Ar/39Ar dating
Ian McDougall1 and Peter Wellman2
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2 17 Warragamba Avenue, Duffy, ACT 2611, Australia

The mineral GA1550 biotite, separated from a shallow monzonite intrusion near Central Tilba Tilba,
Mount Dromedary, southwest of Narooma in eastern NSW, has become an international standard for K/Ar
and 40Ar/39Ar dating studies, although it was prepared as an intralaboratory standard at ANU to monitor
tracer depletion from a gas pipette. It is one of a small number of samples that has been calibrated
against 38Ar tracers, some of which had been mixed with known amounts of atmospheric argon, so that
a so-called primary calibration has been performed. By measuring GA1550 biotite against additional
tracers from the same batch we have determined the radiogenic argon content of this sample as 1.342
(± 0.007) x 10-9 mol/g, and together with the measured K content of 7.645 (± 0.050) weight percent,
we derive a best estimate for the K/Ar age as 98.5 ± 0.5 Ma, where the error is derived from averaging
the ages determined relative to the 38Ar tracer.

            This work has been accepted for publication in Chemical Geology. Peter Wellman is a former
PhD scholar. 



Figure 1. 2.7 billion years old shales from the Fortescue
Group exposed in an open gold mine in the Pilbara in

Western Australia. The dark colour of the shales reveals the
presence of organic matter, the remains of mysterious

organisms that thrived in Earth’s early oceans.

Biomarkers show that complex life is 1
billion years younger than previously
thought
Jochen J. Brocks1 and Birger Rasmussen2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Department of Applied Geology, Curtin University of
Technology, Bentley WA 6102, Australia

Hydrocarbon biomarkers are the molecular fossils of
natural products such as lipids and pigments. They can
yield a wealth of information about early microbial
ecosystems and are particularly valuable when
preserved in > 1 billion-year-old (Ga) sedimentary
rocks where conventional fossils are often lacking.
Therefore, in 1999, the detection of traces of
biomarkers in 2.7 Ga shales from Western Australia
was celebrated as a breakthrough. The fossil hydrocarbons were more than 1 billion years older than
previous discoveries. The discovery, which was later confirmed by several independent studies, led to far-
reaching conclusions about the early evolution of oxygenic photosynthesis and the earliest eukaryotes,
that are the ancestors of all protists, plants and animals.

However, there always remained nagging doubt about the real origin of the molecules: the concentration
of the carbon isotope 13C in the molecules was much too high for organic matter of that age and
resembled more the pattern seen in much younger oil or, in fact, petroleum products. However, if the
hydrocarbons were later additions, then they should have left a distinct spatial distribution in the ancient
rocks. In the simplest case, recent contaminants should be entirely surficial, while syngenetic
hydrocarbons should be homogeneously distributed throughout the rock.

To test these predictions, we determined the spatial distribution of biomarkers in drill core material by
cutting the rock into millimeter-thin slices, grinding the slices to powder, and extracting molecules from
the powder with organic solvents. We then plotted the concentration of individual molecule types against
the distance from the surface of the rock. We received a clear answer. The abundance of heavy
molecules decreased from the surfaces towards the centre of the rock, a pattern that indicates that the
rock was tainted on the surfaces followed by migration of petroleum towards the interior. It
demonstrated that the molecules must have entered the rock much later in Earth’s history.

The elimination of the Archean biomarker data has immense implications for our understanding of Earth’s
early biosphere. Specific biomarkers of cyanobacteria had suggested that oxygen was already released
into the biosphere 2.7 Ga ago, about ~300 million years before the atmosphere became oxygenated
during the Great Oxidation Event. Now, the oldest direct fossil evidence for cyanobacteria and biological
oxygen production reverts back to 2.15 Ga. The most ancient robust sign of first oxygen in the
atmosphere is the Great Oxidation Event itself at ~2.4 Ga. Moreover, the presence of steroid biomarkers
used to indicate that eukaryotes, the ancestors off modern complex life and the inventors of sexual
reproduction, existed 2.7 Ga ago. However, without the steranes, the oldest fossils for this group of life
occur at about 1.8 Ga.

Our laboratory has now taken on the challenge to find real biomarkers that are more than 2 billion years
old. We predict they will look weirdly different from anything observed before.



Deglacial CO2 rise and ventilation of the deep Southern Ocean
Luke Skinner1, Stewart Fallon2, C. Waelbroeck3, E. Michel3 and S. Barker4

1 Godwin Laboratory for Palaeoclimate Research, Department of Earth Sciences, University of Cambridge,
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2 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

There is a broad consensus that glacial-interglacial atmospheric CO2 change depends primarily on marine
processes operating in the Southern Ocean.  The region is important because of the link seen between
atmospheric CO2 and Antarctic temperature change on both orbital and millennial time-scales.  The
Southern Ocean is the region of the global ocean where most deep-water makes its first contact with the
sea surface, and where CO2 that has accumulated in the deep-sea can be released to the atmosphere.  

Records of atmospheric radiocarbon activity (Fig. 1) provide an important clue regarding the oceans role
in atmospheric CO2 variability. This record shows an apparent excess of atmospheric 14C during the last

glacial period relative to the present and relative to concurrent 14C production rates.  This excess was
eliminated across the last deglaciation in two steps, each of which coincided with a sharp rise in
atmospheric CO2 (Fig. 1).  The main explanation is that the lowered glacial CO2 and the rapid deglacial
CO2 rise were made possible by the sequestration of an aged, carbon-rich deep-water mass that was
mixed with the atmosphere in two pulses across the deglaciation. 

Using radiocarbon (14C) records trapped in foraminifera from sediment cores we demonstrate the
existence, during the last glaciation, of a poorly ventilated carbon pool deep in the Atlantic sector of the
Southern Ocean that dissipated across the deglaciation. This old and presumably CO2-enriched deep
water played an important role in the pulsed rise of atmospheric CO2 through its variable influence on
the up-welling branch of the Antarctic overturning circulation.

Full paper in Science
http://www.sciencemag.org/cgi/content/abstract/328/5982/1147?
ijkey=9485db9103c7ed60e74cd5e4551e689d5a49c2f5&keytype2=tf_ipsecsha

http://www.sciencemag.org/cgi/content/abstract/328/5982/1147?ijkey=9485db9103c7ed60e74cd5e4551e689d5a49c2f5&keytype2=tf_ipsecsha
http://www.sciencemag.org/cgi/content/abstract/328/5982/1147?ijkey=9485db9103c7ed60e74cd5e4551e689d5a49c2f5&keytype2=tf_ipsecsha


Figure 1. The top panel of this figure shows the EPICA dome CO2 concentration (in blue), and the atmospheric radiocarbon content (in

red) from 5ky to 25ky ago. The bottom panel shows the benthic foraminifera age minus the atmospheric CO2 age (in green). During HS1

the atmospheric CO2 increases, the age of the CO2 drops rapidly and the age of the deep water from the benthic forams decreases.



The Potato Radius
a Lower Minimum Size for Dwarf Planets
Charles H. Lineweaver1 and Marc Norman1
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Gravitational and electronic forces produce a correlation between the mass and
shape of objects in the universe. For example, at an average radius of ~ 200 km – 300 km, the
icy moons and rocky asteroids of our Solar System transition from a rounded potato shape to
a sphere. We derive this potato-to-sphere transition radius -- or “potato radius” -- from first
principles. Using the empirical potato radii of asteroids and icy moons, we derive a constraint
on the yield strength of these bodies during their formative years when their shapes were
determined. Our proposed ~200 km potato radius for icy moons would substantially increase
the number of trans-Neptunian objects classified as “dwarf planets”.

Lineweaver publications on personal homepage
http://www.mso.anu.edu.au/~charley/publications.html

ADS Link
http://adsabs.harvard.edu/abs/2010arXiv1004.1091L

http://www.mso.anu.edu.au/~charley/publications.html
http://adsabs.harvard.edu/abs/2010arXiv1004.1091L
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Introduction 
 
2010 has mostly been a year of stability for the Earth Environment Area, although two people left us: 
Dr K. Fitzsimmons accepted a position in Germany and Dr A. Dutton accepted a position at Florida 
University in USA. 
 
2010 stood out also for our Area as we had a 70% success rate with our ARC Discovery Grant 
applications, although funds awarded to most of us were well below those requested, with the 
consequence that not all proposed targets will be achieved. 
 
Dr T. Barrows continues his association with our group, having been successful in obtaining an ARC 
Discovery Grant with Prof B. Pillans, and together they conducted fieldwork in Papua New Guinea. 
Some equipment went to the University of Western Australia with Prof M. McCulloch (who left RSES 
late last year), but our collaboration with his group and access to the Triton instrument for our jointly 
supervised students is assured. The OSL facility and the cosmogenic preparation laboratories have been 
decommissioned during the year. 
 
A new Finnigan MAT253 stable isotope mass spectrometer has been delivered in Dr M. Gagan’s area 
and refurbishments completed for the new facility. This will help diversify our research output and 
enable us to analyse much smaller samples. Dr Marc Norman has now joined the Earth Environment 
Area, together with Dr Bear McPhail, with groundwater investigations, especially with respect to 
geochemical analyses and innovative uses of isotopes in hydrogeology, forming part of the Earth 
Environment Area’s research interests. 
 
Several new PhD students enrolled this year (L. Brentegani, K. James, N. Scroxton, R. Norman), while 
others have submitted their theses, and some have graduated (R. Berdin, J. Boyau). 
 
A number of our postgraduates gained experience at sea in 2010 and several successfully presented at 
both national and international conferences. Noteworthy were the presentations made at the Australian 
Earth Science Convention, held in Canberra in July. It was extremely pleasing to see the great variety 
of topics presented by the students, and these were well received. In addition, Prof P. De Deckker gave 
the AESC plenary talk as a result of having been awarded the Douglas Mawson Medal by the 
Australian Academy of Science, for outstanding contributions to earth science in Australia. 
 
Many members of the academic staff excelled at teaching this year and took on additional 
commitments over the previous year. PhD candidate Miss C. Thompson organised our bi-weekly 
seminar series, which was overall well attended. 
 
We acknowledge the administrative services of Mrs S. Hutchinson, who transferred to the College 
Research Management Office in February, and to PRISE Administrator Mrs B. Armstrong who 
assisted with administration and distributed the our administrative workload among the School’s four 
Area Administrators. In June, we welcomed Ms R. Petch, who moved from the Earth Chemistry Area 
to be the on-going Earth Environment Area Administrator. 
 
In late November, we also welcomed four Summer Research Scholars, who will gain experience in our 
laboratories and in the field during the summer break. 
 
The surprise has been that little has changed since the Geochemistry and Petrology review held in 
2009. Several of the review committee’s recommendations have not yet been implemented, but some 
of those may happen in 2011 with the advertisement of new, exciting positions at RSES. 
 
In 2011, we look forward to the appointment of two new Super Science Fellows to work on novel 
dating techniques for Quaternary marine sequences, and to the arrival of Dr D. Heslop who will join 
Prof A. Roberts, Prof P. De Deckker and Dr M. Norman to work on magnetic properties and 
geochemical signals of aeolian sediments in deep-sea cores and terrestrial sequences. 
	  



Figure 1. Comparison of Flores stalagmite δ18O record (blue,
middle) with records from China (top, green) and Brazil
(bottom, red).  The timing of Heinrich stadial 3 (HS3) is

shown, coinciding with higher δ18O values and a hiatus in
Flores that indicate drier Heinrich conditions.
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Speleothems are calcium carbonate cave deposits,
such as stalagmites, which can yield high-resolution
records of past climate change.  In the tropics, changes in the oxygen isotopic composition (δ18O) in
stalagmites are related to the composition of local rainfall and are often interpreted in terms of the
amount of rainfall. The last glacial period (between 100 and 20,000 years ago) was punctuated by abrupt
cool periods (the Heinrich stadials) that result from iceberg discharges into the North Atlantic.
Throughout the tropics, isotopic shifts in speleothems during Heinrich stadials are interpreted as a
widespread drying in the Northern Hemisphere and an increase in precipitation in the south.

 

In this study, we reconstruct changes in rainfall associated with the Australian monsoon system during
Heinrich stadial 3 (HS3, around 30,000 years ago), using a fast growing stalagmite (LR07-E1, Fig. 2)
from Flores in southern Indonesia. During HS3 cooling in the North Atlantic, wetter conditions are
proposed further south in Brazil and drier conditions in the northern tropics in China. In Flores, higher
stalagmite δ18O values and a hiatus in growth around HS3 (Fig. 1) indicate a decrease in precipitation at
this site, showing spatial complexity in tropical responses. We suggest that Flores is highly sensitive to
changes in the position of the intertropical convergence zone (ITCZ) and HS3 was characterised by a
strong southward ITCZ migration. Collectively, stalagmite records from Flores also show a complexity
through time in climate responses in the region during North Atlantic-driven excursions, depending on
the magnitude of the event and its ability to propagate into the Southern Hemisphere tropics. 

Figure 2. Photograph of stalagmite LR07-E1. Symbols show sampling locations for the uranium-series ages and the location of the
~2,300-year hiatus is also shown.  



Figure 1. A bleached Acropora coral colony being monitored
in the Turks and Caicos Islands (photo: Jennie Mallela

October 2005).

Figure 2. Thermal stress and bleaching during the 2005
Caribbean bleaching event. (A) Maximum NOAA Coral Reef

Watch DegreeHeating Week (DHW) values showing the
highest thermal stress recorded at each 0.5-degree pixel

during 2005. Values ³ 4 C-weeks typically resultedin
significant bleaching; ³ 8 C-weeks typically resulted in

widespread bleaching and significant mortality. (B)
Jurisdictional means of coral bleached;marker color and size

denote the severity measured as either percent live coral
colonies (circles) or cover (diamonds). Figure from: Eakin et
al 2010 Caribbean Corals in Crisis: Record Thermal Stress,

Bleaching, and Mortality in 2005. PLoS ONE.
doi:10.1371/journal.pone.0013969.g001

The Caribbean coral bleaching crisis
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As the temperature of the world’s oceans rise coral reefs are being threatened globally. Coral bleaching occurs
when corals become stressed due to extreme environmental conditions (e.g. during periods of elevated ocean
temperatures). So, what is coral bleaching? Corals host a microscopic algal symbiont (zooxanthellae) in the
coral tissue. The corals require the presence of zooxanthellae in order to survive, indeed, up to 90% of a corals
energy requirement comes from Zooxanthellae. Unfortunately, when stressed the corals expel their
endosymbiotic algae and bleaching conditions persist this can result in partial or total coral mortality (death).

 The Caribbean bleaching event of 2005 occurred between June and October. These region-wide anomalies
were detected by Satellite-based sea surface temperature observations (SST) from the US National Oceanic and
Atmospheric Administration (NOAA). NOAA was able to warn coral researchers about the anomalous
temperatures as they developed across the region. As a result, scientists from 22 countries documented the
most comprehensive basin-scale bleaching event to date. Findings for this period showed that average ocean
temperatures exceeded temperatures seen at any time in the last 150 years.  Surveyors continued to monitor
corals beyond the bleaching event and noted that extensively bleached corals were more susceptible to disease.
Findings showed that a combination of bleaching and disease outbreaks killed heat stressed colonies with
continued mortality still occurring two years later in October 2007. Repeated coral bleaching events in the
Caribbean since the 1980’s have been strongly linked to human induced climate change. Based on current
climate change predictions coral bleaching is likely to be an even greater threat to coral reefs in the future.

Related publications:

Eakin et al 2010 Caribbean Corals in Crisis: Record Thermal Stress, Bleaching, and Mortality in 2005 - PLoS
ONE. DOI: 10.1371/journal.pone.0013969
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0013969

Status of Caribbean coral reefs after bleaching and hurricanes in 2005 - A book 
http://cmsdata.iucn.org/downloads/status_carib_corals.pdf

Climate change, storms and coral reefs: Mallela J, Crabbe MJC (2009) Hurricanes and coral bleaching linked to changes in coral recruitment in Tobago. Marine
Environmental Research 68:158–162
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6V7H-4WGK6PC-1-
9&_cdi=5843&_user=554534&_pii=S0141113609000658&_origin=browse&_zone=rslt_list_item&_coverDate=10%2F31%2F2009&_sk=999319995&wchp=dGLbVzz-
zSkzk&md5=4304adebd18b294cd439ce12ad2fbfbd&ie=/sdarticle.pdf

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0013969
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Figure 1. Oxygen-isotopes of speleothems from China
(composite record from Wang et al. (2001); Yuan et al.

(2004) and Wang et al. (2008), Borneo (composite record
from Partin et al. (2007)) and Flores (stalagmites: LR06-C2

(green); LR06-C3 (yellow), LR06-C5 (orange); LR06-C6
(red) this study and stalagmites LR06-B1 (light blue), LR06-
B3 (dark blue) (Griffiths et al. (2009) and LR07-E1 (Lewis et
al. (in press)). U-Th ages with 2s error bars are also shown

for the stalagmites of this study. Portions of LR06-C5
(dashed) were found to be mixtures of magnesian calcite

and aragonite and have been corrected to magnesian
calcite–equivalent d18O values on the basis of X-ray

diffraction analysis.
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Establishing the record of Australasian monsoon
dynamics, and teleconnections to higher latitudes, is
crucial for understanding the role of the tropics in
global climate change. In terms of global climate, the
vast Australasian monsoon system is thought to be
particularly relevant because it transports moisture and
heat from the Indo-Pacific Warm Pool, the warmest
open-ocean water on Earth, across the equator and to
higher latitudes.

In tropical settings summer monsoon rainfall is greatly
depleted in 18O with respect to winter dry-season
rainfall, and so the oxygen-isotope ratios (d18O)
recorded in speleothem calcite can be used as a
measure of the relative amount of summer monsoon
rainfall, or “summer monsoon intensity”. d18O
signatures of speleothems from China have been found
to record the dynamics of East Asian Monsoon
precipitation, and the intertropical convergence zone
(ITCZ) variability, since ~400 thousand years before
the present (kyr BP, defined as 1950 AD) (Wang et al.
2001; Yuan et al. 2004; Cheng et al. 2006; Wang et
al. 2008; Wu et al. 2009; Cheng et al. 2009).
However, complementary high-quality speleothem
records from the “southern half” of the Australasian
monsoon system are limited to the last 12.6 kyr BP
and portions of 26 to ~31 kyr BP (Griffiths et al.,
2009, Lewis et al., in press). We report here on an
absolute-dated speleothem d18O record from the
island of Flores, southern Indonesia, that records
millennial-scale shifts in the Australian-Indonesian
monsoon (AIM) rainfall over the full course of the last
deglaciation (~24 to 10 kyr BP).

 Speleothem d18O records of monsoon intensity from
Flores, Indonesia are found to be correlated to local
insolation variations and the millennial-scale climate
changes commonly observed in oceanic and terrestrial
palaeclimate archives during the last deglaciation



Figure 2. Oxygen-isotopes of the Greenland Ice Sheet Project
2 (GISP2) ice core (Stuiver and Grootes (2000)). Composite
oxygen-isotope curves of speleothems from China (Wang et
al. 2001; Yuan et al. 2004;  Wang et al. 2008) and Flores
(this study), shown as both raw d18O values plus those

corrected for the effects of changes in ice volume and local
sea surface temperatures. Summer Insolation (10°S and

30°N) (Berger et al. (1998)). Alkenone SST from the
southeast Pacific (Lamy et al. 2007). Polar species

abundances from the south Atlantic (Barker et al. 2009).
Oxygen-isotopes from the Byrd ice core, Antartica (Johnsen

et al. 1972) on the GISP2 timescale (Blunier and Brook
2001).

throughout the world, Fig.s 1 and 2. Past monsoon
intensity is governed by the positioning of the ITCZ
which is, in turn, determined by changes of
interhemispheric thermal gradients. We speculate that
23 to 20 kyr BP, when local insolation was at a
maximum and monsoon intensity peaked in our
speleothem record, that heat and moisture was
transported to higher latitudes via ocean/atmosphere
teleconnections. This resulted in melting of Northern
Hemispere (NH) ice and partial re-establishment of the
Atlantic thermohaline circulation producing the melt
water pulse at ~19kyr BP. These events, together with
the subsequent increases in NH insolation, ultimately
culminated in the termination of the last ice age.
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Figure 1. Cover of Australian Landscapes, featuring a
spectacular Uluru sunset

Australian landscapes
A new book on Australian geomorphology
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Australian Landscapes (Bishop & Pillans 2010) is the
third major volume in a trilogy of edited books on
Australian geomorphology that have been published in
the last 50 years, the previous two volumes being
Landform Studies from Australia and New Guinea
(Jennings & Mabbutt 1967) and Landform Evolution in
Australasia (Davies & Williams 1978). There is a strong
thread running between these three volumes, not only
through the enduring theme of the antiquity of
Australian landscapes, but also through the people
themselves. Joe Jennings, who was Professor of
Geomorphology at ANU from 1953 to 1978 and
considered by many to be the father of modern
Australian geomorphology, was an editor of the first
volume. The second volume marked the retirement of
Joe Jennings, and one of Joe’s former PhD students,
Martin Williams, was an editor of that volume, while
Paul Bishop, an editor of the third volume, was a PhD
student of Martin Williams.

Australian Landscapes was born out of discussions at
the 13th biennial conference of the Australian & New
Zealand Geomorphology Group (ANZCGG), held in
Queenstown in Tasmania in February 2008, and
provides an up-to-date statement on the
geomorphology of Australia. A wide range of environments and topics are covered, including karst,
coasts, glaciation, tectonics, biogeomorphology and deserts, showcasing the latest geochronological
techniques and remote sensing methods.

Further details about the book may be accessed online through the Lyell Collection of the Geological
Society: http://sp.lyellcollection.org/content/vol346/issue1/
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Figure 1. The WLH 50 skull in the RSES gamma spectrometer

The chronology of the WLH 50 human
remains, Willandra Lakes World Heritage
Area, Australia
Rainer Grün1, Nigel Spooner1,2, John Magee1, Alan
Thorne3, John Simpson1,4, Ge Yan5 and Graham
Mortimer1

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 DSTO, PO Box 1500, Edinburgh, South Australia,
5111
3 Research School of Pacific and Asian Studies,
Australian National University, Canberra, ACT 0200,
Australia
4 Department of Physics, University of Guelph, ONT,
Canada
5 School of Aquatic Science and Natural Resource
Management, Deakin University, Clayton VIC 3168,
Australia

Ever since its discovery in 1980, the Willandra Lakes
Human 50 (WLH 50) has played an enigmatic role in
our understanding of recent human evolution. There is
general agreement, that WLH 50 is a modern human.
However, some see strong resemblances between WLH
50 and the Ngandong specimens, whilst others attribute its robusticity to a pathological source.
Considering the importance of the WLH 50 individual, it is timely to report previously unpublished as well
as the most recent dating results.

Dating was carried out at different times, partly due to the development and availability of dating
methods. Initially, two samples were collected for radiocarbon dating. ANU-2921 consisted of freshwater
shells collected at the surface of Unit 3; ANU-3124 was a carbonate sample, which encrusted the human
bone. In 1997, gamma spectrometry was carried out on the WHL 50 cranium (Figure 1), and thermal
ionisation mass spectrometric (TIMS) U-series analysis on a small postcranial bone fragment. Around the
same time, two OSL samples were collected to bracket the age of WLH50. ANUOD-1146 was collected
from Unit 3, from which WLH 50 may have been eroded and ANUOD-1145 from the underlying
sediments. While the association of the former sample is perhaps ambiguous, the latter should give a
firm maximum age for this human specimen. For the spatial and stratigraphic relationships of the
sample, see Figure 2, below. 

 Radiocarbon analyses were carried out in 1981 and 1982. The following information was retrieved from
the archive of the ANU radiocarbon laboratory. We cannot find any evidence that this information has
been published elsewhere. The radiocarbon age estimates were hand-written on the data sheets (by H.
Polach) without any further analytical detail. The carbonate encrusting human bone (ANU-3124) yielded a
result of 9050±310 BP (calibrated to 9.5 - 11.1 ka, 2-σ error) and a fresh water shell (ANU-2921)
14380±240 BP (calibrated to 16.5 to 18.0 ka). The TIMS U-series results formed an isochron, indicating
a single stage rapid U-uptake at 12.2±1.8 ka. The gamma spectrometric measurements resulted in Th/U
ages of 13.1±2.7 ka and Pa/U of 13.5±1.2 ka.  The optical dates were calculated to 32.8±4.6 ka
(ANUOD1145) and 25.8±3.6 ka (ANUOD1146).

 As we cannot think of any naturally occurring process that would allow WLH50 to be older than the
underlying unit, its OSL age of 32.8±4.6 ka provides the older age limit for the WLH50 specimen. In the
most likely scenario, where WLH 50 weathered out from Unit 3, the best age estimate for WLH 50 is that
of ANUOD1146: 25.8±3.6 ka with the younger age bracket of 16.5 – 18.0 ka cal BP provided by the shell
ANU-2921. If WLH 50 was deposited from younger units, it could be as young as 12.2±1.8  ka, the
younger age bracket established by the U-series isochron age on the WLH50 bone fragment.

For more detailed information about the exact stratigraphy, interpretation of the age results and their
significance, check the website of the Journal of Human Evolution for our forthcoming paper. We thank
the custodians of the Willandra Lakes Area, the 3 Traditional Tribal Groups, for their active support of
this study and the permission to submit this publication.



Figure 2. Stratigraphy of the WLH50 burial site.



Figure 1. Fig. 1: Geochemical proxies and calcification trend
from the Middle Pompey coral core for the last ~100 years.
Linear regressions of δ11B-derived pH and Sr/Ca (Sr/Ca-

derived temperature) are represented by solid lines over the
all study period, whereas linear regression of δ13C is shown

since 1960 with solid line. A solid line superimposed on
calcification rate indicates 5-year running average. Note that

Sr/Ca axis is inverted.   
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The accumulation of anthropogenic carbon dioxide (CO2) in the atmosphere and ocean over the last
~100 years is causing global warming and ocean acidification, with potential effects on  the secretion of
calcium carbonate by marine biota. To-date concern has mainly focused on the fate of tropical corals and
reefs with less attention being given to calcification in subtropical environment, where corals develop
under more limiting conditions of reduced solar radiation and lower ocean pH. Thus, it is of critical
importance to investigate how subtropical corals are responding to environmental changes. To constrain
the matter, we have measured geochemical proxies (δ11B, δ13C, δ18O, Sr/Ca, Mg/Ca, and calcification
rates) in ~100 year old Porites at annual resolution and bimonthly for the recent 5 years (2000-2005).

From coral boron isotopic systematics shows the obvious impact of enhanced uptake of anthropogenic
CO2 on the ocean chemistry, resulting in a trend of decreasing seawater pH and decreasing δ13C
compositions due to fossil fuel burning (Suess effect). Ocean warming is also observed in the coral
skeleton Sr/Ca record, whereas calcification rate is almost constant from 1907 to 2005. This lack of
response of calcification is consistent with modeled calcification rate using calculated aragonite saturation
state and in-situ temperature records, suggesting an increase in coral calcification by increasing sea
surface temperature may buffer a decline of calcification by reduced carbonate ion concentration in this
region. Investigating the influence of the natural variability in these records also carried out by removing
the long-term linear trends from each of coral proxies. The detrended coral records are strongly
correlated with the Interdecadal Pacific Oscillation (IPO), which is best explained by the redistribution of
Pacific water masses and entering alkaline, warmer, and saltier tropical surface water to this study area
during negative IPO. Moreover, the physiological process of coral calcification effects both δ13C
compositions and reef water pH, showing that δ13C of coral skeleton decreases with increasing the
calcification rate. Therefore, this study suggests that the modulation of the reef water chemistry in this
region is best explained by three main mechanisms; (1) the anthropogenic driven increasing levels of
CO2 in the atmosphere, causing ocean warming and ocean acidification, (2) the natural variability of
ocean and atmospheric anomalies in the Pacific, and (3) decrease in local reef water pH by build-up CO2
as a result of coral calcification.



Figure 1. Diamonds from the experimental runs. (a)
GA1+10%cc at 1400°C and 20GPa, BSE, (b) GA1+10%cc at

1200°C and 17GPa, SE, (c) GA1+10%cc at 1300°C and
20GPa, BSE, (d) GA1+10%cc at 1400°C and 13 GPa, BSE 
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It is generally agreed that large amounts of carbonates
together with oceanic basalts can be subducted deep
into the mantle. However, little experimental work has
been done on the fate of carbonated eclogites deeper
than about 300 km (>10 GPa). In this study we
present the phase relations and solidus temperatures
of carbonated eclogite at presssures ranging from 9-20 GPa.

Multianvil experiments were conducted using the 3000-ton press at Tohoku University, Sendai. The
experiments were conducted under the range of pressures and temperatures of: 9, 13, 17, and 20 GPa
at 1200-1800°C. The experimental compositions were two synthetic mixtures, which are GA1 and Volga
[1] with an addition of 10% of calcite (10%cc). All the experiments were conducted in the Au25-Pd75
capsules with 12-72 hours run durations.

The mineral assemblage in the runs differed depending on the pressure, however garnet is the most
abundant phase in all the experimental runs. At 9 and 13 GPa, the major phases were garnet,
clinopyroxene, carbonate (both calcitic and magnesitic), high-pressure modified form of rutile (only at 9
GPa) and minor stishovite. No K-rich phase was detected and presumably K partitions mainly in
clinopyroxene. At 17 GPa clinopyroxene was no longer stable; the mineral assemblage consisted of Na-
rich majoritic garnet, carbonate (both calcitic and magnesitic) and K-hollandite, which contained most of
the K. Stishovite was observed in most of the runs at 17-20 GPa. With the increase of pressure up to 20
GPa, CAS (in GA1+10%cc) and Ca-perovskite (in Volga+10%cc) appeared in addition to garnet and
calcitic carbonate, but not in all experiments. K-hollandite was also detected at low temperatures.

The melts produced in our experiments are highly carbonatitic with the increasing of the amount of alkali
elements (Na and K) with pressure.

In most GA1+10%cc and few of Volga+10%cc runs crystallization of diamonds were observed (Fig 1).
The possible explanation to that is a pressure-induced increase of the Fe3+ content in garnet.
Accordingly, this oxidation process can cause partial reduction of carbonates to diamond. However, we
did not measure Fe3+ in garnet and this question requires further investigation.

A striking feature of the new data is the relatively flat solidus located between 1200 and 1300°C for all
the analyzed pressures. This may be the result of the relative incompatibility of Na2O and K2O with
increasing pressure. In the lower pressure runs, Na behaves compatibly due to the relative stability of
the jadeite component in clinopyroxene. With increasing pressure progressive dissolution of clinopyroxene
into majoritic garnet may lead to Na becoming incompatible and it may flux melting at a sodic carbonate
solidus. Although being located at lower temperatures relative to other (K-free) carbonated eclogite
studies [2] it remains at higher temperatures than the hottest estimated subduction geotherm (e.g. [3]),
in a good agreement with previous, lower pressure studies [4,5,6]. Thus, subducting carbonates in
eclogite may reach the deep convecting mantle, where they may partially melt to produce carbonate-rich
liquids which could have a role in fertilizing the surrounding peridotite mantle and producing enriched
magmas.
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Figure 1. Expedition 325 scientists examine drill-cores during
the July 2010 Onshore Science Party at the IODP Bremen

Core Repository (Germany).

Figure 2. Comparison of the distribution of coral ages in
Expedition 325 drill-cores (red bars), the GISP2 ice core
record (black curve), and reconstructed relative sea level
(coloured symbols) since 35,000 cal. y BP (Fig. F37 from

Expedition 325 Scientists, 2010).
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In February-April 2010, Integrated Ocean Drilling
Program (IODP) Expedition 325 drilled 33 boreholes
into submerged reef structures preserved along the
outer margin of the Great Barrier Reef.  The objectives
of Expedition 325 are to establish the course of sea
level change, define sea-surface temperature
variations, and analyze the impact of these
environmental changes on reef growth over the course
of the last deglaciation (Expedition 325 Scientists,
2010).

Co-Chief Scientists Jody Webster and Yusuke
Yokoyama, and Expedition 325 scientists Mike Gagan
and Tezer Esat, examined the 225 m of drill-core
during the Onshore Science Party at the IODP Bremen
Core Repository (Germany) in July 2010 (Fig. 1). 
Remarkably, the cores intersected >200 individual
massive fossil coral colonies that will provide unique
archives of climate change in the Great Barrier Reef,
as revealed by isotope and trace element signatures
preserved in their aragonitic skeletons.  60 U-series
and radiocarbon dates confirm that the corals range in
age from >30 to 9 cal. y BP (Fig. 2), an outstanding
outcome for the Expedition.

Given these exciting findings, the stage is now set for
the Australian team members to play key roles in
producing the exacting U-series (Esat, Dutton) and
radiocarbon (Yokoyama, Fallon) chronologies required
to establish the course of postglacial sea level rise
(Webster) and climatic change (Gagan, McGregor) in
the Great Barrier Reef.  All going well, the records will
allow us to see how the reef responds to a broad
range of past climatic regimes, and thus improve our
understanding of how the reef might change as the
world warms.

Reference
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Figure 1. Wahyoe Hantoro of the Indonesian Institute of
Sciences negotiates the 23 m descent into the cave-chamber

below Liang Bua.

Figure 2. Examples of bones and stone artefacts from the
surface sediment of the cave-chamber below Liang Bua.

New archaeological finds below Liang
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We report new archaeological finds for a cave-chamber
hidden below Liang Bua on the island of Flores in eastern Indonesia, where the dwarf hominin Homo
floresiensis (“the Hobbit”) was recovered from Late Pleistocene sediment.  In search of speleothems, we
abseiled into the lower chamber where, to our surprise, the surface-sediment contained abundant, well-
preserved bone material and stone tools that allow us to describe the archaeological potential of this
archive for the first time.

At the rear of Liang Bua, a narrow 23-m-long passage inclined at 60o leads to the impressive lower
chamber measuring 23 m x 24 m x 5.4 m high (Fig. 1).  The floor area is ~430 m2 (about half the size
of Liang Bua) and covered with firm, sticky, reddish-brown mud.  Bones and stone tools were clearly
evident in the surface sediment at the base of the passage and around the perimeter of a ~5 m-high
mud-mound filling the northwest sector of the chamber. 

Preliminary analysis of the faunal remains yielded specimens belonging to Stegodon (tibia fragment,
metapodia), giant endemic rats, endemic pigs, primates, small murid rodents, and introduced species. 
The bones are exquisitely preserved in the anoxic mud and clear butchering marks (sharp cuts and
percussion dents) are common (Fig. 2).  Stone tools made from chert and volcanics include bifacial
flakes, points, perforators, scrappers, and hammer-stones.

Exploratory uranium-series dates for flowstone layers and stalagmites capping the ~5 m-high mud-
mound range in age from 12,000 to 3,000 years before the present, thus the sediment itself could be
late Pleistocene in age.  It is possible, therefore, that the lower chamber could house a unique archive of
late Pleistocene faunal evolution and, potentially, remains of the Hobbit.  The floor of the upper
occupation chamber of Liang Bua was at least 10 m lower in the Late Pleistocene and in close proximity
to the lower chamber, thus they may have been connected in the past.  Whether the lower chamber
acted as a convenient refuse tip for the Hobbit, or a split-level home, is yet to be determined.



Figure 1. Giant fossil coral in Alor, Indonesia (1999)
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Corals and speleothems have the potential to resolve
outstanding questions about changes in the
Australasian monsoon during the 8.2 ka “cold event”.
We present an analysis of Sr/Ca and δ18O in massive
Porites corals from Alor (southern Indonesia) with U-
series ages of 8.5 to 7.9 ka (thousand years ago). The
Alor corals are well suited for reconstructing tropical
ocean-atmosphere systems at seasonal to interannual
timescales. In contrast, δ18O and δ13C in tropical
speleothems from the nearby island of Flores provide information on Indonesian monsoon dynamics and
surface air temperature at millennial to centennial timescales. Together, these records have allowed us
to explore how the ocean and atmosphere of southern Indonesia responded to the 8.2 ka event.

We measured Sr/Ca and δ18O in the corals at 5-year resolution across the 8.2 ka event to detect any
changes in the mean climate state. Whereas the δ18O record shows two sharp increases reaching
maxima at 8.3 and 8.0 ka, ICP-AES measurements of coral Sr/Ca show a gradual cooling of sea-surface
temperature (SST) starting at ~8.3 ka and finishing with an abrupt ~1.5-2°C cooling at ~8.0 ka. The
coral δ18O record is consistent with the δ18O analyzed at 5-year resolution in the speleothem from
Flores. The coral and speleothem records from southern Indonesia show that the atmosphere responded
rapidly (over decades) to the 8.2 ka event, whereas the SSTs appear to have responded more slowly
(over centuries).

The result is unanticipated, given that recent studies of the Younger Dryas in southern Indonesia and the
8.2 ka event in South America indicate an antiphased response to northern hemisphere cooling. In order
to investigate the rainfall response in Alor/Flores during the 8.2 ka event, we analysed the annual cycle
of δ18O in the Alor corals, the amplitude of which primarily reflects the intensity of summer monsoon
rainfall. The results indicate that Indonesian summer monsoon rainfall was generally weaker during the
early Holocene, compared to today, and did not change significantly during the 8.2 ka event. We
propose that the flooding of the Indonesian maritime continent and cooler SSTs around Alor/Flores
during the 8.2 ka event reduced Australian monsoon rainfall to suppress the antiphased response
(stronger SH monsoon) to high-latitude northern hemisphere cooling. To confirm this result, we are in
the process of analyzing the annual cycle of Sr/Ca in the same Alor corals.



Figure 1. Intermittently submerged benthic microbial mats
colonising sediment surface and re-colonising and modifying

stromatolites exposed by falling sea level.  Hamelin Pool,
Shark Bay
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The zonation of stromatolites of Hamelin Pool, Shark
Bay, Western Australia (see Fig. 1), has, since their
discovery in 1954, been related to tidal variations of
sea-level.  Initially these stromatolites were considered
to be entirely intertidal ecosystems (Logan 1961),
though they were later recognised also in shallow
subtidal waters (Logan et al 1974). Data from various
sources were drawn together into a notional cartoon by Playford (1980) that summarised his
understanding of the tidal zonation of stromatolite types in Hamelin Pool.  This cartoon has been
frequently cited since to account for stromatolite zonation in Hamelin Pool.  Detailed surveys of
stromatolite types by John Bauld (pers. comm) confirm the conclusion of Burne and James (1986) that
Hamelin Pool stromatolite principally grow in shallow subtidal  environments where they are colonised by
colloform microbial mats, with some being later exposed by falling sea levels .  The intermittently
exposed stromatolites are re-colonised by smooth or pustular microbial mats. 

The application of modern methods of time-series analysis to  a record of sea-level variation at Flint
Cliff, Hamelin Pool between October 1983 and April 1985 has shown that tidal variation accounts for only
a minor component of sea level variation in Hamelin Pool (Fig. 2). We have identified five key
components of the variation of sea level in Hamelin Pool; a seasonal oceanic cycle; a short term irregular
cycle; the complex tidal system in the Pool ;  isolated major events; and less marked variations, still
able to defeat the tide in the short term, probably by wind stress. Clearly it is not valid to conceptualize
the zonation of stromatolite types in terms of tidal variation alone. The dominance of a seasonal cycle is
the fundamental determinant of the timing of immersion and exposure. We conclude that the zonation of
of microbial communities in Hamelin Pool (Fig. 1) is controlled by duration of periods of inundation and
exposure in the littoral zone, but that tidal variation is not the major cause of this variation.  The
stromatolite forming colloform mat is virtually never exposed.  The exposed stromatolites have been
stranded by relative fall of sea level, and are colonised by intermittently submerged microbial
communities capable of modifying but not creating the club-shaped stromatolites characteristic of this
locality.
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Figure 2. The first pass of the time series analysis identified the varying amplitude characteristic of tidal activity, the seasonal cycle of
sea level, and an irregular 11 day cycle.



Figure 1. Great Barrier Reef expedition co-chief scientists
with coral cores: Yusuke Yokohama, formerly of ANU, and

Jody Webster of Sydney University

Studying the Earth by oceanic scientific
drilling
Integrated Ocean Drilling Program (IODP)
Neville Exon1, Jody Webster2, Michael Gagan1 and
Kevin Welsh3

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 School of Geosciences, University of Sydney, Sydney,
NSW 2006
3 School of Earth Sciences, The University of
Queensland, St Lucia, Queensland 4072

Integrated Ocean Drilling Program (IODP) cores
through sediments and rocks beneath the world’s
oceans contain a remarkable story of how the Earth
has worked in the past, and may work in the future.
IODP’s main research fields are broad - environmental change, processes and effects; solid earth cycles
and geodynamics; and the deep biosphere and ocean floor. ANU, through RSES, hosts the Australian
IODP Office. The Australian and New Zealand IODP Consortium (ANZIC) has access to all IODP activities
(www.iodp.org.au). A review of Australia’s involvement in IODP and its predecessors was published in
mid-2010: see link.

In 2010, eight Australians participated in IODP science parties, but only early scientific results are
known. The University of Queensland’s Kevin Welsh took part in palaeoclimate expedition 318 (January-
March) to the Wilkes Land region off Antarctica. The cores collected document the onset of cooling at
around 33.5 million years ago, leading to the first Antarctic glaciers. The growth and retreat of
Antarctica’s ice sheets impact upon global sea level, and oceanographic and biotic evolution, and keep
the planet cool by reflecting heat from the sun. It is vital that we understand what drives these ice
sheets so that we can make predictions about what will happen in the future.

Expedition 325 to the Great Barrier Reef (February-April) investigated the history of the 120 m sea level
rise in the Great Barrier Reef since the last glacial maximum about 18,000 years ago, and the
associated changes in the coral reefs and their water properties as they migrated landward. Australian
participants were Jody Webster from Sydney University, Michael Gagan from ANU and Tezer Esat from
ANU/ANSTO. Understanding what has happened to the reef as the ocean warmed and sea level rose can
surely help us better understand what might happen to the reef in a future warming world. 

Recent published review of IODP and Australian research within it:
http://www.iodp.org.au/IODP%20AJMOA%20article%20only.pdf

http://www.iodp.org.au/IODP%20AJMOA%20article%20only.pdf


Figure 1. Part of a rhodolith branch showing different sizes of
laser tracks used as a contribution to the improvement of

the LA ICPMS measurement method. Individual track length
is ~2mm.

Rhodoliths: archives of environmental
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Rhodoliths are free-living forms of calcareous, coralline
red algae that can be found worldwide, from low to
high latitudes, in relatively shallow (0->250m) waters.
They can live up to hundreds of years and form a
high-Mg calcite skeleton that presents periodical
growth bands.

Recent geochemical studies on coralline algae have
focused on sea-surface temperature (SST) secular
changes and have shown a strong relationship with the
variations of the Mg/Ca ratio in the algal skeleton at a
monthly or bi-weekly resolution. By analysing a
Sporolithon durum rhodolith species from the tropical
Pacific (New Caledonia) presenting a high growth rate
(~0.7-0.8 mm/yr), we are able to characterise that
Mg/Ca_SST relationship on a couple-of-days to a daily
basis.

Improvements on the method of the Laser Ablation
Inductively Coupled Plasma Mass Spectrometer (LA
ICPMS) technique enable us to reach a spatial resolution <5µm along the rhodoliths' axis of main
growth. Chronology is established with the support of Single Stage Accelerator Mass Spectrometer
(SSAMS) radiocarbon dates and geochemical data can, then, be correlated to daily local SST
measurement over a period of over 45 years.

Although the Mg/Ca_SST relationship is strong at different timescales (r>0.75), it appears that some of
the Mg/Ca variations cannot be strictly explained by the local temperature variations. Therefore, other
factors (environmental and/or biological) are to be investigated. For example, Electron Probe Micro
Analysis (EPMA) intensity maps, associated with LA ICPMS data at the micrometre scale, suggest that S.
durum displays well-defined, sub-monthly Mg/Ca cycles that seem to be primarily biologically-driven and
correspond to lunar cycles.

Further research will be directed towards the understanding of the other factors potentially contributing to
the variations of the Mg/Ca ratio in coralline algae and the quantification of their effect on the reliability
of the proxy as a palaeo-temperature recorder.

Other aspects are focused on the use of trace elements and stable isotopes to reconstruct different
environmental parameters such as salinity and river discharge.



Figure 2. Sporolithon durum LA ICPMS high resolution Mg/Ca variations compared against local, daily Sea Surface Temperature (SST) data
for Ricaudy Reef (New Caledonia) over the mid-2005 to end-2008 period.

Figure 3. Left: Back Scattered Electron (BSE) image of a part of a rhodolith branch showing the high porosity of the sample. Right: EPMA
intensity map showing variations of Mg/Ca at the micrometre scale in correspondance to the BSE image. High frequency variations can be
determined (30-50µm) and are thought to be associated with lunar cycles. A portion of a lower frequency cycle (annual cycle) can also

be observed that is to extend beyond the area covered by the map (>500µm period).



Figure 1. An artists impression of Rhinodipterus (Richard
Barwick)

Figure 2. Rhinodipterus skull in dorsal view.
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 Our research shows that as far back as 380 million
years ago, Rhinodipterus, a marine lungfish possessed
skeletal specialisations required for air-breathing.
Lungfishes were most likely driven to breathe air, not
from venturing into lower oxygen, freshwater habitats
(as was previously thought), but directly from
pressures arising from lower global oxygen levels,
which were down to 12% at this time (current levels
are about 21%). This also drove other marine fishes in
the same environment to simultaneously develop air-
breathing adaptations.

 Thus air-breathing arose twice in this early time in
vertebrate evolution; once in lungfishes, and once in
the line leading to tetrapods (or land animals), and
ultimately to us. 

See our Biology Letters paper online
http://rsbl.royalsocietypublishing.org/content/firstcite

http://rsbl.royalsocietypublishing.org/content/firstcite


Figure 3. An x-ray CT scan of the Rhinodipterus skull, visualised in ANU software Drishti, courtesy of Dr. Tim Senden (ANU).



Figure 1. Emergence (+2.5 m) of massive Porites corals on
the Island of Nias during the M 8.7 March 2005 Earthquake.

Groundtruthing coral chemo-geodesy
Sindia Sosdian1, Mike Gagan1, Danny H. Natawidjaja2,
Wahyoe S. Hantoro2 and Kerry Sieh3

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Research and Development Center for
Geotechnology, Indonesian Institute of Sciences,
Bandung 40135, Indonesia
3 Earth Observatory of Singapore, Nanyang
Technological University, Singapore 639798

Catastrophic earthquakes, such as the 2004 Sumatran
earthquake and subsequent tsunami, are poorly
understood due to the limited understanding of the
recurrence interval of great submarine earthquakes.
Characterization of past earthquakes is necessary to
predict future earthquakes and mitigate disasters in the Indonesian region. Large corals inhabit fringing
reefs in the tectonically-active islands offshore of the Sumatran mainland. During an earthquake, coral
reefs experience co-seismic uplift (or submergence), and it has been shown that carbon isotope ratios
(d13C) in coral skeletons respond to changes in water column properties (i.e. light intensity, turbidity;
Gagan et al. in prep) brought about by crustal deformation. Here we present geochemical evidence from
massive Porites corals that ground-truths the use of d13C and elemental ratios in coral skeletons (coral
chemo-geodesy) to reconstruct past earthquakes. To test the proxy we drilled corals from reefs
surrounding the island of Nias, west Sumatra, that experienced a 8.7 magnitude earthquake in March
2005. Fortuitously, a GPS array in place during the earthquake recorded the magnitude of uplift and
submergence associated with the event. Corals were collected from four study sites that experienced 2.5
m, 1.8 m, and 0.5 m of uplift, and 0.5 m of submergence. Our preliminary findings suggest that changes
in d13C are sensitive to vertical motion during an earthquake, but only in simplistic environments such as
fringing reefs. Supplementary data from Mn and rare earth elements record dramatic shifts in
environmental conditions related to the earthquake. Together, the d13C and trace elements provide a
unique geochemical signal for paleoseismic events. With further development, the coral chemo-geodesy
technique potentially could provide an archive of pre-historical earthquakes and shed light on the
recurrence interval and precursors of great earthquakes.



Figure 2. Carbon isotope and Y/Ca (yitrium-to-calcium ratios) data from a coral collected from a 1.8 meter uplift site off the island of
Nias. Note the dramatic shift in both tracers associated with the 2005 earthquake.
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The Tasman Sea is one of the most sensitive oceanic regions to climate change and iron supply. Current
predictions are for this region to warm by 2 degrees by 2060 potentially resulting in a floristic shift in
the plankton community toward nitrogen fixers, which have a high iron requirement. However, it remains
uncertain to what extent an increase aerosol iron supply would aid this floristic shift and its associated
impact on the marine food-web. Three research voyages were conducted in 2005, 2006 and 2010 to
examine the degree of nitrogen limitation and the role of macro- and micro-nutrients in stimulating the
phytoplankton community in the water north of the Tasman Front. Water column measurements
confirmed that these waters are oligotrophic with surface nitrate and phosphate concentrations less than
10 nmol/L and 60 nmol/L, respectively, and dissolved iron concentrations varying between 0.05 and 0.7
nmol/L depending on dust inputs. Deck-board perturbation experiments involving the addition of macro-
(NH4 & PO4) and micro- (Fe, Co, Cu & Zn) nutrients confirm nitrogen availability to be the primary
control on phytoplankton production, with phosphate and iron availability playing minor secondary roles
even though the concentration of these elements are close to bio-limiting. Within these experiments, the
addition of nitrogen was found to stimulate eukaryote, prokaryote and bacterial production and inhibited
nitrogen fixation. Current work from our 2010 voyage is centred on further elucidating the role of redox
active trace elements play in regulating the nitrogen cycle in this region.
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Introduction 
 
The Earth Materials and Processes area comprises research groups in Rock Physics, Experimental 
Petrology, and Structure & Tectonics. Our research has traditionally centred around laboratory based 
measurements under controlled conditions, simulating those occurring in nature, but these activities are 
complemented by a rich array of analytical equipment and are complimented by extensive field-based 
observations, often in collaboration with scientists from other institutions, nationally and 
internationally. Through such investigations we aim to develop understanding of the structure and 
chemical composition of planetary interiors, and the processes by which planets evolve. Our interests 
start at the very beginning of solar system history with how the Earth and other rocky planets accrete, 
and then cover the ongoing processes of mantle convection, volcanism, metamorphism, global 
tectonics and the formation of ore deposits. 
 
Areas of current research activity include: 
 

• The making of terrestrial planets. Chemical constraints on the accretion of the Earth and 
similar planets from the solar nebula, and the processes of core formation; mineralogical and 
chemical properties of the deep mantle and their influence on global tectonics. 

• The nature of the Earth's upper mantle. Experimental studies and thermodynamic modelling of 
the phase equilibria relevant to upper mantle melting and ultra-high-pressure metamorphism 
associated with crustal thickening and subduction; experimental and microstructural studies of 
phenomena associated with lattice defects and grain boundaries including incorporation of 
water into nominally anhydrous minerals and microscopic mechanisms of seismic wave 
attenuation; experimental studies and modelling of grain-scale melt distribution and its 
implications for melt transport, rheology and seismic properties. 

• Speciation and coordination of metal ions at high temperatures. Studies of crystals, melts and 
hydrothermal solutions by X-ray absorption spectroscopy, using synchrotron radiation. 
Studies of silicate glasses and melts to very high temperatures under controlled redox 
conditions. Analysis of hydrothermal solutions trapped in synthetic fluid inclusions is 
providing important basic information on metal complexes at high temperatures. 

• Coupling between fluid flow and fault mechanics in the continental crust. Field-based studies 
of a normal fault system in Oman, along with complementary stable isotope and other 
geochemical studies of associated calcite vein systems, are being used to explore how fault-
controlled fluid flow is localized among components of regionally extensive fault networks. 
Laboratory studies of the seismic properties of the cracked and fluid-saturated rocks of the 
upper crust. 

• Building "The Map That Changes The Earth" to provide a spatio-temporal context that will 
allow a greater understanding of planetary tectonics from the point of view of plate-scale 
physical processes. To provide critical data for the tectonic reconstructions "listening posts" 
are being established that provide samples that can be analysed and dated using 40Ar/39Ar and 
U-Pb geochronology. 
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Fluid pathways and hence localisation of ore in intrusion-related hydrothermal systems, are controlled by
the development of fracture networks and by ongoing competition between (1) fracture sealing processes
and (2) stress-driven and fluid-pressure-driven opening of fracture permeability. This project explores
how stress fields evolve during gold mineralisation in the Porgera Intrusive Complex (PIC) and examines
the controlling role that changes in both stress field orientations and failure modes have on
mineralisation styles.

The Porgera gold deposit is located in the Enga province at 2500m elevation in the highlands of Papua
New Guinea. Emplacement of the PIC occurred at 6.0 ± 0.3 Ma at a depth between 2-4km (Richards,
1997). Mineralisation occurred between 6.0 Ma and 5.6 Ma and regional uplift commenced around 4 Ma.
On the basis of cross-cutting relationships, mineralisation at Porgera is separated into 4 main episodes:
pre-stage 1, stage1, stage 2 and post-stage 2. Only stage 1 and stage 2 are economically significant.

Stage 1 mineralisation is hosted by widely distributed extension veins. Most veins are moderately to
steeply dipping, but mutually overprinting relationships with a second population of gently dipping stage
1 veins indicates that there were repeated changes in the orientation of the near-field σ3 from a gently
plunging to steeply plunging attitude during Stage 1. Repeated reorientation of stress fields in the PIC
during stage 1 is interpreted to be associated with either (1) magma inflation-deflation cycles in a deeper
level magma chamber, or (2) inflation-deflation cycles driven by fluid leakage repeatedly interrupting
accumulation and pressurization of volatiles in a reservoir at the top of the magma chamber.

The transition from stage 1, low grade, distributed mineralisation to stage 2 localized high grade
mineralisation was associated with the growth of the Romane Fault network. This fault network accessed
magmatic-hydrothermal fluids at depth and localized fluid flow through faults and their damage zones.
Textural and compositional banding in stage 2 veins indicates multiple episodes of vein growth and
sealing. Each cycle of vein growth is marked by deposition of a zone rich in roscoelite (vanadian mica)
and pyrite, together with Al-rich quartz. The initial Au-rich phase of each cycle is overgrown typically by
a quartz-rich zone with low Au grades and marked oscillatory zoning in Al content of quartz. Individual
veins may contain several of these gold-rich to gold-poor cycles of vein growth. The coarse-scale crack-
seal textures, mineralogical zonation and trace element zoning in quartz in Stage 2 veins suggest growth
in an episodic flow regime. Each cycle of vein growth is interpreted to be triggered by breaching of the
magmatic-hydrothermal fluid reservoir due to progressive build-up of fluid pressures. Flow cycles are
terminated by partial draining of the fluid reservoir and consequent loss of driving pressure, or by
hydrothermal sealing of fluid pathways.

Richards, J.P., 1997. Controls on scale of Porgera-type porphyry/epithermal gold deposits associated with
mafic, alkalic magmatism. Transactions of the Institution of Mining and Metallurgy Section B-Applied
Earth Science, 106: B204.

Angela Halfpenny webpage
http://rses.anu.edu.au/people/halfpenny_a/

Stephen Cox webpage
http://rses.anu.edu.au/people/cox_s/

http://rses.anu.edu.au/people/halfpenny_a/
http://rses.anu.edu.au/people/cox_s/


Figure 1. Figure 1. (a) Plane-polarised light photomicrograph of quartz rich PNG44. Roughly the same area is shown in figures 1a, b, and
c. (b) Cross-polarised light photomicrograph of quartz rich PNG44. (c) Optical colour cathodoluminescence photomicrograph exhibiting
colour variations within the quartz crystals and between quartz layers. The red box marks the location of the energy dispersive X-ray

map shown in figure 1e. (d) Energy dispersive X-ray spot analysis collected from the location pointed to in figure 1e (scale bar in keV).
The spectra highlights the incorporation of Al into the quartz crystal. (e) Energy dispersive X-ray map highlighting relative variations in Al

content. Light orange indicates the highest amount of Al in the quartz crystal and dark orange indicates no Al in the quartz lattice. (f)
Energy dispersive X-ray spot analysis collected from the location pointed to in figure 1e (scale bar in keV). The spectra highlights that

the crystal is pure quartz with no incorporation of Al.



Figure 1. Reflected-light micrograph of a quartzite rock,
cracked by rapid thermal cycling, and subsequently used to

generate the plotted trend of increasing shear modulus
(rigidity) with increasing pressure, attributed to crack

closure.

The seismic properties of cracked and
fluid-saturated crustal rocks
Ian Jackson1, Heather Schijns2, Douglas Schmitt2 and
Hayden Miller1
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The seismic properties of cracked and fluid-saturated
rocks, typical of the Earth’s upper crust, are expected
to be strongly frequency dependent, on account of
stress-induced fluid flow between different parts of the
pore space. This expectation places a special premium
upon laboratory measurements at seismic frequencies
– many orders of magnitude lower than those of
conventional laboratory wave propagation experiments.
We have therefore modified novel equipment to allow
both torsional and flexural oscillation measurements
under conditions of independently controlled confining
and pore-fluid pressures – providing seismic-frequency
constraints on both the shear and compressional wave
properties.

The new low-frequency methods have been applied in
an exploratory study of thermally cracked specimens of
polycrystalline alumina and quartzite, tested dry or
saturated with either argon or water. The marked
increase of the shear modulus for Cape Sorrell
quartzite (Fig. 1, lower) with increasing effective
pressure (confining pressure minus pore-fluid
pressure) is attributed to the progressive closure of
low-aspect ratio cracks (Fig. 1, upper). Similar results
for the same specimen tested dry and with argon pore
fluid suggest conditions in which spatially variable pore
pressures are equilibrated by fluid flow on the time
scale of the ~ 0.1 Hz oscillations.

Systematic application of these methods, in conjunction with ultrasonic measurements, promises new
insight into the seismic properties of crustal rocks in scenarios ranging from earthquake fault zones to
geothermal power extraction.



Figure 1. (a) Extension veins connected to a larger
throughgoing fault vein on a strand of the NBF. This close

association between extension veins and fault veins indicates
near-lithostatic fluid pressures and low differential stress. (b)

Complex vein network adjacent to the NBF. Since these
veins cannot have all been open to fluid flow simultaneously,

formation of this network must have involved episodic
fracturing and sealing.

Figure 2. All calcite vein analyses. There is a strong cluster
of samples in the distal host rock field (red box, >26‰) and

a tail of decreasing d18O (minimum = 13‰). This tail of
decreasing d18O indicates the influence of an 18O depleted

external reservoir.

Dynamic permeability and the evolution of
fluid pathways in fault networks
P. Stenhouse1, S. F. Cox1 and J. Urai2
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This project combines geochemistry and structural
studies of an exceptionally well exposed, calcite-rich
vein system in a limestone-hosted normal fault
network from the Jabal Akhdar dome, Oman.
Structural and microstructural observations are used in
conjunction with high spatial resolution C/O stable
isotope, Sr isotope and trace element analysis to study
4D variations in vein mineral chemistry. The vein
chemistry is being used to map the distribution and
evolution of geochemical fronts within the vein system.
The geometry and distribution of geochemical fronts
will be used to constrain flow directions. Reactive
transport modeling of geochemical profiles along fluid
pathways will be used to map 4D variations in fluid
flux.

The majority of the fieldwork in Oman has focused on
a single 25km long normal fault zone called the
Northern Boundary Fault (NBF) and an adjacent
subsidiary fault network. Mapping along this fault
system has defined a close temporal and spatial
relationship between extension veins and fault veins
(Fig. 1a), indicating that the system formed under
near-lithostatic fluid pressures and low differential
stress. Complex mutually crosscutting vein networks
within the proximal damage zone of the NBF indicate
that fluid flow in this system was episodic (Fig. 1b). 

δ18O of vein calcite shows a depletion trend from host
rock values (> 26‰) down to 13‰ (Fig. 2). The 18O
depleted vein calcite is clearly out of equilibrium with
the host rock, indicating the influence of an external
reservoir. An up-section shift in median δ18O towards
host rock values suggests that this external reservoir
entered the system through episodic breaching of a
seal near the base of the carbonate sequence.

Assuming that the most depleted vein δ18O represents
an essentially fluid-buffered composition then the 18O
of calcite can be converted to an equivalent 18O of
water for a given temperature (O'Neil et al. 1969).
This gives a range of 4.2-8.1‰ (T = 200-300°C),
which is consistent with a number of potential sources.
However, given an upward flow direction and
considering the geological setting the preferred
interpretation is for a connate water source.

The along-strike distribution of fluid flux on the NBF is
highly variable. Structural complexity is the first order
control on this variation, with features such as jogs,
splays and termination zones hosting strongly depleted
18O vein chemistry and thus high fluid flux. In
contrast, the geochemical front in planar segments is
more than 2500m lower in the system than for some structural complexities, indicating much lower fluid



flux. Displacement may also act as a second order control on fluid flux distribution, with most high flux
zones located in low-displacement segment of the fault. This relationship needs further investigation.

The NBF is bounded by a network of low to moderate displacement faults. Mapping in this network by
Arndt et al (2010) indicates displacements between 1 and 60m. Reconnaissance sampling has identified
veins with depleted 18O similar to the most depleted analyses from the NBF. This indicates that networks
of low to moderate displacement faults are capable of hosting fluid fluxes similar to those on large, high
displacement faults. Depleted 18O veins within the low to moderate displacement fault network are
localised in zones of structural complexity similar to the NBF.

 Work during 2011 will focus on:

Further along-strike sampling comparing structural complexities vs. planar fault segments and low-
displacement vs. high-displacement fault segments.
Across strike sampling to understand the distribution of fluid flow within the NBFs’ proximal damage
zone and also between the NBF and the adjacent low to moderate displacement fault network.
Establishing relative timing relationships to explore how the position of the isotopic front changes
with time.
Understanding the P-T conditions of the system.
Reactive transport modeling to quantify time-integrated fluid flux.

References:
Arndt, M., Z. Sobisch and S. Virgo (2010). High-resolution structural mapping of an area on the southern
flank of Jabal Shams, Oman Mountains. Endogene Dynamik, RWTH Aachen University.
Diplomkartierung: 193.
O'Neil, J. R., R. N. Clayton and T. K. Mayeda (1969). "Oxygen Isotope Fractionation in Divalent Metal
Carbonates." Journal of Chemical Physics 51(12): 5547-&.



Figure 1. Photo of a steel-jacketted specimen following
torsional deformation at the University of Minnesota.

Subsequent testing in the ANU laboratory yielded the plotted
seismic properties, showing greater strain-energy dissipation
for the pre-deformed specimen (plotting symbols) than for an

undeformed specimen (curves).

Dislocation damping & upper-mantle
seismic wave attenuation
Robert Farla1, Ian Jackson1, John Fitz Gerald1, Harri
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The possibility that crystal imperfections, known as
dislocations and introduced during tectonic deformation
at large scales, might be responsible for reduced
seismic wave speeds and appreciable wave attenuation
in the Earth's upper mantle has been explored in a
laboratory study.

Tiny crystals of the dominant ferro-magnesian silicate
mineral olivine were synthesised, pressed together into
dense and solid specimens, some of which were
deformed in the laboratory (Fig.1, upper). Undeformed
and deformed examples were then compared in
experiments to measure the response to seismic-shear
waves at timescales (periods) similar to those for
seismic waves travelling in the mantle: both modulus
(which controls the shear wave speed) and energy
dissipation (related to wave attenuation) were
measured. Lower, and more strongly period-dependent
shear moduli and stronger energy dissipation (Fig. 1,
lower) were observed in the deformed specimens -
more so for those deformed so that dislocations readily
reactivate during the seismic-property measurements.

The new results suggest that dislocations might significantly influence the seismic properties of the
Earth's upper mantle, and also that such effects might be most pronounced for particular directions, of
wave propagation and polarisation, in seismic waves travelling in the shear-stress fields associated with
mantle flow deep within the Earth.



Figure 1. Perspective view of a cubic portion of the
tomogram, segmented into grain space and pore space.

Figure 2. Segmented dataset after application of Euclidean
Distance Map and Watershed Transform, which locate grain

boundaries and distinguish individual grains (colours are
arbitrary).

Figure 3. Grain boundary surfaces located by Watershed
Transform, with mean normals indicated for three cases (red

arrows).
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Some oil reservoir sandstones have seismic velocities
that vary by 15-20% azimuthally in the bedding plane.
We have been investigating the causes of this
anisotropy using X-ray tomograms obtained from small
cores of rock samples and also computer-generated
control samples. After tomography, the cores are
sectioned, and scanning electron micrographs taken.
The plane of a micrograph is then accurately located
within the original 3D dataset ("registered") using in-
house software, and the faithfulness of the tomogram
checked by comparing the two views. Further
processing of the tomogram allows us to generate a
model rock (Fig. 1) which is segmented into pore
space and individual grains (Fig. 2). Grain sizes,
shapes and orientations can then be approximated by
triaxial ellipsoids of best fit, allowing us to calculate
grain size, shape and orientation distribution data for
the rock as a whole. Grain contact surfaces can
similarly have their areas and mean normal directions
fitted (Fig. 3), and the distribution of contact area
orientation obtained. Thus, a range of aspects of the
rock fabric can be captured from the segmented
tomogram. The "virtual rock" can also be used to
calculate elastic constants for the bulk rock by finite-
element methods, and hence low-frequency acoustic
velocities for arbitrary polarisation states and
propagation directions. Simulated control samples with
known fabric parameters allow us to check and refine
the quality of the image segmentation procedures, and
also to disentangle the effects on calculated velocities
of different parameters such as grain preferred
orientation, grain contact preferred orientation, and
degree of cementation. Samples examined include:

(i) An almost isotropic sphere packing, annealed by
dilation so as to reduce the porosity and obtain
nonzero grain contact area. calculated VP varied by
less than 1% as a function of propagation direction, as
expected. The elastic properties used were those of
quartz, which makes up 96% of the mode in our real
rocks, and the velocities obtained of ca. 5 km/s are in
line with what we would expect for a packing of quartz
spheres with 25% porosity.

(ii) A real rock showing "normal" uniaxial variation of
7% in experimental VP between the slow direction (in
bedding plane) and fast direction (normal to beds).



Our processing revealed substantial preferred orientation of grains (Fig. 4), but this did not align with the
acoustic anisotropy. However, grain contact surface normals correlated strongly with the fast direction for
VP (Fig. 5).

(iii) A rock showing triaxial variation of 15% in experimental VP, with fast directions of similar velocity in
the bedding plane and normal to it, and a slow direction in the bedding plane. There was no preferred
orientation of grains in this rock. Again, however, fast and slow VP correlated with the directions of
respectively high and low concentration of contact surface area normals.

(iv) A simulated packing of identical 70 x 60 x 50 voxel triaxial ellipsoids, with perfect preferred
orientation of grains and no preferred orientation of contact surfaces. This demonstrated that about 10%
directional variation in VP can be produced by strong alignment of aspherical grains, and that this can be
studied in isolation from the effect of grain contact directionality, which is clearly the dominant driver of
acoustic anisotropy in the sandstones studied.

 

Related publication:

Arad, A., Mahdadi, M., Christy, A.G., Sheppard, A.P., Averdunk, H., Knackstedt, M.A. 

Understanding elastic properties and acoustic anisotropy at the pore/grain scale. Society of
Petrophysicists and Well Log Analysts 51st annual meeting, Perth, Australia, June 19-23, 2010.
Petrophysics (in press).

Figure 4. Orientation distribution of grain short, medium and long axes for rock showing uniaxial anisotropy in VP. Hemispheres of

directions, are subdivided into bins subtending equal solid angles and viewed in orthographic projection down the bedding plane normal.
Note very strong preferred orientation of long and short axes.

Figure 5. (Left) Orientation distribution of grain contact normals, weighted by contact area per solid angle, for same sample as above.
(Right) Angular variation of VP. Fast direction correlates well with predominant contact normal, but not with long or short axes of grains.



Figure 1. Diffusion of Rh in forsterite at 1300 C as a function
of oxygen fugacity

Experimental study of the diffusion of
platinum group elements in rock forming
minerals
Irina Zhukova, Ian Campbell and Hugh O’Neill
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University, Canberra, ACT 0200, Australia

The experimental study of Rh, Ru and Ir diffusion in
olivine and spinel is aimed at obtaining important
information such as the rate of diffusion, mechanisms
of element substitution and solubility of PGEs in rock
forming minerals.

The series of experiments were performed on synthetic
forsterite, San Carlos olivine and natural spinel at
different temperatures, oxygen fugacities and silica
activities. Experiments were carried out at the atmosphere pressure in a vertical tube furnace modified to
control fO2 by CO-CO2 gas mixing and in a box furnace running in air. Temperatures: 1300 C and 1400
C, logfO2: -7.2, -5.7 and -0.7. Duration of experiments: 1, 2, 9, 31 and 35 days.

The following diffusion coefficients (m2/s) were obtained:

 Synthetic forsterite Spinel S.C. olivine

T = 1300 C, logfO2 = -5.7 

Rh (0.1 - 2)*10-17 (1.8 - 2.9)*10-17 (0.8 - 4.6)*10-18

Ru (0.4 - 1.3)*10-17 (0.9 - 1.6)*10-17 n/a

Ir (2.4 - 6.1)*10-18 (1.2 - 1.6)*10-17 n/a

T = 1300 C, fO2 = -7.2

Rh (0.6 – 2.2)*10-18  (0.6 – 2.2)*10-18

Ru (0.4 – 2.7)*10-18  (0.4 – 3.9)*10-18

T = 1300 C, fO2 = -0.7

Rh (low SiO2 activity) (0.4 – 1.4)*10-18   

Rh (high SiO2 activity) (5 – 20)*10-18   

T = 1400 C, fO2 = -6.8

Rh (low SiO2 activity) (7.6 – 20)*10-18   

Rh (high SiO2 activity) (3.5 -  6.3)*10-17   

Diffusion coefficients of Rh in forsterite in the high silica activity experiments were higher than in the low
silica activity experiments at high fO2 (fO2>-5.7), whereas there is no difference when the same
experiments were carried out at low oxygen fugacity experiments (See Fig. 1).

Diffusion coefficients in the low silica activity experiments remains constant at different oxygen fugacities
whereas in case of high silica activity there are variations, which suggests that there are different
diffusion mechanisms at low and high silica activities. Assuming that Rh substitutes in octahedral sites
[1] and taken the likely oxidation states of Rh under conditions of our experiments to be Rh+2 and/or
Rh+3 [1] we can suggest the following mechanisms of Rh substitution into forsterite:

(1)    Mg2SiO4+2Rh+O2 = Rh2+2SiO4+2MgO



(2)    Mg2SiO4+4/3Rh+O2 = Rh3+4/3SiO4+2MgO

References:
[1] J.M.Brenan, W.F. McDonough, C.Dalpe (2003) Experimental constrains on the partitioning of rhenium
and some platinum-group elements between olivine and silicate melt. Earth and Planetary Science
Letters 212: 135-150. 
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Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

The Al diffusion rate in olivine is expected to be slow [1] and its concentration in olivine temperature
dependent [2]. As a consequence, Al has potential to preserve zoning from early, high temperature
stages of rock evolution. However the mechanism by which Al substitutes into olivine is still unclear and
there are large differences in the values obtained for Al diffusion in olivine by different laboratories. The
study of Al diffusion coefficient and Al solubility in olivine can give us a method of reconstructing the
magmatic history of one of the most important mantle minerals.

Experiments on Al diffusion in synthetic forsterite was performed in an atmosphere pressure box furnace
in air at 1300oC. Silica activity was controlled by composition of a buffer (Al2O3 – MgO – SiO2 powder),
painted onto a crystal. The duration of experiments was 5 and 25 days. Results were analysed by LA-
ICP-MS, orientation of the crystals was analysed by EBSD.

Our study demonstrates that silica activity controls the rate of Al diffusion and solubility in forsterite.
Two mechanisms of Al diffusion have been observed: 1) fast diffusion (logD = -14.1±0.03 - 13.6±0.04)
which characterized by low concentrations of Al in forsterite (230±30 ppm) and occurs at high silica
activity; 2) low rate diffusion (logD < -18.5±0.05) which results in comparatively high concentrations of
Al in forsterite.

References:
[1] Spandler C, O’Neill HSC (2010) Diffusion and partition coefficients of minor and trace elements in San
Carlos olivine at 1,300C with some geochemical implications. Contrib Mineral Petrol 159:791–818.
[2] Wan Z, Coogan LA, Canil D (2008) Experimental calibration of aluminum partitioning between olivine
and spinel as a geothermometer. Am Mineral 93:1142–1147.



Figure 1. Back-scattered electron photomicrograph of high-
pressure phase assemblage in continental sediment bulk
composition at 23 GPa (~700 km depth) and 1400°C;

mineral phases include Ti-rich Mg-Al perovskite, K-hollandite,
stishovite and kyanite coexisting with a H2O-rich supercritical

fluid.

Figure 2. Back-scattered electron photomicrograph of high-
pressure phase assemblage in MORB bulk composition at 23
GPa (~700 km depth) and 1300°C; mineral phases include

Ti-rich Mg-Al perovskite, Na-hollandite, stishovite and
majoritic garnet (dominant \"matrix\" phase) coexisitng with

a small volume H2O-rich supercritical fluid.

Mineralogical reservoirs for high-field
strength elements in subducted crust in
the mantle transition zone
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Irifune2
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For the past 3 or 4 decades, isotope geochemists and
mantle petrologists have viewed ocean island basalt
(OIB) volcanism, and intraplate magmatism in general,
through the prism of the “mantle plume” paradigm
(Morgan, 1971). In this model, the age progression
observed in linear chains of oceanic islands, or “hot
spot” tracks, is produced as drifting plates of oceanic
lithosphere migrate over fixed plumes rising from the
deep mantle. Based upon the isotope systematics of
OIB lavas, mantle plumes were seen to be tapping into
a number of geochemically distinct reservoirs, several
of which possess a geochemical signature characteristic
of crustal rocks; this was taken as evidence that
crustal material had been recycled into the plume
source region somewhere in the mantle transition zone
(MTZ), the lower mantle, or at the core-mantle
boundary, where it could reside for billions of years.
Since the 1960's, mantle geochemists have identified
at least 4 reservoirs contributing to OIB volcanism: a
so-called "HIMU" reservoir, linked to deep subduction
of oceanic crust (MORB), and two "EM" or "enriched
mantle" reservoirs, linked to the presence of small
amounts of subducted "terrigenous" (EM1), and
"pelagic" (EM2) sediments (see reviews by White,
2010; Willbold and Stracke, 2010). These components
mix with one or more "common" mantle reservoirs
(e.g., “PREM”, “FOZO”, and “DMM”) in various
proportions to produce an OIB isotopic "mixing array". 

The legitimacy of the widely accepted mantle plume hypothesis for the origin of OIB volcanism has
recently been questioned as part of “The Great Plume Debate” (Foulger, 2002; Anderson, 2003; Foulger
and Natland, 2003; Niu, 2005, 2009).  Foulger (2002; 2005) argues that the plume model has become
untenable for a number of reasons, and that there are viable alternatives that do not require recycled
crustal lithologies in the MTZ or lower mantle to explain the distinctiveness of ocean-island basalt
geochemistry. For example, Niu (2005) argued that continental-derived sediments were “unsuitable as
source material for OIB”, because “fluid-mobile (or water-soluble) elements” (e.g., Ba, Rb, Cs, Th, U, K,
Sr, Pb, La and Ce) in crustal rocks should be depleted by dehydration during subduction, thereby
modifying their distinctive geochemical fingerprint during passage through the sub-arc regime.  However,
detailed geochemical studies of high-pressure mafic rocks demonstrated that dehydration accompanying
prograde subduction zone metamorphism is marked by only limited mobilization of large-ion lithophile
elements (LILEs), and recent high-pressure phase-equilibria experiments on continental sediments have
shown LILEs can be carried into the MTZ in K-hollandite (Rapp et al., 2008), a polymorph of K-feldspar
(KAlSi3O8). Niu (2009) subsequently argued that because the crystal structure of K-hollandite excluded
high-field strength elements (HFSEs: e.g., Ti, Nb, Ta, Zr, Hf), deeply subducted sediments remained
“unsuitable” as source material for OIBs (because it LILEs would be fractionated from HFSEs). 

We have recently identified a Ti-rich, Mg-Al perovskite phase that is stable in both MORB and sediment
compositions at pressures appropriate to the MTZ.   This phase is the primary host for HFSEs in crustal
rocks in the MTZ, containing up to 9 wt% TiO2, >150 ppm Nb, >25 ppm Ta, >1600 ppm Zr, and >45
ppm Hf, effectively counterbalancing the role of K-hollandite as a host for LILEs.  The equilbrium phase
assemblage in continental sediments in the MTZ will contain both LILE-rich K-hollandite, and HFSE-rich



Ti-perovskite, and consequently deeply subducted crust remains a viable source for the distinctive
isotopic and geochemical “fingerprint” of OIB lavas.
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Figure 1. Primitive Mantle normalized REE plots for garnets
from Diavik lherzolite xenoliths 507131422 (exhibiting a

“normal” pattern) and 605301147 (exhibiting a “sinusoidal”
pattern).

Mineral compositional controls on REE
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xenoliths and implications for mantle
metasomatism
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The chemistry of Cr-pyrope garnets in kimberlite-
bourne peridotite xenoliths or included in diamonds
from the cratonic lithosphere has frequently been
interpreted as recording significant events in cratonic
evolution. Such events include early, pre-cratonic
partial melting and later metasomatic enrichment by
melts or fluids, which may or may not be associated
with diamond crystallisation or resorption.

Early partial melting is evident in the high-Cr/Al nature of many garnets, consistent with partial melting
of peridotite mainly in the spinel stability field. This resulted in a residue with higher Cr/Al, and was
followed by compression during subduction into the garnet stability field with consequent recrystallisation
as Cr-rich garnet harzburgite or refractory garnet lherzolite.

Cratonic Cr-pyrope garnets also exhibit a variety of normalised Rare Earth Element (REE) patterns,
including so-called normal or sinusoidal patterns (Figure 1). Sinusoidal REE patterns are very common
amongst the low Ca, high Cr garnets of the harzburgitic paragenesis in both xenoliths and diamond
inclusions, whereas lherzolitic garnets exhibit both normal and sinusoidal patterns.

Explanations invoked to explain the normal and sinusoidal patterns have usually appealed to
metasomatism by LREE enriched fluids or melts. For example, Stachel et al. (1998; 2004) and Creighton
et al. (2008; 2010) considered that evolution of peridotitic garnet REE patterns from sinusoidal to normal
results from a continuous transition from metasomatism dominated by fluids with highly fractionated
LREE/HREE to metasomatism dominated by melts with less fractionated LREE/HREE.

Such models ignore the coexistence of garnet with clinopyroxene (at least in the lherzolite paragenesis).
We have examined the garnet and clinopyroxene REE chemistries of a very well equilibrated suite of
garnet lherzolites from the A154 kimberlite pipe at the Diavik Diamond Mine in the Canadian Slave
Craton. We show that the distribution coefficients of the REE between garnet and clinopyroxene
(DREE

ga/cpx) vary as functions of equilibration temperature (T) and mineral compositional parameters.

We used the Diavik data to statistically parameterise the relationship between DREE
ga/cpx and T, garnet

Ca contents and clinopyroxene Na contents. We then applied our paramaterisation to new garnet
lherzolites from the Udachnaya East kimberlite in the Siberian Craton and demonstrated that different
degrees of metasomatism or types of metasomatic agents are unnecessary to explain the observed
garnet REE chemistry. The observed variation from sinusoidal to normal garnet REE patterns is a
consequence of variations in equilibration temperature and mineral compositional parameters. Hence,
garnet REE contents in lherzolite do not necessarily faithfully record compositional information relating to
metasomatic agents, which may have interacted with the garnet.



Figure 1. Figure One: Microprobe maps of a 20 μm quartz
crystal from the El Indio copper-gold deposit in Chile. The
maps show zonation of aluminium (Al) and potassium (K).
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High sulfidation gold deposits are found in volcanic
settings and are associated with intense acidic
alteration. The dominant paradigm suggests that these
deposits form in low temperature environments near
the Earth’s surface. However, recent textural studies of
ore minerals have shown that these deposits are more
likely to form from high-temperature volcanic gases
deep beneath the volcano.

To test this new model, we have pioneered the use of
in situ oxygen isotope analyses in quartz using SHRIMP
II at the Australian National University. Oxygen
isotopes tell us valuable information about the
processes that occur during the formation of a quartz
crystal. This includes the temperature at the time of
crystallisation as well as fractionation effects from
water to vapour.

Quartz crystals from high sulfidation gold deposits
contain intricate zoning. We identify these zones by mapping the distribution of trace elements such as
aluminium (Al) and potassium (K) using the Electron Microprobe (See Figure 1). The benefit of using in
situ isotope analysis is that we can target specific zones in the quartz using a 20 μm ion beam.

Preliminary results show distinct zones of exceptionally heavy oxygen, confirming that high sulfidation
ore deposits precipitate from magmatic vapour in a high-temperature setting.



Figure 1. Compilation of different Rb decay constant
determinations since publication of the recommended values
(i.e., λ87Rb = 1.42 ×10-11yr-1) by the Subcommision for
Geochronology in 1977 (light grey shaded area). The black
dotted arrows show two recalculated values for λ87Rb from
Begemann et al. (2001). The average λ87Rb suggested in
this study is indicated by the dark grey shaded area and

represents the weighted mean of the Klokken, Bolgokthokh,
and Phalarborwa results.
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The absolute age of rocks and the events they formed
in can be determined by the radiogenic ingrowth of
daughter isotopes from radioactive decay of parental
nuclides. One of the most popular dating tools is the
Rb-Sr technique, where Rb-87 decays to Sr-87 with a
half life of ~50 billion years.

Rb-Sr dating can be used to date events ranging back
to the start of the solar system to the most recent
events in Earth’s history. It is one of the most widely used geochronometers for obtaining ages and
cooling rates of terrestrial magmatic, metamorphic, and hydrothermal events, including ore deposition. It
has further been extensively applied to date extraterrestrial, early solar system events. The accuracy of
Rb-Sr ages, however, strongly depends on the accuracy of the 87Rb decay constant (λ87Rb). By using
MC-ICP-MS for Rb isotope analyses [1], we determined λ87Rb relative to the decay constants of 235U
and 238U by comparing Rb-Sr ages of minerals with U-Pb ages obtained from the same intrusion.

Comparison of U-Pb emplacement ages with high-precision Rb-Sr mineral ages from three rapidly cooled
igneous rocks covering an age range of ca. 2.5 Ga yields an unweighted mean λ87Rb of 1.393 ±0.004
×10-11yr-1 (i.e., ±0.3%), corresponding to an exact half-life of 49.76 ×109 years [2]. This decay
constant is 2% lower than the presently recommended value. As such, many previously published ages
are also 2% too young and the resulting geologic interpretations may need revision.
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Figure 1. Optical micrographs of CuZrTiO5. (a) showing good

cleavage, (b) same grain in crossed polars, showing
birefringence, (c) and (d) a different grain demonstrating

pleochroism.

Figure 2. Coordination polyhedra of cations in CuZrTiO5,

drawn to scale. The longer bond distances are indicated for
the 4+2 and 7+1 polyhedra of Cu and Zr respectively.
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While using CuO as a flux for experimental work on
the ZrO2-TiO2 system, an unexpected strongly
pleochroic green reaction by-product was obtained in
experiments run over the narrow temperature interval
of 995-1010oC. Analysis showed this to be a new
chemical compound, CuZrTiO5, the first known ternary
oxide in the Cu-Zr-Ti-O system. Pure samples were
synthesised in a muffle furnace at 1000oC from
stoichiometric mixes of the component oxides, and
eventually crystals were obtained of sufficient size (50
- 100 μm) and quality for structure determination by
single-crystal X-ray diffraction (Fig. 1).

The crystal structure refined to R (F2 > 2σ(F2))=0.032
and was found to be orthorhombic, a = 3.5871(3) Å, b
= 6.6968(4) Å, c = 14.6679(9) Å, V = 352.35(4) Å3, Z
= 4, in the unusual acentric space group P212121. A
search of the Inorganic Crystal Structure Database
revealed no known isostructural phases. However, the
structure is closely related to that of In2TiO5 and
In2VO5.  These compounds are also orthorhombic with
similar cell dimensions, but have the centrosymmetric
space group Pmnb (in the axial setting corresponding
to ours for CuZrTiO5). The main difference between
structures is that all atoms lie on the mirror plane in
the In compounds, while they are displaced off the
corresponding plane in the Cu-Zr compound. This leads
to changes in the coordination polyhedra of the
cations: while all cations are octahedrally coordinated
in the In compounds, the Zr position in CuZrTiO5 has
two oxygens approach more closely to give it 7+1
coordination, and the Cu position has two oxygens
withdrawn to give it the nearly square-planar,
elongated-octahedral coordination polyhedron typical of
Jahn-Teller distorted Cu2+ (Fig. 2).

The structure can be described as zigzag chains of
edge-sharing TiO6 octahedra running || a, alternating
with parallel zigzag chains of ZrO7+1 to define (001)
structural layers, which are parallel to the good
cleavage of the crystal. Between these layers and
cross-linking them, zigzag chains of CuO4+2 distorted
octahedra run || b (Fig. 3).

Consideration of a hypothetical centrosymmetric
CuZrTiO5 with atoms moved back onto mirror planes reveals that the displacements away from the
mirror are necessary in order to give the Cu ion its preferred environment of four short equatorial Cu-O
(1.915 - 2.029 Å)and two long axial Cu-O bonds (2.565 - 2.591 Å), since the mirror plane would



otherwise require equality between a long and a short bond. Since the Jahn-Teller effect is a breaking of
degeneracy of eg atomic orbitals, it does not intrinsically break local inversion symmetry. Hence, its
ability to force the loss of centrosymmetry in the structure as a whole is novel.

Reference:
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Figure 3. Polyhedral diagrams of the CuZrTiO5 structure, viewed down a and b directions. Dense (001) layers made up of chains of edge-

sharing TiO6 polyhedra alternate with chains of ZrO8 running parallel to a. These layers in turn are cross-linked by chains of Cu

polyhedra running parallel to b.



Figure 1. Schematic phase diagram of the ZrO2-TiO2-SiO2
triangle.   

Figure 2. Isopleths of Zr in rutile coexisiting with zircon and
quartz or coesite, after Tomkins et al. (2007).  
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The zirconium content of rutile is strongly dependent
on temperature, but also on the associated phases in
the Zr-Ti-Si-O subsystem (Fig. 1). If the Zr content is
buffered by other phases, most likely zircon and
quartz, then it is a valuable geothermometer. This is
especially so given that while Zr is incorporated into
rutile during growth via the simple isovalent
substitution of Zr4+ for Ti4+, subsequent loss of Zr is
impeded if the rutile is enclosed by a phase such as
garnet in which Zr is only accommodated by complex,
coupled multisite substitutions, leading to a very high
blocking temperature.

The larger size of Zr4+ relative to Ti4+ leads to a
significantly larger calculated molar volume for the
ZrO2,Rtl end member (22.52 cm3/mol as opposed to

18.80 cm3/mol for TiO2,Rtl) and a strongly positive ΔV

of +5.94 cm3/mol for the reaction ZrSiO4,Zrc → ZrO2,Rtl +SiO2,Qtz. From this, we would predict a

decrease in activity of ZrO2,Rtl by a factor of about 2 for every 1 GPa increase in pressure at 600oC. The
experimental study over 1 bar - 3 GPa by Tomkins et al. (2007) verified this pressure dependence, and
calibrated it along with the temperature dependence (Fig. 2). Thus, failing to incorporate the pressure
effect into the thermometer leads to a temperature error of about 40oC per GPa, and the earlier
thermometers of Zack et al. (2004), Watson et al. (2006) and Ferry and Watson (2007), which assume a
pressure of about 1 GPa,  will systematically underestimate temperature for UHP rocks that equilibrated
at pressures near the quartz-coesite transition.

We have studied a range of eclogites from the western Tianshan, north Qiadam and north Qilian regions
of western China (Fig. 3), representing both continental (Tianshan) and oceanic (others) subduction zone
settings and a range of peak temperatures and pressures. The P-T conditions for these rocks were all
well characterised by other methods, and the garnets contained rutile inclusions large enough for Zr
analysis by laser ablation ICP-MS. Application of the Tomkins et al. thermometer gave temperatures that
were within 30oC + 1σ of those obtained using thermometers not based on Zr (Fig. 4), while the other
Zr-in-rutile thermometers showed the expected discrepancies.

We further note that:

(i) In the north Dulan sample, rutiles included in garnet that were large enough for more than one laser
spot analysis per grain showed some zonation, with Zr decreasing towards the rim. This indicates that
the rutile was not completely homogenised at peak, and some information prograde is retained.

(ii) Rutiles from near garnet cores had higher Zr than those from nearer the garnet rim. This observation
and (i) are consistent with garnet growth along a trajectory with a P-T slope steeper than the Zr
isopleths. Both zonation patterns are shown in Fig. 5.

(iii) In several samples, rutiles that were not included in garnet, in conjunction with T estimates from
their local assemblages, gave lower pressures consistent with the retrogression path.

Hence, the Zr-in-rutile thermometer, properly corrected for pressure, can provide information about the



full prograde-peak-retrograde path for UHP rocks if some rutiles are included in a Zr-blocking phase such
as garnet.
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Figure 3. Sample locations for this study.  



Figure 4. P-T estimates for the rutiles of this study. Inset key shows literature estimates, using the same colour coding as the locality
map above.  



Figure 5. Sketch of distribution of rutile Zr contents in a garnet porphyroblast from north Dulan. Insert shows micrograph of one of the
larger rutiles and Zr zonation within rutile. Finewhite lamellae are late ilmenite exsolution.



Figure 1. Rare earth element (REE) patterns for some of the
garnets from the Wesselton Kimberlite, the two different

patterns indicate multiple metasomatic events.
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We are investigating the relationships between
metasomatic enrichment processes and changes in
redox conditions in the cratonic lithosphere.  Analysis
of a suite of garnet peridotite xenoliths from the
Wesselton kimberlite pipe in South Africa has been
performed using the electron microprobe for major
elements and laser ablation – inductively coupled
plasma – mass spectrometry (LA-ICP-MS) for trace
elements. Lherzolitic and harzburgitic garnets are
present with Cr-pyrope garnet being the dominant
type; other phases present include Cr-spinel, Cr-
diopside, orthopyroxene and olivine.

 

Rare earth element patterns indicate that two different metasomatic events may have affected the
Wesselton kimberlite (Figure 1). The ‘sinusoidal’ patterns correspond to harzburgitic (low CaO/Cr2O3)
garnets whilst the ‘normal’ patterns are observed for lherzolitic (higher CaO/Cr2O3) garnets. Cr-rich
clinopyroxene (diopside) was found in association with most of the lherzolitic garnet samples.
Symplectitic alteration rims are also present on most of the garnets.

 

One garnet sample (KBD12-GT4) was found to have a harzburgitic core and a lherzolitic rim with the
concentrations of Mg, Fe, Ca, Ti, and Cr all changing; the distribution of Mg, Fe and Ca was mapped
using the electron microprobe (Figure 2). This suggests that a harzburgitic precursor lithology was
metasomatised to lherzolite by a Ca-enriched agent, as previously suggested by Griffin et al. (1999).
Microprobe data suggests that the rim is relatively enriched in Fe3+ compared with the core, consistent
with oxidation during metasomatism, as was previously observed by McCammon et al (2001).

 

Further work will be performed on this sample, including Fe K-edge X-ray Absorption Near-Edge
Structure (XANES) spectroscopy, a synchrotron based technique to determine Fe3+/·Fe (Berry et al.
2010) and to map the Fe3+ distribution across the grain, as well as trace element mapping. Initial Ni in
garnet geothermobarometry (Canil 1994; Ryan et al. 1996) indicates that the outer rim formed at a
higher temperature than the core whilst the XANES measurements will help establish the change in
oxygen fugacity (fO2) during metasomatism.



Figure 2. Ca X-ray map of garnet KBD12-GT4 produced using the electron microprobe at a resolution of 2µm. Th black circles are laser
ablation pits, the background is mainly olivine.



Figure 1. Mg-number vs age for Archean granitoids, including
tonalite^trondhjemite^granodiorites (TTG), ‘parental’
sanukitoids with Mg-numbers 40·58, and ‘derivative’
sanukitoid suite granitoids formed by crystallization

differentiation of ‘parental’ sanukitoids.

Figure 2. Backscattered-electron photomicrograph of
experimental phase assemblage at 3.5 GPa, 1200°C, showing

\\\"mantle-hybridized\\\" TTG melt (\\\"sanukitoid\\\")
coexisting with garnet-websterite reaction residue

(opx=orthopyroxene; cpx=clinopyroxene).
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Despite indirect evidence for the presence of
continental crust on the Earth at ~4·2-4·4 Ga (e.g.,
Hadean zircons), no granitoid rocks older than ~4·0 Ga
survive, and so the question of when and how Earth’s
first true continents formed remains a matter for
continued speculation and debate. Archean cratons,
the nuclei for the continents, have been attached to
deep roots or ‘keels’ in the cratonic lithosphere since
their initial formation more than 3·0 Ga ago. The
physical and temporal juxtaposition of the oldest
preserved granitoid rocks with old, cold roots extend-
ing deep into the underlying subcratonic lithospheric
mantle (SCLM) implies a coeval evolutionary history;
preservation of this oldest continental crust may in fact
be contingent upon the development of these deep
roots in the cratonic lithosphere. Understanding the
genetic relationship between Archean continental crust
and the SCLM may therefore be crucial to
understanding how physically and chemically stable
continental nuclei (cratons) formed on Earth.

The vast majority of continental crust of early to mid-
Archean ago (~3·8-3·0 Ga) is composed of granitoids
of the TTG (trondhjemite-tonalite-granodiorite) suite of
plutonic rocks.  A number of experimental studies have
shown that the chemical compositions of TTG
granitoids are consistent with an origin by low to
moderate degrees of dehydration melting of garnet-
bearing metabasalt (garnet amphibolite-eclogite).  A survey of all Archean granitoids in terms of a simple
geochemical parameter, the Mg-number (defined as the molar ratio of [Mg/(Mg + Fe)], which in the
present context reflects the extent of direct mantle contributions to granitoid petrogenesis), shows that
Archean granitoids with Mg-numbers greater than ~0·50 are relatively rare in the rock record prior to
~3·5 Ga, but become increasingly more common between 3·5 and 3·0 Ga (Fig. 1). By 3·0 Ga, late- to
post-tectonic granitoids of the sanukitoid suite (Shirey & Hanson, 1984; Stern & Hanson, 1991), with
Mg-numbers of ~0·55 and above, have become prevalent. The compositional transition in granitoid
magmatism c. 3·0 Ga represents the establishment of a clear genetic link between rocks of the silica-
rich continental crust and ultra-mafic rocks of the SCLM. In this study, this relationship is considered
from two perspectives: first, the nature of the reaction between TTG liquids and peridotitic (cratonic)
mantle and its effect on the composition of the hybridized melt; second, the role of TTG melts as
metasomatic agents within the cratonic lithosphere. Our focus is on reactions between TTG-sanukitoid
melts and mantle peridotite in the juvenile root zones of a maturing Archean craton.

A series of multi-anvil experiments were conducted at 3-4 GPa in which "pristine" TTG melts react with
mantle peridotite over a range of pressure, temperature, and melt:rock (TTG:peridotite) ratios.  The
resulting "mantle-hybridized" melts and residual crystalline reaction assemblages have been fully
characterized for major- and trace-elements using electron probe microanalysis (EPMA) and laser-
ablation ICP-MS, respectively.  Our experimental results demonstrate that liquids similar to typically late-
to post-tectonic sanukitoid intrusions can form by hybridization of initial TTG melts by assimilation of
olivine-bearing peridotite, and that these primitive granitoid melts are in equilibrium with reaction
residues consisting of olivine-free garnet websterite or garnet pyroxenite (Fig. 2). The experimental melts
retain the distinctive trace element signature of TTGs, overprinted by a ‘primitive’ mantle signature (i.e.



high Mg-number, elevated Cr and Ni abundances), whereas the various phases of the crystalline residues
acquire trace element signatures reflecting equilibration with Mg-rich granitoid melts. At low melt:rock
ratios, metasomatism by TTG melts may be responsible for the silica enrichment and high modal
orthopyroxene content of some cratonic peridotites and cryptic trace element overprints in garnet,
clinopyroxene, and orthopyroxene. Our results demonstrate that the lithospheric keel of Archean cratons
represents the product of reaction betweenTTG melts and previously depleted mantle peri- dotite at
relatively low melt:rock ratios, as evidenced by the trace element signature in garnet pyroxenite and
orthopyroxene-enriched garnet peridotite xenoliths, whereas Late Archean sanukitoids repre- sent the
products of these same reactions at relatively high melt:rock ratios.

Journal Article:
http://petrology.oxfordjournals.org/cgi/reprint/51/6/1237.pdf

http://petrology.oxfordjournals.org/cgi/reprint/51/6/1237.pdf
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Rubidium isotopes constrain the Earth’s
volatile budget and its Pb isotope
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In a model with a C1-meteorite composition of the bulk Earth, the bulk silicate Earth (BSE) exhibits a
substantial deficit in volatile elements. This deficit is considered to be the cause of volatile loss of a
Proto-Earth in an early stage of our planet’s evolution, possibly related to a putative Moon-forming Giant
impact. This interpretation is predominantly based on observations of progressive volatile depletion trend
of the BSE relative to C1 chondrites with decreasing half-condensation temperatures of the elements.
This trend is often referred to as the Earth’s volatile depletion trend. A complication of a simple volatile
depletion is further introduced by the siderophile and chalcophile behaviour of some volatile elements
such that a volatile-loss from the Earth in the aftermath of core formation was accompanied by previous
core storage of these elements. As a consequence, absolute constraints on the timing and degree of
volatile loss remain elusive. A prominent example for this complication is the Pb deficit of the BSE, where
the timing and degree of Pb depletion strongly influences absolute age information on the Earth obtained
from the U-Th-Pb isotope decay system. 

An ultimate test for volatile depletion in a high energetic event is the analyses of isotope distributions of
elements that are lithophile and moderately volatile, making them independent to core formation but
susceptible for evaporation during planetary collisions. High energy impact events can be considered to
have caused substantial isotope fractionation, which acts as a ‘smoking gun’ for one or more giant
impacts that were accompanied by volatile loss. In order to test the volatile-loss theory and to constrain
the Pb isotope evolution of the early Earth, we analysed the Rb isotope composition in primitive
meteorites. Rubidium is a semi-volatile element that was not affected by core formation and has a half
condensation temperature that is close to that of Pb. The Rb isotope composition of 17 primitive
meteorites was analysed by MC-ICP-MS using Zr and standard-sample bracketing for mass bias
correction, yielding a reproducibility of ±0.2 per mill on the 87Rb/85Rb. Small variations in the stable
isotope composition of Rb between the analysed early solar system objects and the Earth in the order of
1 per mill are far too small to account for impact driven volatile loss, and argue for a pre-accretionary
volatile depletion history. It is suggested here that the Earth was accreted from almost volatile free
material  with a later gain of volatiles prior to a Moon forming event. Mass balancing with a 90%
depleted Proto-Earth (Wänke & Dreibus, 1988) and gain of ~10% C1-like material at a time after core-
mantle equilibrium was achieved can account for the Rb isotope distribution and abundance in the
present day BSE. In analogue, the Pb concentration of the BSE requires an additional Pb depletion event,
probably by protracted core formation in the aftermath of a Giant impact (Wood & Halliday, 2005, 2010).
This model is consistent with the Pb isotope evolution of the BSE with a final µ=9 and places the
secondary Pb loss event at ~110 Myrs after start of the solar system.
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Figure 1. Figure 1: Representative Fe K-edge XANES spectra,
recorded at the Australian National Beamline Facility, Photon
Factory, Tsukuba, Japan. These spectra are mostly from a

series of synthetic garnets with Fe3+/·Fe increasing from b
to j. Spectrum a was taken from a natural mantle garnet.
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The synchrotron-based spectroscopic technique X-ray
Absorption Near Edge Structure (XANES) spectroscopy
has been applied previously to the determination of
abundances of elements present in multiple oxidation
states in natural volcanic glasses and in some
minerals. We have developed a new empirical Fe K-
edge XANES technique specifically for determining
Fe3+/·Fe in mantle garnets. Our technique uses the
intensity ratios of certain spectral features for a series
of natural garnet standards (with Fe3+ abundance
previously determined from Mössbauer Spectroscopy).
Fe3+ determinations can be made with precision
similar to that of the standard technique Mössbauer
Spectroscopy.

 

The main previous technique is Mössbauer Spectroscopy. This is essentially a bulk technique with no or
poor spatial resolution and data acquisition times of days to weeks. The principle advantages of the new
XANES technique over Mössbauer Spectroscopy or other techniques are that measurements can be made
in air, on a polished section, with better than 3 µm spatial resolution, with acquisition time of a few
minutes and with the possibility of grain scale Fe3+ mapping.

 

Fe is the most common element in the Earth that exhibits a variable oxidation state, occurring as both
Fe2+ and Fe3+ in minerals and melts.  The Fe3+/·Fe ratio of geological samples can be used as an
indicator of the redox conditions (oxygen fugacity = ƒO2) at which the samples equilibrated.  Knowledge
of lithospheric redox conditions is extremely important as ƒO2 controls the speciation of CHO-fluids,
which in turn can profoundly influence the nature of partial melting of the mantle, and other processes.
In addition, ƒO2 is an important control on diamond stability relative to carbonate.

 

Garnet peridotite is the dominant rock-type in the cratonic lithosphere, the relatively cold and brittle
upper mantle beneath ancient stable regions of continental crust. It can be accessed because fragments
of lithospheric material (xenoliths) are occasionally accidentally entrained in and transported to the
surface by deep-seated magmas such as kimberlites. Garnets in peridotite xenoliths contain Fe in both
oxidation states and their Fe3+/·Fe ratios record the fO2 in the lithosphere.   In conjunction with
determinations of pressure and temperature of origin of the rocks using calibrated mineral
geothermometers and geobarometers, this allows the mantle’s ƒO2 to be profiled as a function of depth.
For depths >150km, corresponding to pressures greater than the graphite to diamond transition, the
mantle’s fO2 is sufficiently reduced for diamond to be stable.  However, post diamond formation
metasomatic enrichment processes may impose significantly higher fO2s leading to diamond breakdown
or resorption. Because kimberlites sample potentially diamondiferous lithosphere, and transport diamonds



to the surface, this new technique may have important applications in diamond exploration and targeting
of particular kimberlites for expensive bulk sampling to determine diamond grade.

Figure 2. Figure 2: Photomicrograph of a thin section of a garnet lherzolite xenolith from a kimberlite at the Diavik Diamond Mine,
northern Canada. The xenolith is about 5 cm across. Redox conditions in the lithosphere represented by this sample are recorded by the

Fe3+/·Fe ration of the pink garnets.



Figure 1. White micas from the footwall (A, B and C) and the
hanging wall (D) of the fault. Note the difference in grain
boundary shape and absence of fine grained micas in the

hanging wall sample. Picture widths: A, B and D = 0.33 mm;
C = 0.66 mm.

Figure 2. Recorded apparent age spectra from the Forcola
fault in the Central European Alps (left) and modelling

results from MacArgon software's MacSpectrometer (right)
with the best fit parameters for fault depth (i.e. depth of
hanging wall sample) and ambient geothermal gradient.

Figure 3. Temperature time path for the best fit model from
a new release of the MacArgon software. Time path

commences at the oldest age recorded in the hanging wall,
fault movement for this model is set to be instantaneous at
the main age recorded in the footwall, exhumation starts at

the youngest age recorded in the footwall.

White mica 40Ar/39Ar data - the key to the
thermal evolution of faults
Clemens Augenstein, Marnie Forster and Gordon Lister

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

A new method has been developed and applied for
deriving not only time constraints but also other
physical properties of an extensional fault in the
Central European Alps from high quality white mica
40Ar/39Ar data.

Extensional structures, such as low angle detachment
faults or high angle normal faults, are responsible for
major changes to the thermal structure of the affected
lithosphere. This is mainly caused by the exhumation
of hotter rocks from lower parts of the crust and its
juxtaposition against cooler rocks from the upper crust
and/or melt formation initiated by a pressure drop
during extension related crustal thinning and
subsequent melt migration through the crust. Timing,
duration and extent of these thermal disturbances is of
major importance for the reconstruction of any
geological system that involves extensional episodes
during its evolution.

High quality 40Ar/39Ar data was gained in the argon
laboratory of the RSES from different microstructurally
controlled white mica samples (Figure 1) that were
collected next to (<50 m) the fault line of the Forcola
fault in the Central European Alps. This data was used
to model the thermal history of the samples and with
it the thermal evolution of the fault. The latest release
of the MacArgon software

(http://rses.anu.edu.au/tectonics/programs/MacArgon/index.php) was utilised to reconstruct a
temperature-time path for rocks from the fault's hanging- and footwall, starting before presumed fault



activity and ending with the joint exhumation of hanging- and footwall (Figure 2 & 3).

Modelling results show that high quality white mica 40Ar/39Ar data can be used to determine parameters
such as timing of fault activity, fault depth and ambient geothermal gradient. Experiments with different
argon diffusion parameters for white mica (Figure 4) resulted in only minor variations in the derived fault
parameters (2 ºC difference in ambient geothermal gradient and 0.2 kbar difference in fault depth).
These small variations between results gained with published white mica diffusion parameters (Harrison
et al., 2009) and diffusion parameters deduced directly from our 40Ar/39Ar data (after principles
described by Forster and Lister, 2010) emphasise the reliability and practicability of this new method.
Hence, 40Ar/39Ar data from white mica provides not only time constraints for cooling or recrystallisation
events, but can, combined with diffusion modelling, high quality furnace step heating and detailed
microstructural work, also help in resolving complex thermal events as they occur in (syn-orogenic)
extensional systems.

The next step of our research will be focused on investigating the effects of multi-domain diffusion on
the gained results and on the improvement of the relatively simple model for fault activity.
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Figure 4. Comparison of results gained with different diffusion parameters and different diffusion domain geometries. Please note the small
variation in modelled fault depth (kbar) and ambient geothermal gradient despite the changes in diffusion parameters.



Figure 1. Inferred location of the New Britain subduction zone
from 8 Ma to Present created with the Pplates application.

Subduction zone location for distinct times is indicated by the
blue, yellow, green, red and pink lines, with numbers

indicating time in Ma. The model depicted here is referenced
within the Pacific hotspot frame of Wessel et al. (2006).

Geodynamics of the New Britain Trench
Tomas O'Kane1, Simon Richards 2, Gordon Lister1,
Marie-Aude Bonnardot 3 and Louis Gauthier 4

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 School of Earth and Environmental Sciences, James
Cook University, Townsville, 4811, Australia
3 FrOGTech Pty Ltd, Canberra, 0200, Australia
4 Barrick Gold of Australia Limited, Perth, 6000,
Australia

We have utilised the Pplates application (written by the
Structure/Tectonics team at RSES) to develop an
updated tectonic model and plate motion database for
the Melanesian region. We have used published
kinematic data in conjunction with constraints provided
by the extent of seismic activity associated with
subducted lithosphere. This model is analysed within various reference frames in an attempt to constrain
the elaborate interplay between the numerous microplates that characterise the region. We also consider
how the kinematics of the region has influenced subduction hinge migration, development, and the
subsequent morphology of subducted lithosphere.

We propose that the evolution of the New Britain Trench is one characterised by trench advance, which
in turn implies that subduction at the North Solomon Trench is likely to have operated under trench
retreat. The currently observed retreat at the New Britain Trench has only recently commenced,
concurrent with arc-continent collision in New Guinea and the initiation of collision between the Ontong
Java Plateau and the Solomon Islands Arc. Such trench dynamics appear to be reflected in the structural
evolution of associated subducted lithosphere, an observation most apparent in the spatiotemporal
correlation between New Britain Trench advance and the high slab dips exhibited by subducted Solomon
Sea lithosphere.

Home page for the Structure Tectonics Team
http://rses.anu.edu.au/tectonics/

http://rses.anu.edu.au/tectonics/


Figure 1. A sequence of snapshots of the early rifting and
eventual break up of the Australian and Antarctic plates. The

amount of deformation looks negligible at this scale.
However, this deformation modifies the shape and extent of

the Australian continental-oceanic boundary (COB). This
modification is relevant to previously published rigid plate
reconstructions that try to fit the outline of the continents

together.

A deformable tectonic reconstruction of
Australia's Southern Margin
Lloyd White1, Gordon Lister1, Sam Hart1, Jennifer
Totterdell2 and Andrew Stacey2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Petroleum and Marine Division, Geoscience Australia,
Symonston, ACT, Australia

Until recently, tectonic reconstructions have been
limited by (1) the assumption that tectonic plates do
not deform, or (2) the inability of software packages
to simulate deformation. The assumption that plates
do not deform is based on the earliest ideas about
plate tectonics. This assumption has led workers
dealing with plate tectonic reconstructions to introduce
new micro-plates to explain the inconsistencies
observed in different place circuits (e.g. the Somalian
plate). However, we now know from GPS and
geophysical datasets that both the oceanic and
continental crust deform. Therefore, tectonic
reconstructions must begin to address this point,
without the need to invoke more and more micro-
plates to resolve inconsistencies in rigid plate circuits.

Up until recently there was no tectonic reconstruction
software available to simulate plate deformation.
However, the Pplates application (written by the
Structure/Tectonics team at RSES) addresses this
issue. Pplates is a freeware tectonic reconstruction
package that allows geologists to build both classical
(rigid) plate reconstructions as well as deformable
plate reconstructions. To do this, the software uses
one or several meshes to move data back and forth in
time. Each of these meshes can be deformed in order
to simulate deformation of the crust.

Pplates was therefore used to build a deformable
reconstruction of the sedimentary basins along
Australia’s southern margin, as Gondwana
supercontinent fractured into the Australian and
Antarctic plates (see an animation of this by clicking
on the link below). This reconstruction shows that
some of the misfits between the Australian and
Antarctic plates that are predicted in traditional rigid-
plate reconstructions can be reduced after accounting
for crustal extension (Figure 1). The ability to simulate
extensional deformation associated with continental
break-up has implications for both global tectonic
reconstructions as well as reconstructions of individual
sedimentary basins.

An animation of the reconstruction of Australia's
southern margin
http://rses.anu.edu.au/tectonics/projects/p-plates/examples/Aus-Ant/

http://rses.anu.edu.au/tectonics/projects/p-plates/examples/Aus-Ant/


Figure 1. A) Tectonic extrusion model. B) Overlapping
paleolatitudes for the cratonic promontory of central New

Guinea (Early Carboniferous) and the western Central Asian
Orogenic Belt (Devonian-Carboniferous). C) Approximate
duration of the Kiaman (Permo-Carboniferous Reverse

Superchron). D) Outline of “compression box” containing
Alice Springs Orogeny-related compressional deformation. E)
Lithospheric magnetic anomaly pattern at 400 km altitude
(Sabaka et al. 2004). F) Long wavelength component of
aeromagnetic anomaly map (Milligan & Franklin 2004,

courtesy Peter Milligan [Geoscience Australia] 2008). G)
Carboniferous pole path for the Southern New England

Orogen (SNEO), corrected for 500 km northward
displacement relative to the Australian craton leading to the
Texas and Coffs Harbour Oroclines. L2= apex (~330 Ma) of
pole path loop related to Australia-Asia collision. L3= apex
(~305) of loop related to onset of sinistral shear between
Gondwana and Laurasia. G) Compilation of reinterpreted
Paleozoic primary (green) and overprint (red) poles for

locations within the “compression box”, with polarity (N, R,
M-mixed) indicated. Primary pole path segments are
indicated for Ordovician to Devonian and for Permian.

Carboniferous primary poles seem lacking. The displacement-
corrected SNEO path has been transferred to the

“compression box” (cratonic) paths for tentative dating of
overprint poles. Interpreted overprint ages range from

Devonian to Permian. There is no clear separation between a
Devonian to Late Carboniferous range of poles related to
Australia-Asia collision and tectonic extrusion (L2), and a

Late Carboniferous-Permian range of poles related to onset
of sinistral shear within Pangea (L3). See previous annual

report contributions.

Pervasive remagnetisation of Australian
crust: Variscan tectonic extrusion
Chris Klootwijk

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

The Middle-Late Paleozoic pole path for Gondwana is
crucial for Pangea reconstructions, yet its shape is
enigmatic. Australian paleomagnetic poles feature
prominently in Gondwana pole paths. However, the
primary or overprint origin of poles for many
Australian Middle-Late Paleozoic rocks is disputed. This
has led to two opposing Middle-Late Paleozoic pole
paths for Australia. Most Australian paleomagnetists
tend to support the established SLP path over the
alternative KG path. The two pole path alternatives are
largely based on the same poles, but different
interpretations for the age of remanence acquisition,
primary or overprint, have widely different implications
for global reconstructions. The SLP path implies
persistence of a substantial latitudinal gap between
north-western Gondwana and southern Laurentia till
Late Carboniferous, whereas the KG path implies Early
Carboniferous convergence and collision of north-
eastern Gondwana with southern Laurasia. The former
implication contradicts geological evidence for Late
Devonian-Early Carboniferous tectonism in western
Pangea, whereas the latter implication questions
prevalent global reconstructions showing an eastward
open “Paleotethys” in eastern Pangea prior to Late
Carboniferous.

A solution to the controversy may come from a new
Carboniferous pole path for the Southern New England
Orogen (SNEO) (Fig. 1G). This path is based mainly on
ignimbritic volcanics. Their deuteric oxidation gives
them superior prospects over most lithologies to retain
a primary magnetisation under pervasive overprinting
conditions. The SNEO path conforms at large to the
Carboniferous segment of the KG path for cratonic
Australia and represents a substantial refinement. The
SNEO path details an extensive Early Carboniferous
northwards excursion that brought the central New
Guinean promontory of the Australian craton at
moderate northern paleolatitudes, overlapping with the
western Central Asian Orogenic Belt (CAOB) (Fig. 1B).
The excursion ends at the middle-late Visean, Sudetic,
peak of the Variscan Orogeny, just prior to the long
Kiaman interval of continuous reverse polarity of the
earth’s magnetic field (Fig.1C). Implications of the
northward excursion for Devonian-Carboniferous
convergence and collision of Australia with the CAOB,
confinement of collision-related deformation within a “compression box” behind the central New Guinean
promontory (Fig. 1D), and Alice Springs Orogeny-related tectonic extrusion (Fig.1A), have been
summarized in contributions to previous RSES Annual Reports (2008, 2009). The contributions describe
widespread Kiaman reverse polarity remagnetisation of Australian deeper crust as expressed in satellite
(Fig. 1E) and aeromagnetic (Fig.1F) maps. Collision-related tectonic extrusion ended at the start of the
Kiaman (Permo-Carboniferous Reverse Superchron, ~327-265 Ma), and tectonic extrusion-affected
deeper crust thus began to cool down at the start of a ~60 million year period of reverse polarity. This
led the deeper crust to acquire a reverse polarity remagnetisation component that characterises the
Larapintine Graben and the interior Tasman Orogenic System (Fig. 1E, F).



Tectonic extrusion-related pervasive remagnetisation was not restricted to deeper crustal levels. It also
affected the paleomagnetic signal of the uppermost crust, albeit over different time ranges. Tectonic
extrusion-related cooling progressed differently for lower and uppermost crust. Cooling of the deeper
crust below the Curie temperature of magnetic carriers, “freezing-in” remagnetisation, was delayed till
middle-late Visean ending of tectonic extrusion ended lower crustal advective heat transfer. In contrast,
low ambient temperatures at the crust-atmosphere boundary ensured that paleomagnetic overprinting
continued during tectonic extrusion and shortly thereafter. With this time duality in mind, paleomagnetic
data from Paleozoic rocks within the tectonic extrusion-affected compression box have been reinterpreted
in terms of primary or overprint origin, using the Carboniferous SNEO pole path segment (Fig. 1G) as a
guide. This has led to recognition of primary pole path segments for Cambrian to Devonian and for the
Permian (Fig. 1H), but not so for the Carboniferous that is lacking in primary poles. Instead a
Carboniferous segment, broadly reflecting the SNEO path, seems outlined roughly by a dispersed group
of overprint poles. Overprint ages of this group range more widely from Devonian to Permian. This may
reflect two successive phases of overprinting of different causes and with unclear separation. A first
phase of remagnetisation, related to tectonic extrusion, extended from Devonian up to middle-late
Visean, petering out in Late Carboniferous. A second, unrelated, phase of remagnetisation started with a
prominent latest Carboniferous (~305 Ma) change in Gondwana movement, leading to Permian-Triassic
reconfiguration of Pangea.

Recent insights in tectonic extrusion-related pervasive remagnetisation, progressing at different rates for
the lower and upper crust, have considerable implications for interpretation of lithospheric magnetic
anomalies, Australian and Gondwanan paleomagnetic poles paths, and Pangea reconstructions.

Contribution to RSES Annual Report 2008
http://rses.anu.edu.au/research/annrep/ar2008/visitors/index.php?p=klootwijk

Contribution to RSES Annual Report 2009 
http://rses.anu.edu.au/highlights/view.php?article=47

http://rses.anu.edu.au/research/annrep/ar2008/visitors/index.php?p=klootwijk
http://rses.anu.edu.au/highlights/view.php?article=47


Figure 1. Elemental map of a grain boundary between an
ilmenite inclusion and the surrounding garnet. This shows a

Mn diffusion profile in the garnet adjacent to the grain
boundary in sample DV06-21 from the staurolite zone of the

Barrovian metamorphic series, Scotland. 

Figure 2. Elemental concentration profiles showing the
distribution of elements close to an ilmenite boundary within
garnet for Fe, Mg, Al and Ca. The grain boundary is marked

with a dotted line in all plots.

Observations of element concentration
profiles surrounding ilmenite inclusions in
garnet from the Barrovian Metamorphic
series, Scotland
Iona R. Stenhouse

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

The garnet-ilmenite system has the possibility to be
utilised to determine timescales of thermal events
using diffusion modelling. The Cameca NanoSIMS 50 at
the Centre for Microscopy, Characterisation and
Analysis, University of Western Australia was used to
image the distribution of elements surrounding ilmenite
inclusions within garnet to determine if diffusional
features are evident. From previous computer
modelling of the system it is expected that there are
bimodal diffusion profiles preserved in the garnet
surrounding ilmenite inclusions, due to exchange of
elements during thermal events. Proof of this
phenomenon would be valuable in garnet diffusion
modelling techniques already used for determining
timescales of thermal events.

Two samples from the Barrovian metamorphic series,
Scotland were analysed that are from the staurolite
and sillimanite zones. Both samples showed diffusional
features in Al, Mg, Mn and Fe concentration profiles in garnet adjacent to ilmenite inclusions.

The results cleared up ambiguity associated with Ti concentration profiles that have been observed in
electron microprobe transects in garnet adjacent to ilmenite inclusions. These profiles have been
confused with diffusion profiles. However, Ti concentration profiles obtained from the NanoSIMS show no
Ti in the garnet. This is indicative of the Ti profiles seen in electron microprobe transects being analytical
artefacts, as previously suggested by Feenstra and Engi, (1998). In electron microprobe transects these
profiles can often be seen up to ~30μm from the grain boundary.

This study was successful in measuring diffusional features within garnet adjacent to ilmenite inclusions.
However, the bimodal profiles that were obtained from diffusion modelling of the system were not found.
What was found was a peak in Mn, Mg, Al and Fe in garnet adjacent to the ilmenite inclusion; a profile
for Mn can be seen in Figure 1 for sample DV06-21. Profiles obtained from image analysis software,
imagej, for Mg, Ca, Al and Fe can be seen in Figure 2.

These diffusional features observed in this study are important because ultimately they may lead to a
new method of determining the timescale over which metamorphism occurs which in turn allows for
determination of the source of heat. If modelled, the concentration profiles can be used to determine
timescales of Barrovian metamorphism in Scotland. The garnet-ilmenite system has not been previously
used in diffusion modelling however, the ability to treat it as a closed system and the strong dependence
of the systems partition coefficient on temperature makes it a useful model. The garnet-ilmenite system
can also be calibrated against other methods already in use such as major element in garnet diffusion
models. 

Feenstra, A., Engi, M. 1998, An experimental study of the Fe-Mn exchange between garnet and ilmenite.
Contributions to Mineralogy and Petrology, v. 131, p. 379-392.



Geodynamics of the 2010 Chilean Great Earthquake
Gordon Lister1, Marnie Forster1, Tomas O’Kane1, Robert Engdahl2, Hrvoje Tkalčić1 and Paul Tregoning1

1 Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Australia
2 Department of Physics, University of Colorado, Boulder CO 80309-0390, USA

The rupture that caused the 2010 Great Chilean Earthquake demarcates a distinct segment of the

Andean margin, transitional between the Pampas flat slab segment and the ruptured zone from the 1960

Great Earthquake. An investigation as to these two geometries was conducted using hypocentre data

from the various earthquake catalogues. Cross-sections illustrate significant differences between

subduction geometry in the region affected by the 1960 event in comparison to the subduction geometry

along the line of the Juan Fernández Ridge, through the Pampas flat slab segment. The northern cross-

section shows that the subduction zone dips relatively steeply down to ~100 km and then runs flat for

~200 km before the dip steepens and the slab plunges to greater depths. A relatively strong, and

relatively buoyant, chain of thick basalt accumulations is being subducted and rammed over by the

westward migrating South American lithosphere. The compression required by this “push-over” leads to a

relatively steeply dipping megathrust (~25°) in the west, and back-thrusting and east-directed reverse-

faulting at the eastern end of the compressed zone. The southern cross-section is marked by the trench-

lip normal faults that define the western extent of the continental crust and, by implication, the western

extent of the rupture from the Mw 9.6 1960 Great Earthquake. In contrast to the northern corsoss-

section the slab steepens smoothly with depth. The history of normal faulting implies that the over-riding

lithosphere is also being extended, and overall this segment may be subject to ~E-W horizontal

extension. This is consistent with the transtensional right-lateral Gastre fault zone that separates this

part of South America from the rest of the continent. In this case the 1960 event may have been a

“collapse-driven” megathrust, with a geometry that compares with that of the Andaman Sea segment of

the 2004 Great Sumatran Earthquake. If this is the case then the 2010 earthquake ruptured a zone that

marks a transition from “push from behind” over the Pampas flat slab segment to gravity driven collapse

of the southern margin driven by slab roll-back.

Home page for the Structure Tectonics Team
http://rses.anu.edu.au/tectonics/

http://rses.anu.edu.au/tectonics/


Figure 1. SRTM image of South America showing the geodynamic context of the 1960 and 2010 Great Chilean Earthquakes. PDE
hypocentre solutions from the Global CMT project are shown for earthquakes from 1976 until August 2010. Red dots show PDE solutions

for thrusts and reverse faults, while blue dots are for normal faults. The ruptured area from the Mw 9.6 1960 Great Earthquake is
delineated, and the segments affected by the 1985 and 2010 earthquakes. Note the steeply east dipping normal faults that bound the

subduction trench lip west of the 1960 rupture.
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Introduction 
 
The Research School of Earth Sciences includes substantial activities in geophysics. The main research 
themes are Geodynamics, Geodesy, Geophysical Fluid Dynamics, Mathematical Geophysics and 
Seismology. These span observational, theoretical, laboratory, computational and data oriented studies, 
all directed towards understanding the structure and physical processes in the earth’s interior, the crust 
or the earth’s fluid envelope. 
 
In 2010 Prof. B. Kennett was awarded the 2011 Flinders Medal, the highest award in the Physical 
Sciences, from the Australian Academy of Science. Prof M. Sambridge was elected a Fellow of the 
American Geophysical Union. Prof. Griffiths was elected an inaugural Fellow of the Australasian Fluid 
Mechanics Society and also delivered a plenary lecture to the American Physical Society. Prof. P. 
Cummins was awarded the Stillwell Award by the Geological Society of Australia. Dr. G. Davies was 
honoured upon his retirement with a special session at the Fall meeting of the American Geophysical 
Union. Dr. H. Tkalcic was awarded a JSPS Fellowship from the Japanese Government. Dr. G. Hughes 
was awarded a Future Fellowship for research in ocean dynamics and solar energy systems. During the 
year it was announced that Earth Physics will host the ANU node of the new ARC Centre of 
Excellence in Climate System Science, with Drs M. Roderick and A. Hogg as Chief investigators and 
Profs. R. Griffiths and G. Farqhuar (Research School of Biology) as Associate Investigators. 
 
RSES Earth Physics continues to take a major role in the National Cooperative Research Infrastructure 
Strategy (NCRIS): “Structure and Evolution of the Australian Continent”, which is managed through 
‘AuScope’. RSES hosts activities in Earth Imaging through support of portable instrumentation and 
transects, Geospatial with absolute and relative gravity measurements being made at several sites 
across Australia, and the investigations of crustal deformation continued through the analysis of GPS 
observations and space gravity analysis. The Terrawulf II cluster computer at RSES provides capability 
in geophysical inversion and the computation reduction of observational data. RSES also continues the 
management of the Warramunga Seismic and Infrasonic Research Station near Tennant Creek in the 
Northern Territory, as a primary station in the International Monitoring System for the Comprehensive 
Nuclear-Test-Ban Treaty Organisation. This year saw the awarding of a second phase of AuScope 
activities through the Federal Governments Education Infrastructure Fund (2011-2014). 
 
Seismology fieldwork in 2010 was undertaken primarily in New South Wales and Queensland. The 
WOMBAT transportable array experiment in southeast Australia, which began in 1998, now comprises 
12 separate subarrays of between 20 and 70 instruments each deployed for periods of between 6-12 
months. In 2010, the 53 station EAL2 array was deployed in central NSW, bringing the total number of 
WOMBAT station locations to over 550, making it one of the largest experiments of its type in the 
world. These passive arrays mainly detect signal from large distant earthquakes that take place in 
regions such as Indonesia, Fiji, New Zealand. This information can be used to image the structure of 
the crust and upper mantle using a variety of methods including seismic tomography, receiver 
functions and shear wave splitting. The background noise (or Earth's hum) can also be used to image 
the crust in high detail. Recent results from Tasmania show that the transition between the Eastern and 
Western Terranes is marked by a very distinct region of low Rayleigh wave group and phase velocity, 
which appears to correlate with elevated crustal heat flow and conductivity. On the mainland, 
teleseismic tomography results show evidence of the signatures of Palaeozoic orogenic events, as well 
as more recent tectonic activity associated with the break-up of Gondwana and the opening of the 
Tasman Sea. 
 
In the Mt. Isa region of Queensland, two 25 instrument short period arrays have been sequentially 
deployed as part of AuScope Earth Imaging. These arrays are designed to complement recent seismic 
reflection transect work undertaken in northern Queensland, and will help unravel the complex tectonic 
history of the Mt. Isa Inlier and surrounding regions. 
 
Data recorded by a temporary seismograph deployment was used to infer constraints on the state of 
crustal stress in the Flinders Ranges, one of the most intense concentrations of intraplate seismicity in 
the world. Earthquake first motion measurements show that the direction of principal stress is 
consistent with the E-W shortening inferred from geological observations of fault movement. 
 



Research into tsunami generation by megathrust earthquakes has highlighted the potential threat to 
Tonga's capital, Nuku’alofa, which lies on a low- lying peninsula facing the Tonga Trench and is home 
to 35,000 people, (~ 1/3 of Tonga’s population). It was shown that the challenge of modeling tsunami 
propagation over the shallow reef platform offshore Nuku'alofa can be met using high-precision 
bathymetry models derived from multispectral remote sensing data. In contrast to previous results, 
tsunami simulation using the new high-precision model shows that earthquakes commensurate with 
historical events along the Tonga Trench pose a serious threat to Nuku'alofa's population. 
 
In the area of deep earth studies a new model of inner core consisting of a conglomerate of anisotropic 
domains has been proposed to reconcile travel time and normal modes data. Work has continued on an 
automated real time regional seismic moment tensor inversion using full 3D structural models of the 
Australasian region. A collaboration with the ANU’s Research School of Information Sciences and 
Engineering has led to new java software IRFFM2 for interactive simultaneous modelling of receiver 
functions and surface wave dispersion. In the area of data processing and archiving, the new Seismic 
Data Centre (SDC), which facilitates user-friendly access to all current and past seismic data collected 
by RSES via a Java-based GUI and Seismomap Tool has now reached the final stage of development. 
About three-quarter of all digital data from past experiments has now been converted into continuous 
miniseed format accompanied by metadata files. 
 
In Geophysical Fluid Dynamics research has continued to tackle the dynamics of the Southern Ocean 
and of the global overturning circulation of the oceans. The forces balances and energy budget of the 
Antarctic Circumpolar Current have been examined using high resolution eddy-resolving 
computations. These studies have indicated that surface buoyancy forcing (heating/cooling at the ocean 
surface) play a greater role on the ACC than previously thought. Further experimental investigations of 
overturning circulation driven by surface buoyancy forcing have been carried out. Also completed are 
studies of the role of topographic sills between ocean basins and marginal seas in determining the 
density of abyssal ocean waters, and of the behaviour of circulation forced by a 'see-saw' oscillation of 
surface heat fluxes between hemispheres, and continuing a study of the adjustment of overturning 
circulation to changes in surface buoyancy forcing. An experimental investigation of the combined 
roles of mechanical mixing (due to energy from sources such as tides, winds or biological activity) and 
surface buoyancy forcing was commenced. 
 
In Mathematical Geophysics research has been directed to the study of nonlinear inverse problems 
and development of new ensemble based approaches for seismic imaging. In lithosphere dynamics 
attention has focused on the dynamics of the Indian plate over the past 10 Myrs. Recent reconstructions 
of the ocean-floor spreading allow identifying a peculiar counter-clockwise rotation of the Indian plate, 
resulting from accelerated convergence across the eastern India/Eurasia margin as opposed to the 
western end. Global models of mantle/lithosphere dynamics have been employed to link this plate 
motion change to the dynamic evolution of the Himalayan topography.  
 
Numerical models of mantle/lithosphere dynamics have been employed to explore the possibility that 
global plate tectonics carries a signature of the amount of heat transferred at the core-mantle boundary 
(CMB). Efforts have also been undertaken to explore the effect of lateral variations of mechanical 
coupling along the Andean convergent margin on the evolution of the trench morphology. 
 
Geodynamics research has focused on using temporal gravity changes from the GRACE mission, with 
progress made in the development of in-house software to account for gravitational variations 
independent of the hydrological cycle and glacial isostatic adjustment. These effects include ocean and 
atmospheric tides, planetary gravitational effects, satellite attitude control and manoeuvres and 
atmospheric pressure effects. In a study of comparisons between GRACE-derived hydrological 
changes and soil moisture models across the Great Artesian Basin they showed both strong agreement 
suggesting that the models are accurate and that the dominant geophysical process sensed by GRACE 
is related to soil moisture variations.  
 
The ongoing investigations into errors in GPS analysis have shown that some of the periodic variations 
remaining in GPS time series are related to the mismodelling of the solar radiation pressure forces 
acting on satellites. Work is continuing in collaboration with colleagues at MIT to improve the existing 
models and reduce the spurious signals. 
 



A new study in conjunction with Ecole Normale Superieure Cachan (Paris) derived a relation between 
Love loading number ratios and a spherical harmonic field that can be used to approximate the present-
day response of the Earth to melting events that occurred over 10,000 years ago. This relation is 
independent of both the rheological model for the Earth and the ice history model used. 
The gravity gPhones purchased in 2009 were deployed at Tennant Creek, Jabiru and Katherine and 
have operated normally for the required 6 month period. 
	  



AusMoho: A new Moho map of the Australian Continent
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The Moho is a seismological boundary that represents the base of the Earths crust. We present a new
Moho map of Australia estimated from the compilation of seismic receiver functions, tomography, seismic
reflection and refraction profiles. This map represents the current status of the AusMoho project, which
ultimately aims to image the Australia continental crust with a 50 km resolution.

The current Moho map includes over 5000 km of deep seismic reflection profiles and 400 data points
from permanent seismic stations, 3-component broadband and short period stations deployed over the
last 15 years and large-scale refraction profiles conducted in the last 35 years. Seismic data coverage of
the Australian continent has greatly increased over the last 10 years, doubling the number of data points
that were available for previous maps.

The new Moho map provides information about the present day large scale crustal structures that define
the geological provinces of Australia and will supply much needed constraints for use in tomographic
imaging of the Earth below. The most striking feature of the new Moho depth map is the short
wavelength transition from the thickest Proterozoic crust (>50 km) in central Australia to the thin crust
(~30 km) of Phanerozoic eastern Australia.

Figure 1. Moho depth data points from reflection and refraction data and receiver functions. The depths are averaged over 50 x 50 km
blocks and a surface is fitted through. Where there is no data within a 250 km radius the surface has not been plotted. Data points are

colour coded using the same depth scale as the plotted surface to highlight any differences. The regions of thickest crust are found in the
North Australia and Central Australia. The Moho extends to a depth of > 55 km depth where the Central Australia is sandwiched between
the North and South Australia. This is a region of Mesoproterozoic suturing and is characterized by crustal scale thrust faulting (Korsch et.

al 1998). A region of thicker Phanerozoic crust, in southeastern Australia coincides with the Lachlan Fold Belt.



Figure 1. Benford's law predictions for distributions of 1st
digits compared to three data sets. Columns represent

photon fluxes for 1452 bright objects identified by the Fermi
space telescope, depths of 248915 globally distributed

earthquakes in the period 1989-2009, and 987 reports of
infectious disease numbers to World Health Organization in

2007.

Benford's law of first digits: a universal
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More than 100 years ago it was predicted that the
distribution of first digits of real world observations
would not be uniform, but instead follow a trend where
measurements with lower first digit (1,2,...) occur
more frequently than those with higher first digits
(...,8,9). This idea was first described by an
astronomer, Simon Newcomb in 1881. Newcomb
noticed that the pages of logarithm tables were more
thumbed for low digits than higher ones. He argued
that this was because scientists had more need to look
up logs of real numbers with smaller first digit than
larger. He produced a mathematical formula predicting
the distribution of first digits. The result has long been regarded as a mere mathematical curiosity and
largely ignored across the sciences. It was rediscovered in 1938 by an engineer called Benford. Despite a
waning of interest the latter name is now associated with the first digit law.

Our new study shows that Benford's  first digit rule is a natural phenomenon which is likely to hold
universally. We test 15 sets of modern observations drawn from the fields of Physics, Astronomy,
Geophysics, Chemistry, Engineering and Mathematics, and show that Benford's law holds for them all.
The data sets used in our study consist of more than 750 000 values which vary over 19 orders of
magnitude and differ in origin, type and physical dimension. These include the rotation frequencies of
pulsars; green-house gas emissions, the masses of exoplanets; as well as numbers of infectious diseases
reported to the World Health Organization. 

Figure 1 shows predictions of the occurrence frequency of first digits according to Benford's Law together
with digit distributions of three of our data sets.  A particular focus of our study has been Earth Science
observations and here we have shown that the first digit rule applies to the strength as well as timing of
reversals of the Earth's geomagnetic field, seismic tomographic models of the Earth's elastic properties
and the depth distribution of Earthquakes.

Our results suggest that Benford's Law is a universal feature for data sets with sufficient dynamic range
raising the question of how it might be exploited. Use in a forensic mode, e.g. to detect fraud or
rounding errors, is possible by simply looking for departures in the frequencies of individual digits. There
have been previous applications of this type to detect fraud in financial data. A more intriguing question
is whether it can be used to detect signals in contrast to background noise, e.g. in time series data such
as seismic signals.

Figure 2 shows an example of how seismic energy from an earthquake follows Benford's law which
means that earthquakes can be automatically detected from just the first digit distribution of
displacement counts on a seismometer. Our study led to the first ever detection of an anomalous seismic
disturbance (assumed to be a small local Canberra earthquake) using first digit information alone.

We have also managed to extend the mathematical description of Benford's law to account for situations
where the range of observables is arbitrary. As awareness of this novel phenomenon grows across the
natural sciences we expect new applications will appear, one possibility is in checking the realism of
computer simulations of complex physical processes, such as in the climate or oceans. If the natural
processes are known to possess the first digit property then any computer simulation of that
phenomenon should do also. Another is in the detection of rounding errors or other anomalous signals in
data. We hope this work will encourage others to look at their digits more closely.





Figure 2. Lower panel. Seismogram of the Sumatra-Andaman earthquake recorded at seismic station NNA in Peru. The onset of seismic
waves is marked at time t2. Shading shows the 200-second sliding time-window in position t1 to t2. The earthquake signal enters the

moving time-window at t1. Central panel. Goodness of fit to Benford's law (as defined in the text) as a function of time. Upper panel.

Dynamic range as a function of time. b) Distribution of first digits for the 20-minute period before time t2 (left panel) and after time t2
(right panel) versus those predicted by Benford’s law (blue diamonds).



Figure 1. Cluster of earthquakes (black) located using coda
wave interferometry. Open circles illustrate scattered nature

of locations for neighbouring events when absolute travel
times are used.
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The majority of existing seismological techniques
ignore high frequency coda that result from scattering
and focus on early onset body waves to model
earthquake location and source properties. A recent
technique known as coda wave interferometry utilises
the cross correlation of coda waves to constrain changes in source properties between earthquake pairs.

Our work focuses on extending coda wave interferometry by designing mathematical frameworks and
practical algorithms which enable the use of coda in studying the properties of earthquake clusters. We
have demonstrated how to construct a probability density function (PDF) for the location of a cluster of
earthquakes using either coda waves by themselves, or in combination with early onset body waves. This
joint PDF is studied using direct search, ensemble inference and optimisation under a range of conditions
for earthquakes in Western Australia and California. Combining coda and travel times leads to the best
solution in most cases.

We have shown however, that coda waves significantly enhance location constraints when the uncertainty
associated with travel times exceeds half the event separation. Furthermore, coda waves are
demonstrated to provide valuable information in poor recording situations with few stations and can be
used with as little as one station. In contrast, travel time techniques require multiple stations and good
azimuthal coverage. This feature of coda waves to succeed with limited data is its greatest strength,
lending itself to use in intraplate regions where station density is sparse.



Figure 2. Sequence of images illustrating the similarity of locations obtained for a cluster of earthquakes (black) using coda wave
interferometry with a reducing number of stations. Open circles illustrate scattered nature of locations for neighbouring events when

absolute travel times are used.



Figure 1. Australia and the counters of SHmax inferred form

elastic modeling of collisions at the plate boundaries in New
Zealand, New Guinea and India. The rectangle in indicates
the study area in the Flinders Ranges shown in Fig. 2, and

the estimates of the SHmax directions from this and previous

studies are indicated.
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Compared with other stable continental regions,
Australia has a relatively complex crustal stress field
which is thought to result from orogenic forces acting
at the boundaries of the Australian and Indian Plates.
At the same time, with very few well-recorded large
earthquakes, Australia's stress field is poorly
constrained. The Flinders Ranges in south-central Australia is one of the few places in Australia where
there is clear and abundant evidence of neotectonic deformation, and it is one of the most intense
concentrations of intraplate seismicity in the world. This makes it an ideal location to study active
intraplate deformation.

We used data recorded by a temporary seismograph deployment conducted in 2003-2005, to infer
constraints on the state of crustal stress in the Flinders Ranges. Earthquake first-motion measurements
were inverted for constraints on the direction of principal stress and the stress regime. These data also
allowed us to estimate 65 focal mechanisms that are consistent with our preferred solution for the
stress, which corresponds to an oblique thrust regime with SHmax oriented roughly east-west. This
contrasts with the pure thrust and pure strike slip regimes suggested by earlier studies.We found that,
although the data from shallow earthquake's reflect velocity and/or stress heterogeneity, our new
estimate of stress is more consistent with the E-W shortening inferred from geological observations of
fault movement than previous estimates. This study also demonstrates the effectiveness of temporary,
concentrated seismograph deployments in constraining the stress field in intraplate environments.



Figure 2. The Flinders Ranges study area in South Australia (see box in Fig. 1), with (left) indicating the location of temporary
seismographic stations whose data were used in this study, along with topography and the surface expression of faults thought to have
been active since the Quaternary. (center) indicates focal mechanisms for the 65 earthquakes used in the stress inversion of this study,
which best match the data subject to the constraint that they are consistent with our preferred solution to the stress orientation shown
in Fig. 3. (Grey circles indicate epicenters for the approximately 500 earthquakes recored during 2003-2005). (right) shows historical

focal mechanisms and first motion data plotted at the earthquake epicenter, while to its left/below is plotted the best-fitting focal
mechanism that takes into account potential errors in the first motion data, and to the right/above is plotted the best-fitting mechanism

that is consistent with our preferred solution to the stress orientation.



Figure 1. Above Left: Seafloor uplift associated with the
magnitude 8.25 earthquake scenario on the Tonga Trench
east of Tongatapu used in the tsunami modeling. Above

Right: Coverage of Quickbird imagery used to cover the gap
in bathymetry north of Nuku’alofa.  Below: Comparison of

bathymetry models - an empirical approach based on 30 m
Landsat imagery (left); A model derived using SAMBUCA’s
per-pixel, physics-based approach with 2.4 m Quickbird

(center); and the  original QuickBird imagery.
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In this study we have investigated the use of
nearshore bathymetry models estimated using
multspectral remote sensing data for tsunami
inundation modeling. The technique used here  was a
per-pixel, physics-based approach (SAMBUCA) used
with Quickbird imagery. Tsunami inundation results
using this approach were compared with a previous
model obtained via an empirical approach with Landsat
data. The main difference in these methods is that the
SAMBUCA/Quickbird approach produces models whith
much finer (2.4 m) horizontal resolution, whereas the
empirical/Landsat approach has a 30 m horizontal
resolution. In addition, the SAMBUCA/Quickbird
approach appears to applicable to greater water
depths than the empirical/Landsat one (about 20 m
vs. 5m, respectively).

We compared numerical models of tsunami inundation
in Tonga’s capital, Nuku’alofa, using the two different
bathymetry models. The scenario used was a tsunami
generated from a hypothetical magnitude 8.25 earthquake commensurate with historical activity
eslewhere along the Tonga Trench. Such an earthquake has yet to occur so near to Tongatapu, so in
terms of earthquake location this is a worst case scenario.  There was a stark contrast between the
results: the modeling using the coarse, empirical/Landsat shallow bathymetry predicted inundation only
of a narrow coastal strip along Nuku’alofa’s shoreline, while the modeling using the fine,
SAMBUCA/Quickbird shallow bathymetry predicted that most of Nuku’alofa would be inundated.

These results show that data of 30 m horizontal resolution is insufficient for modeling tsunami shoaling
on coral reef platforms such as those surrounding many Pacific islands.  It seems more likely to us that
data having resolution closer to that obtained using the SAMBUCA/QuikBird approach (i.e, 2.4 m) is
required, but further studies are needed to establish the required resolution with precision. The results
also tentatively suggest that the SAMBUCA/QuickBird approach provides data of sufficient accuracy that
can be used where better data (such as LiDAR) are not available, but this is likely to be true only in
shallow water of exceptional clarity. Fortunately, this situation exists offshore many Pacific island
communities.

Although the inundation modeling results presented here for a plausible maximum earthquake size on
the Tonga Trench suggests that such an event presents a substantial threat to Nuku’alofa, these results
should be interpreted with caution, since only poor topography data were available for the study. In
particular, these results are not of sufficient accuracy to form the basis of an evacuation plan. However,
since Nuku'alofa is home to 35,000 people, roughly 1/3 of Tonga’s population, it would make sense to
consider better inundation modelling that can support evacuation planning. We are in the process of
collecting better topography data so that this modeling can be repeated, in order to better assess the
threat and help disaster managers develop an evacuation plan.



Figure 2. Tsunami inundation modelling results for a magnitude 8.25 scenario earthquake on the Tonga Trench, compared using two
different bathymetry models: (left) a previous model obtained using an empirical method with 30 m Landsat data, and; (right) a new

model obtained using a phyiscs-based approach (SAMBUCA) with 2.4 m QuickBird data.



Figure 1. Distribution of temporary and permanent seismic
stations available for analysis in Turkey. Yellow triangles
denote the National Seismic Array of Turkey (TU); purple
triangles denote the Kandilli Observatory Array (KO). Red

triangles denote other deployments.
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Hunting for the Moho
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Earthquake signals at detected teleseismic distances,
approximately 300 to 900 kilometers away from the
physical recorder, provide a valuable resource to image
the Mohorovicic discontinuity (the Moho), which
denotes the boundary between the Earth’s crust and
mantle. The Moho is characterized by a large jump in
seismic velocity that causes teleseismic P-waves to
generate P to S converted waves; the time difference
between these seismic phases is indicative of the
thickness of the crust. To highlight this conversion and
its associated reverberations, we use receiver functions
in our analysis.

Turkey is currently instrumented with over 250 3-component broadband stations from both temporary
and permanent deployments (Figure 1). To date, we have conducted a preliminary analysis of event data
between 2008 and 2009. The calculated receiver functions are analyzed with both H-k and depth
stacking techniques. The former allows the Vp/Vs ratio to vary whereas the latter employs a set 1-D
velocity model to determine the depth of the Moho (Figure 2). The weighted results of both these
methods have been used to generate a preliminary Moho map of Turkey (Figure 3). The calculated Moho
depths are to the first order consistent with the tectonic structure of Turkey. The thin lithosphere in the
southwest is associated with regional extension, and a “sharp” transition near 37°E between deeper 40+
km Moho depths to shallower Moho depths may delineate the Arabian block. Mapping Turkey’s Moho is
and will continue to be a useful tool in understanding the ongoing geological processes of the region as
more data is analyzed and more details of the complex Moho structure become apparent within the study
region. 



Figure 2. Example of results of the receiver function analysis for the station ALT (39.06°N, 30.12°E) located in western Turkey. (a)
Distribution map of the 44 teleseismic events used in the receiver function analysis. (b) The average receiver function generated by the
radial and vertical components for station ALT linearly stacked in the time domain with a 95% confidence interval. The converted and
reverberated phases are labeled. (c) The H-κ stacking results for the receiver functions; hot colors denote the likely Moho depth and

Vp/Vs ratio combination. The white lines denote the automatic pick of Moho depth and a Vp/Vs ratio. (d) The stacked receiver function
after time to depth conversion based on the IASP91 model. The square dot indicates the observed Moho depth.



Figure 3. Preliminary Moho depth map of Turkey for the current receiver function data set; warmer colors indicate shallower Moho depths.
The used stations are indicated by the triangles and the black lines delineate the major faults.



Figure 1. a) Tectonic blocks of Turkey. b) Broadband seismic
station distribution.
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The ambient seismic noise correlations is an important
tool to understand Earth's internal structure. In this
study, we use 5 months of continuous data from the 2
major seismic broadband networks of Turkey (TU, KO)
for extracting the interstation Green's functions from
the ambient seismic noise (figure 1). The vertical and
horizontal components of the stations are used to
extract the Rayleigh and Love wave type Green's
functions. The other available data from temporary
deployments are also included to improve the ray path
coverage. The group velocity dispersion of the Green's
functions is estimated by applying narrow band filters
consecutively over a period range of 1 s to 40 s. The
measurements are then inverted with nonlinear
tomographic inversion schema to create the Rayleigh
and Love maps for different periods. The images
presented in figure 2 show the complex geological
structure of the region, and matches with some of
features shown in figure 1b.

 

In the centre, the Kirsehir Block is marked with
increased velocities. Western Turkey has low velocities
for the shallow depths with possibly linked to the
elevated heat gradient in the region. The transition from Anatolian block to Arabian plate is marked with
high velocities (Rayleigh 3-20 s).

 



Figure 2. Ambient seismic noise tomography images for Rayleigh and Love waves.



Figure 1. Combined images of Rayleigh and Love waves from
ambient seismic noise tomography.

Crustal Structure of Australia from
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The cross-correlation of the ambient seismic noise field
recorded at two different seismic stations gives a
surface wave type Green's function between the two.
The surface wave type Green's function has dispersive
characteristics which carries information from different
depths of the Earth over a range of periods.

In this study, we use all of the available broadband
data from temporary and permanent stations in
Australia to extract the Green's functions from the
ambient seismic noise field. Then we create a number
of tomographic maps from the inversion of the group
velocity dispersion of Rayleigh and Love waves (figure
1). As a final step, we merge the results by inverting
each point for estimating the 1-D shear wave velocity
structure with a nonlinear direct search algorithm.

The tomographic images in figure 1 show complex
patterns of seismic velocities for the shallower depths
(3-10 s) for both classes of the wave tomography. The
thick sedimentary basins of the regions i.e. Canning,
Eromanga are well imaged with lowered velocities. The
Archaean Cratons in Western Australia show
consistently high velocities in compared to other parts of the continent. The rapid change in group
velocities from Canning Basin to the Kimberley region corresponds to the terrane change.

In figure 2, the inverted shear wave velocity model from dispersion curves are given for the seismic
station TL07 located in central Australia.

Figure 2. Shear wave velocity structure of station TL07 obtained from the inversion of ambient seismic noise tomography.



Figure 1. Map of locations of the SSI earthquakes used in
this and in the previous study of PKP travel times (stars).

Reflection points of PcP waves at the core-mantle boundary
are projected to the surface (ellipses) in different colors

corresponding to the observed PcP-P differential travel-time
residuals. Piercing points of PKPdf and PKPbc waves in the IC
are projected to the surface (small and large diamonds) with

the corresponding PKPdf-PKPbc differential travel-time
residuals using the same color scheme. Travel-time residuals

are relative to the model ak135 by Kennett et al. [1995].
PKP and PcP ray-paths projected to the surface are shown in

white and black lines. GSN stations PLCA and TRQA are
highlighted. Yellow lines indicate a corridor in which some of
the largest departures from theoretical predictions in PKPdf-

PKPbc and PcP-P travel times are observed. A schematic
representation of Earth’s cross-section and ray-paths of

seismic phases PKP, PcP and P waves used in the study is
shown in the inset.

Figure 2. A schematic representation of three distinct
anisotropic domains in the IC where the strength and
orientation of fast crystallographic axes are shown as

straight lines. Two different PKPdf ray paths are shown
sampling different domains. A represents a semi-constant

Is the Earth's Inner Core a Conglomerate
of Anisotropic Domains?
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Cylindrical anisotropy in Earth’s inner core has been
invoked to account for travel times of PKP core-
sensitive seismic waves, such as from the South
Sandwich Islands (SSI) earthquakes observed in
Alaska (Figure 1), which depart from predictions.
Newly collected travel-time residuals from seismic
waves from the SSI region that sample only Earth's
mantle (PcP and P waves; see inset of Figure 1) have
a comparable range to the PKP differential travel-time
residuals, yet they are insensitive to core structure.
This observation suggests that mantle structure affects
PKP travel time residuals more than previously
acknowledged and challenges the existing conceptual
framework of a uniform inner core anisotropy. The
inner core could be a conglomerate of anisotropic
domains (Figure 2), and the PKP travel times are most
likely influenced by the geometry of inner core
sampling and inhomogeneous mantle structure. Spatial
and temporal variations of the geomagnetic field and
the lowermost mantle heterogeneity via the outer core
can contribute to the complex structure of the inner
core. Columnar convection and convective heat flux in
the outer core result in heat transfer variations, which
influences the inner core growth and crystal alignment.
Thus, only for certain geometries of sampling, the
accumulated travel time anomaly will be strong enough
to be detected at the surface. Contrary, if elastic
anisotropy in the inner core is weak or cancels out in
the domains sampled by body waves, then some very
anomalous travel times with respect to spherically
symmetric models of Earth for those ray paths are
likely to be a result of inhomogeneous or anisotropic
structure outside the inner core, such is probably the
case for the SSI earthquakes. The inner core as a
conglomerate of anisotropic domains reconciles
observed complexities in travel times while preserving
a net inner core anisotropy that is required by
observations of Earth’s free oscillations (Figure 2).

Link to the online article:
http://www.agu.org/journals/gl/gl1014/2010GL043841/

http://www.agu.org/journals/gl/gl1014/2010GL043841/


anisotropy domain with a predominant alignment of fast
anisotropic axes; B is a transitional domain with a mixed

orientation of fast anisotropic axes, and C is an isotropic or a
weakly anisotropic domain. The arrow in the middle

represents the net direction of the fast axis of anisotropy. 



Figure 1. Present-day and past Himalayan elevation as
observed and predicted from 2D analytic models. We model
relief as the algebraic sum of time- and space-dependent
contributions from mountain building and erosion rates,

integrated since time of continental collision ~50 Ma. Grey
thin line is the observed elevation at the present-day. Thick
grey line is the observed elevation after short wavelengths
have been filtered out to preserve wavelengths longer that
1000 km. Solid black is the prediction of our model at the

present-day. We compare it against the observed elevation,
filtered for wavelength shorter than 1000 km (thick grey).
Based on the good agreement, we trust our model in its
prediction of elevation at 13 Ma (dashed black), when the
monsoon had reached its first peak. We infer that prior to

monsoon intensification, elevation in eastern Himalayas was
significantly different from the one at present-day, featuring
an average relief as high as 4 km. At the same time, central
and western Himalayas are predicted to be very similar to

the present-day.
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Short-term plate motion variations, occurring over few
Myrs, represent a powerful probe into the nature of
forces acting along lithospheric plate boundaries, as
mantle-related buoyancies evolve on longer time-
scales. New reconstructions of the ocean-floor
spreading record reveal an increasing number of such
variations, but the dynamic mechanisms producing
them are still unclear. In this study we show
quantitatively that climate changes may impact the
short-term evolution of plate motions. Specifically, we
link the observed counter-clockwise rotation of the
Indian plate since ~10 Ma to increased erosion and
reduced elevation along the eastern Himalayas, due to
temporal variations in monsoon intensity. By
assimilating observations into empirical relations for
the competing contributions of erosion and mountain
building, we estimate the first-order decrease in
elevation along the eastern Himalayas since initial
strengthening of the monsoon (Figure 1). Furthermore,
we show with global geodynamic models of the
coupled mantle/lithosphere system that the inferred
reduction in elevation is consistent with the Indian
plate motion record over the same period of time
(Figure 2), and that lowered gravitational potential
energy in the eastern Himalayas following stronger
erosion is a key factor to foster plate convergence in
this region. Our study implicates lateral variations in
plate coupling and their temporal changes as an efficient source to induce an uncommon form of plate
motion where the Euler pole falls within its associated plate.



Figure 2. Indian plate-motion change following erosion of eastern Himalayas due to intensified monsoon. Impact of erosion in eastern
Himalayas on Indian plate motion is estimated as the difference between the velocity fields computed before and after simulated

intensification of the monsoon. We predict a velocity change induced on India as high as 8 mm/yr (black arrows), directed normal to the
eastern IN/EU margin. An almost equal increase is predicted for the trench-parallel component along the western margin. Numerical result



compares well with our reconstruction of India/Eurasia kinematics (see Fig. 3-5). Importantly, predicted change of Indian plate motion is
well described by an Euler pole located within Indian plate itself (black dot). Oceans are in white, continents in grey. Plate boundaries are

in black, plate names as in Fig. 8.



Transdimensional Inversion of Receiver Functions with the Hierarchical Bayes
Algorithm
Thomas Bodin, Malcolm Sambridge and Hrvoje Tkalcic
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Receiver functions (Fig 1) are time series that are sensitive to the structure underneath a seismic
station. These waveforms can be inverted for a 1D Shear wave velocity model of the crust and
uppermost mantle beneath the receiver. In this type of inversion, the number of layers defining the
velocity model, the level of smoothing and the required level of data fit are usually arbitrarily determined
by the user prior to the inversion. These quantities are often manually `tuned' by means of subjective
trial-and-error procedures, and this represents a recurring problem.

We address these issues by proposing a novel and alternative inversion strategy. Different methodologies
recently developed in the area of Bayesian statistics (i.e. transdimensional Markov chains, hierarchical
models) are combined to produce an inversion algorithm, which treats the tunable quantities as
unknowns to be constrained directly by the data. In this way the number of layers as well as the
presumed magnitude and correlation of data noise are variable and treated as unknowns in the problem.

In such a transdimensional approach, the level of data uncertainty directly determines the model
complexity needed to satisfy the data. The level of data noise effectively quantifies the usable
information present in the data (a very noisy dataset does not contain much retrievable information),
and thus it naturally controls the quantity of information that consequently should be present in the
model (i.e. the number of model parameters). Here, an Hierarchical Bayes formulation of the problem
enables us to estimate the level of data noise while at the same time controlling model complexity in an
automated fashion.

The method developed is an ensemble inference approach, where many potential solutions are generated
with variable numbers of layers (Fig 2a). This large ensemble of models is distributed according to a
probability density function that represents the full state of knowledge we have about seismic structure.
At each depth, local information about the velocity model is represented by a complete probability
distribution (density map in Fig 2b). It is tantamount to picking a depth and asking the ensemble
solution what velocity constraint is given by the data. This density plot is used as a way to visualise the
ensemble solution, and it is particularly useful to picture the constraint we have on the Shear wave
velocity model. Then, the probability of Shear wave velocity at each depth can be used to construct a
solution 1D model. In Figure 2a is plotted the “mean model” (red line) which follows the mean of the
distribution with depth.

If one is interested in assessing the number and position of seismic discontinuities beneath the seismic
station, it is possible to examine the ensemble solution from a different point of view and to plot the
probability distribution on the location of interfaces. Figure 2c shows an histogram of interfaces depth in
the ensemble of models. For each depth, this function represents the probability of having a
discontinuity, given the data. This provides useful information on the location of transitions, which can be
unclear in other plots.



Figure 1. A noisy receiver function. Here, there is no information available about the data uncertainty, and hence it is difficult to separate
the signal from the noise.

Figure 2. Results given by the transdimensional inversion. A) The models in black have variable number of layers and they represent the
complete solution of the inverse problem. The model in Red is the average over the ensemble of models. B) density plot showing the

probability density for the Shear wave velocity at each depth. C) Probability distribution for the position of transitions.



Seismic multi-pathing in complex media
Nick Rawlinson and Malcolm Sambridge
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As seismic waves propagate through the Earth, they focus and defocus in response to variations in the
physical and material properties of rocks. Even in relatively simple media, wavefronts can distort to such
an extent that they eventually self-intersect, which results in more than one energy packet arriving at a
receiver. This phenomenon is commonly referred to as multi-pathing, and is distinct from the arrival of
multiple phases due to reflections and refractions in stratified media, and scattering. In order to
numerically simulate the propagation of seismic waves in the presence of realistic Earth structure, one
can solve the full elastic wave equation, but this is extremely time consuming, even on modern
computers. A much simpler, but in many cases extremely effective, approach is to invoke the so-called
"high frequency" assumption, where it is assumed that the wavelength of the seismic wave is much
smaller than the dominant scale-length of the underlying heterogeneity. Under this assumption, principles
from geometric optics can be used to track evolving wavefronts via their characteristics, commonly
referred to as rays. These rays represent the propagation path of energy between a source and receiver,
and in many cases can be computed very rapidly (e.g. by repeated application of Snell's Law). An
alternative approach is to directly solve the so-called eikonal equation, which describes the evolution of
wavefronts. These eikonal solvers are very efficient and robust, and can rapidly compute the traveltime
field (traveltimes from some source to a grid of points that spans the medium) of very complex media.
Both wavefronts and raypaths can be readily extracted from the traveltime field. However, one limitation
of eikonal solvers is that they only find the first arrival, and provide no information on multi-pathing.

 

We develop a novel approach for locating multi-paths in complex media which harnesses the speed and
efficiency of eikonal solvers. In its simplest form, our method involves computing traveltime fields for the
both the source (forward field) and receiver (reciprocal field). By summing the two fields together, it is
possible to identify stationary curves, which correspond to segments of later-arriving rays. Complete rays
can readily be found by begining at some point along the stationary curve, and following the traveltime
gradient back to the source and receiver through the forward and reciprocal fields respectively. In
theory, this approach can be extended to locate all later arrivals. Tests in complex 2-D media show that
the new method is rapid, robust and highly accurate.



Figure 1. Example showing how the forward and reciprocal traveltime fields can be summed to extract "raylets", which are stationary
curves that represent segments of complete raypaths.



Figure 1. Two horizontal sections through the final
tomographic model highlighting features of interest

Passive seismic imaging of the southern
Tasmanides
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The Tasman Orogen or Tasmanides of eastern Australia
largely consists of a series of accretionary orogens that
formed outboard of the Pacific margin of eastern
Gondwana from the Middle Cambrian through to the
Middle Triassic. Occupying approximately one-third of
present day Australia, the Tasmanides incorporate five
orogenic belts, including the Delamerian and Lachlan
orogens in the south, the Thomson and North
Queensland orogens in the north, and the New
England Orogen in the east. The Delamerian Orogen,
which incorporates the Adelaide Fold Belt in South
Australia, extends southward from the mainland into Tasmania, where it is often referred to as the
Tyennan Orogen. It comprises Precambrian and Early Cambrian rock sequences that were subject to
contractional orogenesis along the eastern margin of Gondwana between about 514 Ma and 490 Ma. This
was followed in the Late Cambrian by the formation of the Lachlan Orogen to the east, which continued
through to the Early Carboniferous.

In order to study this fascinating region of Australia, a series of passive array deployments have taken
place in Tasmania, Victoria, South Australia and New South Wales over the last twelve years which has
resulted in over 550 station locations spaced between 15-50 km apart. The collective array is referred to
as WOMBAT, and the large volumes of passive data that have been recorded provide a unique
opportunity to image a large region of the Australian continent at high resolution. Teleseismic
tomography using relative arrival times from seven of the sub-arrays has been carried out to image the
mantle lithosphere beneath most of Victoria, southern New South Wales, and eastern South Australia.

The results from the teleseismic tomography show a marked variation in the strike of dominant P-wave
velocity anomalies with depth. Immediately beneath the crust, dominant variations in velocity tend to
strike east-west, and share little resemblance to Palaeozoic boundaries inferred in the shallow crust from
surface geology and potential field data. A broad region of elevated wavespeed beneath central Victoria
may represent the signature of under-plated igneous rocks associated with detachment faulting during
the break-up of Australia and Antarctica. A distinct low velocity anomaly to the south of this feature
appears to correlate well with the Quaternary Newer Volcanic Provinces. Towards the base of the mantle
lithosphere, the dominant structural trend becomes north south, and five distinct velocity zones become
apparent. Of particular note is a transition from higher wavespeed in the west to lower wavespeed in the
east beneath the Stawell Zone, implying that the Proterozoic lithosphere of the Delamerian Orogen
protrudes eastward beneath the Western subprovince of the Lachlan Orogen. This transition zone extends
from southern Victoria into central New South Wales (the northward limit of the arrays), and is one of
the dominant features of the model. Further east, there is a transition from lower to higher wavespeeds
in the vicinity of the boundary between the Western and Central subprovinces of the Lachlan Orogen,
which has several plausible explanations, including the existence of a Proterozoic continental fragment
beneath the Wagga-Omeo Zone.



Figure 2. Map showing the locations of all WOMBAT stations. The thick red line encircles only those arrays that were used in this study.



Figure 1. Laboratory model 1. Panels A-D are snapshots of
trench evolution; elapsed time from model start is in the

Varying mechanical coupling along the
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The Andean system, where the Nazca plate plunges
beneath continental South America, is often regarded
as the archetype of convergent margins where spatial
and temporal correlations between the trench
curvature, shortening, and uplift stand out from the
geologic record. These links however remain debated.
There is distinctive evidence that the degree of
mechanical coupling between converging plates, i.e.
the amount of resistive force mutually transmitted in
the direction opposite to their motions, may
significantly vary along the Andean margin at present-
day. In this study we employ laboratory models of
subduction to investigate quantitatively the role of the
lateral variations of the mechanical coupling between
converging plates in controlling the evolution of trench
curvature. The analogue of a two-layer Newtonian
lithosphere/upper mantle system is established in a
silicone putty/glucose syrup tank-model. We perform
two models where we monitor the temporal evolution
of the trench. In the first one, the central portion of
the margin is more strongly coupled compared to the
rest, where a lubricant paste has the effect of reducing
plate coupling (Figure 1). In the second model we
instead maintain plate coupling at a uniform low level
along the entire interface by leaving a channel of
glucose syrup between the overriding and the
subducting plates (Figure 2). We find that the ability of
the experimental overriding plate to slide above the
subducting one is significantly inhibited by strong
mechanical coupling. This inference applies in
particular to the central Andean margin, where the
overriding plate shortens more than elsewhere along
the margin, and the trench remains stationary as
opposed to the advancing northern and southern
limbs. Consequently, the margin evolves into the
peculiar shape observed along the Andes in the
present-day.



upper-right corner. The subducting plate undergoes the
overriding one from left to right. The upper half of each

panel is a picture of the plates, where 2 x 2 cm squares are
outlined to detect deformation. The lower half is a laser-

scanned image of plate relief (offset from the beginning of
the model) acquired at the same moment: red represents
bulging upwards, blue is bulging downwards. Note that the

model plates are manually attached to the pistons, therefore
the peripheral regions naturally bulge upwards or

downwards, and are thus detected as anomalous. Panel E
shows the evolution of half-trench through time, as detected

through the laser-scanned images. Red on white is the
portion of trench with no lubricant paste, hence featuring

high coupling. Blue on gray is one of the lateral edges with
lubricant paste, thus featuring average coupling.



Figure 2. Laboratory model 2: analog subduction featuring
uniformly low mechanical coupling along the plate interface,
obtained with lubricating syrup (panels A-D). Images are

equivalent to the ones in Figure 1.



Figure 1. Earthquakes in the Japan region showing the deep
events associated with the subduction zone.  Seismograms

for deep events are analysed at stations along the east coast
of Japan to look for high frequency guided waves that would

indicate continuity of slab structure.

Tears or thinning?
Subduction structures in the Pacific plate
beneath the Japanese Islands
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The nature of a subduction zone at depth is affected
by the evolution of its tectonic system,
and the geometry of the trench line can change over
time due to slab roll-back or the arrival
of a distinctive feature with the incoming oceanic
lithosphere.  The configuration of the
plate has to accommodate such changes with buckling,
thinning or the formation of tears
depending on the rate of influx to the trench.  

Tomographic imaging is commonly used to recognise
the presence of such tears through marked 
reductions in wavespeed anomalies in localised zones. 
A good example is provided by Pacific 
Plate subduction beneath the Japanese Islands.  A horizontal tear in the plate below 300 km 
depth can be recognised at the southern end of the Izu-Bonin arc associated with the change in 
slab morphology to the much steeper Mariana arc. Beneath southern Honshu a break in the fast 
wavespeeds associated with the Pacific plate has been described as a tear based on evidence of 
converted phases from the edge of the zone and tensional focal mechanisms for seismic events 
in the tear zone.

In the north, close to the Hokkaido bend in the subduction zone, the reduction in the shear 
wavespeed anomaly is just as dramatic, so that a slab tear might be inferred.
A test of the nature of the slab can be made by using high frequency waves trapped within the
subduction zone that are guided by elongate wavespeed variations along the length of the slab.  Such
waves can travel to the surface from even the deepest earthquakes, but the conditions for trapping
energy are quite subtle and can be readily disrupted.  In the zone of apparent tear such guided waves
propagate but with a reduced high ferquency content. This behaviour requires continuity of slab material
and indicates a thinning of the subduction zone  
The thinned slab has less wavespeed contrast within the affected cells and so appears in the 
tomographic images as a weakened anomaly.

The various modes of slab deformation represent different ways in which the subducted material 
accommodates the strains imposed by the evolution of the geometry of the subduction scenario. 
Not all significant reductions in wavespeed anomalies represent tears and thus it is important 
that such interpretations be checked against the characteristics of wave propagation through 
the zone.



Figure 2. Propagation paths for guided waves superimposed on the tomographic image at 400 km that shows a distinct gap between the
the fast wavespeed structures associated with the subduction zones beneath Honshu and the Kurile chain.Seismograms from the four

marked events A-D observed at stations on the east coast of Japan show clear guided waves indicating continuity of the slab despite the
weak signature in the tomographic images.  The dashed paths have less high frequency content and suggest thinning of the subduction

zone to accommodate the change in geometry form Honshu to the Kuriles.



Figure 1. Shown here are the variations in phase velocity
(km/s) in eastern Tasmania for a period of 4 seconds as

determined from ambient seismic noise.

A Synthesis of Local, Teleseismic, and
Ambient Noise Data for High-Resolution
Models of Seismic Structure in Western
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The use of ambient seismic noise has become an increasingly
popular method of imaging the Earth's crust with high
resolution. For example, variations in group and phase velocity
in the Tasmanian and Western Australian lithosphere were
mapped through the cross-correlation of ambient seismic noise
recorded by  temporary array deployments. Additional
constraints from receiver functions improve the depth
resolution and sensitivity to velocity gradients and allow a joint
inversion for shear velocities.

The southeast Australia dataset comes from the WOMBAT
rolling seismic array project in Tasmania, which in the last
decade has seen over 500 stations deployed. The group and
phase velocity maps for this area clearly discriminate between
regions of hard rock and sediment and indicate temperature
differences. One of the prominent features of the maps is a
pronounced low velocity zone that coincides with the Tasman
conductivity anomaly, a region of elevated conductivity and
heat flow, which may reflect the presence of a lithospheric boundary.

These methods were also applied to the 20 CAPRAL stations in Western Australia. Significant improvement in fit
between synthetic and regional earthquake waveforms is evident after the shear velocity models of the crust replace
those of current earth reference models. Moreover, reliable crustal maps are crucial to the accurate full waveform
inversion of regional earthquake source parameters and enable a better understanding of the rupture process.

Figure 2. The CAPRAL stations in Western Australia are shown on the left.  On the right, you can see the excellent agreement between
synthetic and recorded vertical waveforms from a local magnitude 5.3 earthquake. The inverted focal mechanism solution is shown as

well.



Figure 1. Winds force the model from a state of
topographically determined flow (top figure), through an

intermediary phase of instability and eddy formation
(middle), until finally reaching a state of equilibrium where
winds are balanced by the resisting influence of small-scale

jets and eddies (bottom).

Balancing the Southern Ocean
Marshall L. Ward and Andrew McC. Hogg

Research School of Earth Sciences, Australian National
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Intense eastward winds blow perpetually over the
waters around Antarctica, injecting a continuous
stream of energy and momentum into the Southern
Ocean. This leads to the formation of the Antarctic
Circumpolar Current, a massive current responsible for
the exchange of water between the world's oceans and
a crucial component of the Earth's climate. But what
determines the eventual circulation? What prevents
this current from accelerating endlessly? What
balances the surface winds from above?

The answers to these questions depend on subtle
interactions between the largest and smallest features
of the circulation. The Geophysical Fluid Dynamics
group at ANU has been using high-resolution numerical
models to simulate the currents of the Southern
Ocean. Our calculations show that the winds are
largely counterbalanced by the undersea mountains
and ridges, which push back against the winds as the
current struggles to flow over them. But it is actually
the mesoscale eddies, local swirls of ocean currents
many times times smaller than the ocean, that
regulate the flow and determine its equilibrium state.

The currents flowing over the bottom ridges are
inherently unstable, and faster currents tend to
undulate and create more mesoscale eddies. These
eddies emulate the effect of the topography below,
pushing back against the current and countering the
surface winds. As the winds continue to accelerate the
current, the current produces more and more
mesoscale eddies, until this pushback completely
balances the surface wind forcing.

The details of these eddies are crucial to determining
the eventual transport of the Antarctic Circumpolar Current, and our simulations demonstrate that even
the smallest scales of the ocean can be responsible for the regulation of the climate in the ocean,
highlighting the immense challenges ahead as we continue to improve our understanding of the global
climate.



Figure 1. (a) Temperature in a north-south transect through
the domain; (b) Plan view of temperature (colour) and

streamfunction (lines) of a snapshot of the flow, illustrating
the resolved eddies.

What drives the Antarctic Circumpolar
Current?
Wind vs thermal forcing
Andrew McC. Hogg
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The Antarctic Circumpolar Current (ACC) is the world's
strongest ocean current, connecting the three major
ocean basins. The ACC is usually considered to be
forced by strong westerly winds over the Southern
Ocean. However, a comprehensive theoretical
prediction of the volume of water transported (around
Antarctica) by the ACC as a function of wind stress
remains elusive.

In this study, simulations of an idealised, but eddy-
resolving, channel model of the ACC are used to
investigate the sensitivity of ACC transport to both
wind stress and surface buoyancy forcing
(heating/cooling). Sample temperature field form the
simulations are shown in Fig. 1. The surprising result is
that, even without any wind stress, a realistic ACC can
be driven by surface heating/cooling along. When wind
stress is varied (Fig. 2) the kinetic energy of the entire
system increases, but transport around Antarctic is
slightly reduced. On the other hand, transport is
strongly influenced by change in the surface buoyancy
forcing.

The results are consistent with theoretical predictions of the "eddy-saturated limit", where transport is
independent of wind stress. In this parameter regime, surface heating/cooling is the primary control over
ACC transport.

Figure 2. Kinetic energy response to (a) changes in wind stress; (b) changes in surface buoyancy forcing. Transport response to (c)
changes in wind stress; (d) changes in surface buoyancy forcing.



Figure 1. Idealised numerical model of the Southern Ocean
overturning at 1/8o resolution. The eddy field shows up

clearly in the surface density field (purple represents cold,
dense waters; red represents warmer, lighter density

waters). One interior constant density layer is shown (this
model has twelve in total), depicting the connection between

the deep ocean water masses and the surface, via the
overturning circulation.

Response of Southern Ocean overturning
to future climate change
Adele K. Morrison, Andrew McC. Hogg and Marshall L.
Ward
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The world's oceans have absorbed around one third of
the total anthropogenic CO2 emissions to date, with
the Southern Ocean responsible for ~40% of the
global oceanic anthropogenic carbon sink. The
overturning circulation, through ventilation of upwelled
deep water masses and subsequent formation of
intermediate waters in the Southern Ocean, makes the
region a dominant player in the exchange of air-sea
CO2 fluxes. Dense upwelled waters, rich in natural
dissolved inorganic carbon, result in a significant
outgassing band around Antarctica which nearly
balances the Southern Ocean anthropogenic sink
further north. Any future change in the strength of the
overturning circulation has the potential to upset the
balance between the outgassing and subduction of
carbon, leading to feedbacks on the system.

Currently, the dynamics of the overturning are poorly understood and coarse resolution models fail to
simulate the turbulent mesoscale eddy field, which plays a significant role in determining the magnitude
and response of the overturning. We use idealised, but high resolution, eddy-resolving models of the
Southern Ocean to investigate the sensitivity of the meridional overturning circulation to changes in
surface wind stress and heat fluxes. We have found that the overturning is likely to increase under
future warming and freshening of the southern hemisphere mid-latitudes. Enhanced westerly winds are
also likely to increase the overturning, though the presence of eddies will partially compensate for the
wind-driven changes.

Figure 2. Conceptual model of the Southern Ocean limb of the meridional overturning circulation. From Olbers and Visbeck (2005). North
Atlantic deep water upwells from the deep ocean to the surface.



Figure 1. A diagrammatic representation of energy
conversions in the ocean, depicting reservoirs of potential

energy (PE, in red) and kinetic energy (KE, in blue).
Available potential energy is seen to be the crucial link in

facilitating the conversion of energy between that stored in
the density field (as PE) and responsible for motion (mean

flow and turbulent KE). We conclude that heating and cooling
at the surface of the oceans, as well as external inputs of
mechanical energy from the winds and tides, are essential
for the maintenance of the overturning circulation in the

oceans.

Figure 2. A simple flow designed to illustrate how surface
buoyancy fluxes generate available potential energy (APE)

upon conversion from background potential energy (without
an increase in the total potential energy). The APE is then
released in driving a mean flow, and irreversible mixing
converts some of the APE back to background potential

energy. The first frame shows surface layers of fresh (clear)
and salt water (blue), and a volume of mid-density salt
solution on the bottom (yellow). The barrier was then

removed.

The energetics of ocean circulation: the
link between surface buoyancy forcing
and the global rate of mechanical mixing
The energetics of ocean circulation
Ross W. Griffiths, Graham O. Hughes, Kial D. Stewart
and Andrew McC. Hogg
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The density of the ocean water can be altered by
surface buoyancy fluxes (which tend to produce
density differences) and irreversible mixing (which
tends to eliminate differences). Hence the energy
conversions associated with these two processes must
balance when globally integrated (in a steady
circulation). Thus we have argued in previous years
that both the surface buoyancy (heat and freshwater)
fluxes and sources of kinetic energy for turbulent
mixing are simultaneously necessary to maintain the
observed ocean overturning circulation. These factors
have not been widely recognized: the turbulent mixing
rate in the oceans is often viewed as independent of
surface heat fluxes.

We are examining these concepts further in laboratory
experiments with large-scale overturning forced by salt
and freshwater fluxes at the surface (in place of
heating and cooling) and in which mechanical stirring
is imposed. The stirring is generated by horizontal
bars, which are gently oscillated while being traversed
up and down through the depth of the water column.
The stirring causes a vertical mixing rate that can be
accurately calibrated and parameterized in terms of an
‘eddy diffusivity’. The rate of mixing of density
depends on both the diffusivity and the vertical density
gradient. Greater mixing rates gives rise to a greater
rate of large-scale overturning. The results can be
compared with theoretical solutions and with the
behaviour of ocean general circulation models.
Professor Griffiths delivered a plenary lecture on this topic at the APS-DFD conference, Longbeach
California, in November.

A simple demonstration of the concepts of available potential energy produced by surface buoyancy
forcing, and irreversible mixing, as illustrated in figure 2, can readily be set-up and would be useful for
fluid mechanics teaching.



Figure 1. Dye visualization of a horizontal convection
experiment with a large topographic sill (the field of view

includes only the left-hand half of the box). The overturning
circulation is forced by surface cooling at the left-hand end
of the box (“polar latitudes”) and surface heating over the

right-hand end (“equatorial latitudes”; not visible). The
circulation is in thermal equilibrium. The dye originates at the
surface at top right of the tank and marks relatively warm

surface water flowing from right to left towards the sill,
where some of it mixes with dense water overflowing the sill
(from the smaller basin on the left) and sinks to the bottom
in the overflow plume. This “short-circuiting” within the main

basin warms the deep water in that basin.

Figure 2. Potential temperature - salinity diagram for the
water masses involved in the Greenland-Scotland Ridge

exchange. Water properties shown are for the dense
southward flowing waters entering the Denmark Strait and

Faroe Bank Channel (green and blue bars, respectively), the
relatively warmer and saltier overlying thermocline waters

(large green and blue circles, respectively), and the overflow
plumes sinking beyond the thermocline depths (small green

and blue circles, respectively). These overflow plumes entrain
North Atlantic intermediate waters (cyan circle) to give the

deep western boundary current rounding Cape Farewell
(magenta circle) and entering the Labrador Sea (yellow

circle), subsequently exiting as North Atlantic Deep Water
(black diamond). The dashed lines indicate mixing triangles
coloured as per their respective product waters; this mixing

is a result of the presence of the sill. Antarctic Bottom Water
and Arctic Water are shown by the black circle and square,

respectively.

The effects of marginal seas on ocean
density
Kial D. Stewart, Ross W. Griffiths and Graham O.
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Heating and cooling along one horizontal boundary of a
fluid leads to an overturning circulation known as
“horizontal convection”. Numerical modelling and
laboratory experiments with horizontal convection are
helpful in understanding the role of surface buoyancy
fluxes in the oceans. For instance, the meridional
variation of sea surface buoyancy fluxes leads to a
poleward transport of heat and to localized sinking
plumes at the polar extremities of the oceans. The
plumes form the Deep and Bottom Waters that fill the
abyssal ocean.

The majority of abyssal waters are formed by outflows
from marginal seas or semi-enclosed basins, where
submarine topography strongly influences transport.
However, the role topography plays in the global
meridional overturning circulation (MOC) is largely
unknown.

In 2010 we have built on our previous studies of
convective overturning circulation and examined the
effects of a topographic sill, which defines a simple
marginal sea, or smaller basin, at one end of a simple
rectangular basin. Laboratory experiments (figure 1)
and computer modeling show the presence of the
marginal sea influences the global density structure
when the sill depth is less than twice the oceanic
thermocline depth. In these cases the dense water
overflowing the sill interacts directly with the
surrounding thermocline water, bringing the properties
of the overflow (and thus, deep) water closer to those
of the warm surface water. This result is the opposite
of the effect expected on the basis that the sill tends
to restrict exchange and increase the density of the
sill overflow.

Application of the results to the North Atlantic
circulation predicts that the Greenland-Scotland Ridge
is shallow enough to lead to a significant reduction of
the density of North Atlantic Deep Water. This
conclusion is consistent with an analysis of North
Atlantic water mass properties (figure 2).



Figure 1. Photographs of the rise of a buoyant cylinder
inclined at angle 6.3° to horizontal, after 36 s, 50 s, 64 s,

and 102 s. Here the viscosity ratio is 0.011 and the cylinder
radius is 0.45 mm. The length of cylinder shown is 29 cm.

The developing cavity plumes have a fairly even spacing and
growth rate.

Rayleigh-Taylor instability of an inclined
buoyant viscous cylinder
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The Rayleigh–Taylor instability is most familiar as the
gravitational instability of horizontal layers of fluids of
differing densities when the lighter fluid underlies the
heavier. The Rayleigh–Taylor mechanism also applies
to linear, rather than planar, buoyant regions and has
variously been invoked to explain regularly spaced
volcanism above linear regions of buoyant melt
production, such as mid-ocean ridges and island arcs.
Applications to flow in the Earth’s mantle have also
motivated studies of the shape and stability of a very
viscous buoyant plume as it rises through a
background shear flow that progressively tilts it further
and further from vertical.

 In the last two years, we have examined the
Rayleigh–Taylor instability of an inclined non-diffusing
cylinder of one very viscous fluid rising through
another, using a combination of linear stability
analysis, numerical simulations and laboratory
experiments (Lister, Kerr, Russell & Crosby 2010). The
stability analysis represents linear eigenmodes of a
given axial wavenumber as a Fourier series in the
azimuthal direction, allowing use of separable solutions
to the Stokes equations in cylindrical polar
coordinates. As the angle of inclination increases, the maximum growth rate decreases and the upward
propagation rate of disturbances increases; all disturbances propagate without growth if the cylinder is
sufficiently close to vertical, estimated as 70°. The results from the linear stability analysis agree with
both numerical calculations (for a viscosity ratio of 1) and experimental observations (Figure 1). A point-
force numerical method is used to calculate the development of instability into a chain of individual
plumes via a complex three-dimensional flow. Towed-source experiments show that nonlinear
interactions between neighbouring plumes are important for inclinations greater than 20°, and that
disturbances can propagate out of the system without significant growth for inclinations greater than
40°.

 

Lister JR, Kerr RC, Russell NJ, Crosby A (2010) Rayleigh-Taylor instability of an inclined buoyant viscous
cylinder. Journal of Fluid Mechanics, in press.



The effects of isolated catchments on calculations of GIA
Anthony Purcell and Kurt Lambeck

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

Given a model of the ice-loading history through the last glacial cycle, the CALSEA package developed
by the ANU Earth Physics groups makes it possible to calculate the corresponding change in sea level,
surface deformation, and gravity through time. The accuracy of these calculations depends not only on
having a detailed ice sheet history but also on correctly incorporating the corresponding change in water
depth across the Earth's surface. Previously, the water-loading calculations have been very limited in
their handling of water catchments that are isolated from the ocean basins. Given the scale and
complexity of the problem, water-level in these separate catchments has been assumed to rise and fall
in time with the water-level in the ocean basins.

 

We have developed a new methodology whereby the CALSEA program will identify isolated catchments
and, at the user's direction, allow the water-level within them to vary independently of ocean-water
level. The water-loading effects of these isolated lakes can be included in the calculations of sea-level
change, surface deformation or gravity. The user can also suppress water-loading effects in areas where
such isolated catchments are water free (such as the Dead Sea and Death Valley). The loading effects of
these isolated catchments can be significant, contributing as over 20 m of vertical uplift since the Last
Glacial Maximum (22,000 years ago). This increased functionality will allow more precise calculations of
sea-level change, and more detailed reconstructions of the major ice sheets and associated peri-glacial
lakes.

Figure 1. Plot showing paleotopography for Northern Europe during the Last Glacial Maximum, including the effects of the ice sheet
damming the north-flowing river systems. The contours show the difference in sea-level produced by the inclusion of the loading effects

due to the quite substantial peri-glacial lakes. The contour interval is 2.5 m.



Figure 1. A comparison of synthetic response functions.
Contours show the difference in uplift rate in mm/yr between
a rigorous forward calculation performed using CALSEA and
three separate synthatic response calculations. The bottom
panel shows the standard results of Wahr et al 1995. The

middle panel shows results obtained using a global average
of the deformational and gravitational response functions.
The top panel shows the results obtained using the refined

linear approximation of the global average.

A technique for estimating GIA effects
from observations of the Earth's gravity
field
Anthony Purcell, Amaury Dehecq, Paul Tregoning, Kurt
Lambeck, EK Potter and S McClusky

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

The ongoing response of the Earth to the exchange of
mass between the oceans and ice sheets during the
last glacial cycle are collectively referred to as glacial
isostatic adjustment (GIA). The resulting surface
deformation and perturbation to gravity can be
detected by satellite-based observing techniques such
as the Gravity Recovery and Climate Experiment
(GRACE) and the Global Positioning System (GPS).
Before these geodetic data can be used to estimate
present day mass changes, it is necessary to calculate
the corresponding GIA signal and remove it from the
observations. If the ice history is well-understood,
calculating the effects of GIA is straightforward.
However, in some previously glaciated regions, neither
the ice history nor the Earth's response are sufficiently
well-understood to permit a reliable reconstruction. In
the absence of evidence constraining the ice history,
changes in the gravity field observed by GRACE may
be used to characterise the GIA signal. This
reconstructed GIA signal can then be used to
determine the corresponding vertical uplift due to GIA.
These GIA effects can then be removed from the uplift
observed at GPS sites to leave the signal due to
modern processes. For such a technique to be
practically useful, the relationship between the
gravitational perturbation and vertical deformation
should not be dependant on either the Earth's
response function or the ice history.

 

We explored the validity of representing the effects of
GIA using synthetically derived response parameters
and developed a new technique for determining the
ratio between changes in gravity and surface
deformation. With this technique, one no longer needs
to know accurately either the Earth's response or the
ice load history. We can replace the ratio of the
present-day response functions with a simple, linear
expression that is independent of both Earth and ice
histories, provided that the changes in the ice load
have been static for at least 10,000 years. With this
result, given an observed change in the Earth's gravity
field we can derive the corresponding surface
deformation with greater accuracy than has previously
been possible.



Figure 1. FG5 gravimeter setup in Mount Stromlo seismic
vault

Figure 2. Reynolds Dome after 2003 bushfire on left and
after refurbishment on right

AuScope Geospatial Gravity Programme
G. Luton1, H. McQueen1 and N. Dando2

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

The gravity component of the AuScope project has
purchased an FG5 absolute gravimeter, 3 gPhone
portable earth tide gravimeters and completed the
refurbishment of the Reynolds Dome at Mount Stromlo
for use as a gravity instrument testing and
intercomparison facility.

During 2010 abolute gravity observation were
completed at existing gravity stations at Mount Stromlo
CSO, Mount Stromlo Seismic vault and  the Townsville
AIMS facility. A standard maintenance service was
completed on the FG5 gravimeter by the instrument
manufacturer and a post maintenance test
measurement at Mount Stromlo confirmed  that the
FG5 is performing to specification with an improvement
in the operation of some sub-systems. This service
took longer than anticipated with the instrument being
unavailable for use for 3.5 months. Absolute gravity
measurements using the FG5 gravimeter on the four
new fundamental gravity piers in the refurbished
Reynolds dome are planned to commence early in
2011.

The prime purpose of the FG5 absolute gravity
measurements is to provide independent confirmation
of the vertical deformation rates of the continent.
Repeat absolute gravity measurements are being made
at a network of existing and newly selected geometric
measurement technique sites (e.g. SLR and GPS)
across the Australian continent. Also, the FG5 is being
used for calibrating and testing the relative
gravimeters including the Mount Stromlo SG, and for
other geodynamics projects requiring high precision
absolute gravity. 

Gravity measurements with the gPhone gravimeters
has continued at Jabiru, Katherine and Tennant Creek
during 2010. These gravimeters are performing well
with interruptions to data acquisitions being due to failures of the controlling laptop computers. All three
gPhone gravimeters are planned for deployment to new sites early in 2011.

The gPhone relative tidal gravimeter data are being used to model the actual ocean load tide around
Australia. Sites in the north and north-west of Australia are being measured first to enable an
assessment of the density of network sites required across the continent and to confirm the proposed
analysis strategy for comparison of the gravity derived ocean load tides with models being used in GNSS
data analysis.

AuScope gravity projects at RSES
http://rses.anu.edu.au/geodynamics/gravity/index.php?p=projects

http://rses.anu.edu.au/geodynamics/gravity/index.php?p=projects


Figure 1. PcP-P residuals for SETA array in Tasmania. 
Surface projectsion of PcP-P bounce points.  Points are
scaled by PcP-P residual: black circles are negative, red

triangles are positive.  Orange stars are earthquakes used in
this study, and inverted blue triangles are stations used in

the study.

New High Resolution Seismic Imaging of
the Core-Mantle Boundary with the
WOMBAT Array
Pozgay, S.H., Tkalcic, H. and Rawlinson, N.

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

Southeastern Australia is favorably positioned relative
to much of the Pacific Rim and SE Asian subduction
systems for recording of PcP phases from subduction
zone earthquakes. 

PcP seismic phases bounce off the core-mantle
boundary (CMB) and are valuable for investigating this
complex region in the earth, especially when they are
compared to P phases that travel nearly the same path
except for close to the CMB.  In this way, anomalous
differences between PcP and P can be attributed to
differences at the CMB.  Differential PcP-P phases are
best recorded between approximately 25-75 deg,
which is precisely the distance of SE Australia relative
to the subduction zones of Indonesia, Papua New
Guinea, Tonga/Kermadec, Philippine, Izu-Bonin-
Mariana, and Japan.  As such, any seismic stations deployed in this area have potential for accurate PcP-
P travel time studies.



Figure 1. Seismic attenuation differential dt* results from Jan
2007 Fiji earthquake as recorded at the SETA array in

Tasmania.  Note the distribution of positive and negative
residuals forming a coherent pattern that is consistent with

the boundary between the East and West Tasmanian
Terranes.

New High-Resolution Seismic Attenuation
Imaging of Australian Lithosphere with the
WOMBAT Array
Pozgay, S.H. and Rawlinson, N.

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

Since 2001, Australia’s WOMBAT array has been leap-
frogging across the continent (see Fig. 2). Each
subarray within WOMBAT consists of 30-72 short-
period seismometers with solid-state recorders
deployed for 6-12 months.  Station spacing is 15-50
km, resulting in high-resolution coverage at the
continent scale.  To date, over 500 short-period
stations have been deployed in SE Australia. 
Furthermore, the lack of anthropogenic noise for most
stations, and the presence of low attenuation in parts
of the upper mantle, enable good signal-to-noise ratio
and make the dataset ripe for detailed seismic
investigations beyond that of travel time tomography.

We extend prior travel time tomography studies to utilize amplitude data for analysis of the attenuation
structure of the lithosphere and upper mantle (Fig. 1).  We modify the adaptive stacking code of
Rawlinson & Kennett [2004] to include frequency-dependent differential dt* attenuation measurements. 
Initial analysis of teleseismic P waves recorded using only a preliminary dataset of 100 stations shows
good structural coherency with travel time tomography.  Further high-resolution studies will provide a
comprehensive picture of the attenuation structure of the Australian lithosphere and will enable direct
comparison and integrative interpretation between observed velocity and attenuation anomalies.

Figure 2. The WOMBAT array of short-period seismic stations marching across southeast Australia at 40-50 km spacing (15 km spacing in



Tasmania).  The earliest deployment was LF98 in 1998 (light pink triangles) and the gray circles (EAL2) are currently recording.  Data
from the SETA deployment shown here are highlighted with the pink circle.



Figure 1. Reduction in RMS of GPS coordinate anomalies after
removing a linear trend and elastic deformaiton derived from

GRACE for a) no b) east and c) up components

Figure 2. Time series of GPS coordinate anomalies (blue)
with elastic deformation computations superimposed

asderived from GRACE surface load estimates (pink) for (a)
Brasilia, Brazil (b) Darwin, Australia (c) Matera, Italy and(d)

Potsdam, Germany.

Hydrological deformation of the Earth
Paul Tregoning1, Christopher Watson2, Guillaume
Ramillien3, Herb McQueen1 and Jason Zhang1

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Centre for Spatial Information Systems, University of
Tasmania
3 CNRS, Toulouse, France

Variations of water storage at different times of the
hydrological cycle mean that the amount of water
pressing down on the continents of the Earth varies.
This causes changes in the deformation of the surface
of the Earth that can reach up to 15 mm in the
vertical. Such deformations can be detected in time
series of site coordinates estimated by GPS, while the
change in total water load can be estimated from the
GRACE space gravity mission.

In this study, we used the hydrological loads derived
from the French solutions of GRACE spherical harmonic
monthly gravity fields to calculate the elastic
deformation that would occur at the surface of the
Earth. We then compared these deformations with
those estimated from GPS coordinates on a global
network. The agreement in height is at times
spectacular, especially considering that these two
space geodetic techniques are completely independent
and are sampling different geophysical effects.

However, the variations in the horizontal coordinates is
less convincing when the deformation signals are < 2
mm, suggesting that either the analysis of one of the
two techniques is in error or that the broad-scale
GRACE computations and the discrete GPS sites are
not sampling the same hydrological loading effects.

Work is continuing to improve the GPS analysis, in particular to mitigate the presence of spurious
harmonic signals in the site coordinates that are known to relate to orbital errors.

The research was published [Tregoning et al., 2009] in Geophysical Research Letters and is available at:
http://rses.anu.edu.au/geodynamics/tregoning/38.pdf

http://rses.anu.edu.au/geodynamics/tregoning/38.pdf


Figure 1. Global network of GPS sites analysed. Sites in red
were used to study the noise characteristics of the GPS time

series.

Figure 2. Effect of modeling of atmospheric tides on height
estimates at Bahrain as demonstrated bycalculating the
difference in heights from solutions that treat the tidal

atmospheric loading differently.  (left) Time domain (red line
is a best fitting polynomial at annual and semiannual periods
related to the "GPS Year" of 351 days) and (right) amplitude

spectra.

Improving GPS analysis strategies
Paul Tregoning1 and Christopher Watson2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Centre for Spatial Information Systems, University of
Tasmania

The Global Positioning System (GPS) can be used to
detect earthquake deformation (including the buildup
of strain prior to earthquakes), uplift and subsidence
of continents, tectonic drift etc. Naturally, the higher
the accuracy of the analysis, the greater the likelihood
of detecting accurately these geophysical signals.

In this study, we focused on assessing the accuracy of
different approaches to estimating the delay of the
signals transmitted by the GPS satellites as they pass
through the atmosphere, and the accuracy of different
approaches to modelling atmospheric pressure loading
deformation (the movement of the surface of the Earth
as a result of changes in atmospheric pressure). We
derived new estimates of atmospheric pressure loading
that properly accounted for the weather-related
loading (up to 15 mm deformation) and daily and
semi-daily atmospheric tides (up to 1.5 mm
amplitude).

We found that modelling the atmospheric tidal
deformation reduced spurious periodic signals in site
coordinate estimates and that modelling the
atmospheric delays using information from global
numerical weather models significantly improved the
accuracy of the site coordinate estimates, in particular
in the vertical component. However, our best analysis
still contains periodic signals at harmonics of
frequencies related to the satellite orbital dynamics.
Research is continuing to understand and mitigate the
causes of these errors.

The research was published [Tregoning and Watson, 2009] in the Journal of Geophysical Research (solid
Earth) and can be found at the link below.
http://rses.anu.edu.au/geodynamics/tregoning/37.pdf

http://rses.anu.edu.au/geodynamics/tregoning/37.pdf


Figure 3. Time series showing differences in the up component between solutions using (left) different a priori tropospheric delays,
(middle) different mathematical relations of tropospheric delay in the vertical to any elevation angle, and (right) the combined effect for

(a) Bahrain, (b) Alaska, (c) NyAllesund, and (d) Northern Russia.



Figure 1. Artists impression of the GRACE satellites in orbit
(source: http://www.csr.utexas.edu/grace)

Figure 2. Time series of total water storage, integrated over
the Murray-Darling Basin, as estimated from GRACE.

Monitoring groundwater variations in the
Murray-Darling basin using space gravity
measurements
Paul Tregoning1, Marc Leblanc2, Guillaume Ramillien3,
Sarah Tweed2 and Adam Fakes4

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Hydrological Sciences Research Unit, James Cook
University, Cairns
3 CNRS, Toulouse, France
4 CSIRO Sustainable Ecosystems, James Cook
University, Cairns

Data from the Gravity Recovery and Climate
Experiment (GRACE) have been used in conjunction
with borehole groundwater depth measurements, soil
moisture models and surface water storage estimates
to show that, of the 200 cubic kilometres of water lost
in the in the Murray-Darling Basin since 2002
(equivalent to 400 Sydney Harbours), the majority has
come from a loss of groundwater resources. The
results were published in Water Resources Research
(Leblanc et al., 2009), where monthly estimates of
changes in the Earth's gravity field were used to calculate the change in total water resources in the
basin.

The twin GRACE satellites were launched in 2002 and detect small changes in the Earth's gravity field.
The satellites are in a tandem orbit (one following the other) 450 km above the Earth's surface and are
separated by ~200 km. The distance between the satellites is measured with a K-band radar system and
changes in the distance yield information on the time-varying nature of the gravity field.

Geophysical processes that can cause the Earth's gravity field to change include annual exchanges of
water between oceans and continents, melting of polar ice sheets and mountain glaciers, droughts and
floods, ongoing adjustment of the Earth's crust as a result of melting of ice sheets thousands of years
ago, and even earthquakes.

The paper by Leblanc et al (2009) is available at the following link.
http://rses.anu.edu.au/geodynamics/tregoning/34.pdf

Information on the GRACE satellite mission can be found at 
http://podaac.jpl.nasa.gov/grace

http://rses.anu.edu.au/geodynamics/tregoning/34.pdf
http://podaac.jpl.nasa.gov/grace


Figure 1. North position time series for the stations located
on the parallel profile to the trench with respect to the North

American plate reference frame. The large gray rectangles
indicate the large 1998, 2001–2002 and 2006 SSEs. The
width of these rectangles corresponds to the maximum

duration of the SSEs over all the stations affected and all the
GPS components. The vertical gray bars highlight the

approximate median time of the detected small anomalous
displacements

Slow slip subduction events in Mexico
detected by GPS
M. Vergnolle, A. Walpersdorf, N. Cotte1, V.
Kostoglodov, J. A. Santiago2, P. Tregoning3 and S. I.
Franco1

1 Laboratoire de Géophysique Interne et
Tectonophysique, CNRS, Observatoire de Grenoble,
Université Joseph Fourier, Grenoble, France
2 Instituto de Geofísica, Universidad Nacional
Autónoma de México, Mexico City, Mexico.
3 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia

The world's largest observed Slow Slip Events (SSE)
occurred in 2001–2002 and 2006 in the Guerrero
subduction zone, Mexico. Using an improved GPS
processing that accounts for time-varying atmospheric
phenomena as well as oceanic, atmospheric and
hydrologic loading corrections, the 11 year GPS
position time series in Guerrero show a noise reduction
of ~50% with respect to previous studies. Thanks to
the improved position time series and, in particular,
the simultaneous analysis of the three-dimensional
GPS observations, we can provide new information
about SSEs in the studied area. First, we detect seven
nonperiodic anomalous displacements with
subcentimeter amplitude, but no quasi-annual
anomalies as proposed previously. The displacements
seem to occur simultaneously with the observed peaks
of non-volcanic tremor activity in the area. Second, we
refine the characteristics of the two major SSEs in
terms of timing, duration, and cumulative
displacements, and highlight the complex surface
spatiotemporal evolution of the displacements during
these SSEs. In particular, we observe a clear initiation
phase for the 2006 SSE as well as ending phases for
both large SSEs. The ending phase shows a strong
deceleration of the anomalous displacements with
respect to the main displacement phase already
observed, for the 2001–2002 and 2006 SSEs. The
duration of the SSEs increases by 30–40% including
the initiation and ending phases. For the 2006 SSE,
the main displacement phase also shows
spatiotemporal complexity. Our results demonstrate
the need for improved three-dimensional GPS processing technique in order to undertake detailed studies
of SSEs.

PDF
http://rses.anu.edu.au/geodynamics/tregoning/41.pdf

http://rses.anu.edu.au/geodynamics/tregoning/41.pdf


Figure 2. 3D time evolution of the displacement at each analyzed station from June 2005 to December 2007 representative of the 2006
SSE (see text for explanation, section 5.1). (left) Monthly cumulative displacement (in cm) with respect to the north and east

components. (right) Monthly cumulative displacement (in cm) with respect to the north and vertical components.
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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 archaeometry. PRISE scientists also conducted their own research 
projects as supported by successful grant applications and supervised activities of both RSES and 
international postgraduate students. 
 
During 2010 Dr Greg Yaxley moved to the Earth Materials and Processes group in order to take up an 
ARC Future Fellowship and Dr Marc Norman was transferred to the Earth Environment group. 
A/Prof Mark Fanning was made a Fellow of the Geological Society of America and both he and Dr 
Richard Armstrong were recognised by colleagues at the VII South American Symposium on Isotope 
Geology for their long-standing scientific collaborations in Argentina, Brazil and Chile. Dr Richard 
Armstrong was part of a successful ARC Discovery grant led by Prof Rainer Grün (Earth 
Environment) and also received a grant from AusAid to attend the 23rd Colloquium of African 
Geology in South Africa as an invited speaker. 
 
PRISE staff members were again 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 2010 PRISE hosted eighteen local 
and international visitors, most of whom were involved in ongoing collaborative projects using the 
SHRIMP, Laser ablation- and solution ICPMS and TIMS analytical facilities. PRISE staff also 
participated in field-orientated studies in Australia, Africa, SE Asia, Antarctica and North and South 
America. 
 
Some areas of current research include: 
 

• 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, including new 
protocols for the analysis of the minor isotopes 33S and 36S. 

• Use of sulphur isotopes to aid in understanding the origin and conditions of formation of 
metal sulphides and sulphates. Developments and characterisation of new S sulphide and 
sulphate isotope standards. 

• Chronology of the Archaean-Proterozoic transition and the rise of oxygen in the atmosphere 
• Bioarchaeology in early Cambodian populations and in situ oxygen, carbon and strontium 

analysis of human teeth 
• 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 
• The growth, geochronology, evolution and mineralisation of cratons 

	  



Rapid Emplacement Of The One Of The World’s Greatest Continental Magmatic
Provinces
Precise Age Constraints On The Bushveld Complex
Richard A. Armstrong1, Sandra Kamo2 and R.E 'Jock' Harmer3

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
2 Jack Satterly Geochronology Laboratory, Department of Geology, University of Toronto, Toronto,
Ontario, M5S 3B1, Canada
3 693 Wiedrigh St., Moreleta Park , Pretoria , Gauteng, South Africa

The Bushveld Complex in southern Africa is one of the largest examples of continental magmatism on
Earth.  If the precursor felsic volcanic rocks of the Rooiberg Group are included, the volume of magma
generated is estimated to be up to a staggering 1,000,000 km3. The timing and the origin of the various
components of the complex are, however, poorly constrained with some work suggesting thermal activity
could have continued for up to a billion years (McNaughton, et al., 1993). This research is aimed at
determining a precise chronology of events covering the entire history of the Bushveld Complex, using
combined zircon U-Pb dating, with the aim at establishing some constraints on the possible origin of this
massive and economically important event.

In the broadest sense, the Bushveld Complex is generally considered to include the volcanic rocks of the
Rooiberg Group, the basaltic layered rocks of the Rustenburg Layered Suite, the granitic intrusive rocks
of the Lebowa Granite Suite, plus the enigmatic Rashoop Granophyres.  Representatives of all these
major components were sampled for dating. U-Pb zircon dating of felsites of the roofing Rooiberg Group
show that these precursors to the main phase of the Bushveld Complex were emplaced 2059.9 ± 1 Ma
ago.  This is significantly prior to intrusion of the main phase of the complex – as shown by dates
obtained on zircons from the famous PGE-bearing Merensky Reef, and from a late-stage basic
pegmatoid.  These gave statistically identical ages of 2055.3 ± 1.2 Ma and 2056.3 ± 0.7 Ma
respectively.  Dating of granites of the Lebowa Suite that demonstrably intrude and post-date the mafic
rocks, shows they were intruded at 2054 ± 2 Ma (a mean of several dates obtained on a variety of
granites from this suite).  A date of 2054 ± 4 Ma recently published by Dorland et al., 2006 on a rhyolite
within the overlying sedimentary sequence of the Waterberg Group shows that the Bushveld Complex
had cooled and had undergone significant erosion short time after intrusion of the mafic phase.

This high-precision geochronological study established for the first time that the whole event occurred
over a very short time interval of approximately 4 Ma.  The emplacement of all the intrusive rocks took
place over an even briefer period of just 1-2 Ma, a time interval similar to that measured for large
igneous volcanic provinces such as the Karoo or Deccan.  Extensive recent geochronological
investigations of large parts of southern Africa have shown that Bushveld-aged igneous rocks occur over
a vast region of the subcontinent.  These are currently the focus of a larger study aimed at discovering
the full areal extent of rocks of this age and to establishing a possible causal link between the Bushveld
Complex and a larger regional event.  It certainly seems probable that the Bushveld Complex, unique as
it is, was a part of some larger “Bushveld event”, rather than an isolated igneous event of unknown
origin.  Certainly some origins can now be discounted – it is unlikely that an extraterrestrial (impact)
origin can be reconciled with the distinctly different ages now established for the Rooiberg and Bushveld
events. The origin of this enormous and economically important complex is still uncertain, but the rapid
emplacement and erosion does provide some clues.  Even though the Bushveld was born in an instant –
in geological terms – it’s impact on the geology and economy of region has been enormous.

References:
Dorland, H.C., Beukes, N.J., Gutzmer, J., Evans, D.A.D and Armstrong, R.A. (2006) Precise SHRIMP U-Pb
zircon age constraints on the lower Waterberg and Soutpansberg Groups, South Africa. South African
Journal of Geology, 109, 139-156.
McNaughton, N.J,, Pollard. P.J., Groves, D.I. and Taylor, R.G. (1993).  A long-lived hydrothermal system
in Bushveld Granites at the Zaaiplaats Tin Mine: lead isotope evidence.  Economic Geology, 88. 27-43.



Figure 1. Reconstruction modified from Lawver et al. (1998),
showing the position of the Antarctic Peninsula during the

early Jurassic (200 Ma), with indication of the possible
source areas for the detrital Permian zircons in TPG, MBF

and DYC, as discussed. The location of potential sources such
as the North Patagonian Massif (NPM) and the Choiyoi Group

are shown.

Lu-Hf isotope evidence for the provenance
of Permian detritus in accretionary
complexes of Patagonia and the Antarctic
Peninsula region
C. Mark Fanning1, Francisco Hervé2, Robert J.
Pankhurst3, Carlos W. Rapela4, Laura E. Kleiman5,
Greg M. Yaxley1 and Paula Castillo2
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Lu-Hf isotope data has been carried out for dated
Permian zircon grains from six samples of the latest
Palaeozoic to Jurassic low-grade metasedimentary
rocks of western Patagonia and the Antarctic
Peninsula, as well as from potential source rocks in the North Patagonian Massif. The results for the
metasedimentary rocks yield eHf values mostly between -15 and +4 (130 analyses), with a dominant
range (more than 85%) of -6 to +1, indicating provenance from Permian magmatic rocks that
incorporated continental crust with a significant residence time. Other zircon grains record more negative
eHf values indicating derivation from yet more mature crustal sources. Permian subvolcanic granites in
the North Patagonian massif appear to be the closest large source area and dated zircon grains from
eight samples of these granites yield initial of eHf values of -12 to +4 (45 measurements), 84% of which
fall between -6 and +1, the range shown by the metasediments. However, the North Patagonian massif
also contains some more juvenile Permian-Carboniferous components not seen in the metasediments, so
that this may not be the primary or unique source. These granites are considered to represent the
southernmost extension of the Choiyoi province, which consists predominantly of Permian rhyolites that
crop out on the eastern side of the Andes in central Argentina, for which unpublished Hf isotope data
yield a very similar range to that of the metasediments. The widespread nature of the Choiyoi volcanic
rocks and the predominance of Permian zircon could make this a more favoured source for the detrital
grains.

Hf isotope data reinforce the uniformity of the provenance of the turbidite detrital zircons and confirm
the Choiyoi siliceous large igneous province and the Permian granitic rocks of the North Patagonian
Massif as feasible sources. They further confirm the dominantly crustal origin of the Permian magmas. A
source region involving mixing of, for example, crustal materials of Panafrican/Brasiliano and Grenvillian
ages, together with a minor but significant subduction-related magmatic input, is an isotopically feasible
explanation and is broadly consistent with the provenance of pre-Permian crust in this region, but the
proportions of such a mixture must have remained relatively constant. This supports the proposal that
recently recognised but widespread Permian magmatism in Patagonia represents voluminous crustal
melting in response to subducted slab break-off. The results are also consistent with the premise that
the Antarctic Peninsula and southern Patagonia were closely located from Permian to Jurassic times,
receiving detritus from the same source.



Cosmic Time Machine
How Scientists are Able to Look Backon the early Solar System
Marc Norman1, Sim Hui1, Tim Wetherell2 and Fred Jourdan1
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2 ANU ScienceWise
3 Curtin University

If we were able to travel back in time about four and a half billion years, we’d be able to see the early planets of the solar system beginning to form around an infant sun. This was a time of massive and enormously violent impacts as forming planets swept debris
and each other out of their orbital paths. It was around this time that scientists believe that a body about the size of mars smashed into the Earth which such force that enough matter was ejected to create the Moon.

As time passed things settled down, planets established their modern orbits and most of the collisions that were going to take place had done so. Then around four billion years ago, just about the time life was beginning on Earth, something odd happened. The orbits
of Jupiter and Saturn shifted slightly which in turn perturbed Uranus and Neptune. The gravitational effects of this reshuffle extended out into the Oort Cloud – a halo of comets in the outer solar system. This gravitational wobble was enough to induce a shower of
comets to enter the inner solar system, impacting asteroids and catapulting them like billiard balls across the orbits of the inner planets. The result was a second period of massive bombardment which undoubtedly had a profound effect on life on Earth.

But perhaps equally as interesting as these events are in themselves, is the way humans living four billion years later have been able to figure out just what did happen in the distant past. By working with tiny quantities of lunar soil gathered by the Apollo astronauts
and using the most modern of analytical techniques we are starting to unravel the forensics of those distant times.

Using advanced mass spectrometry, we measured concentrations of elements like platinum and gold that are very rare on the Moon but abundant in asteroids and meteorites. This fingerprints what type of asteroid hit the Moon and where in the Solar System the
impactor came from, that is, was it a comet or from the asteroid belt? This tells us about = large-scale dynamics of the Solar System that stirred up the impators and sent them careening toward the Sun, with us in the way.

Of course the really interesting question is not just where the impacts occurred but when? To work that out, we took advantage of radioactive decay. Over very long periods an isotope of potassium (40K) decays into argon (40Ar). When an asteroid or comet impacts
the moon the enormous energy that’s liberated tends to turn rock into a fine spray of molten glass. This cools into the form of tiny glass spherules a fraction of a millimetre across. These spherules contain small traces of potassium 40 but essentially no argon because
the melting releases it. As the spherules age, the radioactive decay of potassium 40 begins to introduce argon again.

Although the samples were collected from the Moon almost 40 years ago, this is the first time it’s been possible to perform advanced chemical analysis and isotope dating on the exact same spherule. Our aim is to build up a history of the frequency of impacts in our
part of the solar system. One of the interesting and perhaps alarming things to arise from these studies is that the number of lunar impact has risen significantly over the last 400 million years. This raises interesting questions about recent shifts in orbital mechanics
that might be tossing planet-size boulders towards the Earth, and possible effects that this cosmic billiard game might have had on our planet's climate and ecosystems.

ANU ScienceWise article with graphics
http://sciencewise.anu.edu.au/articles/moon%20rock

Article published in GCA on this topic (Norman et al. 2010, GCA 74, 15Jan2010, p. 763-783)
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4XH5MNN-
4&_user=554534&_coverDate=01%2F15%2F2010&_alid=1387260939&_rdoc=1&_fmt=high&_orig=search&_cdi=5806&_sort=r&_docanchor=&view=c&_ct=44&_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&md5=6d84652eb43ca1f4323f548df729779d

http://sciencewise.anu.edu.au/articles/moon%20rock
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4XH5MNN-4&_user=554534&_coverDate=01%2F15%2F2010&_alid=1387260939&_rdoc=1&_fmt=high&_orig=search&_cdi=5806&_sort=r&_docanchor=&view=c&_ct=44&_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&md5=6d84652eb43ca1f4323f548df729779d
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V66-4XH5MNN-4&_user=554534&_coverDate=01%2F15%2F2010&_alid=1387260939&_rdoc=1&_fmt=high&_orig=search&_cdi=5806&_sort=r&_docanchor=&view=c&_ct=44&_acct=C000028338&_version=1&_urlVersion=0&_userid=554534&md5=6d84652eb43ca1f4323f548df729779d
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New bradoriids (Arthropoda) from the early Middle Cambrian of the Georgina
Basin, central Australia
Peter J. Jones1 and Peter D. Kruse2
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Bradoriids are an important group of marine Cambrian arthropods, characterised by a small (< 18 mm in
length) bivalved head shield, that survived into the early Ordovician (Tremadocian). Their biological
position within the Arthropoda has a long and controversial history, but increasing knowledge of their
stratigraphic and global distribution is drawing attention to their biostratigraphic and biogeographic
potential.

A low-diversity early Middle Cambrian (Ordian) bradoriid fauna has been found in core samples of the
Thorntonia Limestone (from BMR Hay River 11 and BHD 9) and the Gum Ridge Formation (from NTGS
02/1) in the Georgina Basin, Northern Territory. The described taxa include a new hipponicharionid genus
Dictyocharion (type species D. eurys sp. nov.), the comptalutids Phasioa armini sp. nov. and  Quetopsis
katarcha Hinz-Schallreuter, 1999. Other taxa are recorded as Anabarochilina? sp., Aristaluta? sp.,
Indota? sp., Monasterium oepiki Fleming, 1973? and Yaoyingella? sp. Their ages  are determined in
terms of associated agnostines and other trilobites. Additionally, the comptalutid species Zepaera rete
Fleming, 1973 is recognised in a core sample of the Wonarah Formation (NTGS00/1) of middle Middle
Cambrian (late Templetonian to Floran) age. Palaeogeographically, the svealutid genus Anabarochilina
has a widespread distribution, whereas the comptalutid genera Zepaera, Phasoia, Quetopsis, Aristaluta
and Yaoyingella show strong provincial relationships with genera from China. The new hipponicharionid
genus Dictyocharion is presently endemic to Australia. An updated census of Australian Bradoriida and
Phosphatocopida is provided as an appendix.

JONES, P.J. & KRUSE, P.D., 2009. New bradoriids (Arthropoda) from the early Middle Cambrian of the
Georgina Basin, central Australia. Memoirs of the Association of Australasian Palaeontologists 37, 55-86.



Late Devonian benthic ostracod fauna from the Bonaparte Basin, NW Australia:
their biostratigraphy, palaeoecology and palaeozoogeographic links
Peter J. Jones

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

The taxonomy and biostratigraphical distribution of the benthic ostracod fauna of the latest Devonian
Buttons Formation has been revised to enhance its biozonal value for local and global correlation, and to
evaluate its palaeoecologic and palaeobiogeographic significance. Twenty-seven species are reviewed and
referred to 22 benthic genera: Armenites, Bairdia, Baschkirina, Beyrichiopsis, Cavellina, Chamishaella,
Coeloenellina, Cryptocyprois, Diphyochilina, Geisina, Indivisia, Katatona, Knoxites, Marginia, Notoscapha,
Parabolbinella, Parabouchekius, Rhytiobeyrichia, Serenida, Shishaella, Sulcella and Urftella?. Three
biozones [Sulcella (Postsulcella) altifrons Zone, Diphyochilina tryphera Zone and Bairdia (Bairdia)
ordensis Zone] are established and used for local correlation.

 Palaeoecologically, the ostracods are interpreted as indigenous, low energy thanatocoenoses (life
assemblages), and are indicative of a shallow, generally well-oxygenated lagoonal environment, below
storm wave base. A gradual salinity increase is indicated by the appearance of stenohaline marine
bairdoids in the upper part of the Buttons Formation. Long range correlation of this cosmopolitan
ostracod fauna is with the late Famennian (Strunian, in particular). Strong zoogeographic links exist with
the western margins of Palaeotethys (North Africa, Spain, France, Belgium, Poland), the East European
Platform, and Kazakhstan. Weaker links are with south China, northeast Siberia (Omolon Massif) and the
Cordilleran Province of North America. Benthic ostracods, lacking a pelagic larval stage, could have not
crossed deep oceanic barriers. The observed zoogeographic links probably indicate that the shallow
shelves of the western part of Gondwana and Laurentia-Baltica were close enough to permit genetic
exchange, and migration during transgressive pulses, along juxtaposed shallow shelves of the adjacent
blocks of Gondwana and Laurentia-Baltica. A similar connection probably existed between the South
China Plate and northwestern Australia, via terranes within the eastern end of the palaeotethyan
equatorial belt.

JONES, P.J., 2010. Latest Devonian (Strunian) Ostracoda from the Buttons Formation, Bonaparte Basin,
NW Australia: their biostratigraphy, palaeoecology and palaeozoogeographic links. Memoirs of the
Association of Australasian Palaeontologists 39, 261-322.
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