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The study of ore forming fluids trapped as fluid inclusions in minerals is the key to understanding fluid flow
paths at the time of ore formation and to predicting the location of ore bodies within large-scale magmatic hydrothermal
systems. The large penetration depths and the predictable nature of MeV proton trajectories and X-ray absorption
enables reliable modelling of PIXE yields and the development of standardless quantitative analytical methods. This
permits quantitative microanalysis of minerals at ppm levels, and more recently has enabled the development of
methods for quantitative trace-element imaging and the quantitative, non-destructive analysis of individual fluid
inclusions. This paper reports on recent developments in Proton Microprobe techniques with special emphasis on ore
systems and fluid inclusion analysis.

FLUID INCLUSION MICROANALYSIS

Recent advances in fluid inclusion analysis
technique at the CSIRO have come from improvements
in modelling of PIXE yields from the complex 3D
geometry of the inclusion in its host mineral (Ryan et al.
[1]), and from the installation of beam-scanning to
control the proton dose distribution across an individual
inclusion (-20 u.m) to better obtain the overall
composition of the enclosed fluid (Ryan et al. [2]). The
method has been tested by the direct analysis of
synthetic fluid inclusions in quartz, produced from
undersaturated aqueous solutions of NaCl and various
metal chlorides. Inclusions, 5-20 |Xm in diameter and at
depths of 2-17 (i.m, were probed using 3 MeV protons,
and the geometry of each inclusion was determined by
optical microscopy, and the depth was inferred from the
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Fig. 1 Results of standardless microanalysis of
synthetic fluid inclusions in quartz.

fit to the Cl Ko/Kp ratio. Using these geometry
parameters, expected X-ray yields per ppm were
calculated with the GeoPIXE package [1,2]. The results
of the PIXE microanalysis of the synthetic inclusions
demonstrated an accuracy of -10-15% (Ryan et al. [2];
Fig. 1). Note that natural inclusions with daughter
crystals show increased scatter due to the positioning of
the crystals within the inclusion cavity (up to -30% for
Cl).

APPLICATIONS

Collaborative research at the CSIRO has
focused on the analysis of ore elements in fluids,
experiments to study chalcophile element partitioning
between crystalline material and magmatic fluids
(Ballhaus et al. [3]), and the study of elements in fluids
that provide an indication of their source(s). Much of
this work is centred on the analysis of hydrothermal
fluids associated with copper-gold deposits. A good
example is the analysis of inclusions from the Kidston
granite-related breccia gold-copper deposit in North
Queensland, Australia. Brine and vapour inclusions
from Kidston showed strong partitioning of Cu into the
vapour phase and the presence of S in the vapour
(Heinrich et al. [4]; Fig. 2). A similar effect was
observed in brine/vapour inclusions from the Yankee
Lode Sn deposit within the Mole Granite of Northern
NSW (Heinrich et al. [5]) where it was concluded that
brine-vapour segregation of trace metals, and transport
in the vapour phase, plays an important role in the
formation of Cu deposits in these systems. Heinrich et
al. argued that if a S complex is responsible for
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Fig. 2 PIXE spectra from vapour (top) and
brine (bottom) fluid inclusions in quartz from the
Kidston copper-gold deposit, Queensland,
analyzed using a 0.5 nA 3 MeV proton beam.
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preferential partitioning of Cu into the vapour, then Au
is predicted to show a similar, but probably more
extreme behaviour. This helps to understand the
formation of deposits such as Kidston in terms of
vapour transport of Cu and Au.

The detailed PIXE analyses of the more
primitive brines, which are closely related to the fluid
exsolved from the granite, also provide starting
compositions for modelling the formation of ore
deposits. Modelling of progressive cooling of the brine
composition, given by PIXE analysis of brine fluid
inclusions in the Yankee Lode quartz, with addition of
meteoric water was used by Heinrich and Ryan [6] to
explain the detailed zonation of ore deposits in the Mole
Granite. The model predicted the sequence of ore
deposition from cassiterite, through arsenopyrite,
chalcopyrite, galena and sphalerite, to pyrite in the
country rock. This is in general agreement with the
regional distribution of Sn, Ag and base metal deposits
away from the Mole Granite [6], and illustrates the
usefulness of PIXE analysis as a basic research tool for
the study of hydrothermal processes.

CONCLUSIONS

PIXE analysis using the Proton Microprobe
provides a means of exciting and detecting
characteristic X-rays from ore-forming elements trapped
within fluid inclusions in minerals. By modelling PIXE
yields from the complex 3D structure which
characterizes a fluid inclusion, and its multiphase
components, a method has been developed which is
non-destructive, quantitative and standardless, and with
sensitivities down to -50 ppm in the fluid. The method
is currently in use to study ore-forming fluids in
magmatic hydrothermal systems.
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