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ABSTRACT

In one of the world’s largest Ni-Co mineral districts, geophysical methods have been successfully employed
for detecting the traditional Sudbury contact and offset types of Ni-Cu-PGE ore for over a century.
Discoveries of low-sulphide, high-PGE tenor orebodies, defined in 2005 (i.e. McCreedy West PM zone), in
the footwall environment to the Sudbury Igneous Complex (SIC), caused explorationists to focus on the
detection of these precious metal-rich resources that are hosted in randomly distributed impact-derived brec-
cia entirely within Archean and Proterozoic country rocks. These zones of Sudbury breccia host two styles
of footwall-type deposits: a) high-sulphide vein-style Cu-PGE ores (i.e. Strathcona, McCreedy East 153
chalcopyrite veins), widely recognized with a magmatic-hydrothermal origin and b) low-sulphide dissemi-
nations, blebs, and stringers with high platinum group element (PGE) tenor and dominated by silicate assem-
blages of hydrothermal origin. Due to the absence of chalcopyrite or sulphide minerals, this second footwall
ore-style is a challenge to detect in the field using the geophysical methods traditionally used for magmatic
deposits and thus, identifying key hydrothermal alteration assemblages and developing discriminant mineral
chemistry diagrams could yield criteria for these hydrothermal footwall ores.

Proper classification is important for guiding future exploration for the low-sulphide metal-rich deposits
in the footwall to the Sudbury Igneous Complex. The aim of the study was to establish typical element-asso-
ciations and behaviours for the paragenetically different hydrothermal assemblages produced during the
diverse post-impact magmatic-hydrothermal history of the footwall and hanging-wall units along the North
and East ranges of the Sudbury structure to potentially detect a unique signature for alteration related to the
high-tenor PGE mineralization.

This TGI4 Ni-PGE Project data release contains geochemical databases of (a) laser ablation ICP-MS
mineral chemistry of epidote, allanite, amphibole, and titanite, from 62 samples and (b) whole-rock geo-
chemistry of least-altered host-rock types. Epidote and amphibole in the alteration assemblages exhibit host-
rock-normalized REE plots with characteristic topologies that are best described with nLREE to nHREE
relations, and though groups of alteration types are REE-enriched, other groups are REE-poor including the
PGE- mineralized alteration assemblage. Thus REE contents and patterns are not discriminants for detec-
tion of low-sulphide, high-PGE mineralization.

Trace element partitioning occurs between texturally coeval minerals, such as epidote and amphibole
(REE, Pb, Bi, Sn: shows affinity to epidote; Co, Ni, Zn: shows affinity to amphibole), as well as titanite and
amphibole (REE, Sn, Zr, Nb, Yb, Th, U: affinity to titanite; Co, Ni, Zn: affinity to amphibole). This scav-
enging phenomenon greatly affects the element distribution of the mineral pairs; therefore, conclusions
drawn on the trace element concentrations of a single mineral should be avoided. The trace element con-
centration of epidote/amphibole may be influenced by (1) the parental fluid composition (e.g. REE, U, Th,
Ni, Pb, Sn), (2) the host rock, particularly mafic rocks (e.g. As, Zn) and/or (3) the crystal structural proper-
ties of the minerals (e.g. Mg and Sr in epidote).

The pathfinder elements Ni, Pb, Sn, and Co in epidote and amphibole are the most reliable elements to
fingerprint distinctly the PGE mineralizing alteration in the footwall. Both epidote and amphibole of min-
eralized sulphide-silicate and generally barren extensional assemblages show systematic differences in the
concentrations of key pathfinders among different locations along the North and East ranges.

INTRODUCTION AND BACKGROUND

In situ trace element analyses were carried out on sili-
cate minerals from a number of representative alter-
ation assemblages of several hydrothermal events
and/or stages that followed the Sudbury impact at 1850

Ma. The aim of the study was to establish typical ele-
ment associations and behaviours for the parageneti-
cally different hydrothermal assemblages, especially
those that characterize the mineralizing fluids associ-
ated with the low-sulphide, high-precious metal miner-
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alization (LSHPM) in the footwall to the Sudbury
Igneous Complex. In the absence of chalcopyrite or
other sulphide minerals, the LSHPM mineralization is
a challenge to detect in the field using geophysical
methods. Thus proper identification and classification
of key hydrothermal alteration assemblages and devel-
oping discriminant mineral chemistry diagrams may
lead to a vectoring tool for exploration.

This study was funded as part of the Targeted
Geoscience Initiative (TGI-4) Ni-Cu-PGE project
(Ames and Houl¢, 2011; Ames et al., 2012), building
on the Ph.D. studies of the first author on the Wisner
South, Southwest, and Amy Lake Cu-PGE occurrences
(Tuba, 2012; Tuba et al., 2010, 2014). Sample suites
from previous studies (Ames, 1999; Ames and Farrow,
2007; Ames et al., 2008; Tuba, 2012), which included
a comprehensive alteration sample suite of the lower
economic ore zones and upper parts of the Sudbury
structure hydrothermal system (Ames and Farrow,
2007; Ames et al., 2008), was expanded to cover more
areas and alteration types. Samples from the economic
ore zones in the Levack embayment were included
along with a broad distribution of samples from sub-
economic exploration showings across the North
Range, as well as samples of non-mineralized regional
alteration types (Table 1). This provided for a more
complete representation of the Sudbury hydrothermal
system allowing the characterization of additional trace
minerals and alteration and mineralization styles.

This data release contains geochemical databases of
(a) laser ablation ICP-MS mineral chemistry of epi-
dote, allanite, amphibole, and titanite, and (b) whole-
rock geochemistry of least-altered host-rock types.
Silicate minerals of 39 samples were analyzed for trace
element compositions as part of the TGI-4 Ni-PGE
Project (Ames and Houlé, 2015). The sample suite was
supplemented by full or partial analyses of 25 samples
that had been previously published (Tuba, 2012; Tuba
et al., 2014); thus, the database contains epidote, allan-
ite, amphibole, and titanite (where applicable) trace
element concentrations from a total of 62 samples rep-
resenting 8 alteration types that were described from
the Sudbury footwall and hanging-wall units (Tables 1
and 2).

GEOLOGICAL SETTING AND THE
SUDBURY HYDROTHERMAL SYSTEM

The Sudbury structure is the product of a comet impact
(Pope et al., 2004, Petrus et al., 2014) that took place
1850 Ma ago (Krogh et al., 1984) resulting in a promi-
nent and economically significant feature, the Sudbury
Igneous Complex (SIC), which hosts the Ni-Cu-PGE
ores in the Sudbury mining camp. The originally flat-
lying, ~150-200 km x 3 km SIC was tectonically
deformed, folded into a doubly plunging syncline and

eroded into its present shape. The large impact-gener-
ated hydrothermal system (Ames et al., 1998), fuelled
from the heat of the cooling SIC and impact event, cir-
culated fluids through the breccia units above and
below the SIC (Farrow and Watkinson, 1992; Li and
Naldrett, 1994; Hanley and Mungall, 2003; Hanley et
al., 2004; Ames et al., 2006).

Hydrothermal fluids above the SIC generated
regional semi-conformable silicification, albite-actino-
lite and carbonate alteration of the andesitic Onaping
Formation (1848 Ma: Ames et al., 1998), and VMS-
like hydrothermal Zn-Pb-Cu deposits on the paleo-
seafloor 1.5 km above the SIC. The Archean and
Paleoproterozoic footwall to the SIC has multiple alter-
ation styles, types and generations of pre-, syn-, and
post-impact hydrothermal events. For a more thorough
discussion, the reader is referred to the extensive liter-
ature about the Sudbury mine environment, which
describes the sources, physical and chemical condi-
tions, and exploration of the SIC (Farrow and
Watkinson, 1992; Jago et al., 1994; Li and Naldrett,
1994; Molnér et al., 2001; Hanley et al., 2004; Hanley
and Bray, 2009 and references there-in).

Groundwater, deep crustal fluids, seawater (if pres-
ent), and basement fluids commonly recharge an
impact site after initial volatilization of both impacted
materials and the bolide, and the crust is melted,
faulted, and cooled. Circulation of mixed fluids and
volatiles is dependent on host-rock permeability and
may utilize permeable pathways, such as impact-
derived breccia units developed around the transient
crater in the target rocks (pseudotachylite/cataclasite;
e.g. Sudbury Breccia) as well as deep-seated and shal-
low fault structures of the final modified crater
(Melosh, 1989; Abramov and Kring, 2004). Evidence
for fluids in the impact structure, including the regional
distribution of hydrothermal alteration mineralogy as
evidence for fluid and volatile flow, below, within and
above the SIC, the fluid/volatile sources, origin and its
role, has been presented by Farrow and Watkinson
(1992), Ames et al. (1998), Farrow and Watkinson
(1999), Hanley et al. (2005, 2011), Ames and Farrow
(2007), Campos-Alvarez et al. (2010), Tuba et al.
(2014), Kerr et al. (2015) and others.

METHODOLOGY
Sample suite (collection)

A suite of 62 samples, representing 8 alteration types in
the footwall and hanging wall of the Sudbury Igneous
Complex (SIC), were studied (Fig. 1). Samples col-
lected from the North Range footwall include the
Morrison deposit — Deep zone, McCreedy West deposit
— PM zone, Podolsky deposit — North zone, Broken
Hammer deposit — epidote-sperrylite zone, which all
have economic low-sulphide mineralization. Sub-eco-
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Figure 1. General geology of the Sudbury structure with sample and deposit locations used in this study. (After Ames et al.,

2005.)

nomic low-sulphide mineralization was sampled from
exploration trenches at Wisner West, Southwest, and
South zones (North Range) as well as from the Amy
Lake Cu-PGE zone (East Range) (Fig. 1). Samples
were also collected from the hydrothermally altered
SIC footwall at Trill and Windy Lake (Tuba, 2012), as
well as from the Joe and Rockcut Lakes hanging-wall
environment (Ames and Gibson, 2004a,b), which,
though barren, have similar mineral assemblages to
some of the alteration types found in mineralized areas.

Whole-rock geochemistry

Whole-rock geochemistry was done by commercial
and federal government labs (pre-2005), including
ALS Chemex and Activation Laboratories as noted in
the database (Table Al). Whole-rock geochemical
compositions, provided by Wallbridge Mining
Company Limited (Lively, Ontario), were determined
by ALS Chemex using the ME-MS61 ultra-trace
method, which includes both ICP-AES and ICP-MS
analyses; Pt, Pd, Au, and Ag concentrations were deter-
mined by using the PGM-ICP23 procedure.
Compositions of samples analyzed by Actlabs were
determined via fusion digestion followed by ICP-OES
for whole-rock data and rare earth elements, ICP-ISE
for fluorine, and ICP-MS for trace elements; INAA was
also used to analyze chlorine and nickel. Fire assay fol-
lowed by ICP-MS was used for gold, palladium, and
platinum; infrared absorption was used for carbon and
sulfur; and total iron in concentrate by titration.

Chemical analyses of some samples were conducted
at the Geological Survey of Canada, Ottawa. Major
element analyses were determined by wavelength dis-
persive XRF, and FeO, H,O total, CO,, C, and S were
determined by infrared absorption (LECO). Trace ele-
ments were determined using inductively coupled
plasma emission (ICP-ES) and mass spectroscopy
(ICP-MS). Zirconium was determined by XRF, except
at concentrations below 100 ppm where ICP-MS was
used. Fluorine, Cl, and S were determined using a
method based on pyrohydrolysis and anion-ion chro-
matography. Precision and accuracy was better than
5%: 2 sigma RSD with measurements made relative to
in-house reference material, duplicate samples, and
international standards.

The mineral chemical analyses were normalized to
the bulk host-rock composition of each sample to elim-
inate the effects of fluid-rock interaction, which were
significant in some of the alteration assemblages (Tuba
et al.,, 2014). The least-altered compositions of host
rocks used in the study are summarized in Table Al.

Electron microprobe analysis

Mineral chemical data were obtained using a Camebax
MBX electron microprobe at Carleton University,
Ottawa. Operating conditions for silicate measure-
ments were 15 kV and 15 nA. A counting time of 40 s
and 60 s was applied for F and Ni, respectively. All
other elements were analyzed using counting times of
15-20 s or a maximum of 40,000 counts. Electron
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microprobe analysis of epidote was also carried out at
the University of Leoben, Austria, using a JEOL JXA
8200 microprobe, and with a Cameca SX-50 at the
Geological Survey of Canada. Wavelength-dispersive
X-ray spectroscopy was conducted using operating
conditions of 15 kV and 20 nA.

Laser ablation ICP-MS analysis

Laser ablation ICP-MS trace element analyses of epi-
dote, allanite, amphibole, and titanite were completed
at the Geological Survey of Canada, Ottawa (Table 3).
An Analyte.193 laser ablation sampler (Photon
Machines Inc.), based on an ArF excimer laser (A =193
nm), was coupled to an Agilent 7700x quadrupole ICP-
MS running in standard configuration with an addition
of a second interface rotary pump, which approxi-
mately doubles instrument sensitivity. Data were
acquired on selected isotopes of 54 elements for 100 s,
starting with a 40-second period where only the gas
blank was collected. An average of 10 grains were
ablated on each sample, using spot analysis and brack-
eted between runs of the calibration standards analyzed
twice, at the beginning and end of the analytical ses-
sion. Laser spot diameter was typically 34-52 um for
epidote and 26—34 pum for the other minerals analyzed,
at a wavelength of 193 nm and a repetition rate of 10
Hz. The CaO content of the samples, determined
beforehand by means of electron microprobe analysis,
was used as an internal standard for the GSD-1G cali-
bration standard. The FeO value gained by laser abla-
tion served as the internal standard for Po726 that was
used for calculating the concentration of Pt, Pd, and Rh
in the samples. All values were compared to reference
material BCR-2G. For quality control purposes, meas-
ured values for USGS basaltic glass reference material
BCR-2G (http://crustal.usgs.gov/geochemical refer-
ence_standards/microanalytical RM.html) were com-
pared against compiled literature values (GeoReM
Preferred values; http://georem.mpch-mainz.gwdg.de).
Detection limits were calculated for each individual
analysis to take into account differing ablation yields.

GEOLOGY OF THE STUDIED AREAS
Areas with economic footwall mineralization

The Levack-Strathcona embayment contains 19 Ni-Cu-
PGE contact and footwall-style deposits and is by far
the most lucrative region along the North Range (Ames
and Farrow, 2007). Two deposits recognized and dis-
covered in the last decade, the McCreedy West and
Morrison deposits, host LSHPM mineralization in a
zone of Sudbury Breccia that formed as a product of
meteorite impact into Archean gneiss. The McCreedy
West deposit precious metal (PM) zone is the type area
for LSHPM where the economic significance of this
new ore style was realized (Farrow et al., 2005). Low-

Table 3. Laser ablation ICP-MS operating conditions.

LA
Wavelength 193 nm
Repetition rate 10 Hz
Pulse duration (FWHM) 4-6 ns
Spot diameter 26-52 um
Energy density 6.42 J/cm?2
Calibration standards GSD-1G, Po726
Reference material BCR-2G
ICP-MS
Model Agilent 7700x
Forward power 1200 kW
Shield torch Used
Sampling depth 6.2 mm
Gas flows:
Carrier (He) 1 L/min
Make up (Ar) 1.02 L/m
ThO*/Th* <0.2%

Data acquisition parameters

Data acquisition protocol Time Resolved Analysis

Scanning mode Peak hopping, 1 point per peak

Isotopes determined 25Mg, 27Al, 29Si, 348, 422Ca, 45Sc, 49Ti,
51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu,
667n, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb,
95Mo, 103Rh, 105Pd, 107Ag, 108pd, 111Cd,
1188, 1218, 133Cs,137Ba, 139La, 140Ce,
141py, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb,
163Dy, 165Ho, 167Er, 169Tm, 173Yb, 175Lu,
195pt, 197 Ay, 201Hg, 206pb, 207pb, 208pp,
209Bj, 232Th, 238U

10 ms, except:

5 ms: 25Mg, 27Al, 29Si, 49Ti, 51V, 55Mn,
88Sr, 15 ms: 103Rh, 108pd, 109Ag, 133Cs,
195Pt, 197Au, 208B4

1-5 ms depending upon mass jump

100 seconds

Dwell time per isotope

Quadrupole settling time
Analysis time

sulphide yet high-precious metal contents were also
intersected below the present mine workings in drill
core at 550 to 600 m true depth below the SIC, deep
within the Morrison deposit (Ames and Kjarsgaard,
2013).

The Wisner property is located in the stratigraphic
footwall of the Wisner embayment (Fig. 1), which
hosts several small contact-type Ni-Cu-PGE deposits
(WD-16, WD-13). The area contains abundant impact
brecciated units of felsic to intermediate gneiss,
migmatite, and mafic bodies of the Archean Levack
Gneiss Complex, as well as quartz monzonite of the
Cartier Batholith. Diabase dykes of the Matachewan
swarm and units of Wisner Gabbro related to the
265749 Ma Joe Lake intrusion (Bleeker et al., 2013,
2015) represent volumetrically the most significant
mafic intrusive rocks in the area.

The Broken Hammer Open Pit is situated 1.3 km lat-
erally from the present SIC contact (estimated ~600 m
true depth) exposing mineralization hosted by brec-
ciated quartz monzonite and minor mafic units
(Matachewan diabase, Wisner Gabbro). Sudbury
Breccia hosts up to 1 m wide massive sulphide veins
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Trace element signatures of hydrothermal alteration assemblages in the footwall of the SIC

accompanied by low-sulphide assemblages (Péntek et
al., 2008). In the footwall of one of the major sharp-
walled veins, the Broken Hammer sperrylite zone, a few
metres wide, silicate-hosted high-PGE zone was discov-
ered in 2011 (Wilson, 2012; Ames et al., 2013, 2014).

At the past-producing Whistle Open Pit mine, the
Whistle radial offset structure hosts Ni-Cu contact ore
in the embayment at the intersection of the SIC main
mass and a northeast-trending offset structure
(Lightfoot et al., 1997). Situated ~650 m below the
contact ore and along the Whistle Offset structure, the
Podolsky Cu-Ni-PGE deposit was discovered by FNX
in the reclamation stage of Vale’s Whistle Open Pit. It
was in production from 2005 to 2012, yielding ~1.5 Mt
of 4.29% Cu, 0.38% Ni, 0.051 oz/t Pt, 0.054 oz/t Pd,
and 0.024 oz/t Au between 2007 to 2011 (Maclnnis et
al., 2014) Podolsky is a hybrid deposit that displays
both sharp-walled and low-sulphide elements of foot-
wall mineralization systems in the 2000 deposit zone
(Farrow et al., 2005). Cu-PGE veins and stockwork
occur within and adjacent to a large Archean gabbroic
block within breccia in the Offset structure (Farrow et
al., 2005; Ames and Farrow, 2007; Carter et al., 2009;
Maclnnis et al., 2014).

Areas with subeconomic footwall-style
mineralization

Wisner West, Southwest, and South zones,
North Range

The mineralized Wisner West (Vale), Southwest and
South zones (Wallbridge) are a series of showings
within a breccia zone subparallel to, and at a 500 m lat-
eral distance from, the present-day SIC contact and 1.5
to 3.5 km west-southwest of the Broken Hammer Open
Pit (Fig. 1). Subeconomic low-sulphide mineralization
in these areas is typified by sulphide patches and veins
associated with Sudbury Breccia. The breccia is ther-
mally metamorphosed and cut by abundant veins and
pockets of footwall granophyre (Tuba et al., 2010;
Péntek et al., 2011).

Amy Lake platinum group element zone, East
Range

The Amy Lake PGE zone (Fig. 1) is hosted within a
northwest-trending, ~2.5 km long by 100 m wide
Sudbury Breccia belt that also hosts the subsurface
Capre 3000 footwall deposit 800 m to the south. It
occurs at a 600 m lateral distance from the SIC contact,
within brecciated mafic-intermediate Levack Gneiss,
Cartier Granite, Matachewan diabase and gabbro (Tuba
et al., 2014). Thermal metamorphism and partial melt-
ing in the Amy Lake zone is manifested by numerous
footwall granophyre dykes and in situ melt pockets cut-
ting the footwall units and Sudbury Breccia. Low-sul-
phide mineralization (patches and short veinlets) is

present in areas dominated by mafic host rocks, and is
structurally controlled by the northwest-trending Bay
Fault zone.

Non-mineralized areas below and above the
Sudbury Igneous Complex

Alteration below the Sudbury Igneous Complex

Two areas with extensive hydrothermal alteration, yet
no sulphides, were studied in the Trill and Windy Lake
footwall environments. At Trill, hydrothermally
altered, massive Sudbury Breccia is exposed on two
outcrops with a total surface area over 34,000 m2,
about 3 km west from the SIC contact (Fig. 1). The
breccia has an aphanitic, glassy matrix hosting mon-
zonite (of the Cartier Batholith) and Matachewan dia-
base clasts of variable sizes, ranging from a few mil-
limetres to 5 metres in diameter (Tuba, 2012).

At Windy Lake, impact brecciated units of Levack
Gneiss dominate the footwall to an embayment that
hosts subeconomic disseminated Ni-Cu-PGE mineral-
ization. Footwall mineralization is not known in the
area.

Alteration above the Sudbury Igneous Complex
in the Onaping Formation

Two areas with intense alteration in the lower breccia
units of the Onaping Formation were studied at Joe
Lake and Rockcut Lake, along the North Range of the
Sudbury structure (Ames and Gibson, 2004a,b). The
andesite breccia is intruded along northwest-trending
growth faults in the lower Sandcherry member by apha-
nitic dykes and is generally albitized and lacks sulphide.

ALTERATION ASSEMBLAGES

Hydrothermal alteration, dominated by epidote and/or
amphibole, occurs as miarolitic cavities, pervasive
replacement, veins and disseminations in pre-, syn-,
and post-impact paragenetic sequences. Proper classifi-
cation and chemical fingerprinting is important for
guiding future exploration.

A comprehensive synopsis of the studied alteration
assemblages is presented here; however, for more
detailed descriptions refer to Ames et al. (1998, 2006),
Ames (1999), Péntek (2009), Tuba et al. (2010, 2014),
Péntek et al. (2011), and Tuba (2012). More extensive
field photos and photomicrographs of the alteration types
can be found in the Ph.D. theses of the authors (Ames,
1999; Tuba, 2012). Figure 2 presents the paragenetic
order of the assemblages in the footwall environment.

“Pre-sulphide” assemblages related to footwall
granophyre

Three types of alteration assemblages that predate the
main footwall sulphide mineralization include (1) epi-
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Figure 2. Paragenetic order of
the studied mineral assem-
blages (after Tuba, 2012 and

Tuba et al., 2014). Amphibole
amygdules are early and likely
contemporaneous to the min-
eralized footwall systems, but
exact temporal relationship to
other assemblages could not
be established due to lack of
textural evidence.

Sudbury-related
Pre-sulphide Footwall | Post-Sudbury
mineralization|  mineralization
Miarolitic cavities
Pervasive epidote-amphibole —
Vein-type epidote —
Extensional amphibole veins r
Extensional epidote-quartz veins —_
Sulphide-silicate and Broken Hammer
. : I
epidote-sperrylite assemblages
Amphibole amygdules 2 —— )
Shear-type epidote veins _

dote-amphibole-allanite-titanite within miarolitic cavi-
ties in footwall granophyre veins and pods, (2) perva-
sive epidote-amphibole patches, and (3) epidote veins
(Fig. 3). This alteration group is interpreted to have
formed from high-temperature (>400°C), high-salinity
(>30 NaCl equiv. wt%) magmatic-hydrothermal fluids
that are spatially linked to the footwall granophyre
(FWGR) bodies in the Sudbury footwall, and predates
the main sulphide ore-forming event that resulted in the
formation of footwall deposits (Péntek et al., 2013;
Tuba et al., 2014).

Miarolitic cavities, measuring up to tens of centime-
tres in diameter, are very common features within the
FWGR bodies (Fig. 3a) and are the product of in situ
crystallization of a segregated magmatic fluid from the
silicate melt (e.g. Molnar et al., 2001; Péntek et al.,
2011). Miarolites are typically filled by quartz, albite,
and K-feldspar, as well as epidote, Ni-rich amphibole,
minor allanite and titanite, and trace zircon and apatite
(Péntek, 2009). The studied miarolitic Windy Lake sam-
ples are dominated by epidote, quartz, and minor titanite.

Pervasive epidote-amphibole assemblages may
form a halo to FWGR veins, but frequently occur phys-
ically detached from them, as up to a couple of metres
wide alteration zones in the country rock (Tuba et al.,
2014) (Fig. 3b to d). The assemblage is dominated by
coarse prismatic epidote with about 35% actinolite and
quartz, the ratio of which is dependent on the host-rock
composition. Minor allanite may appear in the cores of
the coarse epidote grains (Fig. 3e). Pervasive epidote-
amphibole zones bearing disseminated millerite (<15%)
and abundant platinum group minerals (PGM; domi-
nantly sperrylite and merenskyite/moncheite) are known
from the Amy Lake PGE zone (Tuba et al., 2014).

Epidote veins (Tuba et al., 2014) that are found in
isolation from FWGR bodies (Fig. 3f) are 1 to 2 cm
wide and consist dominantly of coarse epidote with
minor to trace titanite, trace quartz, and rare allanite.
Sulphide minerals were not observed. Both pervasive
epidote-amphibole patches and vein-type pre-sulphide
assemblages are surrounded by a characteristic com-

posite halo comprising a proximal actinolitic and a dis-
tal recrystallized feldspar zone in mafic rocks (Fig. 31).

Hydrothermal assemblages contemporaneous
with the Sudbury Igneous Complex footwall
mineralization

Low-sulphide mineralization may have formed by the
mobilization of base and precious metals from a pre-
existing magmatic source and the transport of these
metals along brittle structures by hydrothermal fluids
(e.g. Farrow et al., 2005; Nelles et al., 2010; Tuba et al.,
2010, 2014; Hanley et al., 2011; Péntek et al., 2013).
Hydrothermal alteration in these low-sulphide zones
also produced sulphide-free extensional veins that rep-
resent a different stage of the same high-temperature,
high-salinity hydrothermal system (Tuba et al., 2010,
2014). Extensional epidote-quartz and amphibole veins
without accompanying mineralization were found in
the footwall in areas lacking a metal source (Tuba et
al., 2010; Tuba, 2012); they also occur in the hanging
wall of the Sudbury Igneous Complex (Ames et al.,
1998; Ames and Gibson, 1995).

Both massive sharp-walled chalcopyrite veins and
low-sulphide samples (few-cm chalcopyrite veins,
patches, and disseminations) have a uniform texture
with the central sulphide mass being surrounded by an
extensive hydrous silicate selvage (Fig. 4a to c). The
characteristic feature of this sulphide-silicate assem-
blage is poikilitic epidote that dominates the silicate
selvage and contains numerous inclusions of chalcopy-
rite, PGM, and other trace minerals (Farrow, 1994;
Kjarsgaard and Ames, 2010; Tuba et al., 2010, 2014;
White, 2010) (Fig. 4d). It may be accompanied by
minor to trace amounts of euhedral, Ni-bearing amphi-
bole (Fig. 4e,f) and trace amounts of quartz and Ni-
bearing chlorite, the latter of which was not observed in
the studied samples. For a detailed description of the
sulphide and PGM mineral composition of Sudbury
footwall systems, refer to Farrow (1994), Farrow and
Watkinson (1999), Farrow and Lightfoot (2002), and
Ames and Farrow (2007) and references therein.
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Figure 3. Characteristic macro- and microfeatures of the pre-sulphide assemblages (Amy Lake). a) Miarolitic cavity in footwall
granophyre, filled by epidote and quartz. b) Occurrence of pre-sulphide assemblages in physical contact with footwall gra-
nophyre veins: hydrothermal tail and pervasive halo. ¢) Pervasive epidote halo around partially melted leucosome in Levack
Gneiss. Note the sulphides in the hydrothermal tail of footwall granophyre and the white feldspar halo around the pervasive epi-
dote. d) Pre-sulphide, high-PGE pervasive epidote-amphibole-quartz assemblage in Sudbury Breccia. e) Allanite cores in
coarse epidote of the pervasive pre-sulphide assemblage (sample 12AV-60). Holes in the grains are ablation pits. f) Pre-sul-
phide epidote vein in mafic gneiss. Note the composite alteration halo. Abbreviations: act = actinolite, all = allanite, amph =
amphibole, ep = epidote, fsp = feldspar, FWGR = footwall granophyre, qtz = quartz, SDBX = Sudbury Breccia. Note that the
diameter of the coin is 19 mm.
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hydrous silicate
selvage

Figure 4. Characteristic macro- and microfeatures of the sulphide-silicate assemblages (footwall mineralization). Silicate sel-
vage around (a) massive sulphide veins (Podolsky) and (b, ¢) patchy sulphides from the Wisner Southwest zone (sample 12AV-
68) and the Amy Lake PGE zone, respectively. d) Poikilitic intergrowth of epidote and chalcopyrite, the characteristic textural
feature of footwall mineralization (sample WC-013 173.6). e, f) Epidote associated with Ni-rich euhedral actinolite, chalcopy-
rite, millerite, and PGM in a mineralized sample (WC-013 173.6). Abbreviations: amph = amphibole, ccp = chalcopyrite, ep =
epidote, mill = millerite, PGM = platinum-group minerals, py = pyrite, sulph = sulphide.
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Extensional amphibole veins occur in both footwall
and hanging-wall rocks of the SIC and contain up to
95% acicular actinolite intergrown with minor titanite
and, occasionally, with epidote (Fig. 5a). Trace
amounts of interstitial K-feldspar and quartz also
occur. Amphibole veins exhibit a characteristic white
halo of recrystallized albitic feldspar (Fig. 5b).
Actinolite veins, 2 cm wide, with pervasive albite-
quartz alteration are present in a 3 m wide hanging-
wall zone, ~250 m above the upper contact of the SIC,
hosted by the equant shard unit, Sandcherry member,
Onaping Formation (Ames and Gibson, 2004a) (Fig.
5c¢,d). Pervasive albite-quartz-titanite zones may be
devoid of amphibole or have rims of amphibole.
Pervasive amphibole alteration also occurs in veinlets
at the terminations of aphanitic andesite dykes in the
lower Onaping Formation. This albitization was dated
at 1848 +1 Ma by U-Pb geochronology of titanite
(Ames et al., 1998).

Extensional epidote-quartz veins are dominated by
coarse epidote and contain variable amounts (up to
25%) of coeval quartz and occasional albite (Fig. 5e)
and are found in numerous footwall areas (Wisner
West, Amy Lake PGE zone, Broken Hammer, Levack
embayment). Large crystals of sperrylite (typically
reaching 2-3 mm) are disseminated abundantly in a
coarse-grained prismatic epidote and quartz matrix in
the Broken Hammer epidote-sperrylite assemblage (Fig.
5f). The alteration completely replaces the gabbroic host
rock in an area of about 10 m in diameter in the footwall
of the sharp-walled Big Boy sulphide vein (Ames et al.,
2013, 2014). The conditions that form these hydrother-
mal platinum bonanzas are of utmost interest.

Amphibole amygdules

Amphibole is a common alteration mineral in the foot-
wall and hanging-wall hydrothermally altered rocks
(Farrow, 1994 and Ames et al., 1998, 2006, respec-
tively). Open-space filling of vesicles with acicular
amphibole, allanite, and titanite appear in intensely
altered Sudbury Breccia outcrops in the Trill area. The
shape and size of these Trill actinolite amygdules are
variable, ranging from perfectly round or elongate
amygdules of a few millimetres to a few centimetres to
oddly shaped patches up to ~20 cm in width (Fig 6a to
d). Coarse-grained titanite and zoned allanite are espe-
cially abundant filling small vesicles (Fig. 6b,c),
whereas large patches have a core of actinolite with
minor titanite and allanite along the rim of the amyg-
dule (Fig. 6d). The texture and appearance suggest a
fluid was present in the breccia matrix contemporane-
ous to the deformation of the Sudbury Breccia. Field
evidence indicates that this deformation had occurred
prior to the formation of extensional epidote-quartz
veins in the Trill area.

Above the SIC, in the broad semi-conformable zone
of albitization in the lower part of the Onaping
Formation, amphibole fills amygdules (Fig. 6e¢)
together with veins with albitized margins (mentioned
above); in the most intense albitized-amphibole alter-
ation, it replaces the matrix.

Post-1850 Ma shear-type epidote-quartz veins

Shear-type epidote-quartz veins formed during a
regionally widespread post-1850 Ma hydrothermal
event involving Ca-Na-Fe-rich moderate-temperature
(200-250°C), and high-salinity (33-35 NaCl equiv.
wt%) fluids (Tuba et al., 2010, 2014). This hydrother-
mal assemblage appears in zones and swarms of anas-
tomosing veins, and is dominated by fine- to medium-
grained epidote with variable amounts of quartz, chlo-
rite, and occasional hematite. The veins are character-
ized by a variety of textures that uniformly indicate a
shear-related formation (Fig. 7a to d).

RESULTS

As will be discussed later, several factors were found to
have influenced the distribution of trace elements in the
studied silicates, in some cases causing a large vari-
ability of distribution patterns among, and within, sam-
ples. For that reason, the authors have picked represen-
tative samples when demonstrating the key features of
the particular alteration groups (Figs. 8, 11, and 13),
whereas all the element distribution diagrams can be
found individually in Appendix A (Figs. Al to A4).

Rare earth element geochemistry of epidote,
allanite, amphibole, and titanite

The trace element mineral chemistry data were nor-
malized to the bulk rock geochemistry of the host rock
for all data to minimize the influence of host rock
(Appendix A, Table A2). Trace element data show that
certain rare earth element (REE) patterns are more fre-
quent in some alteration groups, although REE con-
centrations vary significantly within these groups and,
in some cases, even within a given sample. The most
useful feature of the host-rock normalized REE plots in
the characterization of the alteration groups is the
topology of these diagrams, whereas other features
(e.g. size of Eu anomaly, level of REE-enrichment of a
single mineral) do not show systematic variations.
Classification of the alteration groups based on mathe-
matically expressed La:Lu (or other LREE:HREE)
ratios was not possible, as individual analyses in het-
erogeneous samples may scatter over a wide range;
therefore the topology of REE plots defined by all
analyses in a given sample (typically around 10 abla-
tion spots) was studied. A REE pattern was considered
characteristic if it appeared in about 90% of the sam-
ples within an alteration group; for that reason,
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Figure 5. Characteristic macro- and microfeatures of extensional silicate veins and the Broken Hammer epidote-sperrylite
assemblage (associated with footwall mineralization). a) Photomicrograph of monomineralic, fibrous actinolite filling an amphi-
bole vein (Wisner Southwest). The antitaxial texture is characteristic for all types of silicate veins associated with footwall min-
eralization. b) Amphibole vein in mafic gneiss (Amy Lake). Note the white alteration halo of recrystallized feldspar, similar to that
of the pre-sulphide pervasive and vein assemblages. Coin is 21.2 mm in diameter. ¢) Close-up of 1-2 cm actinolite veins and
12—-18 cm pervasive albite-quartz alteration haloes within in a 3 m diameter zone proximal to a fluidal breccia sill-dyke complex,
Rockcut Lake, Capreol. d) Polished slab of actinolite vein and pervasive albite-quartz alteration halo in an equant shard unit,
Sandcherry member, Onaping Formation. e) Extensional epidote-quartz vein (Wisner Southwest). Note the overgrowth of rock-
forming quartz into the vein cavity (red arrow), a typical feature of extensional epidote-quartz veins. Coin is 1.9 cm in diameter.
f) High-PGE epidote-sperrylite assemblage from Broken Hammer. (Courtesy of Wallbridge Mining Co. Ltd). Abbreviations: ep =
epidote, IGN = intermediate gneiss, MGN = mafic gneiss, sper = sperrylite, qtz = quartz.
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Figure 6. Intense open-space amphibole alteration below and above the SIC occurs as (1) amygdules in Sudbury Breccia (Trill)
and (2) amygdules, veins, and stringers in Sandcherry member andesite breccia (Capreol, Joe Lake), respectively. a) Outcrop
photograph of elongated and irregularly shaped amygdules up to 10 cm in length (Trill). Coin is 1.9 cm in diameter. b) Photo-
micrograph of round amygdules filled with coarse titanite, amphibole (actinolite), and trace allanite (Trill). ¢) Lineation in
Sudbury Breccia defined by elongated amygdules (Trill). d) Oddly shaped amygdule with a Sudbury Breccia “clast”. Note the
coarse titanite and allanite located towards the wall of the amygdule. e) Intense albitization characterized by partially albitized
lithic fragments, matrix, and shards. Shards are actinolite-rich. Actinolite occurs in patches rimmed by albite and vice versa (Joe
Lake area). Abbreviations: act = actinolite, all = allanite, amph = amphibole, SDBX = Sudbury Breccia, ttn = titanite).
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14

Figure 7. Examples of some of the most common micro- and macro-textures of post-Sudbury shear-type epidote-quartz veins.
a) Epidote-quartz vein with fluidal texture, cutting gabbro. Width varies along strike. Coin is 1.9 cm in diameter. b) Photo-micro-
graph of the extensional segment of an epidote-filled shear zone. Note the shearing at the margins. Shear indicators (e.g.
Riedel structures) in this type of veining often show up at both (¢) macro- and (d) micro-scale. Abbreviations: f/g ep = fine-
grained epidote, m/g ep = medium-grained epidote.

miarolitic cavities are not discussed from this aspect, as  blages are typified by a slightly negative REE trend that

they were only represented by two samples. shows light REE (nLREE) values are higher than the

L. . host-rock normalized heavy REE (nHREE) values (Fig.
Ch.ar acteristic r are ear. th element patterns in 8a,b). This negative-slope REE pattern with a positive
epidote and allanite europium anomaly is characteristic of the pre-ore

Epidote in pre-sulphide pervasive and vein-type assem-  hydrothermal assemblage and is the key discriminant.

Figure 8 (opposite page). Representative examples of the REE distribution patterns in pre-sulphide epidote, amphibole, and
titanite. Typical REE pattern of pre-sulphide in (a) pervasive replacement (sample 08AV-05A) and (b) vein epidote (sample
12AV-63). The slightly negative trend is characteristic and discriminatory. ¢) Decrease of REE from the allanite core to the epi-
dote rim and prismatic epidote in the pre-sulphide pervasive assemblage (sample 12AV-60). d) “Arch-like” REE pattern of
poikilitic epidote (sample FAL-12). e) REE pattern in extensional epidote is commonly flat with a slight Eu anomaly. The anom-
aly increases with decreasing concentrations of REE. f) A slight increase in Tm, Yb, and Lu is visible in the REE plots of pre-
sulphide amphiboles (sample 12AV-60). g) Euhedral amphibole from the sulphide-silicate assemblage is usually low in REE
and shows large intra-sample variations in some cases (sample 11AV-62F). h) Typical REE pattern of extensional amphibole
from both the footwall (sample BLT-05) and hanging wall (sample AV-488B) of the SIC show a similar topology to the (i) acti-
nolite in hanging-wall amygdules (sample AV-524A), as they are all mono-mineralic assemblages. This is in contrast to the
amphibole assemblage with allanite and titanite in the footwall amygdules (sample 604054), where amphibole is depleted in
LREE. j) REE in titanite decreases from the miarolitic cavities (sample 12AV-57) to pre-sulphide epidote veins (sample 12AV-
63) and extensional amphibole veins (sample 12AV-78). (Titanite from Trill amygdules and Onaping amphibole veins are not
shown to avoid overlapping; refer to text, and Appendix A, Fig. A4 for individual charts.)
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Allanite cores are present in epidote within perva-
sive epidote-amphibole alteration (Fig 3e). They con-
tain approximately 16 wt% REE (5.5 wt% La, 8.0 wt%
Ce, 0.7 wt% Pr, 2.0 wt% Nd, and 0.1 wt% Sm in aver-
age) whereas the total REE content of prismatic epi-
dote is below 700 ppm (Appendix A, Table A3). There
is a gradual decrease in the REE concentrations and a
systematic increase in the Eu anomaly (from negative
to flat to positive) from the allanite cores to the epidote
rims and coarse prismatic epidote (Fig. 8c; Appendix
A, Fig. Al).

The coarse allanite in the amygdules within Sudbury
Breccia in the Trill area (Fig 6a,b) is enriched in LREE
with a total average REE content of ~7.8 wt% (2.0 wt%
La, 3.8 wt% Ce, 0.4 wt% Pr, 1.4 wt% Nd, and 0.2 wt%
Sm), and has a flat nLREE and negative nHREE trend
(Appendix A, Table A3, Fig. Al).

Epidote in the mineralization-related hydrothermal
assemblages is typically poikilitic with inclusions of
anhedral chalcopyrite, PGMs, and base metal minerals
such as galena and cassiterite (White, 2010; Tuba et al.,
2010, 2014; Ames and Kjarsgaard, 2013). The epidote
REE pattern has a slightly positive slope, a Eu anomaly
that varies significantly within sample between posi-
tive and negative and a slight arch in the nHREE.
Normalized LREE is equal to or, more commonly,
depleted compared to nHREE. The ore-associated
poikilitic epidote exhibits large intra-sample variation
in nLREE and more consistent nHREE wvalues; this
results in an arch-like REE topology (Fig. 8d;
Appendix A, Fig. A2).

Sulphide-free extensional epidote observed in vari-
ous localities is usually enriched in both LREE and
HREE with a flat REE trend and a slightly negative to
absent Eu anomaly that is quite consistent within the
sample. An increase in the size of the positive Eu
anomaly can be observed in samples with lower nREE
concentrations (Fig. 8e). Extensional epidote veins
from the Broken Hammer sperrylite zone have a REE
topology that is more similar to those of the poikilitic
epidote in the sulphide-silicate assemblage, whereas
the sperrylite-accompanied coarse epidote (sample
12AV-18x) shows a flat, slightly positive nREE pattern
that resembles the nREE distribution of extensional
epidote veins (Appendix A, Fig. A2).

Rare-earth element ratios, concentrations, and
trends are quite variable in the post-Sudbury shear-type
epidote group and distinct features could not be con-
vincingly established (Appendix A, Fig. A2).

Characteristic rare earth element patterns in
amphibole
Mineral compositions of three textural types of amphi-

bole from pre-sulphide assemblages were analyzed:
1) amphibole intergrown with coarse prismatic epidote

within pervasive epidote-amphibole alteration zones,
2) amphibole in the halo of pervasive epidote-amphi-
bole alteration, and 3) amphibole in the halo of the
vein-type epidote alteration. Regardless of the textural
position, all of the amphiboles in this alteration group
are uniformly low in REE, have a negative Eu anom-
aly, and a flat REE trend with a slight inclination in
Tm, Yb, and Lu (Fig. 8f; Appendix A, Fig. A3).
Amphibole along the margins of chalcopyrite-PGM
veins, in the mineralization-related sulphide-bearing
hydrothermal alteration, is typified by low overall REE
concentrations and a generally flat trend with a small
negative Eu anomaly (Fig. 8g). Similar to poikilitic
epidote, the largest variation of REE concentration in
amphibole, both within and among samples, was
observed in this group (Appendix A, Fig. A3).

Barren extensional amphibole veins and amphibole in
amygdules from both the footwall and hanging wall of
the Sudbury Igneous Complex are characterized by sim-
ilar REE distribution features (Fig. 8h,i): an overall pos-
itive REE trend with an inclination in nLREE, flat
nHREE, and a pronounced negative Eu anomaly. REE
concentrations of amphibole grains within these samples
are usually very homogeneous (Appendix A, Fig. A3).

Rare earth elements in titanite

Rare-earth element concentrations in titanite decrease
from grains in miarolitic cavities (0.9 wt% average
total REE) to 1848 Ma grains in the Onaping alteration
haloes (0.5 wt%), pre-ore veins (0.3 wt%), and to titan-
ite intergrown with actinolite in extensional amphi-
bole veins and Trill amygdules (0.2 and 0.1 wt%,
respectively) (Fig. 8j; Appendix A, Table AS, Fig. A4).
Uranium and Th in titanite seem to follow the same
trend. Because of the reduced number of samples avail-
able for titanite trace element study, the key features in
the topology of REE plots representing the different
alteration groups could not be determined.

Pathfinder and other trace elements in
epidote, allanite, and amphibole

Lead and Ni proved to be the best candidates in epidote
for classifying the alteration groups (Fig. 9a,b). The
topologies of the Pb versus Ni diagrams are very simi-
lar regardless of the values plotted (absolute concentra-
tions in ppm or host-rock normalized values; Fig. 9a
and b, respectively), suggesting that the concentrations
of these elements are not a function of host-rock com-
position but rather of fluid composition. Epidote-bear-
ing assemblages predating the sulphide mineralization
are dominantly lower in Pb (<5 ppm) than those asso-
ciated with the sulphide-bearing system, although the
two groups overlap slightly. Among the pre-sulphide
assemblages, Ni is lowest (<1 ppm) in the miarolitic
epidote, and highest (typically a few 100 ppm) in the
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Figure 9. Select pathfinder elements in epidote. Note logarithmic scale. a) Absolute and (b) host-rock normalized concentra-
tion of Pb and Ni. Pre-sulphide assemblages may be distinguished from those associated with footwall mineralization based on
the lower Pb content. Post-Sudbury shear-type veins overlap with both groups. Among pre-sulphide assemblages, high-PGE
pervasive epidote samples show the highest Ni values. ¢) Absolute and (d) host-rock normalized concentration of Co and Ni.
Note the difference in the topology of the two plots indicating an effect of host rock on Co concentration in certain assemblages.

Co and Ni correlates well in poikilitic epidote.

high-PGE pervasively epidotized alteration. Vein-type
epidote and most of the low-PGE pervasive epidotes
plot in-between. Nickel content in poikilitic epidote of
the sulphide-silicate assemblage and in extensional
veins ranges widely (0.1-300 ppm). Although the pre-
sulphide and sulphide-bearing systems may be distin-
guished based on the Pb content of epidote; the Pb and
Ni values of epidote in post-Sudbury shear-type veins
overlap with both groups. The observations regarding
Pb and Ni patterns as discussed above are generally in
agreement with the findings of Tuba et al. (2014).

A positive correlation previously found between Co
and Ni in epidote (Tuba et al., 2014) does not show

clearly in this extended database. Comparison of
Figure 9¢ and 9d shows that the host-rock composition
may have influenced the concentration of Co in most
alteration assemblages. Only the shear-type and
poikilitic epidote samples do not show a major change
in the topology of Co versus Ni plots; however, a
strong positive correlation does occur in poikilitic epi-
dote, suggesting a link between these elements in the
fluids associated with footwall mineralization.

Allanite cores of pre-sulphide pervasive assem-
blages are depleted in Pb but enriched in Ni, compared
to allanite in the sulphide-free Trill amygdules (Fig.
10). A possible explanation could be that Trill amyg-
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Figure 10. Concentration of (a) Pb and (b) Ni in pre-sulphide assemblages and amygdules in Sudbury Breccia, Trill property.
(Note the logarithmic scale.) High-PGE samples are generally higher in Ni than low-PGE samples, whereas Pb is enriched in
Trill amygdules. Enrichment of Pb suggests a possible genetic link with the Sudbury-related, potentially mineralizing hydrother-

mal fluids. Abbreviations: all = allanite, ep = epidote.

dules represent barren hydrothermal cells that were
similar to the mineralizing fluids (resulting in the high-
PGE sulphide-silicate assemblages) but lacked a local
base metal source. Although allanite cores in pervasive
epidote alteration uniformly contain a few 100 ppm Ni,
the epidote rims and prismatic epidote associated with
high-PGE alteration are enriched compared to those in
low-PGE pervasive assemblages (Fig. 10).

The three allanite-bearing, pervasive pre-sulphide
samples uniformly show a decrease of Co, Zn, As, Mg,
Ti, Cr, Y, Th, and U, as well as an increase of Sr from
the allanite core to the epidote rim and coarse prismatic
epidote (Fig. 11). Nickel decreases in low-PGE sam-
ples only, whereas in high-PGE samples it is equally
distributed in allanite and epidote (Fig. 10). Tin and Sb
are present in roughly identical values in allanite and
epidote and other elements vary.

Amphibole-bearing assemblages may be finger-
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printed based on their Ni and Sn content (Fig. 12a,b).
Pre-sulphide, pervasively altered assemblages associ-
ated with high PGE content contain the highest
amounts of Ni (0.2 wt% Ni average) in both the amphi-
bole that occurs with prismatic epidote and the amphi-
bole that forms the finer grained actinolite halo around
the pervasive alteration (Fig. 3d,e). The actinolite halo
around pre-sulphide epidote veins, as well as amphi-
bole amygdules are both Ni-poor (<300 ppm).

Euhedral amphibole in sulphide-silicate assem-
blages in the footwall mineralization is enriched in Ni
with values ranging from >0.1 to 1 wt% Ni. Such high
concentration of Ni in this type of amphibole is widely
known to occur in the Sudbury footwall (Farrow, 1994;
Farrow and Watkinson, 1996; Magyarosi et al., 2002;
Kjarsgaard and Ames, 2010; Tuba et al., 2010, 2014).
Unmineralized extensional amphibole veins fall into
the low-Ni area of the diagrams, typically with 100 to
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Figure 11. Trace element signatures in allanite and epidote (sample 11AV-57) showing the distribution of (a) pathfinder and (b)
other trace elements between allanite cores and prismatic epidote in the pre-sulphide pervasive epidote-amphibole assem-
blage. Cobalt, Zn, As, Mg, Ti, Cr, Y, Th, and U concentrations are markedly different in the two mineral phases.
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Figure 12. Trace element signatures in amphibole. a) Absolute and (b) host-rock normalized Ni and Sn concentration in amphi-
bole. (Note logarithmic scale.) Ni is enriched in high-PGE assemblages (high-PGE pervasive pre-sulphide assemblage, sul-
phide-silicate assemblage of footwall mineralization and some anomalously high-PGE extensional amphibole veins), whereas
Sn concentration is dominantly higher in amphiboles from footwall mineralization and associated extensional veins. (Note that
normalized values of extensional amphibole veins and amphibole amygdules from the Onaping Formation are not available due

to the lack of Sn analyses from the host rock.)

200 ppm Ni; among them, two samples (BLT-03 and
BLT-05) with anomalous bulk PGE contents (0.01
ppm: Tuba, 2012) plot close to the high-PGE field. The
Ni content of amphibole in high-PGE extensional veins
(samples 12AV-15B and BLT-06) is typically 0.04 to

Table 4. Summary of the systematic element partitioning
between coexisting minerals.

REE and pathfinder Other trace
elements elements
Epidote-amphibole
ep>amph REE, Pb, Bi, Sn Sr, U
amph>ep Co, Ni, Zn Mn, Rb
ep~amph As

Based on 12 samples representing 4 alteration groups. Observed
frequency of given element distribution among mineral pairs:
minimum 90%.

Titanite-amphibole

ttn>amph REE, Sn, Bi V.Y, Zr, Nb, Mo,
Th, U

amph>ttn Co, Ni, Zn Sc, Mn, Ba

ttn~amph Cu Rb

Based on 4 samples representing 2 alteration groups. Observed
frequency of given element distribution among mineral pairs: 100%

Titanite-epidote

ttn>ep REE, As, Sn, Pb Sc, V,Cr, Y, Zr, Nb,
Mo, Th, U

ep>ttn Co Mn, Sr

ttn~ep Zn, Sb Mg, Ba

Based on 2 samples representing 2 alteration groups. Observed
frequency of given element distribution among mineral pairs:
100%. For informational purposes only.
Abbreviations: amph = amphibole, ep = epidote,

ttn = titanite.

0.1 wt%. Nickel content in extensional amphibole as a
function of bulk total precious metal content and/or
proximity to footwall mineralization had previously
been documented by Hanley and Bray (2009) and Tuba
et al. (2010). Tin is also enriched (>1 ppm) in sulphide-
silicate assemblages and extensional veins in footwall
ore systems, whereas concentrations of Sn in the exten-
sional amphibole veins from the hanging wall
(Onaping Formation) are below 1 ppm, in the upper
section of the low-Sn group that also contains the pre-
sulphide assemblages and amphibole amygdules from
both the footwall and hanging wall.

Elements that occur with concentrations close to the
detection limit of the ICP-MS in both minerals included
Ag, Sb, Pt, Au, Bi, Mo, Rh, Cd, Cs. Other elements
usually detected in very low concentrations regardless
of the alteration type include Pd and Bi in epidote.
Copper varies greatly and unsystematically. Clear sys-
tematic variation of other trace elements was not found
in either the epidote or the amphibole sample suite.

DISCUSSION

Factors affecting the trace element
distribution patterns in epidote, actinolite,
titanite, and allanite

Element partitioning between minerals

With the systematic analysis of all major and minor
mineral phases in the alteration assemblages, it was
possible to highlight certain partitioning behaviour of
trace elements between hydrothermal minerals that are
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in apparent petrographic equilibrium (Table 4). These
observations are of major significance for characteriz-
ing the trace element properties of the respective fluid
systems that the alteration assemblages represent, and
also highlight important aspects to be considered in
detailed trace element studies in the future.

Trace element partitioning between epidote and
amphibole, the two most common alteration minerals
in the Sudbury footwall, proved to be an important fea-
ture. In 12 samples with coexisting epidote and amphi-
bole, As is distributed equally between the two miner-
als. In addition, epidote appears to have scavenged
REE, Pb, Bi, and Sn from amphibole, whereas amphi-
bole is significantly enriched in Co, Ni, and Zn (Table
4, Fig. 13a to c¢). The systematic distribution of REE
was observed in all of these samples, and over 90% of
the samples showed the same partitioning of the
pathfinder elements. Copper prefers amphibole or is
distributed equally between the two minerals, whereas
Pd and Ag are never enriched in amphibole. The behav-
iour of Sb was found to be erratic.

This partitioning phenomenon has a significant
effect on the topology of REE plots, and, in fact, may
be an explanation for some REE patterns that differ
pronouncedly from the average, most frequent REE
patterns of the same alteration group. The typically
low-REE content of euhedral actinolite in the mineral-
ized sulphide-silicate assemblage is likely due to the
scavenger behaviour of the poikilitic epidote with
which the amphibole is associated (Fig. 13a).
Similarly, in amphibole-dominated, essentially mono-
mineralic assemblages (e.g. extensional actinolite veins
and Onaping amygdules) the amphibole is the main
REE-bearing phase, and is significantly more enriched
in REE than the amphibole occurring with epidote,
titanite, or allanite in other assemblages (e.g. note the
depletion of nLREE in amphibole in allanite- and titan-
ite-bearing Trill amygdule samples compared to
monomineralic Onaping amphibole amygdules in Fig.
81i).

Figure 13d and e demonstrates the scavenging effect
of epidote on the sample scale: two extensional amphi-
bole veins, the monomineralic sample BLT-03 and the
minor epidote-bearing sample BLT-06, are being com-
pared. The REE-depleted amphiboles located in the
vicinity (i.e. less than a few mm distance) of epidote
grains have distinctively different REE concentrations
and pattern to the amphibole in epidote-free areas of
the same sample and amphibole in the non epidote-
bearing BLT-03 vein (Fig 13e).

Element partitioning between titanite and amphibole
as well as titanite and epidote was studied with a
smaller data set. Four samples representing three alter-
ation groups (miarolitic cavities, extensional amphi-
bole veins, and amygdules in Sudbury Breccia from

Trill) showed that trace element partitioning is most
pronounced in the concentration of REE, Sn, Zr, Nb,
Yb, Th, and U (affinity to titanite) as well as Co, Ni,
and Zn (affinity to amphibole) (Fig. 13f to h). Table 4
summarizes all the observed systematic trace element
distributions.

As discussed in the previous section, although epi-
dote is by far the most common alteration mineral in
the Sudbury footwall alteration assemblages, the epi-
dote trace element plots should always be viewed in
context to the composition data of other major and
minor mineral phases in the alteration assemblage (if
applicable).

Crystal structural control and the effect of
country rocks

Certain elements correlate well at the database scale
(e.g. Ti and Zr in amphibole, Fig. 14a) and/or on the
sample scale (e.g. Co and Ni, Fig. 14b), although they
do not define systematic distribution patterns among
the alteration assemblages. Element substitution phe-
nomena in these minerals are likely responsible for a
number of these correlations; however, pinpointing
these is problematic due to the difficult coupled substi-
tution mechanisms in both epidote and amphibole and
the large number of trace elements to be considered.
Some differences between the composition of allanite
cores and prismatic epidote in pervasive pre-sulphide
samples are probably due to structural reasons, e.g., the
decrease of Mg and increase of Sr with decreasing
REE; depleted Y, U, and Th content in epidote may be
explained by changes in fluid composition because of
the shared occupancy of these elements and REE in the
epidote structure (Frei et al., 2004).

The role of fluid-rock interaction in the formation of
pre-sulphide, sulphide-silicate and, particularly, the
extensional assemblages is significant (Tuba et al.,
2014). The host rock may add elements to the
hydrothermal fluid that could affect the composition of
minerals at the trace level; for that reason, trace ele-
ments, especially those with low concentrations in a
mineral, may show a diversity in a given alteration
group that reflect the heterogeneity of country rocks
rather than the heterogeneity of fluids. Consequently,
all absolute element concentrations are normalized to
the respective host rock and the two values are dis-
cussed in context, in order to eliminate such fluid-rock
effects at the ppm level. Normalization of the data does
not usually result in any major differences between the
topology of the two diagrams, the one showing the
absolute and the other the normalized values, instead it
just “tightens up” the samples within the groups by
removing outliers. As such, the relative position of the
groups generally does not change much but where it
does, it likely indicates that fluid-rock interaction had
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Figure 13. Distribution of trace elements among coexisting minerals normalized to host rock. Partitioning of (a) REE, (b)
pathfinder and (c) other trace elements among epidote (black) and amphibole (blue) (sample 02AV-642, sulphide-silicate
assemblage). Similar scavenging phenomenon between epidote and amphibole was found in 11 additional samples.
d) Amphibole in an extensional vein with no epidote in the assemblage (sample BLT-03). Compare REE pattern with that of
sample BLT-06 (e), where amphibole in the vicinity of epidote is depleted in REE, whereas amphibole from a different area of
the sample shows identical patterns to epidote-free sample BLT-03. f) Partitioning of REE, (g) pathfinder, and (h) other trace
elements among amphibole (black) and titanite (blue) (sample 12AV-78, extensional amphibole vein). See text for details.

an impact on certain alteration assemblages. For exam-
ple, normalizing the As in epidote results in a signifi-
cant shift of poikilitic samples while others preserve
their relative position (Fig. 14c,d), suggesting that As
in the sulphide-silicate assemblage is at least partly

dependent on the host rock. Plotting these samples
according to geographic locations results in a low-As
group, which includes the Onaping-Levack area, and a
high-As group from Wisner, Podolsky, and Amy Lake,
where elevated As concentrations have been reported
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Figure 14. Selected element ratios suggesting the effect of crystal structural and/or host-rock composition control on the trace
element distribution of the studied silicates. a) Positive correlation of Ti and Zr in amphibole on the database scale, and (b) Co
and Ni on the sample scale (indicated by arrows). ¢) Absolute and (d) host-rock normalized As and Ni content of poikilitic epi-
dote. Based on the significant difference between the two diagrams, fluid-rock interaction likely affected the As concentration
of the parental fluid in these samples. Host-rock normalized As is lower in samples from the Onaping-Levack area, where no
mafic units are known to occur in large volumes. e) Absolute and (f) host-rock normalized Zn and Ni concentrations in amphi-
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and linked to the local mafic units (Ames et al., 2007;
Péntek et al., 2008; Tuba et al., 2014). A similar phe-
nomenon was observed in the concentration of, e.g.,
Zn, for which mineralized and extensional samples
shift significantly once normalized to host rock (Fig.
14e and f), suggesting that both As and Zn are host-
rock dependant in these alteration types.

Trace element composition of the alteration
assemblages

In a recent study, the REE content of epidote-bearing
alteration assemblages in the Amy Lake zone of the
Sudbury footwall was linked to a possible magmatic
fluid component that mixed with local saline ground-
water (Tuba et al., 2014). For this model, only epidote
and allanite trace element data were available, and the
authors assumed that coexisting minerals, e.g., titanite,
may also be reservoirs for REE. The present study con-
tains supplementary data for these potentially REE-
bearing minerals and extends the investigation to other
localities and alteration types throughout the Sudbury
hydrothermal system above and below the SIC.

A systematic variation in the overall REE content of
the alteration assemblages, as shown by Tuba et al.
(2014), is robust with a larger, diverse data set (Fig.
15). Miarolitic cavities and pervasive epidote-amphi-
bole alteration were associated with minerals bearing
the highest concentrations of REE (titanite and allanite,
respectively). Allanite and titanite in the Trill amphi-
bole amygdules have similar REE contents to the titan-
ite in pre-sulphide epidote veins, although the bulk
REE content of the whole amygdule assemblage is
likely much higher than that of the pre-sulphide veins
due to the significantly higher amount of titanite and
allanite found in the Trill samples. Rare-earth element
content in titanite decreases further from pre-sulphide
epidote veins to mineralization-related extensional
actinolite veins. Epidote is the main REE-carrier in
extensional epidote veins, mineralized sulphide-silicate
assemblages, and late shear-type veins; these assem-
blages are generally low in REE, although extensional
epidote and actinolite veins from the vicinity of

Figure 15. Representative REE plots of alteration assem-
blages (shown in paragenetic order from top to bottom; Note
that the position of the Trill amygdules in the paragenetic
sequence is equivocal). The diagrams present the main
reservoir minerals for REE (where applicable). A gradual
decrease in bulk REE can be observed with higher REE con-
centrations associated with pre-sulphide assemblages (per-
vasive: sample 08AV-05A, vein: sample 12AV-63) and low
REE being typical for footwall mineralization systems
(poikilitic epidote: sample 06AV-37A, extensional amphibole
vein: sample 12AV-78, extensional epidote vein: sample
WIS-014 766.83). Allanite and titanite in the Trill amphibole
amygdule assemblage (sample TR-1005) show REE values
as high as silicate minerals in the miarolitic cavities (sample
12AV-57) and pre-sulphide epidote veins.
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Figure 16. Sn and Ni in sulphide-associated and extensional epidote and amphibole samples (footwall mineralization, location-
grouped). The relative position of the groups is similar in each diagram, indicating roughly constant Sn:Ni ratios associated with
the different areas regardless to the analyzed mineral. The only difference is in the poikilitic epidote from disseminated sulphide
samples from Broken Hammer, that form low-Sn group separated from massive-semi-massive samples from the same location.

the Broken Hammer sperrylite zone are unusually
enriched (samples 12AV-16A, 12AV-17, and 12AV-
15B; Appendix A, Figs. A2, A3).

In general, the relative concentrations of pathfinder
elements in the silicate minerals are a good reflection
of the relationship that was expected based on the min-
eral composition of alteration assemblages: the highest
amounts of Ni, Co, Pb, and Sn were found in epidote
and amphibole in footwall ore as well as in high-PGE
pre-sulphide samples that contain Ni-sulphides and sig-
nificant amounts of Pb- and Sn-bearing trace minerals.
An important observation is that trace element fields of
barren extensional epidote and amphibole veins com-
pletely overlap with the mineralized group (sulphide-
silicate assemblage and Broken Hammer epidote-sper-
rylite assemblage) emphasizing a strong genetic rela-
tionship that was suggested by Tuba et al. (2014). High

Ni-values in the minerals are also associated with high-
PGE pre-sulphide samples, where minor to trace mil-
lerite may be present.

Although epidote and amphibole associated with
footwall mineralization (both in the sulphide-silicate
assemblage and extensional veins) occupy a wide field
in the discrimination diagrams, systematic patterns are
revealed when plotted according to geographic loca-
tion. The relative enrichment of Ni, Sn, Co, and Zn is
very similar between the mineralized areas, regardless
of the mineral species and alteration group analyzed
(Figs. 16, 17, and 18).

Broken Hammer silicates are enriched in Sn relative
to the other mineralized environments, and they are
also characterized by anomalously high Ni values (Fig.
16). At Broken Hammer, Sn and Ni values correlate
well in poikilitic epidote from the selvage of sulphide
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Figure 17. Co and Ni in sulphide-associated and extensional epidote and amphibole samples (footwall mineralization, grouped
by geographical location). The relative position of the groups is similar in each diagram, indicating roughly constant Co:Ni ratios
that are highest in the Wisner areas. The exception is Co in extensional epidote, where it shows the same ranges in all groups.

veins, with higher values represented by massive sul-
phide samples and lower Sn and Ni values in semi-
massive sulphides. Poikilitic epidote found dissemi-
nated in the halo of an extensional amphibole vein has
low Sn concentrations and does not show a correlation
with Ni content. Poikilitic and extensional epidote
from Wisner West have similarly high Ni values but
lower Sn values than the Broken Hammer samples
(amphibole was not analyzed from Wisner West.) At
Amy Lake on the East Range, all silicates are domi-
nantly low in both Sn and Ni content, with a few out-
liers among the poikilitic epidote. The Wisner
Southwest zone differs from the Amy Lake area in that
it generally has higher Ni values. Only poikilitic epi-
dote and the associated euhedral amphibole were ana-
lyzed from Podolsky, Lower Morrison, and the PM
zone orebodies; the analyses scatter in the middle range

of Sn content and the lower to middle portion of the
diagram concerning Ni content (Fig. 16).

Cobalt and Ni correlate well in poikilitic epidote at
the database scale. The relative enrichment of Co ver-
sus Ni among the silicates from the different areas
mimics the pattern of Sn versus Ni (Fig. 17). Where
data are available (poikilitic epidote and extensional
amphibole), Broken Hammer samples represent the
most enriched group, followed by Wisner West and
Southwest samples. The lowest relative Co and Ni con-
centrations again show up in the Amy Lake, Podolsky,
Lower Morrison, and PM zone silicates, with the
Podolsky deposit signature overlapping but containing
the most Co- and Ni-enriched euhedral amphibole of
the intermediate group (Fig. 17). Extensional epidote
only partly shows this trend; Co concentration in the
groups scatter over a similar range.
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Figure 18. Zn and Ni in sulphide-associated and extensional epidote and amphibole samples (footwall mineralization, grouped
by geographical location). The relative position of the groups is similar in each diagram, indicating roughly constant Zn:Ni ratios
that are highest in the Wisner areas. The exception is Zn in extensional epidote, where it shows the same ranges in all groups.

The difference in Zn content is not very pronounced
among the different areas, although the Wisner zones
(Broken Hammer, Wisner West, and Southwest) tend to
be more enriched than the others (Fig. 18). Extensional
epidote also shows similar ranges in all available sam-
ples.

CONCLUSIONS AND SUMMARY

To properly classify and fingerprint alteration assem-
blages indicative of Sudbury footwall Cu-PGE miner-
alization, an extensive suite of 62 samples representing
a diversity of post-impact alteration assemblages was
analyzed by in situ LA-ICP-MS. Trace element data of
54 elements were collected from epidote, allanite,
amphibole, and titanite to establish typical element
associations and classification criteria, with special
emphasis on alteration assemblages, to test the robust-
ness of the PGE ore geochemical fingerprint.

Epidote and amphibole in the alteration assemblages
exhibit host-rock normalized REE plots with character-
istic topologies that are best described with nLREE to
nHREE relations. Based on the REE data of all avail-
able minerals from a particular sample, high-REE
(with additional Y, Th, and U) assemblages are found
in miarolitic cavities and pervasive epidote-amphibole
alteration that predate the Sudbury footwall mineral-
ization. Vein-type pre-sulphide assemblages are com-
parably depleted in REE, whereas sulphide-silicate
assemblages of footwall mineralization and associated
extensional silicate veins, as well as post-Sudbury
shear-type veins are REE-poor. The amount of REE, Y,
Th, and U is interpreted to reflect the composition of
the parental fluids.

Pathfinder elements Ni, Pb, Sn, and Co are most dis-
tinctive/indicative in fingerprinting the ore-bearing
alteration assemblages. The highest concentrations are
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associated with silicates from footwall mineralization
and the accompanying extensional veins, emphasizing
the genetic link between the two assemblages. High-
PGE pre-sulphide assemblages are characterized by
high Ni and Co but low Pb and Sn values. Other assem-
blages are notably depleted in these elements.

Epidote and amphibole of mineralized sulphide-sili-
cate and generally barren extensional assemblages
show differences in the concentrations of key pathfind-
ers among different locations along the North and East
ranges. The Wisner area, especially the Broken
Hammer zone, is characterized by the highest Sn, Ni,
Co, and Zn values, whereas silicates in the Amy Lake
PGE zone are usually the poorest in these elements.
Podolsky, Lower Morrison, and PM zone samples form
a group in-between.

The trace element concentration of the alteration
minerals was likely influenced by (1) the composition
of the parental fluid (e.g. REE, U, Th, Ni, Pb, Sn), (2)
the host rock, particularly mafic rocks (e.g. As, Zn)
and/or (3) the crystal structural properties of the miner-
als (e.g. Mg and Sr in epidote).

Element partitioning occurs between texturally
coeval minerals, such as epidote and amphibole (REE,
Pb, Bi, Sn: affinity to epidote; Co, Ni, Zn: affinity to
amphibole), as well as titanite and amphibole (REE,
Sn, Zr, Nb, Yb, Th, U: affinity to titanite; Co, Ni, Zn:
affinity to amphibole). This scavenging phenomenon
greatly affects the element distribution of the mineral
pairs; therefore, conclusions drawn on trace element
concentrations of a single participant should be
avoided. The necessity to analyze all major and minor
mineral phases and to discuss them in context is
emphasized here.
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