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Preface to Proceedings
A large number of the presenters at the conference later submitted completed academic papers which
form the basis of the conference proceedings.
All papers published in these proceedings, have been subject to a peer review process whereby a
scholarly judgement by suitable individuals endorsed by the Program Committee determined if the
paper was suitable to be published. In most cases papers were not initially accepted but were revised
until deemed suitable.
The editors would like to give special thanks to the Program Committee and those scholars who
participated in the peer review process:
Yuri Amelin, Brendan Burns, David Buttsworth, Graziella Caprarelli, Jon Clarke, Ian Christie, John
Delano, Andrew Dempster, Con Doolan, Kerrie Dougherty, Roger Franzen, Robert Gardiner-Garden,
Victor Gostin, Alex Held, Noel Jackson, Michael Jojic, Vasili Lobzin, Andrew Neely, Alexander
Nemchin, David Neudegg, Marc Norman, Carol Oliver, Murray Parkinson, Robert Pidgeon, Allan
Pring, Sean O’Bryne, Craig O’Neill, Jeanette Rothapfel, Michael Smart, Jeff Taylor, Ross Taylor,
Michael Terkildesen, Matthew Tetlow, Medhavvy Thankappan, Phil Wilkinson.
Finally we would like to thank our sponsors for their support and the Organising Committee
for giving generously of their time and efforts. We trust that you will find the 2009 Conference
Proceedings enjoyable and informative.
Responsibility for the content of each paper lies with its author(s). The publisher(s) also retain
copyright over the text. Papers appear in the Conference proceedings with the permission of the
authors.
Wayne Short and Iver Cairns
Editors, 9ASSC Conference Proceedings
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Conference Background
The Australian Space Science Conference (ASSC) is the focus of scientific cooperation and discussion
in Australia on research relating to space. It is a peer reviewed forum for space scientists, engineers,
educators, and workers in Industry and Government.
The conference is of relevance to a very broad cross section of the space community, and therefore
generates an enlightening and timely exchange of ideas and perspectives. The 2009 conference was set
against the backdrop of the National Committee for Space Science (NCSS) finalising Australia’s first
Decadal Plan for Space Science. The scope of the conference covers fundamental and applied research
that applies to space technologies, and includes the following:
•
•
•
•
•

Space science, including space and atmospheric physics, remote sensing from space, planetary
sciences, astrobiology and life sciences, and space-based astronomy and astrophysics
Space engineering, including communications, navigation, space operations, propulsion and
spacecraft design, testing, and implmentation
Space industry
Government,  International relations and law
Education and outreach

The 9th ASSC was held at the School of Physics in the University of Sydney from September 28 to
30, 2009 . It consisted of a series of presentations by various researchers on topics that emphasize the
diversity of endeavours and disciplines that encompass Space Science research in Australia. Appendix
A has a copy of all abstracts submitted for presentation at the conference.
A call for papers was issued in March 2009 and researchers were invited to submit abstracts for
presentation at the conference. Following the conference itself, a call for written papers was issued
in October 2009: this invited presenters to submit a formal written paper for this Proceedings that
covered their abstracts.
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Welcome to the 9th Australian Space Science Conference
and to the School of Physics, University of Sydney! This will be the third ASSC jointly sponsored and
organised by the National Committee for Space Science (NCSS) and the National Space Society of Australia
(NSSA). The ASSC is intended to be the primary annual meeting for Australian research relating to space
science. It welcomes space scientists, engineers, educators, and workers in Industry and Government. 2009
is a historic year for space research in Australia. This year the Australian Government made “space and
astronomy” one of three research areas in the Super Science Initiative. It also created the $40 M Australian
Space Research Program and the Space Policy Unit. We will hear more about these over the next three days.
This year’s ASSC will run in conjunction with the NCSS’s workshop on the first Decadal Plan for Australian
Space Science. This one-day workshop will include presentations on space from Government and Industry.
It will also have a presentation and discussion of the almost final version of the Decadal Plan, as well as
discussion of the Plan’s large projects and draft proposals for the Australian Space Research Program.
We look forward to an excellent meeting!

Iver Cairns						
Co Chair ASSC 2009					
Chair, NCSS						

Wayne Short
Co Chair ASSC 2009
President, NSSA
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The National Space Society of Australia is the coming together of like-minded space enthusiasts who
share a vision for the future in which there is an ambitious and vigorous space program leading to
eventual space settlement.
To this end the National Space Society (worldwide) promotes interest in space exploration, research,
development and habitation through events such as science and business conferences, speaking to the
press, public outreach events, speaking engagements with community groups and schools, and other proactive events. We do this to stimulate advancement and development of space and related applications
and technologies and by bringing together people from government, industry and all walks of life for
the free exchange of information.
As a non-profit organisation, the National Space Society of Australia draws its strength from an
enthusiastic membership who contributes their time and effort to assist the Society in pursuit of its goals.
For more information, and to become a member:
http://www.nssa.com.au

Ad Astra!
Wayne Short
NSSA President
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The National Committee for Space Science (NCSS) is chartered by the Australian Academy of Science
to foster space science, to link Australian space scientists together and to their international colleagues,
and to advise the Academy’s Council on policy for science in general and space science in particular.
The associated web page can be reached at http://www.science.org.au/natcoms/index.htm . Accessible
resources include the 2004-2006 Report on Australian Space Research.
NCSS believes that ASSC meetings provide a natural venue to link Australian space scientists and
foster the associated science, two of its core goals. As well as ASSC, it is also sponsoring the VSSEC –
NASA Australian Space Prize.
NCSS is the primary driver of the Decadal Plan for Australian Space Science. The plan is completed
and will be published in April 2010. NCSS encourages all those interested in space science to help
develop and support the Plan. Wishing you an excellent conference,
Russell Boyce (UQ), Iver Cairns (U. Sydney, Chair), Graziella Caprarelli (UTS), Alex Held (CSIRO,
COSSA), Fred Menk (U. Newcastle), David Neudegg (IPS Radio Services), Bob Vincent (U. South
Australia), Malcolm Walter (UNSW).
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Decadal Plan Workshop - Held on September 30, 2009
This Workshop addressed the first Decadal Plan for Australian Space Science, still under
development.The primary goals of the Workshop were to:
1. to bring together and educate the scientific community and associated stakeholders in
Government and industry,
2. to discuss and refine the draft Plan, and
3. to agree to the proposed strategy and prioritize the Plan’s projects.

The morning sessions contained presentation from:
•
•
•
•
•

Thea Clark (DSTO): Defence’s interests in space and space science
Dr Michael Green (DIISR): the Australian Space Science Program
Brett Biddington (Chairman of the Australian Space Industry Chamber o
Commerce): ASICC perspectives on space science and space research.
Dr John Zillman (BOM): An Australian Strategic Plan for Earth Observation from Space
Dr Iver Cairns: Draft Space Science Decadal Plan

Afternoon sessions contained:
• A session on draft proposals for the Australian space science program
• Workshops on the Large and Medium Projects for the Decadal Plan
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Future space scientists: will Australians be ready for liftoff?
Jennifer Fergusson, Carol Oliver and Malcolm Walter
Australian Centre for Astrobiology, University of New South Wales, Sydney, Australia
Summary: If Australia is to develop a world-recognised space science community, we should
be preparing our future space scientists now. However, decreasing student interest in school
science means fewer students are studying science at university. There has been a steady
decline in the number of Australian students studying science at the senior secondary level.
By the time students reach this point in their education, when they can choose whether or not
to continue to study science, many have decided that science is not for them. This paper
examines the issues impacting on the current state of school education and the potential to
impact on space science research. The disparity between school science and "real" science is
discussed, along with the possibility that students in the junior secondary years may be
gaining a false view of the world of science. The paper also describes a study to explore
whether engaging in real science through outreach activities may increase both students' and
teachers' understanding of the nature and processes of science through the lens of space
science, and whether such activities may increase students' interest in science and influence
intentions to study science in the future.
Keywords: science education, school science, nature and processes of science, space science

Introduction
If Australia is to develop a world-recognised space science community, we should be
preparing our future space scientists now. The science education that students receive from
Kindergarten to Year 12 forms the foundation of our space science community. However,
there is evidence that school students are turning away from science.
A US study [1] suggests that by the time students reach the age of 14 they have already
decided whether to continue their study of science. The research reveals that those pupils who
show an interest in pursuing a science career before the age of 14 are 3.4 times more likely to
earn a science degree compared to students who have expressed an interest in a non-science
career. This suggests that developing students‟ interest and engagement in science activities at
a very early age may be a strong determinant in influencing their longer term career choices.

Context of school science education
Early interest in science
A large body of evidence suggests that interest in science begins early. A Royal Society
survey [2] of 1141 people in science careers found that 63% had started thinking about a
career in science before the age of 14, with 28% doing so before the age of 11 and 35%
between the ages of 12 -14. An analysis by Maltese & Tai [3] of 116 interviews collected
from graduate students and scientists regarding the timing, source, and nature of their earliest
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interest in science showed that the majority (65%) of participants reported that their interest in
science began before the end of primary school.
Interest in science among primary students in Australia is high. Figures for the 2007 Trends in
International Mathematics and Science Study (TIMSS) [4] showed that 78% of Year 4
students scored at a high level on the attitude to science index compared with only 47% in
Year 8.
Declining interest in school science
Interest in science seems to decline during the junior secondary years, with the result that,
when students have the opportunity to end their science study at the end of junior high school,
they are doing so in increasing numbers. A recent Australian government research report [5]
has confirmed a 30 year decline in participation in senior secondary school science (Fig. 1).
The graph shows participation in Year 12 science subjects as a percentage of the Year 12
cohort in Australian schools from 1976 to 2007. For example, in 1977 almost 60% of Year 12
students studied Biology but by 2007 this had fallen to just 25%. In 1979 almost 30% studied
physics but in 2007 less than 15% did so.

Fig. 1: Year 12 science participation as a percentage of the Year 12 cohort in Australian
schools: 1976 to 2007 [5, p.18]
Disengagement with science in the junior secondary years is not solely an Australian
phenomenon and has been noted by researchers internationally [6-7]. To study the reasons
behind student disengagement, Lyons [8] compared three independent studies of students‟
perceptions of school science in England, Sweden and Australia and found three common
themes leading to students‟ disinterest and declining enrolments in science: teacher-centred
and content-focused pedagogy; personally irrelevant and boring content; and the perceived
difficulty of school science. These themes did not necessarily relate to science itself but to the
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way that science was experienced at school. Students in Australia and Sweden still expressed
enthusiasm for science outside of school. Often, the reasons given for turning away from
science were that it was not concerned with creativity, the real world, technology or the
future. Since these characteristics are generally viewed as hallmarks of science, the problem
obviously lies with the culture of school science itself.
A study conducted at Macquarie University [9] canvassed the attitudes of high school
students towards science and future science study. Online surveys and focus groups indicated
that students‟ school experiences were instrumental in shaping their attitudes to science.
According to the study, almost half of the focus group discussions involved students sharing
unprompted information relating to their disappointment at the major shift towards rote
learning masses of theory in their Year 10 science class. This negative Year 10 class
experience was cited as the main reason for choosing not to continue with science subjects in
the senior years. The practice of copying notes direct from text book to exercise book was
discussed in the majority of groups and seen as a major turn-off for students. However, it was
found that if students had a particularly engaging science experience, such as a university
visit, unique or novel experiment experience, or interesting/passionate anecdotal account, they
would continue to draw on this positive experience when deciding on future study or career
options.
These findings accord with the results of a small science project that enabled twenty-four
Year 10 students from ten different high schools to participate in a joint scientific venture
between the NASA Johnson Space Center and the Australian Centre for Astrobiology [10].
According to student evaluations of that project, three of the group changed their minds as a
result of the project and said they would now take science in Year 11 and two thirds of the
group said the experience had made them rethink their choices of science subjects for Years
11 and 12. A common theme in both the written and verbal evaluations was that real science
was very different from school science. The emphasis on content, rather than on the processes
of science, in school science seemed to be negatively affecting students‟ views of science.
A recent review of science education in Australia [11], identified “clear evidence that the
curriculum and classroom practice are failing to excite the interest of many, if not most,
young people” [11, p.15]. The review recommends that science education place less emphasis
on memorisation of content and more emphasis on the nature of science and how it operates.
However, for a number of reasons, including a shortage of science teachers, schools may find
it difficult to provide this type of science education.
School science teaching
The teacher is a critical factor in determining students‟ interest and motivation to learn
science [12]. Raison [9] found that students identified their high school science teacher as the
strongest influence on whether they were interested in or enjoyed science, and thus, whether
they would consider further study or careers in science. The main characteristic of a “good”
teacher was seen as enthusiasm and science teachers displaying a lack of enthusiasm were
regarded as a major turn off.
The importance of good science teaching to influence career choice is shown by a 2006 Royal
Society [13] survey of science practitioners. 49% nominated science lessons at school as a
major influence on their career choice and 34% nominated a teacher. Taken together 83%
were influenced in a major way by their school experience. It is also interesting that almost a
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quarter (24%) nominated a visit to a scientist‟s place of work as a major influence. Again, this
shows the motivational effect of being exposed to “real” science.
In Australia there is “a current and looming crisis in the supply and quality of teachers of
mathematics and science” [14, p.vii]. A national survey found a shortage of suitably qualified
science teachers [5, 15], with 30% of schools reporting difficulty filling vacancies for
chemistry teachers, and 40% having difficulty finding suitably qualified physics teachers.
The report from PISA 2006 suggests that the science teacher shortage in Australia is worse
than the OECD average. The survey showed that there were comparatively fewer vacant
science teaching positions in Australian schools but almost 30% of the Australian students
were hindered by a lack of suitably qualified teachers compared with the OECD average of
16%. Australian schools are better than the OECD at filling science teaching vacancies but the
qualifications of those teachers is a cause for concern. According to a national survey by the
Australian Secondary Principals Association [16], over 40% of school principals reported that
at least one science class was being taught by a teacher without expertise in science.
With a science teacher shortage, better qualified teachers are more likely to be teaching senior
classes, so that junior science classes are often taught by teachers without appropriate science
qualifications. Figures from a report on staff in Australia‟s schools show that almost 20% of
junior secondary science teachers have not studied any physics, chemistry, biology or geology
at tertiary level, [5, 15]. Only 44% of teachers teaching junior secondary science classes had
two or more years of tertiary science study and only 56% had any training in science teaching
methodology [5]. With this degree of science teaching expertise in the junior years of
secondary school it is not surprising that science is failing to engage students.
Childs & McNicholl [17] found that non-science teachers, required to teach science classes,
reported difficulty in bringing the subject alive for students. These teachers painted a picture
of their teaching as limited, unadventurous and lacking in cognitive challenge. They
commented on their limited ability to „see the bigger picture‟ in terms of the scientific story
and to make links between topics and across scientific concepts. This is the very situation
reported by the students in the three studies described by Lyons [8] as a reason for becoming
frustrated with school science.
Although the shortage of qualified staff and the constantly evolving nature of scientific
knowledge would seem to necessitate it, there are few professional learning opportunities
currently provided for Australian teachers to upgrade their science learning [18] or to
experience real science. Even if such opportunities were available, another consequence of
teacher shortages is that finding relief teachers to allow current teachers to leave their
classrooms to receive professional learning is a problem. In the Australian Secondary
Principals Association [16] survey over 50% of secondary principals reported that it was
impossible to find relief staff in science.
The nature of school science and the nature of science
A key theme of students‟ disengagement with science is the mismatch between science as it is
taught in schools and science as it exists in the „real world‟. Rennie & Goodrum [19]
acknowledge that teachers find it difficult to promote linkages for students between science in
the classroom and contemporary science practice, since teachers‟ professional identities are
formed by their experiences of school and university science, with very few having practised
science in a research or professional sense [20].
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School activity tends to exist in a culture of its own and classroom tasks can completely fail to
provide the contextual features of disciplines like science. Chinn & Malhotra [21] found that
school students may actually learn a non-scientific epistemology through oversimplified
inquiry tasks that often distort the nature of science. Wong & Hodson [22] interviewed
thirteen scientists in a range of different fields to determine what constitutes real-world
science practice. The scientists gave descriptions of their practice that are in striking contrast
to the image of science portrayed in schools. The scientists used many different approaches.
Some used experiments, others used naturalistic studies, historical reconstructions, or
computer simulation and modelling tools. However, despite the view of all the scientists that
context determines method of inquiry, many school students are under the impression that all
scientists conduct experiments and follow a linear scientific method.
School science and contemporary science practice
It has been argued that bringing school science and the science community together is a
powerful way of enhancing science learning because it demonstrates to students that science
has relevance and value to them, and provides opportunities for them to see and use science
out of the school context [11, 14, 20, 23-24].
The research project described below recognises that schools are unable to provide either the
context or the resources, human and material, to give students an understanding of
contemporary science practice. Experience with out-of-school science programs may provide
both learning experiences for students and professional development for teachers. Because
students and their teachers undertake such activities together, there is no requirement for relief
teachers to be employed and teachers are able to make the necessary links for students to the
science curriculum.

Space as a motivating factor in science education
The universal fascination with space exploration may be a powerful motivating factor in
encouraging students to study science and to continue their studies after high school. A study
which examined the experiences reported by scientists and graduate students as being what
first engaged them with science [3], found that the most commonly mentioned topic
associated with their initial interest was “space”. The appeal of “space” is also revealed in a
study carried out in the UK [25] that asked 14 and 15 year olds about what they would most
like to learn about in science. The results indicated that space-related topics were among the
most popular, for boys, at least (Table 1).
Table 1: The most popular science topics for boys and girls [25, p.49]
Boys’ top science items
Explosive chemicals
How it feels to be weightless in
space
How the atom bomb functions

Girls’ top science items
Why we dream when we are
sleeping and what the dreams might
mean
Cancer – what we know and how
we can treat it
How to perform first aid and use
basic medical equipment
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Biological and chemical weapons
and what they do to the human
body
Black holes, supernovae and other
spectacular objects in outer space
How meteors, comets or asteroids
may cause disasters on earth
The possibility of life outside earth

How to exercise the body to keep
fit and strong
Sexually transmitted diseases and
how to be protected against them
What we know about HIV/AIDS
and how to control it
Life and death and the human soul

Evidence that space science may affect participation rates in science education may be found
in a National Science Foundation report on U.S. Doctorates awarded in the 20th Century. The
report makes the relationship between space science and doctoral awards explicit by stating
that the greatest growth in doctoral awards in the physical sciences “occurred after the Soviet
Union‟s launch of Sputnik, in 1957, and growth continued through the 1960s. Then, with deep
cuts in U.S. space and energy programs in the 1970s, awards of physical sciences doctorates
began to drop” [26, p.14] (Fig. 2). Interestingly the greatest growth occurred during the
Apollo Program, beginning with its announcement in 1961 and peaking with the last Apollo
mission in 1972.

Fig. 2: US doctorates awarded, by major field: 1920–99 [26]
Two examples of out of school space-related science programs
Two space science related programs available to schools are the Mission to Mars program at
the Victorian Space Science Education Centre, Melbourne and the Mars Student Imaging
Project (MSIP) at the Mars Education Center, Arizona State University (ASU), Phoenix.
In the Mission to Mars program, students are able to role-play real space practices including
mission briefings, flight control and simulated space exploration in hostile and dangerous
environments. As mission controllers, students use interactive software to communicate with
their team members on the planetary surface. As astronauts, they wear spacesuits and step out
onto the Martian surface to collect real soil and rock samples, drill an ice core, conduct a
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thermal survey and undertake a seismic experiment. Returned samples are analysed and
assessed in the special planetary sciences laboratory.
The Mars Student Imaging Project (MSIP) gives students the opportunity to be involved in
authentic Mars research. Students come up with a question that can be answered using
THEMIS visible images. They submit a proposal requesting use of the THEMIS camera
onboard NASA‟s Mars Odyssey spacecraft and a site on Mars is imaged for them. They then
work with the THEMIS team at ASU‟s Mars Space Flight Facility to process their image,
compile their data and present their findings.
Both programs provide experiences which it would be impossible to provide in a classroom.
They also incorporate aspects of contemporary science practice and demonstrate to students
many aspects of the nature and processes of science that may not be apparent in school
science activities.

Description of current research project
The research project currently being undertaken aims to examine students‟ and teachers‟
understanding of the nature and processes of science and to evaluate the effectiveness of out
of school astrobiology programs in improving this understanding. It also examines the effects
of the programs on students‟ attitudes to science and their intentions regarding further science
study. The project involves 15-16 year old science students and their teachers from schools in
Australia and the US. The participants come from schools attending the Victorian Space
Science Education Centre and the Mars Education Center. Students and teachers will
complete a questionnaire before and after engagement with the Mission to Mars program and
the Mars Student Imaging Project. Control groups of students who do not participate in the
programs will also complete the questionnaire.
A pilot study involving a local sample of 28 Year 10 science students has been undertaken to
test the reliability and validity of the questionnaire. The questionnaire addresses
understanding of the nature and processes of science and attitudes to science. Although there
were no comparative data to analyse, the results of the pilot study provide a snapshot of the
group.
Results of pilot study
The results from the pilot study tended to agree with the picture of science students that has
been described earlier in this paper. That is, the students did not show a good understanding
of the nature and processes of science.
The attitude to science scale revealed that relatively few students saw themselves pursuing a
career in science (Fig. 3). 68% either disagreed or strongly disagreed that they would like to
become a scientist. None strongly agreed. The results were even clearer when students were
asked if they would like to become a science teacher. 68% strongly disagreed. This does not
bode well for the future of school science.
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Fig. 3: Student attitudes to future involvement in science
These results accord with the lack of interest in pursuing science at tertiary level that has been
reported in the literature.
When this baseline data is collected from students in both Australia and the US it could be
interesting to compare results from students in the US, which has a national space science
program and Australia, which does not.

Conclusion
It has been shown that “schooled” versions of science are not succeeding in retaining students
in the science field. Student views of science as boring and irrelevant are in contrast with
views of science outside schools as exciting and challenging. There is a belief that students‟
interest in continuing science study may be influenced by exposure to contemporary science
practice through activities undertaken outside of school. However, there is a lack of research
in this area [14]. The results of this study will provide evidence about how students‟ attitudes
to science and their understanding of science processes are affected by engagement with such
activities.
The data also shows that a greatly improved system of professional development for teachers
of science is required. If the results of this study demonstrate that science teachers‟
understanding of the nature and processes of science is improved by taking part in out-ofschool science activities that expose them to contemporary science practice, then the value of
such activities for teacher professional learning will be clarified. Since there is no need for
relief teachers if the activities are undertaken with students, this would be very cost effective.
If the current decline in student numbers in science is to be arrested, students‟ early interest in
science must be maintained throughout their schooling. A future space science community in
Australia will benefit from school education that produces students who are interested in
science. Space science clearly has the potential to engage students with science. Not all of
them may want to become space scientists but providing students with opportunities to
connect with space-related programs may generate enough interest to keep them in science.

References
1.
2.

Page 8

Tai, R., et al., Planning early for careers in science. Science, 2006. 312: p. 1143-1145.
Society, R. (2004) Taking a leading role: A good practice guide (Scientist survey).

Proceedings from 9th Australian Space Science Conference, 2009

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Maltese, A.V. and R.H. Tai, Eyeballs in the Fridge: Sources of early interest in
science. International Journal of Science Education, 2009.
Thomson, S., et al., TIMSS 2007: Taking a closer look at mathematics and science in
Australia. (TIMSS Australia Monograph No. 11). 2008, ACER: Melbourne.
Ainley, J., J. Kos, and M. Nicholas. Participation in Science, Mathematics and
Technology in Australian Education. ACER Research Monograph No. 63 2008;
Available from: http://www.acer.edu.au/research_reports/monographs.html.
Osborne, J., S. Simon, and R. Tytler, Attitudes Towards Science: An Update, in
Annual Meeting of the American Educational Research Association. 2009: San Diego,
California.
Schreiner, C., Exploring a ROSE-Garden. 2006, Department of Teacher Education
and School Development Faculty of Education, University of Oslo.
Lyons, T., Different Countries, Same Science Classes: Students' experiences of school
science in their own words. International Journal of Science Education, 2006. 28(6): p.
591-613.
Raison, M., Macquarie University Science, Engineering and Technology Study. 2006,
Macquarie University: Sydney.
Oliver, C.A., et al., Education project provides interesting results, in International
Bioastronomy Conference. 2004: Reykjavik, Iceland.
Tytler, R., Re-imagining Science Education: Engaging students in science for
Australia’s future, in Australian Education Review. 2007, Australian Council for
Educational Research: Camberwell, Victoria.
Goodrum, D. and L.J. Rennie, Australian School Science Education National Action
Plan 2008–2012 Volume 1 The National Action Plan. 2007.
Royal Society (2006) Taking a leading role: A good practice guide (Scientist survey).
Tytler, R., et al., Opening up pathways: Engagement in STEM across the PrimarySecondary school transition. 2008, Dept. of Education, Employment and Workplace
Relations.
Harris, K.-L., F. Jensz, and G. Baldwin, Who’s teaching Science: Meeting the demand
for qualified science teachers in Australian secondary schools (Report prepared for
the Australian Council of Deans of Science). 2005: Melbourne: ACDS.
Australian Secondary Principals Association. Surveys. 2006, Retrieved 6th August,
2008 from: http://www.aspa.asn.au/content/view/51/40/.
Childs, A. and J. McNicholl, Science teachers teaching outside of subject specialism:
challenges, strategies adopted and implications for initial teacher education. Teacher
Development, 2007. 11(1): p. 1 - 20.
Eiser, S. and B.A. Knight, Professional development for biology teachers in the
knowledge economy. Teaching Science, 2008. 54(2): p. 14-18.
Rennie, L.J. and D. Goodrum, Australian School Science Education National Action
Plan 2008–2012 Volume 2 Background Research and Mapping. 2007.
Tytler, R. and D. Symington, Science in school and society. Teaching Science, the
Journal of the Australian Science Teachers Association, 2006. 52(3): p. 10-15.
Chinn, C. and B. Malhotra, Epistemologically authentic inquiry in schools: A
theoretical framework for evaluating inquiry tasks. Science Education, 2002. 86: p.
175-218.
Wong, S. and D. Hodson, From the horse's mouth: What scientists say about scientific
investigation and scientific knowledge. Science Education, 2009. 93(1): p. 109-130.

Proceedings from 9th Australian Space Science Conference, 2009 						

Page 9

23.
24.
25.
26.

Page 10

Rennie, L.J., The community’s contribution to science learning: Making it count., in
ACER Research Conference, Boosting science learning - What will it take? 2006:
Canberra.
Braund, M. and M. Reiss, Towards a more authentic science curriculum: The
contribution of out-of-school learning. International Journal of Science Education,
2006. 28(12): p. 1373-1388.
Jenkins, E.W. and N.W. Nelson, Important but not for me: students' attitudes towards
secondary school science in England. Research in Science and Technological
Education, 2005. 23(1): p. 41 - 57.
Thurgood, L., M. Golladay, and S. Hill, US Doctorates in the 20th Century, in
National Science Foundation Special Report, N.S. Foundation, Editor. 2006.

Proceedings from 9th Australian Space Science Conference, 2009

Space Olympics: A Pathway to Careers in Space
Amy Spark 1, Melinda Blake 1, Keren Reynolds 2, Anne Brumfitt 3 and Lachlan Thompson 2
1

2

Monash University, Victoria, 3800, Australia
Aerospace, Mechanical and Manufacturing Engineering, RMIT University, GPO Box
2476V, Melbourne, Victoria, 3001, Australia
3
Space Qualified Ltd, 17 Park Drive, Belgrave, Victoria, 3160, Australia

Summary: Australia is suffering from the world wide trend of a decrease in numbers of
students entering into science and engineering careers. An Australian Senate enquiry reported
that space science can increase student interest in maths and science. The entry of Australia in
the International Space Olympics in 2006 and 2007 has provided a space career sampler for
young Australians and is one program encouraging students to take up interests in these short
fall areas. The International Space Olympics (ISO) is a competition held in Korolev and at
Star City Russia for 300 youth from countries including Russia, USA, UK, Germany and
Australia. The Australian teams for 2006 and 2007 were drawn from schools across the nation
through Girl Guides Australia and Scouts Australia. In preparation the ISO teams were
mentored by Australian space experts and University undergraduates in aerospace related
programs. A national post ISO survey undertaken in 2009 showed that Olympians modified
their career and University program choices following participation in ISO. It was also found
that undergraduate students providing mentoring also modified their choices towards a strong
space focused career. ISO has facilitated ISO team members to identify and find realisable
space focused career pathways in Australia.

Keywords: International Space Olympics, education, Girl Guides, Scouts, outreach.

Introduction
There is currently a world wide shortage of scientists and engineers. In Europe between
1997/1998 and 2000/2001 the number of students graduating with a physics degree dropped
by 17% and the number of students entering the subject was approximately 2.7% [1]. This is
one of many examples and Australia is not immune from this crisis. An Australian Council for
Education Research report in 2008 found there was a decline in the percentage of year 12
students completing physics, chemistry and biology over the last 30 years [2]. Similarly, the
percentage of year 12 students completing advanced mathematics Australia wide has
decreased since 1995. At a tertiary level there is also a declining number of students
undertaking undergraduate science courses [3]. An Australian senate inquiry in 2008
highlighted the ability of space science to capture student’s attention [4]. The ISO is one
program which is demonstrating this finding.
The International Space Olympics is an initiative of the Russian Education ministry. In the
14th and 15th years of the program Australia competed against 250 students from Russia, the
UK, Kazakhstan, US, Germany and Greece. Ten Australians competed at the 14th ISO with a
further seven competing at the 15th. Examinations were completed in mathematics, physical
sciences, Space literature (writing based on a set of space related topics) and computer
science. Participants were also required to complete a space related research project in small
groups or individually before attending, and present it in front of a judging panel of
international space industry experts, including current cosmonauts.
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Competition was not the only aspect of the program; participants had the opportunity to visit
places such as Star City, Moscow Mission control and Energia’s private space museum, which
provided the chance to see a back up copy of Sputnik. The students also received talks from
cosmonauts about their space experiences and had the opportunity to ask them questions.
Another component of attending the ISO is an introduction to Russian culture. The Kremlin,
the Russian ballet, a tour of Moscow, local school visits and the food were all part of the
experience.
Australia was first represented at ISO in 2006 and then again in 2007. The 2006 team was
comprised of 10 youth members of Girl Guides Australia and Scouts Australia ranging in ages
from 14 to 18. The majority were from Victoria with one representative coming from Western
Australia. The 2007 team was quite diverse. They ranged in age from 13 to 15 and came from
all over Australia. There were four Guides, one each from Tasmania, NSW, QLD and WA. To
be selected each participant prepared a brief application including an essay detailing the
reasons why they were interested in attending and their interest in space. A further
requirement was that they had to be working towards their Queen’s Scout or Guide Award.
Competitors from both Australian teams were successful, in 2006 one research group was
awarded a Cosmonauts Award for the best research project. This was the first time one had
been awarded to a non Russian participant. The quality of the projects presented by the
Australian team in 2006 was noted by other teams, in particular the US. In the following year
when the 2007 team competed, many other teams followed Australia’s lead from 2006 and
adopted our approach to the research project component. This approach was different in that
all projects had practical applications. They were student driven and each one included an
experiment with the results forming an important part of the project report and presentation.
Many projects from other countries were entirely theoretical and did not include any of their
own research, much like a school assignment. The Australian teams used real science
techniques and hands on research. The research component was thus able to show that science
and research is something that anybody can be engaged in.
To begin preparations for the Space Olympics participants took part in a three day camp. This
included an opportunity for competitors to begin constructing a space related research project
and meet mentors to assist them throughout this process. Competitors had approximately two
months to design the experiment, conduct it, analyse the results and prepare a 10 minute
presentation for the competition in Russia. As the competition only required participants to
present research related to space this left much up to the research group’s imagination and
resulted in quiet diverse projects in both years (Table 1). They included a revolutionary fire
extinguisher for space which took into account Newton’s laws of motion in micro gravity, an
inflatable splint system to incorporate into EVA suits, the effect of pure oxygen on blood
plasma proteins during EVA, and determination of which chemical cleaning products used
would have the least effect on plant life on the ISS.
Presented with media and government reports of declining tertiary science student numbers
the influence of participation in ISO on the subject and career choices of Australian ISO
participants was investigated.
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Table 1: All Australian Research projects and the results of the competition
2007
Results
2006
Bronze
Tile retention system for the
Space glove for use on Mars

Results
Gold

Space Shuttle
EVA suit trauma management
system

Gold

Fire extinguisher for use on the
ISS

Gold

Inflatable stretcher and
operating table for the ISS

Silver

Clotting of blood in pure
oxygen

Effect of cleaning agents on
plants in the ISS

Bronze

Mars rover (tumbleweed
design)

Method for the removal of dust
for Mars Rover
EVA glove finger joint

Bronze

Cardiovascular fitness in space

Bronze

Bronze

Disinfection of the ISS using
UV light

Bronze

Gold
Cosmonauts
Prize
Bronze

Method
A survey of 2006 and 2007 team members was conducted. The survey consisted of a series of
12 questions. These consisted of questions relating to name, team, age when competing, and
subjects the respondent was studying when competing at ISO. The survey also included eight
open-ended questions designed to determine the level of influence participation in the
competition had on subject choice at university, career and invited comments on the
respondent’s best memories of competing in Russia and the key benefit gained. It was emailed
to all participants in early 2009 and their responses analysed. The response rate was 71%. The
career and further study choices of the undergraduate mentors of both teams after involvement
in the program were studied and the level of space science related choices noted.
Results
Of the seventeen team members surveyed responses were received from twelve. Eight
responses were received from the ten members of the 2006 team and four from the seven
Australian representatives in 2007. Table 1 includes all research projects from the
competition.
The data collected showed a range of levels of influence, with some participants’ responses
indicating ISO having a major influence on their career and University choices and others
indicating low or no influence. There were also those who are yet to decide on a career choice
being still at school.
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Fig. 1: ISO influence on career choices of participants. *Unknown is defined as those who
did not reply or who are yet to decide on a career area.

Discussion
Participation in ISO influenced team member’s career, life and university choices in a number
of different ways. Data from the survey showed that ten out of the twelve Australian
participants who responded were influenced by ISO when making these choices. The survey
questions asked the participants about what they were studying when they attended ISO, what
they are currently studying or doing, whether their experiences at ISO influenced these
choices and what level of influence this had had on their lives. Each student nominated
themselves to attend ISO and hence had some interest in space before participating. The
survey aimed to determine whether this interest was altered by the experience.
Amy, who attended ISO in 2006, had completed Year 12 the year before. She had deferred an
engineering degree and was unsure which stream of engineering to pursue. In her responses to
the survey she indicated that through her research project designing a glove for astronauts
specific for the Mars environment she determined that she would be best suited to Materials
engineering. She also indicated that prior to ISO she had an interest in space but had never
considered it as a career path. Following ISO she is aiming to be an engineer working within a
space agency or in the broader space industry.
Keren was also in the 2006 team and was in Year 11 at the time. Her survey responses show
that she knew she loved science but didn’t know what to do with this love other than that she
didn’t want to do medicine, the traditional career choice for someone who is good at science.
ISO ‘changed my whole career aspirations’. At the conclusion of school she moved from
Perth to Melbourne to take up Aerospace engineering. ‘ISO opened my eyes to the amazing
opportunities there are and showed me that becoming a member of the space industry was
within my reach.’
Page 14

Proceedings from 9th Australian Space Science Conference, 2009

Patrick was the youngest member of the 2006 team and was in Year 9 when he competed. He
writes that at the time of the competition he was already interested in the space industry. ISO
showed him that he didn’t want to become an astronaut but that he would be very capable of
designing space craft. He is completing school this year and is hoping to pursue Aerospace
engineering.
Prior to competing at the 2007 International Space Olympics while in Year 9, Claire said in
response to the survey that she was interested in studying medicine. Participating developed
her interest in space and space travel and she is now aiming to study aeronautical engineering
through the Royal Australian Air Force at the Australian Defence Force Academy.
Other younger participants who are still undecided have confirmed through ISO their interest
in science and know they wish to pursue science but are unsure how in particular. There was
one participant who when surveyed felt that ISO had no influence directly on his career
choices. While this is true participation gave an insight into space scientists and the impact the
space industry has through every day applications.
The survey showed that participation in ISO broadened competitors in other non career
specific areas. Tegan designed a fire extinguisher for use on the International Space Station
for her research project. This developed an interest in fire fighting and she has since become a
volunteer fire fighter.
ISO has also influenced the career choices of those who were involved in the preparation of
the teams. Four undergraduate mentors attended the preparation camps and assisted with the
development and completion of research projects. All are pursuing space related careers in a
variety of ways and have become more directed since they became involved with the teams.
The mentors were not directly surveyed so the level of influence assisting the Australian
teams had on their choices could not be determined.
A former undergraduate from the University of Melbourne who mentored the 2007 team is
currently studying post graduate aerospace engineering at Stanford University. She will be
completing a PhD under NASA Ames. Another mentor from RMIT attended Deep Space as a
scout in 1999. As a result he decided to study aerospace engineering. He mentored the 2007
team and returned to Deep Space in 2007. He is currently an undergraduate; his thesis project
is on the ISS. He is planning post graduate studies in maintenance robotics. A former
undergraduate from RMIT who mentored both the 2006 and 2007 teams, lead a team of
engineering students from RMIT and Georgia Tech in the USA to win an AIAA aerospace
design competition.
This qualitative survey is the first investigation into the influence of ISO on Australian team
members. The scope of this initial survey was restricted to obtaining the team members’
individual opinions as to how the experience of competing at ISO affected them. This study
will be extended to a longitudinal survey. We aim to increase the scope in future studies to
determine whether there is a continued effect, to include a control group of students and to
survey the undergraduate mentors directly.
ISO enabled both the competitors and undergraduate mentors to realise pathways into the
space industry. Through participation in the competition because of their original interest in
space and space science, they have been shown pathways into the space industry and the
opportunities the industry presents, and strengthened their interest in science.
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Conclusion
Participation in ISO as a competitor influenced young people with an interest in space to
choose an engineering or science orientated University program with a potential for a space
career. All undergraduate mentors are known to have increased their involvement in space
science and the space industry following their involvement with the program.
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Summary: Outcrops of anorthosite are promising targets for imaging by the recently
launched Lunar Reconnaissance Orbiter (LRO) mission. Anorthosite massifs occur in the
rings of several lunar basins, and the Clementine and Chandrayaan orbiters identified
anorthosite as a ubiquitous lithology in the central peaks of complex craters, often associated
with enrichments of water or water-bearing compounds on the lunar surface. Questions that
might be addressed by closer observation of these regions by the LRO include the global
distribution of different varieties of lunar anorthosite, the nature of contacts between midcrustal anorthosite and more mafic layers above and below (igneous vs. tectonic), and
emplacement mechanisms of anorthosite in the lunar crust. Mineralogical characteristics of
anorthosite imaged from orbit can be placed into a global context by comparison with samples
returned by the Apollo missions, which provide geological context for understanding the
origin and evolution of the Moon.
Keywords: Moon, anorthosite, magma ocean, plagioclase, Lunar Reconaissance Orbiter,
craters, central peaks, impact basins.

Introduction
The discovery of anorthosite (an igneous rock composed of ≥90% plagioclase) was arguably
the second major surprise to come from the first sample return mission to the Moon, the first
being the extraordinarily high TiO2 contents (≥ 10 wt%) [1] of Apollo 11 mare basalts. The
juxtaposition of these two extreme lithologies form the cornerstone of our current
understanding of the Moon as a highly differentiated body composed predominantly of
igneous cumulates. This lead almost immediately to idea of early planetary differentiation by
crystallization of a global magma ocean [2, 3], a conceptual breakthrough that provided a new
framework for understanding the evolution of terrestrial planets including Earth, Mars,
Mercury, and differentiated asteroids. Subsequent work on the lunar samples over the past 40
years, however, has revealed an amazing petrological and geochemical complexity among
lunar anorthosites that is difficult to accommodate within current models for the origin and
evolution of the Moon. A better appreciation of the variety, age, distribution, and origin of
lunar crustal rock types and how these parameters contribute to a better understanding of lunar
formation and differentiation remain fundamental and high-priority goals of lunar science.
This paper summarises the characteristics of various types of lunar anorthosite that have been
recognized in the sample collection, and some specific inferences concerning the structure and
origin of the lunar crust that can be drawn from their mineral and chemical compositions. We
then review aspects of the global distribution and field occurrences of lunar anorthosite based
on spectroscopic data collected by Earth-based telescopic observations and orbital missions,
and conclude by identifying several potentially interesting targets of lunar anorthosite for
high-resolution imaging by the recently launched Lunar Reconnaissance Orbiter mission.
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Mineralogy and geochemistry of lunar anorthosites
Anorthosite is a crystalline igneous rock type composed predominantly of the silicate mineral
plagioclase feldspar (solid solution between NaAlSi3O8 and CaAl2Si2O8). Endmember
‘anorthosite’ is defined as a rock with 90-100 vol% plagioclase, whereas lithologies with a
somewhat greater fraction of iron+magnesium bearing minerals such as olivine or pyroxene
are classified by appending appropriate modifiers, e.g. troctolitic anorthosite (plagioclase +
olivine), noritic anorthosite (plagioclase + low-Ca pyroxene) or gabbroic anorthosite
(plagioclase + high-Ca pyroxene).
Lunar anorthosites are relatively simple in their mineralogy (most are >99 vol% plagioclase +
pyroxene), but their geochemistry is surprisingly complex and their mineral structures reflect
formation in a wide variety of crustal environments. A simplified genetic classification of
igneous lunar anorthosites might recognize: (1) a suite of primary cumulates likely related to
magma ocean crystallization (often called ‘ferroan anorthosites’ or the ‘ferroan anorthositic
suite’); and (2) anorthosites produced by later magmatism, usually envisioned as relatively
localized intrusions into the primary crust. The latter group includes the alkali and Mg-suite
anorthosites discussed below. All lunar anorthosites have plagioclase compositions that are
rich in the calcium endmember, called ‘anorthite’, relative to the sodium endmember ‘albite’.
Lunar plagioclase compositions typically are expressed as molar units of the anorthite (An)
component in their crystal structure (i.e. molar CaAl2Si2O8*100/(CaAl2Si2O8 + NaAlSi3O8))
as measured by electron microprobe. Pyroxene and olivine compositions are conveniently
expressed by the molar ratio of Mg*100/(Mg+Fe), or Mg#.
Ferroan anorthosites
Mineralogy
Ferroan anorthosites are the quintessential lunar crustal rock type. Type examples, collected
mainly at the Apollo 15 and 16 sites, are ≥98 vol% plagioclase with a narrow range of
anorthite contents (An95-98). Mafic phases are predominantly low-Ca pyroxene although some
examples have olivine > pyroxene. In contrast to the plagioclase, mafic phases have a broad
range of major element compositions (Mg# ~50-75), forming the classic vertical trend on a
plot of Anplag vs. Mg# ol-opx (Fig. 1). The ‘ferroan anorthositic suite’ also includes a variety of
related, somewhat more mafic lithologies. James et al. [4] recognized two varieties of
troctolitic anorthosite, one with 10-20% olivine having Mg# at the upper end of the range for
ferroan anorthosites (66-75), and a second, somewhat less-mafic variety with lower Mg# (5063). A troctolitic anorthosite clast in the Dhofar 489 lunar meteorite with Fo79 olivine [5] may
represent an extension of James et al.’s [4] high-Mg# group. Noritic anorthosites with
pyroxene > olivine and relatively abundant high-Ca pyroxene have also been linked to the
ferroan anorthositic suite [6, 7, 8]. A slightly more sodic variety of ferroan anorthosite based
on the marginally lower An contents of the plagioclase (An94-95) has also been recognized [4].
Most ferroan anorthosites are brecciated, reflecting their long history of exposure to impact
cratering in the lunar crust. Rare relict clasts provide a glimpse of primary crystalline textures,
allowing inferences to be drawn about the conditions under which they formed (Fig. 2).
Estimated cooling rates indicate a range of emplacement conditions within the lunar crust.
Some ferroan anorthosites cooled very slowly, at rates of 20-40 oC per million years [9]
whereas others cooled much more rapidly, at rates of several hundred oC per million years
[10]. Clast textures support this inference, with some samples having curved grain boundaries
indicating long periods of annealing deep within the crust, whereas other samples have
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Fig. 1: Major element compositions of co-existing plagioclase and low-Ca pyroxene (opx) in
feldspathic igneous rock of the lunar highlands crust [8].

Fig. 2: Textures and major element compositional profiles across pyroxene exsolution
lamellae in type examples of lunar ferroan anorthosites. Samples such as 62236 and 67075
(left) have thick lamellae and annealed textures indicating slow cooling deep within the lunar
crust (10-20 km). In contrast, 67215c has thin lamellae and textures indicating crystallisation
and rapid cooling near the lunar surface. Pyroxene lamellae develop by solid-state diffusion
during cooling. Cooling rates are estimated from the compositional profiles by calculating a
numerical solution to the diffusion equation [9]. Pyroxene traverse data from [9, 10].
Geochemistry
Ferroan anorthosites have distinctive trace element compositions characterized by high
concentrations of elements that partition strongly into plagioclase (e.g. Sr, Ba, Eu) and
remarkably low concentrations of highly incompatible elements such as the rare earth
elements (REE), U, Th, Nb, and Ta (Fig. 3).
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Fig. 3: Trace element compositions of typical ferroan anorthosite (FAN) and mafic-enriched
ferroan noritic anorthosite (FNA) compared to average lunar crust and trace element
enriched KREEPy impact breccias from Apollo 17 [8].
Alkali and Mg-suite anorthosites
In addition to the ferroan anorthosites described above, other varieties of lunar anorthosite are
known. These include the highly evolved alkali anorthosites [11] and anorthosite that has
petrologic and geochemical affinities with Mg-suite troctolites [12] (see Fig. 1). Both of these
types of anorthosite occur as relatively small clasts within fragmental breccias in contrast with
the relatively large (up to kg) samples of ferroan anorthosite that we have from the Moon. The
alkali and Mg-suite anorthosites are most abundant in collections from the Apollo 12 and 14
sites, suggesting a petrogenetic association with the Procellarum-KREEP terrane, a region
characterized by thin crust (Fig. 4) and high surface concentrations of incompatible trace
elements such as Th, U, and the REE. Alkali suite anorthosites are distinguished from ferroan
anorthosites by their more sodic plagioclase (An76-86; Fig. 1), compositional zoning in the
plagioclase (normal and reverse), and igneous textures indicating predominantly near-surface
crystallization [11, 12]. Mafic phases are sparse and have relatively low Mg# (50-70). The
Mg-suite anorthosites have mineral compositions similar to those of Mg-suite troctolites
(An94-97, Fo84-90) [12]; these small fragments may represent fine-scale layering within an Mgsuite pluton rather than large bodies of monolithic anorthosite [12].

Petrogenesis of lunar anorthosites
Ferroan anorthosites are the best candidates for a primitive flotation crust from a lunar magma
ocean [8, 13, 14], but we do not yet have a detailed petrogenetic model that explains the
petrologic and geochemical diversity of the ferroan anorthositic suite. Trace elements that are
concentrated in plagioclase (Sr, Eu, Ba, Ga), and therefore likely to be robust against
subsequent disturbance, are broadly consistent with crystallization from an evolving magma
ocean having initially chondritic relative abundances of refractory lithophile elements [8, 15].
The REE compositions of ‘typical’ or ‘main group’ ferroan anorthosites are also consistent
with accumulation from a moderately evolved magma ocean [14], despite potential
complications from disturbance by shock and/or metamorphic re-equilibration during slow
cooling [16]. The petrogenesis of other subgroups of the ferroan anorthositic suite appears to
be more complex. The more mafic varieties tend to have anomalously high contents of REE
and other incompatible elements [7, 8, 14, 16], possibly indicating a greater proportion of
trapped melt or contamination with more evolved melts. Cooling rates estimated from
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pyroxene exsolution lamellae also indicate a range of emplacement conditions within the
lunar crust. At least some of the ferroan anorthosites formed at mid-crustal depths (10-20 km)
whereas others crystallized from much shallower magmas, possibly in localized, near-surface
plutons or lava lakes perhaps formed by in-filling of craters excavated by impacts into the
nascent lunar crust. This implies a very large and complex magmatic system.
Radiogenic isotopic compositions of ferroan anorthosites show that they are formed very early
in lunar evolution, but their crystallization ages are not well established. Their Sr isotopic
compositions are consistent with early crystallization from a primitive magma but
redistribution of Rb by impact metamorphism has obscured this record [17]. 147Sm-143Nd
mineral isochrons are restricted to examples with high abundances of mafic minerals, and
have yielded a range of apparent ages extending from 4.29-4.54 Ga [8]. The petrologic or
geochronological significance of this range is also not well understood. If the isochron ages
are real they may reflect a complex petrogenesis of ferroan anorthositic suite rocks that could
include serial magmatism subsequent to magma ocean crystallisation [17] or compositional
modification during tectonic emplacement and/or re-crystallization [18]. Alternatively, the
apparent range of Sm-Nd isochron ages may be an artifact of impact metamorphism. A
preferred age of 4.46 + 0.04 Ga can be calculated based on Sm-Nd systematics of mafic
phases, on the assumption these are more resistant to disturbance than the coexisting
plagioclase [8]. However, this analysis assumes that the four samples for which Sm-Nd
mineral data exists are related to a common magmatic system. A peculiar characteristic of
some ferroan anorthosites is the apparent disequilibrium between REE abundances in
plagioclase and coexisting pyroxene [14, 16]. The reason for this decoupling is not
understood, but it may have significant implications for attempts to obtain Sm-Nd
crystallization ages of ferroan anorthosite, using mineral isochrons.
Parental magmas of the alkali and Mg-suite anorthosites have evolved trace element
characteristics such as high Eu/Al, low Sc/Sm, and high REE abundances consistent with the
presence of a significant KREEP component in their parental magmas [11, 12, 14, 15]. This
suggests an underlying petrogentic connection between the alkali anorthosites and the Mgsuite cumulates, and strengthens the inferred spatial distribution of these anorthosites
proximal to the Procellarum-KREEP terrain. The alkali and Mg-suites cannot be related by
simple closed-system crystallization of a common parental magma, however [12, 14]. Their
petrological and geochemical characteristics apparently require a diverse set of igneous
processes including assimilation and magma mixing, consistent with localized intrusions. By
analogy with cooling rates inferred from Mg-suite gabbronorite, sodic ferrogabbro, and quartz
monzodiorite, the alkali anorthosites probably represent relatively small volumes of magma
emplaced shallow depths in the uppermost lunar crust (0.2-0.5 km) [9].

Exploration targets
The mineralogical and geochemical characteristics of lunar anorthosites can be placed in a
global context by remote sensing data obtained from orbital spacecraft missions such as
Clementine, Prospector, Chandrayaan, and the recently commissioned Lunar Reconnaissance
Orbiter. Using Clementine multispectral data, Tompkins and Pieters [19] characterised the
lithological characteristics of central peaks in 109 impact craters ranging in diameter from 40 to
180 km. These central peaks are believed to represent mildly shocked material exhumed from
5-30 km beneath the surface during the impact event that formed the crater. They found
‘anorthosite’ (defined as ≥90% plagioclase based primarily on the absence of 1 µm absorption,
which is sensitive to the presence of mafic minerals) in about 60% of the central peaks that
they examined, and that relatively ‘pure’ anorthosite is commonly associated with more mafic
lithologies such as noritic and troctolitic anorthosite.
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The global distribution of lunar anorthosite (lithology ‘A’ of Ref. 19) is shown on Fig. 4. Not
surprisingly, anorthosite is clearly associated with areas of thicker crust, including the farside
‘Feldspathic Highlands Terrane’ [20] and its extension on the southern-central region of the
nearside. Anorthosite appears to be absent within the giant South Pole-Aitken impact basin
and also largely absent within the region encompassing the central nearside mare and the
Procellarum-KREEP Terrane (Fig. 4).

Fig 4: Global distribution of lunar anorthosite based on lithologies exposed in central peaks
[19] on a base map of crustal thickness [21]. The lower panel shows locations of some of the
major basins and features referred to in the text.
Using SELENE’s multiband imager (which is equipped with a 1.25 µm channel that allows
unambiguous identification of feldspar rather than simply inferring the presence of anorthosite
from the lack of a 1 µm feature) Ohtake et al. [22] found that ‘purest’ anorthosite (>98%
plagioclase) is ubiquitous in the central peaks, walls, ejecta, and rings of ≥30 km craters in the
lunar highlands, consistent with a global distribution of anorthosite at depths of ~3 km to at
least 30 km [22]. The large bodies of anorthosite identified from remote sensing data
apparently occurred at pre-excavation depths similar to those obtained from the cooling rate
calculations on ferroan anorthosites [9] and are sandwiched between layers of more mafic
material [22, 23] suggesting a compositionally stratified lunar crust.
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Targets for Future Exploration
Exploration of the Moon is entering a new phase with completion of the Eurpoean Space
Agency SMART-1 mission (2006), Japan’s SELENE (2007), and India’s Chandrayaan (2008)
orbital missions, and the recent commissioning of the NASA Lunar Reconnaissance Orbiter
(LRO; 2009). LRO carries high spatial resolution (to 1 m) cameras and imaging capabilities
that will allow detailed mapping of the lunar surface, with emphasis on the polar regions for
evaluation of volatile compounds that might support human exploration and provide new
discoveries about the delivery of water and organics to the terrestrial planets [24, 25, 26].
Numerous high targets have already been identified and prioritized based on their potential
value to future exploration activities or because they illustrate key scientific questions about
the Moon [27, 28, 29].
In the Tompkins and Pieters compilation [19], several central peak locations that expose pure
anorthosite occur in the north polar region at latitudes >60N (Fig. 4). These include
Anaxagoras, Pilolaus, Carpenter, Pythagoras, Nansen, Schjellerup, Kirkwood, and
Goldschmidt, with Compton and Eudoxus occurring at slightly lower latitudes. Fig. 5
illustrates these occurrences, which have been selected as high priority targets for more
detailed examination by LRO due to the unexpected association of spectral signatures related
to water on the lunar surface with outcrops of anorthosite [24].

Fig 5: Central peaks exposing anorthosite near the north pole region of the Moon. The
absence of an absorption feature at 1 µm in the VIS-IR reflectance spectra (upper right)
indicates an anorthositic mineralogy with a very low abundance of Fe-bearing minerals.
Anorthosite massifs observed in the rings of several lunar basins [22, 23] are also targets for
closer inspection by LRO. Hawke et al. [23] examined the distribution and modes of
occurrence of lunar anorthosite using telescopic near-infrared spectra and multispectral
images of the Moon from the Galileo and Clementine missions. They emphasised the
association of anorthosite with the uplifted rings of major impact basins such as Orientale,
Grimaldi, Humorum, Nectaris, Nubium, Mutus-Vlaq, and Balmer, and the large expanse of
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these exposures indicating a thick, global layer of anorthosite consistent with plagioclase
accumulation in a magma ocean. High value targets might include the Inner Rook ring of
Orientale, described as a “mountain range of anorthosite” [23], the eastern rings of Grimaldi
near the contact with Oceanus Procellarum, and the northwestern region of Nectaris near
Theophilus and the Kant Plateau (Fig. 6, 7).

Fig 6. Locations of anorthosite on the central nearside region of the Moon near the Apollo 16
landing site and the Nectaris basin. The absence of 1 µm absorption features in the
reflectance spectra (lower right) indicates mafic-poor, anorthositic lithologies.
The Kant Plateau is an especially interesting area because it appears to be a large block of
highly anorthositic material uplifted by the Nectaris basin. Remote sensing observations of the
area using instruments carried by Apollo command modules show that Kant Plateau has the
unusual combination of high topography, high Al/Si, low Mg/Al, high albedo and reflectivity,
and low Th and Ti concentrations (Fig 7) [30]. In addition, reflectance spectra show a strong
signal of anorthosite in the central peak of the closely associated Kant crater (Fig. 6). These
characteristics suggest that the Kant Plateau may be a relatively intact of uplifted primitive
crust [30], which would make it a potentially interesting target for additional study by LRO to
extend the ground-based observations and samples collected at the Apollo 16 site.
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Fig 7. Characteristics of the Kant Plateau, central nearside region of the Moon. The Apollo
16 landing site is shown by the red rectangle.
A complicating factor in understanding the distribution of lunar anorthosite from remote
sensing data is the occurrence of polymict anorthositic breccias with feldspathic bulk
compositions that are close to that of anorthosite (~30 wt% Al2O3). Fragmental polymict
breccias with these characteristics were collected at the Apollo 16 site and have been found as
lunar meteorites (e.g. Dhofar 081 and 489). These feldspathic breccias generally have low
contents of incompatible trace elements and may be difficult to distinguish from igneous
anorthosite based on remote sensing data alone. Metamorphosed polymict breccias with
annealed, granoblastic textures also have mineralogy and bulk compositions similar to some
igneous anorthosites, and may be relatively common at the lunar surface, e.g. the Sculptured
Hills at the Apollo 17 site might contain significant exposures of metamorphosed anorthositic
breccia (27% Al2O3). Large regions of the farside, north of the South Pole-Aitken basin, have
bulk compositions very close to that of anorthosite (<2% FeO) [20]. The lithologic affinity of
these regions is unclear, but they may represent either SPA ejecta, or a veneer of SPA ejecta
over primary anorthositic upper crust [20]. The Apollo 16 feldspathic fragmental breccias,
representing the bright, hummocky Descartes units exposed to the north, east, and south
around the landing site (Fig. 6, 7) are impact breccias rather than in situ units of igneous
anorthosite and may have been emplaced as ejecta from either the Imbrium or Nectaris basins
[31]. Distinguishing these breccia units from exposures of primary anorthosites is a significant
issue for remote sensing studies; high-resolution observations of contact relationships with
other basin ejecta units may help.

Conclusions
Anorthosite appears to be a fundamental igneous rock type in the lunar highlands crust. The
global distribution of lunar anorthosite suggests that much of it formed as a flotation crust in a
global magma ocean, but the petrologic diversity observed in samples of lunar anorthosite
returned to Earth by the Apollo missions suggests a more complex petrogenesis or
deficiencies in our understanding of how magma oceans crystallize, or both. Remote sensing
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studies have shown that anorthosite is widely distributed in the lunar crust, and appears to be
concentrated in a relatively shallow layer within the crust. This offers a taret-rich environment
for further study of lunar anorthosite by orbital missions, which should lead to a better
understanding of the origin, composition, and evolution of the Moon, the lunar crust, and
impact cratering processes.
Questions that might be addressed by closer remote sensing observations of lunar anorthosite
include: (1) The nature of the contacts between mid-crustal anorthosite and the more mafic
layers above and below the anorthosite. Are the contacts igneous or depositional? Is there
evidence for diapiric emplacement of the anorthosite? (2) Can highly feldspathic breccia
despoits be recognized and if so, can they be linked with confidence to basin ejecta? What is
the fraction of locally reworked vs. transported ejecta in these deposits? Answers to these and
other questions will be provided by continued examiantion of the Moon by orbital spacecraft
missions, landed robotic missions, and ultimately renewed human exploration.
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Geochemistry of volcanic and impact glasses from the
Taurus-Littrow Region on the Moon
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Summary: Major and trace element analyses of glass spherules from lunar regolith sample
78481,86 collected at the Taurus-Littrow Valley (Apollo 17) have been completed. Using
petrographic and geochemical criteria the spherules were classified as either volcanic or
impact origin. Compositional variations in the volcanic spherules fall along an olivine-control
array, probably due to fractional crystallisation during ascent of the magma. The impact
spherules have compositions consistent with mixtures of local regolith. Pb isotopic
compositions of individual spherules were measured to evaluate the feasibility of age dating
individual spherules. 207Pb/206Pb model ages of volcanic spherules are generally within the
range of 3.9-3.3 billion years, corresponding to the age of mare volcanism in the TaurusLittrow Valley. In contrast, impact spherules have older 207Pb/206Pb model ages, suggesting
that they inherited the isotopic compositions of the target rocks rather than the dating the
impact event in which they formed.
Keywords: lunar volcanic spherules, lunar impact spherules, radiometric dating, Apollo 17

Introduction
The Moon was formed when a Mars-sized object struck the proto-Earth. The debris coalesced
to form the Moon, which was at first mostly or wholly molten. As this magma ocean cooled,
olivine and pyroxene crystallised. These early iron- and magnesium-rich minerals are denser
than the melt from which they formed, so they sank forming an ultramafic cumulate mantle.
As the melt evolved, plagioclase started to crystallise. This Al- and Ca-rich mineral is less
dense than the melt, so it floated to the surface to form an anorthositic crust. After
crystallisation of the igneous crust, several very large impactors struck the Moon, creating
deep basins that were subsequently infilled by volcanic eruptions of mare flood basalt. Some
of the basalt eruptions occurred as fire fountains driven by the degassing of volatiles during
eruption, which created a fine spray of melt droplets that quenched to form tiny glass beads.
These volcanic glass beads (spherules) unambiguously represent melt compositions of the
lunar mantle. Volcanic activity in the Taurus-Littrow region of the Moon ceased about 3.3
billion years ago [1].
Impact events continue to the present day. Impacts also produce glassy spherules, but their
composition reflects that of the target material. The majority of lunar impact spherules have
bulk compositions similar to the local regolith, implying an origin by relatively small-scale
impacts (e.g. 1-10 km lateral transport distances) [2]. A small number of impact spherules at
each landing site have compositions that are distinct from the local regolith and imply much
longer transport distances, probably due to formation in larger or more energetic impact
events. For example, Delano et al. [2] identified a small group of glass spherules at the Apollo
16 site that apparently formed by an impact approximately 1000 km to the west in the
Procellarum-KREEP terrane, based on their geochemistry.
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A major problem in the study of lunar spherules is distinguishing volcanic from impactproduced glasses, and relating these glasses to parent rocks and magmas; a number of
physical and chemical criteria have been proposed [3-5]. Impact glasses can be nearspherical, or have more irregular shapes such as dumbbells, teardrops or ropes. They occur in
a wide range of sizes. Occasionally they have inclusions of metallic iron or nickel-iron (from
the impactor or from in situ reduction of lunar soil). They may be internally heterogeneous
due to incomplete mixing of the target. Their compositions typically reflect mixing of the
target lithologies or regolith rather than primary igneous processes. Note that not all of these
features may be present in any single spherule, and the absence of any one characteristic is not
diagnostic. Volcanic spherules tend to be spherical, have a narrowly monodisperse size
distribution, and are internally homogeneous with a primary igneous composition.
This project examined the petrography and geochemistry of glassy spherules found in a
sample of lunar regolith. By measuring the major and trace element compositions of a
representative sample of these spherules and by observing the internal structures of these
spherules, we attempt to distinguish volcanic from impact spherules using a combination of
petrographic and geochemical criteria. As remote samples of basaltic volcanism and the
highlands crust in the vicinity of the Apollo 17 landing site, these spherules can be used to
extend our understanding of the geology of this site by comparing the major and trace element
compositions of the spherules to those of known lunar rock types.
Anorthosite is a noticeably rare lithology in the Apollo 17 suite of highland rocks, but it has
been unclear if this is due to unrepresentative sampling or a genuine rarity of anorthosite in
the region. Orbital data from a gamma-ray spectrometer has norite as the primary rock in the
area with minor troctolite and KREEP. Mixing models based on the remote sensing data
predict as little as 1.2% anorthosite in the region, in contrast to the highlands in the Descartes,
Kant and Andel regions sampled by Apollo 16, which are predicted to have 23-34%
anorthosite [6]. As the impact glasses likely sample a wider geographic area than the rocks
collected by the Apollo 17 astronauts and at a smaller spatial scale than can be resolved by the
orbital observations, they can be used as remote sampling probes to search for lithologies such
as anorthosite that may have been uncommon at the specific landing site location.

Geological setting of the Apollo 17 site
The Taurus-Littrow Valley is a graben radial to the Serenitatis basin. It is a linear, steep-sided,
nearly flat-floored valley bounded by steeply dipping, unexposed faults. The fault surfaces
may once have been much steeper, but collapsed to form wedges of colluvium. During local
mare volcanism, basalt flowed over the valley floor (and colluvial wedges), partially filling
the valley with approximately 1400 m of mare basalt. The upper part of the basalt stratigraphy
is chemically uniform, olivine-normative, ~100 m thick and texturally variable. It is not clear
if this is a single flow unit or a series of units with similar mineralogy and chemistry [7].
At Shorty Crater, a patch of orange glass spherules was discovered and sampled by a trench
on the rim of the crater. This unit consists of both bright orange glasses and black finegrained spherules of identical bulk composition. The spherules are more mafic, have distinct
trace element compositions and appear to be slightly younger than the subfloor basalt based
on inferred stratigraphy of the site [7, 8]. It appears the spherules have a different, more
primitive source than the basalts that they overlie. The spherule eruption event occurred
towards the end of or just after mare volcanism in Tranquillitatis (Apollo 11) and Serenitatis
(Apollo 17). The main phase of basalt extrusion occurred ~3.5-3.7 billion years ago (Ga), and
was followed by the deposition of the orange glass unit at ~3.48 Ga.

Page 30

Proceedings from 9th Australian Space Science Conference, 2009

As on the entire lunar surface, unconsolidated regolith overlies the subfloor basalt. The
regolith is locally derived from subfloor basalt, the orange glass unit, and material transported
from the local highlands. From excavation depths of craters the regolith is estimated to be
14 m deep [7]. This is significantly deeper than at the Apollo 11 site, where the regolith was
estimated to be 3-6 m deep. The regolith sample used in this project, 78481, is part of a
267.45 g skim sample from the top of a 25 cm deep trench dug 7m southeast of where the
Lunar Roving Vehicle was parked at Geology Station 8. It is unconsolidated sediment
representing a mixture of highland and valley floor material. Sample clasts were mostly
agglutinate, fine-grained breccia, glass and feldspathic cataclasite [8].

Methods
Splits, Mounting and Petrography
A 1g aliquot of 78481 bulk regolith was allocated to Marc Norman in 2006. 500 mg of the
sample was processed at RSES by John Mya in 2007 to obtain a series of size, density and
magnetic separates of the regolith. Glass spherules were obtained from these splits by a
combination of handpicking and hydrodynamic techniques. The magnetic fractions were
separated using a Franz magnetic separator, and further separated by density into fractions
lighter and heavier than 3.3 g/cm3. We photographed the spherules under ethanol and split
them into 18 groups based on size, density, magnetic properties (non-magnetic at 0.5A,
magnetic at 0.5A, magnetic at 0.1A), shape and colour. A total of 341 spherules were
mounted in two 25 mm epoxy mounts along with the USGS standards BHVO-2G (Hawaiian
basalt), BCR-2G (Columbia River basalt) and Temora zircons as reference material.
Petrographic observations of the spherules were made using a binocular petrographic
microscope and Hitachi Field Emission Scanning Electron Microprobe (FESEM) at the
ANU’s Electron Microscopy Unit. The SEM used 15.0 kV accelerating voltage, a working
distance of 15 mm and a beam current of 32 !A. The samples were cleaned with ethanol and
carbon-coated before FESEM analysis.
Major and Trace Elements
Major element analyses were conducted over two days on the Cameca SX100 wavelengthdispersive electron microprobe (EMP) at RSES. A 10 µm diameter beam was used for glassy,
internally homogeneous spherules and a 20 micron diameter beam for petrographically
inhomogeneous (including quench crystallized) spherules. The samples were cleaned with
ethanol and carbon coated prior to analysis. Glass reference materials BHVO-2G, BCR-2G
and NIST 612 were analysed after approximately every 50 spherules. Large spherules were
analysed both in the centre and the rim to evaluate compositional variability. We obtained
286 major element analyses on about 220 spherules. For trace element and Pb isotopic
analysis the carbon coat was removed and the mounts washed with water and dried with
ethanol. The mounts were placed in a custom built sample cell for laser ablation ICPMS
analysis using a Lamda Physik Compex 110i ArF excimer laser, providing output at 193nm
wavelength, and an Agilent 7500 quadrupole ICP-MS. Samples were ablated under He and H
gas using a 47 µm diameter laser spot at 5 Hz laser pulse rate, approximately 40 mJ pulse
energy and 29 kV exciting voltage. The dwell time for each isotope was 10 ms per sweep of
the mass range except for 206Pb and 207Pb, which used 50 ms. Total acquisition time for each
sample was 72 s, with 25 s background collection on the carrier gas and 47 s of ablation. The
NIST 612 glass was used for calibration of element sensitivity and each analysis was
normalized to the CaO concentration of the sample to correct for variations in ablation yield.
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Apollo 17 regolith or these impact glasses. Pure anorthosite also appears to be a rare
component in these impact glasses, supporting the inferred scarcity of this lithology around
the Apollo 17 site.

Fig. 2: FeO and Mg/Al vs Al2O3 (wt %). The high FeO, low Al2O3, and high Mg/Al of
volcanic spherules distinguishes them from impact glasses.

Fig. 3: Ternary diagram of normative
olivine, pyroxene and plagioclase.
Volcanic spherules (red circles) trend
away from olivine, whereas impact
spherules (blue diamonds) are
enriched in plagioclase. Black squares
show average compositions of Apollo
17 regolith (see Fig. 4).
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were considered diagnostic of impact origin, other shapes were not exclusive to one origin or
the other. Similarly, the size of a spherule was not indicative of a particular origin. Highly
magnetic spherules (magnetic at 0.1A) were all ‘volcanic’, probably due to ilmenite crystals,
but the less magnetic (magnetic at 0.5A and not magnetic at 0.5A) spherules were not
consistently a specific origin. The density split at 3.3 g/cm3 also did not distinguish origins.
Major Elements
Volcanic spherules have compositions similar to lunar mare basalts. They are high in FeOt
(20-25 wt%; FeOt = total iron expressed as FeO) and low in Al2O3 (3-8 wt%) and CaO (5-12
wt%) compared to terrestrial basalts (Fig. 2, see Table 1 for representative major element
compositions). Their TiO2 contents range from 6-14 wt%, which is typical of the lunar mare
but spans a greater range of compositions than sampled by the high-Ti Apollo 17 mare basalts
[9]. MgO contents range from 5-25 wt%, decreasing as Al2O3 increases as is typical of
progressive fractionation of mafic mineral phases. Mg# (molar Mg*100/[Mg+Fe]) ranges
from 31 to 63, similar to other volcanic lunar glasses but extending to more fractionated
compositions like those of crystalline mare basalts [4]. Spherules identified petrograpically as
‘volcanic’ have high Mg/Al ranging from 0.7 to 7.9.
Impact glasses show a wide range of compositions ranging from high FeO (20 wt %) and
TiO2 (9 wt %) and low Al2O3 (10 wt %) similar to the volcanic glasses, to low FeO (1.6 wt
%) and TiO2 (<1 wt %) and high Al2O3 (30 wt %) typical of compositions associated with the
anorthositic highlands crust. MgO contents are 3-14 wt % with Mg# ranging from 45 to 90.
Mg/Al ratios of the impact spherules are low (0.1-1.7), reflecting the presence of aluminous
highlands components in the target.
Table 1. Representative major element analyses (wt%) of impact and volcanic spherules.
I 1 - 3 have been identified as impact spherules and V 1 -3 as volcanic spherules.
I1
I2
I3
V1
V2
V3

Na2O
0.01
0.11
0.02
0.66
0.35
0.20

MgO
12.46
7.43
10.02
5.46
14.16
24.36

Al2O3
22.15
12.59
26.80
8.17
5.96
3.53

SiO2
35.56
41.88
40.17
39.11
38.80
37.38

K2 O
0.003
0.03
0.01
0.11
0.04
0.04

MnO
0.15
0.21
0.10
0.35
0.31
0.32

FeOt
10.66
16.10
7.08
22.15
23.11
25.94

CaO
14.62
12.84
15.39
10.31
7.41
3.57

TiO2
3.70
8.69
1.02
14.08
9.18
5.64

Cr2O3
0.17
0.34
0.14
0.75
0.82
0.67

Total
99.48
100.22
100.75
101.15
100.14
101.62

Normative mineralogy of the glasses was calculated from the major element compositions and
plotted on a ternary diagram of normative olivine, pyroxenes and plagioclase (Fig. 3). The
volcanic spherules show a tight trend away from the olivine apex, indicating that their
compositions are being controlled by olivine fractionation or addition. There is very little
variation away from this trend, which passes through the Apollo 17 orange glass soil 74220
(Fig. 3), showing that plagioclase and pyroxene did not have a significant influence on the
spherules’ compositions. In contrast, the impact spherules plot in a broad cluster between the
volcanic glasses and plagioclase, reflecting a greater component of plagioclase-rich highlands
material in these glasses.
Major element compositions of the impact spherules reflect mixing between the local regolith
and various rock types (Fig 4). The regolith and impact glass trends suggest mixing between
74220 volcanic glass and a highlands end-member compositionally similar to granulite, a type
of aluminous, metamorphosed impact breccia also found at Station 8. Norite, often proposed
as an end member in lunar impact melt breccias and as a significant rock type in the region
based on remote sensing data, is apparently not an important end member contributing to
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Apollo 17 regolith or these impact glasses. Pure anorthosite also appears to be a rare
component in these impact glasses, supporting the inferred scarcity of this lithology around
the Apollo 17 site.

Fig. 2: FeO and Mg/Al vs Al2O3 (wt %). The high FeO, low Al2O3, and high Mg/Al of
volcanic spherules distinguishes them from impact glasses.

Fig. 3: Ternary diagram of normative
olivine, pyroxene and plagioclase.
Volcanic spherules (red circles) trend
away from olivine, whereas impact
spherules (blue diamonds) are
enriched in plagioclase. Black squares
show average compositions of Apollo
17 regolith (see Fig. 4).
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Fig. 4: TiO2 vs. Al2O3 compositions of impact spherules compared with the compositions of
local rocks and average regolith from the Apollo 17 site.
Trace Elements
Trace element variations in the volcanic glasses reinforce the trends observed in the major
elements. Highly incompatible elements such as La and Nb are highly correlated and vary by
a factor of 3 in absolute concentrations with little change in relative abundance as shown by
trace element ratios (Fig. 5, 6). Elements that are typically more compatible during mare
basalt petrogenesis (e.g. Sc, Ni) are also highly correlated and vary by a factor of 3 (Fig. 5).
Chondrite normalised plots (Fig. 7) show that refractory trace elements are enriched by about
a factor of 10 relative to the chondritic values in most of the volcanic spherules. High-field
strength elements such as Ti, Nb, and Ta are enriched relative to the rare earth elements
(REE), consistent with accumulation of ilmenite in the mantle source region of lunar high-Ti
basalts [10]. In contrast, more volatile elements such as Ga and Rb are depleted to 0.1 of
chondritic values reflecting the Moon’s volatile-depleted composition. Volatile elements can
also be lost during eruption [12] or by impact heating [13]. Scandium, V and Cr are also
highly depleted relative to chondritic compositions, reflecting partitioning into spinel and
pyroxene during melting. The REE patterns of volcanic glasses are relatively flat, with a
slight enrichment of HREE/LREE and negative Eu anomalies (Fig. 7), consistent with
previous work on mare basalts [15] and volcanic spherules [16]. Trace elements in the impact
spherules do not show distinct correlations. Highly incompatible elements show a broad range
of concentrations e.g. La ranges from 1.52 - 22.8 ppm. Similarly the absolute concentration of
the elements compatible in mare basalt petrogenesis is highly varied by a factor of 12 or more.

Discussion
Petrogenesis of the volcanic glasses
Major and trace element compositions of the volcanic spherules reflect a primary control by
olivine. Lunar volcanic glasses often show olivine fractionation trends in their major
elements, due either to crystallization of the magma during ascent or to quench crystallization
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during eruption [4]. The range of compositions observed in the spherules studied here would
require 50% crystallisation of olivine. The spherule at the starting composition has 63%
normative olivine, so this amount of crystallisation is plausible. The effect of fractional
crystallisation and removal of olivine on the trace elements can be modelled using La, an
element incompatible in all major basalt phases, and Sc, incompatible in olivine but
compatible in clinopyroxene (Fig. 5). The spherule with the lowest concentrations of these
elements was taken as the primitive, parental melt composition, and distribution coefficients
[10, 11] were used to calculate fractional crystallisation trends. Volcanic spherules plot along
a fractionation trend for olivine, with very little variation due to other mineral phases.
Fractionation of plagioclase and ilmenite were also modeled in this way and cannot explain
the trend in the volcanic spherules. The trace element trends suggest that olivine fractionation
occurred during ascent of the magma rather than by quench nucleation during eruption.
An unresolved potential problem with this model is how small volumes of melt can be tapped
by fire fountaining at progressive stages of a fractional crystallization sequence. Lunar basalt
fire fountains are driven by exsolution of a gas phase such that eruptions might occur either
during decompression as the magma migrates close to the lunar surface, or on saturation of
the melt with the vapour. In either case it is difficult to imagine how a compositionally
continuous fractional crystallization sequence could be tapped from an evolving magma
chamber. Alternatively, the magma might have been crystallizing olivine rapidly during the
eruption, possibly on the walls of the magma conduit. Another possibility is that the volcanic
spherules represent entirely separate, unrelated eruptions of magma that have source regions
with variable olivine contents. This seems unlikely given the requirement for efficient
transport and mixing of these various eruptive products to the 78481 regolith, but should be
considered as a possibility pending further modeling and additional types of analyses such as
radiogenic isotopes that would establish source characteristics.
The nature of the mantle sources that produced the mare basalt magmas has been the subject
of much debate. The high TiO2 contents of many mare basalts and volcanic glasses (6-14 wt
%) are significantly higher than terrestrial basalts, implying a Ti-enriched mantle source,
plausibly related to accumulation of late crystallizing ilmenite from the lunar magma ocean.
Negative Eu anomalies in mare basalts show that the mantle source was depleted in
plagioclase, probably by crystallization of the anorthositic crust in the magma ocean. The
slight enrichment of HREE relative to LREE is consistent with the presence of clinopyroxene
in the mantle source of these spherules [10].
Mixing or assimilation of late-crystallised ilmenite with a more primitive source, possibly
earlier formed cumulates, during convective overturn of the mantle, is a common feature of
many petrogenetic models of mare magmas [10, 19]. Walker et al. [19] proposed that the
lunar magma ocean would start to crystallise ilmenite when about 10% of the original melt
remained, that is after about 90% crystallization of cumulus minerals. This would produce
sinking cumulates of olivine, pyroxene and ilmenite, floating plagioclase and a residuum of
highly evolved melt. If the residuum and mafic cumulates later remelted and mixed, they
could produce high-Ti basalts at shallow (150 km) depths with an Mg#, similar to that
observed in the volcanic spherules. These melts could then fractionally crystallise near the
surface to produce the observed compositions.
Shearer and Papike [16] proposed three models for the generation of mare basalts. Two
models invoke limited fractional crystallisation before eruption. This is not consistent with
our modelling that explains the trend in the trace elements and MgO. Their third model,
suggests that the mare basalts are derived at depths less than 400 km, but the volcanic glasses
formed at depths greater than 1000 km by polybaric melting. Mare basalt melt would be in
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equilibrium with clinopyroxene and garnet at depths >400 km, but this high-density
assemblage is not consistent with what is currently understood about the lunar mantle [20].
An alternative hypothesis proposed by Snyder et al [10] calls for equilibrium crystallisation of
the lunar magma ocean until ~75% of the original liquid had crystallised. This allows
cumulates with high Mg# to be 20-30 km from the ilmenite layer. Small-scale overturn would
then allow these layers to mix, forming a high-Ti basalt source. Binder [21] speculated that
primary melts are related to the mare basalts by the fractionation of olivine. Further to this, he
suggested that the melting was controlled by olivine alone at depths less than 200 km. Our
data are more consistent with these types of models. Further research on volcanic spherules
should focus on the question of role of cumulate source mixing, and controls on olivine
crystallization and volatile evolution during lunar fire fountain eruptions.
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Fig. 5: Sc vs La (ppm) of the volcanic spherules illustrating effects of the removal of olivine,
clinopyroxene and orthopyroxene from a parental liquid.
Crustal targets for the impact spherules
The impact spherules have highly varied compositions. Their TiO2 contents range from 2-60x
chondritic, reflecting mixtures of mare and highlands material, but the total variation in REE
patterns in the impact spherules studied here is small compared to the 5 to 200 times variation
found in highlands roks from the Apollo 15, 16, and 17 sites [18]. Despite this wide range,
the pattern is virtually parallel in both the impact spherules and the Apollo 16 rocks,
consistent with the minor degree of REE fractionation within the highlands rock suites [20].
Trace elements in highlands glasses tend to have higher La/Yb ratio than the volcanic glasses,
reflecting the general pattern of LREE enrichment in the lunar crust (Fig. 6). KREEP-rich
lithologies such as the Apollo 17 impact melt breccias, thought to represent primary ejecta
from the Serenitatis basin, have around 500 times chondritic values with an negative Eu
anomaly between 50 and 100 chondritic values [14]. None of the spherules that we analysed
show this type of pattern, consistent with the relatively sparse surface exposure of KREEP in
this region inferred from remote sensing data [6].
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Fig. 6: La/Yb vs Nb (ppm) for the volcanic and impact spherules.
Some of the impact spherules have REE and other lithophile trace element compositions that
are significantly lower than those the other spherules. These spherules are more aluminous
(30 wt% Al2O3, 16 wt% CaO), and they show a positive Eu anomaly indicating that they were
derived from plagioclase-rich rocks approaching anorthosite in compositions (typically ~35%
Al2O3 and very low concentrations of incompatible lithophile elements; Fig. 4). These highly
aluminous impact spherules show that lithologies approaching anorthosite do occur in the
vicinity of the Apollo 17 landing site, although the distribution of impact spherule
compositions (Fig. 4) suggests that they are rare, a conclusion consistent with the scarcity of
anorthosite in the Apollo 17 sample collection.
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Pb isotopic compositions and ages
206

Pb/207Pb ratios of the spherules were determined with the LA-ICP-MS trace element
analysis. As these two isotopes are created from the decay of two different U isotopes with
different half lives (238U is 4.468 x 109 years and 235U is 0.7038 x 109 years [18]). The
207
Pb/206Pb ratio corresponds to the time-integrated age of U-decay. In order to obtain an
accurate age, all previous Pb must have been lost from the spherule during eruption or impact
and no Pb is lost or gained over time, except that which accumulates through U decay. These
analyses were conducted to evaluate the feasibility of using Pb isotopic compositions of
individual spherules to obtain the ages of volcanic or impact events.
During a lunar fire fountain eruption, degassing of volatiles from the magma disrupts the melt
to form a fine spray, which is quenched to form the spherules. The rims of lunar volcanic
spherules are enriched in volatile chalcophile elements such as S and Cu relative to the
interior [12], and Pb might be expected to distribute similarly [4]. Uranium is a refractory
element in mare basaltic magmas, and so is not lost during eruption.
207

Pb/206Pb model ages were obtained for all 46 of the impact spherules but only 23 of these
‘ages’ were considered reasonable: negative and presolar dates were discarded. The remaining
207
Pb/206Pb model ages showed considerable variation with few spherules in any given age bin
(1-3 spherules; Fig. 8). Most of the impact spherules have model ages >3.6 Ga, and many of
these are older than the accepted age of the Serenitatis basin (3.93 Ga). These older spherules,
with model ages extending up to the age of the Moon at 4.5 Ga, are probably not dating
impact ages as recent 39Ar-40Ar dating of lunar impact spherules from the Apollo 12, 14, and
16 sites show a preponderance of ages < 1 Ga [22 and references therein].
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Ages of Impact and Volcanic Spherules calculated using

Pb

10
Impact
9
Volcanic
8

Number of spherules

7
6
5
4
3
2
1

2

4

6
4.

8

4.

6

3.

4

4

3.

4.

2

3.

8

3.

6

2.

3

4

2.

2

8
1.

2.

6
1.

2

4
1.

2.

2
1.

4

1

2

0.

0

0.

0

Age (billion years)

Fig. 8: Distribution of 207 Pb /206Pb model ages of volcanic and impact spherules.
Some impact spherules have model ages younger than the Apollo 17 mare basalts, but these
were also low in number (the largest group is three spherules at 1.9-2 Ga). These younger
ages may be recording the dates of impact events, but this is difficult to evaluate. It appears
that the Pb isotopes in lunar impact spherules tends to record ages more similar to the target
rock, rather than the impact event, presumably because Pb is not completely lost during an
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impact event. Therefore even the younger aes may be inaccurate due to incomplete loss of Pb.
It appears that 207Pb /206Pb model ages of lunar impact spherules are not reliable indicators of
the ages of impact events, but might be useful for investigating the nature of target rock and
soils, a possibility that has not been explored.
Of the 64 volcanic spherules measured for trace elements and Pb isotopic compositions by
LA-ICPMS, 56 gave nominally realistic 207Pb /206Pb model ages with 34 of these between 3.5
and 3.9 Ga. This corresponds to the age of mare volcanism in the Taurus-Littrow Valley [1].
None of the ages is less than 3.2 Ga and a few extend back as far as the age of the Moon. The
volcanic spherules support the assertion that there was no significant volcanism after 3.2 Ga.
The older ages of the spherules may be due to the incomplete loss of Pb during eruption,
preserving the Pb isotopic composition and differentiation age of the lunar mantle. Accepting
these model age at face value, many of the spherules studied here appear to have formed
earlier than the orange glass found at Shorty Crater, which has been interpreted as a late
volcanic event dated at 3.48 ± 0.03 Ga also using Pb isotopes [1]. Lead isotopes may be
suitable for dating the age of eruption of volcanic spherules.
Conclusions
Glassy spherules examined in this study from a small sample of lunar regolith, provide
information about the local geology of Taurus-Littrow and the Moon. Internal textures were
used to distinguish impact from volcanic spherules: volcanic spherules contained olivine and
feathery ilmenite crystals, while impact spherules contained partially melted and brecciated
clasts of a variety of compositions.
The volcanic spherules have a relatively small range of major and trace element compositions.
They have high TiO2 contents (6-14 wt %) and show well-defined trends in major and trace
elements that can be modeled by fractional crystallization of olivine. Mare basalts and
volcanic glasses appear to have formed by mixing and melting of cumulates followed by nearsurface fractionation before eruption.
Compositions of impact spherules indicate mixing of anorthositic highlands rocks with the
mare basalts. The impact spherules likely provide a more representative sample of rock
compositions in the Taurus-Littrow area than the small number of returned hand specimens,
so the scarcity of anorthosite at the Apollo 17 site indicates that this lithology is genuinely
uncommon relative to troctolite, norite, and granulitic breccias in the nearby highlands.
The feasibility of dating volcanic and impact events using 207Pb/206Pb compositions of
individual spherules was evaluated. Model ages of the volcanic spherules cluster around the
crystallisation ages of mare volcanism at Taurus-Littrow, whereas impact spherues tended to
give unrealistically old model ages, suggesting the presence of Pb inherited from the preimpact target rocks. This method of dating may be useful for lunar volcanic spherules but not
for lunar impact glasses.
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Summary:
Major and trace element analyses of 134 lunar impact spherules from a sample of Apollo 16
regolith (66031,65) have been completed. Thirty spherules were selected for radioisotopic
dating using the 40Ar/39Ar method, 27 of these are derived from local soil based on the major
and trace element compositions and the remainder have compositions exotic to the Apollo 16
landing site. Twenty-two of the dated spherules gave statistically acceptable 40Ar/39Ar
isochrons and plateaus, allowing us to develop the first impact flux for local impact spherules
at the Apollo 16 site complementing previous work at Apollo 12 and 14. Our impact flux
shows a recent (0-800 Ma) spike similar to that observed previously in Apollo 12 spherules.
This suggests a recent influx of impactors but may also be an artefact of regolith processes.
The method developed for this study has advantages over previous studies as it allows us to
tie the major and trace chemistry with the age of a single spherule. This additional resolution
allows us to determine contributions to the impact flux from exotic events and identify groups
of impact spherules related to a single impact. Our results show that 13-17 unique impact
events may have produced the spherule population at this site, depending on how the groups
are identified. This approach has the potential to suppress apparent peaks on the impact age
distribution and increase the apparent contribution of spherules from exotic sites.
Keywords: Impact Flux, Impact Spherules, Apollo 16, Radioisotopic Dating, Lunar
Evolution

Introduction

Collisions between planetary bodies are an important process in their formation, modification
and evolution. Bombardment of the inner solar system is of particular interest as it has shaped
the Earth and evolution of terrestrial life [1-3]. During these impact events, products such as
impact breccias and melt spherules are formed which retain chemical and isotopic memories
of these events. This paper investigates the impact history of the Moon as recorded by lunar
impact spherules. Lunar impact spherules are micron to centimetre glass particles formed
during impact events where shock induced melting of the lunar regolith and impactor produce
quenched melt splashes that can be deposited locally or be ejected far beyond the point of
impact [4-6]. These particles can be found within the lunar soil and in regolith breccias. The
chemical characteristics of impact spherules are extensively studied and are known to
predominantly represent the bulk regolith from which they were formed [7, 8]. More recently,
there has been renewed interest in using impact spherules as an independent record of impact
flux resulting from work by Culler et al., [9] and Levine et al., [10]. These studies established
the age distribution of impacts contributing to spherules collected at the Apollo 14 and 12
sites, respectively, by 40Ar/39Ar dating individual impact spherules high in potassium content.
In this paper we present our study of physical characteristics, chemical compositions, and
40
Ar/39Ar ages of impact spherules from Apollo 16. Previous geochronology at this site has
focussed on exotic high-potassium abundance spherules [11, 12], however, our work has
focussed on locally derived, potassium-poor spherules which complement previous studies of
impact fluxes at Apollo 12 and 14 and the dating of exotic particles found at Apollo 16.
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Methods

Separation and Petrography
Separations of Apollo 16 soil (66031,65) were conducted at the Research School of Earth
Sciences (RSES), Australian National University, by John Mya and Shane Paxton. A total of
1.02g of material was sieved using disposable nylon meshes into >250µm, 150-250µm, 75150µm, 25-75µm and <25µm fractions. A number of other methods were trialled including
use of heavy liquids (3.3g/cm3) and rolling separation using the Frantz magnetic separator at
various stages of separation. The finalised method is as follows: the 150-250µm, 75-150µm
and 25-75µm fractions were further separated using a burette filled with ethanol and affixed
perpendicularly to the tracks of a Frantz magnetic separator. Using this method a 0.1A split
was created followed by a 0.5A magnetic and non-magnetic split. The >250µm and <25µm
fractions were not processed in this fashion. All fractions were then handpicked using a
binocular microscope and single-hair brush for spherular objects.
A total of ~700 spherular objects have been separated from the lunar soil, of which 272 in the
>75µm size fraction were mounted unpolished into a Leit-C-Plast Mount (see below) for
further analysis. Prior to mounting each impact spherules was measured using a calibrated
Nikon OPTIPHOT-2 binocular microscope. Features including shape, colour and special
features (e.g. vesicles, damage) were also noted. Impact spherules were handled using a
single-hair brush.
Leit-C-Plast (LCP) Mounting Technique

The Leit-C-Plast Mount is designed to
accommodate single impact spherule
within each mounting hole to preserve
sample identity. The mounting holes are
filled with Leit-C-Plast putty [13] which
will deform to accommodate to the
various shapes of the impact spherule
forming a conductive and planar
analytical surface (see Fig. 1). Each
mount is heat treated to vacuum-harden
the putty prior to sample mounting.
Shards of USGS standard glass TB-1G
were interspersed amoungst lunar
impact glasses in each mount for
analytical quality control. This setup is
portable between different analytical
aparatuses and has been used in the
acquistion of major and trace element
abundances. The design minimises
handling of the sample that is required.

Fig. 1: Schematic of the Leit-C-Plast mount.
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Recovery of impact spherules for
radioisotopic dating involves removing
the sample from the putty using
tweasers. Any adhering putty can be
cleaned off the sample with petrolumn
spirits and/or ethanol washes.
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Major and Trace Elements
Major element compositions were determined using the Cameca SX100 Electron Microprobe
at RSES. Primary mineral standards were calibrated by Dr. Robert Rapp prior to each session
with secondary standards (VG-2, K412 and USGS glass TB-1G) analysed during each
session. Beam conditions were set to 15Kv and 20nA current with a 20µm defocused beam.
Multiple analyses were conducted on unpolished sample surfaces with at least three analyses
used to determine the average composition and compositional variability on the surface.
Totals not between 89% and 111% were discarded. Sixty seconds were allocated to each
analysis with one spectrometer dedicated to only counting the potassium peak.
Using the major element data combined with measurements of the impact spherule size, thirty
spherules most suitable for radioisotopic dating (highest 40Ar* content based K2O content and
mass) were selected. These thirty spherules were then analysed for trace element abundances
using a laser ablation-ICPMS system at RSES. The system consists of an excimer (193nm)
laser and a quadrupole Agilent 7500 ICMPS. Prior to use, the equipment was tuned and
calibrated by Dr Charlotte Allen and Dr. Frances Jenner. The ablations was conducted under a
He + H atmosphere and mixed with an Ar carrier gas for transport to the ICPMS. A
description of the instrumentation is provided by Eggins et al., [14]. Spot diameters were set
to 62µm and at a laser repetition rate of 5Hz. Data were standardised using NIST612 glass
calibrated to BHVO-2G, BIR-1G and BCR-2G USGS glasses (See Norman et al., [15] for
preferred values). Each analysis was normalised to CaO wt.% to correct for variable ablation
yield. The total analysis time for each sample was 50 seconds consisting of a 20 second
background on the carrier gas prior to each analysis. Each sample was retrieved, cleaned and
sent for irradiation before 40Ar/39Ar dating. Half of remaining population of impact spherules
(134 spherules, >120µm diameter) were mounted on epoxy buttons, polished and also
analysed for trace element abundances by LA-ICPMS. Ablation times were extended to 120
seconds with a 20 second background for spherules for better depth resolution.
Radioisotopic Dating using the 40Argon/39Argon Method
The thirty lunar impact spherules selected for 40Ar/39Ar dating were loaded into 30 individual
wells of one 1.9 cm diameter and 0.3 cm depth aluminium disc. These wells were bracketed
by five small wells that included Hb3gr hornblende used as a neutron fluence monitor for
which an age of 1074 ± 5 Ma was adopted and a good inter-grain reproducibility has been
demonstrated [16-18]. The disc was Cd-shielded (to minimize undesirable nuclear
interference reactions) and irradiated for 30 hours in the Hamilton McMaster University
nuclear reactor (Canada) in position 5C. The mean J-values computed from standard grains
within the small pits fall are all consistent with 0.0103800 ± 0.0000311 (0.29%) determined
as the average and standard deviation of J-values of the small wells for the entire irradiation
disc. Mass discrimination was monitored using an automatic air pipette and provided a mean
value of 1.00148 ± 0.00046 per dalton (atomic mass unit). The correction factors for
interfering isotopes were (39Ar/37Ar)Ca = 7.30x10-4 (± 11%), (36Ar/37Ar)Ca = 2.82x10-4 (± 1%)
and (40Ar/39Ar)K = 6.76x10-4 (± 32%).
The 40Ar/39Ar analyses were performed at the Western Australian Argon Isotope Facility at
Curtin University, operated by a consortium consisting of Curtin University and the
University of Western Australia. The spherules were step-heated using a 110 W Spectron
Laser Systems, with a continuous Nd-YAG (IR; 1064 nm) laser rastered over the spherule
during 1mn to ensure a homogenously distributed temperature. The gas was purified in a
stainless steel extraction line with only two SAES AP10 getters to minimise the volume and
blank of the line, and enhance the volume of Ar transmitted to the mass spectrometer. Ar
isotopes were measured in static mode using a MAP 215-50 mass spectrometer (resolution of
~600; sensitivity of 2x10-14 mol/V) with a Balzers SEV 217 electron multiplier mostly using 9
to 10 cycles of peak-hopping. The data acquisition was performed with the Argus program
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written by M.O. McWilliams and ran under a LabView environment. The raw data were
processed using the ArArCALC software [19] and the ages have been calculated using the
decay constants recommended by Steiger and Jäger [20]. Blanks were monitored every 3 to 4
steps and typical 40Ar blanks range from 1 x 10-16 to 2 x 10-16 mol.
Ages were determined based on a combination of 40Ar/39Ar plateaus and inverse isochrons,
where possible. Before calculating an isochron, spallation-produced 36Arc must be subtracted
from the total 36Ar by using the cosmogenic standard 36Ar/38Ar ratio used for Fe- and Ti-poor
sample (0.65; see example in Korochantseva et al., [21]). This calculation results in the
40
Ar/36Ar inverse isochron intercept consisting entirely of trapped Ar and diminishes the
scatter of the isochron by removing an extra reservoir of 36Ar. Our criteria for the
determination of plateau are as follows: plateaus must include at least 70% of 39Ar. The
plateau should be distributed over a minimum of 3 consecutive steps agreeing at 95%
confidence level and satisfying a probability of fit (P) ≥ 0.05. Plateau ages are given at the 2σ
level and are calculated using the mean of all the plateau steps, each weighted by the inverse
variance of their individual analytical error. Mini-plateaus are defined similarly except that
they include between 50% and 70% of 39Ar. Integrated ages (2σ) are calculated using the
total gas released for each Ar isotope. Inverse isochrons include the maximum number of
steps with P ≥ 0.05. The uncertainties on the 40Ar*/39Ar ratios of the Hb3gr hornblende
monitor is included in the calculation of the integrated and plateau age uncertainties, but not
the errors on the age of the monitor and on the decay constant (internal errors only, see
discussion in Min et al., [22]).
Cosmic ray exposure (CRE) ages were calculated by plotting the 38Ar/36Ar and 37Ar/36Ar
ratios with errors propagated at the 2σ level (see “cosmochron method” in Levine et al., [23]).
Only “cosmochrons” with a minimum of three points and P >0.05 are considered, anomalous
points are removed. A regression is used to determine the slope (38Ar/37Ar ratio) which is used
to calculate the exposure age using the method presented in Cohen et al. [24].
Petrography

Results
The size distribution is skewed
towards the smaller particles with
94% of spherules being less than
200µm in size (Fig. 2). Over 60%
of the impact spherules are smaller
than 75µm in long dimension.
These were considered too small
for dating and were not studied
further here. We have not studied
this fraction and as such we note
that there is a selection effect on
our current suite of data.

A visual classification system was
developed to group spherules with
Fig. 2: Size distribution of 272 spherules measured similar shapes and features (Fig.
using a binocular microscope (>75µm). The remaining 3). Overall, lunar impact spherules
~420 spherules (<75µm) were not measured.
are highly spherular; 46% of the
spherules studied are spherular,
34% are ellipsoidal, 15 % are elongate and 5% are irregularly shaped. The irregularly shaped
particles often have “splash”-like shapes with one particular spherule showing welding of
three previous spherules. More common welding processes produce impact spherule crusts
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whereby smaller grains are welded to the spherule surface. Although this is observable in all
spherules some have accumulated a thicker crust than others. “Clean” spherules make up 29%
of our collection, “dusted” make up 39% and “crusty” spherules make up 32%. Other features
that were noted include signs of damage/breakage (6%), dumbbell shapes (1%) and clearly
vesicular or hollow spherules (2%).

Fig. 3: Classification system developed for shapes and features of lunar impact
spherules as seen under a binocular microscope.
Chemistry
The melt that quenches to form impact
spherules is dominantly derived from the
ejected impact melted regolith with minor
inputs from the impactor. As a result, the
impact spherule chemistry retains a
compositional memory of the target
lithology, in particular the bulk regolith,
from which each spherule was created [7,
8]. However, impacts can generate
temperatures in excess of the liquidus of
the source material [26]. The formation of
the GASP (Gas Associated Spheroidal
Precipitate also known as Volatile-Rich
Aluminium Poor or VRAP [27]) and
HASP (High-Aluminium Silica Poor)
glasses is considered to be the result of
fractionation of volatile elements during
impacts [28]. Due to this behaviour, it is
preferable to compare non-volatile ratios.

Fig. 4: Average compositions of lunar impact
spherules from station 6, Apollo 16. Also plotted
for reference are the average chemistry of soils
sampled at Apollo 16 and other Apollo site [25]

Lunar impact spherules in this study were collected from Apollo 16, station 6 near the base of
Stone Mountain. Our impact spherules have a mean Al2O3 and CaO abundance of 25.9wt.%
and 14.2wt.% respectively and lower abundances of FeO, MgO and TiO2 (6.7wt.%, 6.8wt.%

Proceedings from 9th Australian Space Science Conference, 2009 						

Page 47

and 0.6wt.% respectively) with an SiO2 abundance of 44.9wt.% . These types of
compositions are consistent with soil sampled at Apollo 16, however, a number of spherules
are not consistent with this chemistry. An approach used by Delano et al., [12] to identify
impact spherules and glass fragments that were exotic (i.e. non-local compositions) using
non-volatile major elements scaled to discriminate between the chemical characteristics of
different lunar terrains. Using this method we find a large majority of impact spherules have
chemistry that is more reflective of soils sampled at Apollo16 as shown by clustering of
impact spherule chemistry near
that of the Apollo 16 regolith
(Fig. 4). Another method for
identification of exotic particles
KREEPy
is the use of rare earth (REE)
KREEPy
signature. In Figure 5 we show
the REE signature of the thirty
spherules selected for dating.
Three spherules have elevated
REE patterns that suggest they
originate from an exotic
potassium, rare earth and
phosphorous rich (KREEPy)
terrain. A different method for
identification of spherule origin
will be explored later in this Fig. 5: Rare Earth Element compositions normalised to
paper which integrates the the Lucey et al., [25] composition of soils sampled at
major and trace element Apollo 16: Station 5 & 6. Three potassium, rare earth and
compositions. No spherules of phosphorous rich (KREEPy) spherules were identified, two
overlie each other on the upper KREEPy pattern.
volcanic origin were found.
Radioisotopic Dating using the 40Argon-39Argon Method

A total of thirty impact spherules
were dated using the 40Ar/39Ar
method with twenty-two (73%)
yielding statistically acceptable
isochrons (i.e. minimum of a
mini-plateau with an age
agreeing with both normal and
inverse isochrons). One spherule
only gave a single fusion age
(294±31Ma), two others contain
very low amounts of radiogenic
40
Ar* and are inferred to be
young
(200±700Ma,
147±94Ma).
Compared
to
previous studies [9, 10] our yield
of acceptable isochrons is
Fig. 6: Plot with thirteen lunar impact spherules with slightly higher despite sampling
both cosmic ray exposure and formation ages. The a region that is difficult to date
shaded grey area is the forbidden zone where exposure due to low K abundances. Three
of the twenty-two spherules we
age > formation age. Error bars are 2σ.
dated have chemistry indicating
that they are likely to be exotic to Apollo 16. The formation ages generally cluster in the 0600Ma and 3500-4500Ma range with few spherules with intermediate ages (Fig. 6). Cosmic
ray exposure ages were also obtained for thirteen of the thirty particles; two of these are

Page 48

Proceedings from 9th Australian Space Science Conference, 2009

exotic to Apollo 16 (Fig. 6). Note exposure ages are integrated over the lifetime of the impact
spherule. Young impact spherules (<1000Ma) have exposure ages that are roughly within a
factor of two of their formation ages, indicating that they have spent at least half their
lifetimes in the top metre of regolith where they are exposed to cosmic rays [29]. Older
spherules, however, appear to have spent very little time exposed indicating rapid overturning
(exposure/burial), a recent event exposing the impact spherules to the surface or a
combination of both.
Advantages using the Leit-C-Plast Method
The main advantage with the LCP method is the ability to obtain major and trace element
compositions, age date and retain the identity of each individual spherule. However, obtaining
trace element compositions comes at the cost of some sample consumption although we
consider that the benefits of this technique typically outweigh the mass loss. Ablation pits on
average are 62µm in diameter and between 40-80µm deep tapering slightly towards the
bottom of the pit (See Eggins et al., [14] for details), consuming ≤3-6% of a 200µm diameter
spherule during 100 second of ablation. Spherules selected for dating only experienced 30
seconds of ablation so ≤1-2% of a 200µm diameter would have been consumed. The
combination of petrography, in particular the recording of particle sizes, and major element
chemistry prior to dating allows us to select spherules with the highest likelihood of giving a
good age. Despite our samples being relatively potassium-poor our preliminary evaluations
have allowed us to obtain high yields when 40Ar/39Ar dating. However, we are still limited to
relatively large spherules or smaller particles with higher potassium contents. The smallest
particle we dated successfully is a ~150µm diameter spherule with a K2O content of 0.59wt%.

Discussion

Lunar Impact Spherule Origin and Transportation Processes
In the Culler et al., [9] and Levine et al., [10] studies where impact flux was determined by
dating numerous individual spherules, the ability to distinguish local versus exotic spherules
was limited. Reconnaissance major element chemistry was obtained by those studies for the
purposes of identifying and removing volcanic spherules. However, neither study has
mentioned the use of chemistry to isolate local impact spherules from exotic impact spherules.
More recently, Delano et al., [12] used the major element chemistry to identify four exotic
impact glass fragments at Apollo 16 and obtained a common age of ~3.8Ga. Zellner et al.,
[11] conducted further analysis of impact spherules from three various Apollo soils using the
integrated approach suggested by Delano et al., [12] but again limited to just major elements
and high-K spherules. We advanced the integrated approach by our linked major and trace
element chemistry and ages which allow us to better constrain multi-spherule generating
impacts by looking at trace element variations within impact spherules formed from local
soils. In addition we specifically targeted the low-K Apollo 16 spherules to achieve a more
representative distribution of spherule chemistry and isolate impact flux production estimates
to specific regions of the lunar crust.
Previously, we discriminated between local and exotic impact spherules by using three major
elements scaled to bring out difference in spherule chemistry (Fig. 4). We can improve this
method by using a different approach, one that integrates both major and trace element
abundances. Using Mean Absolute Error (MAE) we evaluated the likely origin of each
spherule by matching the major and trace element chemistry of the spherules to the chemistry
of various soils collected during the Apollo missions (see Lucey et al., [25] for compositions
used). Less weight is place on Ni and Co as these elements can be introduced by the impactor.
Our results show that for spherules analysed for both major and trace elements, 123 out of 154
spherules evaluated using just majors were derived locally (79%). If we evaluate the trace
elements, 141 out of 154 evaluated were derived locally (92%). A total of 28 impact spherules
have mismatching major and trace element site evaluations indicating either formation in a
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type of soil not included in our analysis or mixing between highland and mare components.
The scarcity of impact spherules with chemistry exotic to Apollo 16 indicates that although
transport of spherules on ten to hundred kilometre scales (within Apollo 16-like soils) occurs
routinely, transport of spherules from distances of hundreds of kilometres is more uncommon.
Instead of matching the spherule chemistry to various lunar soils, we can normalise the MAE
of each spherule to the local soil composition (Apollo 16 station 5 & 6: Lucey et al., [25]).
The result shows how similar or different each spherule is to the local soil. Using this as an
index we can plot spherule chemistry against the age and look for clusters that would suggest
a multi-spherule impact (See Fig. 7). We note that there are up to six spherules that the major
element index suggests are exotic while only three in the trace element index. The
discrepancy could be due to our analysis of unpolished sections for major element
compositions as it would only take a thin 5µm crust of a different composition to affect our
results. Our results indicate that the 25 spherules dated may only record 13-17 unique impact
events depending on our use of major or trace element indices and on how conservative we
are with our error estimates. Although we can identify potentially duplicate impact spherules,
we caution against removing them as closely spaced impact events in a region with soils
similar in major and trace element chemistry can produce spherules that cluster like multispherule events. For example, the young (<0.5Ga) spherule cluster may not be a single impact
but a series of impacts in a region of similar soil chemistry. If it were a single impact that
would imply significant input of young spherules from exotic locations. Delano et al., [12]
and Zellner et al., [11] suggest from their work on spherules exotic to Apollo 16 that
significant input of exotic spherules can occur. However some of these may be multi-spherule
generating impacts and without better constraints, namely trace element data, it is difficult to
isolate these events.

Fig. 7: Two component diagrams showing Apollo 16 lunar impact spherule ages and index of major
and trace element compositions. Also shown for reference are Al2O3 and La abundances. The solid
lines show where typical Apollo 12, 14 and 16 soil compositions plot (Data from Lucey et al., [25]).
Clusters of spherules with common age and chemistry may have been produced by a single impact
event (see highlighted groups). Of the 25 particles, between 13-17 unique impacts are recorded.
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Impact Spherule Flux – Comparison of the Impact Records and Possible Biases
Lunar impact spherules have received much attention as an abundant and independent record
of impact history. However, the magnitude of selection effects and biases that may be acting
on the impact spherule history is not clear. We attempt to examine these effects in the impact
history using previous impact spherule dating studies with the addition of data from this
study.
Plotted in Fig. 8 are the lunar
impact spherule fluxes based on
sufficient data to establish
reasonably
robust
age
distributions. Each record is
potentially subject to its own
unique set of biases, other biases
may be shared by all records.
Effects applicable to all impact
spherules include the need for
potassium-rich and large sized
spherules for 40Ar/39Ar dating.
Impact spherules are also prone to
destruction through time with
young impacts destroying old
impact spherules and forming new
ones (see Stonewall effect [31]).
This may lead to a sampling bias
that skews the record towards the
younger impact spherules. Our
study has already started to
quantify some of these effects
such as multi-spherule generating
impacts and better representation
of low-K spherules of Apollo 16.
Other biases are more site specific
and may be geological. For
example, Apollo 12 has been
resurfaced by basalts with a
crystallisation age of ~3.2Ga [32].
This event should partially destroy
and certainly bury records of
previous impacts in the Apollo 12
record which suppress older peaks
in the record. Even sampling
location can have an effect. For
example, the Apollo 14 record
shows a much more significant
peak at 2.8-4.0Ga than the other
records but the bulk soil which
impact spherules are recovered
from, for Apollo 14 is a surface
scoop of a 10-50cm deep ejecta
layer from Cone crater. Cone
crater is 370m in diameter and

Fig. 8: Bombardment history as shown by ideograms
created using the lunar impact spherule flux from
Apollo 12 [10], Apollo 14 [9, 30] and Apollo 16 (this
study). The shaded regions in the Apollo 16 histogram
indicate the presence of exotic impact spherules.
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assuming evacuation depth equals 1/10 the
transient crater diameter [34], at least 37m
of material was ejected. Evacuation
depths of up to 80m have been suggested
[35] which would create significant
potential to bring older buried spherules
to the surface. The Apollo 12 and 16 bulk
samples may also be overturned by Sharp
crater and an unnamed crater at station 6,
respectively with diameters of ~10m.
Spherules that may be exposed by these
craters are shallower and thus likely to be
younger than deeper spherules that are
exposed by Cone crater event. As such
they are expected to contain a record Fig. 9: Bombardment history as shown by Hskewed towards younger spherules. chondrites compiled from various sources by
Despite these potential issues with the Swindle et al., [33]
lunar impact spherule records, common features exist. First is the recent spike in spherule
numbers at ~0-800Ma, a minimum starting at ~800 and ending between 1800-2800Ma
followed by an older peak in the Apollo 14 and 16 records. As such we suggest that although
local geological effects can act to enhance particular parts of the impact record, the overall
effect does not appear to be significant compared to the overall record. Interestingly, the Hchondrite record compiled from various sources by Swindle et al., [33] shows a remarkably
similar age distribution (see Fig. 9). This suggests that events contributing to the H-chondrite
record may be reflected in the lunar impact spherules and may be a significant event.

Conclusion

This paper presents the first Apollo 16 impact spherule age distribution consisting mostly of
local spherules. We have developed a new technique to uniquely identify and acquire both
major and trace element chemistry and date single particles, an advancement compared to
previous techniques used by earlier authors for Apollo 12 and 14. The advantage to our multianalysis approach is to allow identification of multi-spherule generating impacts. Such
impacts may play a significant role in over-inflating the impact record as our results indicate
that there is potential that, of 25 spherules, only 13-17 unique impact events are recorded.
Multi-spherule generating events can over-inflate the record as interpreted from individual
impact spherules having the potential to suppress major peaks, such as the recent influx, on
the impact record. In addition, trace element compositions provide more constraint for
removing duplicate spherules so that the record is not over-suppressed. This is why multianalysis approaches such as that used in this paper are necessary in the future if we are to
achieve a more representative impact flux.
Our focus on the locally derived impact spherules from Apollo 16 also permits the
comparison of three very different impact spherule records. Although there are significant
differences in each record, as a whole they retain some common features such as peaks in
young and old spherule ages which are remarkably similar to the distribution of H-chondrite
ages. We suggest that the overall differences in spherule age distribution at each site may be
the result of local processes or sampling biases as common features exist in all age
distribution.
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High Porosity Chained Aggregates from the Topsoil
of the Lunar Regolith Dust
Marek S. Żbik, Ray L. Frost
Faculty of Sciences, Queensland University of Technology 2 George Street, GPO Box 2434,
Brisbane Qld 4001 Australia.
Yen-Fang Song, Yi-Ming Chen
National Synchrotron Radiation Research Center, 101 Hsin-Ann Road, Hsinchu Science
Park, Hsinchu 30076, Taiwan, R.O.C.

Summary: The unusual behaviour of fine lunar regolith like stickiness and low heat
conductivity is dominated by the structural arrangement of its finest fraction in the outer-most
topsoil layer. Here, we show the previously unknown phenomenon of building a globular 3-D
superstructure within the dust fraction of the regolith. New technology, Transmission X-ray
Microscopy (TXM) with tomographic reconstruction, reveals a highly porous network of
cellular void system in the lunar finest dust fraction aggregates. Such porous chained
aggregates are composed of sub-micron in size particles that build cellular void networks.
Voids are a few micrometers in diameter. Discovery of such a superstructure within the finest
fraction of the lunar topsoil allow building a model of heat transfer which is discussed.

Keywords: Lunar soil, soil aggregates, porosity, Transmission X-ray microscopy, regolith
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Introduction

Suggestions that the lunar surface is covered by a layer of loose regolith were based on the
impact model of its genesis. The lunar surface is covered by numerous impact craters whose
diameters vary from tens of kilometres to microscopic in size. Continuous pulverisation of
lunar surface rocks and constant mixing develops this type of soil which is unknown on
Earth. First accurate estimation of lunar soil grain size was published by Wesselink [1] as a
quantitative explanation for the variations in the lunar surface temperature that have been
observed during an eclipse of the moon by means of the theory of heat conduction. It is
shown that the grains of the lunar powder must be smaller than 0.3 mm. Subsequent
measurements on the lunar regolith samples delivered from the Moon during Apollo and
Luna missions confirmed Wesselink’s estimations and add accurate date from direct
measurements [2, 3, 4, 5, 6]. Only 10 wt% of the lunar regolith grains was found to be larger
than 0.25 mm and most grains were below 10 µm in size.

Fig. 1: SEM micrographs of studied lunar soil morphology show (A)- larger grain 100 µm in
diameter decorated by fine dust below 1 µm, (B)- fine dust particles show spherical and
broken glassy splash and condensation features. (scale bars are 10 µm)
The lunar regolith sample studied in this work came from a depth of 15-18 cm below the
lunar surface and drilled and delivered to Earth by first ever automatic lunar mission “Luna
16” and has been obtained from the USSR Academy of Sciences [2, 7, 8]. The features have
been described by Żbik, [8]. As shown in SEM micrograph Fig.1A, the lunar regolith consists
of larger mineral and rock grains, vesicular glass welds soil particles together called
agglutinate. The finest lunar dust fragments, smaller than 10 µm as shown in Fig.1B, consist
of glass micro-droplets and their broken irregular fragments. In these SEM micrographs
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larger grains (100 µm) are embedded within a cushion of tiny (<1µm) particles. The SEM 2D micrographs show that particles are arranged in a very porous network, but details of
particle 3-D arrangement and contacts between particles are not clearly observed.

Recently, a revolutionary new technique has been applied to the study of nano-material
science, called nano-tomography [9]. This method is based on the Transmission X-ray
Microscope (TXM) with 60 nm tomographic resolution installed at beamline BL01B of
NSRRC in Taiwan. This microscope works with a synchrotron photon source [10]. This new
technique [11] has recently been developed to investigate soil even in an aqueous suspension
without sample pre-preparation. The big advantage of TXM tomographic study is the
possibility of conducting direct observations of aggregates microstructure without sample
pre-treatment.

Experimental

A transmission X-ray microscope with 60 nm tomographic resolution has been installed at
beamline BL01B of NSRRC in Taiwan shown in Fig. 2. This device has a superconducting
wavelength shifter source, which provides a photon flux of 5 x 1012 photons/s/0.1 % bw in
the energy range 5-20 keV. X-rays generated by a wavelength shifter are primarily focused at
the charge coupled detector by a toroidal focusing mirror with focal ratio nearly 1:1. A
double crystal monochromator exploiting a pair of Ge (111) crystals selects X-rays of energy
8-11 keV. After passing through the focusing mirror and double crystal monochromator, the
X rays are further shaped by a capillary condenser. Its entrance aperture is about 300 µm,
with an end opening about 200 µm and is 15 cm long. This capillary condenser gives a
reflection angle of 0.5 mrad with respect to the propagation direction. The condenser
intercepts the impinging X-rays and further focuses them onto the sample with a focusing
efficiency as high as 90% due to the totally reflecting nature inside the capillary. The zoneplate is a circular diffraction grating consisting of alternating opaque and transparent
concentric zones. In the microscope, the zone-plate is being used as an objective lens
magnifying the images 44× and 132× for the first order and third order diffraction mode,
respectively. Conjugated with a 20× downstream optical magnification, the microscope
provides total magnification of 880× and 2640× for first order and third diffraction order
mode, respectively. The phase term can be retrieved using the Zernike’s phase contrast
method that was introduced in light microscopy since the 1930s. The gold-made phase ring
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positioned at the back focal plane of the objective zone-plate retards or advances the phase of
the zeroth- order diffraction by π/2, resulting in a recording of the phase contrast images at
the detector. The scanning electron microscope (SEM) JSM-840 in a Geology Department of
the Tokyo University has been used in secondary electron mode with cathode voltage 15 kV.

Fig. 2: Schematic arrangement of the beamline 01B1 SWLS-X-ray Microscopy.

The sample used was from Luna 16 mission previously described in [7]. Luna 16 was the
first robotic probe to land on the Moon and return a sample to Earth and represented the first
lunar sample return mission by the Soviet Union and the third overall, following the Apollo
11 and 12 missions. The drill was deployed and penetrated to a depth of 35 cm before
encountering hard rock or large fragments of rock. The column of regolith in the drill tube
was then transferred to the soil sample container. After 26 hours and 25 minutes on the lunar
surface, the ascent stage, with the hermetically sealed soil sample container, lifted off from
the Moon carrying 101 grams of collected material at 07:43 UT on 21 September.
Unfortunately the sample was not brought to Earth in a method to prevent its entire shaking
and disaggregation.
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For the TXM investigations of topsoil outer-most layer, only the smallest aggregates which
have been sticking to a Teflon empty sample container wall were collected. This also has a
positive outcome because it focuses the TXM investigations to the stickiest aggregates
presumably covering topsoil layer of the lunar regolith. In the present article we were limited
only to these few dust aggregates remaining within the empty container which limited the
observations and restricted the conclusions.

Results and discussion

From the aerogel, the “Stardust” mission which was launched in 2004 to capture particles
from comet Wild 2, to interstellar and interplanetary dust, highly porous aggregates are
widely used. If the sample is highly porous, 3d images can be taken from a number of 2d
slices of material e.g. embedded in epoxy which would give a much better statistics and
number of contact points for heat transfer and other considerations. However any sample pretreatment may introduce artefacts and the chosen TXM method does not need any sample
preparation and in consequence show no artefacts.
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Fig. 3: Stereo- pair and 3-D anaglyph images taken from 181 2-D TXM micrograph (angle
difference 1 degrees) showing long chained fine dust particles with large void separating this
aggregate from another aggregate cluster (scale bar 2.5 µm).
The stereo pair shown in (Fig 3) has been taken from the two TXM 2-D images in 15 degree
angle difference shows the fine lunar dust aggregate superstructure. Particles in this aggregate
are loosely connected in a type of arrangement where an angular mineral grain is in contact
with irregular sharp edges and spherical dust fine particles. The structure of lunar dust
aggregates similar to that studied is abundant in the topsoil layer and looks extremely porous.
Aggregates of fine lunar dust, shown on left side of Fig. 3, are built like strings of chained
dust particles. In the discussed example, this aggregate consists of 23 particles from 1.8 µm
to 120 nm in diameter with a median diameter 480 nm. Morphologically it is mixture with
sharp edges and spherical, probably impact generated glassy particles. Some glassy particles
show internal nano-bubbles up to 170 nm in diameter. Some particles were decorated with
spherical iron rich particles 260 nm in diameter. One aggregate is about 8 µm long and 2-3
µm thick. It is porous and inter-particle voids are elongated and 100-250 nm wide. Particles
contact each other in very few points with the contact area smaller than resolution of used
TXM (60 nm) which give an appearance that the particles are separated. In such small contact
areas the van der Waals attractive forces keeping aggregates together are rather week. They
may compete with electrostatic repulsive forces which by trying to break aggregate apart
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causing to stretch aggregates in the form of long strings. System is probable in balance
depending of the sun position which changing electrostatic charges in dust particles as found
in O'Briens work [6]. Between the described aggregate and another similar group of
aggregates is about 4 µm which is the half of the aggregate longest dimension. The large void
separating aggregates looks regular and cellular in shape. A large probably mineral particle
3.8 µm in diameter and 1.5 µm in thickness lay on the top of the bridge between aggregates.
This is the largest grain observed in studied sample.

A

B

B
Fig. 4: Space, 3-D reconstruction of the lunar dust particle
space arrangement. (A)Cylinder
facial cut. (B)- Cylinder vertical cut. Cylinder is 12.1 µm long and 10.2 µm in diameter,
scale bar is 5 µm).
In Fig. 4 the 3-D reconstruction from 181 TXM micrographs as shown in (Fig. 3) displays
space arrangement between aggregates of the lunar dust particles. In this space reconstruction
it is clearly shown that aggregates composed of submicron in size particles are separated by
large voids a few µm in size. The void sizes are larger than aggregate dimensions and as
shown in the vertical cut (Fig. 4B) vary between 2 and 7 µm in diameter. Because the contact
area between particles that bridge aggregates are scarce below resolution of the TXM 3-D
reconstruction (60 nm), the particle and aggregates appear not to contact each other. These
features are easier to see when rotating the image.

From our observations, we suggest that models for porosity and heat transfer calculations in
the lunar topsoil have to consider the presence of a superstructure of highly porous chained
aggregates composed of sub-micron size particles that build larger cellular void networks of a
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few micrometers in diameter. Such a model may be shown as in Fig. 5 the sandwich sequence
of stratification of horizontal parallel and solid slabs of equal thickness ~500 nm. They
represent individual dust particles arranged in string-like aggregates. For our proposed model
let such slabs be separated by empty spaces, bounded by the parallel plate surfaces of
adjacent slabs, so that their distances are all equal and ~250 nm in value. Denote the sum of
the thickness of one slab and one space by d. In most of our observations, 3 of these silicate
slabs are separated by 2 empty slices that will model the observed aggregates. These stringlike aggregates are separated from each other by cellular voids a few microns across (~4 µm
in our example). Based upon our observations, the basic module δ of the lunar topsoil will be
an assemblage of 3 d plus 4 µm of inter-aggregate space equal to a total of ~6.25 µm. Endless
sequences of such modules (δ) will create a simplified lunar dust topsoil model. The Porosity
calculated from such a topsoil model is 76 % which is larger than was estimated for loose,
bulk, Luna 16 soil sample from its density measurements. The structure of this outer-most,
topsoil layer is unique and different from the bulk regolith which is more densely packed.
This reflects the different porosity values between the studied outer-most topsoil aggregates
and bulk regolith.

Fig. 5: Simplified model of the lunar aggregated topsoil layers.; d is the thickness of one slab
plus one space and δ is the basic module between aggregates of lunar topsoil 6.25 µm in size.
Our simple model, shown in Fig. 5, can be compare with Wesselink’s model, the sum of
average dimension of grain and interstice is denoted as s, s equals to 750 nm. When the grain
size is small enough, the conduction through the contact places is negligible and the radiative
transfer prominent. An estimate of an effective thermal conduction (k), can be made by
combining the Stefan-Boltzmann law and the heat conduction equation (the per unit area
version) and solving the differential equation for k.
dQ/dt= σT 4 = k(dT/ds) k = σ∫(T 4/dT)ds = 4σsT 3
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The heat conductivity k can be considered as irradiative heat conductivity entirely and
calculated from k = 4σsT3, where σ is Steven-Bolzmann constant (8.2 × 10 -11 cal cm-2 min-1
˚C-4) and T is the absolute temperature in degrees Kelvin. This infers that k equals 1.25 × 10 6

cal cm-1 min-1 ˚C-1 with T = 370.79˚K. It is 373 times less than the value of Wesselink’s

calculation with s = 0.028 cm. In this case, the porosity is 33% instead of 76% which is
estimated in the model described above. That means the practical heat conductivity should
be smaller than 1.25 × 10 -6 cal cm-1 min-1 ˚C-1 (8.75 × 10 -5 W m-1 ˚K-1) from our observation.
It would be of great interest to future insulation in lunar based stations. This low heat
conductivity makes the finest fraction of lunar soil heat rapidly from the sun and also loses
heat rapidly, because of low heat capacity.

Conclusions

Dust aggregates as shown in Figs 3 and 4 caused by electrostatic attraction between (sub)micron particles are not stable because they are not really glued together. Even if they are,
they easily break contacts with an applied force. Our investigation leaves the nature of the
contacts open though saying they are below the resolution of the system. While it is shown in
the SEM micrographs, that some particles would be welded but their dimensions are much
larger than the observed nano-sized aggregates that may be in fact impacted pulverized rocks
and agglutinates. Handling, i.e. extracting aggregates or even handling a larger piece of
matter with the aggregates will change the morphology completely as aggregates get
restructured. In fact on the lunar surface such restructuring take place even during the lunar
day/night cycle. Obviously aggregates have been taken out of the context of other aggregates;
at least the 3d image of an aggregate does not show where the aggregate connects to the other
aggregates in the real topsoil of the lunar regolith. There is open space around the aggregate
in the images so it may refer to aggregates icing the outermost layer where uncompacted
lunar soil is exposed to interplanetary space.

Because of the small size of the studied sample (only 101 g was delivered to the Earth), our
observations were limited to a few studied aggregates. However, based on our real 3-D
observations on this limited sample we may define a void size for an aggregate which only
consists of about 20+ particles in each observed aggregate. It is true that in order to apply
certain concepts to quantify the aggregate structure requires larger volume scans and this may
be done on other lunar samples where larger volume of material can be studied.
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As presented, our model of the topsoil has 76% porosity and refers only to the lose
aggregates on the lunar outermost surface exposed to interplanetary space. This aggregate can
be easily compressed depending on the building blocks as one move down the ground profile.
There are numerous references [2, 3, 4] to much more compressed lunar soils of only 40 to
50% porosity in the literature. A thermal shield built from the high porosity cellular outermost topsoil layer may be very important to future planned Moon exploration as well as the
cosmic radiation shield suggested in [12].

The results presented in this study suggest that the effective thermal conductivity of lunar
regolith is much lower than previously thought due to voids within the substructure. This
characteristic of lunar soil increases its attractiveness as thermal insulation material for any
future lunar bases.
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The Potato Radius: a Lower Minimum Size for Dwarf Planets
Charles H. Lineweaver & Marc Norman
Planetary Science Institute of the Research School of Earth Sciences and the Research School
of Astronomy and Astrophysics, Australian National University, Canberra ACT 0200,
Australia
Summary: 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”.
Keywords: planetary science, gravity, accretion, angular momentum, yield strength.
Dust, Potatoes, Spheres, Disks and Halos

Fig. 1: Objects in the universe take on five basic shapes -- dust, potatoes, spheres, disks and
halos. These shapes are highly correlated with the size of the object, which increases from
left to right. These shapes can be understood in terms of the fundamental forces that
dominate the relevant size scales. Each column is arranged with the largest objects on top
and the smallest on the bottom. From top to bottom the dust images are i) dust found in our
RSES lab, ii) lunar dust, ii) interplanetary dust. Potatoes are i) Saturn’s moon Hyperion, and
asteroids: ii) Ida and iii) Eros. Spheres are: i) the Sun, ii) Earth and iii) Moon. Disks are i)
the galactic disk of M104, the Sombrero Galaxy, ii) the protoplanetary disk accreting
material onto the central star HH-30 and iii) the rings of Saturn. Halos are i) the giant
elliptical galaxy M87, ii) the bulge of the edge-on spiral galaxy NGC 4565 and iii) globular
cluster, M80.
A quick survey of the shapes of objects in the universe yields five basic types: irregular dust,
rounded potatoes, spheres, disks and halos. Figure 1 shows this interesting series from small
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irregular objects on the left, to large spherical objects on the right. These five basic shapes are
strongly size-dependent and can be understood as a transition from small objects with shapes
dominated by electronic forces to large objects with shapes dominated by gravitational forces
(spheres). Specific angular momentum also plays a role in forming disks. After briefly
reviewing the physics of these shapes (cf. Weisskopf 1975), we focus on the transition most
relevant to planetary science, i.e., the potato-to-sphere transition where the rounded potatoproducing compromise between electronic forces and gravity begins to be dominated by
sphere-producing gravity. This transition marks the boundary of hydrostatic equilibrium used
in the IAU definition of “dwarf planet”.
Dust, Potatoes and Spheres
The gravitational force on a body of mass m, at a distance r from a larger body of mass M is:
F= GMm/r2. This force is proportional to the amount of mass M. Electrostatic forces are also
a 1/r2 force. However, unlike mass, charges can be positive or negative and form chargeneutral objects. Thus the strength of the electronic force between atoms and molecules is not
proportional to the amount of material. The smallest objects with the smallest M, have the
least self-gravity and are dominated by electronic forces. These electronic forces determine
the wide variety of shapes of relatively small objects (average radius R < ~ few km), such as
molecules, dust, crystals, and trees. The complex shapes of life forms are controlled by
electronic forces (Thompson 1917). These small complex shapes are represented by dust in
the first column of Fig. 1.
In the size range of solid objects between ~few km and ~200 km, self-gravity begins to be
important and objects take on a rounded potato shape determined by a compromise between
gravitational forces and electronic forces. On the small side, gravity plays less of a role and
its rounding effect is not apparent. As the size increases, gravity becomes more important and
objects get more rounded. At R < few km, objects are irregularly-shaped-electronic-forcedominated. In the potato regime, (few km < R < ~200-300 km, Fig. 1, second column,), there
is a smooth size-dependent transition to more and more rounded potatoes until the upper limit
of this potato regime (Rpot ~200-300 km), there is a transition from potatoes to spheres as
gravity begins to dominate (Fig. 2). Finally, larger solid objects with R > ~ 200 – 300 km are
gravity-dominated spheres (Fig. 1, third column). As shown below, the potato radius depends
on the density ρ and the yield strength σy of the material (Eq. 10).
Gravitational Collapse, Disks and Halos
Gravity alone cannot make things collapse. To collapse “gravitationally”, material has to get
rid of energy and angular momentum. Only when dissipative structures and/or processes
(accretion disks, viscosity, friction, magnetic breaking, inelastic collisions, dynamical
friction) act to export energy and angular momentum, can an object collapse. For example, in
order for a molecular cloud to collapse into a star with planets, both energy and angular
momentum have to be exported efficiently. The vorticity in molecular clouds is much too
large for clumps to fall together into a star (Larson 2010). If both energy (E) and angular
momentum (L) are exported efficiently, the object (if large enough) will collapse into a sphere
(moons, planets, stars, black holes, Fig. 1, third column). The Sun for example was able,
through magnetic breaking, to transfer its spin angular momentum to the orbital angular
momentum of the protoplanetary disk.
If dissipative processes have been able to export energy, but not as much angular momentum,
the ratio of angular momentum to energy, L/E, increases. The result is a disk (e.g. plane of the
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Milky Way, ecliptic plane of our Solar System, protoplanetary accretion disks and the rings of
Saturn, see Fig. 1, fourth column). Protoplanetary accretion disks are hot and export energy
efficiently, but angular momentum can only be transported outwards when the gaseous disk is
massive enough to make mass (gas, dust, planetesimals, planets) migrate. Turbulence,
magnetic fields and viscosity in the disk allowed angular momentum to be transferred. As the
protoplanetary disk became more tenuous, and disappeared, friction and viscosity and the
associated ability to transport angular momentum decreased, leaving the angular momentum
stranded in the planets. Without a dissipative mechanism to export it, a high L/E and disky
shape resulted. Only the dynamical friction of the scattering of planetesimals could transport
some residual angular momentum and led to a bit of collapse or reconfiguration of the disky
system (see Gomez et al 2005). In summary, planets exist because angular momentum is
conserved and gets stranded (Stevenson 2004).
Based on this idea, Hoyle (1960) suggested (see also Huang 1969) that stellar spin be used as
a proxy to detect other planetary systems. If a star is spinning with an angular momentum
consistent with the specific angular momentum of the molecular clouds from which it formed,
then it could not have planets. If a star is spinning at a much lower rate, then it had to have
exported that angular momentum through a disk and presumably into planets. Most stars
have specific angular momenta at least an order of magnitude below the specific angular
momenta of the clumps in molecular clouds (Larsen 2010).
When dissipative processes are inefficient at exporting both energy and angular momentum,
energy and angular momentum are roughly conserved. If neither energy nor angular
momentum can be exported, the body becomes and stays virialized (globular clusters,
elliptical galaxies) as a roughly spherical distribution or halo. This happens when the system
is too diffuse to have an accretion disk. L/E remains at its initial value. Kinetic and potential
energy sloshes back and forth between the discrete components -- galaxies in galactic clusters
and stars in the bulges of spiral galaxies and in globular clusters (Fig. 1, fifth column).
Besides the influence of L/E, there are a few other effects that confound the simple
relationship between size (~mass) and sphericity.
Surface tension, erosion and impact
fragmentation play roles in making objects respectively, spherical, rounded and irregular.
Chondrules inside chondritic meteorites are spheres for the same reason bubbles are spheres:
surface tension, not gravity. Erosion from wind and water can make intrinsically irregular
rocks into rounded grains of sand and rounded pebbles in stream beds. Asteroids and pebbles
in outer space with R < ~few km can be potatoid (rather than irregular) due to erosion from
small impacts and weathering - not from a compromise between electronic forces and gravity.
Ignoring these complications, the five shapes in Figure 1 are the result of non-mass-dependent
electronic forces, mass-dependent gravitational forces and the varying abilities of dissipative
structures to export energy and angular momentum (the L/E-dependence of disks and halos).
Evidence for the Potato Radius
The definition of planet set on 24 August 2006 under Resolution B5 of the 26th General
Assembly of the International Astronomical Union states that, in the Solar System a planet is
a celestial body that:
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(a)

Asteroids
Potatoes become Spheres at r > ~300 km

Ceres
475

Juno
115

Pallas
275

Ida
25

Mathilde
53

(b)

Vesta
265

Eros
17

Gaspra
12

Icy Moons
Potatoes become Spheres at r > ~200 km

Enceladus
251

Hyperion
140

Mimas
198

Miranda
235

Janus
95

Thebe
50

Metis
25

Calypso
11

Fig. 2: The potato-to-sphere transition occurs when the mean radius of an asteroid is ~ 300
km and when the mean radius of an icy moon is ~ 200 km. This does not reflect the 1/ρ
dependence of the potato radius (Eq. 10) and thus can give us information about the yield
strength during the formation of these objects. This potato-to-sphere transition radius
depends on the trade-off between gravity and the yield strength of the rocky and icy material.
For the purpose of Trans-Neptunian Object classification, the Rpot ~ 200 km of icy moons is
most relevant.
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1. is in orbit around the Sun,
2. has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes
a hydrostatic equilibrium (nearly round) shape,
3. has cleared the neighborhood around its orbit.
Resolution B5 also defines a dwarf planet in the same way as it does a planet except that a
dwarf planet has not cleared the neighborhood around its orbit.
Here we focus on what it means to have “sufficient mass to overcome rigid body forces so
that it assumes a hydrostatic equilibrium (nearly round) shape”. In other words, we derive
how much self-gravity is needed to attain internal overburden pressures equal to the yield
strengths of the material, so that rounded, potato-shaped bodies become spheres. We call the
average radius of a body that has accreted enough material to make this potato-to-sphere
transition, the potato radius, “Rpot ”. This radius is interesting because it is the limiting radius
between
dwarf
planets
and
“small
solar
system
bodies”
(cf.
en.wikipedia.org/wiki/Dwarf_planet).
When asteroids or moons, or other celestial bodies are imaged by high angular resolution
instruments, and the point spread function of the instrument is smaller than the angle
subtended by the body, the shape of the body can be resolved. When this is possible, we see
the pattern shown in Figure 2, which shows clearly that solid objects that have accreted
enough mass to have an average radius larger than ~ 200 - 300 km are spheres. More
specifically, for asteroids (Fig. 2a) Rpot ~ 300 km and for icy moons (Fig. 2b) Rpot ~ 200 km.
In the next section we will derive this empirical result.
Derivation of the Potato Radius
One could begin, as the author did initially, by setting the gravitational acceleration at the
surface of a body equal to the acceleration needed to undo the electronic bonds. But this is not
what we want since it is equating surface gravity with the force needed to crush rocks. The
Earth is spherical but its gravitational pull is not so strong that it crushes rock at the surface.
One has to go down ~10 or ~20 kilometers before the overburden pressure can do that.
To our knowledge, the published derivation of something most analogous to the potato radius
is in Chap. 1.2.1 of Stevenson (2009). Focusing on energy (not force or pressure) the
electronic bond energy of ~ 1 eV is set equal to the gravitational energy ~ GMµ/R where µ is
the mass of the particle in question and R is the radius of the object. The result is a radius of a
few thousand kilometers for a rocky body and ~ 1000 km for an icy body. This was meant to
be only an order of magnitude calculation. We try to improve on it below.
Thomas (1989) has empirically analysed the topology of small satellites. He reports that icy
satellites with a mean radius of ~ 150 km are irregularly shaped, with no tread seen in the
shape of objects with a mean radius below ~ 150 km. He also notes a gradual transition of the
shape of rocky satellites from irregular to ellipsoidal. Basri & Brown (2006) report a potato
radius of approximately 400 km for objects with the yield strength and density of stony
meteorites. This is consistent with but slightly larger than our ~ 300 km estimate based on
Fig. 2a. The difference may depend on whether one is referring to current yield strengths or
to the lower yield strengths due to the higher temperatures in the early formative period when
asteroid shapes were set.
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Consider a roughly spherical body of average radius R, with an overburden pressure P at a
given radius r < R, from the centre. If we want the body to be a sphere, at some radius r we
need the overburden pressure to exceed the compressive yield strength of the rock. That is,
the pressure must be sufficiently high such that the rock is in the ductile regime, so that it
deforms plastically (or brittlely), not elastically. This r needs to be close enough to the
surface to guarantee that the material above it, when accumulated randomly, does not destroy
the sphericity. We set the overburden pressure P at radius r equal to the compressive strength
of the material, σy. A simple plausible criterion for the potato radius will be when the
gravitational overburden pressure half way through the body begins to exceed the
compressive strength of the material of the body,
P(r " R 2 ) = # y

!

(1)

The overburden pressure at a radius r inside a roughly spherical body of radius R and density
ρ is (e.g. Ryan and Melosh 1998 Eq. 5, Stevenson 2009, Section 3.2),
P(r) =

€

.
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(2)

At the surface, when r = R, there is no overburden and no pressure. When r = 0, Eq. (2) gives
the central pressure of the body. Combining Eqs. (1) and (2) yields the potato radius, Rpot
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Solving for Rpot yields,
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(4)

Notice that as the density goes up, the potato radius goes down, and that as the compressive
strength goes up, the potato radius goes up. For simplicity we can write this as,

R pot
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where A= sqrt(2/π) is a forefactor that depends on our plausible criterion in Eq. (1) that r =
R/2. We plug in values for the gravitational constant G, and a typical density for asteroids ρ
= 2.5 g/cm3. The compressive strength (= pressure needed to make material plastically
deform) of the typical silicate mantle of a rocky body such as an asteroid is σy ~ 10 MPa.
With these values we obtain a scaling relationship and a potato radius of the order observed,
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We can make this simple derivation a bit more realistic. For an icy or rocky body to become
spherical as its radius increases, there must be horizontal flows in plastically deforming
material driven by an anisotropic pressure that creates a pressure differential or deviatoric
stress, that is greater than the yield stress of the material. In other words, differential pressure
seems more relevant than just pressure.
Consider the non-spherical potato in Figure 3 with a bump at 2 o’clock. At a radius r under
the bump, the overburden pressure is larger than it is at the same radius r, that is not under the
bump. There is a pressure differential ΔP = Pbump(r) - P (r). Applying Eq. (2) at two different
places (but at the same r), this pressure differential or differential stress (Durham and Stern
2001) is,

"P =

2#
2
G$ 2 Rbump % r 2 % ( R 2 % r 2 )
3
.

[(

)

]

(7)

!

Figure 3. A potato approximated as a sphere with a bump.
Setting the differential pressure "P equal to the yield strength σy of the material and inserting
Rbump = R + ΔR = f R, (where f is a sphericity parameter) yields,
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If we set the degree of sphericity of the potato-to-sphere transition such that the axis of the
body along its longest axis is no more than 10% longer than its average radius, we have f =
1.1. We can then solve Eq. (8) for the potato radius,
1

R pot

!

% #y ( 2
" B'
2*
&G $ ) .

(9)

This is the same equation as Eq. (5) but here the forefactor B = sqrt(1/0.44). Thus Eq. (9)
gives a potato radius B/A ~ 2 times bigger than Eq. (6). Eq (9) yields Rpot ~ 240 km. Thus,
our more realistic differential pressure considerations allow us to replace Eq. (6) with:

R pot

⎞1/ 2
⎛
⎟
⎜ σ y
10MPa ⎟
≈ 240 km⎜
⎜ ⎡ ρ
⎤2 ⎟
⎜ ⎢
3 ⎟
⎝ ⎣ 2.5g /cm ⎥⎦ ⎠

(10)

where we still have the scaling law Rpot ~ 1/ρ.

€

The densities of the asteroids in Fig. 2a in units of g/cm3 are respectively (from left to right)
2, 2.8, 3.4, 2.1 (for the top row) and 3, 1.3, 2.6, 2.7, 2.7 (for the bottom row). Thus the range
is 1.5 – 3.5 and the average is ~ 2.5. The densities of the icy moons in Fig. 2b are respectively
(from left to right) 1.6, 1.2, 1.2 1 (for the top row) and 0.6, 0.6, 0.9, 0.9 and unknown (for the
bottom row). Thus the range is ~ 0.5 to 1.5 and the average is ~ 1.0 for these icy moons. Thus
the ratio of the average densities is,
# " asteroid & 2
2
%
( = 2.5 ) 6
$ " ice '
.

!

(11)

We can then conclude from Eq. (10) that, with similar compressive strengths, the Rpot of icy
moons would be ~ 2.5 times larger than the Rpot of asteroids. However, we can see from Fig.
2 that this is not the case. Instead we have,
Rpot (asteroids) / Rpot (icy moons) ~ 300 km / 200 km

(12)

From this and Eq. (10) we find that the ratio of the yield strengths of these bodies (during
their formative, hottest, shape-determining period) is,
2
2
σ asteroid ⎛ ρ asteroid ⎞ ⎛ 300 km ⎞
~ ⎜
⎟ ⎜
⎟ ~ 14
σ ice
⎝ ρ ice ⎠ ⎝ 200 km ⎠

€
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(13)

where we have assumed that the densities today are approximately the densities during the
formative, shape-determining period. Thus, at intermediate depths in moons and asteroids of
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radius ~200 - 300 km, the compressive strength of the rocky material out of which asteroids
are made (and at the higher temperatures at which they formed) was ~ 14 times larger than the
compressive strength of the material out of which the icy moons are composed. To be more
precise, the ratio of the minimum compressive strengths of asteroids and moons would be
~14, since the final shapes of these bodies is determined early in their formation when
temperatures were higher and yield strengths were at their minimum.
In contrast, at current temperatures, typical yield strength values (Beeman et al 1988) yield,

" asteroid
~2
" ice
.

!

(14)

We conclude that the higher temperatures during the formative period weakened the yield
strengths of the icy moons more than they weakened the yield strengths of asteroids. We can
constrain the range of yield strengths based on the observed variation in the densities.
Inserting Rpot = 300 km for the range of asteroid densities and Rpot = 200 km for the range of
icy moon densities, Eq. (10) yields,
4 MPa < σasteroid < 30 MPa

(15)

0.4 MPa < σice < 3 MPa

(16)

Yield stresses at temperatures less than ~ 1000 K are not strongly temperature dependent.
According to Peierls mechanism (Karato 2008, Fig. 19.1) yield stresses increase by a factor of
a few as T decreases from ~ 1000 K to ~0 K. This seems to contradict the large difference
between Eqs. 13 and 14.
Discussion and Conclusion
Our derivation of the ~ 200 km – 300 km potato radius is related to the fact that on Earth,
earthquakes away from subduction zones are confined to depths less than ~ 30 km. This is
because plastic or ductile deformation of the rocks below 30 km is enough to relieve the
deviatoric stress, or pressure differences – the same ductile deformation that allow potatoes,
as they increase in mass, to become spheres.
There are some complexities involved with trying to decide if a body has sufficient mass to
overcome its compressive strength and achieve hydrostatic equilibrium. Both mass and
compressive strength are time dependent. Bodies accrete and their masses increase. During
very early periods of formation (when shape is determined), bodies are heated by accretion
energy and have higher levels of radiogenic heating. As temperatures decrease, compressive
strengths increase. Thus compressive strengths were smaller in the past, and some bodies can
have reached hydrostatic equilibrium, even if their current mass is not large enough to
overcome the compressive strength of their materials at current temperatures. Another
complication is that collisions can undo the effects of hydrostatic equilibrium (Farinella &
Paolicchi 1982). It is possible that originally, Vesta was large enough to reach hydrostatic
equilibrium but that a collision undid its sphericity.
Early objects were also spinning faster and reached non-spherical (oblate spheroidal or
ellipsoidal) hydrostatic equilibrium (Chandrasekar 1969). The ability of spin to overcome
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compressive strength and deform a body into hydrostatic equilibrium, is time-dependent since
compressive strength is time-dependent and was lower earlier on.
The original draft of the 2006 IAU resolution redefined hydrostatic equilibrium shape as
applying "to objects with mass above 5 × 1020 kg and diameter greater than 800 km", but this
was not retained in the final draft. The IAU subsequently decided that unnamed transNeptunian objects (TNOs) with an absolute magnitude less than +1, which translates into a
minimum radius of 419 km (Bruton 2008) would be defined as “dwarf planets” (cf.
en.wikipedia.org/wiki/Dwarf_planet). TNOs are more similar to low density icy moons, than
to rocky asteroids. Since our ~200 km potato radius for icy moons is much smaller than an
absolute-magnitude-dependent 419 km limit, our number would substantially increase the
number of TNOs classified as dwarf planets.
We sketched out a scheme in which all objects can be crudely classified into five basic
shapes, largely determined by electronic and gravitational forces as well at the L/E ratio. Then
we focused on a size range relevant to planetary science. In Figure 2 we showed the
empirical evidence for the “potato radius” (Rpot ~ 300 km for asteroids and Rpot ~ 200 km for
icy moons) at which rounded potato-shaped objects transition into spheres. We then derived
this radius as part of a scaling relation (Eq. 10) that depends on density and the yield strength
of the material. This scaling relation was then used to constrain the yield strengths of
asteroids and icy moons during their early formative years, when they were the hottest and
their yield strengths were the weakest. The potato radius defines hydrostatic equilibrium and
is used to separate “dwarf planets” from “small solar system bodies”. Our icy moon ~200 km
icy moon potato radius substantially increases the number of TNOs that should be classified
as dwarf planets.
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Summary: Extensional tectonic features have been identified on Europa, particularly within
the Wedges region, located between 0o to 30oS and 170oW to 240oW. In order to conserve the
surface area budget, a mechanism of crustal destruction, such as convergence, must have
operated within the Wedges region. The purpose of this study was to identify possible
convergence zones and to determine when they were active within the Wedges region in the
past. Analysis of crater distributions within the Wedges region suggests its age is consistent with
chronologies derived from global studies (63.6Myr (+126Myr/-42.4Myr)). From image analysis
of the photo-geology of the Wedges region, acquired by the Solid State Imaging (SSI) camera
aboard Galileo, and reconstructions of surface features, we have identified about 3.46x103km2 of
crust destroyed by convergence within our studied areas. This compares with ~151x103km2 of
surface area created as a result of extensional processes, meaning that there exists a massive
convergence deficit in this region, with only ~2.29% of the crustal area created being
demonstrably destroyed. One reason for convergence not accommodating all the extension
observed could have occurred if potential convergence zones have subtle morphologies, below
the resolution of the Galileo SSI camera. Alternatively, convergence may have acted outside of
the Wedges region, in conjunction with another mechanism of crustal destruction, such as
compression or chaos formation.

Keywords: Wedges region, convergence, surface area budget.
Introduction
Jupiter’s satellite Europa consists of a <200km thick external shell consisting of ice and water,
overlying a silicate interior [1]. Due to its proximity to Jupiter, non-synchronous rotation and
eccentric orbit [2], Europa is subject to severe tidal heating - potentially enough to melt the base
of the ice layer and sustain the stable liquid ocean beneath it [2], detected by its induced
magnetic field during the Galileo mission [1]. Tidal heating, however, also drives convection in
the solid ice shell above the liquid ocean, and the long-term survival of the ocean depends
primarily on the dynamics and tectonics of the overlying convecting ice [2].
Tidal forcing also generates surface fracture systems, complementary to the tectonic features
generated by the convecting ice [2]. One area of extensive tectonic band formation on Europa,
produced as a result of tidal forcing and convective stress, is the Wedges region, located
between 0o to 30oS and 170oW to 240oW. It is defined by the wedged-shaped bands that this area
encompasses (Figure 1).
Since the Wedges region has experienced significant extension and formation of new surface
area, some form of crustal destruction should have operated in the past in order to balance the
surface area budget [2]. Hypotheses regarding the mechanism of crustal destruction on Europa
vary, and include: compression, where the icy crust experienced tidal compressive stresses
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producing folds [3, 4]; chaos formation, where material was erupted via cryovolcanism onto the
surface, disrupting the previous terrain in the process [5]; or convergence [2, 6]. Convergence is
defined as the coming together of crustal plates, and is detectable where the edges of these plates
have been destroyed [2].

o

o

o

o

Figure 1 Location of the Wedges region between 0 to 30 S and 170 W to 240 W (seen as the
blue rectangle). This area also encompasses dark, wedged-shaped bands that give this area its
name. Area One is observed as the red rectangle. Area Two: Section One as the yellow square,
Area Two: Section Two as the green square and Area Two: Section Three as the orange square.
The red dots are the location of available higher resolution images from the NASA/JPL-Caltech
“Clickable Europa Images” website. Modified from [7].
Numerous extensional features can be observed within the Wedges region, although the
identification of structures, which represent crustal destruction, has been minimal. Structures
produced as a result of crustal destruction on Europa are subtle and different from those on
Earth, where convergence is usually accompanied by mountain building and thrust faulting [2].
Consequently structures produced as a result of crustal destruction may have gone largely
unrecognised on Europa.
Some authors [2, 6], however, have outlined diagnostic features of Europan convergence, which
were used to identify possible convergence zones in this study. Some authors [2, 6], proposed
convergence zones: 1) exist along raised, cycloidal band boundaries; 2) should be associated
with gaps in reconstructions; 3) exhibit randomly orientated, cycloidal interior ridges and
troughs; 4) should occur along bands, which have wide mid-sections.
Tectonic activity, involving the formation of extensional bands occurred within the early
geological history of Europa’s surface, followed by cryovolcanic activity towards the late
geological history of the surface [8]. Therefore, mechanisms of crustal destruction, such as
convergence, should have been prevalent in the early geological history of the surface, in order
to compensate for the new surface area created from extensional processes [2]. This adds to the
difficulty in successfully identifying convergence features, due to their likely modification by
other processes.
The purpose of this study is to analyse three geometrically complicated areas within the Wedges
region, Europa, to determine if convergence has occurred, and quantify how much. We will
process and analyse Galileo image data using the ISIS (Integrated System for Imagers and
Spectrometers) 3 platform, and present mosaiced images of our studied areas. We will apply the
criteria outlined above for identification of convergence related structures and we will
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reconstruct the geological history of these areas using geological surface ages derived from
crater counting [9] and the albedo of surface features [10]. The albedo of surface features tends
to brighten with age due to the accumulation of frost or chemical alteration [10]. Very old
material appears white, whilst young material appears black [10]. Terrain produced during
intermediate timeframes appears grey [10].

Method
The Galileo mission data for the Wedges Region was obtained from NASA’s Planetary Data
System (PDS; http://pds-imaging.jpl.nasa.gov/Admin/resources/cd_galileo.html). The correct
orbit number was chosen, followed by the spacecraft clock time, which contained all the image
filenames. The Experimental Data Record (EDR) files for each image were then downloaded
and processed.
ISIS3 (http://isis.astrogeology.usgs.gov/documents/InstallGuide/index.html), provided by the
USGS was used to process the Galileo EDR files. Each downloaded file was converted from
EDR to ISIS format. Instrument information regarding the Galileo SSI camera needed to be
added to each of these images for them to be able to be viewed. Each image was then inspected
for evidence of convergence. If possible convergence zones were located, then further
processing occurred. This included adding information to the image files such as spacecraft
position, pointing angle, sun angle etc, so that the ground position of the image (latitude and
longitude) could be found. Each pixel within the image was then radiometrically corrected using
a linear light transform function, specific to the Galileo SSI camera and trimmed of any noise
located around the edges of the image.
Each of the images from the PDS node had different mapping parameters, which needed to be
changed to contain similar parameters. This was done by passing each of the images through a
pre-defined map template, which set the map parameters to Mercator, with increasing longitude
to the west. Map projected images were then mosaiced together.
We focused on two areas within the Wedges region. Area One is located between 17oS 194oW to
15oS 194oW and 15oS to 198oW and 17oS to 198oW (Figure 1) and was proposed to be an
extensional area [11]; however, previous work did not address the possibility of this area
comprising a convergence zone [in 11].
Area Two is located between 0oS to 20oS and 220oW to 230oW; however, due to the complexity
of tectonic and cryovolcanic structures within this area and the large distances encompassed, it
was divided into three sections. Area Two: Section One is located between 0oS 220oW to 0oS
230oW and 5oS 220oW to 5oS 220oW and Area Two: Section Two is located between 5oS
220oW to 5oS 230oW and 12oS 220oW to 12oS 230oW (Figure 1). Sections One and Two of Area
Two, were identified as comprising convergence zones [6]; however, a detailed analysis of the
amount of convergence and the timeframe when this convergence may have acted was not
addressed [in 6]. Area Two: Section Three is located between 12oS 220oW to 12oS 230oW and
17oS 220oW to 17oS 230oW (Figure 1) and comprises a unique convergence feature.
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Results
Geological History
Each of the addressed areas exhibits five stages of deformation, with tectonic structures
dominating the early geological history and chaotic terrain from cryovolcanic activity
dominating the late geological history [8]. The classification of geological units identified within
each of the addressed areas used the nomenclature outlined by Figueredo & Greenley [8].
First Period of Deformation
The oldest geological unit observed, produced from tectonic activity within the early history of
the surface, was the “Ridged Plains” (Figures 2-5). This unit is very complex, with heavily
reworked, randomly orientated, closely spaced bands and ridges, which tend to reside at lower
elevations than the younger terrain, similar to that observed by Figueredo & Greenley [8]. Some
areas also exhibit smooth plains material, which is absent of any ridges or bands. No evidence of
previous geological units or impact craters are evident through the background plains, inferring
that the formation of this unit was rapid ~50Myr ago, with the early craters being possibly
destroyed by a global resurfacing event [8].
Second Period of Deformation
The Second Period of Deformation included the formation of smooth to lineated band material
(Figures 2-5). The lineated band material appears bright and has been heavily reworked,
reinforcing the old age of these bands. Minor ridge complex and double ridge formation also
occurred towards the later stages of deformation (Figures 2-5).
Third Period of Deformation
The Third Period of Deformation between the early and late geological history of Europa’s
surface involved band and fracture/double ridge formation, accompanied by single ridge, ridge
complex and minor chaos formation (Figures 2-5). Bands within this time frame appear bright,
implying an old age. The minor chaotic terrain, which was produced within this stage of
deformation, appears grey, in contrast to the young chaos produced later, which appears black,
signifying its production in the early-intermediate history of Europa’s surface.
Fourth Period of Deformation
The Fourth Period of Deformation within the areas addressed included the formation of grey to
dark black band formation (Figures 2-5). From the albedo of these features, the grey bands and
delta-shaped bands were most likely produced in the early stages of this period of deformation in
Area Two, before dark, black band formation towards the later stages of deformation in Area
One (Figures 2-5). This was also reinforced by the morphology of the bands, where the grey
bands appear faint and degraded in Area Two, compared to the distinct ridges and troughs
located within the dark, black band in Area One. The formation of these bands was also
accompanied by minor ridge, ridge complex and chaos formation. Therefore, this stage most
likely represented the start of the slow decline in tectonic activity, before cryovolcanic activity
became the dominant deformation mechanism in the late history of the surface [8].
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Fifth Period of Deformation
Minor tectonic activity observed as double ridges and narrow bands occurred within the late
deformational stages of the surface (Figures 2-5). The predominant deformation mechanism
within this stage was cryovolcanic activity, which would have produced the large quantities of
chaotic terrain observed within these areas. Impact craters were also observed within each area,
towards the end of this stage. None of the impact craters were dissected by tectonic structures,
reinforcing their young age.
Convergence Zones
Area One and Area Two, Section One and Two exhibit some characteristic features of
convergence outlined by Greenberg [2] & Sarid et al. [6]. A representative sample of each of
these characteristic features of convergence can be observed in Figure 6. Within each of the
addressed areas, tectonic and cryovolcanic terrain either disappears or is truncated at the possible
convergence zones.
The characteristic features observed within Area One and Area Two, Section One and Two,
included raised cycloidal ridges along the band boundary of the non-subducting plate, which
appear to reside at greater heights than the surrounding terrain (Figure 6).

Figure 2 Deformational periods in Area One. North is to the top of the page.
The raised cycloidal ridges could represent the accumulation of material on the non-convergent
bands, produced during the convergence process. Behind the raised cycloidal ridges, on the nonconvergent plate, narrower cycloidal ridges and troughs exist, trending parallel to the band
boundaries. These could have been produced from stresses associated with the convergence
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process (Figure 6). Reconstructions of Area One and Area Two: Section One and Two, also
indicate convergence zones may have acted to destroy crust within these areas (Figures 7-9).
When the central band material was removed and the band boundaries reconstructed, gaps
occurred, representing destroyed crust (Figures 7-9). Within the reconstruction of Area Two:
Section Two, gaps occurred outside of the possible convergence zone, along bands that did not
exhibit characteristic features of convergence (Figure 8).

Figure 3 Deformational periods within Area Two: Section One. North is to the top of the page.

Figure 4 Deformational periods within Area Two: Section Two. North is to the top of the page.
Key as per Figure 3.
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Figure 5 Deformational periods within Area Two: Section Three. North is to the top of the page.
Key as per Figure 3.

Figure 6 Characteristic convergence features. North is to the top of the page.
Convergence zones within Area Two also consist of wide mid-sections, compared to nonconvergent areas along the band (Figures 8-9). The convergence zone within Area One,
however, does not have a wide mid-section (Figure 7), so it does not completely satisfy the
criteria which we tested evidence of convergence. Area Two: Section Three, comprises a unique
form of convergence. This area appears to have experienced the convergence of chaos along the
width of the NE-SW orientated band (Figure 10). This assumption was based on the morphology
of chaotic terrain, which appears circular to sub-circular within other areas on Europa, but has a
truncated edge within Figure 10. A faint raised lip also exists on the band margin where it
connects to the chaotic terrain, possibly produced from the accumulation of material during the
convergence process (Figure 10). Reconstructions of this area, however, were unable to be
made, since the NE-SW band was dissected by younger tectonic structures.
Convergence and the surface area budget
A comparison between the total extensional area observed within each of the areas addressed
and the total area destroyed is shown in Table 1.
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Figure 7 Convergence zone within Area One. White area within the reconstruction (inset) is the
destroyed crust. North is to the top of the page.

Figure 8 Convergence zone within Area Two: Section One. White area within the reconstruction
(inset) is the destroyed crust. North is to the top of the page.
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Figure 9 Convergence zones along bands and delta-shaped bands within Area Two: Section
Two. White area within the reconstruction (inset) is the destroyed crust. North is to the top of the
page.

Figure 10 The unique convergence zone within Area Two: Section Three. North is to the top of
the page.
From Table 1, each of the addressed areas has experienced significant extension, with only
minor crustal destruction. The total area converged was only 2.29% of the area generated,
resulting a convergence deficit of ~1.47x105km2.
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Table 1 Comparison of the crust produced, to the crust destroyed within each area addressed.

Discussion and Conclusions
Estimates of the rate of convergence on Europa, and the geological history outlined here, are
both dependent on absolute estimates of the age of Europa’s surface. Due to its very active
recent history, though, very few craters are evident, making such calculations imprecise. For
instance, Zahnle et al. [9] used outer solar system cratering rates to estimate the age of Europa’s
surface at ~60Myr. Whilst the area in this study is much smaller (1.56x105km2), five significant
non-secondary craters were identified, which, using Zahnle et al.’s [9] cratering rate (5.0x10-13
km-2 yr-1 for impact craters >1km), gives an age of ~63.6Myr (+126Myr/-42.2Myr). While this
surface age estimate for the studied areas is not statistically significant, it is at least consistent
with Zahnle et al.’s [9] global estimate.
Convergence of tectonic and cryovolcanic structures most likely occurred in conjunction with
the formation of grey-black extensional bands and chaos between the ~63.6Ma (+126Ma/42.4Ma) to ~18.0Ma (+24Ma/-14.7Ma) history of Europa’s surface. The quantity of crust
destroyed on Europa’s surface was not large enough to accommodate all of the extension
observed in the areas addressed and in turn, balance the surface area budget.
From the study of Area One-Two it was found that only 2.29% of all the extension observed
within each of the areas addressed was accommodated by identified convergence, resulting in a
convergence deficit of ~1.47x105km2. One explanation for this large convergence deficit could
occur if convergent zones have subtle morphologies, which were below the resolution limits of
the Galileo SSI camera.
A large convergence deficit may have also occurred if convergence acted outside of the Wedges
region. The Wedges region was an area of extensive crustal formation, which may have been
accommodated by convergence of crust outside the Wedges region, along dark, cycloidal bands
to the north and south (Figure 1). Other hypotheses of crustal destruction, such as chaos and
compression were not addressed in detail within this study. Therefore, if chaos and compression
acted in conjunction with convergence processes, an underestimate of the total surface area
destroyed, may have occurred. The formation of chaos could have acted as a mechanism of
crustal destruction, since chaos covers approximately half of Europa’s surface [13]. Chaos was
also observed to have occurred throughout the early geological history of Europa, when
extension dominated surface deformation. Therefore, chaos may have operated in parallel to
destroy crust via horizontal compression. Chaos as a mechanism of crustal destruction, however,
was unable to be tested further, since no evidence of horizontal compression at chaotic terrain
has yet been observed on the surface [14].
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Another mechanism of crustal destruction, which may have operated concurrently to
convergence, is compression. Compression, and in turn, crustal destruction could have also
occurred through the production and relaxation of folds [4, 5]. Based on the morphology and
reconstructions of dark-grey bands within the addressed areas, convergence could have acted
along the margins of these bands. The degree of identified convergence cannot explain the
significant extension that occurred during the time interval of active surface deformation on
Europa.
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Summary: Extant life on Earth shares a common ancestor that probably existed ∼ 4 billion
years ago. We describe a novel approach to study the root of the phylogenetic tree of life by
measuring the elemental abundances of living organisms and their environment.
We discuss the conservation of different elemental ratios across different taxa. It may be
possible to use stoichiometric and phylogenetic relationships between taxa to investigate how
changes in the distribution of elements in environments such as the oceans, may have affected
the evolution of life over the past ∼ 4 billion years – particularly during the great oxidation
event ∼ 2.4 billion years ago.
We outline some strategies to identify modern analogues of geological sites where the
common ancestor may have existed and where life ﬁrst evolved from its pre-biotic origins on
Earth and possibly elsewhere in the universe.

Introduction
Darwin’s book [1] contained a single ﬁgure with hypothetical branches of descent for
organisms. Today, Darwin’s branches have grown into the universal tree of life, where all
extant and many extinct organisms, have found a place [4]–[6]. At the root of the tree, is the
Last Universal Common Ancestor (LUCA) (Figure 1) [7], [8].
Biogeochemists are beginning to connect the major patterns of evolutionary diversiﬁcation
seen in the phylogenetic tree with environmental events in Earth’s history [9], [10]. The rise
in O2 ∼ 2.4 billion years ago [11], was coupled to changes in the biogeochemical cycles of
elements like iron, which was oxidised from soluble Fe2+ to form insoluble Fe3+ precipitates,
reducing the amount of free soluble iron available to life in the oceans. Changes in oxygen
levels and metal concentrations in the oceans between ∼ 2.4 - 1.8 billion years ago would have
led to changes in the distribution of metal ions inside cells (the metallome). Metals play a
role in almost all metabolic pathways (providing structure and catalytic activity to enzymes)
and life would have adapted to the changing conditions leading to new metabolic pathways
[12]–[16].
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Fig. 1: Phylogenetic relationships of extant organisms, as inferred from sequence
comparisons of 16S ribosomal RNA genes. The boxed dates indicate the minimum age of
selected branches, based on deductions from molecular biomarkers, isotopic signatures of
biogenic materials, body fossils and molecular clocks. Adapted from [9] and based on [8].
In comparison to techniques available just a few decades ago, it is possible to measure the
elemental composition (the stoichiometry) of life forms and their environments much more
easily and to much higher precision. Most of the stable elements in nature can be measured
to approximately parts per billion concentrations, using less than a few grams of material.
Our approach, termed Palaeoecophylostoichiometrics1, is based on quantifying the stoichiometry of extant bacteria and archaea, known from phylogenetic studies to be most closely
related to LUCA. It could reveal new insights into the links between changing paleo-ecologies
and early evolution of life and may help to identify the geochemistry of the site for the origin
of life.

Stoichiometry of life
Although life is made of elements from its environment and exhibits similar elemental
abundances to that of its environment, it is at disequilibrium with the environment. Some
elements like carbon, nitrogen and phosphorus are more abundant in life than in the environment, while elements like sodium and potassium are less abundant in life compared to
the environment. In [17], we present the view that life may use the disequilibrium in the
elemental abundances relative to the environment for its metabolic reactions.
Every organism will have an elemental composition that is dependent on its metabolic
activity. If the organism’s oxygen carrying protein in the blood is hemoglobin that uses iron
(as in humans), instead of hemocyanin that uses copper (as in horseshoe crabs [18]), the
organism will probably have a higher abundance of iron than an organism using hemocyanin.
1

Palaeoecophylostoichiometrics is a modiﬁcation of ‘Paleoecostoichiophylogenomics’ introduced by Elser in [21] to
describe an emerging sub-discipline that links biogeochemical and genomic studies.
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The elemental abundances in an organism will also be affected to some extent by the
abundances in the environment. Individuals living in an environment with high concentrations
of mercury will probably exhibit increased abundances of mercury than individuals living in
environments with low mercury concentrations. Due to slight non-speciﬁcity in the mechanism
of selectivity between metal ions, elements like lead and strontium can be accumulated in
the body as a result of calcium intake, even though they may not be utilised by life. Such
environmental effects will introduce noise to any signal that is due to the metabolism of the
organism. However, we hypothesise that despite such environment-dependent variations, if the
environmental factors are quantiﬁed and controlled, there will be signals in the metallome that
can be used to distinguish between the physiology and evolutionary history of different taxa.
These signals could be based on the relative abundances of elements within the organism and
differences between these abundances compared to the abundances found in the environment
(such as the growth medium).
Redﬁeld found in the Western Atlantic that stoichiometric ratios of both phytoplankton and
the surrounding water column were in ratios of C106 :N16 :P1 , by atoms [19]. The similarity in
the ratios of phytoplankton and the water column indicated a balanced ﬂow of C, N and P
in and out of the environment.
1000

C:P
N:P
C:N

Canonical Redfield ratios

Ratio

100

10

1

Phytoplankton Insects

Bacteria

Human

Fig. 2: The C:N:P ratios are an example of a stoichiometric signal. Variations from the
canonical Redﬁeld ratios [19] for phytoplankton reﬂect differences in the metabolic
pathways, environments and evolutionary histories of each taxa. Ratios given are by number
of atoms and the uncertainties correspond to standard deviations. “Phytoplankton”
represents marine phytoplankton from surface waters at coastal and off-shore sampling sites
around North America [20]. Insects, represent whole-body measurements of different
species of land insects [21]. Bacteria abundances are representative of 7-40 species
depending on the element [22]. Human abundances are from a study involving about 150
individuals [23]. The uncertainty in measurements for bacteria and humans have not been
quantiﬁed by the authors. We have used data for phytoplankton and insects from [20] and
[21] as they were two of the most comprehensive data sets which have uncertainties
associated with them. Elemental abundances for other taxa, especially in Bacteria and
Archaea have not been well quantiﬁed.
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Results in [24] suggest that bulk elemental compositions reﬂect phylogenetic differences
in two phytoplankton plastid superfamilies, those that use chlorophyll-b and those that use
chlorophyll-c as the major photosynthetic pigment [25]. While both plastid families share
common metabolic functions, the C:N:P stoichiometries of different phytoplankton reﬂect
different ancestral pre-symbiotic host cell phenotypes, while the abundances of trace elements
like iron and copper probably reﬂect differences in the evolution of the acquired plastids in
different ocean redox states since the Proterozoic era.
We hypothesise that some stoichiometric signals will be conserved between different taxa.
Stoichiometric signals are likely to be more similar within low taxonomic orders such as
species and genera and less similar between higher taxonomic orders such as phyla, kingdom
and domain. In order for a stoichiometric signal to be useful, the level of conservation of the
stoichiometric signal must be such that it is sufﬁciently distinct for particular taxa. Indeed,
if the signal remained exactly the same in every taxa, it would not be possible to distinguish
between two taxa. In contrast, if the abundances were randomly distributed then it would be
impossible to relate different taxa by stoichiometric signals.

Looking back in time
There are a number of features in life on Earth that have been recognised as being conserved
over timescales of millions to billions of years. One widely used feature of life on Earth that
is used to represent evolutionary descent, in the form of a phylogenetic tree (Figure 1), is
the 16S ribosomal RNA gene (16S rRNA). The 16S rRNA’s highly conserved sequence is
attributed to its essential signalling and structural role in protein synthesis from a genetic
code. Phylogenetic trees that are based on other conserved molecules such as transfer RNAs
and proteins, are topologically similar to 16S rRNA trees [26]–[30].
Genetic and proteomic conservation translates to conservation of metabolic pathways [31].
Therefore, the stoichiometry of elements that make up proteins in metabolic pathways will
be conserved to varying degrees across taxa. We expect that stoichiometric relationships
between taxa will, to some extent, reﬂect phylogenetic relationships established by genomic
and proteomic studies [32]–[37]. Figure 3 shows that the relative proportions of the chemical
elements in organisms like humans and bacteria, that represent two different domains of life
(Eukarya and Bacteria), are similar [17], [38], [39].
In some cases, elemental composition may be more conserved than biomarkers such as
lipids or genetic markers such as the 16S rRNA sequence. For example, until recently viruses
were not considered part of most phylogenetic trees as they do not contain 16S rRNA [6],
[27], [40]–[43]. However, their DNA or RNA based genes, proteins and lipids are made of
the same chemical elements that are used by other life forms.
Rooted phylogenetic trees can have their branch lengths (distance between two nodes)
calibrated for inferring the extent of divergence of species from their common ancestor. The
shorter the branch length of an extant species from the root of the tree, represented by LUCA,
the more it is likely to resemble LUCA. By studying elemental abundances in bacteria and
archaea that have short branch lengths from LUCA, it may be possible to infer the elemental
compositon of LUCA and its environment [44], [45].
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Fig. 3: A positive correlation between elemental abundances (by number of atoms) in the
representatives of two domains of life, Bacteria (bacteria [22]) and Eukarya (humans [23]).
Uncertainties were not quantiﬁed by the authors. The abundances are normalised to iron.
It is possible to use branch lengths as a proxy for divergence times if the rate of evolutionary
change is known [46]. The rate is often measured by the number of substitutions in a conserved
genetic sequence like 16S rRNA but amino acid sequences for proteins can also be used.
However, this is not always possible as molecular clocks are not constant across taxa and
over long timescales [47], [48]. The issue can be resolved to some extent by calibration
against fossil and biogeochemical records [9], [49]–[51]. By studying bacteria and archaea
near the root of phylogenetic trees, it may be possible to relate evolutionary changes in the
metallome of life to changes in the environment.
Analyses of the elemental composition of taxa with respect to branching order from the
root of the phylogenetic tree can be used to determine if there is any identiﬁable trend of life
using a larger suite of elements as a function of time. Those species that are deeply rooted
in the tree may utilise fewer elements in their metabolic pathways compared to species that
have branched out further from the root. Figure 4 shows a suggestive model that represents
the total number of elements in use across all life forms on Earth, as a function of time.
Life may have begun with a basic set of elements and then progressively increased its
elemental ‘toolkit’. Initially, life may have been based on abundant elements like carbon,
hydrogen and oxygen and ions like calcium or boron to stabilise its structures [53], and
catalytic metals like iron [54], [55]. This increase may be in response to changes in the
bioavailability of elements.
Alternatively, just as a novice chef starts baking a cake with simple ingredients like ﬂour,
eggs and sugar, life may have started with the most abundant (or bioavailable) elements like
carbon, hydrogen, oxygen, nitrogen, sulphur and phosphorus. Later, life began to accessorise
with more elements like bromine and selenium – like an experienced chef who has learnt to
use vanilla, cinnamon and the rest of the spice rack.
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Fig. 4: A possible sequence of increasing diversity of elements used by life based on
estimates of abundances in oceans and discussion in [36]. The order of the elements on the
right-hand-side y-axis is speculative but plausible.
Mediated by processes such as endo-symbiosis [56] and horizontal gene-transfer [57],
recipes would have been exchanged between different life forms at different times over the
past 4 billion years, resulting in usage of new elements and new metabolic pathways. Not
shown in Figure 4, there may have been instances of a transient decrease in the number of
elements in use by life, due to factors such as extinction of particular taxa or large decrease
in the bioavailability of an element, even if for short timescales. Whether our research or
others will be able to resolve such transient decrease in the number of elements used by life
remains to be seen.

Tracing the evolution of life
Williams and da Silva [58] have suggested that the major changes from the ﬁrst life form(s)
to present life forms were linked to the changing chemistry of the external environment. For
example, the development of enclosing membranes provided a stable physical and chemical
internal environment for sustaining metabolic reactions of the earliest prokaryotic life form(s).
Most origin of life hypotheses require a redox coupled energy source as the earliest
metabolisms. An abundant source of a redox potential accessible to life on the Hadean and
early Archean Earth, ∼ 4.5 to ∼ 3.5 billion years ago, are crustal minerals or the redox
gradients at hydrothermal vents [52]. These sites most likely had a host of organic molecules
such as amino-acids and nucleotides that formed in situ or were brought in by chondritic and
cometary material and could have formed auto-catalytic polypeptides and nucleaic acids that
developed into the information and metabolic system of the ﬁrst of the single-celled organisms
[55]. On depletion of the initially easily available free energy sources, other metabolisms
evolved and some life forms developed the ability to perform oxygenic photosynthesis [59].
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Oxygenation of the atmosphere ∼ 2.4 billion years ago [11] by efﬁcient oxygenic photosynthetic organisms, led to the oxidation of metals in the environment. The resulting oxidised
metals would be incompatible with a reducing cytoplasm, that would have reﬂected the
reducing chemistry of the primitive oceans and atmosphere from which it formed. Isolation
of the incompatible pathways within internal compartments through the gradual introduction
of vesicles in cells from localised invagination or endosymbiotic events may have resulted in
eukaryotic life forms with organelles and a nucleus [59]–[61].
Changes in the environmental abundances would affect the elemental composition of and
probably the usage of elements in different taxa that over time would lead to the evolution
of new metabolic pathways. If the concentration of a metal used by life decreases in the
environment such that an alternative metal is more competitive in terms of bioavailability,
reaction rate or reaction efﬁciency, then life will probably co-opt the alternative metal in a
modiﬁed metabolic pathway.
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For example, the rise in atmospheric oxygen concentration in the period ∼ 2.4 to ∼ 0.8
billion years ago has been linked to changes in the chemical components of the oceans
(see Figure 5). This period also corresponds to an increase in number of enzymes that use
metals such as copper and molybdenum [32], [36]. As soluble Fe2+ was oxidised to Fe3+
(which forms insoluble precipitates of Fe(OH)3 ), the availability of free or complexed ions of
biologically active iron would have decreased substantially in the oceans in the period ∼ 2.4
to ∼ 0.8 billion years ago. The oxygenation also oxidised another biologically active metal,
copper from its Cu+ to Cu2+ state.
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Fig. 5: The increase in O2 concentration of the atmosphere (top) affected the concentration
of metals and other ions in seawater (bottom). Modiﬁed from Anbar et al. [33] and based
on geochemical models and inferences from ancient sediments. Dashed lines are for
elements with falling concentrations. Color gradations indicate a transition from anoxic
oceans before ∼ 2.4 billion years ago (green) to H2 S-rich oceans between ∼ 1.8 billion and
∼ 800 million years ago (purple), subsequently giving way to complete ocean oxygenation
(light blue). [M: moles per litre; atm: atmosphere]
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This change in the environment may have triggered the development of new metabolic
pathways which harnessed the electrochemical potential of the higher oxidation state of copper
for roles previously performed by iron [58].
As the availability of metals such as manganese, zinc and cobalt increased in the environment, new metabolic pathways using these metals arose in both prokaryotes and eukaryotes
[35]–[37], [61], [64]. An example is the metalloenzyme superoxide dismutase, which is a
detoxifying agent to remove the O2− anion, a by-product of metabolic reactions involving
one electron reduction of O2 . Most eukaryotes use a form of the enzyme with copper and
zinc metal centres at the active site. However, most prokaryotic organisms and mitochondria
contained in eukaryotes2 contain a form with manganese and or iron. The concentration of
iron and manganese decreased after the oxygenation ∼ 2.4 billion years ago and it may explain
the emergence of copper- and zinc- based superoxide dismutases in eukaryotes [63].
Since, the elemental abundances in an organism reﬂects to some extent the elemental
abundances in its environment [17], it may be possible to suggest geological sites where
LUCA could have existed and help identify modern analogues of geological sites where the
origins of life on Earth could have taken place (Figure 6). For example, if LUCA is inferred
to have contained and utilised boron, it could add support to the borate-minerals-stabilisingribose model [53], necessary for efﬁcient synthesis of RNA in the transition from prebiotic
to biotic life.
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represent the geochemistry of the site for the origin of life [54], [55], [69].
2
Mitochondria contained in eukaryotes are believed to have been derived from endosymbiosis between a eukaryote and a
prokaryote (α-proteobacterium) approximately ∼ 1.7 to ∼ 2 billion years ago [56], [62].
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The Moon-forming impact ∼ 4.5 billion years ago would have sterilised Earth of any extant
life at that time [67]. LUCA probably existed ∼ 4.2 ± 0.4 billion years ago [68]. Therefore,
any inferences about the environment of LUCA will at best relate to a few hundred million
years after the Moon forming impact.
We are not attempting to examine past extinct life but rather inferring the evolutionary
history of extant taxa. Metabolic pathways in extant taxa are often conserved in the sense that
they reﬂect the pathways in use by the taxa when the taxa ﬁrst appeared on Earth. However,
particular lineages may have gone extinct or metabolic pathways may not be sufﬁciently
conserved within taxa due to responses to environmental changes over billions of years. In
future analysis, we will establish the extent to which extant basal organisms preserve a record
of the metabolisms in use up to ∼ 4 billion years ago.
Although the geochemistry of past environments over the past ∼ 4 billion years is not well
established, there are some constraints on elemental abundances in the oceans, especially
in the proterozoic era (2500 − 550 million years ago) based on the geological record and
biogeochemical evidence [33], [34], [36]. It is also possible to correlate metal availability in
the environment to the evolution of metabolic pathways as in [32].
We have not established the extent to which environmental abundances affect the elemental
composition of and usage of elements in different taxa. In future analyses we will investigate if
there are signals that are large enough to be detected over the noise introduced by ﬂuctuations
in the abundances in the environment.

Sun → Earth → Crust → Life
All atoms that are or have been part of living matter on Earth have either been produced
during big bang nucleosynthesis [72] or in different processes of the stellar nucleosynthetic
pathways that take place in stars [73]. Our Sun was formed out of a collapsing molecular
cloud that was polluted by earlier stellar processes and the proto-planetary disk that was made
of the remaining dust eventually gave rise to terrestrial planets like the Earth.
The composition of solar system objects including other planets and asteroids reﬂects to
a large extent the composition of the Sun, except that relative to the Sun, all are depleted
in the most volatile elements hydrogen, helium and the noble gases. When the Sun formed
from the solar nebula, 4.5672 (± 0.0006) billion years ago [74], the solar wind caused the
depletion of volatile elements such as hydrogen and helium from the region of the solar nebula
where terrestrial planets formed. Rocky planets like Earth, accreted from the fractionated
nebular condensate whose composition (particularly C1 chondrites) closely resembles the
solar composition, except for the abundances of volatile elements [75].
Input from chondritic material and a late-veneer of volatile elements due to the impacts of
comets and other objects from beyond the snow-line led to a crust which exhibits elemental
abundances more like solar abundances, depleted in volatile elements, than the abundances
of the bulk Earth. Life on Earth is based on elements such as hydrogen, oxygen, carbon and
nitrogen which were added to the crust in form of water, carbon dioxide and ammonia ice in
the chondritic and cometary material.
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Today, life on Earth is primarily composed of the chemical elements oxygen, carbon,
hydrogen and nitrogen, which in humans and bacteria make up 96.8 ± 0.1% of the mass.
Apart from these bulk elements, phosphorus and sulphur together make up 1.0 ± 0.3% of the
mass. The remaining 2.2 ± 0.2% of the mass is dominated by potassium, sodium, calcium,
magnesium and chlorine, while 0.03 ± 0.01% is attributed to trace elements such as iron,
copper and zinc.
Life on Earth is based on the most abundant elements in its environment. Life does not
reside in the mantle or the core of the Earth and so its elemental abundances are more
reﬂective of abundances in the upper crust (speciﬁcally the biosphere) than abundances in the
bulk Earth.
The process of formation of a star like the Sun, out of a collapsing molecular cloud polluted
by heavy elements from earlier generation of stars, is observed wherever there are molecular
clouds. The associated process of terrestrial planet formation is probably common in the
universe and it is likely that the elemental abundances of the surfaces of extrasolar habitable
planets will also be similar to cosmic abundances as represented by the Sun.
Since, the abundance of most elements in life forms and their environments on Earth
follow cosmic abundances (Figure 7), perhaps extraterrestrial life will also exhibit elemental
abundances similar to those found in life on Earth [38]. Alternatively, if extraterrestrial life
is to be found on planets and moons with environments where elemental abundances are
different to those found on Earth, it may be possible to predict the elemental abundances and
metabolic processes of the extraterrestrial life based on the stoichiometric principles of life
on Earth.
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Our approach to studying the origins and evolution of life by measuring the elemental abundances of extant taxa and their environment will requires a sufﬁciently large data set looking
at a number of taxa with relatively small uncertainties associated with the measurements. A
major shortcoming of existing data in the literature was that measurements were made many
decades ago, before the availability of high precision analyses offered by analytical techniques
today. It is possible that the errors associated with previous measurements of abundances of
some elements could be in the range of a few orders of magnitude.
Results from authors such as Sedykh et al. [70], who used Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) techniques and Heldal et al. [71], who used Xray microanalysis to measure elemental abundances of about 10 elements in cyanobacterial
species, suggest that once culturing and analytical methods have been standardised, it will
be possible to quantify elemental abundances to a precision of 5-10%, in a high-throughput
method.
If the effect of environmental variations on elemental composition of taxa is sufﬁciently
small then we may be able identify elemental ratios that are conversed across different taxa
and correlate changes in the bioavailability of elements in environments with evolution of
metabolic pathways.
Palaeoecophylostoichiometrics could help us understand LUCA and its environment and
the principles that we learn about life on Earth could be applicable elsewhere in the universe.
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[54] G. Wächtershäuser, “Origin of life: Life as We Don’t Know It,” Science, vol. 289, no. 5483, pp. 1307–1308, 2000.
[55] W. Martin, J. Baross, D. Kelley, and M. J. Russell, “Hydrothermal vents and the origin of life,” Nature Reviews
Microbiology, vol. 6, no. 11, pp. 805–814, 2008.
[56] L. Sagan, “On the origin of mitosing cells,” Journal of Theoretical Biology, vol. 14, no. 3, pp. 225–274, 1967.
[57] C. R. Woese, “Interpreting the universal phylogenetic tree,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 15, pp. 8392–8396, 2000.
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Abstract
The occurrence of Pc1-2 ULF waves in Scott Base and Casey Antarctic magnetometer data has been examined
with the objective of determining whether the source region for these waves is located in the Earth’s cusp/boundary
layer region or the magnetosheath. In particular we explore the hypothesis that some Pc1-2 events are propagated
along open ﬁeld lines which convect over the southern polar cap. For a selected event the location of Scott Base
with respect to the open/closed ﬁeld line boundary was independently determined using DMSP spacecraft particle
data and well established particle energy and ﬂux criteria. This event provides evidence that Pc1-2 waves can be
seen on the ground well inside the polar cap. The possibility of propagation in the ionospheric waveguide, away
from the footpoint of the source, is investigated using numerical modelling and realistic ionospheric parameters.
Under the modelled conditions we ﬁnd a modiﬁcation of wave ellipticity which excludes this explanation for the
polar cap Pc1-2 seen in the event study.

I. I NTRODUCTION
Plasma waves observed in Earths magnetosphere with frequencies below 5 Hz are recognized as ultralow-frequency (ULF) waves. Of particular interest are the shorter period Pc1 (0.2–5 Hz) waves, which
tend to be sporadic in occurrence and generated by internal magnetospheric processes. The accepted origin
of waves of these frequencies is the proton-cyclotron wave-particle interaction (e.g., [1]). Pc2 (0.1–0.2
Hz) waves typically arise from the same physical process as Pc1, which occurs more in the afternoon
sector at high latitudes [2], and both are recognized as electromagnetic ion cyclotron (EMIC) waves. The
Pc2 instability and propagation may involve the heavier ions (He+ ; O+ ), whose characteristic frequencies
extend into this band and thus may constitute a source of Pc2 ([3]; [4]; [5]).
The Pc1-2 waves recorded on the ground have been found to be associated with many regions of
magnetosphere including the plasmasphere, plasmatrough, cusp, and mantle [6]. The possibility of propagation of Pc1-2 waves in a waveguide formed by the ionosphere was proposed [7], and has been shown
to occur for mid-latitude (e.g. [8], [9]) and high-latitude (e.g. [10]) sources. Pc1 waves recorded at Davis,
Antarctica were found to be collocated with the projection of the geomagnetic cusp on the ground [10].
Propagation in the ionospheric waveguide has been suggested to occur for distances up to 700 km, and
during geogmagnetically active days there are indications of a higher latitude source, possibly associated
with the ground projection of the mantle [10]. Relatively more broadband (but still band-limited) Pc1-2
emissions have been found to be common at sites within the polar cap (e.g. [6]; [11]).
At high-latitudes the association of Pc1-2 waves with a particular geomagnetic source is reliant on
evidence of the geomagnetic mapping of the relevant regions onto the ground. Signatures of the cusp and
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open-closed boundary (OCB) have been found in the electron and proton ﬂuxes and energies recorded
using low Earth orbiting (LEO) spacecraft such as DMSP ([12] and other papers in that volume). The
particle cusp has been deﬁned as the region localised near noon with the highest ﬂux and lowest energy
of proton and electron precipitation [13]. This region which is usually ∼ 2–3 hours wide in local time and
∼ 1◦ wide in latitude, corresponds to the most direct entry of magnetosheath plasma to low altitude and
can be distinguished from the more extended region of magnetosheath-like precipitation described as the
cleft or low-latitude boundary layer. More precisely, electron ﬂux usually exceeds 108 cm−2 s−1 sr−1 and
the average electron energy falls to 100–300 eV. Using energetic particle spacecraft datasets, the response
of the particle cusp to variations in the interplanetary magnetic ﬁeld (IMF) By (e.g. [14]; [15]), IMF Bz
(e.g., [16]) and dipole tilt angle (e.g. [15]) has been statistically analysed. For positive or negative IMF
By the position of the cusp was found to shift azimuthally away from local magnetic noon (LMN), and
for southward IMF Bz the latitude of the equatorward edge of the cusp shifted equatorward according to
the relation [16]
λ = 78.9◦ + 0.76Bz (nT )

(1)

The annual variation in cusp latitude due to dipole tilt angle alone was found to be ∼ ±3◦ with a
co-efﬁcient of variation of ∼ 0.06◦ /◦ [15]. These results are in general agreement with convection theory
and magnetic ﬁeld modelling.
In this preliminary study we will investigate the possibility that Pc1-2 waves can occur on newly opened
ﬁeld-lines by using both DMSP and ACE spacecraft data to infer the location of our ground-based sites
with respect to the OCB. The association of Pc1-2 waves with the OCB will be examined both statistically
and with a single event study.
II. P OLAR C AP MAGNETOMETER DATA
Three magnetometer sites were used in this study. The Antarctic stations Casey and Scott Base are
located at latitudes of −80.80◦ and −79.96◦ corrected geomagnetic (CGM) respectively on opposite sides
of the polar cap, while the Canadian site - Taloyoak is located at a latitude of +78.54◦ CGM and is roughly
geogmagnetically conjugate to Scott Base. Using Equation (1) and assuming average IMF conditions of
By = 0, Bz = 0 nT, this locates Casey and Scott Base ∼ 2◦ and ∼ 1◦ poleward of the cusp at local
magnetic noon (LMN) during equinox. Similarly, Taloyoak would be located ∼ 0.5◦ equatorward of the
cusp at LMN during equinox.
A. Pc1-2 Detection Algorithm
To determine when Pc1-2 waves in the 0.1–0.5 Hz frequency range were present in the magnetometer
data we ﬁrst generated power spectrograms from the horizontal components (H, D) for each day of the
year, 2008. For each discrete fourier transform (DFT) time interval (block) in the spectrograms the standard
deviation of frequency intervals (bins) between 0.1 and 0.5 Hz which had polarised power spectral density
above 0.0004 nT2 /Hz and degree of polarisation above 70% was calculated. The threshold was selected to
exclude logging system noise and man-made interference. The DFTs were also checked for the presence
of a gap between the Pc3 band (7–120 mHz) and Pc1-2 band. In order to exclude Pc3 and other broadband
waves which are thought to be generated by different mechanisms (e.g., [17]), a Pc1-2 detection criterion
which combined both the standard deviation and gap size was devised empirically using visual inspection
of selected spectrograms.
B. Pc1-2 Occurrence and Averaged Spectra
Figure 1 shows the occurrence of Pc1-2 for each station throughout the year. Indications of maxima in
occurrence are seen around the times of maximum geo-effectiveness of the IMF (due to dipole tilt). This
could be a manifestation of the Russell-McPherron effect [18] and this suggests that dayside-reconnection
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Fig. 1. Pc 1-2 wave activity in magnetometer data for 2008, shown as a 10 day moving average of the number of minutes with detected
Pc1-2 in each day. The dates of equinoxes and the maximum Russell-McPherron effect are shown as dashed and dotted lines

is important in the generation mechanism for these Pc1-2 waves. This roughly semi-annual pattern in Pc12 occurrence has been previously noted at mid-latitude sites [19]. Figure 2 shows the diurnal variation of
occurrence. A clear bias towards post-noon times can been seen in the occurrence of Pc1-2 at Scott base,
while a slight bias towards pre-noon can be seen in the occurrence at Casey. Also Pc1-2 occurrence at
Taloyoak is relatively low compared to the other stations (see Figure 2). This may be due to the more
equatorward location of this site. We will examine other effects on Pc1-2 occurrence in section IV.
An examination was made of the predominant wave frequency and temporal structure of Pc1-2 events.
Averaged trace-power spectrograms were generated for 60 contiguous days in which the Pc1-2 occurrence
was high for each station. These are shown in Figure 3. Band-limited activity centered on 0.25 Hz can be
seen at all stations ∼ ±2 hours either side of LMN. There is also a suggestion of more broadband wave
activity occurring at LMN in both the Casey and Scott Base spectrograms. The Pc1-2 detection algorithm
discriminates against broad-band activity, and this may explain the slight dips around LMN in the diurnal
occurrence plots (Figure 2).
C. Pc1-2 Events on 20 October 2008
For more detailed examination of Pc1-2 source location, a day was selected in which there were
conjunctions between DMSP spacecraft and Scott Base concurrently with Pc1-2 events seen at Scott Base.
Energetic particle spectrograms from two DMSP spacecraft were analysed and the following conclusions
were made 1) At 15:26 UT on October 20, 2008 DMSP F13 encountered the open/closed ﬁeld line boundary.
At 15:29 UT F13 was in conjunction with Scott Base and moving into the polar cap after passing
through the mantle.
2) DMSP F17 was also in conjunction with Scott Base at 15:29 UT and was clearly in the polar cap
at this time.
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Fig. 2. Diurnal Pc 1-2 wave activity detected in magnetometer data shown as the fraction of days in the year in which Pc1-2 events are
found at each time.

Using ACE spacecraft data (allowing for the advection time from ACE to X = 0 RE ) we found that Bz
changed from +4 to -4 nT between 15:15 and 16:00 UT while IMF By changed from -1.5 to -3 nT. A
spectrogram for Scott Base magnetometer data around this time is shown in Figure 4. The data has been
masked to only show events with power above the threshold used in the detection algorithm, and color is
used to show the ellipticity of the waves. Predominantly left-hand polarised waves can be seen at the time
of conjunction with the DMSP spacecraft, and at this time there was good evidence (including the IMF
data) that Scott Base was located well inside the polar cap boundary. We will investigate the signiﬁcance
of these observations in the following sections.
III. M ODELLING - I ONOSPHERIC D UCTING OR F IELD - LINE G UIDED ?
We have undertaken some preliminary modelling of Pc1-2 wave propagation in the polar cap - cusp
boundary region in an attempt to identify if the waves seen are either a signature of the Pc1-2 sources in
the cap or if the waves have been ducted to the location by the ionospheric waveguide (or ionospheric
Alfvén resonator (IAR)) (e.g. [20]). A two dimensional wave model similar to one used previously [21]
was implemented. The geometry of the modelled region was chosen to best approximate the regions of
interest at these cusp latitudes. It should be noted that the following modelling results only consider wave
propagation and not the generation mechanism of the EMIC waves.
The model simulates a meridional slice of the magnetosphere with a realistic thin sheet ionosphere.
The magnetic ﬁeld conﬁguration is dipolar, a reasonable approximation to the magnetic ﬁeld at lower
altitudes. The model is based upon previous work [20] and accounts for the dip angle of the geomagnetic
ﬁeld in the ionosphere. This model allows us to calculate the magnetic ﬁeld perturbations at the ground,
as well as in the magnetospheric slice modelled. Local ionospheric and atmospheric conditions are taken
from the international reference ionosphere (IRI) [22] and MSISE-90 [23].
The magnetospheric background density model used in this simulation is shown in Figure 5 and was
constructed so that the essential feature of the plasma mass density in the cap, cusp and magnetosphere

Page 108

Proceedings from 9th Australian Space Science Conference, 2009

5

Fig. 3. Trace power spectrograms for each site averaged over a selected period in 2008. Local magnetic noons (LMNs) are indicated by
triangles on the time axes.

Fig. 4. Pc 1-2 waves seen on 20 October, 2008 (day of year 294) at Scott Base. Colour represents the ellipticity of the waves and left-handed
waves are shown as blue. The Pc1-2 event at the time of DMSP conjunction with Scott Base is indicated by the grey ellipse
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Fig. 5.

Density proﬁle used in the modelling of Pc1-2 waves in the polar cap. The stars indicate the three different source locations used.

approximate those given by the Cluster satellites (see [24]) projected down to the altitude of interest in
the model. That is low mass density in the cap while moving equatorward into the cusp the mass density
rapidly increases and is more or less constant in the magnetosphere. A enhancement in plasma mass
density (and hence low Alfvén speed) at low altitudes (∼ 1.5 RE ) was included across all latitudes to
simulate the IAR (see [20]). The model is driven by a band-limited input pulse in the electric ﬁeld with
a central frequency of 0.18 Hz. The shear Alfvén wave pulse consists of a sinusoid convolved with a
Gaussian envelope with a full width at half maximum of ∼ 0.1 Hz. The wave source is also Gaussian in
space, and the model assumes an azimuthal wave number m = 2.
We ran the model for three situations:
1) The wave source is located inside the magnetosphere on closed ﬁeld lines (the Magnetospheric
Source).
2) The wave source is located in the cusp with the peak of its power on the step density gradient (the
Cusp Source).
3) The wave source is located in the polar cap away from the Cusp and lower latitude boundary layer
(the Cap Source).
The locations of the three different sources are shown in Figure 5.
A. Model Results
Each model, with different source locations, was run for a total of 40 seconds simulation time and
sampled at 10 Hz. The modelled power spectral density (PSD) of the trace power for the ground magnetic
ﬁeld from each source location was calculate as a function of magnetic latitude. The top three panels of
Figure 6 show the PSD for the ground magnetic ﬁelds trace power at each latitude. In all model runs there
is only a small amount of wave energy propagating in the IAR and their signatures do not appear strongly
in the ground trace PSD whose maxima tend to be localised near the source location when mapped along
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Fig. 6. Power spectral density (PSD) and ellipticity (masked at 1% of maximum power) with geomagnetic latitude for each source location
used in modelling the Pc1-2s at high latitude. All PSD plots are on the same scale to allow comparison in the measured PSD. The ellipticity
plots are also plotted on the same scale. The source location is indicated by the asterisk

a geomagnetic ﬁeld line onto the ground. This leads us to conclude that the source of the Pc1-2 wave
power is not primarily waves propagating in the IAR.
The lower three panels in Figure 6 show the modelled ellipticity of wave magnetic ﬁelds at the ground.
This has been masked by the 1% of the maximum PSD level in each plot. These plots show that the
model ellipticity is right-hand polarised poleward of the source location while it is left-hand polarised
equatorward of the source. This compares favourably with the observations on 20 October 2008 (see
Figure 4) when it is thought that the Scott Base station is in the polar cap and poleward of the generation
region of the Pc1-2 waves.
IV. D ISCUSSION
We set out in this preliminary study to elucidate the sources and propagation paths for Pc1-2 waves at
high latitudes. Clearly, more event studies are required before our hypothesis of sources on newly opened
ﬁeld lines can be conﬁrmed, but in this study we have tested an approach to achieve this aim. Furthermore
there is supporting evidence for this assertion in the statistical results.
Firstly, the occurrence of Pc1-2 waves appear to increase around times when the orientation of the
magnetosphere with respect to the mean solar magnetic ﬁeld is the most likely to result in reconnection
at the subsolar point (the Russell-McPherron effect). We have also found that the orientation of the IMF
Bz component also seems to modulate Pc1-2 occurrence. Quasi-periodic increases in occurrence on the
time scale of tens of days, seen in particular in the Scott Base data, appear to coincide with recurrent
solar wind streams with a southward IMF component (see Figure 7).
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Fig. 7. Comparison between the occurrence of Pc1-2 at Scott Base (as in Fig 1.) and 10 day moving average of the IMF Bz component
(note the y-axis for the Bz data is reversed).

More rigorous statistical analysis is needed to conﬁrm the relative importance of the IMF orientation
versus other parameters such as solar wind velocity, and whether this modulates the generation mechanism
for Pc1-2 and/or alters the mapping of the generation region to the ground. Work is currently underway
to address these questions.
Finally, we also note that the diurnal occurrence patterns for each site all show a slight dip around
LMN. An explanation for this could be the bimodal distribution of IMF By . Polar cap convection pattern
reconﬁguration caused by changes in the IMF By component shift the ground projection of newly open
ﬁeld lines away from local noon. Such a connection has been noted for more extreme IMF conditions
and at latitudes of ∼ +76◦ CGM (e.g. [25]).
Irrespective of the source and propagation mechanism for Pc1-2 the statistical study provides evidence
that ionospheric conductivity appears to have a strong inﬂuence on occurrence in both annual and diurnal
time scales. Examination of the diurnal variation of modelled height integrated conductances (left-hand
side of Figure 8) reveals asymmetry with respect to LMN at Scott Base and Casey. This coincides with
the asymmetry seen in the diurnal variation in Pc1-2 occurrence seen at these stations (see Figure 2). The
annual variation in conductances (right-hand side of Figure 8) provides an explanation for the generally
high Pc1-2 occurrence in the equinox through to summer seasons at Scott Base and Casey (see Figure
1). However, there is no corresponding high Pc1-2 occurrence at Taloyoak coinciding with the summer
maxima in conductance at that site. This may be due to the the annual variation in cusp latitude due to
dipole tilt angle. During summer, Taloyoak would be located ∼ 3.5◦ equatorward of the mean latitude
of the cusp (and therefore the OCB at LMN). Pc1-2 waves generated on newly opened ﬁeld lines would
therefore be less likely to propagate to Taloyoak in the IAR at this time of the year.
V. C ONCLUSION
Band-limited Pc1-2 waves centered on a frequency of ∼ 0.25 Hz are regularly seen at polar cap sites
such as Scott Base and Casey and to a lesser extent at Taloyoak which is located closer to the average
latitude of the cusp. Diurnal and annual patterns in the occurrence of Pc1-2 events appear to be inﬂuenced
by both IMF conditions and ionospheric conductances. Further work is being conducted to establish the
link between the IMF conditions and the occurrence of Pc1-2. A particularly important area for further
examination is the connection between Pc1-2 events and changing polar-cap convection patterns as noted
by [25].
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Fig. 8. Station height integrated conductances. The left-hand side panels show the diurnal variation in height integrated Pederson (Solid)
and Hall (dashed) conductivities at Scott, Casey and Taloyoak stations for 20 October, 2008 (day of year 294). The right-hand side panels
show the yearly variation in height integrated Pederson (Solid) and Hall (dashed) conductivities at midday for for Scott, Casey and Taloyoak
Stations. The height integrated conductivities where calculated using the MSISE and IRI95 ionospheric models (see [26] for details)

Pc 1-2 waves were seen at Scott Base on a day when the ﬁeld lines connected to Scott Base were
clearly open. The ellipticity of Pc1-2 events at this time were found to be left-handed (LH). Modelling
indicates that we would expect LH polarisation for a Pc1-2 source on polar cap ﬁeld lines and righthanded polarisation for propagation from cusp/boundary layer. We conclude that this is possibly one
case when the Pc1-2 waves have a source on newly reconnected ﬁeld lines convecting into the polar cap.
More work is needed to determine how representative this single case study is, and if the source originates
in the magnetosheath, at the site of reconnection, or is due to precipitation of particles along the ﬁeld-line.
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Abstract
Magnetometer data from Davis, Antarctica (74.50 S, 99.80 E CGM-1996) are particularly favourable for
examining the spectral characteristics due to geomagnetic field lines resonances near the open-closed field line
boundary of the magnetosphere. Field line resonance (FLR) signatures of closed field lines at high latitudes on the
dayside magnetosphere show diurnal variations in frequency where maximum power occurs in the Pc5 (1-10 mHz)
band. Previous research has suggested that the length of closed field lines threading the ground stations is a major
factor that determines the FLR frequencies. The general topology of the dayside magnetopause results in longer
field lines and therefore lower resonant frequencies on the dawn and dusk flanks and the shortest field lines with
corresponding higher resonant frequencies near noon. These features yield an arch-shaped variation in frequency
with local magnetic time. We compare eigen-function solutions of ULF wave modes that include the curvature
and torsion in the geomagnetic field with data from the Davis magnetometer. Including the curvature and torsion
effects provides an explanation for our observation of a dip (or saddle) in the Pc5 arch, observed as a decrease in
frequency centred on local magnetic noon, that is often seen in high latitude magnetometer data.

I. I NTRODUCTION
Deducing the magnetic field topology from ground-based measurements of phenomena such as conjugate
aurora, ULF waves, VLF whistlers and HF transmissions can all collectively be described as magnetosounding. In all cases, except for the last, the sounding source is provided by natural processes in the
magnetosphere-ionosphere system. The possibilities of deducing properties of the geomagnetic field using
ground-based measurements of ultra low frequency (ULF) waves have been explored since the 1960s (see
[1], [2]). The sounding energy source is provided by natural processes in the magnetosphere-ionosphere
system. For ULF waves, field line resonances (FLRs) driven by the always present and variable energy
of the solar wind and the IMF, through the application of inversion computations, may enable continuous
monitoring of the magnetospheric plasma density and topology. Understanding how geomagnetic field line
distortion alters FLR frequencies is important for the interpretation of ground based data and estimating
plasma densities by remote sensing.
ULF waves have a direct correspondence, via field line mapping, to high latitude ground based observations. By examining ULF wave spatial and temporal properties a number of researchers have investigated
various relationships between ULF waves in space and on the ground and the structures and processes in
the outer magnetosphere. Samson [3], using ground magnetometer data, examined the latitudinal variation
of wave polarisation and found evidence for FLRs driven by a Kelvin-Helmholtz instability (K-H) source
at the magnetopause. The observed transition from right-hand to left-hand polarisation as the FLR latitude
was crossed was important for the development of subsequent mathematical models by Chen and Hasegawa
[4] and Southwood [5]. Using pure state filtering to detect particular polarisation states, Olson [6] identified
diurnal variations in FLRs, with the lowest (highest) frequencies occurring around local magnetic midnight
(magnetic noon). Another effective technique was devised by Baransky [7] who used interstation power
ratio measurements from pairs of latitudinally spaced stations to identify FLRs. By generating interstation
cross-phase spectrograms from the CANOPUS array magnetometer data, Waters et. al. [8] demonstrated
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the utility of the two-station crossphase technique in measuring the diurnal variation of FLR frequencies.
This diagnostic technique was further used by Waters et. al. [9] to map plasmatrough mass densities by
incorporating the FLR wave equation developed by Singer [10] and the T87 (see [11]) magnetic field
model.
Dungey [12] showed that the frequency of FLRs are proportional to the magnetic field strength and
inversely proportional to the field line length and plasma mass density. A simple relation often used is
2  ds
,
(1)
T = 1/fr =
n VA
where the integration is along the field line, T is the period, fr is the resonant frequency, n is the harmonic
number and VA , the Alfvén speed. Many studies have used FLR frequency measurements to estimate the
plasma mass density with radial distance in the equatorial plane (see review in [9]).
Rankin et al. [13] derived the frequencies of FLRs on stretched (nightside) field lines using the T96
model and FLR equations based on the curvilinear coordinate system approach of [10]. They calculated
frequencies corresponding to L = 6.3 which varied from 1.4 mHz to 0.5 mHz as the solar wind dynamic
pressure changed from 2 to 3 nPa. Using the same FLR theory [14] made similar calculations of nightside
FLRs for an ideal MHD equilibrium magnetosphere model based on the T89 external field model and
found shear Alfvén odd mode frequencies of 3.1–2.5 mHz corresponding to nightside equatorial crossing
distances of 11–20 RE . These frequencies are similar to ground-based observations of FLRs at high
latitudes [9]. More recently these models based on the curvilinear coordinate system have been verified
by spacecraft measurements in the outer magnetosphere near the open-closed field line boundary (see
[15]).
In this study, magnetometer data from Davis, Antarctica, recorded during 1996 were examined for field
line resonances in the Pc5 (1 to 10 mHz) range as a function of time of day. The aim of the study was
to examine whether distortion due to the geomagnetic field topology varied as a function of time of day
and how FLRs respond. Davis is located at high polar cusp latitudes (L ≈ 14), is near the open-closed
field line boundary (OCB) and maps to distorted field lines (see [16]).
II. DATA
Induction magnetometer (time derivative,
data from Davis for 1996, which was during solar
minimum between cycle 22 and 23, were used in this study. This data has previously been analysed
by Ables [16] using a two station crossphase technique (see [3]). They found clear evidence for FLRs on
∼ 90% of the days in 1996. For the present study, the data were organised by 24 hour sections and analysed
using Fourier transform (FT) data techniques. For each day the digital data are a finite discrete time series,
x[n], n = 0, 1, . . . , N − 1. In the frequency domain the data can be expressed as a sum of sinusoids at
FT
Fourier frequencies F [k] = k/N, k = 1, 2, . . . , (N − 1)/2 via the transformation x[n] ←→ X[k]. We
have two horizontal components from the magnetometer represented by time series x[n] and y[n] with
corresponding Fourier co-efficients X[k] and Y [k] respectively. The horizontal component cross-power is
|X ∗ [k]Y [k]| (see [17]).
We segmented the time series data into L blocks of length M given by u[l, m] = x[lS + m], l =
0, 1, . . . , M − 1, m = 0, 1, . . . , L − 1, where the step S defines the number of datum between the start of
each block. The resulting spectral estimates are displayed as an L by M/2 array or ’spectrogram’ with
values rendered in a colour-scale. The M/2 pixels in each column are often referred to as ’bins’ and if the
sampling period is ∆T seconds then each consecutive bin is separated by a frequency of ∆f = 1/(M ∆T )
Hz.
The data sample interval was ∆T = 20 seconds with a Fourier analysis data segment length, M = 128.
The frequency resolution in the spectrograms was therefore ∆f ∼ 0.2 mHz. We applied the Hamming
window function to each Fourier segment which provides ∼ 42 dB reduction in side-lobe interference
(see [17]). A step size of S = 30 was used, providing an overlap of 75% and for each Fourier segment,
the total power in the 1-10 mHz band was used to normalise the spectra.

dB
)
dt
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Fig. 1. Mean normalised horizontal cross-power (|X ∗ [k]Y [k]|) spectrogram computed from Davis magnetometer data in 1996. Wind IMF
data was used to exclude days in which the absolute value of hourly averaged IMF By and Bz exceeded 5 nT. The white crosses show the
frequency of maximum power at each time step of the Fourier segment. Local magnetic noon occurs at ≈ 10 UT as indicated by the black
triangle on the time axis.

Solar wind IMF data were obtained from the WIND spacecraft Magnetic Fields Investigation (MFI)
instrumentation (see [18]) when WIND was located upstream of Earth. These data were used to exclude
days in which the absolute value of hourly averaged IMF By and Bz exceeded 5 nT at any time within 6
hours of local magnetic noon at Davis (between 04−16 UT) as the station may then be on open field lines
due to erosion of closed geomagnetic flux by merging of the IMF and geomagnetic fields. The normalised
dynamic spectra from the remaining 182 days were used to generate mean crosspower spectrograms.
The resulting mean cross power versus UT dynamic spectra is shown in Figure 1. During the early
morning, the frequency increases and during late afternoon the frequency decreases. Previous studies have
shown an arch type variation with maximum frequency around local noon (e.g. [8], [19]). However, Figure
1 shows a dip in the frequency centered around local noon (≈ 10 UT) forming a saddle (or dip) type
variation rather than the previously observed arch.
III. D ISTORTION IN THE GEOMAGNETIC FIELD .
Figure 2 shows a selection of field lines from the T96 and IGRF geomagnetic field line models traced
from Davis in 1996 at autumnal equinox (Day 272) at the averaged IMF and solar wind conditions for
that year. This clearly shows that geomagnetic field lines at Davis are not dipolar. The field is not only
compressed near midday but on the dawn and dusk flanks (between 4-8 and 12-16 UT) field lines are
twisted indicating torsion of the geomagnetic field.
Magnetic field line torsion is given by τ (s) = p(s) ·n (s) where p(s) = b(s) ×n(s) is the unit binormal,
 0 (s)/B0 (s) is the unit tangent vector, where s
n(s) = b (s)/|b| is the unit principal normal and b(s) = B
is the arc length of the field line from a point P on the field line to one of the ionospheric foot points.
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Fig. 2. Geomagnetic field line traces from the T96 and IGRF models in GSM coordinates. Field lines shown pass through Davis between 4
and 16 UT in 2 hour increments on Day number 272 in 1996. The input parameters used in the T96 model were Pdyn = 2 nPa, DST = −10
nT, By = 0 nT and Bz = 0 nT.

d
The notation  indicates the derivative ds
. The curvature is defined as κ(s) = |n (s)| (see [20], [21]). The
integrated torsion and curvature per unit length is

τpul =



|τ (s)|ds

ds

and

κpul =



|κ(s)|ds

.
ds

(2)

These parameters under average solar wind conditions are shown in Figure 3 for field lines passing through
Davis on day 272, 1996.
IV. F IELD LINE RESONANCES IN DISTORTED MAGNETIC FIELDS
The eigen-frequencies of geomagnetic field lines have been extensively modeled in a dipole geometry
(see [23], [24], [25], [26]). Cummings et al. [23] showed solutions for the toroidal (azimuthal magnetic
oscillation) and poloidal (meridional magnetic oscillation) wave modes in a dipole field and found that
the toroidal mode frequencies may be up to 15% higher than values obtained from the time of flight
calculation while the poloidal mode is 15% lower. These differences are due to the dipole field curvature
and the polarisation of each mode.
While the dipole field is a good approximation for the inner magnetosphere, near the open-closed field
line boundary the field is distorted by the interaction with the solar wind and interplanetary magnetic field
(IMF). In particular, the field has curvature and a nonzero torsional component which has been shown
to modify the resonant frequencies (see [27], [10]). The distortion shown in Figure 2 may modify the
eigen-frequencies and explain the dip (or saddle) we find in the Davis data seen in Figure 1.
A number of papers have modeled ULF resonances in more generalised magnetic configurations (e.g.
[27], [10]). A series of papers ([13], [27], [22]) examined the effect of the distortion on the eigenfrequencies of these field lines using a generalised covariant-contravariant formalism. We follow the
formulation of the FLR eigen-problem in a generalised magnetic field topology described in these papers.
The relevant component equations for the contravariant (superscript), covariant (subscript) formulation
(see [28], [29], [27]) are
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Fig. 3. Torsion and curvature of the T96 model field traced from Davis between 4:00 and 16:30 UT (see [22]) on day number 272, 1996.
The input parameters used in the T96 model were Pdyn = 2 nPa, DST = −10 nT, By = 0 nT and Bz = 0 nT.
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Fig. 4. Eigen-frequencies from the distorted field-line model and the variation in frequency of the maxima cross-power at Davis 1996 (red).
The time of flight (ToF) model (blue) is also shown. The distorted field model shows the characteristic arch variation. Local magnetic noon
occurs at ≈ 10 UT as indicated by the black triangle on the time axis.

where J is the Jacobian of the metric tensor, V 2 = µ01⊥ , ⊥ = 0 (1 + c2 /VA2 ) and c is the speed of
light. The g ij are the contravariant components of the geometric tensor given by ei · ej where ei are the
corresponding contravariant basis vectors. The geometric tensor was numerically determined as described
by [27], [30]. The boundary conditions at each end of the field line are E1 = E2 = 0 corresponding to a
perfectly reflecting ionosphere. This system of equations was solved for the resonant frequencies (eigen
value) ω, using a matrix method eigen solver.
In order to model FLRs we need a plasma mass density profile for the magnetosphere. For the purposes
of this work we assume the plasma mass density varies as a power law such that
 n
r0
(7)
ρ = ρ0
r
where n = 4, ρ0 = 7 amu/cc, r0 = 7 RE and r is the radial distance from the centre of the Earth in RE .
A. Comparison of data and modeled FLR frequencies
Using the model of Rankin et al [27] and the time of flight (ToF) in equation (1) we compared the
FLR frequencies with the peak normalised cross power observed at Davis (see Figure 4). This shows that
a model which accounts for the distortion (including torsional effects) in the geomagnetic field contains
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the saddle in the Pc5 arch seen in the Davis data. Models which do not include the distortion, such as
the ToF model, show no dip near local magnetic noon. The ToF calculations do show an arch shaped
variation in resonant frequency. This is consistent with the strong dependence on field line length. These
results show that field line distortion plays a significant role in modifying FLRs at high latitudes.
Previous research has pointed out (e.g. [10]) that a dipole field model is not a good approximation
at high latitudes. For example, if we assume a dipolar field for field line passing through Davis, the
fundamental toroidal frequency would be 0.95 mHz, the fundamental poloidal mode frequency would be
0.85 mHz while the time of flight estimate given by (1) would be 0.90 mHz. These would not vary with
time of day and are poor approximations to the experimental data which has a notable temporal variation
in frequency.
V. D ISCUSSION
The distortion of the geomagnetic field near the open/closed boundary of the magnetosphere may be
quantified by the integrated torsion and curvature per unit length of each field line (see [22]) as shown in
Figure 3. These quantities provide insight on the effects of field curvature and torsion on FLR frequencies.
Significant deviations of the modeled FLR frequencies from the time of flight model (see Figure 4) occur
when the field model shows maxima in torsion or curvature per unit length. The torsion contributes to
the field ’tension’, increasing the resonant frequency. We have presented evidence for such effects in
ground-based magnetometer data as a function of time of day. The magnitude of the departure of the
FLRs from the ToF values follows the magnitude of the integrated torsion and curvature.
The arch shaped variation of FLR frequencies with time at high latitudes as shown in Figure 1a of [9]
were re-examined for evidence of a saddle. However, the arch structure was preserved for the latitudes
listed in that paper. Computing the FLRs using the T96 field model for higher latitudes showed the
appearance of the saddle accompanied by increased values of the curvature and torsion along the field.
This latitudinal extent of the torsion on FLR frequencies near the OCB is an area of ongoing research that
involves the analysis of data from a latitude chain of magnetometers such as the CARISMA and IMAGE
magnetometer arrays.
The Davis magnetometer crosspower data do not show good agreement with the model FLRs before
04UT (06LT) and after 16 UT (18LT). Some days used to generate the mean crosspower may have come
from intervals in which Davis was threaded by open field-lines, particularly in the post-noon sector. In
future it may be possible to eliminate these intervals using interstation cross-phase (see [31]). We expect
that open-field lines thread the stations at these times while the T96 model field-lines are closed.
A maximum in the ratio of horizontal North-South to East-West ULF wave power is sometimes used
to identify the FLR frequency (e.g. [32]). We find that at high latitudes this technique is confounded by a
diurnal variation in the azimuth angle of FLR polarisation. This variation was also found in high latitude
data by [3].
VI. C ONCLUSION
We find reasonable agreement between FLR frequencies seen in high latitude ground-based magnetometer data in the 1-10 mHz range and an eigen-frequency model which includes a distorted magnetic
field geometry. For geomagnetic field lines which are near the open-closed boundary FLR frequencies are
strongly influenced by the torsion of the background field. These effects should be included in plasma
mass diagnostic techniques using FLRs at these latitudes. This feature is not seen in FLR models which
only consider the time of flight of shear Alfven waves or only curvature of the geomagnetic field such
as a dipole model.
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Summary: The minimum frequency at which echoes are observed in vertical incidence
ionosonde soundings, fmin is dependent, amongst other processes, on the absorption due to the
ionosphere and thus may be used as an absorption index. In practice, it is particularly useful
to discover the large changes in absorption with time and position. For comparison of
daytime fmin at Karachi (24.950N, 67.140E) & Islamabad (33.750N, 72.870E) during Solar
Minimum (1995–96) and Solar Maximum (1999–2000) years, the seasonal and annual means
of monthly medians of fmin are used for the study. For determining fmin the DGS–256
ionograms recorded at Karachi & Islamabad have been used. A comparative study shows that
the seasonal means of daytime fmin are greater during Solar Maximum (1999–2000) than
those during Solar Minimum (1995–96) in all the seasons. Moreover, the seasonal means of
daytime fmin are the highest in summer and the lowest in winter during both Solar Minimum
(1995–96) and Solar Maximum (1999–2000) years. The annual means of daytime fmin are
also greater during Solar Maximum (1999–2000) than those during Solar Minimum (1995–
96). Based on this information, it may be possible to use fmin as an absorption index once the
difference in absorption between Karachi & Islamabad have been reconciled.
Keywords: fmin, absorption
Introduction
In the ionosphere free electrons extract energy and are set in motion by the passage of an
incoming electromagnetic radio wave. The oscillating electrons may then re-radiate at the
absorption frequency. However, from time to time the electrons collide with the relatively
heavy molecules present in the atmosphere and in so doing they dissipate the energy they
possess at that instant. This results in a loss of electromagnetic energy from the radio wave,
which therefore becomes attenuated as it proceeds [1]. In general, the absorption, A, is
proportional to Nν (N = electron density, ν = collision frequency). Many authors have
suggested the careful use of fmin as absorption index e.g., [2], [3], [4] and [5]. Under certain
circumstances fmin, which is routinely measured, can work as a method of measuring
ionospheric absorption. These routinely values were obtained from ionograms after manually
scaling the traces. The disadvantage in its use is that it may be insensitive to small absorption
changes and can be difficult to interpret quantitatively, [6] as it is strongly affected by local
radio wave interference. fmin also serves to monitor the performance of an ionosonde (Dr. P.
Wilkinson private communication, 2009). The fundamental purpose of this paper is to utilize
the ionosonde data from different Pakistani locations to confirm the solar flare presence
especially in solar maximum epoch. This would help the HF communicators for reliable
communication.
The present study deals with the daytime seasonal and annual means of fmin at a mid-latitude
station Islamabad (33.750N, 72.870E) and a near to low latitude station Karachi (24.950N,
67.140E) during a Solar Minimum (1995–96) year wherein the Smoothed Sunspots Number
(SSN) was 8 and a during Solar Maximum (1999–2000) year when SSN was 107. In this
study we expected to find that, absorption will be low at night, fmin being limited by local HF
interference. During the daytime, absorption will depend on the solar zenith angle, with
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maxima at noon. It was also expected to get higher values of fmin in summer than winter and
at low latitudes compared to higher latitudes.

Method
The hourly ionospheric data of Karachi and Islamabad for Solar Minimum (Nov 1995– Oct
96) and Solar Maximum (Nov 1999– Oct 2000) years, recorded by means of a DGS-256
vertical sounder, have been used for the study. The seasonal and annual means of the hourly
medians of fmin for day and nighttime are computed for the above two years. The fmin data of
Karachi & Islamabad have been divided seasonally as equinoxes (March, April, September
and October), northern summer (May, June, July and August) and northern winter
(November, December, January and February). For each solar condition November has been
taken as the starting month and October as the ending month.
The daytime refers to the 0600 LT to 1900 LT (0000 LT = 0500UT) during summer and
equinoxes, where as the winter days are from 0700 LT to 1800 LT.
Results and Discussions
Day-time seasonal means of fmin
It can be seen from Figures 1 & 2 that the daytime seasonal means of fmin for Islamabad and
Karachi are higher in Solar Maximum (1999–2000), as compared to Solar Minimum (1995–
Fig. 1: Comparison of daytime seasonal means of fmin at Islamabad during Solar Minimum
(1995-96) and Solar Maximum (1999-2000)
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96) for all three seasons i.e., summer, equinoxes and winter. The mean values of daytime fmin
show a decrease in value from summer to equinoxes to winter for both stations during Solar
Maximum (1999–2000) and Solar Minimum (1995–96). The highest daytime value of fmin
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during Solar Maximum (1999–2000) and Solar Minimum (1995–96) occurred in summer
while the lowest occurred in winter for both the stations. For Islamabad the highest average
daytime values of fmin are 1.66 MHz for Solar Minimum (1995–96) and 2.77 MHz for Solar
Maximum (1999–2000) and the lowest are 1.55 MHz for Solar Minimum (1995–96) and 2.01
MHz for Solar Maximum (1999–2000).
Fig. 2: Comparison of daytime seasonal means of fmin at Karachi during Solar Minimum
(1995-96) and Solar Maximum (1999-2000)
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For Karachi the highest daytime values of fmin are 1.66 MHz in Solar Minimum (1995–96)
and 2.28 MHz in Solar Maximum (1999–2000) while the lowest are 1.40 MHz in Solar
Minimum (1995–96) and 2.17 MHz in Solar Maximum (1999–2000). On average the
daytime absorption is higher at Islamabad than that at Karachi for both solar conditions.
Thus, the ionosphere apparently shows more absorption at mid latitudes than at the low
latitude. The solar cycle and seasonal variations reflect the corresponding changes in Dregion electron density [7], [8].
Daytime annual means of fmin
Annual means of fmin shown in table 1 show that the daytime values are higher during Solar
Maximum (2.23 MHz at Karachi & 2.39 MHz at Islamabad) than those during Solar
Minimum (1.53 MHz at Karachi & 1.60 MHz at Islamabad). Table 1 also shows that the
daytime ionospheric absorption is higher at Islamabad (mid latitude station) than that at
Karachi (near low latitude station), which is unexpected.
Table 1: Annual means of fmin during Solar Minimum (Nov 1995 – Oct 96) and Solar
Maximum (Nov 1999 – Oct 2000)
Year
Station
Karachi
Islamabad

Solar Minimum
(Nov 1995 – Oct 96)
1.53 MHz
1.60 MHz

Solar Maximum
(Nov 1999 – Oct 2000)
2.23 MHz
2.39 MHz
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Monthly variation in means of fmin
Fig 3 & 4 show the monthly mean values of the fmin during solar minimum and maximum
conditions for both the stations. From fig 3, for solar minimum, the monthly means of fmin for
Fig. 3: Monthly fmin for Solar Minimum (1995-96)
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Fig. 4: Monthly fmin for Solar Maximum (1999-2000)
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Islamabad show only slight seasonal modulation with a maximum near June, as expected. For
Karachi the values are less in winter and approach Islamabad values in summer or equinox months.
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For solar maximum, Fig 4, the absorption is higher than the fmin values of solar minimum for both
the stations and also more irregular. This indicates that during solar maximum the absorption is
greater and also varies more than that during solar minimum. The relationship between the two
sites is complicated and does not follow a simple solar dependence, as expected.
Monthly standard deviations of fmin
The monthly standard deviations (SD) of fmin values at both the stations have also been
calculated as shown in table 2 below.
Table 1: Months with maximum SDs in fmin
Year
Station
Karachi
Islamabad

Solar Minimum
(Nov 1995 – Oct 96)
July
Dec

Solar Maximum
(Nov 1999 – Oct 2000)
March
May

Discussion
As expected, the ionospheric absorption is higher during Solar Maximum (1999–2000) than
during Solar Minimum (1995–96) during daytime in all the three seasons for both the stations
i.e., Karachi & Islamabad. Also, during daytime, as expected, the seasons in order of
increasing absorption are winter, equinoxes and summer for both the solar conditions at
Karachi and Islamabad. Based on this, fmin appears to be registering changes in absorption
consistent with changes in the expected solar fluxes and consequently it may be possible to
use it as a direct measure of ionospheric absorption.
However, the ionospheric absorption shows greater seasonal variation during solar maximum
than solar minimum for both the stations and the variations are not similar for the two sites,
so the changes are probably not due to solar activity. Furthermore, the absorption at
Islamabad is normally higher than at Karachi during solar maximum. These problems need
to be reconciled before fmin from these stations can be used as an absorption index.
There are some possibilities to consider:
•
The Islamabad ionosonde was always less sensitive (ionogram trace smudged)
than the Karachi ionosonde and there has been a further degradation in the
relative sensitivity of the two ionosondes over the duration of the observations,
the Islamabad ionosonde becoming even less sensitive than Karachi. Some
non ionospheric reason like some changes at the site, repairs to instrument or
antenna seem to cause the high fmin seen at Karachi in late winter and early
equinox solar maximum..
•
There may be some local interference source affecting the Islamabad
ionosonde, as well as a sporadic interference source affecting Karachi
especially during the beginning of the solar maximum period.
The daytime fmin both at Karachi and Islamabad was extremely high on 14 July 2000 in
response to the X class flare. On that day fmin was observed as 10.6MHz at 1600 LT. A
similar example of M class flare can be confirmed on 16 Nov 1999, when fmin at Karachi was
noted as 6.8MHz at 1200 LT
Finally, although fmin has not yet proven to be a reliable absorption indicator, there is
evidence it can be used as a measure of absorption, and in some circumstances (a flare – as
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mentioned above) a useful indicator of large absorption changes. This information is
valuable for HF radio support.
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Summary: The severity and threat of bushfire has been gradually increasing with prolonged
droughts and the inability for large-scale removal of organic biomass. In Australia, the natural
eco-structure of many of the eucalypt forests relies on fire for their regeneration properties
which are a natural part of the eco-cycles. The combination of prolonged droughts and
increasing freak weather events (such as gale force winds and extreme temperatures) has seen
many of these already fragile eco-structures being destroyed to the brink of no return.
Technologies that remotely monitor fire can significantly reduce this damage by accelerating
the response time, location accuracy and the assessment of risk posed by the fire. To date
space platforms are seen as one such area where fire detection and management systems are
optimally situated however there are currently no specialized imaging satellites or
constellations satellites which have the resolution and up-time to maintain 24 hour
surveillance.
The development of a new system for the detection and management of forest fire has
been proposed in the form of a new application for the old and mature technology of radar.
This development will pay specific attention to target acquiring radar like that used in weather
surveillance or air traffic control, as this type of system has a number of advantages over
existing remote sensing systems. The application of such sensors can be extended to ground,
air and space platforms. Working on the principle of pulse volume echoes /backscatter, the
presence of fire can be detected when the electromagnetic waves and particles suspended
within a smoke plume interact. This interaction is not yet well understood. The introduction of
land-based remote sensing radars for forests and bush land is the first step in realizing this
technology as an accurate means of rapid fire detection. radar, through the known phenomena
of Doppler shift, also has the ability to locally detect turbulent wind conditions and velocity
within the smoke plume, which has secondary benefits in pollution tracking and fire
modelling.
The remoteness of some forests within Australia requires further application of spacebased hardware like communication and GPS satellite systems. A deployment of a new radar
sensor can also be implemented to enhance NASA’s existing hotspot detecting sensors such as
AVHRR and MODIS. Limiting the spectrum specifically to that required for optimal
detection of smoke reduces hardware requirements, with some suggestion from existing
literature that this can be carried out by utilising 2-3 bandwidths alone. Integrating this with
the ability to track ground based transponder can also provide other advantages like asset
tracking with in a fire zone. This would allow for improved response time and would provide
a safer working environment for both fire ground crews and the Australian public.

Keywords: Bush Fire Detection, Bush Fire Management, radar, Remote Sensing Network,
Ground-Based fire detection system, Satellite communication
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Introduction
The increasing problems involved with detecting fire during its early stage of combustion
have significantly heightened the complexity of technology required to both detect and
manage bush and grassland fires. Over the past few decades and especially within Australia,
the investment into fire related technologies has significantly increased. This, coupled with
the elevated threat of fire due to severe drought and lack of forest and grassland fuel clearing,
has seen many parts of the country become extreme fire danger hazards.
Thus far, the fire department has been unable to adequately control the amount of fuel
that is available for a fire. This slow progress is partly due to the limited opportunity for
perfect back burning operation.
Fortunately, our technological capabilities and understanding of fire characteristics is
expanding. However, the introduction of active detection and monitoring technologies has not
yet seen any significant breakthroughs. There are however, a number of emerging
technologies that are showing promise in this field. The implementation of wireless sensor
networks (WSN) and infrared/visual cameras has been rigorously examined in many parts of
the world. However, limitations evident in their detection ranges will always cause significant
design problems for such systems.
One system that has the capability to detect fires and yet has not been truly tested is
radar (radio detection and ranging). However, the interaction of pulsed electromagnetic
waves in the centimetre to millimetre wavelengths needs to be well understood to determine
its viability as a system.
There are a number of examples of such interactions between electromagnetic waves
and the mixture of particles present in a smoke plume. Considering the Australian 2008/2009
fire season, more specifically Victoria’s Black Saturday fires (7th of February 2009), one may
examine how this simplest form of radar could be employed. A number of interesting
Australian Bureau of Meteorology (BOM) weather radar images have been observed as the
basis for a system. Clear geometric definitions of the smoke plume were observed with
accurate ranging.
The conceptual design of a fire detecting radar sensor specifically designed for the
detection of fires has applications for ground, air, and space platforms, as well as further
utilisation of existing communication and GPS systems

Studies into radar for Fire Detection
A small number of existing studies examine how radar can detect smoke plumes. The majority
of these are tests carried out in the United States, Europe and Japan. Beran [3] paper,
published in the Journal of Forestry, is the first recognition of acoustics for the detection of
fires. He was able to adequately model air flow patterns within smoke plumes. Alternatively,
Banta[4] demonstrated how both Doppler Lidar and radar are simultaneously able to detect
and analyse the behaviour of a smoke plume. It was found that both have the capabilities to
detect the smoke plume, however; Lidar is more susceptible to pre-existing atmospheric
conditions and aerosol concentration in the atmosphere. The strength of the signal from the XPage 130
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Band radar was shown to be approximately 20 dBz greater than the minimum sensitivity level
of the radar. Characterised by the depolarization data, it can be observed that the radar was
detecting needle-like particles with a cross-sectional area in the millimetre range.
In a different context, Rogers and Brown[5] observed a major industrial fire using
three different radars. All three radars in the S-Band, X-Band and UHF Band observed
significant backscattering from the smoke plume containing toxic aerosols. They reported that
the UHF wind profiler received a larger reflectivity reading for the plume, as opposed to the
X-band radar. The plot (see fig. 6) also indicated that using duel band radar may allow a
system to distinguish between smoke and rain.
In general, the smaller the wavelength, the smaller the particle size that can be
detected. This can be explained by electromagnetic wave scattering properties. Smoke plumes
in nature generally consist of particles which have an average cross-sectional diameter of ≤
1μm. These micro-sized particles average at approximately 90% of the total smoke plume
population. The remaining 10%, along with the high water concentration expelled from
biomass, is large enough to be detected by standard weather radar. Distinguishing between
specific types of scattering created by this mix of particles is the least studied area in
understanding the physics behind radar for this application. Erkelena[6] examined data
provided by Rodgers and Brown’s[5] X-band radar and UHF wind profiler study. It was found
that coherent particle scattering accounts for a portion of the backscatter detected by the
radars, however; controlled tests would be required to distinguish how electromagnetic waves
interact with a plume.
Figure 6: Plot of UHF Wind Profiler Reflection against X-Band radar for Smoke and Rain[5]

Expanding on radar capability, Pei-Sang Tsai and Frasier [7] from the University of
Massachusetts used a W-Band (95.04GHz) radar and a CL31 ceilometer Lidar to observe a
back burning operation at Fort Benning, Georgia (USA). The smaller wavelength revealed
further details pertaining to the nature of the plume, with the reflection for the entire plume
found to be on average -25 dBz. This was sufficient for the radar to clearly deduce the
plume’s cross-sectional boundaries. They concluded that the significant backscatter created by
the plume was a result of water vapour within the plume, condensing and mixing with the
small smoke particles. The resulting droplets would be displayed on the radar as faint rain
clouds.
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Other applications of radar have already been incorporated into live remote sensing
systems. Rose, Kostinski and Kelly [8] reviewed radar data collected from a U.S. Geological
Survey (USGS) C-Band radar. The radar was established to remotely observe volcanic
eruption clouds in South Alaska (USA). Specific information such as height, location, and
overall plume cross-section was sent as a warning to the Federal Aviation Authority (FAA),
which in turn was relayed to aircraft present in the area. radar was able to observe particles
with a cross-section ranging between 2-20 metres and with a total mass concentration of less
than 0.1 to 1 g/m3. The ash plume also demonstrated a significantly strong reflection, upwards
of 30 dBz.

Brief summary of Black Saturday Fires
The 7th of February 2009 saw one of Victoria’s worst fire danger periods in history.
Temperatures exceeding 40˚C and extremely high winds gusting over 100km/h were regularly
encountered. Coupled with the prolonged drought faced by the state over the past decade, this
resulted in a higher than usual fuel loading.
The main fire that caused significant damage and loss of lives was the KilmoreEast/Murrindindi complex fire. This fire was initially two separate fires the eventually joined
fronts. The Kilmore-East fire was suspected to have started at approximately 11:45am AEST,
caused by a dropped powerline. The Murrindindi fire started at approximately 3:00pm AEST
at the old Murrindindi Mill and was suspected to have been deliberately lit. Reference to Fig.
1 illustrates the geographic locations of the fires.
Figure 1: Extract form CFA’s 2008-2009 Fire Season Incidents Interim Summary
Overview[1]

radar Location and Specification
The BOM operates a number of C and S Band radars within Victoria and Tasmania that
observed the Black Saturday fires (see Table 1). The most advanced is the SELEXGEMATRONIK M1500-S1 S-Band Doppler radar in Melbourne (see Table 2 for system
specifications). The station is located at the north-east end of the RAAF Base Williams in
Laverton. The base is approximately 22 metres above sea level, where the radar dish is located
on a 24 metre tower and is covered by geodesic radome to protect it against the weather. In
reference to the Black Saturday fires, the station is located approximately 67km away from
the ignition point of the Kilmore-East fire, and 88km from the Murrindindi fire.
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Table 1: List of Victorian and Tasmanian radars operated by BOM that had range of the
Black Saturday fires
Location

Type

Melbourne, Vic
Yarrawonga, Vic
Bairnsdale, Vic

M1500-S1 S-Band

Melbourne AP, Vic
East Sale, Vic
West Takone, Tas

WSR 81C C-Band
DWSR 2502 C-Band

WF 44 S-Band
WSR 81C C-band

Table 2: SELEX - GEMATRONIK M1500-S1 S-Band Doppler radar System

Transmitter
Tube
VKS 8387 Klystron
Operating Frequency
2.7-2.9 GHz
Transmission Peak Power
750 KW
RF Pulse Width
0.4-3.3 s (up to 10 on request)
Modes: Long/Short
0.85/2.0Hz
250-2000 Hz
Pulse Repetition Frequency
500-1200 / 250-500 Hz
Raw Data Resolution
8 bit
MDS @ SP/LP
-109/-113 dBm
Dynamic Range
98/102 bB
Min. RSP Range Resolution
62.5 m
Acquisition Modes
Maximum Range
Max. Measurement Range
Max Display Resolution

Reflectivity
500km
-31 to -91.5 dBZ
0.5 dBZ

Velocity
250km
+/- 63.8 m/s
0.5 m/s

Dish Diameter
Gain
Half Power Beam Width
Polarization
Elevation Angle Span
Scanning Speed

Antenna
8.5 m
45 dB
1.0 Degree
Linear Horizontal
-2-182 degrees
0.2-6 rpm

Noise Figure
Signal Processor (RSP)
IF Sampling

Receiver
2 dB
Aspen DRX
40 MHz, 2- Channels, 12-bit
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BOM radar Images
Below in Figs. 2, 3 and 4 are sequenced radar images of the day of question. All sets of
images include both the rain equivalent reflection, as well as a sample of the Doppler velocity
scans. These images firstly identify the Kilmore-East fire in the 12:06pm AEDT (Australian
Eastern Daylight Time) radar scan, at approximately 18-25 minutes after the fire was
suspected to have been started. In a similar fashion, the Murrindindi fire was first detected at
approximately 25 minutes after its ignition. It should be noted that by BOM’s specifications,
all radars have an optimal detection height ranging between 2500-3500 metres above sea
level.
Figure 2: SELEX - GEMATRONIK M1500-S1 S-Band Doppler radar (Melbourne’s main
radar station) images from Black Saturday Fires. (Courtesy of BOM)
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Figure 3: Melbourne Airport radar Images from Black Saturday Fires depicting the start of
the Murrindindi Fire. (Courtesy of BOM)
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Figure 4: SELEX - GEMATRONIK M1500-S1 S-Band Doppler Velocity radar Image.
(Courtesy of BOM)

Observations
The suite of radar images clearly illustrates that the radars in both the S and C band have the
capability to detect fire through the presence of smoke. The rain equivalent reflection from the
images illustrated shows that there is sufficient backscattering occurring. This demonstrates
that the centimetre wavelength typically used in these systems is interacting quite readily with
larger particles suspended within the plume. The Doppler velocity plots also clearly illustrate
that the M1500-S1 radar has the ability to further define the localised wind conditions within
the plume. The range for the reflected signals obtained from the radar units was averaged
around 20-30 dBz which corresponds to a moderate rain fall rate. This result is similar to
those found in the literature.
Apart from Melbourne’s main radar (M1500-S1), all other radars within range (see
Table 1) detected the plume at slightly different times during the day. This variation is
accounted for by the tilt angles of the radar dishes. The M1500-S1 radar is the most sensitive
within range of the fires, resulting in the quickest possible lead time for detection.
The Doppler velocity plots shown in Fig. 4 also illustrate the localised wind conditions
of the fire. The plot best illustrates the track and speed of the Bunyip fire which flared up on
Black Saturday. The radar was able to detect the velocity of the smoke plume to a better
accuracy than its rain plots, however; it is severely affected by background noise as can been
seen in the image. Wind speeds ranging between 60-90km/h were readily observed by the
radar in the smoke plume over the day.
Typical Cross-Section of Smoke Particles
Some preliminary work was undertaken to better understand the interactions between particles
and electromagnetic waves. High resolution scans taken of particles extracted from smoke
were visually examined and digitally measured. It was concluded (See Fig. 5) that there was a
significant concentration of 1-3mm diameter particles which had the potential to cause
backscatter to a radar system. Further investigations were carried out using an electron
scanning microscope (SEM).
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Figure 5: Sample of Scan taken from ash capturing experiment.

Results from the SEM scans show a number of key characteristics of ash in particular.
The majority of ash is non-conductive, which was made apparent by the white particles in the
SEM scans (See Fig 6.). These particles however, tended to form in smaller sizes compared to
those expected to be detected by a standard weather surveillance radar. In comparison, the
conductive carbon deposits within the sample were shown as black (See fig 7).
Figure 6: Overview of sample region showing non-conductive ash particles.
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Figure 7: Overview of sample showing conductive carbon
deposit.

The second finding was that the carbon deposits are the only sized particles which
show a considerable thickness to be viewed in any orientation by radar systems. This is best
illustrated through Fig. 8, which also highlights the porous make-up of such deposits.
Figure 8: Illustration of pores in carbon deposit.
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Finally, there was a considerable concentration of micro-sized spheres evident within
the random sample. The particles all fell in a diameter range of 50µm to 200µm. This finding
is important when observing smaller wavelengths as they approach the visible spectrum. As
these waves approach the millimetre range, the interaction also creates significant noise which
radar must be able to distinguish from non-fire related particles such as dust. Spherical
particles also mean that Rayleigh approximation holds true to some portion of the backscatter.
Figure 8: Illustration of pores in carbon deposit.

Further Acquisition of Space Technologies for concept design
The development and testing of a radar sensor specifically designed for detecting smoke will
most likely find its first application in a ground-based network system. In the deployment of a
remote sensing network, there is a requirement to transfer data from unit to unit and then unit
to a control centre, (i.e. integrated electronic control centre (IECC’s)). Boan [3] highlights the
significance of wave propagation caused by ionising radiation that results from the chemical
reactions in fires. Percentage drops in signal strength of up to 20% were experienced when
transmitting a signal from one side of a small fire to another. The main influences of signal
strength were free ions such as potassium, sodium, etc. interacting with electromagnetic
waves.
When transferring amounts of data, it would be theorised that reliance on ground
systems is inadequate. This is firstly due to the ionisation energy of the fire and secondly,
because of the inconsistencies of the power grid when continuously supplying power to relay
towers (mobile towers, etc). The incorporation of satellite modems to relay the data from unit
to unit and then unit to control centre opens a unique application for existing space-based
communication systems.
Fig. 9 illustrates an overview of what a remote fire detection radar may look like. It
includes all the required data linkages as explained above. Further application of exiting space
hardware can arise from GPS’s where transponder can be fitted to individual assets within a
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fire zone. Doing this allows for a radar sensors to interact on multiple levels with fire
departments thus allowing for a versatile system to be developed.
Figure 9: Illustration of concept radar system

Data link from ground to Satellite

Radar Station

Fire

IECC

Data link between radar Stations

Data link from radar to IECC
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Discussion
The images from the BOM M1500-S1 S-Band Doppler radar clearly illustrate that weather
surveillance radar has the ability to detect fire through its smoke plume. However, under the
required operating parameters for standard weather radar, it is unlikely to be suitable for
implementation into a remote sensing network. There are two main drawbacks with regards to
“off the shelf” systems. The first obstacle that arises is system sensitivity when detecting faint
reflections. To signal reflections, the M1500-S1 radar has a sensitivity ranging between -35 to
-95 dBz, rendering it more sensitive to reflection than those systems found in the examined
literature. Despite this, the reflectivity of the signals was well above this minimum threshold
and they were therefore, easily detectable by all M1500-S1 radars. This is also true for the
other radar stations which observed the fires.
It would be plausible to develop a similar style radar sensor for application in space
platforms, as these provide optimal viewing vantage points. Due to the less complex method
of acquiring a target through a sensor based on weather radar, the weight, size and cost to
develop such a sensor would be considerably less than the more advanced multi-spectral
radiometers currently employed on satellites. This would also allow for the sensor to be
developed with higher resolution to accommodate the needs of fire services. This can be
achieved by utilising SAR technology in comparison to the less efficient parabolic antennas,
however; further research is required. Testing is also required to see if incoherent scatting
principles can be used to detect flame which is a much more effective method of detecting
fires. This may be possible due to fires ionising compounds containing metal ions pre-existing
within organic biomass.
Currently, there is no clear definition of which wavelengths should be employed to
satisfy an optimum radar system. Propagation effects need to be accounted for and these will
partly characterize the frequencies which should be employed for a space-based sensor. These
effects are less apparent for air and ground application of a radar sensor, however; from
previous work carried out in the field, more than two frequencies should be employed to help
distinguish smoke from other condensed particles in the atmosphere, e.g. water.
The overall concept for a system to utilize radar for the detection, monitoring and
management of fire provides a unique opportunity to develop a system which could save land
and lives, especially if drought continues to plague Australia in the coming years.

Conclusion
The development of a simplified radar sensor which can clearly distinguish smoke has been
discussed with related evidence proving the concept is viable. Further research and
investigation of electromagnetic wave interaction with different organic gaseous plumes is
required to optimise a system.
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Summary: Shape optimisation of an axisymmetric scramjet has been performed for two
operating conditions at Mach 8 and 12, aiming at the application of hypersonic airbreathing
propulsion for efficient access-to-space. The scramjet geometry, which is represented by a set
of design variables, has been optimised for a single objective, namely maximum net thrust, by
means of an advanced design optimisation capability based on evolutionary algorithms
coupled with a CFD (computational fluid dynamics) solver for inviscid flowfields with
premixed fuel (hydrogen) and air. Considerable improvement of the engine efficiency has
been achieved by optimisation in both operating conditions, owing to cooperative
contributions from respective scramjet components. The robustness of the optimised
geometries has been demonstrated by cross-evaluating the performance of the optimum
shapes under off-design operating conditions.
Keywords: Axisymmetric scramjet, Design optimisation, Access-to-space

Introduction
Hypersonic air-breathing propulsion offers the potential for reliable, reusable and economical
access-to-space. In particular, scramjet (Supersonic Combustion Ramjet) is a promising
technology that can enable efficient and flexible transport systems by removing the need to
carry oxidisers and other propulsion limitations of conventional rocket engines. Supersonic
combustion via the use of scramjet technology was successfully demonstrated for the first
time worldwide by The University of Queensland (UQ) HyShot II Program in 2002 [1,2],
followed by flights of NASA's Hyper-X vehicles at Mach 6.8 and 9.6 in 2004 [3].
An axisymmetric scramjet configuration featuring several
innovative concepts (Fig.1) is currently being developed at
UQ, following the performance demonstrated in shock tunnel
testing [4]. Fuel injection through portholes in the inlet enables
fuel / air mixing to take place upstream of the combustor,
which can reduce the flow path and hence skin friction drag as
well as structural weight. Oblique shock waves generated by
the inlet contour enter the combustor chamber, leading to
creation of localised hot pockets, where fuel is ignited due to Fig. 1: Upstream-fuel-injected
axisymmetric scramjet
high temperature and production of radical species and heat
(upstream view)
release begin [5]. Combined with the inlet-injection radical
farming concept, the axisymmetric scramjet configuration can bring numerous advantages
over three-dimensional geometries in aerodynamic and combustion efficiency, aerothermal
and structural management as well as manufacture.
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Fig.2 illustrates the major components of
an axisymmetric scramjet engine, which
operates in a sequential process;
hypersonic inflow is compressed to a
desired higher pressure (and consequently
high temperature) at the exit of the inlet,
Fig. 2: Schematic diagram of an axisymmetric scramjet
which induces combustion in the
downstream chamber. The reacted gas expands in the nozzle to produce thrust. Total pressure
losses are incurred in this process, representing drag, due to the presence of shock waves and
viscosity as well as combustion. The propulsive performance of the scramjet engine can be
evaluated by the net thrust, which is defined as the thrust subtracted by the drag.
The present research is undertaken in order to explore the optimum geometry that can achieve
the maximum net thrust to propel a vehicle for access-to-space and identify the key design
variables that have major influence on the engine performance. Design optimisation is
conducted by coupling an advanced design optimisation capability developed at
UNSW@ADFA and a state-of-the-art commercial code CFD++ for inviscid flowfields with
premixed fuel / air. Two operating points are considered here, i.e. Mach 8 and 12 at the
altitude of 30 and 36km, respectively, on a constant dynamic pressure trajectory. The
optimised results are examined in comparison with the sub-optimal baseline cases and the
performance of the scramjet geometries optimised at each operating point is evaluated under
the other operating condition in order to assess the robustness of the optimised shapes.

Approach
Conditions
Scramjet engines are typically operated on a constant dynamic pressure in order to exert the
maximum performance. An operation of a hybrid scramjet / rocket system is considered for
access to the low earth orbit and two design points are chosen for the freestream flow
conditions to be considered in the present study, as summarised in Table 1.
Table 1: Freestream conditions of the design points on a constant dynamic pressure trajectory
Mach number
M∞
8
12

altitude
h [km]
30
35.6

pressure
p∞ [Pa]
1197
532

temperature
T∞ [K]
226.5
238.0

dynamic pressure
q∞ [kPa]
53.6
53.6

Premixed fuel and air with an equivalence ratio of 0.8 is assumed for the inflow so as to avoid
the complexity and computational expense at this stage. Inviscid flow fields are assumed in
this study in order to focus on the geometric influence on the engine performance, ruling out
viscous effects1. The body is axisymmetric with respect to the streamwise (x) axis, its surface
being assumed to be a slip wall with tangential velocity to the surface.

1

Fuel / air mixing is to be achieved by hydrogen injection in the inlet in the actual scramjet design and
viscous effects are inevitably present in reality. Anticipated to have considerable influence on the
flowfields and engine performance, these effects are neglected in this optimisation study which is
conducted as an intermediate step toward full-scale design optimisation.
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Configuration

Fig. 3: Parameterisation of the axisymmetric scramjet represented by 19 design variables

The axisymmetric scramjet configuration is schematically shown in Fig.3, along with the
geometry definition by 19 design variables in total. Parametric representation has been
conducted for the scramjet geometry, focusing on two major parts, i.e. the inlet and combustor
sections and the nozzle and external sections. The first part consisting of the inlet and
combustor, where geometric alteration occurs in a rather minor manner during optimisation,
is represented by 10 design variables: the ramp lengths l1, l2, l3, combustor length lc, ramp
gradient θ 1, ramp gradient increments Δθ 2, Δθ 3, combustor gradient θ c, combustor radius r c
and leading-edge nose-tip radius rt. In order to allow more dynamic geometric variation,
Bézier curves are employed to outline the second part, namely the nozzle2 and exterior, which
plays a major role in determining the net thrust. Here the wall surface is defined by two
vectors representing the gradient given at the two end points of the curve. This leads to a
parameterisation of the nozzle and exterior contours with 9 variables: the vector magnitude at
the nozzle entrance λn (the direction is fixed to ensure alignment with the combustor exit),
nozzle length ln, nozzle radius rn, leading-edge vector magnitude λle and direction δ le, outer
trailing-edge vector magnitude λote and direction δ ote and inner trailing-edge vector
magnitude λite and direction δ ite (note that the vector directions are defined as the deviation
from the mean lines connecting the two end points, which are shown as dotted lines in Fig.3).
Computational Fluid Dynamics
A commercial code CFD++ is used to solve the compressible Euler equations for steady flow
fields involving finite-rate chemical reactions. The gas composition is represented by Evans &
Schexnayder’s model [6], which consists of 25 reactions among 12 species including
hydrogen-air combustion. Structured two-dimensional meshes are generated by Glyph
scripting on a commercial grid generator Pointwise, based on the geometry representation
with the 19 design variables described previously. The mesh comprises 114,624 cells (577
nodes in circumferential200 nodes in wall-normal direction). This mesh resolution has been
selected, based on a sensitivity study conducted prior to the present research [7], where a
considerable dependency of the temperature field and consequently combustion has been
observed on the mesh resolution in the direction normal to the stream for a configuration
consisting of the inlet and combustor. Fig.4 compares the static pressure distributions on the
inner surface and the H2O mass fraction distributions at the centreline for the mesh adopted in
Ref. 8 (“fine Y”) and one with the same circumferential mesh resolution but half the node
points in the wall normal direction (“fine Y & coarse X”). Reasonable agreement can be seen
in both cases, making the latter the mesh of choice for the present study, in order to minimise
the computational cost while maintaining the fidelity.
2

Three ramps are employed for the inlet, able to achieve compression comparable to isentropic with the
least structural complexity hence manufacturing cost, whereas representation with curvature is necessary
for the nozzle to achieve smooth expansion.
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(a) inner wall pressure

(b) centreline H2O mass fraction

Fig. 4: Mesh dependency of inner wall pressure and centreline H2O mass fraction distributions

Optimisation
An advanced design optimisation capability based on evolutionary algorithms (non-dominated
sorting genetic algorithms, in particular) developed at University of New South Wales at
Australian Defence Force Academy (UNSW@ADFA) [8,9] is utilised to optimise the
scramjet geometry. The evaluation of the objective function, i.e. net thrust in this study, is
performed by CFD runs on computational meshes which are generated automatically for the
geometry represented by the design variables. Optimisation occurs over a number of
generations with a population of 32 individuals. A simulated binary crossover and polynomial
mutation are used as recombination operators with a probability of 1.0 and 0.1, respectively.
The distribution index of the recombination and mutation operators, which determines the
probability of distribution to prescribe the distance of offspring from parents, is 10 and 20,
respectively. The optimisation tool features radial-basis-function network surrogate
modelling, which can efficiently accelerate the optimisation process by approximating the
flowfield corresponding to a given set of design parameters. The surrogates are trained by
using 90% of the solutions from the archive and used to replace CFD runs when satisfying the
criterion, which is validated by the remaining 10% of the population. All individuals in the
population are evaluated by actual CFD runs every 5 generations. The feasibility of solutions
is judged by a constraint assessing the validity of CFD computation based on the residual
convergence in order to prevent unconverged hence unphysical solutions with spurious
superior objective values from being considered as elitists. The optimisation problem
statement of this study is:
maximise: net thrust
subject to3: CFD convergence < 10-1
design variables: xLi ≤ xi ≤ xUi (i=1,…,19)
where xLi and xUi are the lower and upper bounds of the variables, respectively. The values of
these ranges have carefully been chosen in a preliminary study in order to allow reasonable
flexibility for the variation of the geometry, while avoiding creation of impractical designs.

3

A convergence order of 10-1 has been found to be adequate for the flowfields considered here to achieve a
steady state from uniform initial flowfields in preliminary computational runs.
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Results
Optimised geometries
Fig.5 shows the progression of the objective function over generations during optimisation for
the operating conditions at M=8 and 12. Constant increase of the objective function, namely
the net thrust, can be seen as a result of optimisation in both cases4.

Fig. 5: History of the net thrust (objective function) during optimisation runs for M∞=8 and 12

The values of the decision variables (design parameters) are plotted and compared with the
baseline reference values in Fig.6 for the scramjet geometry attained as a result of
optimisation for both operating conditions. The values of the design variables are normalised
with respect to their range limited by the lower and upper bounds, which are shown at the top
and bottom of the bars, respectively. The corresponding geometries are outlined in Fig.7
(complete geometries are shown by images mirrored across the symmetry axis). Some notable
features commonly found in both optimised geometries, as compared to the baseline, include:
greater initial inlet compression (θ 1), longer and narrower combustor (lc, rc) with divergence
(θ c), longer and narrower (ln, rn) nozzle, and smaller leading-edge tip radius (rt). In particular
some values such as θ 1, l3, rc and rc are seen to have reached their upper or lower limit,
suggesting the possibility of room for further improvement if their ranges are extended.

Fig. 6: Design variables of the scramjet geometry optimised for M∞=8 and 12 in comparison with baseline
4

Note that results are plotted here for only up to the 15th generation, which is the maximum generation
count which has been achieved in the limited computational time allowed in this study, and hence the
shapes are yet to be fully optimised admittedly. The tentative results that have been obtained at the 15th
generation are referred to as ‘optimum’ or ‘optimised’ results in this paper for convenience.
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Fig. 7: Outlines of the optimised geometries in comparison with baseline

Performance at M∞=8
The performance of the optimised geometries are assessed and compared with the baseline
case for the operating condition at M=8 at an altitude of 30km. Fig.8 (a) compares the net
thrust achieved under this condition. Remarkable improvement can be seen with both
optimum geometries, where appreciable levels of net thrust have been attained as a result of
optimisation. It is notable that the geometry optimised for M∞=12 has yielded a greater net
thrust than that optmised for M∞=8, which suggests that the latter geometry has not yet been
fully optimised and there still be considerable room for improvement, particularly in the
external contour. This result nevertheless demonstrates the excellent performance of the
Mach-12-optimisied scramjet under an off-design condition at M∞=8.

(a) net thrust

(b) thrust breakdown

Fig. 8: Net thrust and thrust breakdown of the optimised and baseline geometries at M∞=8

Plotted in Fig.8 (b) are the contributions of respective scramjet components to the net thrust
for the optimum and baseline geometries. It can be noticed that the optimised geometries owe
much of the gains in the net thrust to the substantial thrust increases achieved in the
combustor and nozzle, whose shapes have been adjusted to produce the greatest possible
thrust, at a comparatively minor cost of increased drag at the inlet, which has been sacrificed
to introduce higher compression for combustion. The leading edge incurs less drag in the
optimum geometries, compared to the baseline, due to reduced size of the leading-edge tip
radius5. The drag component is also found to be reduced on the outer surface due to the
stretched external body as a result of optimisation.
5

This apparently contradicts the finding in the previous study for optimisation of the inlet and combustor
configuration [8], where the high entropy and temperature flow caused by the blunt leading edge made a
major contribution to combustion in the case of inadequate flow compression due to the restriction
imposed on the inlet geometry in the preceeding study.
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The flowfieds of the baseline and optmimum geometries are visualised in Figs. 9-11 with
respect to the Mach number and the mass fraction of water (H2O), which is a product of
combustion reaction. It is noticeable that high compression of the inflow prior to entry into the
combustor has resulted in complete fuel combustion hence water production from the fore part
of the combustor throughout the nozzle in the optimum cases (Figs. 10 and 11), whereas
partial combustion occurs only in the latter part of the combustor after a series of shock
reflections in the baseline case (Fig.9). Other noteworthy features of the flowfields of the
optimum geometries include the favourable gas expansion in the nozzle section and weaker
external shock waves originating from the leading edge.

(a) Mach number

(b) H2O mass fraction

Fig. 9: Flowfield of the baseline configuration at M=8

(a) Mach number

(b) H2O mass fraction

Fig. 10: Flowfield of the optimised configuration at M=8

(a) Mach number

(b) H2O mass fraction

Fig. 11: Flowfield of the Mach-12-optimised configuration at M=8

Fig.12 compares the surface pressure distributions on the inner wall and the temperature
distributions on the centreline (symmetry axis). Substantially high wall pressures and
centreline temperatures are seen in the optimum cases, enhanced by high flow compression in
the inlet section and successive combustion reactions which subsequently take place through
‘hot pockets’ in the combustor section, leading to production of radical species and heat
release. It can be noted that the high pressure regions extend further downstream both on the
inner wall and centreline in the case of the geometry optimised for M∞=12, as compared to
that optimised at M∞=8. This, however, is effectively counterbalanced by the greater nozzle
radius of the Mach-8-optimised geometry, resulting in a larger thrust of this case in the nozzle
section, as seen in Fig.8 (a).
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(a) inner wall pressure

(b) centreline temperature

Fig. 12: Comparison of inner wall pressure and centreline temperature distributions at M∞=8

Performance at M∞=12
The performance of the optimum and baseline geometries is assessed for another operating
condition on a constant dynamic trajectory, i.e. M=12 at an altitude of 35.6km. The net thrust
and contributions of each component are plotted and compared in Fig.13. Pronounced
efficiencies of the optimum geometries can be seen in Fig.13 (a), where a considerable level
of net thrust is attained with the geometry optimised for this condition, which produces
slightly less thrust under an off-design condition at M=8. The componential breakdown in
Fig.13 (b) shows trends similar to those observed for M=8 in Fig.8 (b).

(a) net thrust

(b) thrust breakdown

Fig. 13: Net thrust and thrust breakdown of the optimised and baseline geometries at M∞=12

The distributions of the Mach number and H2O mass fraction are plotted in Figs. 14-16 for the
flowfields around the baseline and optimised geometries. The surface pressure along the inner
wall and static temperature on the symmetry axis are plotted in Fig.17. The flowfields are seen
to have similar characteristics to those found for M=8, the optimum geometries featuring
extensive combustion commencing from a relatively upstream station in the combustor owing
to enhanced initial compression, improved gas expansion in the nozzle and mitigated external
shock waves, except that pressure falls more rapidly after it peaks at approximately x=0.45m
under this operating condition.
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(a) Mach number

(b) H2O mass fraction

Fig. 14: Flowfield of the baseline configuration at M=12

(a) Mach number

(b) H2O mass fraction

Fig. 15: Flowfield of the optimised configuration at M=12

(b) H2O mass fraction

(a) Mach number

Fig. 16: Flowfield of the Mach-8-optimised configuration at M=12

(a) inner wall pressure
(b) centreline temperature
Fig. 17: Comparison of inner wall pressure and centreline temperature distributions at M∞=12

The net thrust values achieved with the optimised geometries are summarised in Table 2,
compared with the reference case. It is noted again that the net thrust has been increased
significantly as a result of the design optimisation at both operating Mach numbers and
altitudes. It is also noteworthy that the geometry which has been optimised for one design
condition can exert comparable performance under off-design conditions.
Table 2: Summary of the net thrust at two operating points
geometry optimised for M∞=8
geometry optimised for M∞=12
baseline geometry

M∞=8 @ h=30km
223.2
50.5
-175.6

M∞=12 @ h=35.6km
230.5
63.2
-116.5
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Conclusions
Shape optimisation of axisymmetric scramjets has been performed for a single objective, i.e.
maximum net thrust, under two representative operating conditions at Mach 8 and 12 on a
trajectory for access-to-space. A full flow-path configuration comprising the inlet, combustor
and nozzle has been optimised in a sophisticated approach coupling an advanced design
optimisation capability and a state-of-the-art CFD code for inviscid flowfields with premixed
air and fuel (hydrogen). The net thrust has been significantly improved for both operating
conditions as a result of optimisation, in particular owing to higher compression in the inlet,
extensive combustion throughout the combustor and nozzle, favourable gas expansion in the
nozzle, and reduced intensity of the external shock wave. Appreciable efficiencies have been
attained with the optimised geometries under off-design conditions, demonstrating the
robustness of the optimised shapes. Future research is to be undertaken to deal with viscous
flowfields including injected fuel / air mixing, which can have a significant impact on the
engine performance and optimal design especially by influencing near-wall combustion and
inducing flow blockage due to the presence of shock wave / boundary layer interactions and
flow separation.
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Ludwieg Tunnel Facility with Free Piston Compression
Heating for Supersonic and Hypersonic Testing
David R. Buttsworth
Faculty of Engineering and Surveying, University of Southern Queensland,
Toowoomba, Queensland, 4350, Australia
Summary: A new wind tunnel facility located at the University of Southern Queensland,
Toowoomba has been constructed for supersonic and hypersonic experiments. The facility
differs from other hypersonic test facilities in Australia in that it produces cold flows for
relatively long test times. For hypersonic experiments, the Ludwieg tube would normally be
used with free piston compression heating. However, the facility can also be configured for an
atmospheric pressure, blow-down mode of operation suitable for some supersonic flow
experiments. Examples of experiments in flows produced using the Mach 2, Mach 4.5, and
Mach 6 contoured nozzles are presented.
Keywords: Supersonic, Hypersonic, Ground testing, Ludwieg tube

Introduction
High enthalpy, hypersonic testing facilities have been successfully operated in Australia for a
number of decades [1]. These facilities generally use a free piston compressor to generate a
high temperature gas reservoir which drives a strong shock wave through the test gas [1].
Experiments in the T4 shock tunnel facility have largely focussed on scramjet experiments
conducted at flow speeds between about 2.5 and 4.5 km/s [1]. Speeds of up to 13 km/s have
been generated in the super-orbital expansion tubes [2]. These facilities produce useful test
flow durations on the order of milliseconds or less which makes it very difficult to adequately
simulate certain unsteady aerodynamics problems including scramjet inlet start-ability and
flight vehicle dynamic stability.
A new hypersonic testing facility has been established at the University of Southern
Queensland (USQ). The Ludwieg tube facility complements the hypersonic testing facilities
already available in Australia by providing a useful test flow duration greater than 100
milliseconds which is sufficient for the simulation of various problems in unsteady hypersonic
aerodynamics. As with other Australian hypersonic flow facilities, the Ludwieg tube facility at
USQ uses a free piston compression process, but in this case, the test gas is directly
compressed by the piston. The free piston compression Ludwieg tube facility is very similar to
a gun tunnel, except that the piston compression process is relatively slow. Facilities with free
piston compression heating such as gun tunnels, Ludwieg tubes with Isentropic Compression
Heating (LICH), and Isentropic Light Piston Tunnels (ILPT) have been used extensively in the
UK for the physical simulation of hypersonic flows and gas turbine flows for many decades
[3,4].
The purpose of this paper is to present an overview of the new facility at USQ and to describe
the operation of the facility. For experiments which require lower Mach and Reynolds
numbers, the facility can also be operated in an atmospheric pressure blow-down mode.
Sample results from three different experiments will be presented to demonstrate the utility of
the facility: (1) a capsule in a Mach 2 flow; (2) a 10 degree half angle cone in Mach 4.5 flow;
and (3) a 10 degree half angle cone in Mach 6 flow.
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Facility Description

Hardware

Figure 1 presents schematic illustrations of the facility configured for two different modes of
operation. In the Ludwieg tunnel mode of operation, a 16 m long tube is coupled to a nozzle
and in the atmospheric blow-down mode, a flexible gas bag is coupled to the nozzle via a
plenum chamber. In both modes of operation, an evacuated test section is connected to the
dump tanks via a series of axially aligned pipes. The facility has been constructed on the
grounds of the University of Southern Queensland and apart from the dump tanks and
connecting pipe work, the facility is housed in a 30 × 9 m laboratory as pictured in Fig. 2.
(a) Ludwieg tunnel with (or without) free piston compression heating arrangement

(b) Atmospheric pressure blow-down arrangement

Fig. 1: Scale drawings of the facility in two different arrangements. (a) Ludwieg tube with (or
without) free piston compression heating; and (b) Atmospheric pressure blow-down (dump
tanks not shown).
(a) Air reservoir end

(b) Nozzle and test section

(c) Dump tanks

Fig. 2: Photographs of the facility.
Key features of the various components in the facility are presented in Table 1. The Ludwieg
tube itself is 16 m long with a honed internal diameter of 130 mm. The high pressure air
reservoir (20 MPa maximum) has a total volume of approximately 350 litres and it consists of
a custom-built reservoir coupled to 6 standard high pressure air cylinders each of
approximately 50 litres capacity. The custom-built reservoir includes two internally-mounted
high flow rate valves which can be used to isolate the high pressure air reservoir from the
Ludwieg tube until just prior to a run.
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Supersonic and Hypersonic Nozzles
Three contoured nozzles have been constructed for the facility, as illustrated in Fig. 3. The key
geometric features of these nozzles are presented in Table 1. These nozzles were designed
using the method of characteristics to obtain an inviscid contour. The final contour was
obtained by adding a boundary layer displacement thickness correction to the inviscid contour.
A small, conical Mach 2 nozzle with a throat of 19.1 mm diameter is also available. The total
volume of the low pressure receiver including the test section, diffuser, dump tanks and
interconnecting pipe work is 12.7 m3.
Table 1: Major components of the facility
Component
Characteristics (dimensions, mm)
Air Reservoir
350 litres
Primary valve
1¼’’ ball valve (27.6 mm internal dia.)
Piston
383 grams, Nylatron
Ludwieg tube
130 bore, 16,000 length
Test gas bag2
2000 x 3000 pillow, ~ 1.5 m3
Test section
600 dia., 830 mm long, 0.235 m3
Diffuser 1
600 dia., 2526 long, 0.714 m3
Diffuser 2
500 dia., 2133 long, 0.418 m3
Dump tank 1
1400 dia., 2900 long1, 4.5 m3
Inter-tank
600 dia., 2285 long, 0.646 m3
Connection
400 dia., 600 long, 0.075 m3
Dump tank 2
1700 dia., 2700 long1, 6.1 m3

1. Effective length giving correct tank volume (approximately).
2. Used only in atmospheric pressure blow-down mode.

(a) Mach 2 CO2

(b) Mach 4.5

(c) Mach 6

Fig. 3: Sketches of contoured nozzles currently available with the facility.
Table 2: Nozzle geometry
Component
Characteristics (dimensions, mm)
Mach 2 conical
D* = 19.1, Dexit = 24.8, Length = 100
Mach 2 CO2 contoured
D* = 60.2, Dexit = 81.3, Length = 216
Mach 4.5 contoured
D* = 50.3, Dexit = 215.9, Length = 821
Mach 6 contoured
D* = 28.8, Dexit = 217.5, Length = 1057
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Facility Operation
Atmospheric pressure blow-down
The atmospheric pressure blow-down configuration, which is illustrated in Fig. 1b, can
produce supersonic flows with durations of a few seconds or more, depending on the nozzle
throat size. In this configuration, the test section, nozzle and plenum chamber are initially
evacuated, and the flexible gas bag is filled with the required test gas (for example, CO 2 can be
used for the simulation of the Martian atmosphere). A run is initiated by manually opening the
ball valve (3’’ diameter) which connects the plenum chamber and the gas bag through PVC
pipe work. The plenum pressure measured for an experiment in the atmospheric blow-down
configuration using the Mach 2 CO2 nozzle is presented in Fig. 4. In this case, the test section
pressure prior to opening the valve was around 5 kPa and a relatively steady nozzle stagnation
pressure of about 70 kPa (the plenum chamber pressure) was achieved for a few seconds. The
flow is terminated by closing the ball valve.

Fig. 4: Plenum pressure for atmospheric blow-down arrangement with Mach 2 CO2 nozzle.
Ludwieg Tunnel
In the Ludwieg tunnel mode of operation, the 16 m length of tube allows the facility to produce
constant stagnation conditions in the nozzle reservoir region for around 90 ms (the time for
acoustic waves to travel down the tube and back to the nozzle). A run is performed by slowly
increasing the Ludwieg tube pressure until the diaphragm at the entrance to the supersonic
nozzle ruptures. In this mode of operation, the test gas (normally air) is unheated and high
quality supersonic flows can be produced.
Ludwieg Tunnel with Free Piston Compression
To produce hypersonic flows in air, the test gas can be heated using a free piston compressor
as illustrated in Fig. 5. In this mode of operation, the high pressure air reservoir is required,
Fig. 1a, and a piston is positioned on the downstream side of the primary valve. When this
valve is opened, the piston is driven down the barrel and the test gas is compressed by the
movement of the piston. During the piston stroke, a point is reached where the diaphragm at
the end of the Ludwieg tube ruptures and the test gas accelerates through the hypersonic nozzle
and into the test section.
Once the primary valve is fully open, the pressure rise during the piston compression process is
approximately linear, as illustrated in Figs. 6 and 7. For the experiments of Figs. 6 and 7, the
air reservoir was filled to 4 MPa (gauge), and the pressure of the air in the Ludwieg tube was
approximately 94 kPa (corresponding to the atmospheric pressure in Toowoomba). The
Page 156

Proceedings from 9th Australian Space Science Conference, 2009

pressure was measured at a point 130 mm upstream of the end of the Ludwieg tube using
piezoelectric pressure transducers and charge amplifiers. The strength of the diaphragm at the
entrance to the nozzle largely determines the nozzle reservoir pressure achieved during the run
time. For the present experiments, a 100 m thick Mylar diaphragm was used.

Fig. 5: Schematic illustration of Ludwieg tunnel with free piston compression heating.
When the diaphragm at the entrance to the nozzle ruptures, the nozzle reservoir pressure can be
maintained relatively constant (apart from unsteady wave processes and piston oscillations)
provided the charging of the space behind the piston is tuned to the discharge of test gas
through the nozzle. For the experiment using the 19.1 mm diameter nozzle throat (Fig. 6), a
plug with an internal diameter of 18.0 mm and a length of 56.5 mm was inserted in the
upstream end of the 1¼’’ pipe leading to the primary valve. For the 28.8 mm diameter nozzle
throat experiment (Fig. 7), no plug was used; the charging of the space behind the piston was
determined by the reservoir pressure and the full internal diameter of the 1¼’’ pipe/valve (27.6
mm).
Using conservation of energy principles, Jones et al. [3] demonstrated the rate of pressure rise
within the tube (dp/dt) can be related to the mass flow from the reservoir (𝑚𝑚𝑟𝑟 ) using
𝑑𝑑𝑝𝑝
𝑑𝑑𝑡𝑡

𝑉𝑉𝑡𝑡 = 𝛾𝛾 𝑚𝑚𝑟𝑟 𝑅𝑅𝑇𝑇𝑟𝑟

(1)

where Vt is the tube volume,  is the ratio of specific heats (= 1.4 in the present work), R is the
gas constant (= 287 J/kgK in the present work), and Tr is the reservoir temperature. Equation 1
can be used to deduce the mass flow rate from the reservoir in the cases represented in Figs. 6
and 7. Taking the reservoir temperature as 293 K, the mass flow rate deduced for the case
represented by Fig. 6 is 1.70 kg/s whereas that for Fig. 7 is 1.86 kg/s. Taking choked flow
through the 18.0 mm diameter (Fig. 6 case) and the 27.6 mm diameter (Fig. 7 case) as the
reference for the two conditions, the discharge coefficient for the two different arrangements is
Cd = 0.69 for Fig. 6 and Cd = 0.32 for Fig. 7.

Fig. 6: Nozzle reservoir pressure for 19.1 mm diameter nozzle throat (Mach 2 conical nozzle).
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Fig. 7: Nozzle reservoir pressure for 28.8 mm diameter nozzle throat (Mach 6 contoured
nozzle).
Figures 6 and 7 also illustrate the effect of the opening time of the primary valve. When a
rapid opening is applied (~ 0.1 sec/90 deg) relatively strong wave effects are observed to
develop during the compression process, Fig. 6. If a gradual opening is used (~ 0.5 sec/90
deg), such oscillations can largely be avoided. Jones et al. [3] noted that piston oscillations can
arise if the primary valve is opened too quickly.
Target Conditons
Table 3 summarizes the flow conditions that should be achievable with the facility operated in
various modes. A stagnation pressure of 70 kPa is assumed for the atmospheric pressure blowdown configuration (and this is reasonable, see Fig. 4), and 7 MPa is assumed for the Ludwieg
tube configurations. In the case of the Ludwieg tube without free piston compression heating
with the Mach 4.5 nozzle, the stagnation temperature is about 10 K cooler than the assumed
ambient temperature of 293 K because of the unsteady expansion process within the tube. In
the case of free piston compression heating with the Mach 6 nozzle, a stagnation temperature
of 500 K should be sufficient to avoid condensation in the test flow.

Configuration
M2 atmos.
blow-down
M4.5 atmos.
blow-down
M4.5
Ludwieg
M6
free piston
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Table 3: Illustrative target flow conditions for the facility
Flow Parameter
p0
T0
p
T
u
ppit
(MPa)
(K)
(kPa)
(K)
(m/s)
(kPa)
0.070
293
8.95
163
512
50.5

Reu
(m-1)
8.84e6

0.070

293

0.242

58

687

6.41

2.61e6

7

283

24.2

56

676

641

276e6

7

500

4.43

61

939

208

58.8e6
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Mach 2 Capsule Flow

Flow Examples

In this example, the Mach 2 contoured nozzle was used with the facility operated in
atmospheric pressure blow-down mode to produce a flow suitable for examining the dynamics
of a model of the Beagle 2 capsule. For the work presented here, the test gas used was air
rather than carbon dioxide. The model was visualized using a schlieren system with a video
rate of 210 frames per second. Figure 8 presents a sequence of 10 frames.
The model had a diameter of 20 mm and it was suspended on a single wire which passed
through a hole positioned at the full scale capsule’s centre of mass. The wire spanned the
nozzle exit flow and was lax prior to flow arrival. Each frame of the video was analysed to
determine the pitch angle of the model; three edges of the capsule illustrated in Fig. 9 were
used to identify the pitch. Results from the pitch analysis of the video are presented in Fig. 10.

Fig. 8: Sequence of 10 frames of Beagle 2 model in Mach 2 flow.

Fig. 9: Image of Beagle 2 model in Mach 2 flow showing detected straight edge locations.
The pitching of the capsule associated with the initial flow establishment decays relatively
quickly, Fig. 10. In the experiment presented here, the flow breaks down due to the increase in
the static pressure in the test section which drives the capsule’s bow shock upstream. Just
before any upstream movement of the bow shock is detected, at about 1.3 seconds on the scale
in Fig. 10, the pitch oscillations of the capsule grow rapidly. The growth in pitch oscillations
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is likely to arise because of changes in the turbulent wake induced by the increase in the test
section pressure.

Fig. 10: Pitch angle of Beagle 2 model in Mach 2 flow.
Mach 4.5 Cone Flow
In this example, a 10 degree half angle cone was positioned at the exit of the Mach 4.5 nozzle
and the facility was used in the atmospheric pressure blow-down mode. Schlieren images were
obtained using a video CCD with a frame rate of 1/25th second and the variation of shock angle
with time was deduced from these video images. A sample schlieren image is presented in
Fig. 11a and results from the shock angle analysis are presented in Fig. 11b.
From the results presented in Fig. 11, the facility appears to have a steady run time of
approximately 150 ms when the Mach 4.5 nozzle is used in atmospheric pressure blow-down
mode. At these conditions, the useful test period is terminated by the pressure build-up in the
test section which causes the shock angles on the cone to increase (Fig. 11b). The shock wave
then detaches from the cone apex and propagates upstream into the nozzle.
(a) sample schlieren image

(b) shock angle variation with time

Fig. 11: Mach 4.5 flow with 10 degree half-angle cone. (a) Schlieren image of cone with tip
protruding into Mach 4.5 nozzle exit; (b) variation of shock angle with time deduced schlieren
images.
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Mach 6 Cone Flow
In this example, the 10 degree half angle cone was again used, but the flow was produced by
coupling the Mach 6 contoured nozzle to Ludwieg tube with free piston compression. Fig. 12
presents a photograph and a schlieren image of the cone; a pitot probe is within the field of
view. In this case, the tip of the cone is located a few millimetres downstream of the Mach 6
nozzle exit plane whereas in the previous Mach 4.5 example, the cone tip protruded slightly
into the nozzle.

Fig. 12: Photograph (left) and schlieren image (right) of 10 degree half angle cone and pitot
probe at exit of Mach 6 nozzle.
The pressure rise in the Ludwieg tube due to the free piston compression process for this
experiment is illustrated in Fig. 7, and Fig. 13 presents pitot and static pressures measured in
the test section. The pitot pressure data indicates that the flow duration was about 210 ms for
the present operating conditions (4 MPa air reservoir, 94 kPa air Ludwieg tube, 100 m Mylar
diaphragm). Air drawn from the local atmosphere has been used as the test gas in all of the
Ludwieg tube experiments performed so far; effects of water vapour condensation in the test
gas have not been observed.
(a) Pitot and static pressure

(b) Normalized pitot pressure

Fig. 13: Pressures measured in the test section with the Mach 6 nozzle. (a) Pitot pressure at
exit of Mach 6 nozzle and static pressure in test section; (b) pitot pressure normalized with
measured stagnation pressure.
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Conclusion
A new facility for studying supersonic and hypersonic flows has been developed at the
University of Southern Queensland. When the facility was operated with free piston
compression heating, a Mach 6 flow duration of more than 200 ms was demonstrated. The
Mach 6 nozzle has an exit diameter of about 218 mm so hypersonic models of a reasonable
size can be tested in this new facility. The facility is operational and at the time of writing, and
in the case of the Ludwieg tube modes of operation, pressures are currently being increased
toward the design values.
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Summary: Access-to-space vehicles incur drastically changing flight conditions during ascent, which sets a fundamental challenge for airbreathing launch systems. This study compares
two different approaches to designing a scramjet-powered accelerator vehicle by applying
them to a simple parametric model of a NASA winged-cone configuration. The vehicle
airframe is integrated with three rectangular-to-elliptical shape transition (REST) scramjet
engines. Firstly, an accelerator shape is determined by combining four separate designs,
each one optimised for a single design point between Mach 6 and 12. Secondly, the same
initial shape is optimised along an anticipated ascent trajectory. It is shown that including the
complete flight path in the design methodology of the airbreather enables a greater achievable
final Mach number (+7.1 % for the case investigated). The interrelation between vehicle design
approach, vehicle shape and overall vehicle performance is discussed.

I. Introduction
Current, purely rocket-powered launch technology is operated close to theoretical limits,
and only marginal further advance is obtainable [1]. New access-to-space systems/ accelerator
concepts are required to enhance the performance of future launch systems, for which especially scramjet engines are deemed a promising option [2, 3]. Apart from a rise in payload
mass fraction, reusability of airbreathing vehicles or vehicle stages is expected to allow for
an overall increase in vehicle efficiency.

A. Hypersonic Airbreathing Vehicle Design
The competing requirements of low drag and useful internal volume remain a technical
challenge in hypersonic vehicle design. Highly integrated shapes are required to realise
scramjet-powered flight and achieve a plus in specific impulse compared to liquid or solidfuelled rockets, as hoped for [4]. For such aircraft, the undersurface in its entirety becomes
part of the propulsion system, which strongly couples the propulsive and aerodynamic vehicle
efficiencies [5, 6, 7]. The integration of the propulsion system with the vehicle airframe must
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therefore be taken into account early in the design process in order to meet overall performance
targets [8]. High-speed aircraft typically feature slender bodies with small frontal areas and
low aspect ratio wings in order to keep the aerodynamic drag and the effective heat-transfer
rates to a minimum [9, 10]. Another design driver is the requirement of a low structural
weight. However, transport capacity and high temperature stability are essential qualities,
and a certain internal vehicle volume is generally needed to fulfil the mission requirements.
A common optimisation goal for design point studies of high-speed aircraft is maximum
{L/D × V 2/3 /Aplanf orm } [11]. One conceptual problem inherent in launch technology that
involves scramjet propulsion is how to generate static thrust and propel the configuration
before the velocities for scramjet operation can be reached. Diverse approaches, in particular
a turboramjet [12] and a rocket-powered [13] first vehicle stage, have been proposed.

B. Cruisers vs. Accelerators
Accelerating and cruising vehicle concepts encounter fundamentally different technical
challenges. Airbreathing accelerators are designed to fly high dynamic pressure trajectories,
thereby allowing for a high enough thrust margin. Maximising net thrust (T -D) is of greater
priority than obtaining high aerodynamic efficiency in terms of the lift-to-drag ratio (L/D).
Cruising configurations are designed to maximise the achievable flight range, and hence the
lift-to-drag ratio becomes more critical [14]. Being exposed to high-enthalpy flows during
extended flight periods, the time integrated heating load is of higher concern for cruisers than
for accelerators [15]. Waverider shapes are suited to hypersonic cruise, offering the highest
known values of L/D [16, 17, 18]. However, these ratios decline considerably with engine
integration [19]. A significant fraction of previous design and optimisation work on hypersonic
vehicles involves configurations optimised for one specific flight condition [20, 21, 22]. For
a range of aircraft, this approach produces reasonably meaningful results even for varying
aerodynamic conditions along the flight path [11]. Nonetheless, not surprisingly, enhancements
in vehicle performance are achievable by taking off-design conditions into account [23].
The present study has mainly two objectives, i.e.
•
•

to study the applicability of a cruiser design methodology to a hypersonic airbreathing
accelerator, and
to quantify expected gains in vehicle performance from incorporating the flight path into
this methodology.

Based on a scaled-down version of a winged-cone configuration [24], two comparative
shape design studies are carried out. The first one determines a vehicle shape by combining
four separate configurations, each being optimised for {L/D × V 2/3 /Aplanf orm }max for one
specific flight condition along an anticipated ascent trajectory. The second one starts off
with the same initial shape, but incorporates the complete trajectory into the vehicle design
methodology. After an introduction of the baseline accelerator and the two different design
approaches, the article provides detail on the vehicle shapes calculated and explores the
discrepancies in their overall flight performance.
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II. Baseline Accelerator
At the beginning of the 1990s, NASA engineers investigated a winged-cone vehicle (WCV)
[24] for its potential to accomplish single-stage-to-orbit flight missions. A scaled-down version
of the WCV has recently been analysed as second-stage vehicle for orbiting small payloads
to low Earth orbits [13]. With its pointed, slender fuselage and highly swept-back, low aspect
ratio wings, the configuration shows typical characteristics of a hypersonic accelerator and is
therefore used as a starting point in the current work.
Figure 1(a) shows a sketch of the load-carrying structure of the baseline configuration, 1(b)
gives a CAD image of the vehicle with the propulsion system installed. The axisymmetric
fuselage consists of a 5-deg half-angle conical forebody, a cylindrical centrebody and a
truncated 9-deg half-angle conical boattail. The wings have a diamond-shaped cross section
and a leading-edge sweep angle of 76 degrees. The trailing edges are unswept. Following
Ref. [13], the lower-scale dimensions are determined assuming the same average density of
124 kg/m3 for hydrogen-fuelled airbreathers [25] for both configurations, and a total mass
for the fuelled accelerator of 3000 kg.

(a) Baseline vehicle structure

(b) Integrated vehicle design [13]

Fig. 1: Definition of baseline vehicle geometry (a); integrated design with three
bottom-mounted REST scramjets (b).

Mach 12 REST scramjet engines, which have been demonstrated experimentally to operate
efficiently at off-design conditions [26, 27], are integrated with the vehicle airframe. Liquid
hydrogen (LH2) is chosen as fuel. It has a higher energy content and a more rapid burning
rate than hydrocarbons [15, 28], and it provides for a greater achievable flight Mach number
[29, 30]. However, these benefits come along with a volume penalty due to the comparatively
low density of liquid hydrogen (ρLH2 ≈ 71 kg/m3 ). Possible complications in the design
related to the cryogenic nature of LH2 are not considered in this study.
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The accelerator is purposed to act as second stage in a three-stage launch configuration. A
solid rocket booster is used as first stage, and a liquid-hydrogen-fuelled third stage is used
after scramjet shut-down to reach orbital velocities. Only the airbreathing second stage is
subject to the present work.

III. Vehicle Design & Optimisation System
Different software modules are utilised to calculate the aerodynamic, propulsive and gravitational forces on the accelerator. The creation of the vehicle geometry and the analysis of all
external aerodynamic forces and moments are undertaken using HYPAERO [31]. The combustion characteristics of the scramjet engines are evaluated based on quasi-one-dimensional
combustor flow calculations using dm cycle [32]. A modified version of the Computer Aided
Design of Aerospace Concepts (CADAC) [33] is applied to calculate the ascent trajectory.
And finally, the Nelder & Mead [34] function minimisation algorithm is employed to control
the interaction of the different programmes according to the specified optimisation goals. A
brief description of each software module is given in the following; the two optimisation
procedures are schematically summarised in Fig. 2.
The aerodynamics code HYPAERO is a preliminary design tool for the study of hypersonic
vehicle shapes at low computational expense. It uses strip theory lending itself to geometries
of differing complexity; from separate fuselage or wing shapes to wing-body configurations
with an integrated propulsion system. The code is employed to compute essential aerodynamic
coefficients for a range of Mach numbers and angles of attack, which is common practice
in hypersonic vehicle optimisation [35]. The aerodynamic forces and moments are computed
separately for each vehicle component, i.e. fuselage, wings and engine modules, and then
superimposed to determine the net aerodynamic loading on the vehicle.
The scramjet performance is evaluated using the quasi-one-dimensional cycle analysis code
dm cycle [32]. It employs stream thrust averaging of the internal engine flow field, which is an
engineering approach to the modelling of mixing and combustion processes in a supersonic
flow environment [36, 37]. In dm cycle, the combustor flow is computed as a mixture of
thermally perfect gases which are in thermodynamic equilibrium. The mixing process of fuel
and air follows a mixing efficiency curve, ηm , while the combustion process is assumed to
be mixing limited. Once air and fuel get in contact, an equilibrium composition of initial gas
components and combustion products is immediately established. The mixing efficiency is
hence the same as the combustion efficiency, ηc .
The vehicle flight path is calculated using CADAC, a programme for the numerical simulation of spacecraft flight dynamics. It computes trajectories by integrating the equations
of motion for specified time steps. Applying a spherical, rotating Earth model and the
International Standard Atmosphere [38], a 3-degree-of-freedom ascent trajectory is calculated
for each configuration to determine its final flight Mach number.
The non-linear, zeroth-order function minimisation algorithm by Nelder & Mead [34] is
used to control the optimisation process. It minimises functions without requiring derivative
information. Because of its ease of use and its numerical stability, the algorithm has been
quite popular in the super- and hypersonic community in the past [39].
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Fig. 2: Coupling of software modules. Design Approach I skips the trajectory calculation
(shaded box) and determines a shape based on four discrete flight conditions (Table 1).

IV. Vehicle Parameters, Flight Conditions & Design Methodologies
A simple parametric model is chosen in order to focus on the difference between the
two design methodologies employed. Only three vehicle parameters are varied during the
optimisation, namely the forebody curvature, the wing span and the leading-edge sweep angle.
At first glance, the design space seems quite constrained. However, it has sufficient degrees
of freedom to balance changing forebody drag levels by adjusting the wing planform area and
hence the lift force, which makes it physically viable. Using the same initial configuration
(Fig. 1), Design Approach I and II are applied to determine accelerator shapes aimed to
maximise the flight Mach number at scramjet shut-down, respectively. Details on the vehicle
parameterisation and set constraints, along with a description of the two methodologies, are
given in the following paragraphs.
The only fuselage parameter varied is the curvature of the forebody. It is constrained to
follow a power law, y = Rcyl (x/Lf or )p , with Rcyl being the radius of the centrebody/ base
radius of the forebody and Lf or the forebody length. A value of p = 1.0 which corresponds
to zero surface curvature in the axial direction, hence the original sharp cone, is set as the
upper boundary for p. The lower limit is set to p = 0.5 which produces a round-nosed shape.
The wing geometry is varied in terms of the the wing span, b, and the leading-edge
sweep angle, ζ, while the chord length is kept constant throughout the design process. A
maximum allowed stagnation temperature at the wing leading edges of 2000 degrees Kelvin
is concluded from a study of hypersonic cruise [40] and a minimum sweep-back inferred
therefrom. Applying Mach-12 flight conditions (‘D’ in Table 1), a lower limit for ζ of about
60 degrees is thus determined. The trailing-edge is constrained to zero sweep. A thicknessto-chord ratio at the wing root of 4 % is adopted from the original design, and an arbitrary
tip thickness of 0.05 m is assumed to allow for thermal protection. Both triangular and
quadrilateral planform shapes are permitted.
A. Design Approach I: Four Discrete Design Points
In this first methodology, the anticipated Mach number range for the accelerator is 6-12,
based on the specified operational range of the REST scramjet [27]. One optimum vehicle
shape is determined for each of four flight conditions investigated within this range (A-D,
Table 1), respectively producing a maximum value for {L/D × V 2/3 /Aplanf orm } at α = 2◦ .
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An approximately linear fuel consumption is assumed to account for the reducing vehicle
mass between these trajectory points. The optimum accelerator shape for the entire flight
path, in further progress labelled Hypac-1, is calculated from the average parameters of the
four separate designs. To evaluate its overall performance, an ascent trajectory is computed
for Hypac-1 and the value of Mf inal determined. Scramjet ignition is assumed to occur at an
altitude of 26.6 km at Mach-6 flight. The dynamic pressure is held approximately constant at
50 kPa during ascent. However, the employed optimisation system does not have an inbuilt
q∞ -controller and hence an α-schedule is required to guide the vehicle through its separate
design points. The end of the trajectory is determined by the flight time until the entire fuel
mass is consumed.
Table 1: Conditions for Design Approach I. The total fuel mass of 800 kg has been
consumed at trajectory point D.

Mach number
Altitude
Dynamic pressure
Vehicle mass

A
6.0
km 26.6
kPa 50.0
kg 3000

B
8.0
30.5
50.0
2750

C
10.0
33.5
50.0
2500

D
12.0
36.0
50.0
2200

B. Design Approach II: Including the Complete Trajectory
The second methodology directly incorporates the trajectory into the design, as illustrated
in Fig. 2. After each variation in the vehicle shape, a new trajectory is calculated to find the
value of the final flight Mach number reached by the configuration. Thus, Design Approach II
enables an evaluation of the vehicle along its entire flight path. The same baseline configuration, conditions and constraints are used as for Design Approach I. The accelerator computed
using this approach is named Hypac-2.

V. Scramjet Flow Path Modelling
The vehicle forebody acts to pre-compress the incoming free stream flow and thereby
dictates the gas conditions of the flow entering the inlet of the scramjet engine. Thus, the
external forebody aerodynamics are directly coupled with the internal engine operation and
hence thrust generation. The expanding scramjet exhaust gases also have an important effect
on the overall performance of the vehicle. Naturally, the exhaust gas pressure is higher than
ambient pressure, such that the involved areas function as thrust surfaces and also increase
lift in the overall vehicle force balance. This additional pressure also causes a moment trying
to pitch the tip of the aircraft downwards. The pressure level at the engine exit plane, pex , is
added to the static pressure calculated for the surfaces immediately behind the exhaust. Onedimensional nozzle flow calculations are then performed to determine the downstream pressure
distribution on the afterbody. The driving factors for the developing pressure profile are the
ratio between the engine exhaust and nozzle exit areas, as well as the aerothermodynamic
properties of the gas mixture exiting the engine [41]:
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In the above equations, the indices “ex” and “n,e” denote the engine exhaust gas and nozzle
exit conditions, respectively. To define the bottom boundary for the nozzle exit area, An,e , an
imaginary line is drawn as an extension of the outer mold line of the engine; the top boundary
is set by the geometry of the afterbody.

VI. Results & Discussion
This section presents the results obtained from the application of Design Approach I
(Hypac-1) and Design Approach II (Hypac-2) to the baseline accelerator. The two methodologies produced significantly different outcomes in terms of both vehicle shape and overall
performance in flight. Details on the different shapes and their interrelation with the design
approach are described in the following. The ascent trajectory and the changing vehicle
performance along the trajectory of the two accelerator configurations are also discussed.
A. Accelerator Shape
The fuselage shapes calculated for Hypac-1 and Hypac-2 are compared to the baseline
geometry in Fig. 3. It depicts the forebody curvature of all three configurations in the form of
normalised body coordinates. The data on the x-axis is normalised by the accelerator forebody
length, and the data on the y-axis is normalised by the radius of the cylindrical centrebody.
The forebodies are of high slenderness with a fineness ratio of about 5.7, even though they
seem quite bulky on the presented scale. It can be seen that the forebody of Hypac-1 has
only slightly greater surface curvature than the baseline design, while Hypac-2 shows a more
drastic increase. The additional forebody volume of the calculated shapes respectively causes
a stronger bow shock wave to occur than that of the baseline design. This has mainly two
effects on the aeropropulsive vehicle behaviour. On the one hand, the aerodynamic force level
is increased following the intensity of the shock; and also, the inherently stronger compression
of the incoming free stream flow affects the conditions at the scramjet inlet and hence the
combustion process inside the engine.
Figure 4(a) illustrates the dependence of the optimum wing shape for cruising flight on
Mach number, M , and angle of attack, α. With increasing Mach number, the lift coefficient,
cL , of any object naturally reduces, given a constant flight attitude and constant dynamic
pressure of the incoming flow. To maintain the level of lift, the wing span has to increase
such that the planform area balances the drop in cL . This trend is clearly observed between
Mach 6 and 12, yet to some extent weakened by the decreasing vehicle weight as M goes
up (fuel consumption). On the other hand, greater inclination produces larger flow deflection
angles and hence stronger windward shock waves, which provides higher lift. The additional
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Fig. 3: Forebody curvature of Hypac-1, Hypac-2 and baseline design.

(a) Optimum-shape variation

(b) Calculated planforms

Fig. 4: Variation of optimum wing shape for cruising flight with Mach number and angle of
attack (a); wing planforms referenced against baseline shape (b).

lift generated by the fuselage, in turn, causes the wing span to drop. In fact, at M = 12
and α = 4◦ , the fuselage “carries itself” and zero wing planform area is required to maintain
cruising flight. Furthermore, increasing values of α promote higher leading-edge sweep angles
driven by the requirement to keep the wave drag to a minimum.
Having established the strong variation of the wing shape between different point-design
studies, Fig. 4(b) compares the original delta planform to the wing shapes of Hypac-1 and
Hypac-2. Both feature quadrilateral planforms due to the lift requirements inherent in each
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optimisation task. The constraint of a constant chord length in combination with a minimum
ζ of 60 degrees does not render a delta planform of sufficiently high lift possible. The greatest
wing area of the three configurations is determined for Hypac-1. This instance is attributed to
the objective of (L/D)max which is targeted in Design Approach I. It is noteworthy, however,
that approximately the same value of ζ is produced by both design approaches applied (66◦
and 68◦ ).

B. Accelerator Performance
The overall performance of Hypac-1 and Hypac-2 is compared by means of the Mach
number reached at the end of the ascent trajectory, respectively. Mf inal essentially provides a
measure for the efficiency of the interaction between vehicle shape, hence aerodynamics, and
propulsion system. Figure 5 presents some detail on the flight paths of the two vehicles, 5(a)
showing the traces for altitude and free stream dynamic pressure, and 5(b) giving the changes
in Mach number and vehicle net thrust (total thrust generated minus total drag incurred).
All the data is plotted as a function of the flight time until the entire fuel is burned. A
striking discrepancy between the traces is the different flight/ acceleration period computed
for Hypac-1 (433 sec) and Hypac-2 (294 sec).
For both configurations, the free stream dynamic pressure is kept within a narrow range
around q∞ = 50 kPa during ascent. The slight deviations from this nomimal value are due
to the lack of a q∞ -controller in the employed optimisation system. By setting a schedule
for α, this deficiency is mostly remedied and q∞ regulated, as can be seen. Both vehicles
reach roughly the same flight altitude. But Hypac-1 shows a shorter initial, steep climbing
phase (≈ 30 sec) than Hypac-2 (≈ 65 sec), before both vehicles transition into an almost
constant-slope ascent.
Figure 5(b) sums up the targeted performance comparison between the two design approaches. Hypac-2 (Mf inal = 12.1) is identified to clearly outperform Hypac-1 (11.3). The
driving force behind this discrepancy is the different magnitude of the vehicle net thrust in
the first place, but also the different net thrust characteristic over the acceleration period.
The aeropropulsive peak performance, (T -D)max , is reached promptly after scramjet ignition
for both vehicles, though Hypac-1 only produces 55 % of the value calculated for Hypac-2.
This instance is put down to the different scramjet inlet conditions which originate from the
pre-compression of the flow on the forebody undersurface (Sec. V). The combustion process
inside the scramjet engines is largely affected by those conditions. In the case of Hypac-2,
the fuel is burned more rapidly which explains the significantly shorter, yet more efficient,
acceleration period. With respect to the development of T -D over the acceleration period, the
same initial spike is found for both traces, followed by a sharp drop. However, Hypac-2 shows
a smooth performance decline in progress, whereas Hypac-1 reveals alternately decreasing
and increasing performance over the first quarter of the flight. Here, in particular, it becomes
obvious that Hypac-1 is not optimised for the entire flight path but only for four discrete
flight conditions thereof. In fact, the total amount of fuel is consumed by the time the vehicle
reaches its Mf inal of 11.3, and therefore trajectory point D cannot be reached. A summary
of the results is provided in Table 2.
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Fig. 5: Altitude and free stream dynamic pressure for acceleration period of Hypac-1 and
Hypac-2 (a); flight Mach number and vehicle net thrust (b).

VII. Conclusions
A comparison is presented between two design methodologies for hypersonic airbreathing
accelerators. Even though only a simple parametric vehicle model with three design variables
is investigated, a physically viable design problem is posed and solved. One design approach
produces a vehicle shape as a combination of four distinct optimum-cruise configurations;
the second approach generates a shape by including the entire trajectory in the design. The
conducted design point studies in Design Approach I are less complicated in nature, yet both
methodologies produce meaningful results for the accelerator shape. However, it is found that
incorporating the complete flight (Design Approach II) path provides a vehicle which achieves
a considerably higher final Mach number (+7.1 %) by the time the total fuel mass is used
up. The result emphasises the need to include off-design conditions in the design process for
airbreathing accelerators, and ideally to account for the entire flight trajectory.
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Table 2: Results for determined accelerator configurations; ∗ parameter varied to determine
optimum vehicle shape.

Vehicle shape
∗
Forebody curvature
∗
Wing span
∗
LE sweep angle

p
b
ζ

Overall performance
Mach number
Mf inal
Flight path
Dynamic pressure
Flight altitude
Angle of attack
Flight time

q∞
hf inal
α
t

Hypac-1

Hypac-2

0.92
2.78 m
66◦

0.69
2.10 m
68◦

11.3

12.1

42.2 - 56.5 kPa
35.4 km
0.7 - 2.5◦
433 sec

45.8 - 57.7 kPa
35.6 km
0.9 - 2.7◦
294 sec
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A Fractal Fragmentation Model for Breakup of
Aerospace Vehicles
Ian R. Bryce*, Ivan J. Vuletich* and Shaun A. Wilson*
*Aerospace Concepts Pty Ltd, PO Box 371, Fyshwick, ACT, Australia, 2609
Summary: When space launches, missile tests and weapons trials are held, a
comprehensive range safety analysis is required, in order to protect personnel, assets and the
general public. In such cases, many of the failure modes of the vehicle result in the explosion
or aerodynamic breakup of a portion of the vehicle.
To date there has been no unified method of estimating the fragment properties resulting
from such breakups. The fractal fragmentation model uses an iterative fractal method – in the
first degree the vehicle breaks into small number of fragments with certain mass ratios, and
then each fragment breaks into sub-fragments in the same ratios, and so on. The degree can
vary from 1 to 6, depending on the excess energy available, as estimated from the explosion
energy per unit mass, or the actual dynamic pressure and heating compared to the structural
limits of the vehicle. The one model seamlessly handles explosions, aerodynamic breakup and
combinations of the two, for any intensity. It has been tuned and verified against known real
cases.
Keywords: aerospace vehicle, fragmentation, aerodynamic breakup, explosion, debris
catalog, fragments, ballistic coefficient, range safety.

Introduction
Flight safety analysis is required in order to estimate risk to the uninvolved public,
involved personnel, other vehicles, and to property, from space launches, missile tests, etc.
The flight safety analysis system to which this paper refers is the Range Safety Template
Toolkit (RSTT), which has been described previously at several conferences [Ref 1,2]. RSTT
was developed by the Defence Science and Technology Organisation (DSTO). It is for use
with international projects such as the HIFiRE scramjet tests [3,4,5,6], weapons trials, and for
the space licensing by SLASO [7].
Such a system needs to consider all credible malfunctions and also nominal events in order
to evaluate risk (both probability and severity). Most such failure modes involve the vehicle
fragmenting (breaking into pieces), usually through explosion or aerodynamic stresses. The
statistical descriptions of these fragment properties are called debris catalogs.
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The path of these fragments through the atmosphere and to the ground is greatly affected by
their properties, as illustrated in Figure 1.

Figure 1: Possible fragment trajectories for an inflight breakup of a rocket.
The potential damage when fragments strike the ground, a person or an asset also depends
on their mass, area, reactivity (ability to burn or explode), and the like.

Existing Methods
Existing commercial practice for estimating the fragments from rocket accidents [4,5,8]
appears to rely on finding the most similar known case; however given that the number of
fragments varies from 2 to 10,000, this does not provide a general method.
Existing models for space debris include CLDSIM from CNUCE [9], in which the mass
distribution is two mathematical laws matched to measured fragments. This provides one
anchor point for benchmarking our new generalized model.
NASA’s Orbital Debris Program Office at JSC has a modeling environment [10] including
the ORDEM [11] and LEGEND [12] models, and previously EVOLVE [13]. These include a
“NASA Standard Breakup Model” [14]. They report that ground tests and orbital debris data
do not show a need for a variable “intensity” or “degree” - a conclusion at odds with with our
theory. The basic distribution is size-based, with mass derivable only after double integrations
– we see a difficulty as size is not a conserved quantity. The distribution of ballistic
coefficient (area/mass) is double Gaussian with no fewer than 18 experimental constants.
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For reentry, NASA has released its Debris Assessment Software (DAS) [18]. This allows
detailed input of the vehicle (parent object) and its subsystems (child objects); a schedule of
breakup and ablation is produced. However, DAS makes no allowance for different
conditions such as speed or flight angle – for example the parent object is always assumed to
break up at 78 km.
For launch vehicle safety analysis (aerodynamic and explosive breakup), NASA generally
perform a step by step engineering analysis of the various loads on the detailed structure of
the vehicle. Clearly this data and expertise is not accessible to other parties or appropriate for
other applications.
Thus we saw the need for a more efficient and accessible method of predicting debris
characteristics, taking into account different types of event and different intensities. Perhaps
the central mathematics of the model could reflect an actual breakup process, so that the
output was realistic with only a few adjustments.

Debris Catalog Methodo logy
A Methodology has been developed [16,17,18] by the lead author, which contains
complete and detailed instructions to enable a competent person to derive the debris catalogs
for a particular mission for which a sufficiently detailed description exists. The Methodology
includes a number of software tools and charts.
The types of failure that can occur during the flight are identified, along with the time
windows when this is possible. ‘Flight maps’ are constructed – selected from thrust, mass,
dynamic pressure, heat input, velocity, altitude - to show the relevant stressors for various
failure modes during the various flight phases. For inert, explosive and aerodynamic failures,
several distinct at-risk conditions or times are identified, at which debris catalogs will be
generated. Guidelines are given to be sufficiently representative of the whole flight while not
imposing too onerous a computational load – a mission might require 10 to 20 debris catalogs.
Explosive fragmentation
Two examples of the timing of failure are discussed. Explosions of solid rocket motors can
only occur when pressurized, i.e. during the burn, and are little affected by the flight
environment. To adequately cover the changing vehicle during this phase, two debris catalogs
might be assigned, representing the mass of propellant at ignition and at 75% consumed.
Experience shows that the failure probability trace would have an impulse at ignition and
then a steady value until burnout – without depending on flight condidions. The actual
probabilities would come from model history or genric type, and lie outside this debris
catalog scope.
The range of possible explosions is indicated in Figure 2.
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Figure 2: A range of possible explosions of flight vehicles.
In this Methodology, the intensity of a potential explosion is estimated using the explosion
tool - either from a table of known cases by similarity, or by calculation of the stored energy
and casing characteristics. This results in a fragmentation degree between 0 and 6 which is
passed to the fragmentation tool. Also included is guidance on how an exploding stage is
likely to affect adjacent side-by-side or in-line stages.
The green box refers to a known benchmark used for calibration – the CLDSIM model of
space fragmentation managed by the Italian space agency and adopted by ESA [9].

Page 178

Proceedings from 9th Australian Space Science Conference, 2009

Vehicle Attitude History
The occurrence of aerodynamic breakup is much more complex. It occurs when the flight
environment imposes loads in excess of the structure’s capacity, and thus depends on the
trajectory, dynamic pressure and wind shear traces with time, as well as the vehicle attitude. A
flowchart is used to track attitude and breakup modes as shown in Figure 3.

Figure 3: Flowchart for tracking sounding rocket attitude modes and degree of breakup.
For such a sounding rocket mission there are opportunities for loss of control or breakup
when the dynamic pressure peaks at both ascent and re-entry.
Aerothermal Overstress
The attitude and dynamic pressure history are found from flight simulation, including the
failure behaviour, if applicable. For relevant configurations the likely survival dynamic
pressure is estimated from the designed mission and safety factors. The ratio of these is the
overstress factor. Weakening by heating at high velocities is also estimated.
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These two factors are input to one of several “aerothermal maps”, such as Figure 4, which
then predicts a thermal or aerodynamic regime, indicating the severity and type of overstress.

Figure 4: Aerothermal Map used to predict degree of breakup.
This regime is passed to the breakup tool, in which a table is used to output a degree, for
passing to the fragmentation tool. The tool also provides a description of typical fragments for
known classes of vehicle, such as conventional aluminium-skinned launch vehicles, or
hypersonic propulsion experiments.
A range of possible breakups is illustrated in Figure 5. The green boxes are again known
cases which are used for calibration and verification. The rule of thumb refers to a simple
observation by the US consultancy ACTA [4], whereby first breakup may often be typified by
fragments in the ratio ½, 1/3, 1/6. A Degree 1 fragmentation, which is discussed in the next
section, matches this rule well.
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Figure 5: A range of possible aerodynamic breakups.
Using this and other tools, a list of candidate failure modes is derived, associated with their
probability timeline and degree of breakup. Associated with each is of course the vehicle
configuration, position and velocity. This data set is then passed to the Fractal Fragmentation
Model which is described in the next section.

Fractal Frag mentatio n
The Principle
The path of fragments through the atmosphere and to the ground is greatly affected by their
properties, as is the damage they may do when striking another vehicle, person, structure, etc.
In the past there has been no comprehensive method for predicting the fragmentation of
vehicles in flight. Instead, the practice has generally been to select the most similar known
case and perhaps adjust it to the current situation.
A fragmentation model was sought which would have some theoretical basis and also be
capable of being tuned to match known cases. The model should also cover all degrees of
fragmentation, from several pieces to thousands. This was achieved using a fractal method.
As a bonus, it seamlessly covers explosion and aerodynamic breakup, and everything in
between.
The model is based on the fact that energy is required for the breakup, and may come from
an internal explosion, or from excess dynamic pressure perhaps in combination with heating.
The theory is ‘fractal fragmentation’ whereby the vehicle first breaks into, say, six fragments
with a certain distribution. Then if sufficient energy (in the form of gas flows) remains, each
fragment independently breaks again into six more fragments in similar proportions, and so
on, to any ‘degree’ (which can even be fractional). The concept of this process is illustrated in
Figure 6.
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Figure 6: The principle of fractal fragmentation.
Developm ent
Implementation of the fractal fragmentation model required a once-only development
process, as shown in Figure 7.

Figure 7: Mathematical implementation of Fractal Fragmentation.
A trial set of fragments in fixed mass bins was identified, and numerical convolution used
to automatically repeat the breakup 1 to 6 times. The basic breakup (equivalent to Degree 1)
was tuned such that higher degrees provided statistical matches to known cases where
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fragments were recovered and measured. It was found that 8 basic fragments for each degree
were sufficient. However, the numbers in each bin were not integers, so additional processing
was required.
The resulting probability density function for the mass distribution of the resulting
fragments is shown in Figure 8 for Degrees 1 to 6.

Figure 8: PDF for mass distribution of fragments.
Also shown in Figure 8 is the PDF for CLDSIM - the ESA standard for space debris. The
model’s Degree 4 fragmentation is a good fit to CLDSIM, after tuning as described above.
Note also that CLDSIM represents many real space debris cases rolled into one ensemble,
which is only one population, whereas our model provides for varying intensity and varying
source object mass.
Implementation in the Methodology – Medium fidelity
For the fractal fragmentation model to be useful in a Debris Catalog Methodology, further
processing is required. For basic applications this was as follows. For each degree, the many
fractional masses were converted to tables of equivalent whole fragments, of non-uniform
mass distribution, which more closely resembles real cases. Figure 9 gives part of such a
tabular Debris Catalog.
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Figure 9: Portion of a tabular Debris Catalog.
For each of approximately 7 masses, two areas or ballistic coefficients were assigned. This
gives the simplest output (specific fragments) and is of medium fidelity. Such a prediction is
compared to a known case in Figure 10.

Figure 10: Mass/Ballistic Coefficient Map for Degree 3 compared to a real case.
Implementation in the Methodology – High fidelity
In a higher fidelity environment (such as RSTT), the underlying continuous mass
distribution, generated by the fractal fragmentation process, for a given degree, is
approximated by a series of trapezoids, as shown in Figure 11.
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Figure 11: Seven trapezoids approximate the mass PDF for Degree 3.
The debris generator sub-system implemented in RSTT is sent trapezoid descriptions for
the selected degree, and generates random fragment masses using Monte Carlo techniques, as
well as areas and hence ballistic coefficients. Thus two separate Monte Carlo runs will
generate fragments with different characteristics.
Mixed breakup modes
There are many cases where the event is a combination of explosion and aerodynamic
breakup, such as the Indian GSLV and Challenger accidents, as illustrated in Figure 12.

Figure 12: Several examples of mixed aerodynamic breakup and explosion.
Our fractal model is seamless, so the Methodology estimates the degree for both cases and
takes the higher value.
Verificati on
The fractal fragmentation model has been compared with known cases of explosion and
breakup, including aluminium-skinned sounding rockets, launch vehicles, payload
experiments, and satellites. It was found that with minimal and once-only tuning, the one
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model matches known data ranging in severity from a few fragments (degree 1) to thousands
of fragments (CLDSIM, degree 4) as described above.
A further comparison is shown in Figure 13.

Figure 13: Verification aginst a case of medium speed re-entry.
Degree 4 matches the fragments in the source data quite well, above about 7 kg. Lighter
fragments would be expected to burn up to some degree, accounting for the apparent shortfall.

Future Directions
The extensive debris data bases and expertise of NASA and ESA could be utilized to refine
this Fractal methodology. Two or more populations of fragments could be introduced, where
the source object has distinct components.
Alternatively, the fractal breakup mathematics could be incorporated into the NASA or
ESA models. This has the potential to match real data with fewer adjustments than their
current brute force mathematics. It would perhaps provide seamless scaling between different
event intenisties and types, and fill in regions of sparse or no data.

Conclusion
As part of a larger range safety system, a Debris Catalog Methodology has been
developed, incorporating a set of tools which enables a knowledgeable person to generate lists
of fragments (i.e. a debris catalog) for vehicles breaking up in flight.
This Methodology includes a Fractal Fragmentation Model, in which each degree adds a
stage of successively finer fragments. There is some theoretical justification for such a model.
The Fractal Fragmentation Model has been tuned and verified against known cases of
breakup. It seamlessly covers explosions and aerodynamic breakup of all degrees, from a few
fragments to thousands.
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Alexa Halford

Alexa Halford, Brian
Fraser, Steve Morley

A Preliminary Look at EMIC Wave Occurrences
During Geomagnetic Storms

John Hartnett

John Hartnett, Michael
Tobar, Eugene Ivanov,
Jean-Michel le Floch,
Bruce Warrington, Peter
Fisk,Stephen Quigg,
Michael Wouters,
Malcolm Lawn

The current state of Australian research on ACES, its
technology, and science.

Jason Held

Jason Held

Conquest of the Milky Way (CoW): An Educational
MMOG

Simeon Hui

Simeon Hui , Marc
Norman, Fred Jourdan

Geochemistry of Apollo 16 Lunar Impact Glasses:
Tracking Formation and Transport through
Chemistry and Age Dating

Trevor Ireland

Trevor Ireland, Raquel
Salmeron

High Temperature Processes in the Early Solar
System

Noel Jackson

Noel Jackson

Concept for an Australian Hyperspectral Remote
Sensing Instrument to be attached to the outside of
the Space Station.

Thomas Jazra

Thomas Jazra

Comparison of Two Optimisation Approaches for the
Design of Hypersonic Airbreathing Accelerators

Angela Kaltenbach

Angela Kaltenbach, Yuri
Amelin, Claudine Stirling

Uranium isotopic composition in meteorites, and the
origin of the Solar System

Thomas Kane

Thomas Kane , Roman
Makarevich

Oblique ionospheric sounding with the SuperDARN
HF radars during geomagnetic storms

Adam Kellerman

Adam Kellerman, Roman
Makarevich

Energetic Particle Precipitation During Substorms

John Le Marshall

John Le Marshall

Data Assimilation and Space Science

Bo Li

Bo Li, Iver Cairns. Peter
Robinson

Probing the Conditions of Solar Corona and Electron
Acceleration Using Coronal Type III Solar Radio
Bursts

Charles Lineweaver

Charles Lineweaver

The Potentially Habitable Planets of the Alpha
Centauri System

Charles Lineweaver

Charles Lineweaver

Planetary Science In Australia

Yonghua Liu

Yonghua Liu , Brian
Fraser, Fred Menk

Pc1 waves Observed by Cluster near the
Plasmaspause

Roman Makarevich

Roman Makarevich

Plasma convection flows at subauroral and auroral
latitudes: A TIGER HF radar perspective

Seann J. McKibbin

Seann J. McKibbin,
Trevor R. Ireland, Yuri
Amelin, Hugh St. C.
O’Neill, Peter Holden,
Peter Lancaster

Successes and limitations of extinct nuclide initial
abundances in meteorites: 53Mn in Angrites and
Pallasites

Dan Meehan

Dan Meehan

DSTO and Ionispheric Research
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Marc Norman

Marc Norman

Lunar Anorthosites – Origins and Exploration
Targets

Hideaki Ogawa

H.Ogawa, Y.Alazet, and
R.R.Boyce

Design Optimisation of Axisymmetric Scramjets for
Access-to-Space

Andreea Papuc

Andreea Papuc

Transient mantle layering and the episodic
behaviour of Venus due to the `basalt barrier’
mechanism

Murray Parkinson

Murray Parkinson, Vickal
Kumar, Gary Burns

On the Effects of Thunderstorms and Lightning on
the F-region Ionosphere

Gordon Pike

Gordon Pike

Lessons From Optus On Designing, Building And
Operating Satellites

Chris Rizos

Chris Rizos

The Current State of Australian Geodetic and GNSS
Research

Anatoly Rosenfeld

Anatoly Rosenfeld

Space Radiation Effects: Simulations, Radiation
Detection and Protection

Maria Seton

Maria Seton, Joanne
Whittaker, Dietmar
Müller

Satellite potential field data reveals millions of years
of Earth’s surface motion

Daniel Shaddock

Daniel ShaddockDaniel
A. Shaddock, David E.
McClelland, Malcolm
B. Gray and R. Bruce
Warrington

Technology for the GRACE follow-on mission

Michael Smart

M. Smart, P. Gambach

Design of a first stage rocket for air-breathing
access-to-space

E.A. Smith

E. A. Smith, F. W. Menk
and M. Terkildsen

Microscale Fluctuations in GPS Signals

Amy Spark

Amy Spark, Ho Nguyen,
Keren Reynolds, Lachlan
Thompson, Anne
Brumfitt

Space Olympics; A Pathway to Careers in Space

Michael Terkildsen

Michael Terkildsen

Anomalous TEC gradients in the Australian region

Medhavy Thankappan

Medhavy Thankappan

Geoscience Australia’s Evolving Science, Services,
and Interests in Earth Observation

Lachlan Thompson

Lachlan Thompson

The current state of Australian research on space
structures and associated engineering

Alix Verdon

Alix Verdon, Iver Cairns,
Don Melrose, Peter
Robinson

Warm electromagnetic lower hybrid wave dispersion

Malcolm Walter

Malcolm Walter

Astrobiology in Australia
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Sean Ables , Murray Sciffer,
Sources and Sinks : A study of polar cap Pc1-2
Brian Fraser, Steven Morley

Sean Ables

Jeremy Bailey, Hakan
Svedhem, Steven Lee

The Impact of Kaguya on the Moon

Thomas Baum

Thomas Baum, Lachlan
Thompson

Ian Bryce

Ian Bryce

Exponential Cyclic Testing – a New Method of
Assessing Flight Structures

Daniel Bunker

Daniel Bunker, Jason Held

David Buttsworth

David Buttsworth

Iver Cairns

Iver Cairns, Vasili Lobzin,
Alexander Warmuth, Bo Li,
Peter Robinson, Gottfried
Mann

Jeremy Bailey

James Dedrick
Dean Hillan
Lucyna
Chudczer

James Dedrick, Christine
Charles, Rod Boswell
Dean Hillan, Iver Cairns,
Peter Robinson, Amaal
Mohamed

Kedziora- L. Kedziora-Chudczer, J.
Bailey

Vasili Lobzin

V. V. Lobzin, I. H. Cairns,
P. A. Robinson, G. Steward,
G. Paterson

Space Technologies for the Early Detection and
Management of Bush Fires

Secondary Power Generation Using Electrodynamic
Tethers

Ludwieg Tube with Isentropic Compression Heating
Facility for Supersonic and Hypersonic Testing
Direct Radio Probing and Interpretation of the Sun’s
Plasma Density Profile
Radio frequency plasma actuators for aerodynamic
flow control

Prediction of background levels for the Wind/
WAVES instrument and implications for the galactic
background radiation

Towards realistic models of atmospheric properties
of exoplanets
Automatic Recognition of Coronal Type II Radio
Bursts: The Method for ARBIS 2

D. Neudegg , M. Layoun,
S.T. Hutchinson, M. Hyde ,
C. Thomson

Variations near the ionospheric F2 layer peak at
solar minimum

David Neudegg

D. Neudegg, C. J. Davis

Elyse Schinella

Elyse Schinella, Craig
O’Neill

Comparisons of automatically detected solar wind
and interplanetary magnetic field events with
automated shock alerts near Earth and geomagnetic
sudden impulses

Murray Sciffer

Murray Sciffer, Sean Ables,
Colin Waters, Brian Fraser

Leila Norouzi Sedeh

Leila Norouzi Sedeh, Colin
Waters

David Neudegg
David Neudegg

Reut SorekAbramovich

Phil Wllkinson

David Neudegg

Convergence within the Wedges region, Europa
The longitudinal effects of geomagnetic field line
curvature and torsion on resonant frequencies near
the open-closed boundary.
Statistical properties of the ULF waves observed by
TIGER SuperDARN radars

Reut Sorek-Abramovich,
Nitrogen fixation potential of living stromatolites,
Brendan Burns, Brett Neilan analogues of early earth communities
Phil Wllkinson

Solar Cycle 24 – What Will it be Like?

A Distributed Control Architecture for Formation
Flying Space Sensor Network

Xiaofeng Wu

Xiaofeng Wu

Marek Zbik

Marek Zbik, Ray Frost
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Climatology of the Antarctic upper atmosphere

High porosity chained aggregates from the topsoil
of the lunar regolith dust
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