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Abstract

Stream sediments can provide extensive information about rocks from their catchments.
Heavy mineral concentrates from stream sediments could be used during regional targeting
when exploring for a range of different deposit types. Here, we present an example of using
mineral chemistry coupled with U/Pb geochronology for zircons, titanites, and rutiles
from a regional stream sediment study in Yukon with implications for porphyry Cu and
orogenic Au deposit exploration in the region and globally. In this region, the location of the
porphyry Cu deposit was determined based on rutile compositions, while an orogenic Au
signature was identified primarily in titanite and rutile chemistry. The locations identified
based on stream sediment mineral chemistry corresponded to the approximate locations
of the Casino porphyry Cu and Coffee orogenic Au deposits. Other potential targets for
follow-up exploration are also highlighted. This study accentuates that the addition of trace
element mineral chemistry and U/Pb geochronology analyses to an exploration program
provides substantial benefits in terms of constraining the ages of basement and host rocks
and prioritising targets. The application of heavy mineral chemistry from stream sediments
used for regional-scale targeting, followed by rock chip sampling and analysis at the camp
scale, can provide significant exploration results, as demonstrated in this study.

Keywords: mineral chemistry; stream sediment; LA-ICP-MS; U/Pb geochronology; porphyry
Cu; orogenic Au; metal exploration; Yukon; targeting

1. Introduction
The distribution of resistant kimberlite indicator minerals in streams and sediments has

been used as evidence for the proximity of the source of kimberlite for over a century [1].
Their compositions have been used extensively during diamond exploration for over
30 years, with particular interest in garnet [2–4], spinel [4,5], ilmenite [6], and pyroxenes [7].
The aforementioned minerals are quite resistant to weathering and can often be found in
stream or till sediments. Consequently, analysing these mineral compositions from heavy
mineral concentrates and finding signatures reflecting formation in a certain portion of the
mantle and fast ascent to the surface have been used for targeting during exploration.
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The use of stream sediments when exploring for other types of deposits was mostly
limited to zircon U/Pb dating to identify regions of particular age known to host minerali-
sation in the area. Rapid development of analytical methods has made the dating of a much
wider range of minerals (e.g., apatite [8], garnet [9], titanite [10], calcite [11], rutile [9,12],
and micas [13]) possible using a range of isotopic systems (e.g., U/Pb, Lu/Hf, and Rb/Sr).
Certain magmatic [14,15] and hydrothermal alteration [16–18] minerals also have distinct
compositions that can be used to predict a potential for mineralisation. Some of these
minerals are resistant to weathering and can be preserved in stream or till sediments. This
feature is mostly used for porphyry Cu deposit exploration, where zircons formed at highly
oxidised conditions are used to highlight regions of interest [19]. Other minerals may be
used, particularly during exploration for various deposit types under cover [20–22].

This study formed part of the AMIRA P1202 project ‘Far-field and near-mine
footprints—finding and defining the next generation of Tier 1 ore deposits’ that ran from
2018 to 2021. It was developed as a “blind test” site where the sponsor company (Newmont)
supplied heavy mineral concentrates from stream sediment sampling, as well as altered
coordinates of the samples. The aim of the project team was to apply different techniques,
including those developed during the project, and determine the location of mineralisation
within the area covered by the samples. Here, we will use the true coordinates of the
samples and present our results, outlining prospective areas and showing the locations
of known deposits. We will discuss how well the prospectivity signatures from different
minerals align with the location of deposits.

2. Materials and Methods
2.1. Sample Description

Thirty-three stream sediment samples were used in this study (Table S1), each contain-
ing zircon pan separates, as well as porphyry indicator mineral (PIM) hand-picked grains.
The samples cover a ~50 × 30 km catchment area (1500 km2). A map of the region was
supplied with colour fills representing different drainages (Figure 1). The study area was
subdivided into three parts to make the description of potential prospective areas easier.
Most samples contained zircon, rutile, and titanite; therefore, their compositions were used
for targeting.

Figure 1. Map of the study area with the location of the samples (red symbols) and catchments
coloured. Also shown are the locations of the Coffee Au project (several areas: yellow), as well as
the Boulevard Au prospect and Toni Tiger skarn and Casino Cu–Au porphyry deposit (blue circles).
Three areas (1, 2 and 3) are highlighted with dashed rectangles.
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2.2. Methodology

Heavy mineral separates from each stream sediment sample were mounted in 1-inch
epoxy mounts. The epoxy mount was dried for 12 h and polished using clean sandpaper
and a clean polishing lap. The samples were then washed in distilled water in an ultrasonic
bath. Prior to microanalysis, mounts were kept in a vacuum desiccator overnight to remove
moisture and atmospheric air [23].

2.2.1. SEM

Each sample mount was mapped using the Bruker AMICS software package on the
FEI MLA 650 ESEM (FEI, Hillsboro, OR, USA) instrument at the Central Science Laboratory,
University of Tasmania. The system consists of fully automated energy-dispersive X-ray
spectroscopy (EDS) that maps grain composition and matches with a database of over
2000 mineral phases.

Scanning electron microscopy was also used for the acquisition of backscatter electron
(BSE) and cathodoluminescence (CL) images and was conducted at the Central Science
Laboratory (CSL), University of Tasmania. Representative grains from each sample were
BSE- or CL-imaged prior to analysis, with CL carried out for zircons and BSE for rutile and
titanite. FEI MLA 650 ESEM, equipped with a Gatan PanaCLF panchromatic CL detector
(Gatan Inc., Pleasanton, CA, USA), was used for zircon CL imaging, with a beam current
and accelerating voltage of 2 ± 0.3 nA and 20 kV, respectively. Rutile and titanite BSE
imaging was acquired simultaneously with microprobe analysis on a JEOL JXA-8530F Plus
field emission electron microprobe (JEOL Ltd., Tokyo, Japan).

2.2.2. EPMA

A JEOL JXA-8530F Plus field emission electron microprobe equipped with 5 wavelength-
dispersive spectrometers was used to acquire 321 analyses of titanites (30 samples) and
317 analyses of rutile (29 samples) at the Central Science Laboratory, University of Tasmania.
EDS spectra were acquired and processed using a Thermo Pathfinder Pinnacle EDS system
equipped with an UltraDry Extreme 30 mm2 solid state detector (Thermo Fisher Scientific,
Waltham, MA, USA). Electron microprobe analyses of rutile were carried out with an
accelerating voltage of 20 kV, a beam current of 200 nA, and a beam size of 2 µm. Rutile
were analysed for Al, Si, Ca, V, Cr, Mn, Fe, Cu, Zr, Nb, Mo, Sn, Ta, W, and Ti. Two standards
were analysed: synthetic rutile from P&H Developments, UK, and Rutile R632, Sakena
River, Madagascar.

Electron microprobe analyses of titanite were carried out with an accelerating voltage
of 20 kV, a beam current of 200 nA, and a beam size of 5 µm. Titanites were analysed for
Si, Ca, Ti, Na, Mg, Al, V, Cr, Mn, Fe, Sr, Y, Zr, Nb, La, Ce, Nd, Sm, Gd, Dy, Er, Yb, and
F. Five standards were analysed: Titanite OLT1 from Otter Lake, Quebec, Titanite YILT,
synthetic titanite from Memorial University, synthetic rutile from P&H Developments, UK,
and Natural Wollastonite CaSiO3, University of Tasmania.

2.2.3. LA-ICP-MS

Zircon, titanite, and rutile trace element analyses and U/Pb geochronology were
performed by the Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) technique at the CODES Analytical Laboratories at the University of Tasmania,
Australia. The analyses were performed with an ASI/Applied Spectra RESOLution S-
155 ablation system (Applied Spectra, Inc., West Sacramento, CA, USA) with a Coherent
Compex Pro 110 Ar-F excimer laser (Coherent, Inc., Saxonburg, PA, USA) operating at
a 193 nm wavelength and a pulse width of 20 ns. The laser system was coupled with
an Agilent 7900 quadrupole ICP-MS (Agilent Technologies, Santa Clara, CA, USA). The
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sample ablation was performed in a He atmosphere flowing at 0.35 L/min and immediately
combined with Ar flowing at 1.05 L/min. Small amounts of nitrogen (~2 mL/min N2)
were also added to increase sensitivity for heavy masses. The ICPMS was tuned to max-
imise sensitivity while maintaining a U/Th of ≈1.05 during a line scan (3 µm/s) ablation
of the NIST612 glass. The production of molecular oxide species (i.e., 232Th16O/232Th)
was maintained at levels below 0.2%, while doubly charged ion species production (i.e.,
44Ca++/44Ca+) was kept under 0.1% while ablating the line scan with a 40 µm beam at
10 Hz and 3.5 J/cm2 laser beam fluence.

The analysis time for all minerals was 60 s, with the initial 30 s used to measure gas
background with the laser turned off and the remaining 30 s of signal analysis with the
laser switched on. A spot size of 30 µm and frequency of 5 Hz were used with laser beam
fluence of 2.1 J/cm2 for zircon and titanite and 5 J/cm2 for rutile [9]. The masses analysed
include 31P, 49Ti, 56Fe, 89Y, 91Zr, 93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb,
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U,
and 238U for zircons; 24Mg, 27Al, 29Si, 43Ca, 49Ti, 55Mn, 57Fe, 89Y, 90Zr, 93Nb, 118Sn, 140Ce,
146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 166Er, 172Yb, 178Hf, 181Ta, 182W, 202Hg, 204Pb, 206Pb, 207Pb,
208Pb, 232Th, 235U, and 238U for rutiles and 27Al, 29Si, 43Ca, 49Ti, 55Mn, 56Fe, 89Y, 90Zr, 93Nb,
139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb,
175Lu, 178Hf, 181Ta, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U for titanites. The
sweep time was 0.25 s for zircon and titanite and 0.23 s for rutile, with longer counting time
on U and Pb isotopes compared to the other elements.

The reported element abundances in zircon, rutile, and titanite were calibrated on
the NIST610 glass using the values of [24], using secondary standard corrections based
on the compositions of glasses BCR-2G and GSD-1G (GeoReM preferred values; http:
//georem.mpch-mainz.gwdg.de/, accessed on 24 November 2021). Quantification was
performed using 91Zr as the internal standard element for zircons, 49Ti for rutile, and 43Ca
for titanite, normalising all measured cations to the oxide total of 100%. All standards
were analysed in duplicate at the beginning and end, and every 60 min throughout the
analytical session.

The downhole fractionation, instrument drift, and mass bias correction factors for
Pb/U ratios in zircons were calculated using analyses of the 91500 zircon using values
from [25]. For rutiles, long-term averages of TB-1 rutile [26] were used, while for titanite,
19686 titanite was used with unpublished values obtained by the ID-MC-ICPMS method
at the University of Melbourne. The instrument drift and mass bias correction factors for
the 207Pb/206Pb ratio and 207Pb/206Pb-based ages were calculated using analyses of the
NIST610 glass, using the Pb isotopic values of [27]. The calibration of the U/Pb ages for
zircons was checked on analyses of the Temora zircon [28] and the Plešovice zircon [29]
analysed throughout the analytical session and treated as unknowns. The calibration of the
U/Pb ages for rutiles was checked on R10 rutile [30] and R19 rutile [31]. The calibration
of the U/Pb ages for titanites was checked on 100606 titanite (432.02 +/− 0.64 Ma), FC-3
titanite [32], and Mt Dromedary titanite [33].

The laser data was processed using the LADR software package (Norris Scientific,
version 1.1.8). Data reduction was performed by visually inspecting each analysis spectrum
and screening out large variations or inclusions in the trace element chemistry to be not
included in data integration. Data reduction used was based on the method outlined
in detail in [8] and is based on [34], where common Pb correction is carried out on the
calibration standard. Intervals in the laser spectrum were chosen based on the lowest
common Pb content and to avoid other mineral phases. Systematic uncertainties were
calculated according to [35].
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Due to time constraints, only 30 zircon grains and a maximum of 30 titanite and rutile
grains were analysed per sample. Some data filtering was applied prior to interpreting
the results with the empirical criteria for clean analyses. (1) Filtering out zircon analyses
with elevated La (>0.25 ppm) due to possible contamination with apatite/other inclusions
or metamictisation: such analyses would decrease the prospectivity displayed in the Ce
anomaly, even if La is not used in calculation. (2) Zircon grains with >30 ppm Ti were
also removed due to possible contamination with titanite and rutile inclusions: such
analyses would show elevated calculated temperatures based on Ti in zircon. (3) Removing
discordant grains: when working with ages of individual grains (compared to igneous
samples), it is easier to misinterpret possible Pb loss for younger grains and common Pb
addition for older grains.

For rutile and titanite, we did not use grains with 207Pb/206Pb > 0.75, as in those
analyses, the age estimate depends strongly on the common Pb composition used for
anchoring. In some cases, an analysis may be split into two or three intervals with different
amounts of common Pb to help with constructing isochrons; however, for trace element
contents, those analyses are combined. Age estimates were not calculated for individual
grains but required several grains/analyses from a population to be present.

2.3. Mineral Chemistry Criteria

Zircon, in most cases, has a magmatic origin and is often used to determine U/Pb
crystallisation ages as well as determine magma redox conditions using Ce and Eu con-
tents [36–38]. The prospectivity of each grain in this study was determined using Ce and
Eu anomalies following the calculations presented in [38]. It was shown for the Yerington
porphyry Cu–Au deposit [39], higher values of Eu and Ce anomalies are required in some
regions. Therefore, prospectivity criteria determined based on Yerington zircons were used.
The estimation of oxygen fugacity using zircon chemistry (e.g., [40]) was not used due to
ranges in a single age population often exceeding the range of published terrestrial values.

Rutile can be formed at both the magmatic stage and as a result of hydrothermal
alteration [22]. However, it is mostly hydrothermal rutile that is useful for prospectivity
analysis [12,16,41]. It has been shown that rutile prospectivity for porphyry Cu deposits
could be determined based on elevated V, Sn, and W concentrations [12,16], while other
deposit types are often characterised by elevated Sn, W, and Sb [41]. Orogenic Au deposits
often have similar ranges for W and Sn compared to porphyry Cu deposits but could
be distinguished based on higher As and Sb contents [12]. Rutile from pegmatites could
be distinguished based on elevated Nb, Ta, and Sn [41]. Rutile can also be dated by the
U/Pb method [9,12,31]. Antimony was not analysed in this study; therefore, we used a
combination of V, Sn, and W contents to determine the prospectivity of different areas.
While specific values might vary between terranes, deposit types, and sizes of deposits, we
used criteria of Sn > 500 ppm, V > 2000 ppm, and W > 950 ppm to determine prospective
catchments, which were determined based on probability plots of concentrations of a
particular element within the dataset.

Titanite can also be formed at both the magmatic stage and by hydrothermal alter-
ation [22,42,43]. It is often used to trace the origin of mafic enclaves in granites [44,45]
and granite crystallisation processes [43,46]. The zirconium content in titanite can be used
to calculate formation temperatures [47]; however, titanites often have zircon inclusions,
and the data needs to be carefully screened. Titanite can also be dated by the U/Pb
method [32,48–50] and can be used to trace several episodes of hydrothermal alteration at
the deposit scale [51]. In some cases, several episodes of titanite growth can be observed in
a single rock sample with a simple isotopic system of coexisting zircon [52]. There are very
few studies identifying trace element signatures of titanites related to a particular deposit
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type [53–55], and it also seems to change composition during metamorphism [42]. The
prospectivity of titanites in this study was determined based on REE contents. While REE
could be transported by hydrothermal fluids [56], their concentrations are generally much
lower compared to silicate melts. Therefore, as an indication of prospective hydrothermal
titanite, we used low HREE contents [54]. We used a criterion of Yb < 8 ppm, which was
determined based on our unpublished data from the giant Golden Mile Orogenic Au and
probability plot of Yb concentrations within the dataset and confirmed on the dataset from
the giant Batu Hijau porphyry Cu deposit. Igneous titanites are known to have elevated
LREE contents [42], while titanites from porphyry Cu deposits are characterised by elevated
LREE/HREE [57]. Therefore, as an indication of prospective magmatic titanite, we used
high LREE/HREE (La/Yb > 7) at moderate HREE (8 ppm < Yb < 200 ppm) to not include
granitic compositions, which are abundant in the area. Such cutoffs are supported by our
unpublished data from Ann Mason (Yerington) and Collahuasi porphyry Cu deposits and
probability plots within the dataset. The unpublished data used was collected as part
of the AMIRA P1202 project and will be published elsewhere when the confidentiality
period expires.

3. Geology and Known Deposits/Occurrences in the Area
3.1. Casino Porphyry

The Casino deposit (Measured and Indicated resources are 2.49 billion tonnes at
0.14% copper, 0.18 g/t gold, and 1.5 g/t silver) is centred on an east–west elongated por-
phyry stock (Patton porphyry) that intrudes the Dawson Range Batholith and Yukon
Tanana terrane country rocks [58] (Figure 2). The Patton porphyry (72–74 Ma) represents
two or more episodes of dacite to rhyodacite intrusions. The intrusion of the stock caused
the brecciation of both the intrusion and the surrounding country rocks. Hypogene min-
eralisation consists of pyrite, chalcopyrite, molybdenite, and minor huebnerite, and is
concentrated in the phyllic zone along the inner side of a pyrite halo and is surrounded by
weakly developed argillic and propylitic alteration. Mineralisation at Casino is dated as
Late Cretaceous (75–74 Ma; [59]). It was recently shown that the Casino deposit could be
identified based on the presence of sulfides [60] and tourmaline [61] in stream sediments,
as well as hydrogeochemistry of the surface waters [62].

3.2. Coffee Au

Coffee deposit (resource estimate at 1,000,000 tonnes grading 2.01 g/t gold in the
Measured category (60,000 oz Au) and 54,500,000 tonnes grading 1.19 g/t gold in the
Indicated category (2,080,000 oz Au) is interpreted to represent a shallow-level structurally
controlled orogenic gold deposit [64,65]. Mineralisation is concentrated in several zones,
namely Supremo, Latte, Double Double, and Kona. Mineralised rocks at Coffee record a
succession of biotite replacement, sericitisation, silicification, and carbonatisation events
that overprint earlier Jurassic sericitic alteration. Invisible gold at the deposit is hosted in
fine-grained arsenian pyrite, and the arsenian pyrite is disseminated through host rocks
and localised breccias [66]. The mineralised brittle structures cut across all of the rock
types, including the 99 Ma Coffee Creek granite [67]. The Coffee Au deposit most likely
formed as part of a broader orogenic mineralisation event that affected this part of the
Yukon–Tanana terrane between 96 and 92 Ma [65]. The age of magmatism is constrained
to between 98 Ma and 107 Ma based on multiple individual zircon ages from the Coffee
Creek pluton and coeval dykes, while age determinations from hydrothermal white mica
constrain mineralisation to ca. 97 Ma [63].

The Sugar occurrence is a separate part of the Coffee Au deposit (Figures 1 and 2)
and represents a cluster of structurally controlled, diamond drill-tested, mineralised Au
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zones located approximately 21 km SE of the main Coffee deposit. Gold mineralisation is
associated with disseminated sulfides in zones of silica flooding and with variably sheared
veins of quartz-carbonate-arsenopyrite +/− pyrite +/− freibergite +/− stibnite +/−
sphalerite [68]. Mineralisation at the Sugar occurrence appears broadly contemporaneous
and may represent a more deeply exhumed part of the Coffee deposit with deeper-seated,
higher-temperature alteration types and vein-controlled mineralisation.

Figure 2. Simplified geologic map of the Dawson Range (modified after [63]) showing the distribution
of mineral occurrences and deposits. The area from Figure 1 is highlighted with a dashed rectangle.

3.3. Boulevard Au Prospect and Toni Tiger Skarn Mo Anomaly

Boulevard and Toni Tiger are located next to each other: south of the headwaters of
Independence Creek and ~10 km southwest of the Coffee Au deposit. Exploration work by
Independence Gold at Boulevard (https://ingold.ca/project/yukon-properties/boulevard-
project/, accessed on 25 May 2025) has identified 25 Au soil anomalies occurring in three
main zones: Sunrise/Sunset and a separate Denali Zone (Figure 1). Gold mineralisation at
the Sunrise/Sunset Zone appears to occur within north–northeast striking, steeply dipping
structures with variable amounts of both sulfide minerals and vein quartz and is thought
to be parallel to mineralised trends at Coffee. Gold mineralisation on the Boulevard
prospect is hosted by quartzite, biotite chlorite schist and lesser chlorite biotite schist
crosscut by quartz and quartz-carbonate veins with locally sericite-altered envelopes [67].
Mineralisation occurs as disseminated or massive arsenopyrite and stibnite with pyrrhotite
occurring as disseminations and stringers outside of the main mineralisation zone. The area
also contains the Toni Tiger Cu-Mo skarn, where mineralisation is hosted by quartz-garnet
and quartz-molybdenite veins and comprises small blebs, stringers, and disseminations of
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molybdenite, chalcopyrite, scheelite, pyrite, and arsenopyrite. The ages of mineralisation
are ~95.9 Ma for Boulevard and ~95 Ma for Toni Tiger [67,69].

4. Results
4.1. Zircon

A total of 852 zircon grains were analysed from 33 samples, with 618 analyses left
after initial filtering (Table S2). Zircon ages range from modern to Archean (0.1 to 2857 Ma;
Figure 3a,b) with dominant age populations of ~110 Ma and ~260 Ma and less abundant
populations at ~70 Ma, ~150 Ma, and ~340 Ma (Figure 3c). All age populations contain
zircons that lie within the prospective porphyry field [37,38], with fewer grains classified
into the prospective field based on a Ce anomaly relative to an Eu anomaly (see Discussion
(Section 5); Figures 3 and 4). The distribution of prevalent age populations in zircons from
stream sediments delineates general geologic boundaries in the area. We focused on the
distribution of zircons from the most abundant populations (~110 and ~260 Ma) and the
~75 Ma population, corresponding to the age of the Casino porphyry deposit.

Most prospective zircons from the ~110 Ma age population clearly highlight the catch-
ment of the Casino Cu-Au porphyry (Figure 5). Only one grain analysed in a sample from
this catchment had a ~75 Ma age, with others mostly ~110 Ma; however, CL images reveal
thin rims on most of the grains (Figure 6). Prospectivity of zircons from the ~110 Ma age
population also highlights the catchment where the Boulevard Au prospect and Toni Tiger
skarn deposit are located (Figure 5). The prospectivity of the ~260 Ma age population
highlights catchments related to the Coffee Au deposit (Figure 5).

4.2. Rutile

A total of 324 rutile grains were analysed from 29 samples, with 308 analyses left
after initial filtering (Table S3). Rutile U/Pb dating was not possible for all analyses due
to very high common Pb (207Pb/206Pb > 0.8). However, ~75% of all rutile grains analysed
have an age estimate, while for prospective grains, >90% have an age estimate. The
majority of grains with age estimates form ~75 Ma and ~110 Ma age populations, with
lesser populations at ~160–185 Ma and ~190–220 Ma, and a minor population at ~260 Ma
(Figure 7a).

Tin. There were 20 analysed grains with Sn > 500 ppm, with five of them without
age estimates. The majority of prospective grains had a ~75 Ma age (Figure 7b), with
90% of them coming from the catchment of the Casino porphyry deposit (Figure 8). That
catchment is the most prospective, with 10 of 20 prospective grains based on Sn content;
however, other areas also contain rutile with >500 ppm Sn, with three of them from the
~100 Ma population in the Coffee Au deposit catchment (Figure 8).

Vanadium. There were 70 rutile grains analysed with V > 2000 ppm, with only three of
them without an age estimate. The most prospective grains were ~110 and ~75 Ma in age
(Figure 7c); however, other age populations also contained rutile grains with V > 2000 ppm.
Two of the areas with the most abundant grains with V > 2000 ppm were Area 3 (Figure 9)
and had mostly ~110 Ma ages, with one of them potentially associated with the Denali Au
occurrence. The catchment of the Casino porphyry deposit was the third-most prospective,
with 10 of 70 grains having V > 2000 ppm.

Tungsten. There were 34 rutile grains analysed with W > 1000 ppm, with three of them
without an age estimate. The most prospective grains with an age estimate were ~75 Ma
(Figure 7d), with 93% (13 of 14) of them coming from the catchment of the Casino porphyry
deposit. That catchment was the most prospective (Figure 8; 15 of 34 prospective rutile
grains based on W content). However, other areas also contained rutile with >950 ppm
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W, with most of them potentially associated with different zones of the Coffee Au deposit
(Figure 9).

(a) 

 
(b) 

 
(c) 

Figure 3. Variation in Ce (a) and Eu (b) anomalies as measures of zircon prospectivity with age.
Prospectivity criteria are shown based on [38] (black line) and [39] (red line). Probability density
plot (c) for zircons < 400 Ma from all samples combined. Eu* represents calculated value based on
contents of neighboring REE.
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(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 4. Distributions of zircon ages within ~110 Ma (a), ~260 Ma (c), and ~70 Ma (e) age groups and
prospectivity of grains based on Ce and Eu anomalies (b,d,f) in zircon from respective age groups.
Prospectivity criteria are shown based on [38] (black line) and [39] (red line). Eu* represents calculated
value based on contents of neighboring REE. Different colours are used to highlight prospective
grains on (a,c,e).

 

Figure 5. Catchments highlighted by zircon prospectivity. Only the most abundant zircon age
populations (~110 Ma and ~260 Ma) are shown. Most prospective is defined by the highest number
of prospective grains based on both Ce and Eu anomalies. Shaded catchments were sampled but not
highlighted by prospectivity criteria. Other symbology from Figure 1.
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Figure 6. Cathodoluminescence (CL) images of zircons from a Casino porphyry deposit catchment
sample showing the presence of thin rims too small to analyse separately on many grains.

  
(a) (b) 

  
(c) (d) 

Figure 7. Probability density plot for datable rutiles from all samples with <400 Ma age esti-
mates (a) and compositions of datable rutile with cutoffs for prospective grains: (b) Sn > 500 ppm,
(c) V > 2000 ppm, and (d) W > 950 ppm. In (b–d), grains with no age estimate are shown to have
0 Ma age. Main age peak is highlighted with blue dashed line.
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Figure 8. Map of the catchments with the highest number of prospective rutile grains. Shaded
catchments were sampled but not highlighted by prospectivity criteria. Other symbology from
Figure 1.

 
Figure 9. Map with catchments coloured based on rutile trace element prospectivity. Shaded
catchments were sampled but not highlighted by prospectivity criteria. Other symbology from
Figure 1.

Catchments adjacent to all ore deposits known in the area contain rutiles with anoma-
lous trace element concentrations (Figure 8); however, trace element signatures differ
between the deposits (Figure 9). The sample with the highest number of prospective anal-
yses based on rutile Sn and W contents comes from catchment draining from the Casino
Cu–Au porphyry (Figure 8). This sample is also characterised by rutiles, showing distinct
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zonation in BSE images (Figure 10) with bright zones possibly reflecting high W contents.
Several catchments of the Coffee Au deposit also contain rutiles with prospective chemistry
(Figure 9). The most prospective catchments based on rutile V contents are in Area 3,
with one of them potentially associated with the Denali Au occurrence. Different trace
element signatures relate to different ages: high V contents are mostly in ~110 Ma age
population rutiles, while high Sn and W rutiles are mainly ~75 Ma in age (Figure 7), most
of which come from a sample within the Casino porphyry deposit catchment. U/Pb dating
of rutiles from this catchment (Figure 11) exactly reproduces the age of this deposit [59].
There are also several catchments with anomalous Nb contents (Figure 9), which might be
prospective for pegmatites.

Figure 10. BSE images of examples of highly zoned rutile from the Casino deposit catchment.

Figure 11. Terra–Wasserburg concordia plot for rutile from a sample within the Casino porphyry Cu
deposit catchment with analyses used in calculation highlighted in red.

4.3. Titanite

A total of 312 titanite grains were analysed from 30 samples within the study area
(Table S4), with ~35% of them having no age estimate due to very high common Pb
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(207Pb/206Pb > 0.8). The majority of titanite ages are ~260 Ma, with other major age popula-
tions at ~160, ~110, ~95, and ~75 Ma (Figure 12a). Titanite is the only mineral analysed that
returned a ~95 Ma age corresponding to the formation of the Coffee, Boulevard Au, and
Toni Tiger skarn deposits, and is clearly distinguishable from the ~110 Ma age population
(Figure 12a).

 
(a) (b) 

 
(c) 

Figure 12. Probability density plot for datable titanites < 400 Ma age from all samples (a); compositions
of datable rutile showing cutoff for prospective grains used in this study (red horizontal line) shown
in (b) Yb < 8 ppm (hydrothermal titanite) and (c) La/Yb > 7 (magmatic titanite). In (b,c), grains with
no age estimate are shown to have a 0 Ma age.

Hydrothermal titanite. There were 20 titanite grains with low HREE (Yb < 8 ppm).
Hydrothermal titanites mostly have low U contents; hence, only ten of them had an age
estimate, with nine having ages ~260 Ma and one having a ~70 Ma age (Figure 12b).
Catchments of the Casino porphyry Cu and Toni Tiger skarn deposits were not highlighted
by hydrothermal titanite (Figure 13a). Most of the prospective hydrothermal titanites come
from Area 2 (Figure 12b), where the Coffee Au deposit is located.

Magmatic titanite. There were 61 titanite grains with high LREE/HREE and interme-
diate HREE (La/Yb > 7, Yb < 200 ppm), with 55 of them having an age estimate. The
most prominent age populations in magmatic titanite are ~75 Ma, ~100 Ma, ~160 Ma, and
~260 Ma (Figure 12c). Catchments of the Casino porphyry Cu and Coffee Au deposit were
highlighted in terms of their anomalous magmatic titanite chemistry (Figure 13b), but
several other catchments dominate the prospective titanite distribution, with ~160 Ma and
~260 Ma age peaks not related to any known mineralisation but possibly related to a fertile
signature in basement rocks.
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(a) 

 
(b) 

Figure 13. Map showing catchments with the highest number of prospective (a) hydrothermal and
(b) magmatic titanite. Most prospective catchments have the highest proportion of prospective grains.
Shaded catchments were sampled but not highlighted by prospectivity criteria. Other symbology
from Figure 1.

Catchments adjacent to all deposits within the study area have prospective titanites.
The most prospective signature comes from the Central region (Area 2); however, it is
marginal to the Coffee Au deposit. Titanites with mostly ~260 and ~160 Ma ages are also
abundant; however, they are not related to known mineralisation and possibly reflect the
abundance of felsic intrusions in the district. Hydrothermal titanites highlight Area 2, but
the majority of them could not be dated due to low U contents.
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4.4. Sulfide Indicator Minerals and Scheelite

Additional information can be obtained from the distribution of sulfide minerals and
scheelite in the samples. The distribution of chalcopyrite highlights the Casino porphyry
Cu deposit catchment and Coffee Au deposit catchments (Figure 14a). Molybdenite distri-
bution highlights the Boulevard Au deposit and Toni Tiger skarn catchments (Figure 14a).
Scheelite is widely distributed and is found in the catchments of all deposits in the study
area (Figure 14b).

 
(a) 

 
(b) 

Figure 14. Additional prospectivity indicator minerals in stream sediment samples: (a) sulfide
mineral distribution; (b) scheelite distribution. Shaded catchments were sampled but not highlighted
by prospectivity criteria. Other symbology from Figure 1.
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4.5. Summaries for Areas

Area 1: Based on heavy mineral chemistry from stream sediments in area 1, we
identified this area as the most prospective for porphyry mineralisation. Prospective zircon
was mostly ~110 Ma, while the most prospective rutiles were ~75 Ma. Stream sediments
from this area also contained chalcopyrite and epidote. The most prospective catchment
was the SE one that overlapped with the location of the Casino porphyry deposit.

Area 2: This area was identified as prospective for other styles of mineralisation,
possibly intrusion-related or orogenic Au. It has prospective titanite that is mostly ~260 Ma
and several catchments with prospective rutile compositions based on Sn, W, Fe, and Nb
anomalism. Some chalcopyrite and epidote, as well as widespread scheelite, were found in
the area. This area hosts the Coffee Au deposit.

Area 3: This area shows high prospectivity for porphyry and other styles of minerali-
sation, most likely of Cretaceous age; however, more analyses and dating are required to
confirm. Some molybdenite and a few epidote grains were found in samples from the area,
as well as widespread scheelite and tourmaline. Prospectivity of the area is confirmed by
zircon and rutile compositions (particularly V contents). This area hosts the Boulevard Au
deposit and Toni Tiger skarn deposit; however, mineralisation for both is believed to be
~95 Ma [67,69], and few of the minerals dated represent that age of population.

5. Discussion
All the main age peaks identified in different minerals in the area (~340 Ma, ~260 Ma,

160–170 Ma, 95–110 Ma, and ~75 Ma) correspond to a certain geological event. Ore deposits
in this area are dominantly hosted within metamorphic rocks of the Yukon–Tanana terrane
(YTT) and mid-Cretaceous plutonic rocks. The YTT is a major metamorphic complex in
the North American Cordillera, with its primary geological evolution including extensive
felsic magmatism occurring during the Late Devonian (~365–340 Ma) [70]. It is a composite
terrane containing older basement rocks (>395 Ma) and undergoing a second significant
pulse of magmatism in the Middle to Late Permian (~270–250 Ma) [71]. Those basement
rocks were intruded by Coffee Creek pluton (~100 Ma) and the Dawson Range batholith
(~115–110 Ma), which are both part of the Whitehorse plutonic suite, and a range of late
Cretaceous intrusions (70–75 Ma), such as Patton porphyry [59].

The ages of the main mineralisation events in the study area are presented as ~75 Ma
for porphyry mineralisation (Casino) [59] and ~95 Ma for orogenic (Coffee and Boule-
vard) and skarn (Toni Tiger) events [67,69]. Many of the minerals were datable by U/Pb
geochronology; however, analyses representing those age populations often have subdued
abundance, with the majority of analyses representing minerals from host and basement
rocks. Rutile has the most pronounced prospective signature with grains from the catch-
ment of the Casino porphyry Cu deposit producing a 75.3 ± 3.3 Ma age estimate (Figure 11)
perfectly matching the established mineralisation age [59].

The sample from the catchment of the Casino porphyry Cu deposit is also highlighted
by zircon compositions; however, only one zircon dated from this sample was 75 Ma. The
presence of thin rims identified in CL images on these zircons (Figure 6) possibly reflects
the timing of the Patton porphyry mineralising event. In most cases, the rims could not be
targeted with the 20–30 µm laser ablation spot size used in our analytical method. There is
a possibility that the rims were more extensive but eroded during transport. Nevertheless,
the catchment shows good prospectivity in terms of zircon compositions, including the
presence of fertile signatures in older intrusions with ages mostly reflecting ages of Coffee
Creek granite and Dawson Range batholith.

For zircons, few grains show a prospective signature based on their Ce anomaly
relative to Eu anomaly (Figure 3), possibly due to apatite co-crystallisation [14], which
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was identified in micro-inclusions. The ~110 Ma zircon age population seems to be most
prospective, which does not reflect the known age of any mineralisation but possibly
highlights the overall fertility of the area.

Few studies have focused on trace element signatures of titanites from different deposit
types supported with good-quality data. For example, some studies suggested Ga contents
as an indicator of redox conditions; however, in LA-ICP-MS analyses, 69Ga has argide
interference from 29Si, which is a major element in titanite, and 71Ga has oxide interference
from 55Mn, which can also be quite high in titanites. Therefore, the measurement of
low-level Ga can be challenging in titanite, and some of the publications using it might
be compromised.

We used low HREE (Yb < 8 ppm) contents as an indicator of fertile hydrothermal
titanite compositions. Such compositions only marginally highlight the Coffee deposit
(Figure 13a) and are not optimal for U/Pb dating due to low U contents. Magmatic titanites
could be identified based on elevated Zr contents (>500 ppm); however, in some cases,
titanites contain zircon microinclusions and these data should be treated with care. As an
indicator of prospective magmatic titanites, we used high LREE/HREE and intermediate
HREE (La/Yb > 7, Yb < 200 ppm). The dominance of the ~260 Ma and ~160 Ma age
populations in magmatic titanites (Figure 12a) could be due to older titanites associated
with more felsic magmatism dominating the signatures, along with younger hydrothermal
titanites not surviving erosion and transport. Nevertheless, magmatic titanites were the only
mineral analysed that appeared quite abundant at the ~95 Ma age population (Figure 12a)
corresponding to the formation of the Coffee, Boulevard Au, and Toni Tiger skarn deposits.
The ~75 Ma age peak corresponding to the age of mineralisation at Casino was also present
in titanite data (Figure 12a). Catchments of the Casino porphyry Cu and Coffee Au deposit
were highlighted in terms of their anomalous magmatic titanite chemistry, but several other
catchments dominated the prospective titanite distribution and possibly relate to other
deposit types or the general fertile signature of the area. Rutile was described as a minor
phase for Coffee Au deposit [63], but the absence of a ~95 Ma peak in the rutile data might
be due to its fine-grained nature.

Rutile mineral chemistry clearly highlights porphyry Cu mineralisation in the district,
both in terms of ages and trace element compositions. Elevated Sn and W contents are the
best indicators of porphyry Cu mineralisation, while elevated V contents highlight orogenic
Au events (Figures 8 and 9). BSE imaging could be used as a cheap screening tool to identify
zoned rutiles with high W contents, prospective for porphyry Cu deposit exploration.

The distribution of other minerals, such as sulfides, epidote, and scheelite, is useful in
highlighting catchments for follow-up sampling and analysis. The presence of chalcopyrite
highlighted the catchments of Casino porphyry and Coffee Au deposits, in addition to the
presence of the molybdenite catchment of the Boulevard Au deposit and Toni Tiger skarn
deposit. A trace element study of sulfides and scheelite could also be used to complement
the selection of most prospective catchments.

Overall, the prospectivity of area 1 is confirmed by the presence of a major porphyry
Cu deposit (Casino) and Sugar orogenic Au prospect. Chalcopyrite and epidote are present,
while zircon and rutile also show prospective trace element signatures, with rutile from
the catchment giving a precise age for the porphyry deposit nearby. The prospectivity
of area 2 is related to other styles of mineralisation, as highlighted by the presence of a
major orogenic Au deposit (Coffee). Chalcopyrite, epidote, and scheelite are also present
in catchments from this area. Titanites show prospective mineral chemistry signatures
for orogenic Au mineralisation. The prospectivity of area 3 was also noted, but the low
number of samples from the catchments of this area makes it difficult to draw strong
conclusions on the prospectivity of specific styles of mineralisation. Some molybdenite,

https://doi.org/10.3390/min16030237

https://doi.org/10.3390/min16030237


Minerals 2026, 16, 237 19 of 23

scheelite, tourmaline, and a few epidote grains were found in stream sediments. Zircon and
rutile from this area also showed prospective chemistry but were overall less prospective
in their trace element anomalism compared to the other areas of this study.

6. Conclusions
The study was originally developed as a blind test, with the location of the mineral

deposits or other mineralisation occurrences not known. Heavy mineral chemistry from
stream sediment samples precisely identified the location of mineralisation in the study
area and suggested additional targets for follow-up infill sampling. Analysis of zircon
and titanite provided insights into a range of formation conditions, from magmatic to
hydrothermal; however, most of them were not directly related to known mineralisation
in the study area. In this case, rutile worked best for locating the Casino porphyry Cu
deposit, while zircon and titanite were also useful in highlighting the overall prospectivity
of the area. U/Pb dating of rutile reproduced the mineralisation age of the Casino deposit,
while rutile Sn and W concentrations highlighted the catchment containing porphyry Cu
mineralisation. Vanadium contents in rutile appear to work better for the identification of
catchments related to orogenic Au mineralisation. Other possible targets could be identified
using mineralogical information from this study. The distribution of sulfides and scheelite
are useful in highlighting catchments for follow-up sampling and analysis.

This study highlights that the addition of trace element mineral chemistry and U/Pb
geochronology analyses to an exploration program provides benefits in terms of constrain-
ing the age of basement and host rocks and prioritising targets. Heavy mineral chemistry
from stream sediments used for regional-scale targeting and followed up by rock chip
sampling and analysis at the camp scale can provide significant exploration results, as
demonstrated in this study. The choice of minerals that are used should depend on the
geology of the area, metamorphic overprint, presence of the cover, and deposit type. In this
case, rutile was most useful; however, in other cases, zircon and titanite can be equally or
more important. BSE imaging of rutile is useful in highlighting presence of zones high in
W indicative of proximity to porphyry Cu mineralisation, while CL imaging of zircon is
required in order not to miss the thin rims present on some of the grains.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min16030237/s1. Table S1: Sample coordinates; Table S2: Com-
positions of zircons; Table S3: Compositions of rutile; Table S4: Compositions of titanites.
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