
Earth Materials and Processes 2007 Introduction

The former Earth Materials area has been renamed Earth Materials and Processes to
reflect better the diversity of the science we do. The area comprises groups in
Experimental Petrology, Rock Physics, Thermochronology, and Structure & Tectonics.
The research of these groups centres around laboratory based measurements under
controlled conditions, simulating those occurring in nature, but these activities are
complimented by field based observations, often in collaboration with scientists from
other institutions, nationally and internationally. Through such investigations we are
developing understanding of the structure and chemical composition of planetary
interiors, and the processes by which they evolve. Our interests start at the very
beginning of solar system history with how the Earth and other rocky planets accrete,
and encompasses core formation, mantle convection, volcanism, metamorphism,
global tectonics and the formation of ore deposits.

Areas of current research activity include:

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

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

• Coupling between fluid flow and fault mechanics in the continental crust
Experimental studies of the role of fault healing and sealing processes in controlling
the time dependence of fault strength and permeability at high temperatures and
pressures; complementary field-based and modelling studies exploring fluid-driven
growth of shear networks with applications to understanding the development of lode
gold systems, especially in the Western Australian goldfields.

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



Experimental Petrology introduction

The Experimental Petrology Group uses a laboratory-based experimental approach combined
with field observations to study the Earth, its origin, evolution and mineral wealth. The group
operates a wide range of experimental apparatuses for generating the high temperatures and
pressures that are needed to reproduce the natural conditions within the Earth.

The equipment includes: high temperature furnaces capable of reaching 1800ºC, several of
which are equipped for precise control of oxygen and sulfur fugacities by gas mixing; eleven
solid-media piston-cylinder devices for generating pressures to 6 GPa and temperatures in
excess of 2000ºC, a multi-anvil apparatus, which can presently achieve pressures of 27 GPa;
and a well-equipped hydrothermal laboratory. These high-temperature, high-pressure
apparatuses are complimented by an array of microbeam analytical techniques, including a
Cameca SX100 electron microprobe; laser-ablation ICP-MS, which is now being used regularly
to analyse trace-elements in experimental run products; a STOE STADIP powder X-ray
diffractometer; and FTIR spectroscopy for the determination of H2O, CO2 and other volatile
species in minerals and glasses. To complement this latter facility, the group acquired a
Agilent 6850 Gas Chromatograph, which has been combined with a capsule-piercing device
to enable the extraction and analysis of small quantities of C-O-H fluids from high-pressure
experimental run products.

As well as the conventional 1/2 inch and 5/8 inch apparatus for use to 4 GPa, the group’s
piston-cylinder laboratory also runs a high-pressure device that is now operating regularly at
6.5 GPa; the laboratory also has two large-capacity piston-cylinder devices that take 30 mm
and 50 to 65 mm diameter pressure assemblies respectively, enabling pressure to be
controlled extremely accurately, and which are capable of synthesising relatively large
volumes of high pressure phases for detailed mineralogical studies. A novel diamond
composite hard material, developed in these apparatuses and now under commercial
production, offers promise as an anvil material to extend the pressure range of the multi-
anvil apparatus above 26 GPa, thereby allowing detailed experimental exploration of the
pressure-temperature regime of the Earth’s lower mantle. To further this research the multi-
anvil apparatus has now been refurbished and provided with full computer control of
pressure and temperature.

In recent years the group has become increasingly involved in developing methods to
characterise geologic materials by X-ray absorption spectroscopy (XANES) and related
techniques that use synchrotron radiation. Research in this area is presently concentrating on
oxidation states in silicate melts, including in-situ measurements at temperatures to 1500ºC,
and speciation in ore-forming hydrothermal solutions.
Members of the group continue to investigate conditions and processes in the Earth’s upper
mantle (Professors David Green and Hugh O’Neill, Dr Robert Rapp), and metamorphism in the
continental crust (Drs Joerg Hermann), as well as the physical chemistry of ore-forming
solutions (Drs John Mavrogenes, Katy Evans).



Clarification of the Influence of Water on Mantle Wedge Melting

David H Green and William O Hibberson

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

Water is a significant component in primitive island arc magmas and its ubiquitous presence
is attributed to release of water from dehydration reactions in subducted oceanic crust and
lithosphere.  Water released from the subducted slab is inferred to be transferred as aqueous
vapour or water-rich melt into the overlying peridotite of the mantle wedge.  Because of the
inverted temperature gradient inferred for the mantle wedge immediately above the
subducted slab, access of aqueous vapour or water-rich melt will initiate melting close to the
water-saturated peridotite solidus.  The location of a region of water-saturated mantle
melting, if it exists, can be predicted if we know the P,T dependence of the water-saturated
peridotite solidus and can model the temperature distribution in a particular subduction
setting.  A number of experimental studies in the 1970’s defined the P,T conditions for the
water-saturated solidus of lherzolite. The solidus decreases rapidly from ~1100˚C at
atmospheric pressure to 0.5 GPa, 1000˚C, and continues to decrease slightly to a minimum of
970˚C at 1.5 to 2 GPa.  At higher pressure, the water-saturated solidus increases in
temperature (i.e. positive T/P), so that it is above 1100˚C at 4 GPa.

  A new experimental study by Grove et al (2006)* suggests major revision of this earlier work
such that these authors’ interpretation of their observations placed the water-saturated
lherzolite solidus at ~1000˚C at 0.5 GPa but their solidus continues with a negative T/P to
at least 3.5 GPa, 800˚C.  Thus, in comparison with earlier work summarised above, Grove et al
(2006) conclude that melting at depths around 100km within the mantle wedge begins at
>200˚C below the previously determined conditions.

Additional major differences in the new work are the presence of chlorite as a subsolidus and
above-solidus phase from 2 GPa to 3.2 GPa and the restriction of amphibole (pargasite) to
pressures <2 GPa.,  compared with 3GPa found in earlier work.  These differences in
observation and interpretation of peridotite melting have large effects for geophysical,
geodynamic and petrological modelling of convergent margin processes and characteristics
and there is a need for reconciliation of the new and earlier results.

We have therefore repeated selected experiments of Grove et al (2006) and extended their
investigation particularly by varying the water content of the experimental charges from the
very high value (14.5 wt%) used by Grove et al (2006).   We have carried out experiments
which clarify the roles of aqueous fluid (including solid phases quenched from fluid), water-
rich silicate melt and amphibole (pargasite) stability. We reproduce the observations of Grove
et al. (2006) with 14.5% H2O but demonstrate that glass observed in the experimental charges
below 1000˚C is quenched from a water-rich fluid phase, and not from a silicate melt. By
varying the water content of the charge we are able to differentiate between fluid-saturated
silicate melt and the coexisting water-rich fluid-phase for water contents in the peridotite
between 0.073% and 14.5% H2O. Pargasite is stable to 3GPa at 1000˚C with low water
contents (2.9%, 1.45%, 0.145% and 0.073% H2O) and at this P,T, has a modal abundance of
3% of the peridotite. Pargasite is destabilised at higher water contents of 14.5% and 7.25%
as sodium and potassium enter the fluid rather than the silicate minerals. Compositions of
clinopyroxene and pargasite correlate with water content. At 2.5GPa coexisting melt and fluid
have ~25% and ~80% by wt of  H2O respectively. We demonstrate that the fluid-saturated
solidus of the lherzolite model mantle composition is at 1000˚C<T<1025˚C at 2.5 GPa and
1200˚C<T<1225˚C at 4 GPa.. The near-solidus melt at 2.5 GPa. is a very silica-undersaturated
olivine nephelinite.



We also used olivine single crystal discs and either olivine aggregates or carbon sphere
aggregates as melt and fluid traps forming interstitial  films or inclusions within olivine. For
several experiments with high water contents, the capsule was pierced under high vacuum at
room temperature and the vapour released was analysed by gas chromatography.

The study confirms that early work establishing the fluid-saturated solidus of fertile
lherzolite+ H2O (model mantle compositions) at ~1025˚C at 2.5 GPa and has a positive T/P
at higher pressure, is correct. Similarly, pargasite is stable at and below the lherzolite+ H2O
solidus up to pressures of 3 GPa. Chlorite is not stable at subsolidus or near-solidus conditions
in lherzolite unless high water/rock ratios remove the Na2O+K2O components required for
pargasite or phlogopite stability. Our new experiments demonstrate that melting of
lherzolite+ H2O at pressures to at least 4 GPa does not show supercritical behaviour but above
the fluid-saturated solidus at high pressures has water-rich (~30% H2O) silicate melt and
alkalis+silica-rich aqueous fluid (~80% H2O) in sufficiently water-rich compositions. In
realistic geological settings, including the mantle wedge above a subducted slab, we should
expect lherzolite+H2O to experience either fluid-undersaturated melting ( i.e. the solidus of
pargasite lherzolite or phlogopite lherzolite ) or fluid-saturated melting with all fluid
components entering the melt at, or very close to, the solidus.

Figure 1

Grove,T.L., N. Chatterjee, S.W. Parman, and E. Medard, (2006) The Influence of H2O on Mantle Wedge Melting.
Earth and Planetary Science Letters, v.249, 74-89



The effect of CO2 on the speciation of RbBr in solution at temperatures to
650 degrees C and pressures to 0.65 Gpa
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Carbon dioxide- and salt-bearing solutions are common in geological environments.  The
presence of CO\2 affects mineral solubilities, fluid miscibility, and viscosity/wetting properties,
and is expected to affect salt speciation. EXAFS measurements of RbBr-H\2O-CO\2 fluids
contained in corundum-hosted synthetic fluid inclusions (SFLINCs) have been used to
investigate the effect of CO2on salt speciation at temperatures to 650\0C and pressures to
around 0.65 GPa.

Surprisingly, results for Rb in CO2-free and CO2-bearing solutions are effectively identical.
This is attributed to exclusion of CO2 from the vicinity of the solvated cation, and is consistent
with significant variation in fluid properties in the vicinity of solvated cations. This result has
implications for thermodynamic modelling of CO\2-bearing fluids as it suggests that bulk
fluid properties may be inappropriate for calculation of solute parameters.  Results for Br in
CO2-free solutions are different to those from CO2-bearing solutions.  The contrast between
the results for cations and anions is consistent with the characteristics of ion-water bonding;
the geometry of anion-water complexes permit greater continuity between the bulk solvent
and solvated waters than is possible for cation-water complexes.

Otherwise, the results are consistent with those of previous work.  Increases in pressure and
temperature cause an apparent decrease in the number of waters of solvation for Rb of up to
67 %, and a contraction in bond lengths of around 4 %.  Results for Br also show apparent
solute dehydration.  However, forward modelling indicates that solute dehydration might be
difficult to distinguish from ion-pairing.

Advances in conceptual models based on the results presented here are pertinent to CO2-
bearing solutions in a range of geological environments that include granulite, ore-forming
and magmatic environments.



A preliminary investigation of chlorine XANES in silicate melts
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The nature of chlorine speciation in silicate melts affects volatile exsolution history,
rheological, and thermodynamic properties of the melt, but is poorly known. XANES (X-ray
Absorption Near Edge Structure) spectra, taken from 26 natural and synthetic samples, have
been used to constrain Cl-speciation in silicate melts, and to test the hypothesis that  Cl in
silicate melts is hosted by a combination of salt-like cation-Cl complexes.

The results are consistent with the existence of a CaCl2 species that has reduced short-range
order compared to the CaCl2 salt.  However, there is no evidence to support the existence of
an equivalent MgCl2 species.  This is surprising, given the similar positive effects that Mg and
Ca exert on the solubility of Cl in silicate melts. It is concluded that Cl in silicate melts cannot
be represented by a combination of salt-like cation-Cl species, and that some combination of
mixed cation-Cl species, polymeric cation-Cl species, lone Cl species, and Cl incorporated into
network-forming polymers must be invoked to explain observed spectral features.   Further
investigations using XANES, alternative spectroscopic techniques, and forward modelling
approaches are required to distinguish between these possibilities.  NaCl-like features
exhibited by the natural samples are attributed to NaCl present in the sample that is not
hosted by the melt.



Accessory phase control on the trace element signature of subduction zone
fluids
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In order to understand the general trace element signature of arc lavas, phase and melting
relations in metapelites at sub-arc depth are of first order importance. We performed an
experimental studies on trace element doped, hydrous (2-7 wt.% H2O), synthetic pelite and
granite in the range 20-45 kbar and 600-1050°C, i.e conditions relevant for the slab at sub-
arc depth. In the metapelite, a hydrous melt that quenches to a glass is present at conditions
above 700°C, 25 kbar; 750°C, 35 kbar and 800°C, 45 kbar. At lower temperatures, a solute-
rich aqueous fluid is present, which is not quenchable. In the experiments, this fluid has been
captured in diamond traps, and the quench material as well as the glass have been analysed
with LA-ICP-MS.

One surprising feature in the run products is the presence of accessory phases at subsolidus
and at suprasolidus conditions, even at large melt proportions of 50%. Rutile, apatite and
zircon have been found over the entire investigated P-T range (Figure 1). Allanite is present at
2.5 GPa up to 800°C, and at 3.5 and 4.5 up to 750°C. At higher temperatures, monazite is
stable up to 1000°C. This has profound bearings on the trace element characteristics of the
fluid phase. In a residue consisting of garnet, clinopyroxene, phengite and coesite, all trace
elements in the fluid phase are governed by partitioning behaviour. In contrast, in the
presence of accessory phases, several trace elements are buffered (Ti by rutile, P by apatite, Zr
by zircon, LREE by monazite/allanite).

This means that the concentration in the fluid phase is independent of the amount of the
phase in the residue (as long as it is present) and independent of the amount of partial
melting. Figure 2 displays the variation of such buffered elements as a function of pressure,
temperature and nature of the fluid phase. The concentration of these elements in hydrous
melts is well constrained and principally changes as a function of temperature and to much
lesser extent as a function of pressure. The concentrations of trace elements in the aqueous
fluid are much harder to determine but show consistently lower values. It appears that there
is a sudden decrease in the concentration of buffered elements at the transition from hydrous
melts to aqueous fluids. The most distinct feature of arc rocks is the addition of a subduction
component containing LILE (K) and LREE (Ce).

If we consider that in most cases, the subduction component constitutes less than 20% of a
primitive arc magma and use for example primitive arc lavas of the Marianas having 5000-
8000 ppm K and a subduction contribution of 3-15 ppm of Ce, the minimum concentration in
the fluid phase released from the subduction zone must be 25’000-40’000 ppm K and 15-75
ppm Ce. It is directly evident that this is only possible if the fluid phase is a hydrous melt and
top slab temperatures are higher than 750°C.

Zircon is able to fractionate geochemical twins such as Zr and Hf (Figure 3). Hf decrease in
the melt is less pronounced than Zr with decreasing temperature and thus hydrous melts at
750-800°C leaving the slab have a Zr/Hf significantly lower than the primitive mantle value.
Therefore addition of hydrous melts to the mantle wedge would be an efficient way to add a
subducted sediment Hf-isotope component to arc lavas.



Figure 1.  Experimental run products. a) 750°C, 3.5 GPa: Accessory phases rutile (Rt), monazite, (Mo) and zircon
(Zir) are stable with hydrous melt (M). b) Accessory apatite (Ap) and zircon are present in a run at 1000°C, 4.5

GPa. Other abbreviations: Grt = Garnet, Phe = Phengite, Cpx = Clinopyroxene, Coe = Coesite.

Figure 2.  Experimentally determined concentration of trace elements in the fluid phase that are buffered by
phengite (K), rutile (Ti), zircon (Zr) and allanite or monazite (Ce). The concentration decreases strongly as a

function of temperature and the nature of the fluid phase (aqueous fluid vs. hydrous melt).

Figure 3.  Residual zircon is able to fractionate the geochemical twins Zr and Hf. Zr/Hf* refers to the ratio of
Zr/Hf in the analyzed fluid phase normalized to the Zr/Hf of the starting material.



The limitations of using unpolarized absorbance spectroscopy on anisotropic
minerals
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To complete the project outlined in last year’s Annual Report, we have carried out a parallel
experimental and theoretical study of the behaviour of IR light, and assessed implications for
its wide use in characterising atomic vibrations and water content in thin sections or small
samples of minerals.

Starting from Maxwell’s equations, we developed a theory indicating that angular variation of
linear polarized transmittance in weakly absorbing anisotropic minerals can be described by
the relationship:

T(_) = Tmaxcos2_ + Tminsin
2_ (1)

where theta specifies the orientation of the direction of polarisation. We label this equation ‘T
theory’ and note that its derivation requires several approximations. The first is that the
mineral is not ‘strongly absorbing’. The second approximation means that Eq. 1 will be
accurate when light propagates exactly along an optic axis and an excellent approximation
when the light direction is sufficiently inclined to the optic axes, but deteriorates somewhat
in accuracy when the light direction lies in a small region immediately surrounding the optic
axes.

Eq. 1 may be well approximated if, in a given section, the linear polarized maximum
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We label this equation as the ‘A theory’.  It holds for linear polarized absorbance of a single
absorbance peak as well as for integrated polarized absorbance of overlapping peaks.
In contrast to Eq. 1, Eq. 2 can be easily integrated over all angles to predict unpolarized
absorbance, resulting in a simple relationship between unpolarized (either linear or
integrated) absorbance and polarized maximum and minimum absorbance in any given
section:
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) (3)

We tested both the nearly exact ‘T theory’ and the approximate ‘A theory’ against systematic
polarized and unpolarized measurements of minerals with a variety of principal linear
absorbance values (Fig. 1). Firstly, we present data from sections of minerals (topaz and
calcite) that have sufficiently strong net absorbance characteristics that there is predicted to
be a clear difference between the ‘A theory’ and the ‘T theory’, as demarked in Fig. 1. We
confirm that in these cases the ‘T theory’ fits the data well, but the ‘A theory does not (topaz,
Fig. 2). We then measured samples with absorbance characteristics such that the ‘A theory’
was expected to be a good approximation (calcite cleavage parallel section, Fig. 3), and
demonstrate empirically that unpolarized IR can be used to recover quantitative absorbances
from a population of randomly oriented mineral grains.



In this later case the unpolarized average absorbance is exactly one third of the total
polarized absorbance (either linear or integrated).

The important consequences of our parallel studies are that quantitative IR absorbance can be
measured (a) using unpolarised IR, (b) on non-oriented samples, so crystal size is not limiting,
and (c) on anisotropic materials with crystal symmetry lower than orthorhombic.

Figure 1 The error from using the approximate ‘A theory’ (Eq. 2) compared to the nearly exact ‘T theory’ (from
numerical integration of Eq. 1) for calculating unpolarized absorbance, as a function of linear polarized
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 for samples used in this study are plotted as
follows: open star – topaz, 1.66 mm thick basal section (001) for the absorbance peak at 2320 cm-1; filled stars

– seven calcite sections cut parallel to the cleavage (10 1 1) of thickness 198 to 1958 _m.

Figure 2 The linear absorbance at 2320 cm-1 in a 1.66 mm thick basal section of topaz (001). Angular variation
of the linear polarized absorbance, with the solid curve and the dashed curve fitted to the ‘T theory’ (Eq. 1) and

the ‘A theory’ (Eq. 2), respectively, assuming an uncertainty of 3% in each datum.



Figure 3 Angular variation of linear absorbance for the peak at 3943 cm-1 in a 1958 _m thick calcite section, cut
parallel to the cleavage (10 1 1). The solid curves and the dashed curves are least-squares fits to the ‘T theory’

(Eq. 1) and the ‘A theory’ (Eq. 2), respectively, assuming an uncertainty of 3% in each datum.



Vanadium partitioning and mantle oxidation state
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Vanadium exists in multiple valences in natural basaltic melts (V2+, V3+, V4+ and V5+), and
because most crystalline phases prefer to incorporate V3+ rather than V4+ and V5+, its
crystal/silicate-melt partitioning tends to decrease with increasing oxygen fugacity (fO2). Such
dependence has been experimentally demonstrated and used to estimate the fO2 of mantle
and mantle-derived rocks. Recent modelling of V and V/Sc systematics in basalts has lead to
the view that the relative fO2 of the upper mantle is constant, both through time and among
the sources of different types of basaltic magmas (i.e. MORB, OIB and IAB).

This is contrary to the notion given by other oxygen barometric methods, mostly based on the
distribution of Fe2+ and Fe3+ on peridotites and basalts, which indicate an upper mantle
heterogeneous in relative fO2. To explore further the potential of V to estimate the relative
fO2 of mantle peridotites and basalts, a set of high-pressure and high-temperature
experiments was carried out using 1-atm vertical tube furnaces (at 1300oC) and piston-
cylinder apparatus (1275-1450oC and 1.5-3.2 GPa) under controlled oxygen fugacity
conditions. Contrary to previous studies, the range of oxygen fugacity obtained in our
experiments is large enough (104 to 10-20 bars) to constrain the behaviour of all four potential
oxidation states of vanadium in natural systems.

Five starting compositions were used, producing silicate melt in equilibrium with all major
phases of the upper mantle (olivine, orthopyroxene, clinopyroxene, spinel and garnet). The
experimental products were analysed by laser-ablation ICP-MS to determine V partition
coefficients, which plot for all phases as approximately sigmoid-shaped curves in log D-log
fO2 space. Details of the shape of the curve are controlled by the relative preference of each
crystalline phase for a specific valence of V. Contrary to previous studies, our results do not
suggest a systematic increase in DV

cpx/opx with decreasing fO2.

Figure 1.  Example of an experimental charge run at very reducing conditions (fO2 ~ 10-18 bars), where the
oxygen fugacity is set by the CO-Ar-graphite equilibrium via gas mixing. Dark area on top is the graphite

container, dark grey are silicate crystals, light grey is the silicate melt, and white patches are metal phases. Scale:
~300 microns across.



Collisional erosion and the non-chondritic composition of the terrestrial
planets
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The compositional variations among the chondrites inform us about cosmochemical
fractionation processes during condensation and aggregation of solid matter from the solar
nebula. These fractionations include: 1) variable Mg-Si-RLE ratios (RLE: Refractory Lithophile
Element); 2) depletions in elements more volatile than Mg; 3) a cosmochemical metal/silicate
fractionation; and 4) variations in oxidation state.

Moon-to-Mars-sized planetary bodies, formed by rapid accretion in local feeding zones
within 106 years, may exhibit some of these chemical variations. However, the next stage of
planetary accretion is the growth of the terrestrial planets from ~102 embryos sourced across
wide heliocentric distances, involving energetic collisions, in which material may be lost from
a growing planet as well as gained. While this may result in averaging out of the “chondritic”
fractionations, it introduces two non-chondritic chemical fractionation processes: post-
nebular volatilisation and preferential collisional erosion.

 In the latter, geochemically enriched crust formed previously is preferentially lost. That post-
nebular volatilisation was widespread is demonstrated by the non-chondritic Mn/Na ratio in
all the small, differentiated, rocky bodies for which we have samples, including the Moon and
Mars. The Bulk Silicate Earth (BSE) has chondritic Mn/Na, but shows several other
compositional features in its pattern of depletion of volatile elements suggestive of non-
chondritic fractionation. The whole Earth Fe/Mg ratio is 2.2±0.1, significantly greater than the
solar ratio of 1.9±0.1, implying net collisional erosion of ~ 10% silicate relative to metal
during Earth’s accretion. If this collisional erosion preferentially removed differentiated crust,
the assumption of chondritic ratios among all RLEs in the BSE would not be valid, with the
BSE depleted in elements according to their geochemical incompatibility.

 In the extreme case, the BSE Earth would only have half the chondritic abundances of the
highly incompatible heat-producing elements Th, U and K. Such an Earth model resolves
several geochemical paradoxes: the depleted mantle occupies the whole mantle, is completely
outgassed in 40Ar, and produces the observed 4He flux through the ocean basins. But the
lower radiogenic heat production exacerbates the discrepancy with heat loss.



The dependence of upper mantle melting temperatures on composition: A
parameterization for peridotite based on the Gibbs phase rule
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The temperature at which material of the Earth’s upper mantle melts and produces basaltic
magma places important constraints on the thermal structure of the Earth and patterns of
mantle convection. This temperature depends on the chemical composition of the mantle
material. Experimental studies have determined the solidus (the beginning of melting) as a
function of pressure for various bulk compositions, but without a systematic assessment of
how the solidus depends on compositional variables, the significance of the reported
differences in solidus temperatures is ambiguous, leading to controversy regarding the
relative influence of temperature anomalies as opposed to compositional heterogeneity on
variations in the initial depth of melting and melt productivity.

This problem is exacerbated by the experimental difficulties in determining both the extent of
melting and the compositions of partial melts at low melt fractions. Here we introduce a
parameterization of the equilibrium melting temperature for upper mantle spinel lherzolite as
a function of pressure and composition, which can be combined with mineral/melt partition
coefficients to calculate the solidus temperature precisely, and the increase in melt fraction
with temperature above the solidus. The parameterization takes as its starting point partial
melting in the system CaO-MgO-Al2O3-SiO2 (CMAS), and then quantifies the effect of other
components individually, where these additional components are FeO, Cr2O3, Na2O, K2O,
P2O5, TiO2 and the volatile components H2O and CO2.

By testing the parameterization against the entire experimental database for melting of
spinel lherzolite, we demonstrate that higher-order terms between these additional
components are negligible at relevant concentrations, except for a term describing the
interaction of H2O and CO2. The parameterization enables experimental studies of different
compositions to be tested for mutual consistency, and permits the compositions of initial and
low melt fraction partial melts to be estimated. The parameterization may be integrated
readily into physical models for melt generation, and provides a benchmark for testing more
comprehensive models based on mineral and melt thermodynamic properties.
The solidus temperature of the system CMAS-Na2O-FeO was parameterized from the
comprehensive experimental data from 0 to 4.0 GPa. For the spinel-lherzolite facies we obtain
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Interactions between felsic melts and peridotites in sub-arc conditions:
Comparison between experimental results and natural samples
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In subduction zones, lavas from volcanic arcs usually show a clear slab signature. Within the
subducted slab, several recent studies have shown that the interaction of a hydrous fluid, that
derives from dehydration of hydrous phases in the lower portion of the slab, with sediments
on top of the slab produces a felsic melt enriched in varying amounts of Na and K and
incompatible trace elements. However, it remains still unknown how these melts are able to
migrate within the mantle wedge to induce partial melting.

We have performed piston cylinder experiments to study the amount and the kind of
interactions, which could happen between slab-derived melts and the mantle wedge. Two
types of assemblages were chosen to investigate this question. The first assemblage consists
of a fine-grained mix of 75% of San Carlos olivine with 25% of granitic glass (Fig.1a) whereas
the other set consists of a layer of coarse-grained olivine (100µm) overlain by the granitic
glass (Fig.1b). These experiments were run at 35kbar with a range of temperatures from 950ºC
to 1050ºC equivalent to sub-arc mantle temperature.

The mixed experimental charge was designed to represent porous flow in the mantle. The
added granitic melt reacted completely with the olivine to form a peridotite containing
garnet, orthopyroxene, phlogopite and a residual aqueous fluid that has been trapped in
graphite spheres. (Fig.1a). The layered capsule aimed to imitate a channel flow through the
mantle. Results were somewhat different as the reaction between olivine and granite is
confined to a small layer of garnet orthopyroxenite at the contact of both phases (Fig.1b).
Only accessory phlogopite was found in those layered experiments showing that most of K,
Na, H2O remains in the granite. This observation suggests that the garnet-orthopyroxene zone
acts as a shield between the mantle and a felsic dyke.

In New Caledonia, the main Massif du Sud ophiolite is interpreted to derive from a supra-
subduction zone and shows many dykes of various compositions. A family of dykes was
particularly noticed in the field by their analogy with the experimental results. These dykes
are generally of dioritic to trondhjemitic composition and show a clear reaction zone with the
surrounding harzburgite. This continuous metasomatic zone is characterized by a centimeter
to decimeter thick orthopyroxenite (Fig.2). Such walls of orthopyroxenes are easily explained
by a silica enrichment in the peridotite following the reaction (Mg,Fe)2SiO4 + SiO2 =>
(Mg,Fe)2Si2O6. The absence of garnet in regards to the experimental results is due to a lower
pressure which only allows the formation of spinel-group minerals.

Field observations and experimental results have shown that felsic melts can be transported
over long distance without important and complete interactions with the surrounding
peridotite once pyroxenite walls are formed. This finding has important consequences on the
way how incompatible elements are transported from the slab to the locus of partial melting
in the mantle wedge.



Figure 1. Experimental run products a) 1050°C,
35kbar, mixed experimental charge. Recrystallized

olivine with pyroxene and garnet embedded in
phlogopite. b) 1050°C, 35kbar, layered experimental

charge. Contact zone between olivine and glass
with idiomorphic garnet and orthopyroxenes. Olv :

Olivine, Px : Orthopyroxene, Grt : Garnet, Phl :
Phlogopite, _ : Granitic glass.

Figure 2. Fine-grained leucogabbro dyke with
coarse gabbro margins in harzburgite.  The
dyke-peridotite contact is characterized by

orthopyroxenite walls. Rivière Blanche, Massif
du Sud, New Caledonia
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Isotopic and trace element geochemical studies of ocean island basalts (OIBs) have for many
years been used to infer the presence of long-lived (~1-2 Ga old) compositional
heterogeneities in the deep mantle related to recycling of crustal lithologies and marine and
terrigenous sediments via subduction (e.g., Hofmann, 1997; Willbold and Stracke, 2006). In
particular, models for the EM-1 type (“enriched mantle”) OIB reservoir have invoked the
presence of subducted, continental-derived sediment in the lower mantle or at the core-
mantle boundary to explain high 87Sr/86Sr ratios, low 143Nd/144Nd and 206Pb/204Pb ratios, and
extreme enrichments in incompatible elements (e.g., K, Pb, Rb, Ba, Sr, La, Ce, etc.) observed in
OIB lavas from, for example, the Pitcairn Island group in the South Pacific.

More recently, ultrapotassic, mantle-derived lavas (lamproites) from Gaussberg, Antarctica
have been interpreted as the product of melting of deeply recycled (subducted) Archean-age
metasediments in the mantle transition zone at ~400-700 km depth (Murphy et al., 2002).
We have carried out a series of high-pressure laboratory experiments in the multi-anvil
apparatus in which continent-derived sediments were subjected to pressure (16-24 GPa) and
temperature  (1300-1800°C) conditions equivalent to those of the mantle transition zone.
The high-pressure mineral assemblages produced in our experiments contain ~15-30 wt% K-
hollandite (KAlSi3O8, a high pressure polymorph of K-feldspar), in addition to stishovite ( a
high-pressure polymorph of quartz), garnet, an Al-silicate phase (kyanite or phase egg), and a
Fe-Ti spinel (corundum).  Analyses of K-hollandite with the ion microprobe at Woods Hole
reveal that this phase controls a significant proportion of the whole-rock budget of the
incompatible trace elements (e.g., Rb, Ba, Sr, K, Pb, La, Ce and Th).

Comparisons between the abundances and selected ratios of these elements in K-hollandite
with those in EM-I type ocean-island basalts from Pitcairn Island and related seamounts, and
with the Gaussberg lamproites, strongly implicate the presence of deeply recycled, continent-
derived sediments in the source region for these lavas.  Our results suggest that the
incompatible element signature of EM-I OIB reservoirs in general and of the Gaussberg
lamproites in particular can be attributed to recycling of K-hollandite-bearing continental
sediments to transition zone depths, and perhaps even deeper into the lower mantle.



Figure 1. Ratios of incompatible element pairs (Ba/Sr versus Sr/Pb) in K-hollandite bearing sediments from high-
pressure experiments compared with those for Gaussberg lamproites and Pitcairn Island. with mixing curves
calculated for various proportions of subducted metasediment and subequal amounts of MORB residue (grey
star), depleted MORB mantle (DMM; pink star)) and primitive mantle (PM; blue star) reservoirs. Between 5 and
10% sediment is implied for the mantle source for EM-I OIB from Pitcairn, and much higher proportions (40-

50%) for the Gaussberg lamproite source.

Hofmann, A.W., 1997.  Mantle geochemistry: the message from oceanic volcanism. Nature 385, 219-229.
Murphy, D.T., Collerson, K.D., Kamber, B.S., 2002.  Lamproites from Gaussberg, Antartica: possible transition zone
melts of Archaean subducted sediments.  Jour. Petrology 43, 981-1001.
Rapp, R.P.,  Irifune, T., Shimizu, N., Nishiyama, N.,  Norman, M.D. and T. Inoue (2008)  Subduction recycling of
continental sediments and the origin of geochemically enriched reservoirs in the deep mantle.  Earth Planet. Sci.
Lett. (in press).
Willbold, M., Stracke, A., 2006.  Trace element composition of mantle end-members: Implications for recycling of
oceanic and upper and lower continental crust.  Geochem. Geophys. Geosyst. 7, Q04004, doi:
10.1029/2005GC001005.
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Can sulfide melts exsolve halogen rich fluids? Several ore deposits around the world (eg.
Broken Hill, Stillwater, Sudbury and Bushveld) have occurrences of halogen-rich minerals in
association with the ore. To help better understand these occurrences, piston cylinder
experiments were performed to investigate the partitioning behavior of Cl between coexisting
haplogranite and Pb-Fe-Zn-sulfide melts at 0.5 GPa pressure and 810˚C temperature.

In water undersaturated experiments where a Cl doped haplogranite glass was used as the
silicate starting material, the Cl was found to partition strongly into the sulfide melt. Here Cl
may be acting as a flux within the sulfide melt resulting in lowering its eutectic temperature.
Not only is Cl dissolved in the sulfide melt, but as the sulfides crystallize the residual sulfide
melt progressively enriches in Cl. In water saturated experiments where Cl was doped into the
sulfides, Cl was noticeably absent from both quenched sulfide melt and silicate glass,
suggesting strong partitioning into the coexisting aqueous fluid. The results indicate that the
partitioning preference of Cl, when in equilibrium with sulfide-silicate melts and aqueous
fluid, decreases in the order aqueous fluid - sulfide melt - silicate melt.

These experimental results can be applied to understand the cooling of sulphur- and chlorine-
bearing magmatic systems. Initially, Cl will partition into a sulfide melt that coexists with a
hydrous silicate melt. Once an aqueous fluid exsolves from the silicate melt – due to
decompression or crystallization at the solidus – Cl will partition into the newly formed fluid
causing the sulfides to freeze and crystallize rapidly. The escaping Cl-rich fluid might lead to
extensive halogen alteration in the country rocks of the intrusion. The concepts investigated
in this study may have significant implications for understanding the evolution of magmas
giving rise to copper porphyry deposits and aid in our understanding of halogen-alteration
and halogen-rich minerals in major sulfide deposits.

Figure 1.  Back-scattered electron images of a water saturated sulfide-silicate partitioning experiment. Image on
left is view of entire capsule, showing rounded sulfide bleb in the centre of quenched glass. The large black void
seen on upper right of sulfide bleb and surrounding the sulfide bleb are remnants of excess water pockets. Inset
is a detailed view of the sulfide bleb showing inhomogeneous sulfide quench texture. In this experiment, neither

sulfide nor silicate showed detectable Cl values.



Ti site occupancy and distribution in zircon: implications for thermometry
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Application of the Ti-in-zircon thermometer (Watson et al, 2006; Watson and Harrison, 2005;
Ferry and Watson, 2007) requires an understanding of which site Ti occupies within the zircon
structure, the influence of chemical variables on Ti-saturation and other physiochemical
parameters that may influence Ti-distribution within a given zircon grain. For the purpose of
this research, Ti-site occupancy in zircon was determined via experiments run under varying
phase assemblages and Ti K-_ XANES spectra of synthetic zircons from these experimental
suites. The study of zircons crystallized under different TiO2-ZrO2-SiO2 phase assemblages can
also be used to critically evaluate the difficulties and concerns surrounding the nucleation
and crystallization of buffering-phases within experimental systems. The research highlights
of the last year include 20+ flux-type experiments (e.g., Hanchar et al, 2001) that successfully
synthesized zircon under different phase assemblages. Normalized and reduced XANES spectra
of zircon and standard Ti-bearing samples, as measured at the APS in Chicago, have
demonstrated that Ti likely sits on the zircon Si-tetrahedral site.

In addition to site occupancy, this study has focused on the distribution of Ti within natural
and experimentally produced zircon populations. Some synthetic zircons seen in this
experimental program have shown notable Ti sector zoning in the absence of any correlative
SEM-CL zoning. In addition to experimental systems, natural zircons studied in this program
have shown that Ti-distribution can show antithetic or non-correlative distribution with
regard to SEM-CL signal. This is not unexpected, so long as factors controlling Ti-saturation
and saturation of CL-activating elements are decoupled during the growth of zircon, and if Ti
occupies a different site to elements responsible to CL-signal.

Figure 1.  SEM-CL and Ti x-ray map for a 500_m synthetic zircon
(1300°C/1atm). Many experimental grains show little correlation

across the two analytical techniques, indicating that Ti-distribution
and SEM-CL signal can be decoupled. Caution should be used then,

where targeting specific domains within a natural zircon on the
basis of CL variation.

Ferry J, and Watson B (2007) New thermodynamic models and
revised calibrations for the Ti-in-zircon and Zr-in-rutile
thermometers. Contributions to Mineralogy and Petrology 154
429-437.
Hanchar J, Finch R, Hoskin P, Watson B, Cherniak J, and Mariano J
(2001) Rare earth elements in synthetic zircon: Part 1. Synthesis,
and rare earth element and phosphorous doping. American
Mineralogist 86 667-680.
Watson B., and Harrison M (2005) Zircon thermometer reveals
minimum melting on earliest earth. Science 308 841-844.
Watson B, Wark D, and Thomas J (2006) Crystallization
thermometers of zircon and rutile. Contributions to Mineralogy and
Petrology 151 413-433.
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gouge strengthening in hydrothermal regimes – insights from
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A laboratory study was conducted to investigate how solution transfer processes
influence the mechanical behaviour of simulated quartz fault wear products at high
temperature, hydrothermal conditions. Experiments were performed under nominally
dry conditions, as well as in the presence of an aqueous pore fluid, at elevated
temperatures (500 to 927°C), and at 100MPa effective confining pressure. The
mechanical data and detailed microstructural analysis indicate that the kinetics of
solution transfer processes exert a fundamental control on the time-dependence of
the mechanical behaviour of fault wear products. At nominally dry conditions, the
gouges deform by cataclastic creep with distributed shear.

 The strength and microstructural evolution are relatively temperature insensitive. At
moderately chemically reactive, hydrothermal conditions (T=500C°, coarse grain size,
fast deformation rate), the gouge sliding resistance is slightly lower than at dry
conditions, most likely due to the operation of chemically-enhanced fracture growth
and dissolution of ultra-fine particles and surfaces of coarser particles, assisting
cataclastic flow. At highly chemically reactive, hydrothermal conditions (T�600°C,
small grain size, slow deformation rate), substantial gouge compaction and low,
distributed shear strains, are accommodated largely by dissolution-precipitation creep
processes. Increase in average grain contact areas during compaction by dissolution-
precipitation creep is associated with strain hardening.  However, at axial
displacements of 0.5 to 1.0mm, a peak strength is reached (Figure 1), followed by up
to 50% stress drop over several minutes. Slow stress drop is associated with slip
localisation at the gouge-hostrock interface. Subsequent frictional sliding on this
interface occurs at friction coefficients as low as 0.4.

The experimental results indicate that the presence of reactive pore fluids can lead to
rapid strengthening of wear products during interseismic intervals.  Earthquake
recurrence in faults containing reactive pore fluids will thus be influenced by the
relative rate of recovery of shear strength and the rate of tectonic loading. The low
resistance to frictional sliding after slip localisation is interpreted to reflect a role of
dissolution processes play in overcoming frictional barriers during slow slip. It is
speculated that fluid-assisted shear strength recovery, and the potential effects of
fluids in controlling slow stress drop during slip localisation, may be pertinent to
understanding the role of fluids in generating slow earthquakes in parts of subduction
systems and in the continental seismogenic regime.



Figure 1. Shear stress versus axial displacement for quartz gouges deformed at high pressure
hydrothermal conditions and at temperatures in the range 500°C to 927°C.  The nominal displacement
rate was 0.18µms-1.  Experiment 4372 was conducted without pore water, but at the same effective

confining pressure conditions as the other experiments.
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At sufficiently high temperatures in the Earth’s interior, the mechanical behavior
changes from elastic to viscoelastic with profound implications for mantle rheology
and also seismic wave speeds and attenuation. Such viscoelastic behaviour results
from the stress-induced migration of vacancies and dislocations (extended defects
reflecting prior or current deformation).  As part of an ongoing study of high-
temperature viscoelasticity, focused on olivine-rich upper-mantle materials, we have
made substantial progress this year on several fronts:

Testing of novel materials: It has recently been demonstrated that high-purity
synthetic Fo90 olivine (Mg0.9Fe0.1)2SiO4 prepared from a sol-gel-derived precursor is
much stronger than its natural counterpart [1]. A possible role for grain-boundary
chemistry in explaining these differences has been explored this year by modifying the
sol-gel procedure to incorporate ~1% Ca which is preferentially accommodated in the
grain boundaries of the polycrystalline material. Deformation experiments suggest
that the Fo90:Ca specimens are not significantly weaker than the pure Fo90 material.
Small concentrations of water, accommodated within nominally anhydrous minerals
like olivine, may enhance the concentration and/or mobility of the defects responsible
for high-temperature viscoelastic relaxation. In order to study such effects in fine-
grained polycrystalline olivine, it is necessary to suppress grain growth that is typically
dramatically enhanced by the presence of water. We have explored the feasibility of
restricting grain growth by changing the stoichiometry of the sol-gel precursor to
yield ~50% of the additional silicate phase orthopyroxene. Comparison of the
microstructures (Fig. 1 ‘6465’ and ‘6626’ respectively) for pure olivine and olivine-
orthopyroxene mixtures, hot-pressed with added water, clearly demonstrates the
effectiveness of the added orthopyroxene in inhibiting grain growth.

Improved experimental methods:  The experimental procedure used in our laboratory
for the study of high-temperature viscoelastic relaxation in geological materials
involves low-amplitude forced torsional oscillation of a specimen assembly in which a
cylindrical specimen is sandwiched between ceramic torsion rods (Fig. 2). Direct
contact and chemical reaction between the specimen and the torsion rods is
prevented by metal foils that also serve to relax thermal stress concentrations at the
interface and to impose appropriate redox conditions. This year, we have newly
quantified a contribution to the overall torsional compliance of the specimen
assembly from the interfaces between the metal foil and alumina torsion rod at each
end of the specimen.  We have demonstrated that this (previously neglected)
extraneous contribution to the apparent compliance of the specimen can be removed
by subtraction of the torsional compliance of a foil-bearing reference assembly
similarly containing two alumina-foil interfaces. This new strategy provides more
accurate determination of the shear modulus and associated strain-energy dissipation
1/Q.



Correction of previously published data for fine-to-medium grained polycrystalline
olivine for the interfacial compliance suggests somewhat milder frequency and
temperature dependence of 1/Q than previously reported and substantially stronger
grain-size sensitivity.

Micromechanical modelling: Experimental data for high-temperature viscoelastic
relaxation in fine-grained ceramic and geological materials have proved difficult to
reconcile with the classic models of grain-boundary sliding [2]. Collaboration with
Stephen Morris at the University of California, Berkeley, has resulted in a more
comprehensive analysis of grain-boundary sliding in which both viscous sliding and
diffusional transport of matter along the boundary have been incorporated for the
first time. An analytical (perturbation) solution, valid in the limit of vanishing
boundary slope, indicates that 1/Q ~ 1/ at sufficiently low frequency  as expected
for viscous rheology (diffusional creep). At much higher frequency, the 1/Q peak of
(anelastic) elastically accommodated sliding is predicted with a peak height varying
inversely with the boundary slope – suggesting that elastically accommodated sliding
might be suppressed in this model for boundaries of finite slope. At intermediate
frequencies, 1/Q ~ 1/|ln | – a milder frequency dependence than previously
predicted. The new model, now being extended through numerical simulations of the
behaviour of arrays of elastic crystals undergoing diffusionally assisted grain-
boundary sliding, should ultimately provide a more robust framework for the
interpretation of experimental data for fine-grained materials.

Figure 1

Figure 2

Faul UH, Jackson I (2007) Diffusion creep of dry, melt-free olivine. J. geophys. Res. 112, B04204, doi
10.1029/2006JB004586.
Jackson I, Faul UH, Fitz Gerald JD, Morris SJS (2006) Contrasting viscoelastic behaviour of melt-free and
melt-bearing olivine: implications for the nature of grain-boundary sliding. Mat. Sci. Eng. A 442:170-
174.



Exploration potential of stress transfer modelling in fault-related
mineral deposits
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This project applies the principles of the triggering mechanisms and triggering effects
of active fault systems to understand gold mineralisation in ancient fault systems.
Earthquakes generate small elastic stress changes, which in turn trigger other
earthquakes and many thousands of aftershocks. Each aftershock is a fault slip event
that enhances the permeability of the crust and high-frequencies of aftershocks tend
to occur on faults with the same dimensions as those faults that host gold
mineralisation in Australian gold camps. Previously, we have shown that at crustal
depths of 10-20 km, orogenic-type gold deposits occur where co-seismic stress
changes around a fault are likely to have triggered clusters of aftershocks
(Micklethwaite and Cox, 2004, 2006; Micklethwaite, 2007). Therefore Stress Transfer
Modelling helps us understand the dynamics of ancient fault systems and acts as a
valuable predictive tool for the exploration industry.

Stress Transfer Modelling is now being extended to gold mineralised fault systems that
developed in near-surface crustal environments (1-6 km) during episodes of normal
faulting and high geothermal gradients, such as epithermal gold deposits and Carlin-
type gold deposits. Active faulting in volcano-tectonic environments provides a
modern day analogue for epithermal fault systems (e.g. Taupo Zone, New Zealand;
Coso geothermal field, USA). Using a combination of detailed field work,
contemporary observations of geothermal fields, plus stress transfer modelling, we
have found there is a complex interaction between faulting, intrusive activity, and
potential mineralisation. Fault slip events and permeability enhancement can be
triggered by dyke intrusions, or other fault slip events, and these triggering
mechanisms control fault growth and fault spacing. Importantly, dyke intrusion
transiently changes local stress states, with a profound influence on fault kinematics,
and the location permeability enhancement and mineralisation (figure 1).

In addition, collaboration with Dr Heather Sheldon (CSIRO, Perth, Western Australia) is
enabling us to use Damage Mechanics Theory to understand why small stress changes
generated by fault-slip events exert such a strong control on resulting aftershocks,
fluid flow and ultimately fault-related mineralisation (Sheldon and Micklethwaite,
2007).



Figure 1. (A) 10000’s of earthquakes (represented by black dots) were triggered by the intrusion of a
dyke (white line) off the coast of Japan (Toda et al., 2002). The interconnected earthquake swarms
represent massive permeability enhancement and Stress Transfer Modelling is able to predict their
distribution by calculating the positive stresses (red) generated by intrusion of the dyke. Normal

earthquakes were triggered on the flanks of the dyke and strike-slip earthquakes were triggered in the
tails. If the dyke intrudes in a slightly different position, some of the normal faults can be reactivated as

strike-slip faults. (B) Normal fault systems have complex linkages and fault shapes. Fluids can flow
along-strike through fault jogs, but they can also flow upwards through fracture-related permeability

in relay zones, and to a limited extent through damage zones associated with their fault cores. (C)
Normal faults develop corrugated strikes. In mineralised regions the intrusion of a dyke can change the

stress state on a fault from one decade to the next, leading to dramatic changes in fault-plane
permeability when there is a slip event. This directly affects where mineralization will be focused.

Micklethwaite, S., (2007) The significance of linear-trends and clusters of fault-related mesothermal
lode-gold mineralization, Economic Geology, 102, 000-000.
Micklethwaite S. and Cox, S.F. (2004) Fault-segment rupture, aftershock zone fluid flow and
mineralization. Geology, 32, 866-870.
Micklethwaite, S., and Cox, S.F., (2006) Progressive fault triggering and fluid flow in aftershock
domains: Examples from mineralized Archaean fault systems. Earth and Planetary Science Letters, 250,
318-330.
Sheldon, H., Micklethwaite, S., (2007) Damage and permeability around faults: Implications for
mineralization, Geology, 35, Issue 10, 903-906.
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Recent studies (Beltrando et al., 2007�; Beltrando et al., in press) have shown that the
European Alps, in the 44-30 Ma period, underwent at least two deformation mode
switches from shortening to extension and vice versa. This complex deformation
history resulted in multiple burial-exhumation cycles of the different tectonic units
(Figures 1, 2 and 3).

An enlargement of perspective to the evolution of the Africa-Europe plate margin in
the 44-30 Ma interval shows that the burial-exhumation and shortening-extension
cycles observed in the axial zone of the mountain belt are probably the result of
regional scale episodes of lithospheric thickening and thinning (Figure 4). Such short-
lived episodes, each lasting <5 Ma, resulted in the formation of specific tectonic
associations.

Lithospheric thickening is responsible for the tectonic burial of rock units down to
ultra-high-pressure depths. Thickening is achieved through thrusting and upright
folding, which are also responsible for the creation of topographic relief. These periods
are characterized by little or no magmatism along the plate margin.

Lithospehric thinning, instead, is responsible for the rapid exhumation of rocks from
ultra-high-pressure depths. Vertical thinning is achieved through the activity of
extensional shear zones and the formation of recumbent folds. Extensional
deformation, which is also recorded in the peripheral basins, culminates in the
topographic collapse of the mountain belt. Lithospehric thinning results in rapid
vertical advection of mantle material, producing decompressional melts of mafic
composition. Their interaction with crustal rocks may be responsible for the creation
of acidic melts, leading to bimodal magmatism. The general perturbance of the
isotherms is also responsible for re-heating of portions of the orogen, leading to
Barrovian metamorphism on a regional scale.

Figure 1.



Figure 2.

Figure 3.



Figure4



Evidence for competing movement patterns influencing the evolution
of the Sagaing-Sumatra wrench fault system
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The evolution of the Sumatra-Sagaing fault system is being examined using Shuttle
Radar Topographic Mission (SRTM) datasets to infer basic characteristics of the
evolution of this wrench fault system over ~6000km of its lateral extent.

An SRTM image compiled during the course of this study is shown in Figure 1.  The
interpreted extent of the Sagaing-Sumatra wrench fault system is also shown, along
with particular zones that have been interpreted in detail.

Our analysis shows that whereas the wrench system has an approximate small circle
geometry, there are significant deviations that potentially may be caused by flow of
the crust related to escape of material from Tibet, and/or arc normal flow (with a
westward component) driven by gravitational potential energy and/or the effects of
roll-back of the Indian and Australian slabs.

In the south and east the wrench system crosses the Sunda Straits, from Java, into
Sumatra.  In Sumatra the wrench system is characterized by westward-stepping left-
lateral horsetail splays, and this causes local transpression. In the Andaman Sea, the
wrench develops eastward-stepping extensional zones, which have developed into a
transtensional ocean basin.

In northern Myanmar, now known as the Sagaing fault system, the wrench is again
deflected, apparently in response to orthogonal lateral flow, in this case related to
westward tectonic escape of the Myanmar crust. Further north the Sumatra-Sagaing
wrench system ends.  This occurs to the west of Namche Barwa, which is an
extensional gneiss dome related to the termination of this right-lateral system.

The movement picture overall is consistent with a right lateral wrench system affected
by arc normal outward flow of the crust.  The structural geology therefore reflects the
effect of this arc normal movement acting in competition with the movement of
plates and microplates in the region.



Figure 1. A digital elevation model of the study area from SRTM data, with location of the Sagaing and
Sumatra wrench fault system in red.



Tectonic Sequences Diagrams: Is orogeny simple?
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Orogeny is not a simple process, whether it is regarded as progressive or as episodic,
complex sequences of events occur throughout the evolution of orogens (Fig. 1). These
sequences of events include periods of quiescence, deformational events, and mineral
growth events (metamorphism), and thermal events often short in duration, with
characteristically complex overprinting of events.  As we endeavour to understand the
timing of these sequences we must understand how the events that we are dating fit
into complex tectonic sequences within the region and/or orogen.

D1, D2 … Dn schemes are used by structural geologists and metamorphic petrologists to
define sequences of events, however these schemes do not reflect the complexity of
deformation and metamorphism. In part the problem relates to the way such schemes
are constructed (and/or debated).  There is often an implicit assumption that all
fabrics are related to folds, and episodes of shear zone formation are not taken
separately into consideration.  Similarly it is often assumed that all deformation is
progressive and continuous, so that the labels applied to different ‘events’ are of little
consequence. Complicated areas often have several competing schemes described in
different papers, with no thought given as to ways in which the basic data stream
provided by structural analysis might be better and more accurately presented.

We advocate a move away from problematic D1, D2 … Dn notations, for several reasons:
a) such notations imply labels that can be readily applied to structures in the field,
whereas the reverse is more often the case; b) event sequences inferred by linking
mesostructure to microstructure are often more complex than D1, D2 … Dn schemes
allow; c) D1, D2 … Dn schemes are inherently prone to controversy, due to the natural
difficulty in correlating structure across large regions and disputes as to what
constitutes D1, D2, etc.  d) does not take shear zones into account (Fig. 1 & 2). So what
is the alternative: recording all events for each region into detailed ‘tectonic sequence
diagrams’ (TSDs) (Fig. 3). Recording events into ‘Tectonic Sequence Diagrams’ does
away with interpretation and loss of data at the initial data collection phase.  TSDs
allow dating of events to be fitted precisely into a scheme not an overall ‘number’.
TSD allow for variation of observations at each location and for adding to the
sequence as more data is obtained (Fig. 3).



Figure 1.  Deformation is not homogenous throughout a region and particularly throughout an orogen.
Flat-lying bedding parallel fabrics and shear zones can ‘hide’ a complex history that is not discernible at

only one location. Shear zones must be categorized as a distinct fabric.



   

Figure 2.  The relation between folds and shear zones has been particularly wrongly diagnosed (e.g. in
the Otago Schist, NZ). Careful and regional structural mapping must be carried out to discern the TSD
for thse structures. A) shear zones overprint and accentuate folds; b) tension gashes are folded during

shear zone operation.

Figure 3.  An example of a ‘tectonic sequence diagram’ (TSD): in this case for the blueschist belt in the
Aegean (on the island of Sifnos). The arrows denote the continuation of an event, the _ is a mineral
growth event, S is a fabric, SZ is a shear zone and F is a fold (R is recumbent, U is upright). Distinct

sequences are separated by a vertical line.

Forster, M and Lister, G. 2007. Tectonic sequence diagrams and the structural evolution of schists and
gneisses in multiply deformed terranes. Journal of Geological Society, London, Accepted.



Pplates – tectonic reconstruction software
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Pplates is a Macintosh-based tectonic reconstruction program that allows a user to
deform the lithosphere, while conserving crustal mass and maintaining isostatic
balance.  Pplates v 1.0.00 was released early in 2007, on the ACcESS MNRF website
[    http://access.edu.au/   ].  Simulation of  deformation of an elastic mesh on a viscous
base allows redistribution of stresses and strains caused by localized distortion. This
flexibility permits the use of specific Euler rotation data for different parts of the
same plate (e.g. cratons) with the resulting strain between the cratons being sensibly
distributed automatically.

Pplates has been used for three tasks in 2007.  A pilot project funded by De Beers,
Australia, has made use of both the Virtual Earth and Pplates as vital components in
developing the exploration-focused examination of the global distribution and
emplacement of diamond-bearing kimberlites.  Simon Richards used Pplates to track
points of interest (kimberlite locations) on the continents as they are moved according
to the reconstruction information.

Andrew Barker is currently using Pplates to complete his Honours Project – a
reconstruction from the evolution of the Alpine-Himalayan chain, from Greece to the
Pamirs. He has used a shaper mesh to simulate the deforming movement of the area a
round the Anatolian fault. The visualisation capability of the Data Visualisation
Laboratory has been enhanced by the ACcESS MNRF, with two fast, multi-core, Intel-
based Macintosh computers with large display screens and large RAM and disk
memory. The machines also operate Windows XP™ further accelerating the laboratory
capability for GIS applications such as MapInfo and ERMapper.

The link between Pplates and high-performance computing has been establishing
using GeomSlab and SimParm, written by Kevin Pulo to enable him to view results and
adjust parameters during time-consuming calculations1.  The current geometry of the
Nazca plate was used as a starting point and “restored” to its initial condition prior to
subduction.



Figure 1. The current geometry of the South American slab was used as a test case for GeomSlab HPC
software developed by Kevin Pulo at the ANUSF.  Oblique and side-on views of the South American slab

after restoration using GeomSlab to bring the current South American slab back to a nearly at the
Earth’s surface configuration. As can be seen, the surface extent of this slab is not the same as a

straight-forward vertical projection of the original slab

1.Pulo, K, “SimParm: A simple, flexible and collaborative configuration framework for interactive and
batch simulation software.”. Internationsal Supercomputing Conference 2007, 26-29 June 2007,
Dresden, Germany.



Geodynamics of the Sumatran Earthquakes
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eQuakes allows the analysis of 3D orientation data from earthquakes, either in respect
to their location (latitude, longitude, depth) or orientation (using data as provided by
the centroid moment tensors for individual earthquakes).

We used eQuakes to produce a map (of aftershocks from the Great Sumatran
Earthquakes of 2004 (Fig. 1). eQuakes has automatically classified the earthquake
type: blue dots are normal faults, red dots are thrusts, and gold dots are strike slip
faults).  The map shows thrusts dominating in the south, while normal faults are
prominent in the north.  This means there were rather different orientations of the
bulk deviatoric stress axes in the lithosphere in the two regions during the aftershock
events, and different movement pictures.

We used eQuakes to analyse orientation data from a vigorous cluster of aftershocks
from near the Nicobar Islands, in the vicinity of the boundary separating these two
domains.  Perhaps the vigour of the aftershock swarm is related to geometric
incompatibility between these two competing movement pictures? To test this
hypothesis we derived a lower hemisphere stereographic projection of slip lines from
the Nicobar aftershock cluster, using data from centroid moment tensor (CMT)
solutions for earthquakes available through the Global CMT project.  These data could
have been plotted as beachballs, but more often than not, one beachball obscures
another, and in any case, such diagrams help little if we really want to understand
what the patterns mean.

Ambiguity in the centroid moment tensor data was eliminated by considering only
solutions that are compatible with local fault traces discernible in SeaSat data.  What
can be seen in the resultant stereoplot (Fig. 2) is a definition of five orientation
groups: here we show the C1 and C4 slip lines for north-south striking right-lateral
strike-slip faults, and the C2 and C3 slip lines for normal oblique-slip left-lateral
strike-slip faults. The latter faults operated parallel to what are normally interpreted
as sea floor spreading ridges in the Andaman Sea.

The state of stress (red dots) can be inferred from this classic Mohr-Coulomb failure
geometry.  NE-SW directed compressive stress can be inferred, paralle to the direction
of relative plate motion, but with the axis of maximum compression inclined ~ 30° to
the plane of the Sumatran megathrust.  This is an attitude that suggests continued
aseismic slip on the underlying basal Sumatran megathrust during the aftershock
sequence, rotating the stress axes away from parallelism with the surface of the Earth.





Geochronology of the Omo Group, Turkana Basin, east Africa
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The Omo-Turkana Basin of northern Kenya and southern Ethiopia developed in the
northern Kenya Rift about 4.3 Ma ago in the Early Pliocene. Nearly 800 m of
sediments, included within the Omo Group, crop out in the basin. Numerous rhyolitic
tuffs in the sequence have facilitated not only secure correlations between the
individual formations of the Omo Group but they have also provided material for
precise 40Ar/39Ar age measurements. Ages have been determined on alkali feldspar
crystals from pumice clasts within tuffs in the lower part of the Omo Group up to the
level of the KBS Tuff, which has previously been dated at 1.87 ± 0.02 Ma. The results
from 17 stratigraphic levels encompassing the 2.4 Ma time interval from the base of
the group to the KBS Tuff provide a numerical time framework for the geological
history of the lower part of the Pliocene sequence. The new ages, which have a
precision in the order of one percent, are all consistent with the stratigraphic order,
providing confidence that they accurately record the age of the individual volcanic
eruptions, with deposition of the tuffs and pumices occurring shortly thereafter. These
new ages provide a precise and accurate time scale for the lower part of the sequence
in the whole of the Omo-Turkana Basin, and with earlier published results on the
upper part, we now have over 30 dated volcanic eruptions recorded within the
sequence.

These results are particularly significant as they provide age estimates for the many
hominid and other vertebrate fossils recovered from the sequences in the Omo-
Turkana Basin, so that individual fossils often can be assigned an age to better than 50
or 100 thousand years. The importance of these results is that the evolutionary history
of hominids is constrained directly by age determinations rather than by assumptions
as to the evolutionary stage, and also enables comparisons to be made throughout a
much wider area, including in areas outside the Omo-Turkana Basin. In addition, some
of the tuffs also are recognized in deep sea sedimentary cores from the Gulf of Aden
and the Arabian Sea, enabling correlations into the marine sedimentary record to be
made with confidence. In turn, this provides the means of correlating the
climatological record in the deep sea sediments with that found in the sediments of
the Omo-Turkana Basin which is located well within the African continent. The
sedimentological record in the Turkana Basin reflects the climatic changes associated
with the Milankovitch cycles, which have a profound effect on the intensity of the
monsoonal activity most notably in the Ethiopian Highlands.

Figure 1. Tuff outcrop on skyline within the Omo Group sequence, Ileret area, Turkana Basin



Structural reactivation along the Portsoy lineament during extension
and coeval High-T, Low-P Barrovian metamorphism
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High-temperature, low-pressure metamorphic rocks of the Buchan Terrain in
northeastern Scotland outcrop over an area of approximately 40 x 40 km (Fig. 2). The
Buchan Terrain is surrounded on three sides (west, south and east) by complexly
deformed and metamorphosed high temperature, moderate pressure rocks that form
the Barrovian Terrain. Like many other High-temperature, low-pressure terrains
around the world, rocks of the Buchan are characterised by the indicator minerals
andalusite, cordierite and sillimanite, which remain as evidence of the positive thermal
perturbation experienced by this area during the early Proterozoic evolution of
Scotland. We examine the structural and metamorphic history of the Buchan and
compare this to the HTLP metamorphism of the eastern LFB where we can
demonstrate that metamorphism occurred coeval with periods of extension.

Despite notable differences in the metamorphic grade (both T and P), the Buchan and
Barrovian, the two are typically considered as having formed during the same
tectonothermal and orogenic events, albeit in different areas (facies) of the orogen.

Recent mapping along Scotland’s northeastern coastline between Cullen in the west
and Fraserburgh in the east (Fig. 2), revealed that the Buchan terrain exhibits
structural and metamorphic evidence of having formed primarily during a phase of
regional, asymmetric extension. This can be correlated with the HTLP sillimanite
overprint on the classic moderate P mineralogy, exhibited by the structurally
underlying Barrovian. Furthermore, our mapping has alluded to the formation and
reactivation of major structures such as the Portsoy-Duchray Hill lineament (P-DHL)
and how their movements impact on the spatial and temporal tectonothermal
evolution of the Buchan and to a lesser degree the Barrovian metamorphic terrain.

The Buchan and associated Barrovian terrain is typically divided into a number of
distinct groups; the Appin, Argyll and southern Highland group. Although it has been
suggested that the rocks of these three groups experienced the same tectonothermal
histories, we suggest that there are distinct structural and metamorphic differenced
between some of these groups and that these differences demonstrate different
tectonic evolution of the two terrains.

The complex rock associations within and adjacent to the Portsoy-Duchray Hill
Lineament (P-DHL), denote its importance as a locus for tectonic reactivation,
suggesting repeated episodes of extension and compression. Evidence for this
includes: 1) the termination of the Moine Super group against the lineament; 2) the
parallelism of isotherms and reorientation of isotherms and isobars near the
lineament; 3) highest grade rocks aligned parallel to the lineament; 4) repeated
injection of magmas along the lineament; 5) the juxtaposition of rocks of contrasting
metamorphic grade and age; 6) transposition of earlier-developed structures, and 7)
the reactivation of the zone at different pressures and temperatures (see review by
Goodman, 1994).



Figure 2.  Map of the northeastern Buchan and Barrovian Terrains located in NW Scotland. Cross section
also provided with thin sections from rocks within each zone labeled 1-6. The map highlights outlines

of Isotherms and Isobars from Chinner (1980). Buchan rocks are outlined in blue. Cross section
illustrates the geometry of the dominant form surface in each region in a cross section along coastal

exposures. The number of deformation events (folding and shearing) are also listed showing that rocks
at the base of the Buchan exhibit evidence of up to 7 deformation events while those that lie above the
Buchan (i.e. the old red sandstone) exhibit little or no deformation. This disparity is especially evident in

the thin section photomicrographs provided for each zone.

These observations suggest that the lineament has a complex and potentially long-
lived history of evolution. The highly variable rock associations found within and
adjacent to the lineament are interpreted as packages of rock with contrasting
metamorphic and deformation histories.



These potentially different structural and tectono-magmatic units have been isolated
and juxtaposed within the shear zone, during repeated periods of extension and
compression.

Asymmetric extension is proposed as the primary mechanism leading to the positively
perturbed geotherm exhibited by the Buchan Terrain. Movement and strain
partitioning along the P-DHL controlled east-directed continental and lithospheric
extension.  Extension was also accommodated by the Boyne Line, which resulted in
detachment of the Boyne Limestone Group from the underlying Cowhythe Gneiss and
the Barrovian terrain to the south. Incremental emplacement and progressive inflation
of the Newer Gabbros at the boundary between the Buchan and underlying Barrovian
Terrain during this period of extension is envisaged. The emplacement of the magmas
was also focussed along the major structures that facilitated crustal and lithospheric
extension, as reflected in their linear regular pattern outcrop pattern. Their
emplacement resulted in the HTLP metamorphism in the Buchan and a HTLP
metamorphic overprint (sillimanite) on the northern part of the Barrovian. Oblique
compressive deformation following extension was again focussed along the P-DHL
and resulted in asymmetric differential thrusting of the Buchan over Barrovian
metamorphic rocks to the west. The amount of extension and subsequent thrusting
was greatest in the north at Portsoy, while only small amounts of extension and
thrusting are interpreted to have occurred in the Duchray Hill Area, considered the
pivot (hinge) point of the shear zone.

The southeastern Lachlan Fold Belt (SE LFB) is characterised by a predominantly N-S
trending tectonic grain defined by the alignment of parallel granite batholiths (e.g.
Bega Batholith, Wyangala Batholith, Murrumbidgee Batholith), extensional basins (e.g.
Hill End Trough, Tumut Trough) and multiple generations of upright folds that formed
during episodic, approximately E-W directed shortening of the upper plate. Early-
Silurian and Devonian sediments were deposited in N-S trending extensional basins
that overly multiply deformed Ordovician rocks. These younger basin sediments are
typically folded during a shortening cycle but were subsequently unconformably
overlain by younger sediments and volcanics that appear to be confined to the same
reactivated extensional basin (e.g. Hill End Trough). The eastern LFB has undergone
multiple extension and compression cycles. The younger sediments preserve a simpler
deformation history than the underlying Ordovician rocks in a style that we would see
as comparable to the relationship between the complexly deformed Barrovian
Basement rocks, the overlying Southern Highland Group (incl. the Mc Duff Slates) and
then the relatively undeformed upper Silurian Old Red Sandstone.

We would also suggest that both the Lachlan HTLP metamorphic complexes and the
Buchan Terrain in Scotland formed during extension. Heating for metamorphism is
derived from conductive and advective heat transfer associated with lithospheric
thinning and emplacement of voluminous mafic magmas in both terrains.

Goodman, S., (1994) The Portsoy-Duchray Hill Lineament: a review of the evidence. Geology Magazine.
130: 407-415.
Chinner, G. A. (1980) Kyanite isograds of Grampian metamorphism. Journal of the Geological Society of
London, 137, Part 1: 35-39.
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A digital 3D interactive, editable and updatable “Virtual Earth” is being constructed to
examine some of the complexity behind global-scale geodynamic interactions,
including mineralization, subduction and continental breakup. The current version of
the Virtual Earth, as it is developing, is a 3D interactive computer model that is
currently focused on delineating the geometry of subducted crust and lithosphere
(slabs) at convergent margins using P-wave tomographic datasets, earthquake
hypocenter data and a plethora of other global datasets such as mineral deposit
occurrences, surface geology, geophysical data including gravity and magnetics and
SRTM digital elevation data. The Virtual Earth includes interpreted slab geometries for
the Banda Arc (Richards et al., 2007), the Pamir-Hindu Kush (described below),
Northern Burma, South America, the Aleutians, Tonga and many smaller slabs located
in the SW Pacific.

3D geometry and origin of the Pamir-Hindu Kush seismic zone

A 3D model of the mantle structure below the Pamirs and Hindu Kush has been
created. The results illustrate that the unusual seismogenic zone below the Pamirs and
Hindu Kush represents two converging “plates”. The seismicity below the Pamirs
defines a south-dipping sheet-like domain that projects to the southern margin of the
Tarim Basin but continues west to below the eastern Hindu Kush and below the Alai
Valley. Further west, the south-dipping seismic zone appears to project to the
southeastern margin of the Amu-Darya - Tadjik basin (Fig. 1). The geometry of the
seismic zone below the Hindu Kush differs. It defines a north-dipping surface that
steepens from around 40 degrees dip near the surface to vertical at 350 kilometers
depth. We suggest that the seismicity plots toward the surface where it links with the
Shyok Suture, which also represents a major terrain boundary of the Indian western
syntaxis. Interpretation: The seismicity below the Hindu Kush represents the remnant
“tail” of the subducted slab associated with the closure of the Meso-Tethys that
occurred during the late Jurassic to early Cretaceous (e.g. Van der Voo et al., 1999).

In contrast, the seismic zone below the Pamirs is interpreted to be the underplated
western Tarim Basin (Tarim plate). The Tarim Basin and Amu-Darya basin have similar,
south-deepening, wedge-shape geometries and exhibit similar sedimentation histories
pre- and post-dating collision between India and Asia during the Eocene. Prior to
collision, the two basins may have been linked through what is now the narrow Alai
(Fig.1).

Interpretation:

The Tarim plate forms a continuous basement plate between the Amu-Darya and
Tarim basins but following collision between India and Asia, the plate was depressed in
a foreland-basin type setting below the overriding Pamirs and Hindu Kush. Continued
northward movement of the Pamirs and Hindu Kush resulted in the closure of the link
between the two basins and formation of the present-day geometry western syntaxis.



Figure 1.  3D image of the interpreted Tarim plate (brown) and the remnant subducted slab that lies
below the Hindu Kush (blue) looking from southeast to northwest across the western syntaxis of India.
Major faults are shown in red. In this image we show the Tarim plate as relatively flat below the Tarim
Basin (east of Pamirs) and the Amu-Darya Basin-Tadjik depression (west of Pamirs) but between the

two, the plate has been under-thrust below the overriding Pamirs. The contoured surface outlines the
geometry and depth of the south-dipping plate. In contrast, seismicity below the Hindu Kush is

interpreted to illustrate the north-dipping remnant slab associated with closure of the Meso-Tethys.
The slab (shown here in blue) “rolls over” below 350 kilometers depth where it is an inverted, south-

dipping slab eventually terminating at around 600 kilometers depth. (MBT – Main Boundary Thrust; ISZ –

Indus Suture Zone; MKT – Main Karakoram Thrust; MMT – Main Mantle Thrust). Earthquake hypocenter locations
(small colored points) from the EHB catalogue (Engdahl et al.,

1998).

Engdahl, E.R., R. van der Hilst., R. Buland (1998) Global teleseismic earthquake relocation with improved
travel times and procedures for depth determination. Bulletin of the Seismological Society of America.
88, 722–743
Richards, S., Lister, G.S., Kennett, B. L. N. (2007) A slab in depth: 3D geometry and evolution of the Indo-
Australian Plate. G Cubed. In Press.
van der Voo, R., Spakman, W., Bijwaard, H. (1999). Tethyn subducted slabs under India. Earth and
Planetary Science Letters 171: 7-20
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Extension imparted on thickened crust provides an attractive context for brief
Barrovian-type metamorphic episodes due to the availability of small-scale sources for
metamorphic heat in the middle crust, including magmas derived from decompression
melting, localised fluid flux and mechanical work. Large differential crustal
movements along crustal-scale dislocations can also produce the intense metamorphic
gradients observed in the Barrovian sequence.

A class of model involving lower- and upper-plate extension at non-coincident
localities connected by a crustal-scale extensional dislocation is capable of
simultaneously producing the Barrovian and the Buchan series of the Grampian
Terrane.  Such asymmetric extension models predict development of the Barrovian
and Buchan sequences in the hangingwall and footwall, respectively, of large-scale
extensional shear zones (Fig. 1).  According to the model, high T/P metamorphism in
the hangingwall must post-date middle T/P metamorphism in the footwall. Lower
plate extension leads to decompression melting and syntectonic mafic magmatism
that, by advection from the asthenosphere, supplies a significant amount of the heat
required for metamorphism.

The distribution of peak metamorphic pressures (P) and temperatures (T) in the classic
Barrovian series suggests increasing T with (generally) increasing P to the NW, away
from the Highland Boundary Fault (HBF). Despite the influence of post-metamorphic
isograd re-orientation by steep belt formation in the SE, Barrovian isotherms group
toward the HBF, suggesting elevated geothermal gradients in the low-grade zones
(Harte & Hudson, 1979).  If the metamorphic pattern was the result of a single
episode, these data imply that the Barrovian sequence developed by heating beneath
a ‘cold’ thermal boundary.

Harte & Hudson (1979) proposed a syn-metamorphic extensional dislocation near to
the current HBF to account for the P-T pattern displayed in the Barrovian series.
Detailed mapping carried out on the Scottish E coast within correlative units to those
of the classic Barrovian sequence has shown that an intense, shear-related fabric
developed coeval with metamorphic mineral growth. Abundant shear sense indicators
suggest a top-to-the-SE movement sense. Muscovite 40Ar/39Ar step-heating ages
across the Barrovian display an abrupt younging (in the direction of increasing grade)
within the biotite zone.

 White micas used for the 40Ar/39Ar were characterised geochemically and it was found
that those that grew during the Barrovian metamorphism displayed lower Si and
higher Ti concentrations than those that texturally pre-date it, suggestive of
decreasing P and increasing T in a single unit during the Barrovian metamorphism. The
results of 40Ar/39Ar geochronology and white mica geochemistry are consistent with
exhumation of the Barrovian series in the footwall of a major, normal-sense shear
zone during Barrovian heating. Units to the SE, having been kept at close proximities
to the cold hangingwall, retain detrital 40Ar/39Ar age patterns.



East and north of the Buchan series, thinly sliced stratigraphy and intense
deformation are associated with the Portsoy shear zone (PSZ).  Kinematic indicators in
the PSZ imply a history of both top-E and top-W movement. Dramatic pressure
changes are recorded in the metamorphic history of footwall rocks (Beddoe-Stephens,
1990) and the presence of shear-bounded, Grenvillean-age basement slices flanked by
Dalradian sediments within the PSZ suggests the zone experienced a long history of
movement involving both thrust and normal-sense movements.  Buchan (high T/P)
metamorphism would result from late-stage magmatic heating by translation of the
Buchan block (the hangingwall to the PSZ) over the region of maximum lower plate
stretching during top-E, normal-sense movement across the PSZ.

The model necessitates that Buchan metamorphism in the hangingwall post-dates
Barrovian metamorphism in the footwall, a situation which is observed when
metamorphic timing is considered with respect to structure in Scotland. Late, top-W
movement has modified the metamorphic transition across the PSZ since the
Barrovian/Buchan tectono-metamorphic episode.

Figure 1. Schematic diagram illustrating locations for Barrovian and Buchan metamorphism during
asymmetric, syn-orogenic extension

Beddoe-Stephens B, (1990) Pressures and temperatures of Dalradian metamorphism and the andalusite-
kyanite transformation in the Northeast Grampians. Scottish Journal of Geology 26:3-14
Harte B, Hudson NFC (1979) Pelite facies series and the temperatures and pressures of Dalradian
metamorphism in E Scotland. In AL Harris, CH Holland, BE Leake (Eds.), The Caledonides of the British
Isles: Reviewed (pp. 323-337). London, Geological Society of London


