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INTRODUCTION

The Podolsky Cu-(Ni)-PGE deposit, located in
Norman township ~35 km north-northeast of Sudbury,
is hosted by the Whistle-Parkin radial offset dyke that
radiates outwards from an embayment structure in the
Paleoproterozoic 1850 Ma (Krogh et al., 1984)
Sudbury Igneous Complex (SIC; Fig. 1a,b). The
Podolsky 2000 deposit (Fig. 1b) was an underground
mine that produced ~1.5 M tonnes 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 and 2011 (Courtesy of KGHM
International Ltd.). This deposit is a hybrid style
deposit that displays aspects of both “sharp-walled”
and “low-sulphide” style mineralization in the Sudbury
Structure (Farrow et al., 2005). The 2000 deposit is sit-

uated ~650 m below the formerly producing Ni-Cu-Co
Whistle deposit, which is located at the basal contact of
the SIC and the radial Whistle-Parkin offset structure
(Fig. 1b,c). This offset, which is host to the Podolsky
2000 deposit, is a northeast-trending structure and is
atypical compared to most radial offset structures,
which are generally composed of quartz diorite mate-
rial. Instead, this offset dyke is dominated by metabrec-
cia rock (i.e. metamorphosed breccia rock) that con-
tains small bodies of quartz diorite rock, inclusion-
bearing quartz diorite, and pods of other intrusive
phases that vary in size (i.e. <1 cm to 10s of m; Carter
et al., 2009). One such pod in this offset dyke is a large
fragment of gabbroic rock, which has been referred to
informally as the grey gabbro (GG), that hosts part of
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ABSTRACT

An integrated geological, petrological, and geochronological study of the Grey Gabbro (GG) unit of the
Podolsky Cu-(Ni)-PGE deposit, which is located in a radial dyke of the 1850 Ma Sudbury Igneous Complex
(SIC), indicates it is a dislodged fragment of alkalic gabbroic basement rock with a minimum age of ca.
2714 Ma (U-Pb zircon). Petrographic textures in the GG record both the impact event (e.g. planar defor-
mation features in zircon) and subsequent thermal overprinting from the cooling SIC melt sheet; U-Pb dat-
ing of epitaxial zircon overgrowths yielded concordant dates at ca. 1850 Ma. Petrological study of the GG
adjacent to sharp-wall chalcopyrite veins provides a number of insights into the origin of mineralization in
the high-sulphide Cu-PGE Podolsky deposit. 1) Actinolite fibres (<1–2 cm) occur both at vein margins and
within the sulphide veins, indicating that they are synchronous with or pre-date vein injection. 2) Intense
alteration with the formation of actinolite-epidote-quartz-chalcopyrite-magnetite assemblages is restricted
in the GG to within <1–2 cm of vein margins. The same alteration assemblage does occur <20–30 cm into
the GG but as micro-clots (<1 mm) and post-dates the thermal effects of the cooling SIC; hence, this pro-
vides a time frame for massive chalcopyrite vein formation. (3) At distances of >1 m from the sulphide
veins, geochemical modification from fluid:rock interaction is minimal in the GG, with Cu the only distal
indicator of mineralization (i.e. 100s ppm Cu). 4) Isotopic data (Sr, O, S) indicate that S in the Podolsky
deposit is similar to that of the Whistle contact Ni-Cu deposit and is sourced from the melt sheet (δ34Scpy =
4.3‰). These observations indicate that alteration within the GG is the result of the equilibration of high-
temperature magmatic-derived fluids with the GG and that the GG is part of the pre-impact history of the
area. Intense hydrothermal alteration in the GG occurs only adjacent (<10s cm) to the sharp-walled sulphide
veins and thus does not provide a significant vector for exploration.

Kontak, D.J., MacInnis, L.M., Ames, D.E., Rayner, N.M., and Joyce, N., 2015. A geological, petrological, and geochronological study of
the Grey Gabbro unit of the Podolsky Cu-(Ni)-PGE deposit, Sudbury, Ontario, with a focus on alteration related to formation of sharp-
walled chalcopyrite veins, In: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-Platinum Group Elements-Chromium Ore
Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houlé; Geological Survey of Canada, Open File
7856, p. 287–301.
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Figure. 1. a) Simplified geological map of the Sudbury Structure showing the footwall rocks, the Sudbury Igneous Complex
(SIC) and related offset and concentric dyke rocks, and basin-fill material, as well as the location of the different types of sul-
phide deposits (i.e. contact, offset, footwall). Note the location of the Podolsky deposit and Joe Lake gabbro, both in the north
part of the map area (red filled circles), which are referred to in the text. The figure is modified from Ames and Farrow (2007).
b) A schematic plan view of the Whistle embayment structure of the SIC in relation to the Whistle-Parkin offset (modified from
Lightfoot et al., 1997). The map shows the relationship between the main rock types of the SIC along with the beginning of the
NE-trending Whistle-Parkin offset. Note the presence of SIC units, which include the inclusion-rich sublayer norite that hosted
the Ni-rich contact-style mineralization mined from the Whistle Pit by INCO. c) A northeast long section (line A and A’ in Fig. 1b)
of the Whistle embayment that shows, from top down, felsic norite, sublayer norite, Ni-rich mineralization, Whistle-Parkin off-
set, the Grey Gabbro (GG) unit and the 2000 deposit. The study area was located in the GG fragment which hosts a series of
sharp-walled chalcopyrite veins from the 2000 deposit. Figure has been modified from Farrow et al. (2005). 

a)

b) c)
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the “sharp-walled” vein systems of the Podolsky 2000

deposit. 

This paper summarizes the results of a graduate the-

sis project by the second author (L. MacInnis, M.Sc.

thesis, in prep.) that documents the nature and extent of

alteration in the GG unit (Figs. 2a,b, 3a,b), both proxi-

mal and distal to its contained footwall-style mineral-

ization (Fig. 2c). The GG unit is, as noted above, a

large (230 m by 270 m) fragment that occurs in the

Whistle offset dyke, which hosts thick (<1 m) sharp-

walled veins of massive chalcopyrite, many of which

contain narrow (i.e. cm-scale) epidote-actinolite-mag-

netite-bearing alteration halos (Fig. 2d-f). More specif-

ically, the focus of the study was to characterize the

mineralogy and geochemistry of the alteration specific

to the sharp-walled vein mineralization to further our
understanding of footwall-styled ore systems and to see
if such data may provide criteria for vectoring towards
mineralization in other footwall environments of the
SIC. The massive and homogenous nature of the GG
unit, combined with underground access to it and the
sharp-walled veins in addition to the availability of his-
toric drill core, made this site ideal for such a project.
The study was broken into two parts in order to achieve
its objectives: 

Characterize the mineralogy and geochemistry of•
the least altered host rock (i.e. GG) to the mineral-
ization, as this formed the basis for the subsequent
alteration study; 

Assess the nature and origin of the alteration asso-•

Figure. 2. Images of the Grey Gabbro (GG) unit and sharp-walled sulphide veins. a) Scanned rock slab of sample LM-P-007
showing the texture typical of the GG unit with mafic (i.e. pyroxene, amphibole, biotite) and felsic (i.e. plagioclase) domains.
b) Thin section scan of sample LM-P-007 (in plane polarized light) showing the typical gabbroic-like texture, but note the
unusual scalloped outlines of the plagioclase against the mafic domains and the dusty cores of the plagioclase due to alter-
ation. The brown phase is biotite. c) Underground photo (1925 level) of a sharp-walled chalcopyrite vein cutting GG. d) Cut slab
of sample LM-P-060 collected from the 1700 level. The sample shows, from top to bottom, the GG, intensely altered GG (acti-
nolite-epidote), actinolite grains or fibres (Act) and massive chalcopyrite (Ccp) that entrains the actinolite grains. e) The GG in
contact with a chalcopyrite sharp-walled vein with actinolite along the contact, as seen in drillhole FNX40272. f) Thin section
photomicrograph (in plane polarized light) of sample LM-P-060 showing rotated actinolite fibres along the contact of a chal-
copyrite vein. g) A grain of actinolite from a prepared mineral separate from sample LM-P-060 (see Fig. 2d) that was used for
40Ar/39Ar dating and isotope analyses (O, Sr).

a) b)

c)

d) e)

f)

g)
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ciated with the sharp-walled veins and compare it
to the other known alteration present in the foot-
wall environment of the SIC (e.g. Tuba et al., 2014
and references therein). The characterization and
chemical fingerprinting of alteration-specific min-
eralization could provide criteria for targeting min-
eralization in other footwall environments.

METHODOLOGY

Mapping of the Grey Gabbro

The nature and origin of the GG unit had not previ-
ously been addressed, thus its genetic relationship to
mineralization was not considered. For example,
whether the GG unit was a passive host or active par-
ticipant to mineralization has not been considered
before this study. In order to answer this outstanding
problem, the GG was studied to address two possible
hypotheses: 1) The GG represented an 1850 Ma
impact-generated melt compositionally related to the
SIC or another source (i.e. mantle input); or 2) the GG
represents a fragment of the pre-existing target area. At
the time of this study, the provenance of GG was not
known. To further our understanding of the unit, a com-
prehensive suite of 12 drillholes, which penetrated the

GG unit horizontally and vertically, were re-logged
using archived photos provided by KGHM
International Ltd. and a geological map was produced
(Fig. 3a,b). In order to assess the homogeneity of the
GG unit, it was logged in 1.5 m intervals based on
lithology, grain size, and texture in addition to the pres-
ence of alteration, foliation, and mineralization. The
intensity of mineralization and alteration were also
assessed based on the relative abundances of present
phases present (see MacInnis et al., 2014). Information
from several drill cores that penetrated the GG unit
combined with underground visits were used to verify
the maps that been produced from the photo library.

Sampling of Whole-Rock Materials and
Geochemical Analysis

Seventy samples of the GG unit and its contained min-
eralization were collected from both underground work-
ings and archived drill core; these samples provided the
basis for petrological studies, including complete major
and trace element chemistry, with a subset used for sta-
ble (O, S) and radiogenic (Sr) isotopic analysis (see
below). The sample suite consisted of 19 least altered
GG samples, 30 altered samples of GG, and 21 mineral-
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Figure 3. Remapped vertical (facing northwest) and plan view of the Podolsky Grey Gabbro fragment depicting the relation-
ship of epidote alteration and foliation in relation to the sharp-walled Cu-(Ni)-PGE mineralization trend. Note where A and A’ are
in relation to the vertical and plan view maps.

d)

a) b)



ized samples. The underground samples were collected
between the 1700 and 2450 working levels of the
deposit and included multiple transects leading up to
sharp-walled chalcopyrite veins that were collected by
using a diamond air saw. Full details of the sample loca-
tions and analytical techniques along with the geo-
chemical data are presented in MacInnis et al. (2014). 

Isotopic Analysis (O, Sr, S) and Geochronology
(U-Pb and Ar-Ar dating)

A total of 20 samples, including nineteen whole-rock
samples of the GG and one actinolite separate (see Fig.
2g), were analyzed for δ18O at the Queen’s University
Facility for Isotopic Analysis, Kingston, Ontario. The
same actinolite separate, 2 samples of least altered GG,
a sample of the Joe Lake gabbro, which is an inferred-
age equivalent to the GG (see below)), and, for compar-
ison with SIC compositions, 9 North Range offset dyke
samples and 1 South Range grey gabbro (Segway),
were analysed for 87Sr/86Sr isotopes at the Carleton
University Isotope, Geochemistry and Geochronology
Research Centre, Ottawa, Ontario. A comprehensive
suite of 15 chalcopyrite samples collected from mas-
sive chalcopyrite sharp-walled veins in the GG, which
included 3 detailed transects from 4 levels of the mine,
were analysed for sulphur isotopes (δ34S) at the G.G.
Hatch Isotope Laboratories, Ottawa, Ontario. Methods
and results for O, Sr, and S isotopic analyses are pro-
vided in MacInnis et al. (2014) and MacInnis (M.Sc.
thesis, in prep.). 

A sample of least altered, medium-grained GG with
“salt-and-pepper” texture from the 1700 level of the
Podolsky mine was selected for U-Pb zircon
geochronology and was processed using conventional
methods at the Geological Survey of Canada (sample
11AV-74; lab number z10633). The zircon separates,
along with the host rock, were first characterized pet-
rographically, which was followed by scanning elec-
tron microscopy (SEM) with backscattered electron
(BSE) and catholuminescence (CL) imaging to fully
characterize the unusual habit of the zircon (see the
more detailed discussion below). The zircon grains
were then dated using both isotope dilution-thermal
ionization mass spectrometry (ID-TIMS; Mattinson,
2005) and the sensitive high-resolution ion microprobe
(SHRIMP; Stern, 1997; Stern and Amelin, 2003). The
same sample of actinolite used for O and Sr isotopic
analyses, which was collected along the contact of the
GG and a massive sulphide vein (see Fig. 2c,f), was
selected for Ar-Ar dating. This vein sample was
processed using standard methods (i.e. crushing, siev-
ing, heavy liquids, hand picking) to generate a high-
purity separate (Fig. 2g), which was subsequently irra-
diated and analysed at the Geological Survey of
Canada; full details and results can be found in
MacInnis et al. (2014). 

RESULTS AND SUMMARY

Map of the Grey Gabbro Unit

Figure 3 shows a plan (1925 level) and sectional map
for the GG unit and highlights the distribution of epi-
dote alteration and mineralization, the latter repre-
sented by sharp-walled sulphide veins. The epidote
alteration is confined to a portion of the GG and, based
on mapping, does not appear to have any significant
spatial association with the density of the sulphide min-
eralization, as might have been expected given the
association of epidote with some mineralization in
Sudbury area (e.g. Fraser deposit; Farrow and
Watkinson, 1996). In addition, a weak foliation in the
GG unit was observed at its northern end. This feature
is also seen microscopically as an alignment of light
and dark domains (a mixture of pyroxene, amphibole,
and biotite). Another feature of interest was small
leucocratic pegmatite bodies (≤1–2 m2) that occur
rarely in the GG; however, these were too small and
rare to portray on this map and, in addition, did not
appear to have any obvious spatial distribution within
the GG. 

Petrology of the Grey Gabbro

The least altered GG is in general a medium- to fine-
grained, homogeneous unit, with a “salt-and-pepper”
texture that is somewhat analogous to ophitic textured
gabbro with felsic and mafic domains (Fig. 2a,b). Rare
occurrences of possible chilled margins were noted in
logging the GG, which was subsequently confirmed by
company geologists based on their underground obser-
vations. Detailed petrographic studies integrated with
imaging and chemical analyses using an SEM coupled
to an energy dispersive system (EDS) indicate that the
GG records a complex, multi-stage history involving
initial crystallization and deuteric alteration, a shock
metamorphic event, a thermal overprint, and finally a
hydrothermal alteration event, as shown in representa-
tive petrographic images in Figure 4 and summarized
as follows: 1) Domains of what is inferred to have been
originally single grains of magmatic plagioclase now
consist of sub-domains of granoblastic-textured
plagioclase of 10–50 μm and An50 composition (Fig.
4a,c,d). This feature is considered to reflect dynamic
recrystallization due to thermal heat from the melt
sheet. 2) Plagioclase is altered along internal grain
boundaries and interiors to a quartz-An20 plagioclase-
epidote assemblage (Fig. 4d) and also to sericite, due to
later fluid-mediated alteration related to the sulphide
veins. In rare cases, the plagioclase occurs as patches
of a ternary feldspar-like orthoclase phase. Interstitial
to the grains are mafic clots consisting of mixed sili-
cates (i.e. pyroxene, amphibole, biotite, Fe-Ti oxides,
actinolite; Fig. 4e,f), which have a bulk composition
equating to stoichiometric augitic pyroxene. These

Grey Gabbro unit, Podolsky deposit: a focus on alteration related to the formation of sharp-walled chalcopyrite veins
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clots likely represent the combined effects of shock-

related modification to the primary magmatic augitic

pyroxene and later alteration due to fluids. 3) Zircon

with planar deformation features (PDFs) and over-

growths of neomorphic zircon (se discussion below).

The latter features in the zircons are considered to be

related to the impact event. 4) Variable development of

sericite, carbonate, and epidote with some sulphides

disseminated in the GG as a result of fluid infiltration

during sulphide vein formation. Proximal to sharp-

walled veins, the GG is enriched in hydrothermal min-

erals (e.g. sericite, chlorite, quartz, actinolite, calcite,

epidote, magnetite) along fractures and within dissolu-

tion features; the most intense development occurs <10

cm from the sulphide veins (Fig. 2d). 

The volumetrically small pegmatite bodies, which

consist of albite and quartz ± potassium feldspar, are

very fresh and notably do not record petrographic evi-

dence of the complex textures seen in the GG unit,

hence a different petrogenesis is probable. Further

work is required, but we tentatively suggest that they

may represent partial melting of the GG due to thermal

metamorphism, which would be analogous to the gen-

eration of plagiogranite found in ophiolite complexes
(e.g. Grimes et al., 2013). 

The major element chemistry of the GG is very uni-
form, which is consistent with our drill-core logging
and petrographic study, and equates to a gabbro of 50
wt% SiO2 with some chemical evidence of a cumulate
component (i.e. clinopyroxene accumulation). In addi-
tion, a subalkaline character for the GG is indicated
from its Zr/TiO2 ratio. The elemental abundances and
mantle-normalized profile for the trace element data
show enrichment of the large ion lithophile elements
(LILE), depletion of high field strength elements
(HFSE: in particular strongly negative Ta-Nb anom-
alies), a strong fractionation of the rare earth elements
(REE) with (La/Lu)N ~40, and only a slightly negative
Eu anomaly; these geochemical features are consistent
with derivation of the GG from a previously metasom-
atized subcontinental lithospheric mantle reservoir.
When compared to other intrusive rocks in the Sudbury
area (e.g. dyke rocks, SIC units), the GG is geochemi-
cally most similar to the 2657± 9 Ma (Bleeker et al.,
2013) Joe Lake intrusion that is located just west of
Podolsky (Fig. 1). In broader terms, the trace-element
chemistry and extended spider plots compare most
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Figure 4. Photomicrographs of Grey Gabbro that highlight the two main domains of primary clinopyroxene and plagioclase and
also examples of alteration. a) Plagioclase grain (in plane polarized light) with a subhedral outline that appears to be largely (?)
unaltered. Note the euhedral apatite grains to the right, and biotite and altered pyroxene grains to the left. b) Clinopyroxene
grain (in plane polarized light) that has a subhedral outline and a fresh interior; c) Same plagioclase grains seen in image (a)
that in cross-polarized light displays a granoblastic texture due to thermally induced recrystallization. d) Backscatter electron
image of the granoblastic-textured plagioclase of An50 composition. The bright phases are epidote and the dark phases that
are intergranular to plagioclase are quartz and An20 plagioclase. e, f) Examples (in cross polarized light) of clinopyroxene par-
tially to completely pseudomorphed by actinolite. 

a) b) c)

d) e) f)
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favourably to those of ocean island basalts (OIB; Sun
and McDonough, 1989).

Petrology of Altered Grey Gabbro

Adjacent to sharp-walled sulphide veins, the GG unit
records two features that reflect reaction with a fluid.
The first feature, seen immediately against the sulphide
veins, is the presence of a thin layer of mono-mineralic
actinolite fibres that are <1 to 2 cm in width and are ori-
ented perpendicular to the wall rock GG (Fig. 2d-f).
The second feature is intense alteration haloes of acti-
nolite-epidote-quartz-sulphide-magnetite-chalcopyrite.
These alteration haloes are <1to 2 cm wide and are bor-
dered by a zone of variably altered GG that gives way
to least altered GG over 10 to 30 cm. The most notable
petrographic feature of this alteration as observed in
thin section is the presence of a network of connected
pores that are commonly lined with epidote-actinolite-
magnetite±chalcopyrite; these features are spatially
coincident with the sericitic alteration of plagioclase
near rare carbonate veins. We also note that quartz
nearest the sulphide veins is intergrown with epidote
and contains abundant hypersaline fluid inclusions
with multi-solid phases that are petrographically simi-
lar to those observed in PGE-rich, low-sulphide foot-
wall systems of the Sudbury Structure (e.g. Farrow et
al., 1994; Molnár et al., 2001; Péntek et al., 2011; Tuba
et al., 2014). 

Geochemical analyses of samples collected across
these alteration zones did not reveal appreciable chem-
ical or mass change except close to the sharp-walled
sulphide veins where the most altered samples show a
mass gain relative to least altered samples and minor
development of Eu anomalies due to alteration of pla-
gioclase. Absolute changes in metal abundances
occurred over only short distances from the veins
(<20–30 cm), in particular gains of Cu, Ni, Au, Sn, Pd,
Pt, Ag, and Zn. Interestingly, Cu is singularly enriched
furthest from the veins without accompanying metal
enrichment. In addition, sulphur, ferric iron, and loss
on ignition reflected some mass gains relative to all
other elements. 

Stable and Radiogenic Isotopes

Oxygen isotopes were measured on four samples of
least altered samples of GG and for traverses away
from the veins into the GG; there was no apparent
spatial correlation between δ18O values of the GG unit
and the sharp-walled chalcopyrite veins. The δ18O val-
ues for the least altered GG of 6.7 to 8.1‰ (average =
7.3‰) compare to values of 6.5 ± 0.5‰ for samples
from traverses adjacent the sharp-walled veins (see
MacInnis et al. (2014) for data and details of samples).
The δ18O data indicate that there was no modification
of the δ18O signature of the GG due to vein-related

fluid infiltration and is consistent, which is in agree-
ment with the geochemical data discussed previously.
An actinolite separate collected from immediately
against the sulphide vein had a δ18O value of 5‰,
which equates to a δ18OH2O value between 6.1 and
6.9‰ at 400 to 600°C (Zheng, 1993) and is consistent
with a fluid of unknown origin equilibrating with the
GG unit and generating the actinolite under a low
fluid:rock ratio and, hence, inheriting the δ18O value of
the GG unit.

Sulphur isotopic data across the sharp-walled veins
(<1 m thick) are consistent with an average δ34S value
of 4.3 ± 0.3‰ (McInnis et al., 2014). These values are
similar to those reported by other workers for the sul-
phide mineralization related to the SIC (e.g. Ames et
al., 2010; Tuba et al., 2014), and therefore indicate a
uniform isotopic reservoir for the S. This also suggests
that the sulphides were deposited in the Whistle-
Podolsky ore system under similar physio-chemical
conditions since no variation, which would result from
fractionation, is recorded. Furthermore, the data are
consistent, as expected, with a dominantly crustal
reservoir for the S versus a mantle source (i.e. depar-
ture from 0‰; Ohmoto and Rye, 1979). 

Strontium isotopic data (i.e. 87Sr/86Sr, Table 1)
obtained for two samples of least altered GG indicate
measured 87Sr/86Sr values of 0.70512, 0.70683, and
0.70787, which give age-corrected initial Sr isotope
(Sri) values of 0.70079 to 0.70209 at 2700 Ma, the min-
imum estimated time for crystallization of the GG (see
below), and Sri values of 0.70305 and 0.703042 at
1850 Ma, the age of the impact event and the sulphide
mineralization. The Sri values for the GG at 2700 Ma
overlaps with a single Sri value of 0.70167 for the geo-

Sample ±SE2 Description of Lithology

aPodolsky Cu-PGE deposit 
LM-P-007 0.70183 0.1279 0.70683 0.000024 Least altered Grey Gabbro 
LM-P-043G 0.70079 0.1812 0.70787 0.000008 Representative Grey Gabbro 
LM-P-060 0.70209 0.0776 0.70512 0.000005 Intensely altered Grey Gabbro

(actinolite separate)aLevack gneiss gabbro
12-AV-44 0.70167 0.0877 0.70509 0.000019 Joe Lake mafic intrusion
bOffset dykes, SIC
13-AV-06 0.70577 0.4148 0.71681 0.000020 Hess quartz diorite, margin
13-AV-08 0.70969 0.7164 0.72876 0.000014 Ermatinger quartz diorite, core
13-AV-10 0.69999 0.7157 0.71905 0.000015 Ermatinger quartz diorite, core
13-AV-12 0.71785 0.6991 0.73645 0.000006 Ministic quartz diorite, core
13-AV-13 0.70608 0.1622 0.71040 0.000006 Parkin quartz diorite, margin
13-AV-15 0.70708 0.4763 0.71976 0.000006 Parkin quartz diorite, margin
13-AV-17 0.71042 1.0357 0.73799 0.000012 Pele quartz diorite, margin
05-AV-15 0.71038 0.3218 0.71895 0.000005 Segway grey gabbro
13-AV-04 0.70722 0.4904 0.72027 0.000052 Trill quartz diorite, core
05-AV-33 0.67327 1.1956 0.70509 0.000019 Trill quenched quartz diorite

 1analyzed with Thermofinnigan Triton T1 thermal ionization mass spectrometer, 
  IGGRC  Carleton University
2Uncertainties are presented as ±2 standard errors (SE)

 ainitial Sr (i) calculated at 2700Ma,  binitial Sr (i) calculated at 1850 Ma

87Sr
86Sr 

i 87Rb
86Sr

87Sr
86Sr1

Table 1. Sr isotope whole-rock data for mafic rocks in the
Sudbury mineral district.



chemically similar Joe Lake gabbro (also at 2700 Ma,
Table 1) and are much lower than the Sri values for the
offset dyke component of the radiogenic SIC (6 North
Range offset dykes; Table 1). The single actinolite sam-
ple analysed yielded an initial 87Sr/86Sr value of
0.70305, its low Rb content not requiring age-correct-
ing. That the initial 87Sr/86Sr value for the actinolite is
similar to the GG value at 1850 Ma suggests that the
actinolite formed due to reaction of a fluid with the GG
at this time and is consistent with the 40Ar/39Ar dating
of the actinolite (see below). 

Geochronology

40Ar/39Ar Age Dating 
The results of 10 out of 14 total fusion analyses of acti-
nolite grains from adjacent a sharped-wall sulphide
vein indicate a weighted mean age of 1850 ± 30 Ma
(see MacInnis et al. (2014) for full results). This age is
interpreted to record cooling of the actinolite below the
argon blocking temperature, which is taken to be
around 350 to 400°C in this phase (McDougall and
Harrison, 1999). Importantly, the age overlaps (within
error) the time of the Sudbury impact event (1849.53 ±
0.21 Ma; Davis, 2008) and indicates, therefore, that in
the study area a subsequent reheating to above 350 or
400°C did not occur after 1820 Ma, although we can-
not say it did not occur prior to this time and after 1850
Ma. This latter interpretation is further verified based
on the results of step-wise heating of actinolite grains
from the same sample, which yielded flat age spectra
profiles (MacInnis et al., 2014). 

Zircon Morphology and U-Pb Thermal
Ionization Mass Spectrometry and Sensitive
High-Resolution Ion Microprobe Dating

Zircon Morphology
Examination of the zircon hosted by the GG unit indi-
cated two distinct morphological types which, based on
their proportions in the mineral separate prepared for
dating, appear to be in roughly equal proportion. One
of these zircon sub-populations consists of clear,
colourless, euhedral, prismatic (elongate to stubby),
well faceted, and terminated crystals with few fractures
and rare clear inclusions (Fig. 5a). When examined in
CL (Fig. 5b), the euhedral zircon grains are strongly
luminescent and exhibit sharp oscillatory and sector
zoning, which are features most commonly ascribed to
growth from a silicate melt (Corfu et al., 2003). This
morphological type of clear zircon was analysed for U-
Pb dating by isotope dilution - thermal ionization mass
spectrometry (ID-TIMS).

The second zircon sub-population consists of highly
fractured, anhedral, pale brown to reddish brown,
cloudy fragments (Fig. 5c) that occur as cores to the

overgrowths of the clear, colourless zircon, which is
tentatively linked to the euhedral morphology
described above. The fractured zircon has relatively
poor CL response, appearing as medium to dark grey
(Fig. 5d), whereas the clear overgrowths luminesce
strongly (Fig. 5d). Corresponding back scatter electron
(BSE) images faintly mimic the zoning in the CL
images, but more clearly illustrate the presence of frac-
tures and inclusions (Fig. 5d). The BSE images clearly
show that anhedral zircon is characterized by the pres-
ence of crystallographically oriented features, includ-
ing short fractures or small pits. These features have
been noted in zircons elsewhere and were attributed to
planar deformation features resulting from shock
impact (Krogh et al,. 1984; Bohor et al, 1993; Krogh et
al., 1993a, b; Pidgeon et al., 2011). Anhedral zircon,
both with and without the euhedral overgrowths, was
analysed for U-Pb dating by sensitive high-resolution
ion microprobe (SHRIMP).

U-Pb Age Dating
Six single-grain fractions of euhedral zircon were
analysed using ID-TIMS with five of the most concor-
dant analyses (0.1–0.3%) yielding a mean 207Pb/206Pb
age of 1849.9 ± 1.0 Ma; the sixth zircon analysed was
more discordant (0.7%) and gave an age of 1854 Ma
(Fig. 6, Table 2). The 1849.9 ± 1.0 Ma age is consid-
ered to represent the time at which these euhedral zir-
con grains grew, which is equate to the Sudbury impact
event. Twenty-one U-Pb SHRIMP analyses were car-
ried out on fifteen anhedral zircon grains, with a few
analyses also hitting the euhedral overgrowths on these
grains. These zircon analyses yielded a range of
207Pb/206Pb ages between 2606 Ma and 1706 Ma and
were typically 3-10% discordant. Examination of the
data in a concordia diagram (Fig. 6b) indicate that a lin-
ear array is defined with an upper intercept of ca. 2714
± 52 Ma, which is derived by anchoring the lower
intercept at 1850 Ma, the inferred time of impact and
resetting of the zircons (Fig. 6b, Table 3). The upper
intercept is considered the best approximation of a
minimum age for the GG, whereas the lower intercept
is considered to reflect a resetting event and when the
PDF in the zircon formed, which equates to the time of
the Sudbury impact event. 

SUMMARY OF THE FINDINGS AND
IMPLICATIONS FOR EXPLORATION

The GG unit represents a large dislodged fragment1.
of a previously crystallized alkali gabbro rock that
formed at or before ca. 2714 Ma. This unit is cor-
related with its petrologically equivalent unit in the
North Range footwall environment, the Joe Lake
Gabbro, which has a minimum age of ca. 2657 ± 9
Ma based on U-Pb dating of inferred metamorphic
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zircons (Bleeker et al., 2013). The geochemistry of

the GG, and also the age and geochemically equiv-

alent Joe Lake gabbro, indicates it was sourced

from a previously metasomatised subcontinental

lithospheric mantle and is unrelated to the SIC. 

The GG is a macroscopically homogeneous unit,2.

but detailed petrographic and SEM-EDS imaging

studies indicate a complex textural history that

involved extensive mineral re-equilibration. The

latter feature is interpreted to reflect shock-induced

metamorphism at ca. 1850 Ma due to the Sudbury

impact event (e.g., zircon PDF features and over-

growths), then shortly thereafter thermal annealing

related to the cooling melt sheet that overlay the

site (e.g. plagioclase textures), and then superim-

posed hydrothermal alteration related to the

emplacement of sharp-walled sulphide veins. 

40Ar/39Ar age-dating of actinolite found along the3.
contact of GG and sharp-walled sulphide veins
records cooling of the area below ~350–400°C at
ca. 1850 Ma and, furthermore, its flat age spectra
indicates the area did not subsequently experience
heating above this temperature. 

Hydrothermal alteration of the GG adjacent to the4.
sharp-walled sulphide veins is most intense nearest
the veins (i.e. ≤10–20 cm) with formation of a
quartz-epidote-actinolite-magnetite-chalcopyrite
zone that quickly becomes cryptic into the wall
rock. Geochemically, the most distal indicator of
the mineralization is elevated Cu (to 100s ppm up
to 1 m away) without enrichment of other metals.

Isotopic analyses (Sr, O, S) indicate that the GG5.
retains its primary isotopic signal for Sr and O
despite alteration, whereas the O data for actinolite
records δ18OH2O values of 6.1 to 6.9‰ at 400 to

CL CL

BSE BSE
9.1

9.2

8.2

8.1

5.1

20 μm

20 μm

20 μm

20 μm

Figure 5. Photographs summarizing the various textures of zircon extracted from a sample of Grey Gabbro. a) Transmitted light
photomicrograph of euhedral, prismatic zircon grains, after annealing for 48 h at 1000°C; photograph includes zircon grains
analysed by TIMS. b) Cathodolumi-nescence (CL) images of euhedral, prismatic zircon. c) Transmitted light photomicrograph
of anhedral zircon inferred to record shock metamorphic textures; some of these grains were selected for SHRIMP analysis.
The arrows indicate the presence of overgrowths of euhedral zircon on the earlier, shocked zircon. d) Complementary CL (top)
and BSE (bottom) images of shocked zircon with the grey arrow indicating an area of zircon overgrowth. Note the enhanced
brightness of the euhedral zircon overgrowth relative to the anhedral shocked zircon. The crystallographically oriented features
seen in the BSE (indicated by pairs of small, white arrows) are interpreted as impact-related planar deformation features.
SHRIMP analysis sites are shown by black ellipses labelled with corresponding spot name shown in Table 3. 

b)

d)

a)

c)
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Figure 6. U-Pb concordia diagrams for zircon from the Grey
Gabbro unit. a) Results for six zircon grains analysed by ID-
TIMS with error ellipses plotted at 2σ. The calculated age of
1849.9 Ma excluded the most discordant sample, which is
shown by the dashed ellipse. b) Results of SHRIMP analyses
with error ellipses plotted at 2σ. Note the following: (1) pairs
of analyses on a single grain are shown by colours other than
light grey, (2) analyses of shocked zircon grains are shown
by solid outlines and cluster towards 2400 Ma, (3) euhedral
overgrowths are shown by dashed outlines and cluster at
1800 to 2000 Ma, and (4) the analysis excluded from regres-
sion (ellipse at 2200 Ma) is shown with no outline. Note that
the regression line shown (dashed line) is anchored at 1850
Ma, the time of the impact event at Sudbury.
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600°C, which suggests isotopic equilibration with
the GFG unit at low fluid:rock interaction. The S
isotopic data for the sharped-wall vein sulphides,
with average δ34S value of 4.3‰, is consistent
with a single homogeneous crustal reservoir, which
was likely sourced from the melt sheet. 

In summary, this study has shown that the GG is part of
the pre-impact history at 1850 Ma and although there is
an intense hydrothermal alteration adjacent to the
sharp-walled sulphide veins, its extent is limited to 10s
cm and thus does not provide a significant vector for
exploration. 
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