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SUMMARY

The effects of talc-carbonate alteration and serpentinisation on the physical properties of ultramafic rocks are regularly presented but
often as incomplete datasets, and are subsequently poorly understood. The development of integrated and more robust physical
property databases is important. Consequently, two Western Australian greenstone terranes have been studied. Data from ~2,000
samples taken from the Plutonic-Marymia Greenstone Belt and the Eastern Gold Fields are presented. New p-wave velocity,
magnetic susceptibility, density, apparent porosity, and natural remanent magnetisation data are examined.

An integrated approach of placing empirical petrophysical data within a rigorous mineralogical and petrological framework has been
undertaken. The use of Short Wave Infrared (SWIR) spectral data is investigated. SWIR data are shown to be useful for the
identification and quantification of talc-carbonate mineralogy of ultramafic rocks. Similarly the identification of variable Mg-Fe
chlorite is also beneficial. Petrophysical data are shown to correlate well when compared with talc-carbonate and chlorite spectral
mineral data and abundances. Serpentine group mineralogy can be identified, however olivine, quartz and pyroxene minerals are
unable to be resolved due poor absorption features in the SWIR. Serpentine mineral species, i.e. lizardite, antigorite, and chrysotile,
are also unable to be resolved due to narrowness of wavelength absorption features. It also important to recognise that reported
mineral abundances are typically normalised to SWIR active minerals.

Anomalous values of reliable but limited spectrally classified serpentine data have shown two populations of serpentinised rocks
within acoustic impedance plots. In particular, one population presents a high p-wave velocity, i.e. 6500-7000m/s, and ubiquitously
low density and high magnetic susceptibility. These data suggest the presence of antigorite and or silicification. Consequently,
although SWIR classified data have been shown to be appropriate to use for interpreting variable degrees of talc-carbonate alteration,
an interpretation of serpentinised rocks should be treated with caution. Furthermore, it is recognised that the uncertainty of SWIR
mineral abundance data should be evaluated where SWIR active minerals present overlapping wavelength features.
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INTRODUCTION

It is common practice to categorise rock physical property data solely by lithotype. This has led to the development of wide
distributions in range within localised studies and global petrophysical databases. Consequently, an uncertain relationship between
reliable rock physical properties and geology is ever present. The characterisation of rock physical property data by alteration may
mitigate this uncertainty. The use of mineralogical scanners, e.g. spectral, and portable whole-rock geochemical analysers, e.g.
portable x-ray fluorescence (pXRF), are able to put petrophysical data in a correct mineralogical context while reducing the
subjectivity of the interpretation of type and variable degree of alteration which are often interpreted by an individual geologist.

New data from eight diamond drill cores are presented. The study includes measurements made on four Department of Mines and
Petroleum Kalgoorlie Core Library maintained, and publically accessible, diamond drill cores sourced from the Eastern Gold Fields
(GUD174, GUDL175, KD8, KD330). Remaining studies have been made on diamond drill core from the Plutonic Gold Mine,
Western Australia.

METHOD AND RESULTS
Methods:
Portable instruments were used throughout this study. A handheld Acoustic Control Systems UK1401 ultrasonic tester, and a

handheld magnetic susceptibility meter were employed at 2m intervals on each drill core. Physical samples were acquired at 5m
intervals and density properties determined at the University of Western Australia Petrophysical Laboratory via Archimedes’
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principle (Emerson, 1990; Lipton & Horton, 2014). Magnetic susceptibility and sonic measurements were also made on these
samples. Natural remanent magnetisation measurements are ongoing (Adams & Dentith, 2017) and are being made using a
MagneticEarth Qmeter magnetisation meter. 158 samples have presented a reliably measurable magnetic moment, thereby allowing
remanent and induced magnetisation intensities to be calculated. Two laboratory-determined test standards (MagneticEarth, 2015)
permitted checks of satisfactory reproducibility of magnetic susceptibility and remanent magnetisation intensity. Instrument accuracy
was determined to be better than 9% and 5%, respectively.

Mineralogical data are classified by infrared spectral data using an ASDinc. TerraSpec 4 Hi-Res spectrometer. As the contact probe
spot size is 10mm, spatially averaged data are deemed to better represent sample heterogeneity, and are therefore more appropriate to
compare with bulk physical properties. Subsequently, 6 spectral measurements were made on spatially unique areas of ~550 selected
physical samples and averaged for each sample.

The use of spectral data provides a means from which to better classify physical property data. Carbonate, serpentine, amphibole and
chlorite minerals are principal mineral constituents and are of interest to understanding of talc-carbonate alteration and
serpentinisation of ultramafic and mafic rocks. These minerals have identifiable absorption features within the SWIR spectrum
(Hauff, 1983) and are able to be measured by a TerraSpec 4 Hi-Res spectrometer and identified by The Spectral Geologist™ (TSG8)
spectral un-mixing software. Furthermore, the lateral shifts in wavelength features readily allow the sub-classification of the iron and
magnesium content of some mineral species (e.g. chlorites, amphiboles, carbonates).

Porosity data of altered mafic and ultramafic rocks are often not collected, largely due to the crystalline nature of metamorphosed
rocks and ensuing negligible values. However, small variations in porosity and micro-mineral fractures may provide a means from
which to study the effects hydration, carbonatisation, or silicification. Porosity data may be at least as important as alteration when
considering the variability of rock physical properties (Dentith et al., 2017). Apparent porosity data have been measured (Emerson,
1990) and are presented.

Results:

Figures 1-3 show that the comparison of individual physical property measurements with geologist lithological logs is of limited
benefit. Henkel-bivariate plots (Henkel, 1994) have been shown to be useful when discriminating ultramafic and mafic rocks (Adams
& Dentith, 2016). Multi-petrophysical plots of p-wave velocity and magnetic susceptibility (Figure 4) and mass susceptibility (Figure
5) are able to distinguish most ultramafic rocks from mafic rocks. An acoustic impedance plot shows that alone seismic data are
unable to clearly distinguish most mafic and ultramafic rocks (Figure 6). In general, wide ranges of lithotype-classified physical
property values are observed, and are particularly noticeable for rocks logged as ultramafic talc chlorites, komatiites and serpentinites
(Figures 4-6). Wide-ranging physical property values are inherent for rocks ambiguously classified as ‘undifferentiated’. Here,
‘undifferentiated” rocks are shown to range by up to 4000m/s Vp; 100 SI x 10-® magnetic susceptibility; ~0.15g/cm? density.
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Figures 1-3 (top-left, clockwise): Frequency histograms of physical properties (grain density, magnetic susceptibility, and p-wave velocity,
respectively) of studied ultramafic and mafic rocks coloured according to geologist lithological logs. Magnetic susceptibility is in log scale.
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Figures 4-6 (top-left, clockwise): Bivariate physical property plots of p-wave velocity vs magnetic susceptibility; dry bulk density vs magnetic
susceptibility (i.e. mass susceptibility); and wet bulk density vs p-wave velocity (i.e. acoustic impedance). Data are from studied ultramafic and mafic
rocks, and coloured according to geologist lithological logs. Magnetic susceptibility is in log scale.

As shown in Figures 7 & 8, most ultramafic talc-Mg-rich-chlorite samples (Figures 9-21) have a Q<1 indicating that induced
magnetisation is dominant. Prograde talc-carbonate alteration along with a subtle increase in porosity may permit a reduction of
magnetic grain size, thereby altering larger multi-domain magnetic grains to single-domain magnetic grains. The magnetism of these
fine single-domain grains readily aligns with an applied magnetic field, and is isotropic (Adams & Dentith, 2018). Although not
presented, preliminary whole-rock geochemical studies show that some of the ultramafic samples with low porosity are more silica
rich. Silica may help to partially preserve magnetic grains from the destruction by talc-carbonate alteration, hence explaining
relatively high p-wave velocity, magnetic susceptibility, and a Q>1.
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SWIR spectroscopy is able to classify most dominant mineralogy in altered ultramafic and mafic rocks, and is thereby capable of
removing the subjectivity, and often misinterpretation, of a logging geologist. Lateral variations in wavelength absorption features
allow the sub-classification of chlorite, carbonate, and amphibole mineral species via magnesium and iron content. This is important,
as ultramafic rocks are typically magnesium-rich and the difference in dominant mineral species is often difficult to visually
determine. Visual interpretation often leads to ultramafic rocks being classified incorrectly as mafic or ‘undifferentiated’. The
misinterpretation of lithology as well as alteration mineralogy has led to a large range of reported values within most physical
property databases. Furthermore, spinifex textures are occasionally logged as serpentine minerals rather than textural features that
are replaced by amphiboles or chlorite (E.g. Eastern Gold Fields samples, notably KD8). This has posed a significant issue with
regards to choosing actual serpentinised samples to study.

SWIR spectroscopy has been able to show relative changes of dominant amphibole and FeMg-rich chlorite mineral abundances in
mafic rocks (Figures 9-12). Similarly, relative changes in talc-carbonate and Mg-rich chlorite mineral abundances have been shown
in ultramafic rocks (Figures 13-15). Subsequently, bivariate physical property plots overlain with SWIR abundance data are
investigated in further detail:

e  Talc-Mg-rich chlorites have a magnetic susceptibility several orders of magnitude higher than mafic samples as well as a
relatively low p-wave velocity (Figures 16-18);

e The bulk of carbonate minerals are principally talc, with calcite, ankerite, dolomite, and magnesite (Figures 19-21). An
increase in apparent porosity and decrease in p-wave velocity is shown to occur with an increasing abundance of talc-
carbonate minerals.

e Anincrease in density of mafic rocks is observed to correlate with an increase in amphibole content (Figures 22-25). This
is in agreement with Bourne et al. (1993).

However, a population of serpentine mineral data is shown to increase in abundance with increasing in p-wave velocity and magnetic
susceptibility, and decrease density and apparent porosity (Figures 26-27). The increase in p-wave velocity is at odds with most
literature (Dentith & Mudge, 2014), yet the increase in magnetic susceptibility and decrease in density is in agreement (Toft et al.,
1990). Quartz, pyroxene, olivine minerals, as well as serpentine mineral species are unable to be measured by SWIR spectroscopy.
Only X-ray diffraction (XRD) is able to quantify and determine serpentine mineral species. Density values of 2.7-2.75 g/cm® suggest
that olivine and pyroxene are not constituent minerals. It is more likely that this population has either undergone silicification and or
is perhaps a different species of serpentine mineral, i.e. antigorite, as opposed to the more common lizardite (Christensen, 2004). Due
to this uncertainty, SWIR classification should be treated with greater caution when attempting to classify physical property data of
serpentinised rocks. As well, it is noted that greater uncertainty of SWIR mineral abundance values will occur where there is
significant overlap between SWIR active minerals. The interpretation and classification of wavelength shifts for these minerals may
be more appropriate than determination of abundance data in these circumstances.

CONCLUSIONS

SWIR spectroscopy is shown to be useful for the classification of ultramafic and mafic rocks. Furthermore, as chlorite, amphibole
and carbonate group minerals are dominant within talc-carbonate alteration assemblages, SWIR spectroscopy is suitably able to
quantify the degree of alteration. Lateral variations in spectral absorption features allow the sub-classification of chlorite, carbonate,
and amphibole mineral species via magnesium and iron content. These data are also useful for the interpretation of physical property
data.

Serpentine minerals are readily identifiable within the SWIR. However, the identification of mineral species, i.e. lizardite, antigorite,
chrysotile, is needed so as to better constrain physical property data. Quartz, olivine and pyroxene may also be dominant constituents
in serpentinised rocks. These minerals are unable to be measured within the SWIR. As such, care must be exercised when
interpreting a potentially misleading SWIR normalised mineral abundance of serpentine. Care must also be exercised when
interpreting SWIR mineral abundance data, particularly where 3 or more SWIR active minerals may present. Overlapping
wavelength features may complicate the reliability of the spectral unmixing identification processes.
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Figures 9-12: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility vs
dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity (bottom).
Data points are coloured by abundance (%) of FeMg-Chlorite minerals normalised to minerals measured
within SWIR spectrum. Grey data points show measured physical properties that have no spectral data.

Points are sized by apparent porosity (%). Axes of magnetic susceptibility are in log-scale.

Figures 13-15: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility
vs dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity
(bottom). Data points are coloured by abundance (%) of Mg-Chlorite minerals normalised to minerals
measured within SWIR spectrum. Grey data points show measured physical properties that have no
spectral data. Points are sized by apparent porosity (%). Axes of magnetic susceptibility are in log-scale.
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Figures 16-18: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility
vs dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity
(bottom). Data points are coloured by abundance (%) of Talc normalised to minerals measured within
SWIR spectrum. Grey data points show measured physical properties that have no spectral data. Points are
sized by apparent porosity (%). Axes of magnetic susceptibility are in log-scale.

Figures 19-21: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility
vs dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity
(bottom). Data points are coloured by abundance (%) of carbonate minerals normalised to minerals
measured within SWIR spectrum. Grey data points show measured physical properties that have no spectral
data. Points are sized by apparent porosity (%0). Axes of magnetic susceptibility are in log-scale.
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Figures 22-25: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility
vs dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity
(bottom). Data points are coloured by abundance (%) of amphibole minerals normalised to minerals
measured within SWIR spectrum. Grey data points show measured physical properties that have no spectral
data. Points are sized by apparent porosity (%0). Axes of magnetic susceptibility are in log-scale.

Figures 26-27: P-wave velocity vs wet bulk density, i.e. acoustic impedance (top); magnetic susceptibility
vs dry bulk density (middle), i.e. mass susceptibility; and magnetic susceptibility vs p-wave veolcity
(bottom). Data points are coloured by abundance (%) of serpentine minerals normalised to minerals
measured within SWIR spectrum. Grey data points show measured physical properties that have no spectral
data. Points are sized by apparent porosity (%). Axes of magnetic susceptibility are in log-scale. Red
ellipses show anomalous, i.e. high Vp, serpentine mineral data.
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