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workflow also integrates more established microanalytical
techniques, such as electron backscattered diffraction (EBSD) and
transmission electron microscopy (TEM), to enable the selection of
specific sites for atom probe analyses and support the interpretation
of the acquired APT datasets.

This analytical workflow has been applied to two type localities
of deep crustal fluid-melt-rock interaction and deformation:
i) glassy anatectic melt inclusions found within a granulite from the
Betic Cordillera (southern Spain), and ii) the granulites, eclogites and
amphibolites of the Bergen Arcs (western Norway). The four studies
presented in this thesis encompass a suite of unique geological
processes allowing the isolation and detailed investigation of
particular aspects of the complex interplay between fluids, rocks and
deformation.

The first study focuses on glassy melt inclusions trapped within
peritectic garnets. Time-of-flight secondary ion mass spectrometry
microscale compositional analysis confirms that the inclusions
remain a closed system at geological timescales. At the nanoscale,
TEM and APT reveal compositional clustering of elements within the
glass and along inclusion walls. These nano-spherical domains are
interpreted as pre-nucleation clusters, indicating a ‘captured’ stage
of melt crystallisation.

Moreover, a comparison between the composition of melt
inclusions with previously published work indicates that crystallisation
is dependent on the H,0 contents of the entrapped melt. By
investigating a small, undeformed, closed system as melt inclusions,
this study provided an unprecedented picture of the dynamics of
crystallisation and the role that water plays in enhancing trace
element diffusivity during anatexis of the lower crust.

The second study, and the first of the three undertaken on the
rocks from the Bergen Arcs, is focused on the geochemical and
microstructural evolution of an amphibolite shear zone developed
within partially metasomatised granulites. U-Pb age data obtained
from zircon grains within the shear zone cluster at 883 + 3 Ma was
consistent with ages derived from the granulite-facies assemblage.
Phase-equilibria modelling constrains the condition of deformation
at ~ 600°C and ~ 11 kbar. At the microscale, EBSD orientation
analysis allowed the identification of a sequence of deformation
microstructures progressively evolving during syn-kinematic
hydration of the lower crust, and dominated at the grain scale by
crystal plastic mechanisms. The outcrop to microscale workflow
of investigation in this study provided context and constraints to
refine our understanding of the role that fluid infiltration plays in
promoting shear localisation and rheological weakening in the
anhydrous rocks of the lower continental crust!

The third study investigated a low-angle boundary developed by
crystal plasticity within a granulite-facies garnet of a subduction-
zone-generated pseudotachylyte. APT data shows enrichment
of trace elements (Ca, Cl, Na, K, Ti, P, Cu and H) at the targeted
interface. Consideration of the geological context of these samples
suggests different mechanisms for trace element enrichment.
Dislocation-impurity pair is responsible for the segregation of solute
ions (Ca, Ti, P and Cu) during dislocation creep, whereas Na, K, Cl and
H indicate a concomitant mechanism of intra-grain diffusion of an
external fluid source along the low-angle boundary. This study
provides evidence of the impact that intracrystalline deformation has
on garnet microchemistry, thus affecting its geological applications.

The final study builds on the study of trace element segregation
in garnet to systematically investigate the relationship between
trace element segregation and the degree of deformation
represented in low-angle boundaries in olivine. The correlative
techniques of EBSD, TEM and APT were applied to naturally
deformed olivine from exhumed spinel-Iherzolites. APT analyses
show enrichment of Ca, Al, Ti, P, Mn, Fe, Na, Co, Cl and H at the
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analysed interfaces, and the results show a correlation between trace
element segregation and the dislocation density within low-angle
boundaries. Olivine-derived impurities, such as Ca, Al, Ti, P, Mn, Fe,
Na and Co, are interpreted to be segregated to the interfaces by
defect-impurity pair during dislocation creep, whereas higher
concentrations of Cl and H are attributed to the diffusion of
fluid-derived components. The microstructural and nanoscale
compositional outcome of this study indicates complexity in olivine
grain boundaries, which has significant implications for the
deformation of olivine and mantle rheology.

The integrated outcome of this doctoral research provides new,
unprecedented insights into the role that crustal fluids play in mineral
replacement, strain localisation, trace element redistribution during
melt crystallisation and deformation at a heretofore unseen spatial
resolution. The nanoscale characterisation of low-angle boundaries in
different fundamental rock-forming minerals revealed the presence
of a ubiquitous relationship between trace element segregation and
interfaces. This consequently leads to the consideration that coupled
processes of trace element mobility along mineral interfaces are likely
to be widespread. Moreover, the results systematically indicate that
information on hydrogen distribution can be obtained by APT analyses
of low-angle boundaries. This has the potential to represent an
important breakthrough for the nanoscale identification of hydrogen
within mantle-derived minerals, allowing a better understanding of
large-scale dynamics of the deep Earth. Finally, this research provides
a toolbox of techniques combined into a workflow that can be
integrated into future metamorphic, microstructural and geochemical
studies to better understand the complex behaviour of the lithosphere
when interacting with a free-fluid phase.

TOMMASO TACCHETTO

National Geotourism Strategy

Australia-Indonesia geotourism collaboration

The Australia Geoscience Council Inc (AGC) launched the National
Geotourism Strategy in 2021 to support the orderly development of
major geotourism projects and activities in line with overseas trends
and domestic regional development. It offers the potential for new
industries and geoscience employment, as well as being an effective
way to communicate the value of geoscience to the broader
Australian community, and making geoscience a greater part of the
lived experience for Australians. One of the Strategy's goals is to
strengthen Australia's international geoscience standing through
geotourism excellence.

As an initiative of the National Geotourism Strategy, a MOU
between the AGC and Indonesian Geopark Network (IGN) was
executed on 25 May 2023 by AGC's chair, Kevin Cassidy, and IGN's
chair, Mohamad Farid Zaini.

Apart from strengthening the friendship with Indonesia,
Australia's largest and closest neighbour, the MOU provides for
bilateral cooperation in the areas of geotourism development,
conservation management and scientific research. The geographical
proximity of Indonesia provides the convenience of such associated
activities to be conducted in both countries.

Memorandum of Understanding — AGC and IGN

The MOU sets out important goals to accomplish, which include:

e Promote geotourism through the development of geosites,
mining heritage sites, geological time walks and rock gardens,
geotrails, and existing or proposed geoparks

e Raise the profile of Indonesia and Australia as world-leading,
nature-based tourism destinations

e Improve the quality of geoscience education

—




e Explore collaborative projects, such as conferences focused on
geopark/geotrail development, and geoscience education in
both countries

e Foster the development of sister relationships between
existing or proposed geoparks and related organisations
(such as geoscience professional societies) of Indonesia
and Australia.

Australia's business operators, academia, government agencies and
non-governmental organisations are encouraged to take advantage
of this platform to develop projects and organise activities. The AGC
will be pleased to help in linking up relevant bodies and personnel
for such initiatives.

Indonesia’s Geopark Network

The IGN currently enjoys 10 UNESCO Global Geoparks and 14 national
and local geoparks as its members. These geoparks and their
affiliations are active in promoting, developing and upgrading their
current tourism, local products, park and environmental management,
infrastructure and facilities. The attractiveness of these geoparks lies
in their geology, landscapes and unique cultures. The following briefly
describes the 10 UNESCO global geoparks.

Batur Global Geopark, Bali

The active double-caldera Mount Batur in Batur Geopark in Bali is a critical
component of the Pacific Ring of Fire, and has erupted some 22 times over
the past 200 years. Images courtesy Indonesian Geoparks Network

This geopark is characterised by the active, double-caldera Mount
Batur with a crescent-shaped voleanic lake. As a critical component
of the Pacific Ring of Fire, Mount Batur erupted some 22 times over
the past 200 years. The two cataclysmic eruptions occurring 29 000
and 20 000 years ago created the outer and inner caldera, respectively.
The park presents a complete volcanic landscape with caldera walls,
cones and craters, fumaroles, hot springs, a lake, lava flows, pyroclastic
flows and tephra. This unique volcanic geology supports the endemic
flora and fauna, and the Balinese Hindu culture and religion, making
the area an attractive tourist destination. tinyurl.com/Batur-geopark

Gunung Sewu Global Geopark, south central Java

The terraced paddy fields on the conical limestone hills of Gunung Sewu
Geopark in south central Java are a typical example of the interaction
between geology and humans. They are composed of calcareous-tuffaceous
materials of reef, marine and volcanic sediments.

Gunung Sewu is dominated by young tropical limestone hills
composed of calcareous-tuffaceous materials of reef, marine and
volcanic sediments. The geopark is in front of an active subduction
zone between the Indian Ocean, Australian and Eurasian plates,
with active uplifting taking place over the last 1.8 million years —
a situation that produces obvious river and coastal terraces. The area
is rich in biodiversity, archaeology, history and culture. Its Pacitanian
stone culture represents Paleolithic to Neolithic artefacts in Southeast
Asia, with approximately 1 802 km? of the area containing traces of
prehistoric settlements. tinyurl.com/Gunung-Sewu

Ciletuh-Palabuhanratu Global Geopark, West Java

This geopark lies along the border of the tectonically active subduction
zone between the Eurasia and Indo-Australian plates with a convergence
rate of 4 mmjyear. The area is also characterised by the ancient magmatic
zone shifting and fore arc evolution. The geology marks the distinctive
cliffs, canyons and waterfalls, and highlights the ecological importance
of its coastal and marine ecosystems as well as its paddy farming and
Sudanese cultures. tinyurl.com/CILETUH-geopark

Rinjani-Lombok Global Geopark, Lombok

Situated on the island of Lombok, east of Bali, Mount Rinjani was
formed 12 000 to 6 000 years ago. It has a height of 3 726 m, making
it the highest mountain in the area and second-highest in Indonesia.
The eruption of the Old Rinjani volcano in 1257 resulted in the formation
of the huge caldera, which changed the landscape entirely and buried
the old civilisation. The extremely rich biodiversity is highlighted by the
presence of diverse forest types, ranging from savannahs and semi-
deciduous forests to lower montane evergreen forests and tropical
montane evergreen forests. Hinduism, Buddhism, and Islam have
influenced the local history and culture. tinyurl.com/Rinjani-Geopark

Toba Caldera Global Geopark, North Sumatra

This geopark is characterised by its famous volcanic lake, named Lake
Toba. It was formed by a super volcanic eruption (VEI>8) 74 000 years
ago, which destroyed the roof of the Toba magma chamber
and exposed the basement rocks of this area. The rock formations
underlying the area consist of metasedimentary rocks located in the
South Pole, which formed part of the Gondwana continent around
300 million years ago. They are exposed around the steep cliff walls
of Toba's caldera rim. Samosir Island, in the middle of Lake Toba, was
created by resurgent doming because of residual pressure of
the magma chamber during the post-eruption period. This area is
inhabited by various ethnic groups, such as Batak Toba, Simalungun,
Karo and Pakpak. tinyurl.com/Toba-Caldera

Belitong Global Geopark, Belitung Island

The granite tors of Belitong Geopark, particularly those along the coast,
create the most attractive destinations for tourists.

Located approximately 400 km to the north of Jakarta, this geopark
has a total area of approximately 4 800 km? of land and 13 000 km?
of coastal waters. It is surrounded by 241 small islands, including
Mendanau, Kalimambang, Gresik and Selu. The geopark highlights
geologically significant features, such as the Belitong Tor Granite
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landscape, as well as the rare billitonite tektites resulting from
the Australasian meteor impact about 800000 vyears ago.
Its metasedimentary rocks cover about half of Belitung Island. The
geopark also records the history of Indonesia’s tin mining, and displays
the close interaction between geology, ecology, and culture. Six
different religions (Islam, Buddhism, Christianity, Catholicism,
Hinduism, Confucianism) coexist in the area, which has many
multicultural traditions and customs. belitonggeopark.net

ljen Global Geopark, East Java

ljen is characterised by a high concentration of volcanic cones, craters
and lava flows, highlighting the complex geological processes that
have shaped the region over millions of years. The spectacular ljen
Crater and its crater lake is famous for being the most acidic lake in
the world, with the presence of ‘blue fire' caused by ignited sulfuric
gases that emerge from cracks in the crater. Some 22 post-caldera
volcanic cones are inside and on the rim of the caldera. The geopark
places significant emphasis on the education sector, employing several
ongoing work programs for schools, visitors and local people. Both
indoor and outdoor learning facilities are available for interpretation
and field trips. tinyurl.com/fijen-geopark

Maros Pangkep Global Geopark, Sulawesi Island

Maros Pangkep is in the southern part of Sulawesi Island, intersected
by the Wallace Line and encompassing the Maros and Pangkep
Regencies in South Sulawesi Province. It highlights three important
geological features, including the Thrust Melange of Bantimala
Complex, which is comprised of metamorphic rock of low to ultra-
high grades, deep marine sedimentary rocks, and tectonic blocks of
oceanic crust dated to 70-135 million years. The geopark contains
crucial evidence of the early evolution of the Sulawesi Islands, which
helps to understand the global tectonics in the pre-Tertiary period.
Its magnificent karst landscape has 572 horizontal and vertical caves.
More than 300 types of prehistoric artefacts and paintings have
been discovered, with the oldest one dated back to 45 500 years.
geoparkmarospangkep.id

Merangin Jambi Global Geopark, Sumatra Island

This geopark is in Jambi, in the central part of Sumatra Island. Apart
from the stunning landscape and biodiversity, the geopark is rich in
Permian flora fossil deposits, which date back approximately 252 to
299 million years. These deposits originate from the remnant of
Cathaysialand, a microcontinent that separated from Gondwana
during the Permian period and later split into the North China and
South China terranes. The geopark also features karst caves dating
back to the Jurassic to Cretaceous period (164 to 100 mya). These
caves, situated in the northwestern region, are significant
archeological research sites that host artefacts representing the
Mesolithic era. tinyurl.com/Merangin-Jambi

Raja Ampat Global Geopark, West Papua Province

Raja Ampat is known informally as the Emerald Karst of the Equator.
It comprises four major islands: Waigeo, Batanta, Salawati and
Misool. The area unveils the country's oldest rock formation, dating
back 444-359 million years to the Silurian-Devonian era. It has
overlying Mesozoic rocks including ocean floor ultramafics that form
the foundation of karstic limestones. Erosion led to the formation of
the distinctively shaped, limestone islands of high aesthetic value
in Wayag, Kabui and the eastern islets of Misool. The rising sea
levels during the Quaternary Period were followed by a period of
karstification to form numerous above and underwater caves, which
have become famous diving destinations. Prehistoric cave paintings
of early inhabitants of the geopark area have been discovered on
steep limestone cliffs and eroded cavities along the coastline,
signifying the importance of the humankind-geology relationship.
rajaampatgeopark.com
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The signing of the MOU between Australia and Indonesia signifies
the beginning of a new era for nature-based tourism development in
these countries. Both are well endowed in geotourism resources and
are keen to work together to develop and upgrade the current
promotion, management and operation of geotourism activities. The
MOU also provides a research platform for institutes and universities
to carry out joint research projects on geology, geoheritage,
geotourism and sustainable development. Field studies and training
activities are encouraged to broaden the academic perspective of both
students and researchers. Tourism operators and investors should
consider the MOU as a basis upon which to establish relationships
with their Indonesian counterparts and explore potential business and
investment opportunities.

For further information, contact oz.geotourism@gmail.com

YOUNG NG
Chair, Working Group 6,
National Geotourism Strategy Steering Committee

John Martyn highlights the
features of a formative geotrail

for the Ku-ring-gai GeoRegion

The existing Sheldon Forest walking track, just south of the Turramurra
shops, is already a popular walking track managed by Ku-ring-gai
Council. A story of geology and landscapes adds more interest to this
track as it meanders through the beautiful bushland of Sheldon Forest,
along ridge tops, through open forest on the hill slopes and down to
the creek side. Sheldon Forest is of high conservation status, because
it contains some of the last remnants of the endangered ecological
communities, ie, Sydney Turpentine-Ironbark Forest and Blue Gum
Forest https://bit.ly/44xAMxu.

John Martyn leads a tour group at Sheldon Forest Walking trail.
Image courtesy Angus M Robinson

On Sunday 11 June, as a community awareness building activity,
Ku-ring-gai GeoRegion Steering Committee member and GSA member
Dr John Martyn led a National Trust Heritage tour group. The group
was organised by the Friends of the Ku-ring-gai Environment, the
originating proponent of this outstanding GeoRegion, but also strongly
supported by other community groups such as the South Turramurra
Environment Protection Inc.

John has also presented the 'Geology of the Ku-ring-gai
GeoRegion and its Sydney Basin setting’ at the recent AESC 2023
https://bit.ly/3D89ZMM.

ANGUS M ROBINSON




