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Introduction

Geoscience BC’s Search project (Phase 1) area is located
between the towns of Smithers and Terrace, British Colum-
bia (BC), and encompasses the western Skeena arch tec-
tonic domain across the Stikine terrane (Figure 1a). This is
a highly prospective region that hosts more than 220 metal-
lic mineral occurrences, including abundant vein-type Cu-
(Ag-Au) deposits, six of which have historically been
mined by hand (e.g., Copper Queen mine, refer to Stock
MINFILE 093L 085, BC Geological Survey, 2017).
Among the Cu-(Ag-Au) occurrences are numerous exam-
ples thatare classified as conforming to the volcanic-hosted
redbed-copper mineral-deposit model, and others that are
assigned to a variety of intrusion-related and subvolcanic
mineral-deposit models. There are 54 mineral occurrences
that are ambiguously classified as both, despite their mutu-
ally exclusive genetic origins.

Distinguishing between these mineral-occurrence types
has value for explorers since intrusion-related occurrences
are a potential indicator for significant styles of mineraliza-
tion such as porphyry copper systems, whereas redbed-
copper occurrences are not. Methods to potentially dis-
criminate between these two deposit types include gaining
a better understanding of their geological setting and iden-
tifying the nature of the alteration footprints, which are dif-
ferent for these two mineralization styles. Volcanic-hosted
redbed-copper occurrences are typically stratabound and
are associated with minimal alteration (Lefebure and
Church, 1996), whereas intrusion-related copper veins
crosscut stratigraphy, are associated with intrusions and the
veins typically have significant sericite-clay— and/or
chlorite—alteration zones (Lefebure, 1996) that can be
zoned around a central core.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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Satellite-acquired infrared spectral data are a valuable
source of remotely sensed information that can identify al-
teration mineralogy that formed from interactions between
the hostrock and hot hydrothermal fluids, which may also
form metallic mineral deposits. Many alteration minerals
(or groups of alteration minerals) have characteristic or di-
agnostic absorption features that can be remotely detected
in infrared spectral data. Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) spectral
data, in particular, can be utilized to remotely map the dis-
tribution of specific minerals that form different types of al-
teration potentially related to mineralizing processes. Such
remote-sensing technologies have been widely and suc-
cessfully used for lithological and alteration-mineral map-
ping as a contribution to mineral exploration efforts (Watts
and Harris, 2005; Azizi et al., 2010; Rajendran et al., 2012;
Van Ruitenbeek et al., 2012).

Microwave ridge is an informal name given to a northwest-
trending ridge in the central portion of the Skeena arch, ap-
proximately 15 km southwest of Hudson Bay Mountain,
west of the town of Smithers (Figure 1a). This area hosts
three ambiguously assigned Cu-(Ag-Au) occurrences and
was chosen to test the effectiveness of alteration mapping
using ASTER data in distinguishing between intrusion-re-
lated and volcanic-hosted redbed-copper types of mineral
occurrences. Microwave ridge is an ideal location due to
the relatively simple geology of this area, such that varia-
tions in spectral responses are likely the product of hydro-
thermal alteration, and not simply caused by the underlying
lithology.

Geological Setting
Regional Geology

The Skeena arch is an east-northeast-trending geomorpho-
logical belt that transects the Stikine terrane in central BC.
Itisunderlain by Mississippian through Neogene rocks that
record the transition from island-arc magmatism and re-
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Figure 1. Search project in west-central British Columbia: a) location of the area of interest within the context of selected terranes and tec-
tonic elements in British Columbia, including the Cache Creek (CC), Quesnel (QN), Stikine (ST) and Yukon-Tanana (YT) terranes, Coast
Plutonic Complex (CP), Bowser Basin (BB) and Nechako Basin (NB)—the Skeena arch corresponds to the region between the Bowser and
Nechako basins (terranes modified after Colpron and Nelson, 2011; strata deposited in the Bowser and Nechako basins modified after Cui
etal., 2015); b) simplified geology of the area of interest, with the outline of the Microwave ridge study area in red (distribution of rock units
modified after Cui et al., 2015). Place name with the generic in lower case is unofficial.
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lated sedimentation of the Stikine terrane to post-accretion-
ary continental-margin—arc magmatism and sedimentation
of the overlap assemblages. The oldest rocks are primitive-
arc volcanic rocks of the Mississippian to Permian Mt.
Attree formation, which form isolated exposures in the
western Search project area (Figure 1b; Nelson et al.,
2008). They are overlain by Permian limestone of the Am-
bition Formation and an unnamed Middle Triassic unit of
thin-bedded chert and argillite (Nelson et al., 2006). Mis-
sissippian to Permian intrusions in the southwestern corner
of the Search project area occur with younger intrusions
and metamorphic rocks that make up the Coast Plutonic
Complex (Figure 1a).

The most widely exposed rock unit is the uppermost Upper
Triassic to Lower Jurassic Telkwa Formation of the Hazel-
ton Group. At the latitude of the Skeena arch, the Telkwa
Formation has been subdivided into the western Howson
subaerial facies, the central Babine shelf facies and the east-
ern Kotsine submarine facies (Tipper and Richards,
1976a). The Search project area is mostly within the
Howson facies, named after the Howson Range (Fig-
ure 1b). The transition easterly from the Howson to the
Babine facies is marked by increasing proportions of sedi-
mentary rocks. The Kleanza intrusive suite is the plutonic
equivalent of the Telkwa Formation (Nelson, 2017).
Slightly older Late Triassic intrusive rocks in the Howson
Range are herein called the Miligit intrusive suite (Fig-
ure 1). The proportion of sedimentary rocks also increases
upsection within the Hazelton Group. The Telkwa Forma-
tion is conformably and locally gradationally overlain by
mixed sedimentary and volcanic strata of the Nilkitkwa
Formation (Pliensbachian to Toarcian; Tipper and Rich-
ards, 1976a). The Nilkitkwa Formation includes the Red
Tuff Member: a sequence of well-bedded, brick red, crys-
tal-lithic Toarcian tuff, with minor basalt and rhyolite that
are (nearly) indistinguishable from the red tuffs in the upper
Telkwa Formation (Tipper and Richards, 1976a). The
Nilkitkwa Formation is overlain by tuffaceous sandstone of
the Smithers Formation (Toarcian to Bathonian) and
tuffaceous mudstone of the Quock Formation (Bajocian to
Callovian; Gagnon et al., 2012).

The Hazelton Group is gradationally overlain by siliciclas-
tic rocks of the Bowser Lake Group (Figure 1b). The upper-
most distinguishable tuff bed within a sequence of deep
marine sedimentary rocks marks the boundary between
these two groups along the southern margin of the Bowser
Basin (Evenchick et al., 2010). Middle Jurassic to Lower
Cretaceous sedimentary rocks of the Bowser Lake Group are
rare across most of the Skeena arch, which supports it being
interpreted as a topographic highland that formed the
southern boundary of the Bowser Basin and the northern
boundary of the Nechako Basin at that time (Tipper and
Richards, 1976a). In the central Skeena arch, the Bowser
Lake Group is absent and Lower to Upper Cretaceous sedi-
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mentary and volcanic rocks of the Skeena Group uncon-
formably overlie the Telkwa Formation (Figure 1b;
Palsgrove and Bustin, 1991). The Upper Cretaceous
Kasalka Group volcanic rocks locally overlie the Skeena
Group (Figure 1b).

The Late Cretaceous Bulkley and Eocene Nanika plutonic
suites are widespread across the Skeena arch (Figure 1b).
They typically occur as small stocks, dikes and sills of
diorite to monzogranite. The majority of mineralization
within the Skeena arch is associated with these Late Creta-
ceous and Eocene intrusions (MacIntyre, 2006).

Microwave Ridge Geology

Microwave ridge is underlain by a series of moderately
northeast- to southeast-dipping homoclinal panels of
Telkwa Formation volcanic rocks that are separated by
northwest-trending faults with minimal displacement (Fig-
ure 2). The Telkwa Formation in this area includes a lower
unit of andesitic lapilli tuff, aphyric basalt and rhyolite
lenses; a middle tuffaceous sedimentary unit; and an upper
unit of quartz-bearing dacitic tuff. The stratified rocks are
cut by isolated intrusions that are interpreted as belonging
to the Bulkley Plutonic Suite (Figure 2).

Lower Telkwa Formation Andesitic Tuff Unit

The lower Telkwa Formation on Microwave ridge includes
fine-grained basalt flows, andesitic to dacitic lapilli tuffand
ash tuff, rhyolite lenses and minor interbedded sedimentary
rocks. Basalt flows are typically aphyric, fine grained and
dark grey, with purple and maroon pumiceous flow-top
breccias (Figure 3a). They locally contain chlorite- or cal-
cite-filled amygdules and well-developed Liesegang rings.
Zeolite- and epidote-cemented flow-top breccias were re-
ported by MacIntyre etal. (1989b). Basalt flows are 2—10 m
thick and are not laterally continuous. They are interpreted
to fill paleotopographic depressions and/or scoured lava-
flow channels. Lapilli-tuff beds are maroon to brick red,
with fragments of plagioclase-phyric andesite, cream-col-
oured rhyolite and dark grey basalt, as well as up to 15%
plagioclase-crystal fragments. One lapilli-tuff bed at the
top of this sequence includes 3% quartz-crystal fragments.
Individual tuff beds vary from 10 cm to 5 min thickness and
are laterally continuous.

Middle Telkwa Formation Sedimentary Unit

A lens of epiclastic conglomerate, siltstone, calcareous tuff
and limestone bisects Microwave ridge and overlies the
quartz-bearing lapilli tuff described above (Figure 2). Con-
glomerate beds contain well-rounded cobbles to boulders
of volcanic rock units similar to the underlying lower Telk-
wa Formation within a coarse sand matrix (Figure 3b). Car-
bonate-rich sandstone and tuff beds weather recessively
(Figure 3b). Fine- to coarse-grained epiclastic sandstone
occurs in planar beds 5-10 cm thick, some of which fine up-
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Figure 2. New geological interpretation for Microwave ridge, west-central British Columbia, integrated from previous geological mapping
(Tipperand Richards, 1976b; Macintyre etal., 1989a), aerial photographs, new aeromagnetic data and ground truthing. Insetis reduced-to-
pole aeromagnetic data for the Microwave ridge area (modified after Precision GeoSurveys Inc., 2016).

ward into maroon mudstone. Maclntyre et al. (1989b) re-
ported pure limestone as a component of this sedimentary
sequence.

Maclntyre et al. (1989b) interpreted this lens as part of the
Nilkitkwa Formation. Desjardins et al. (1990) interpreted a
similar fossiliferous sedimentary sequence in the Thautil
River map area to the south as a component of the Telkwa
Formation. Stanley and McRoberts (1993) studied a Sine-
murian reef in the Thautil River map area, which they as-
signed to the Nilkitkwa Formation, yet also acknowledged
that other workers consider it to be part of the Telkwa For-
mation. New, preliminary U-Pb zircon analyses of samples
bracketing the sedimentary sequence on Microwave ridge
yield overlapping ages of 197.5 +2.6 Ma and
201.5+1.5 Ma. The Nilkitkwa Formation, as originally de-
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scribed, is dominantly black mudstone, with abundant
Pliensbachian fossils in the base of the unit as well as re-
stricted Toarcian volcanic rocks (Tipper and Richards,
1976a). These shallow-marine sedimentary rocks are
interbedded with Hettangian to Sinemurian volcanic rocks,
which indicates that they are not part of the Nilkitkwa For-
mation but are rather a sedimentary inlier of the Telkwa
Formation. Tipper and Richards (1976a) reported isolated
marine sedimentary rocks, including limestone interbed-
ded with subaerial volcanic rocks, at the transition zone
between the Howson and Babine facies of the Telkwa For-
mation.

Upper Telkwa Formation Dacitic Tuff Unit

The upper Telkwa Formation is dominated by brick red
dacitic lapilli, crystal and ash tuff, with minor rhyolite,

Geoscience BC Summary of Activities 2017: Minerals and Mining
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sandstone and siltstone. Dacitic tuff beds vary from 5 cm to
5 min thickness and are normally graded. Lapilli-tuff com-
ponents contain maroon and purple, aphanitic to sparsely
plagioclase-phyric lapilli, rare beige rhyolitic lapilli, up to
3% quartz-crystal fragments and 5-10% feldspar-crystal
fragments in fine red-ash groundmass. Some beds contain

Figure 3. Characteristic rock units of the Telkwa Formation on Mi-
crowave ridge, west-central British Columbia: a) pumiceous brec-
cia in Telkwa Formation basalt; b) Telkwa sedimentary unit, with
conglomerate and recessively weathering limy epiclastic sand-
stone; ¢) Telkwa Formation red dacite tuff, with accretionary lapilli.
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accretionary lapilli (Figure 3c). This section includes
interbedded sandstone and siltstone. The upper contact of
the Telkwa Formation is not exposed in this area.

Telkwa Formation Rhyolite

Rhyolite lenses up to 2 km wide and 1 km thick occur
within the lower and upper volcanic units on Microwave
ridge (MaclIntyre et al., 1989b). They include flow-banded
and spherulitic flow domes, which locally intrude older
volcanic rocks, but also occur as concordant lapilli-tuff ac-
cumulations. These centres of rhyolite contain trace to 2%
pyrite and typically lack quartz phenocrysts. Some fine-
grained felsic exposures were previously interpreted as
Cretaceous or Eocene felsite intrusions (Tipper and Rich-
ards, 1976b; Maclntyre et al., 1989a). The presence of rhy-
olite lapilli fragments within red-tuff beds indicates that at
least some of the rhyolite belongs to the Telkwa Formation.
Where Telkwa Formation rhyolite flow domes and breccias
occur elsewhere in the Search project area, they have low
magnetic susceptibilities (average of 0.2 x 10~ SI based on
data collected by the authors) in contrast to the much youn-
ger Bulkley and Nanika felsic intrusive suites (see below).
Felsic intrusions mapped as ‘felsite’ on Microwave ridge
by Tipper and Richards (1976b) and Maclntyre et al.
(1989a) lack corresponding high aeromagnetic anomalies
and are therefore tentatively interpreted as Telkwa Forma-
tion rhyolite and not younger intrusions.

Bowser Lake Group

In the valley north of Microwave ridge, there is a domain of
low magnetic response (Figure 2 inset). This corresponds
to an area thatis interpreted to be underlain by Bowser Lake
Group sedimentary rocks (Tipper and Richards, 1976b).
Where the Bowser Lake Group is exposed farther west, it
includes well-bedded sandstone, siltstone and minor gran-
ule conglomerate with Callovian shallow-marine fossils
(Tipper and Richards, 1976a). This domain is in fault con-
tact with the Telkwa Formation to the north and south
(Figure 2).

Bulkley (or Nanika) Plutonic Suite

Isolated exposures of quartz-feldspar porphyry and diorite
on Microwave ridge were assigned previously to the Bulk-
ley (or Nanika) Plutonic Suite (Tipper and Richards,
1976b; Maclntyre et al., 1989a). The Bulkley Plutonic Suite
in the Search project area typically consists of quartz-
phyric diorite to granodiorite, and the Nanika Plutonic
Suite intrusions are typically porphyritic monzogranite to
diorite. Both plutonic suites contain magnetite that results
in typically high average magnetic susceptibilities (com-
bined average of 7.7 x 10” SI, based on data collected by
the authors). As noted by Angen et al. (2017), these units
typically correspond to regions of high aeromagnetic re-
sponse. Both units are also associated with significant min-
eralization in the Skeena arch (Maclntyre, 2006).
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Two previously mapped exposures of quartz-feldspar—
phyric granodiorite (Tipper and Richards, 1976b; Macln-
tyre et al., 1989a) at the southeastern end of Microwave
ridge are within a ~3 km long ovoid-shaped aeromagnetic
high that likely indicates a buried magnetite-bearing intru-
sion (Figure 2). A pronounced northeast-trending acromag-
netic high bisects Microwave ridge and corresponds to two
parallel faults that were mapped by Tipper and Richards
(1976b; Figure 2 inset). This aeromagnetic high corre-
sponds to resistant, light grey, massive rocks that are ex-
posed between well-bedded maroon volcanic rocks to the
northwest and southeast, as observed in aerial photographs.
These light grey rocks are interpreted as a probable magne-
tite-bearing granodiorite dike. All of the magnetic intrusive
rocks that are exposed on Microwave ridge are tentatively
assigned to the Bulkley Plutonic Suite.

Structure of Microwave Ridge

Numerous northwest-trending faults, identifiable from mi-
nor linear topographic depressions, are visible in aerial
photos. Most faults are minor and only a few hundred
metres long with no significant impact on the geology. A
few are more continuous and separate structural domains
that have internally consistent bedding orientations (Fig-
ure 2).

A thrust fault juxtaposes the Telkwa Formation on Micro-
wave ridge on top of sedimentary rocks of the Bowser Lake
Group (Tipper and Richards, 1976b). A top-to-the-north
displacement component is inferred, since the footwall ex-
posures are some of the southernmost exposures of Bowser
Basin rocks (Tipper and Richards, 1976a). The age of the
thrust is uncertain but must be younger than Callovian,
based on the age of the rocks in the footwall. Fault move-
ment is likely coeval with the Early Cretaceous or younger
northeast-trending folds and northwest-vergent thrust
faults that are documented elsewhere in the Skeena arch
(Angen et al., 2017).

ASTER Spectral Data

The Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (Jet Propulsion Laboratory, 2017) is a
multispectral imager. The imager was launched on the
panel of the National Aeronautics and Space Administra-
tion (NASA) Terra spacecraft in December 1999 (Kalin-
owski and Oliver, 2004). The most important feature of
ASTER images, in comparison with other multispectral im-
ages, is that ASTER covers a wide spectral zone with
14 bands from the visible to the thermal infrared. The
ASTER images provide high spatial, spectral and radio-
metric resolution compared to other images used in the
earth sciences, such as Landsat 7 ETM+ and Landsat 8
(OLI). The wavelength range of 2—2.5 micrometres (um) is
the most suitable part of the spectrum for identifying
hydroxyl-bearing minerals, carbonates and iron oxides,
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which have a significant absorption feature in this range; all
of these mineral groups include important products of hy-
drothermal alteration. This wavelength range is mostly
covered by a single band (band 7) in Landsat 7 ETM+ and
Landsat 8, whereas it is divided into five bands in ASTER
data; therefore, ASTER data allows for better distinction
between these minerals of interest. Data acquired using
ASTER include visible- and near-infrared (VNIR) radia-
tion recorded in three spectral bands (0.52—0.86 um, 15 m
spatial resolution); shortwave-infrared (SWIR) radiation,
in six spectral bands (1.6-2.43 pum, 30 m spatial resolu-
tion); and thermal-infrared (TIR) radiation, in five bands
(8.12—11.65 pm, 90 mresolution). Each ASTER scene cov-
ers an area of 60 by 60 km. New AST L1T images in hierar-
chical data format are freely downloadable from NASA or
the United States Geological Survey (USGS) ASTER ar-
chive (United States Geological Survey, 2017).

Pre-Processing

Geometric and radiometric corrections have been carried
out by NASA/USGS on the original AST L1A images to
produce AST LI1T. These calibrations and corrections in-
clude radiometric calibration, geometric processing, and
corrections for the SWIR crosstalk. Also, scene registration
corrections for SWIR and TIR are applied to SWIR for par-
allax errors as a result of spatial locations of the bands. To
get the best images of the area of interest by converting ra-
diance to reflectance on the ground, an atmospheric correc-
tion algorithm was applied on the NASA datasets. In this
project, the internal average relative reflectance algorithm
was used to calibrate the image.

Avariety of masking techniques were applied in order to re-
duce image spectral variability (Mather, 1999) to that
which is related to the exposed bedrock surface. The nor-
malized difference vegetation index was used to mask the
vegetation. Dark-object subtractions were applied to the
images to mask the dark pixels in shadows, based on their
digital number (DN) values. For ice and snow, target DN
values were determined using false-colour composites.
This method helps to keep the areas that have light and scat-
tered snow coverage in the datasets. Since scenes with less
than 10% cloud coverage were initially obtained, the area
with cloud coverage was very limited; however, these areas
were also removed from the cloud mask final result.

Processing

To obtain the most reliable results, three ASTER scenes
with considerable overlap were processed (Table 1). The
methods of band ratio (BR), relative absorption band depth
(RBD), least squares fit (LS-Fit), linear spectral unmixing
(LSU) and matched filtering (MF) were applied individu-
ally in conjunction with each pre-processed scene to detect
specific alteration minerals, including epidote, chlorite,
calcite, muscovite, kaolinite and alunite, as well as iron-ox-
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Table 1. ASTER scenes utilized to identify potential alteration on Microwave ridge in west-central British Columbia.

Granule ID Centre Latitude Cen_tre Acquisition Acquusntlon _Sun
Longitude date time azimuth

AST_L1T_00308142001194937 2 _ . . e O .

150501 782400, 113852 54°47'18.24'N  127°06'57.96"W  14/08/2001  49:37.7  164.139311

AST_L1T_00302172001200556_2 . .. .. S .

18G4 147 2851 118220 54°58'00.84'N  127°40'42.96"W  17/02/2001  05:56.4  169.94084

AST_L1T_00309042006194746_2 5. ag 6arN  127°530528"W  04/09/2006  47:46.3 165567025

0150516010940_107577

ide and ferric iron-bearing minerals. A summary of the
steps of ASTER-image processing from data to output is
shown on Figure 4.

Band Ratio (BR) Method

Band ratio is one of the basic methods used for image pro-
cessing; each pixel in the image has a specific DN for each
band. In the BR technique, a ratio of two DN values is cal-
culated for each pixel to generate a new set of DN values.
This method reduces the effect of illumination variability,
based on the interpretation that radiance across the entire
spectrum will be proportional to illumination: a region in
direct sunlight will have much greater radiance than a re-
gion in shadow but the ratio of any given two bands should
be similar if the surface material is the same (Husdal, 1999).
The DN value of a single band is highly dependent on illu-
mination, whereas pixels representing the same material
will return similar ratios, significantly reducing the effect
of topography (Sabins, 1997). The BR technique applied to
ASTER imagery has been widely used in alteration map-
ping (Hewson et. al., 2001; Bierwirth, 2002; Rowan et. al.,
2003; Mars and Rowan, 2006; Palomera, 2015; Common-
wealth Scientific and Industrial Research Organisation,
2017).

Relative Absorption Band Depth (RBD) Method

The RBD technique is used to represent the spectral con-
trast of a specific absorption feature and has been broadly
used for geology and alteration mapping (Rowen and Mars,
2003). The method works based on the maximum and mini-
mum values around an absorption feature. As with the BR
technique, this method reduces the effect of topography
(Crowley et al., 1989). In this technique, first the appropri-
ate absorption feature is selected for a given material of in-
terest. Then bands near the shoulder and the minimum of
the absorption feature are selected, and the algorithm is ap-
plied to the data (Van der Meer et. al., 2008). The sum of the
reflectance values at the shoulder of the targeted spectral
band(s) is divided by the sum of reflectance values at the
minimum (Crowley et al., 1989; Ramachandran et al.,
2010). The result includes a set of pixels that have a range
of DN values related to the potential presence of a certain
mineral; therefore to map the most likely areas, mask-
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threshold values should be applied to the results of RBD
analysis.

Least Squares Fitting (LS-Fit) Method

The LS-Fitting method is based on band simulation and as-
sumes that the bands used as input values are performing as
the variables of a linear expression. In this method, a pre-
dicted band that includes the spectral characteristics of tar-
getminerals is selected. The algorithm calculates the output
value from this band (Asadi Haroni and Lavafan, 2007).
Then a set of bands are selected to put in the model as pre-
dictor bands. By applying correlation coefficients on pre-
dictor bands, a model prediction-band value is calculated
that can be compared with the predicted-band value.

The results of the method include a model prediction band
and a residual band. The residual band actually represents
the difference between the prediction band and the pre-
dicted band in the form of an image for the target material.
In the hypothetical case where a pixel represents exactly the
material of interest, the model prediction-band value, based
on predictor bands, will be equal to the real predicted-band
value and the residual will be zero. Since the pixels are not
pure, they may have a lower response than the expected
amount for the target material in the predicted band. This
method is a knowledge-based method and the predicted and
predictor bands are selected based on expert knowledge of
mineralogical assemblages expected to occur in the area of
interest.

Linear Spectral Unmixing (LSU) Method

The LSU method is a supervised classification technique
that defines relative abundances of minerals using their
spectral characteristics. Pixels in the ASTER images are
not pure and the value of each pixel is based on a mixture of
the spectral characteristics of different minerals. In this ap-
proach, the unmixing coefficients are detected by minimiz-
ing the sum of the squares of the errors (Shimabukuro and
Smith, 1991). Depending on the complexity of the scene, as
well as the number and the wavelengths of the bands used,
different numbers of end members contribute to the model
(Tseng, 2000).

The results of LSU provide a series of single-band images
for each target mineral. The reference spectra for this study
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were selected from the USGS spectral library, based on the
geological knowledge of the area of interest, and include
spectra of kaolinite, alunite, muscovite, calcite, epidote,
chlorite, jarosite, hematite, goethite and limonite. The
USGS spectra were resampled to the number of ASTER
bands selected for this analysis (Figure 5). Selected pixel
spectra taken from each ASTER granule are processed us-
ing the new spectral library.

Matched Filtering (MF) Method

The MF method is also a supervised classification tech-
nique. The model achieves a partial unmixing of spectra;
therefore it is not essential to find the spectra of all end
members in the image. The method filters the image to de-
fine the best matches of the selected spectra for the target
minerals by detecting the abundance of defined end mem-

Iron oxide /
Ferric iron-bearing

minerals

RESULTS

Propylitic

alteration

bers. In this technique, the known end member is processed
and the result of the responses is maximized, then the un-
known composite of the dataset is predicted using the re-
sults from the processing of the known end member. The
method increases the possibility of obtaining an accurate
analysis. The result of this process includes a set of images,
each corresponding to a specific mineral. The brightest pix-
els in this image represent the highest probability of the
presence of a specific mineral in the target spatial dataset
(Boardman et al., 1995).

Results and Discussion

A natural-colour composite of ASTER bands 2, 3 and 1
(RGB) for the area of interest emphasizes the contrast be-
tween bedrock exposure and vegetation coverage (Fig-

Advanced
argillic
alteration

Argillic to
phyllic
alteration
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Processing

Advanced spaceborne thermal emission and reflection
radiometer (ASTER) dataset

Figure 4. Processing workflow for ASTER data, showing the methods used to generate in-
termediate maps for specified minerals or groups of minerals. The numbers in the mineral
row indicate the ASTER bands used in calculations. The coloured text in the mineral row in-
dicates the intermediate maps that were used to generate the corresponding final output

maps in the results row.
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ure 6a). The results of BR and RBD are raster images with ~ given pixel. Clustered high DN values are considered to be
multiple DN values. The DN values are acquired by apply- probable alteration zones. These intermediate maps were
ing the proper thresholds and reflecting the proportional merged with other results to generate the maps discussed
amounts of the targeted minerals interpreted to be withina  below.

Kaolinite

Jarosite

Hematite

Muscovite .

L Calcite o2y i}

Goethite

Epidote

B Fed+

Chlorite

Limonite

15 1.0 15
Wavelength (um) Wavelength (um)

Figure 5. Comparison between laboratory spectra of kaolinite, alunite, muscovite, calcite, epidote, chlorite, jarosite, hematite, goethite and
limonite, and their equivalents, resampled to ASTER bands. The upper line for each mineral is the laboratory spectra and the lower line is
the resampled equivalent. Calcite has a prominent 2.33 ym CO3; absorption feature; limonite has a broad 0.66—1.165 ym Fe® absorption
feature; kaolinite, muscovite and alunite have Al-OH absorption features at 2.165, 2.20 and 2.20 ym, respectively; and epidote and chlorite
have an Fe-Mg-OH absorption feature at 2.32 ym (modified after Clark et al., 1993; Ramachandran et al., 2010; Beiranvand Pour and
Hashim, 2014).
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The intensity of absorption at band 8 is presented in Fig-
ure 6b. This absorption feature is characteristic of Mg-OH—
bearing minerals such as epidote and chlorite, which are a
significant component of propylitic alteration. Band 8 is
also sensitive to carbonate minerals, which are also present
in propylitic alteration zones. A combination of BR, RBD
and LS-Fit processing has been applied to detect these min-
erals. There is a low-intensity response across much of the
exposed bedrock on Microwave ridge that likely reflects
background chlorite, epidote and carbonate, which occur in
small amounts throughout the Telkwa Formation (Fig-
ure 6b). By filtering out everything except the highly anom-
alous responses, three distinct potential alteration zones
and a few minor outliers stand out (Figure 7a), the south-
ernmost of these three possible alteration zones is centred
on aregion previously-mapped as granodiorite (Tipper and
Richards, 1976b). It is possible that the two, more northerly
alteration zones of anomalous response correspond to ei-
ther unmapped or unexposed granodiorite, with corre-
sponding hydrothermal alteration zones.

Absorption at 2.22-2.24 um (band 6) is characteristic of
Al-OH-bearing minerals including, kaolinite, alunite and
sericite (muscovite), which may reflect argillic (kaolinite),
advanced argillic- (alunite) or phyllic- (sericite) alteration
mineral assemblages. A combination of BR, RBD, LSU
and MF processing has been applied to detect these miner-
als. Regions where ASTER data indicate potentially anom-
alous concentrations of these minerals are presented along
with the Mg-OH data in Figure 7a. This processing has
identified many widely distributed zones of potential
kaolinite, alunite and/or sericite. Clay minerals produced
from the weathering of feldspar typically contain AI-OH,
therefore interpretation of the AI-OH results must be done
with caution since these identified zones may simply reflect
weathering. However, it is notable that the three potential
propylitic-alteration zones identified above are apparently
flanked by zones of Al-OH—bearing minerals.

A combination of BR, RBD, LSU and MF techniques was
applied to detect iron-oxide and ferric iron-bearing miner-
als, such as hematite, goethite and jarosite (Figure 8a—d).
There appears to be a correlation between interpreted iron-
oxide and ferric iron-bearing minerals and northwest-
trending faults, which may indicate structurally controlled
hydrothermal alteration. This is particularly evident around
the fault closest to the Table and Stock prospects (Fig-
ure 8a). Structurally controlled ferric iron-oxide alteration
could be the product of low-temperature hydrothermal flu-
ids associated with volcanic-hosted redbed-copper miner-
alization (Lefebure and Ray, 1998). The three overlapping
zones identified in Figure 7a also correspond to possible
Fe-oxide and ferric iron-bearing alteration zones (Fig-
ure 7b).

Geoscience BC Report 2018-1

Understanding the distribution of rock units is critical to
adequately interpreting the results of ASTER processing.
The unaltered rock units on Microwave ridge are not likely
to yield significantly different responses for any of the se-
lected processing methods. Therefore, the identified zones
are interpreted to reflect potential zones of alteration rather
than simply differences in rock type.

The results of ASTER processing suggest the presence of
three potential zones of overlapping Mg-OH—bearing +car-
bonate minerals, Al-OH-bearing minerals and iron oxides.
One of these overlapping zones corresponds to a location
previously mapped as Bulkley Plutonic Suite granodiorite.
It is possible that the other two correspond to alteration re-
lated to Bulkley granodiorite that is either unrecognized or
blind. The International (MINFILE 093L 086) occurrence
is located along the margin of the northernmost alteration
zone. The showing consists of minor disseminated chalco-
pyrite and fractures lined with malachite within amygda-
loidal basalt; on its own, this minor copper showing may be
of little interest (Robertson, 1917). The hydrothermal fluid
responsible for these overlapping zones of alteration may
be related to the Bulkley Plutonic Suite intrusion(s) with
potential for other, more significant styles of mineralization
nearby.

The noted lack of alteration identified through ASTER pro-
cessing in the immediate vicinity of the Stock (MINFILE
093L 085) and Table (MINFILE 093L 084) occurrences,
combined with iron-oxide—dominated alteration along as-
sociated northwest-trending minor faults, suggest that
these occurrences formed from relatively low-temperature
hydrothermal fluids. This is likely consistent with either a
volcanic-hosted redbed-copper style of mineralization, or
potentially a cool and distal expression of an intrusion-re-
lated hydrothermal fluid, as opposed to a proximal higher
temperature intrusion-related hydrothermal fluid. Either
way, these occurrences are poorer indicators of nearby
intrusion-related mineralization.

Conclusion

The Microwave ridge area is a dominantly east-dipping
structural panel that exposes a section through the Telkwa
Formation that is cut by small, Late Cretaceous (or Eocene)
intrusions. A calcareous epiclastic sedimentary horizon
that had previously been assigned to the Nilkitkwa Forma-
tion is reinterpreted as a local sedimentary inlier within the
dominantly volcanic Telkwa Formation. Rhyolite lenses
within the sequence are interpreted as isolated Telkwa For-
mation rhyolitic eruptive centres. They are distinguished
from porphyritic Late Cretaceous or Eocene intrusions, in
part, by their lack of aeromagnetic response.

Processing of ASTER data has identified three potential
zones of overlapping kaolinite+alunite+sericite, epidote+
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chloritetcalcite and Fe-oxide alteration. One of these zones
corresponds to a region mapped as porphyritic grano-
diorite. It is speculated that the other two areas may simi-
larly represent porphyritic granodiorite.

The three MINFILE occurrences on Microwave ridge in-
clude Cu-(Ag-Au) mineralization within the Telkwa For-
mation. The Stock (MINFILE 093L 085) and Table
(MINFILE 093L 084) occurrences, on the southern slope
of'the ridge, lack a strong spectral response in their immedi-
ate vicinity despite good bedrock exposure. They occur
along one of a series of northwest-trending minor faults.
The northwesterly extension of the closest mapped fault
corresponds with a clustered zone of possible iron-oxide
and ferric iron-bearing minerals, flanked by Al-OH-bear-
ing minerals, as indicated by ASTER processing. It is pos-
sible that the alteration is zoned away from a potential caus-
ative intrusion. The International (MINFILE 093L 086)
occurrence, in contrast, is adjacent to one of the interpreted
alteration zones and therefore may be proximal to a caus-
ative intrusion.
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