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Introduction
Spectroscopic investigations and tracking of mica chemistry and structural
phase as proxy for temperature, pressure and characterisation of hydrothermal fluids
with respect to mineralisation potential has been addressed sporadically since the
first studies documenting fundamental mica spectroscopy were published (Hunt and
Ashley, 1979; Clarke et al., 1990; Post and Nobel, 1993). Detailed spectral
signatures obtained using both point and imaging spectrometers (also called
hyperspectral systems and generally sampling the electromagnetic spectrum from
approximately 350 to 2500nm in narrow ~4-20nm contiguous bands) were linked to
not only fundamental molecular characteristics but subsequently to other formational
constraints such as temperature, pressure, and other alteration processes.
Seminal work from both lab and field, point-based spectroscopic systems
(Cudahy et al., 1996; Yang et al., 1996a), from airborne hyperspectral systems
(Huntington et al., 1995; Kruse, F., 1999; Cudahy et al., 2001; Bierwirth et al., 2002;
van Ruitenbeek et al., 2012) and from satellite systems (Cudahy et al., 2002; Kruse
et al., 2003) demonstrated that infrared spectroscopy could be used to consistently
and accurately identify a vast suite of minerals, scaling from handsample through to
entire districts (Kruse et al., 2011).
Researchers particularly focused on alteration mineral assemblages that
define basic alteration zonation patterns (argillic, phyllic, potassic, etc.). Certain
mineral classes (including both mineralogical and textural) demonstrate more
marked variability (as expressed in their unique spectral signatures) with respect to
changing conditions of formation (temperature, pressure and fluid chemistry). These
minerals become reliable indicators of formation conditions and thus alteration
zonation proxies. One of the most prominent indicator minerals in this category are
the micas including not only white micas (e.g. paragonite, muscovite) but also more
iron and magnesium rich micas (e.g. chlorite, phlogopite).
While various species of mica are found in most styles of ore deposit, Cuporphyry is arguably one of the more important ones. The presence of mica can
reveal both primary mineral formation conditions (as in igneous or metamorphic
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events) or can map out secondary alteration processes such as pervasive phyllic
alteration overprinting or vein-veinlet events. The chemistry of the micas as well as
relative crystallinity, allows for demarcation of alteration zones used in exploration,
drill targeting and subsequent mine planning (including environmental planning).
While the hand-held point spectroscopy systems (both lab and field based)
have provided significant insight into mica chemistry with respect to mineralisation
(Duke, 1994; Scott, 1996; Mauger et al., 1997; Scott and Yang, 1997; Harraden, et
al., 2013), the advent of full core imaging systems has significantly increased the
amount, accuracy and precision of spectral data (Agar, 2011; Cernuschi, F. et al.,
2014; Martini and Goodey, 2014; Tappert et al., 2015). Legacy point surveys have
traditionally provided a small fraction of spectral samples compared to the newer
core imaging systems (imagers produce approximately 150,000 pixels per meter of
imaged core).
High precision, accurate hyperspectral core imaging data from the Copper
Basin, copper porphyry prospect located in central Arizona, is used to identify and
map a suite of typical porphyry alteration minerals. The mineral maps (specifically
those tracking mica species, chemistry and crystallinity) reveal potential paragenetic
relationships and specific indicator minerals/assemblages associated with the copper
mineralization.

Methodology
Automated Hyperspectral Core Imaging
The detailed mineralogy required to investigate the subtle chemical and
crystalline variations in mica are extracted via an automated hyperspectral core
logging system. The scanning measurements were performed with the Corescan
HCI-3 system which operates across the VNIR and SWIR bands from 450nm2500nm at a spectral resolution of ~4nm. Rather than single point measurements
obtained from legacy systems such as HyLogger (Tappert et al., 2013), the
Corescan system produces full, continuous images along-core (Figure 1).
High quality optics focus the spectral measurement to a 0.5 mm point on the
core, maximizing signal (average 2000:1 across the measured spectrum) and
minimizing spectral mixing thus providing a near pure spectral signature at each
point on the core, with none of the atmospheric or mixing issues inherent to airborne
or satellite hyperspectral systems. This results in ~150,000 spectra per metre of
scanned core (Figure 1B-F). In addition, a spectrally calibrated RGB camera
provides a high resolution visual record of the core at 50 µm pixel size (Figure 1A).
Measurement of core surface features, texture and shape is captured using a 3D
laser profiler with a vertical surface profile resolution of 20µm (Figure 1G).
The Copper Basin core used in this study was scanned on-site at the Bronco
Creek exploration offices in Tucson, AZ, USA. The Corescan laboratory was
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mobilised to Bronco Creek for approximately two weeks in May of 2014, during
which 1137m of cut, Copper Basin core from seven separate boreholes were
scanned over three days.
The scanning system comprises a scan unit housing the optics,
spectrometers, cameras and 3D profiling sensors; a translation table with conveyor
driven core tray loading system and a high speed data acquisition, processing and
control computer. All system components are housed within a ruggedized, mobile
shipping sea container.
As each core box was loaded (standard, five-slot, cardboard boxes housing
up to 5m of core material), an automated core box management system identified
sections of core and masked out unwanted materials such as the core box and depth
markers. Depth coordinates, scan modes and image resolutions were then
confirmed by the operator for individual core sections prior to scanning.
The logging of spatial coordinates along with the automated identification and
extraction of core sections allowed spatially referenced visualization of the core and
mineral maps. The 500 µm hyperspectral spatial resolution results in approximately
150,000 pixels per meter of imaged core. The signatures from these pixels are thus
all spatially referenced and tied to the original photography, hyperspectral and laser
profile data for all scanned core. Core was scaled and reconstructed in real time
even where core recovery was less than 100%. The spatial referencing allowed for
detailed comparison with other downhole, geological information (lithology and
assay).
Processing and Analysis of Data
The Corescan hyperspectral imaging data (from which mineral maps are
derived) was pre-processed on-site. Calibration data are collected at the start and
end of each row of core, and utilized in the subsequent calculation of reflectance
from the native radiance data. Radiometric calibration is achieved in reference to
NIST-certified spectralon 20% and 80% reflectance standards, while another
spectralon tile doped with a NIST-traceable blend of rare earth elements is used to
achieve frequency calibration. The reflectance spectral signatures derived from this
process are then compared to an amalgamated reference spectral library that
consists of over 1000 separate minerals and mineral sub-species. These libraries
include spectral signatures from the USGS and JPL/NASA as well as collections of
signatures identified from Corescan data and validated by ancillary measurements
(e.g. XRD, Qemscan, petrography, etc.). Identification and classification of mineral
signatures was performed with proprietary Corescan software, but is generally based
on a linear regression technique that isolates the position and overall architecture of
spectral absorption minima and maxima that uniquely identify specific minerals.
The spatial resolution of the hyperspectral data (500 um) coupled with the
continuous sampling afforded by the imaging allows for the capture of a large
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number of pure pixels. This allows for an easily determined and comprehensive
group of end member minerals as well as mapping of compositional parameters of
individual minerals (e.g. relative Al content within white mica) (Figure 1). The imaging
nature of the data also makes spatial relationships of these minerals and mineral
sub-species immediately apparent (e.g. disseminated vs. veined).
The calculated mineral maps for the core (exported as JPEG2000) are used
to compute semi-quantitative down-hole mineralogy (exported as .csv files) which
are then compared to other downhole geological information including assay and
lithology. Physical texture, such as faults, fractures and qRQD (quick RQD) were
also derived from the high resolution laser profiler data (Figure 1G).

Figure 1. A selection of typical automated core imaging results taken from a
single borehole in the Copper Basin study area. The captured images cover
approximately 0.5m of core and are shown within the virtual Coreshed
environment.
A. True-color, RGB photography at 50µm, B. True-color,
hyperspectral imagery at 500 µm, C. Mineral classification (distribution) map
derived from the hyperspectral imagery, D. Derived chemistry of white mica
(tracking the gradation from paragonite, through to muscovite and into
phengite), E. Chlorite abundance, F. Phlogopite abundance and G. Core
morphology derived from laser profile data (20 µm vertical resolution).

Results
Twelve distinct minerals were identified and mapped throughout the seven
scanned boreholes from Copper Basin (see Figure 1 for mineral explanation). In
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addition, several sub-species of mineral classes were identified including variations
within the white mica, chlorite, carbonate and phlogopite classes relating to both
chemistry and crystallinity changes (Figure 2); these mica species and sub-species
are the focus of the remainder of this study.

Figure 2. Spectral signatures extracted from single pixels of Corescan
hyperspectral data of a single Copper Basin borehole. A. Spectral signatures
of only the identified and mapped micas and mica sub-species, B. A stacked
plot showing the specific spectral absorption features used to identify and
track white mica chemistry, C. The main white mica absorption feature centred
on ~2200nm with the variations ranging from paragonitic through to phengitic
with a total shift of 17nm, D. plot showing the distinct slope differences
observed between phlogopite (top) and biotite (bottom).
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With respect to white mica, distinctive changes in the architecture of the
spectral signatures reveals a shift from more aluminium-rich paragonitic white micas
(with the key absorption feature located at 2195 nm) into muscovite (centered at
2201nm) and terminating into aluminium-poor, iron-rich phengitic micas (centered at
2212nm) (Figure 2A,B,C). In addition, the overall shape and total depth of the white
mica absorption features located in the approximate wavelength range centered on
2200 nm relate to relative crystallinty. The measurement of these individual
signatures (and thus white mica behaviour) is scaled up over the 150,000 pixels per
metre of core (Figure 1C,D) and then upwards over the entire scanned collection of
core material (Figure 3). The mineral map seen in Figure 1C shows not only which
pixels measured along the core face contain white mica, but whether that mica is Alpoor or Al-rich (paragontic vs. phengitic). The spatial distribution of the different white
micas mapped at Copper Basin vary from pervasive through to vein-hosted; Figure
1D highlights a chlorite vein grading into a white mica selvage. This is a typical
assemblage, second only to the more abundant calcite veining.
Two other mica species and sub-species were identified including chlorite
(both Fe and Mg-rich sub-species) and phlogopite-biotite- (Figure 2A, D). Phlogopite
(and its’ iron-rich associate, biotite) are identified by the unique set of absorption
features in the ~2100-2400nm wavelength range (Figure 2A). While the very similar
spectral character of these two mineral species can lead to some ambiguity in their
absolute identification, a close examination of the spectral slope from ~1400nm to
1800nm often renders a discrimination (Figure 2D). Examination of the slope of
spectral signatures in this region can reveal the overall abundance of iron in the
measured minerals; a high slope indicates the presence of more iron while a lower
slope indicates less iron. When a high slope is encountered in a phlogopite signature
(such as the bottom spectral signature seen in Figure 2D), it becomes extremely
likely that the pixel from which the signature is extracted is primarily biotite (rather
than the more Mg-rich phlogopite). Mapping results for the main borehole examined
in this study indicate that most of the mapped phlogopite lacks significant iron and is
distributed in two main intervals (~213-266m and ~274-278m) (Figure 3). One small
interval at approximately 300m does contain significant biotite, but is limited to a run
of only 1.5m total.
Chlorite follows a similar spatial distribution to the mapped phlogopite/biotite
with the notable exception of no mapped chlorite in the ~300m interval (Figure 3).
Similar to white micas, the overall shape and position of the maximum absorption at
approximately 2300nm allows us to absolutely identify chlorite as well as to track the
amount of iron contained within the chlorite (Figure 2A).The majority of the chlorite
mapped in this borehole is Mg-rich, however there is a short interval (~204-205m)
where the chlorite is iron-rich and is present where no phlogopite is found.
When viewed over a larger range (~170m), the mica mineral species revealed
by the hyperspectral core imaging outline a basic set of assemblages that repeat
throughout the borehole and into other boreholes from the same project. White mica
6
Martini, Conroy and Carey

April 2015

Tracking Mica Chemistry in Porphyry with Spectroscopy

is dominantly mapped at the top of the borehole and is paragonitic in character. At
approximately 214m, we see a shift into phengitic white mica and a concurrent
appearance of a chlorite-phlogopite assemblage. This assemblage persists until
approximately 267m where it abruptly dies off and the paragonitic white mica again
appears. This pattern is repeated a second time beginning at approximately 275m
and ending at approximately 278m (Figure 3).

Discussion and Conclusions
The spectral behaviour of the identified and mapped micas in the imaged
Copper Basin core correlates well with what other researchers have seen in other
styles of deposits (particularly IOCG and Orogenic-Au) and in other copper porphyry
(Yang et al., 1996a; Harraden et al, 2013; Tappert et al., 2013). In general, as the
ore zone is approached, white micas become more Fe and Mg-rich, dropping Al as
the process progresses. The result is a shift from the Al-rich paragonites into Mg-rich
muscovites and finally into Fe-rich, phengitic micas grading towards and directly
adjacent to more mineralised rock (Figure 2D, 3). This phenomenon is a function of
molecular-level Tschermak substitutions where Fe (and Mg) can substitute into the
crystallographic structure along with the substitution of tetrahedral-coordinated Al for
Si (Duke, 1994).
A similar process is observed in the other two studied mica species (chlorite,
phlogopite-biotite), where the Fe-cation is substituting for the Mg-cation resulting in
the spectral shifts seen in the extracted spectral signatures (Figure 2). These
molecular-level chemical substitutions, expressed in single spectral signatures, are
seen at entire borehole scales via imaging (Figure 3). Mineral species can thus be
used to partially track the fate of Fe, Mg and Al within the ore deposit system. The
chemistry coupled with the crystallinity of these species can potentially be used as a
proxy for temperature of formation and to build larger models of hydrothermal fluid
flow.
The observed textures (particularly veined vs. pervasive) of the micas may
also help to determine deposit-scale paragenetic relationships. The white micas (and
particularly the phengites) are more veined, while the paragonitic micas seen further
from the mineralised zones are more pervasive in character. The phlogopites are
predominately pervasive in character and are mainly found within the porphyry zones
of the borehole. Chlorite appears both pervasively and as veins in the porphyry
zones, with the more Fe-rich series expressed predominately in veins. The
correlation between the observed alteration assemblages (highly veined, phengite
and chlorite plus pervasive phlogopite) and the porphyritic zones of the Bradshaw
granite that makes up the vast majority of the studied borehole is compelling.
Textural imaging indicates that these phengite zones are typically emplaced after the
pervasive chloritisation and are cored dominantly by carbonate and amorphous silica
vein sets. Along with the predominance of Fe-rich phengites, the concurrence of the
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Fe-rich chlorites with respect to increased Cu grade may lend itself to future use of
these assemblages as a Cu vector in porphyry prospects.
Similar to the work done by Harraden et al., 2013 at the Pebble porphyry in
Alaska, the observed relationship between low-aluminum phengites and the chloritephlogopite assemblage at the Copper Basin porphyry appears to correlate with Cu
assay data (Figure 3G). While more rigorous statistical analysis is needed to clarify
the extent of the correlation between copper grade and mica chemistry at Copper
Basin, the relative spatial relationship downhole between iron and magnesium rich
micas (chlorite, biotite and phengites) is compelling.
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Figure 3. Approximately 70m of core displayed from a virtual online server. Core is arranged by box with depth increasing
downwards. A. True color photography at 50µm spatial resolution, B. Mineral classification map where colors correspond
to mineral explanation at bottom left, C. White mica abundance where colors correspond to gradient at bottom right, D.
Chemistry of white micas where colors correspond to bottom-center gradient, E. Phlogopite abundance, F. Chlorite
abundance, G. Copper assay bulked to match the Corescan imaging interval.
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