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Abstract

The Metamorphic Subproject of the Greenstone Architecture Project, Discover Abitibi Initiative, is
designed to address a significant gap in knowledge of the geological setting of gold deposits and of the
application of metamorphic data and concepts to gold exploration in the Timmins—Kirkland Lake area.
There are three reasons why this gap should be filled. First, some metamorphic zone boundaries may be
themselves valid gold exploration targets (Hall 1998, using data from Mikucki and Roberts 2004;
Thompson 2002, 2003, in press (2005)). Second, metamorphic data and the concepts developed to
explain the origin of metamorphic rocks impose constraints on the geological setting of gold deposits and
the mineralization and alteration therein. Third, this project provides a basis for comparison of the
metamorphic settings of the Timmins and Kirkland Lake gold camps with each other and with the, up to
now, less productive adjacent parts of the greenstone belt. Map-scale variations of metamorphic grade
combined with textures and mineral assemblages are the basis for analysis and interpretation of the spatial
and temporal relationships between metamorphism and magmatism, deformation, alteration, and gold
mineralization. The resulting metamorphic framework advances knowledge of known gold deposits and
helps to define new exploration targets.

Subdivision of the greenschist zone using the appearance of biotite in metamorphosed
quartzofeldspathic and aluminous rocks and the appearance of amphibole in metamorphosed ultramafic
rocks reveals a striking spatial relationship between the metamorphic zone boundary and a significant
number of past and presently producing gold mines. Higher priority targets are defined by the coincidence
of metamorphic anomalies defined by the boundary with major structural features, particular rock
compositions, and moderate to intense deformation and/or alteration. For example, in Tully, Prosser, and
Wark townships, a lenticular zone of upper greenschist grade rocks surrounded by lower greenschist zone
rocks is associated with a northeast-trending fault zone, a small alkalic pluton and, at the northeast end,
numerous gold occurrences. On a smaller scale, the linear array of metamorphic “hot” spots located
between two branches of the Destor-Porcupine fault in Whitney Township may be significant. A more
detailed examination of the relationship between a metamorphic anomaly and the Dome mine raises the
possibility that metamorphic anomalies indicate which segment of a regional scale deformation or
alteration zone has the highest potential to contain a large gold deposit. One of the two small
metamorphic anomalies mapped along the Pipestone Fault in Stock Township is spatially associated with
the Clavos mine.

The irregular metamorphic pattern in the project area is attributed to superposition of regional
subgreenschist and greenschist grade regional metamorphism on narrow higher grade contact
metamorphic aureoles that formed at different times immediately adjacent to felsic porphyries, felsic to
intermediate granitoids and alkalic intrusions. The metamorphosed plutonic, volcanic and sedimentary
rocks now at the surface reached maximum pressures (depths of 10 km) and temperatures (350 to 450°C)
during the main phase of ductile deformation that occurred after deposition of the Timiskaming
assemblage. Metamorphic data are consistent with the idea that the pre-Timiskaming phase of
deformation was less penetrative and occurred at shallower depths and lower temperatures in the crust.

Metamorphic mineral assemblages indicate that rocks in the study area were well within the range of
temperature and pressure that is favourable for gold deposition for tens of millions of years. Clearly, the
period when peak metamorphic conditions prevailed and the predominant second phase of ductile
deformation was in progress was the most conducive for synmetamorphic (orogenic) gold mineralization.
At this time, metamorphic fluid production was at a maximum and ongoing deformation increased the
potential for formation of structural conduits and traps. However, in view of the metamorphic data
indicating pre-metamorphic ages for most of the intrusive plutonic rocks that are prominent in the

Xi



southwest half of the project area, perhaps gold exploration models related to granite- and porphyry-
related gold should be considered in this part of the area.

A regional scale project of this kind must balance the conflicting demands of covering the designated
area and of obtaining a data density adequate to define reasonably well-constrained metamorphic
exploration targets. Definition of many of the metamorphic anomalies with gold potential that are
outlined on the metamorphic map of Timmins—Kirkland Lake area (in back pocket) can and should be
improved with additional sampling in key target areas. More complete analysis and interpretation of the
spatial relationships between the intensity of strain, the type and intensity of alteration, and metamorphic
zone boundaries is required. Future work should address also the low density or absence of data in the
northwest, south-central and northeast sectors of the map presented here and extend metamorphic
mapping to the north and southwest in Ontario and eastward into Quebec.
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Introduction

The Metamorphic Subproject of the Greenstone Architecture Project, Discover Abitibi Initiative, is
designed to address a significant gap in knowledge of the geological setting of gold deposits and of the
application of metamorphic data and concepts to gold exploration in the Timmins—Kirkland Lake area.
At 1:200 000 scale, the new metamorphic map (Figure 2, back pocket; digital version in Ayer, Thurston,
Bateman, Gibson et al. 2005 (Miscellaneous Release—Data 155)) provides a perspective intermediate
between that provided by Jolly’s (1978) map of the entire Abitibi greenstone belt (scale: 1:3 750 000) and
a more recent compilation by Easton and Berman (2004, scale 1:1 500 000) and the small number of
detailed studies (e.g., Jolly 1974; Powell et al. 1993) completed in the project area. The metamorphic
knowledge gap should be addressed at an intermediate scale for three reasons. First, some metamorphic
zone boundaries may be themselves valid gold exploration targets (Hall 1998, using data from Mikucki
and Roberts 2004; Thompson 2002, 2003, in press (2005)). Second, metamorphic data and the concepts
developed to explain the origin of metamorphic rocks impose constraints on the geological setting of gold
deposits and on the mineralization and alteration that formed them. Third, this project provides a basis
for comparison of the metamorphic settings of the Timmins and Kirkland Lake gold camps with each
other and with the, up to now, less productive adjacent parts of the greenstone belt.

Extending across approximately 12 500 km? from west and northwest of Timmins to south and east
of Kirkland Lake (Figure 1), the metamorphic map (Figure 2, in back pocket) is based on petrographic
data from 2373 thin sections (Table 1, Appendix 2). Metamorphic zone boundaries are represented by
solid lines for clarity, but the uneven density of data points means that control on the boundaries varies
from good to poor. Map-scale variations of metamorphic grade combined with textures and mineral
assemblages are used to analyze spatial and temporal relationships between metamorphism and
magmatism, deformation, alteration, and gold mineralization. The resulting metamorphic framework
advances knowledge of known gold deposits and helps to define new exploration targets.

Given the time frame and mandate of the Discover Abitibi Metamorphic Subproject, this report
focuses on presentation and analysis of new metamorphic data, that is, filling this knowledge gap. The
proposed relationships between metamorphism, deformation, magmatism and mineralization in the
Timmins—Kirkland Lake segment of the Abitibi greenstone belt are preliminary in nature and remain to
be tested against a comprehensive review of the extensive literature that is available for these other
processes. As is often the case in geology, the language of applied metamorphic petrology is not static.
Terminology changes with time and, to some degree, from author to author. The brief glossary
(Appendix 1) ensures that the reader familiar with metamorphic petrology is aware of the terminology
used here, and serves as an introduction to readers new to applied metamorphic petrology.

The report’s accompanying map (Figure 2, in back pocket) and database (Appendix 2, includes
legend for symbols in database) are available on the DVD produced by the Discover Abitibi Initiative
(Miscellaneous Release—Data 155: Ayer, Thurston, Bateman, Gibson et al. 2005), available separately
from this report).
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Figure 1. Location of the Metamorphic Subproject area. Geology after Ayer et al. (2002).



Methodology

PETROGRAPHY

Reconnaissance petrography of 2373 thin sections (including 341 from Thompson (2002)) is the basis for
classification of the samples into eight rock associations (generalized rock types), for estimates of the
grade of the predominant metamorphic event in each sample, for qualitative observations of the intensity
of deformation, and, where possible, for qualitative observations of the type and intensity of alteration.
This information is compiled in Table 1 (Appendix 2) and is also accessible directly on the digital version
of the map in MRD 155. Thin sections were obtained from Ontario Geological Survey collections in
Sudbury, Timmins, and Kirkland Lake, from the Porcupine Joint Venture and Falconbridge, and from
samples collected by the author.

ROCK ASSOCIATIONS

The sample suite is divided into 7 metamorphic rock associations and an unmetamorphosed granitoid rock
association (Table 2). Metabasites (35%), metaquartzofeldspathic rocks (32%), metamorphosed
carbonate-rich rocks (11%), and meta-ultramafites (9%) make up most of the sample suite, with
metamorphosed aluminume-rich rocks (6%), metagranitoids (6%) and chemical metasedimentary rocks
(19%) less prominent. Only two samples were interpreted to be unmetamorphosed granitoids. Each
association represents a particular range of rock composition that reacts in a distinctive way to increasing
metamorphic conditions. For example, whereas the transition from greenschist to amphibolite zone in
pelitic rocks (rock association 4, Table 2) is typically mappable as a line in metamorphic terranes, in
metabasites (rock association 1), the change commonly involves a transition zone containing
characteristics of both greenschist and amphibolite zones (Bucher and Frey 1994; Spear 1993). Although
not yet accurately calibrated, the appearance of amphibole in metamorphosed ultramafic rocks (rock
association 3, Table 2) corresponds approximately with the appearance of biotite in rock associations 2
and 4. Documentation of variations of metamorphic mineral assemblages in a variety of rock
compositions ensures that some measure of metamorphic grade is determined for most parts of the area.
Where more than one rock association is present, the approach permits a more refined breakdown of
metamorphic grade.

METAMORPHIC GRADE

For the purposes of this study, it is convenient to distinguish between metamorphic zone, a descriptive
term for a mappable feature defined by mineral assemblages in one or more rock associations, and
metamorphic facies, a particular range of temperature and pressure on a Pressure-Temperature (P-T)
diagram. Metamorphic facies are defined by a combination of characteristic mineral assemblages in a
number of rock compositions as determined by experimental data (Turner 1981; Spear 1993). Whereas
metamorphic zones are concrete representations of variations in metamorphic grade, estimates of peak
metamorphic P-T conditions are dependent, to varying degrees, on assumptions that can be difficult to
validate, particularly in greenstone belts at low metamorphic grade.

In the “ragrd” column of Table 1, and also on Table 2, a series of two digit numbers represents
increasing metamorphic grade (“grd”) in each rock association (“ra”). The first digit indicates the rock
association and the second digit indicates a relative increase in metamorphic grade. For example, the
sequence 10 to 13 for metabasites corresponds to increasing grade from subgreenschist through
greenschist, transition and amphibolite zones. Note that the mineralogical changes in quartzofeldspathic
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(supracrustal and plutonic), aluminous and ultramafic rocks used to subdivide the greenschist zone on the
map (Figure 2, in back pocket) do not occur in metabasites. The upper greenschist/amphibolite zone
transition in quartzofeldspathic rocks (22 to 23) is not well calibrated, but observations in the more
extensive higher grade rocks in the Red Lake greenstone belt (Thompson 2003) are consistent with this
boundary. The transition can be mapped in intermediate metavolcaniclastic rocks and low-aluminum,
possibly calcareous, metagreywackes. However, relatively few samples in the project area have attained
the amphibolite zone (Figures 2 and 3).

ROCK ASSOCIATION DIAGNOSTIC METAMORPHIC MINERAL
ASSEMBLAGES

This section follows closely the criteria described in previous studies of this kind (Thompson 2003,

in press (2005)). Relict igneous clinopyroxene occurs sporadically in metabasite, metaultramafite, and
alkalic metagranitoids (see Table 1). Relict igneous hornblende is rare in metavolcanic rocks, but does
occur in metagranitoids. Small grains of detrital igneous or metamorphic amphibole and biotite were
observed in several samples of subgreenschist grade Proterozoic metaclastites.

Metabasites (10 to 13)

Metamorphosed basalt, basaltic andesite, leucogabbro, gabbro, diabase and some lamprophyres are
included in this rock association. Depending on their metamorphic mineral assemblages, in outcrop these
rocks are greenstone (massive to weakly foliated), greenschist (intensely foliated), or amphibolites.
Relatively rare, occurrences of pumpellyite with or without prehnite are attributed to the subgreenschist
zone (10, Tables 1 and 2). The assemblage actinolite + epidote + chlorite + albite (11) is diagnostic of the
greenschist zone in metabasites. Relatively aluminous rocks in this association have higher epidote
and/or chlorite content at the expense of actinolite. Minor carbonate may also be present. Mafic rocks
containing 5 to 10 modal percent carbonate are considered to be transitional to rock association 7 (Table
2). On the metamorphic map (Figure 2), subgreenschist and greenschist zone metabasites are represented
by pale and medium green circles, respectively. With increasing grade, metamorphic hornblende appears.
Rocks with both hornblende and actinolite and reduced amounts of chlorite and/or epidote are diagnostic
of the transition zone in this rock association (12, Tables 1 and 2; yellow circles on Figure 2). Prograde
chlorite and epidote are absent from the amphibolite zone where the characteristic assemblage is
hornblende + calcic plagioclase (13, Tables 1 and 2; orange circles on Figure 2).

Metamorphosed Quartzofeldspathic Rocks (20 to 23)

This rock association consists of metamorphosed sandstone, conglomerate, quartz-feldspar porphyry,
rhyolite, and felsic volcaniclastic rocks. Very low grade quartzofeldspathic metasedimentary rocks of
Proterozoic age and a small number of Archean metaclastites that have distinctive textures (see
“Metamorphic Zones”) and/or that contain prehnite (with and without pumpellyite) are attributed to
subgreenschist zone metamorphism (20, Tables 1 and 2). The appearance of biotite as a result of reaction
between chlorite and potassic white mica and/or potassium feldspar is the key metamorphic boundary in
these rocks. It separates chlorite + muscovite/potassium feldspar assemblages (21, Tables 1 and 2) from
biotite-bearing rocks (22). The boundary is the basis for the new subdivision of the greenschist zone into
lower and upper greenschist zones in the project area. Many samples of association 2 contain up to
several modal percent carbonate at sub-biotite grade. As grade increases, first epidote and then
hornblende occurs in some quartzofeldspathic rocks. First appearing some distance upgrade of the
lower/upper greenschist zone boundary and typically associated with transition or amphibolite zone
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assemblages in metabasites, the appearance of hornblende in metaquartzofeldspathic rocks is attributed to
amphibolite zone metamorphic grade (23, Tables 1 and 2). Both hornblende and, at lower grade, epidote
may be products of reactions between carbonate, white mica and chlorite in these rocks. However, in
many of the rock types included in association 2, mineral assemblages do not change with increasing
metamorphic grade after the appearance of biotite and disappearance of chlorite in the greenschist zone.
Increase in average grain size and obliteration of primary sedimentary, igneous and volcaniclastic textures
are the only evidence of higher metamorphic grade. Increase in metamorphic grade from subgreenschist
through lower and upper greenschist and into the amphibolite zone is represented by deeper shades of
blue for the square symbols representing metamorphosed quartzofeldspathic rocks on the metamorphic
map (Figure 2).

Metaultramafic Rocks (31 to 32)

More restricted in distribution, metamorphosed ultramafic igneous rocks (metakomatiite, metaperidotite)
are clearly divided into low grade assemblages (31, Tables 1 and 2) made up of various combinations of
talc, chlorite, carbonate and opaque minerals and higher grade assemblages (32) dominated by colourless
clinoamphibole with or without one or more of the lower grade minerals. At the highest grades observed
chlorite, talc and serpentine are absent. Pale violet (31) and medium violet (32) triangles represent these
mineral assemblages on the metamorphic map (Figure 2). The distribution of petrographic data indicates
that the appearance of amphibole in metamorphosed ultramafic rocks corresponds approximately with the
appearance of biotite in metamorphosed quartzofeldspathic and aluminous rocks.

Metamorphosed Aluminum-Rich Rocks (40 to 42)

Classic muscovite-rich pelitic rocks are rare in the sample collection used for this study. Those that are
interbedded with metasiltstone or metawacke are clearly metasedimentary rocks, but massive white-mica-
rich rocks, some containing relict quartz or plagioclase phenocrysts, may be metamorphosed
hydrothermally altered felsic rocks. The presence of tourmaline, chloritoid, or abundant sulphides is
interpreted as further evidence of an altered pre-metamorphic protolith in this rock association (see
“Alteration”). Lower greenschist zone mineral assemblages (41, Tables 1 and 2) containing chlorite and
white mica (presumed to be muscovite) are much more common than biotite-bearing upper greenschist
zone rocks (42) and subgreenschist zone (40) samples. Stars of variable shades of grey to black represent
rock association 4 on the metamorphic map (Figure 2).

Metamorphosed Chemical Sedimentary Rocks/Iron Formation (50 to
53)

In rock association 5, low grade chlorite + carbonate + quartz + magnetite/sulphide rocks (51, Tables 1
and 2) can be separated from rocks that contain abundant clinoamphibole (52, Tables 1 and 2). One
sample containing what looks like orthamphibole is assigned to the amphibolite zone (53). Medium and
dark brown pentagons indicate the occurrence of amphibole-absent and amphibole-bearing
metamorphosed iron formation on Figure 2.



Metagranitoid Rocks (60 to 62)

Metamorphosed plutonic rocks (granite to tonalite) are present in the study area. At lower grade (61,
Tables 1 and 2), fine-grained aggregates of metamorphic chlorite and white mica and epidote replace
igneous biotite, hornblende and calcic plagioclase. At higher grade (62), fine-grained aggregates of
metamorphic biotite (with and without tiny beads of titanite) and epidote occur. The growth of needles
and partial rims of amphibole (actinolitic to crossitic) on igneous hornblende and clinopyroxene in alkalic
plutonic rocks is also interpreted to be a metamorphic process. Grain size reduction and other evidence of
ductile deformation are typical of the granitoids inferred to be metamorphosed. Pale and dark pink
diamonds represent lower and higher metamorphic grade, respectively, on the metamorphic map (see
Figure 2). Secondary chlorite, white mica, epidote and amphibole, as well as deformation-related grain
size reduction, could also be interpreted as products of deuteric processes late in the crystallization history
of these rocks. However, map-scale variations in the petrographic data, concordance with metamorphic
assemblages in adjacent metamorphosed supracrustal rocks, and the ages of the granitoids are all
consistent with a metamorphic overprint.

Metamorphosed Carbonate-Rich Rocks (70 to 73)

Approximately 11% of the samples are sufficiently rich in carbonate or in the higher grade equivalent,
calc-silicate minerals (amphibole, clinopyroxene), that they are included in this rock association. Four
samples are interpreted to be subgreenschist zone (70). Most of the rocks, however, are made up of
variable proportions of chlorite, carbonate, and plagioclase with or without white mica (71, Tables 1 and
2). Commonly these rocks are intensely foliated similar to the chlorite-carbonate schist and phyllite. In
other examples, the rocks look like carbonate veins. At somewhat higher grade (72) in a few samples,
biotite coexists with chlorite and carbonate. Diopside + amphibole assemblages represent the highest
grades observed (73). Crosses in shades of yellow-green represent these samples on the metamorphic map
(Figure 2). Working with a single thin section, it is not always possible to determine if the protolith is
metamorphosed carbonate alteration of metabasalt/gabbro, interpillow material, carbonate veins or
carbonate-rich clastic metasedimentary rocks.

Unmetamorphosed Granitoid Rocks (80)

Two unmetamorphosed samples occur in the Watabeag granitoid complex in the central part of the
project area (Figure 2). Biotite, hornblende and plagioclase in these rocks are essentially unaltered and
igneous textures are prominent due to a lack of deformation and recrystallization. If the preferred
working hypothesis that most of the plutonic rocks in the area predate the main metamorphic event is
correct, these samples can be explained in one of two ways. It is possible that metamorphic fluids and
deformation did not penetrate into those parts of the pluton represented by these samples or that the
samples are from a previously unmapped component of the complex that is younger than the main
metamorphism.

DEFORMATION

A qualitative estimate of the intensity of strain was made for many samples (DEFM column, Table 1) by
noting whether the rock is massive (msv) or if it contains a weak (w), moderate (m) or intense (i)
preferred orientation (po) of individual mineral grains and/or mineral aggregates. Evidence of ductile
deformation in the form of polygonized grains, grain size reduction, mortar texture, crenulation of the



main fabric, and folding/polygonization of veins is also noted. Mortar texture refers to grain size
reduction/polygonization around the margins of quartz and feldspar in relatively coarse-grained rocks
such as metagranitoids. Working with single thin sections only, the degree to which a preferred
orientation is a linear or a planar fabric is difficult to assess. This subset of the petrographic data set is a
basis for investigation of the regional variations in deformation intensity and potential relationships
between deformation, hydrothermal alteration, metamorphic grade and gold mineralization.

ALTERATION

In the course of reconnaissance petrography, qualitative observations of the type, intensity and timing of
alteration were recorded when textures and mineralogy warranted the attempt. In the ALT column of
Table 1, weak (w), moderate (m), and intense (i) are applied to carbonate (cb) and white mica (wm)
alteration (alt). Where the letter indicating intensity is absent, there is some uncertainty about that aspect.
The presence of unusual amounts of tourmaline (to) or chloritoid (ctd) is assumed to be an indication of
some degree of hydrothermal alteration. In almost all cases, textures are consistent with alteration prior to
or during metamorphism and ductile deformation of the rock. Although qualitative, these data will be the
basis for an investigation of regional variations in these parameters and their relationships, if any, with
metamorphic grade, intensity of deformation, and past and present gold mines.

Metamorphic Map

The new map of Archean metamorphism in the Timmins—Kirkland Lake area (see Figures 2 and 3) is
consistent with Jolly’s (1978) coverage of the entire Abitibi greenstone belt in that the greenschist zone is
predominant with only small patches of amphibolite zone rocks present. The current study enhances
Jolly’s major contribution by subdividing the greenschist zone and adding data in several key areas. The
variable distribution of point data symbols on Figure 2 (in back pocket), indicates the presence of gaps in
data set. Coverage is particularly thin in parts of the area between the Destor—-Porcupine and Cadillac—
Larder Lake fault zones, along the easternmost segment of the Porcupine—Destor Fault, and northwest of
Timmins. Part of the data gap southeast of Kirkland Lake on the current map is covered quite well by
Jolly’s (1974) more detailed study. In spite of these limitations, the updated metamorphic zones
presented here represent an important step toward a better understanding of the metamorphic framework
in this segment of the Abitibi greenstone belt.

METAMORPHIC ZONES

Metamorphic zone boundaries are based for the most part on mineral assemblages in metabasites,
metamorphosed quartzofeldspathic rocks and metaultramafites. In some areas, metamorphosed
aluminous rocks (rock association 4) and metagranitoids (rock association 6) provide key constraints on
the metamorphic zonation. Making up 11% of the samples, rock association 7 (metamorphosed
carbonate-rich rocks) is less definitive with respect to metamorphic grade because, given the appropriate
fluid compositions, the “low” grade assemblages (71, Tables 1 and 2) can coexist with transition zone and
amphibolite grade rocks (see “Origin of Metamorphic Anomalies and Related Gold Deposit Types™). At
localities where more than one sample is present, the symbol representing the lowest sample number may
obscure underlying symbols. On the digital version of the map (MRD 155), clicking on the uppermost
symbol at a given locality reveals the complete data set.



Amphibolite Zone

Characterized for the most part by the assemblage hornblende + calcic plagioclase in metabasites (Tables
1 and 2), most of the highest grade rocks in the project area are limited to small patches and narrow
elongate zones immediately adjacent to metagranitoid rocks of both the felsic-intermediate suite and
alkalic suite (Figures 2 and 3). The amphibolite zone rim on the 1.5 km wide mass of metabasite in the
alkalic Otto stock (Otto Township, southeast) is less than 350 m wide. In Keefer Township (west), most
of a narrow v-shaped mass of metabasite that is surrounded by granitoid rocks is in the greenschist zone.
Evidently the high grade metamorphic conditions did not extend very far into the rock units surrounding
the intrusions. In Thorburn (northwest) and Eby (southeast) townships, small areas of amphibolite zone
are separated from the nearest pluton by more than a kilometre of lower grade rocks (Figures 2 and 3).
Narrow zones of amphibolite grade trend away from the granitoid contact in Carscallen and Denton
townships (west). These examples raise the possibility that the amphibolite zone is not necessarily related
to the nearest large mass of granitoid.

Transition Zone

Defined on the basis of two-amphibole-bearing mineral assemblages in metabasites (Table 2), the
transition zone occurs as kilometre-scale, isolated patches and as narrow zones up to a few hundred
metres wide that are associated with occurrences of amphibolite zone (Figures 2 and 3). In some cases,
the zone is inferred on the basis of documented greenschist and amphibolite zone rocks on either side.
Many occurrences are closely associated with felsic-intermediate or alkalic metagranitoids, but the spatial
relationship is less well defined than it is for amphibolite zone rocks. Several of the isolated areas of
transition zone rocks are located 5 to 10 km or more away from the nearest felsic-intermediate or alkalic
metagranitoid. In contrast to the amphibolite zone, a number of transition zone assemblages are
associated closely with the metafelsite-porphyry intrusive suite (e.g., in Deloro and Whitney townships in
the west, and Katrine, Hearst and Skead in the east. Furthermore, Jolly (1974) records hornblende
adjacent to small metafelsic intrusions in McVittie Township in an area where no thin sections were
available for this study. Transition zone mineral assemblages also occur adjacent to the enigmatic Prosser
pluton (Prosser Township, northwest) and in the middle of the supracrustal package 6 km to the southeast.
In Nordica Township (central), the transition zone sample occurs in the middle of a pluton of the felsic-
intermediate metagranitoid suite. It is not clear if this indicates transition zone-grade metamorphism of
adjacent granitoid or if the transition assemblage is a contact metamorphic effect of the pluton on an
inclusion.

Upper Greenschist Zone

The upper greenschist zone is defined by the presence of biotite in metamorphosed quartzofeldspathic and
aluminous rocks and amphibole in metamorphosed ultramafic rocks (Table 2). Metagranitoids
(metagranite-metatonalite) containing biotite that, on textural grounds, is assumed to be metamorphic are
included in the upper greenschist zone. Alkalic metagranitoids containing metamorphic amphibole in the
presence of igneous biotite that is apparently stable are also included in the zone. Textural evidence of
metamorphism includes fine-grained aggregates of biotite that have replaced a pre-existing igneous biotite
grain or a chlorite pseudomorph after igneous biotite and microscopic products of ductile deformation in
the form of a preferred orientation or mortar texture (polygonized zones rimming relatively coarse
igneous feldspar). The fact that the upper/lower greenschist zone boundary can be mapped across plutons
in a number of places in the west (Denton Township), central (Michie and Nordica townships), and east
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(Otto and Pacaud townships) parts of the map supports the working hypothesis that the textural features
are the products of a regional metamorphic event rather than syn-intrusion deuteric processes.

While still associated, locally, with felsic-intermediate and alkalic metagranitoids, the number of
upper greenschist zone areas that are separated from granitoids by tens of kilometres of lower grade rocks
is much higher than for transition zone occurrences (Figure 2). As noted above, upper greenschist zone
metamorphism has transformed significant parts of these metaplutonic suites. Upper greenschist zone
occurrences range in size from a few hundred metres to tens of kilometres across. In the northwest, there
appears to be a spatial relationship between this grade of metamorphism and major fault systems.

Lower Greenschist Zone

Characterized by the presence of chlorite and white mica/potassium feldspar in rock associations 2 and 4,
chlorite + white mica + epidote after igneous biotite in metagranitoids, and the absence of amphibole
from metamorphosed ultramafic rocks (Tables 1 and 2), the lower greenschist zone is the most extensive
on the metamorphic map (Figures 2 and 3). Although further petrographic work within the larger areas
that contain little or no data will likely reduce the extent of the zone with respect to subgreenschist and
upper greenstone zones, the predominance of the zone is not expected to change. A striking feature of the
new metamorphic map is the widespread distribution of lower greenschist zone assemblages across the
domain between the Destor—Porcupine and Cadillac—Larder Lake fault systems that is dominated by
granitoid rocks. Furthermore, the widespread evidence that the granitoids are modified to a varying
degree by low grade metamorphism is also important with respect to the reconstruction of the geological
setting of gold deposits in the Timmins—Kirkland Lake area (see “Metamorphic Constraints on Geological
Setting of Gold Deposits™).

There are eight localities (Keefer, Thorburn, Wark, Sheraton, Nordica, Timmins and Eby townships,
Figure 2) where lower greenschist zone samples occur within areas of higher metamorphic grade rocks.
These features are assumed to form after the maximum metamorphic conditions peaked as the rocks
cooled during exhumation to the surface (see “Origins of Metamorphic Anomalies and Related Gold
Deposit Types™).

Subgreenschist Zone

Located for the most part in the southeast quadrant of the map area (Figures 2 and 3), the lowest grade
metamorphic zone is the most difficult to confirm petrographically because micaceous minerals are very
fine-grained, some rock associations do not contain diagnostic minerals at this grade and those that do are
not widely distributed. Occurrences of pumpellyite and/or prehnite are sporadic. Given the
reconnaissance nature of the petrography completed for this project and the low sample density northwest
of the Kirkland Lake fault, attribution of samples to the subgreenschist grade is often a judgment call
based on textures and a comparison with more common greenschist zone rocks. These difficulties may
explain why the largest area of subgreenschist zone does not extend another 20 km north and northwest as
indicated by Jolly (1978). The distribution of the zone south and east of Kirkland Lake (Figures 2 and 3)
is consistent with the more detailed work by Jolly (1974) and the small patch near the south limit
(Bannockburn and Montrose townships) with Powell et al. (1993). More data is required to determine if
the isolated occurrences of subgreenschist zone rocks in the north-central part of the map (Clerque,
Dundonald and Currie townships, Figures 2 and 3) are diabase dikes that post date Archean
metamorphism but have been affected by a Proterozoic event. Mineral assemblages and textures in a
small number of samples from the Proterozoic cover sequence (symbols only on Figure 2) are consistent
with the Proterozoic subgreenschist facies metamorphic event indicated by Easton (2000) and Easton and
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Berman (2004) on their metamorphic compilation maps for the Canadian Shield in Ontario. Clear
evidence of this event was not observed, however, in Archean rocks.

METAMORPHIC GRADE AND GOLD MINERALIZATION

The irregular pattern of metamorphic grade is a distinctive feature of the Timmins—Kirkland Lake area
(Figures 2 and 3). At map scale, there is neither the simple linear zonation typical of regional
metamorphic terranes nor the straightforward relationship between higher metamorphic grade and
intrusive granitoid rocks that occurs if contact metamorphism is the dominant process. The complexity
likely reflects the composite nature of the metamorphic pattern. That is, at the present erosion level,
relatively small zones of higher metamorphic grade formed at different times by more than one process
within a regional thermal regime characterized by lower greenschist facies metamorphic conditions.
Sometime after the map-scale metamorphic zones formed under peak metamorphic temperatures and
pressures and after uplift and cooling had begun, small-scale, relatively low grade zones overprinted
lower greenschist to amphibolite zone rocks as they were being exhumed toward the earth’s surface. For
the purposes of this paper, it is convenient to refer to kilometre-scale zones of higher grade surrounded by
low metamorphic grade and low grade zones surrounded by higher metamorphic grade as metamorphic
anomalies, or metamorphic “hot” and “cold” spots, respectively. Metamorphic anomalies merit further
attention here because, as is the case in the Red Lake greenstone belt in northwest Ontario (Thompson
2003), there is a spatial relationship between metamorphic zone boundaries and past- and present-
producing gold mines (Figures 2 and 3).

Whereas gold occurrences are widely distributed across the supracrustal packages in the Timmins—
Kirkland Lake map area, gold mines are concentrated in the vicinity of major fault systems (Figure 2).
Whether this pattern represents the true distribution of all large gold deposits or just a reflection of the
exploration models that have applied remains to be proven. Metamorphic zones may be of assistance in
this regard because the relationship between metamorphic grade and gold mineralization is not random.

Amphibolite and Transition Zones

In the amphibolite zone there are no gold mines and only two gold occurrences (Figure 2, Eby Township,
southeast). Past producers Golden Arrow West (Hislop Township, central east) and Ashley
(Bannockburn Township, south-central) are the only mines in the transition zone, but gold occurrences
are quite common in 10 townships (Figure 2) ranging from west (Denton Township) to east (Hearst
Township) and north (Dundonald Township) to south (Argyle Township). It is noteworthy that both of
these past producing gold mines occur in the lower grade portion of the transition zone close to the
boundary with the upper greenschist zone.

Upper and Lower Greenschist Zones

Predictably, given the wide distribution of gold mineralization, the majority of past and present gold
mines and gold occurrences are located in the most extensive metamorphic zones (Figure 2). Once again,
however, the pattern is not random with many of the richest gold mines discovered to date concentrated
close to major fault systems. Of the 10 past and present gold producers at some distance from major fault
systems, one occurs in the upper greenschist zone in Deloro Township (McLaren—Porcupine Mine) and
three in the lower greenschist zone of Benoit (Davidor—Bourkes Mine) and Catharine (Golden Shield and
Cathroy mines) townships. Seven others identified as gold-rich volcanic associated massive sulphide
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deposits (Godrey, Jamieson, Kidd, Langmuir and Munro townships) (see Figure 3) will not be discussed
here because these deposits are at least 30 million years older than the metamorphic events documented in
this study, and any spatial relationship with metamorphic grade is fortuitous. Mapping of the unusual
metamorphic mineral assemblages formed from the pre-metamorphic alteration associated with these
deposits can assist exploration (see “Origin of Metamorphic Anomalies and Related Gold Deposit
Types™), but they occur at all metamorphic grades. The focus of this part of the report is on gold deposits
that could have formed during metamorphism.

There is a striking tendency for gold mines located near major fault systems in the lower greenschist
zone to occur within or close to upper greenschist grade metamorphic anomalies (Figures 2 and 3). Three
metamorphic “hot” spots immediately east of Timmins are a good example of this relationship. The
Dome mine is located at the southwest end of one, kilometre-scale, upper greenschist zone anomaly. The
Paymaster, Fuller and Ankerite deposits rim another anomaly a few hundred metres to the southwest.
Further southwest in Deloro Township, the Faymar and McLaren—Porcupine past producers bracket the
lower/upper greenschist zone boundary associated with a large U-shaped anomaly that has a core of
transition zone. The Naybob Mine is located close to the boundary on the northwest side of the anomaly.
Northeast of Timmins, the Bell Creek—Hoyle Pond Mine trend is associated with two elongate upper
greenschist zone anomalies. An anomaly several hundred metres long (based on one sample in a cluster
of 25 samples) occurs between the Pamour and Hoyle mines. Whether or not the relationship continues
along this trend toward the southwest is obscured by the absence of petrographic data. Petrographic data
density is generally much lower east of Kirkland Lake, but, in Gauthier Township, the Upper Canada and
Eastward gold deposits are associated with upper greenschist zone anomalies (Figure 2). Taken together,
the apparent correlation between upper greenschist zone anomalies and past and present gold mines
suggests that metamorphic data provide a way of determining which segments of major fault systems
have the highest potential for large gold deposits.

Detailed analysis of the distribution of the hundreds of gold occurrences within the lower and upper
greenstone zones is beyond the scope of this report. In the northwest corner of Stock Township
(Figure 2), however, the Clavos Mine and a gold occurrence about 3 km to the east coincide with small
upper greenschist zone anomalies proximal to the Pipestone Fault. Given the spatial relationship between
gold mines and upper greenschist zone anomalies elsewhere in the map area, these occurrences have a
higher potential for association with significant gold deposits than others within the lower greenschist
zone.

Subgreenschist Zone

Although gold occurrences are quite common in the subgreenschist zone (Figure 2), the density is much
lower than that in the lower greenschist zone. One past producing gold mine is located near the boundary
with the latter in Gauthier Township. Note that the position of the boundary there is not tightly
constrained. The subgreenschist zone anomaly associated with gold deposits in the northeast corner of
Teck Township is based on a single sample.

Origins of Metamorphic Anomalies and Related Gold
Deposit Types

The spatial relationship between gold mines and the irregular metamorphic zonation in the Timmins—
Kirkland Lake area occurs in the Yellowknife (Thompson, in press (2005)) and Red Lake (Thompson
2003) greenstone belts in the Northwest Territories and Ontario, respectively, and in the Kalgoorlie region
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of Western Australia (Hall 1998, based on petrography by Mikucki and Roberts 2004). | have interpreted
the relationship to mean that belt-scale metamorphic zone boundaries and kilometre-scale metamorphic
anomalies mark zones where a combination of factors created an environment through which the flow of
hydrous fluids is sufficient to form a gold deposit. Different combinations of fluid source, timing,
temperature, pressure, magmatism, deformation and metamorphism will produce different types of gold
deposit. Analysis of the possible origins of the metamorphic pattern, therefore, will assist in the
development of future exploration models.

REGIONAL VERSUS CONTACT METAMORPHISM

The abundant granitoids that are characteristic of low pressure metamorphic terranes have long been
viewed as the most likely source of heat for the metamorphism. A closer look, however, reveals that a
significant proportion of these rocks are either too old (basement to the supracrustal rocks or synvolcanic
in age) or too young (intruded into already metamorphosed country rocks) to be the main source of
metamorphic heat. For low pressure terranes in general (Thompson 1989a, 1989b) and for the
Yellowknife (Thompson, in press (2005)) and Red Lake (Thompson 2003) greenstone belts in particular,
I have proposed that heat required to produce both low pressure regional metamorphism and abundant
syn-orogenic granitoids is in part inherited from the thinning of the lithosphere associated with
supracrustal basin formation and in part derived from radiogenic heat production in the tectonically
overthickened crust that forms during orogenesis. The preferred metamorphic history of the Yellowknife
and Red Lake greenstone belts involves a long duration regional metamorphism (tens of millions of
years) punctuated by short duration contact metamorphic events (hundreds of thousands of years) related
to intrusion of individual plutons. A variation of this theme is the preferred explanation for the
metamorphic pattern in the Timmins—Kirkland Lake area.

The close spatial relationship between the amphibolite zone and both felsic-intermediate and alkalic
metagranitoids is consistent with a contact metamorphism origin for these high grade rocks. The fact that
none of these zones can be shown to be continuous around a pluton or batholith, as indicated on Jolly’s
(1978) compilation, may be due mainly to a lack of data. There are, however, a number of localities
where lower and upper greenschist zone rocks occur close to these granitoids implying a very narrow or
absent amphibolite zone. This situation occurs, for example, in the western (Keefer, Carscallen, Turnbull
townships), central (Langmuir, McNeil townships), and eastern (Benoit, Pacaud townships) parts of the
project area. Elsewhere, transition zone rocks occur adjacent to the typically much smaller bodies of the
metafelsite-metaporphyry suite, also without evidence of amphibolite grade metamorphism (Deloro,
Whitney, Katrine townships). The narrow width of the higher grade zones implies intrusion into
relatively cool rocks and the steep temperature gradient that would occur in such a situation. As the age
of this suite overlaps with felsic volcanism (see “Metamorphic Constraints on Geological Setting of Gold
Deposits™), it is probable that the porphyritic units intruded relatively close to the earth’s surface where
the country rocks were at temperatures less than 100°C. Considering that the ages of the felsic-
intermediate suite also overlap with Porcupine assemblage felsic volcanic rocks (Ayer et al. 2003), these
granitoids may be the coarser-grained equivalents of the porphyry suite and may have intruded at
somewhat deeper but still relatively shallow, cooler levels in crust. The onset of alkalic magmatism
occurred 5 to 7 million years after the Porcupine felsic volcanism and the main phase of porphyry
intrusion ended. One of two igneous ages obtained from the Timiskaming volcanosedimentary
assemblage falls in the middle of the age range for alkalic intrusions and the other is somewhat younger
than the alkalic rocks. That is, the amphibolite and transition zone contact metamorphic aureoles
developed at various times before and during deposition of the Timiskaming assemblage.

Petrographic evidence (Figures 2 and 3; Table 1) indicates that Timiskaming and older supracrustal
assemblages and all three granitoid suites were subjected to lower greenschist and, to a lesser extent,
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greenschist zone metamorphism and ductile deformation. The regional scale of this event and its
concordance with belt-scale metamorphic zones of lower and higher grade (Jolly 1978; Easton and
Berman 2004) to the east and west are the basis for considering it to be a regional metamorphic event.
Like the Yellowknife and Red Lake greenstone belts, the metamorphic pattern in the Timmins—Kirkland
Lake area is a composite effect of contact and regional metamorphic events. Unlike the other two, this
part of the Abitibi greenstone belt is dominated by lower greenschist zone metamorphic grade and the
contact events may be pre- rather than syn-orogenic (see “Metamorphic Constraints on Geological Setting
of Gold Deposits”). Having established a working hypothesis that explains the origin of the metamorphic
pattern, the question as to why there is a spatial relationship between gold mines and metamorphic “hot”
spots can be addressed.

METAMORPHIC ZONE BOUNDARIES AND FLUID PRODUCTION

The changes in mineral assemblage that occur across metamorphic zone boundaries can be represented as
dehydration and decarbonation reactions that, in most cases, produce significant volumes of fluid (Spear
1993; Bucher and Frey 1994). As anomalous volumes of fluid are required to produce gold deposits,
perhaps the reason gold deposits occur in the vicinity of metamorphic zone boundaries is because
metamorphic fluid flow is concentrated near these features.

Unpublished model calculations indicate that at least some fluid-producing metamorphic reactions
are associated with a negative change in the volume of solid phases as generally higher density, less
hydrated and/or carbonated minerals grow at the expense of chlorite, white mica, carbonate, serpentine,
and quartz. If fluid pressure equals lithostatic pressure near a metamorphic zone boundary (Figure 4), it is
possible that the combination of high fluid production and negative volume change of the solids produces
a more porous, relatively permeable zone that focuses and enhances fluid flow. If this idea is valid, a
combination of gold-bearing metamorphic fluids and a physical or chemical trap could produce a
synmetamorphic gold deposit near a metamorphic zone boundary.

Of particular interest in this regard would be anomalous environments where metamorphic zone
boundaries are closely spaced or where they intersect a structural conduit in a manner that focuses the
flow of heat and fluids or where a boundary intersects a rock unit that is particularly effective at
precipitating gold from hydrous fluids.

METAMORPHIC “HOT” AND “COLD” SPOTS

Metamorphic anomalies may reflect anomalously high temperatures, high proportions of carbon dioxide
in the fluid passing through the rock, unusual rock compositions, or some combination of these factors.
For example, higher metamorphic grade does not necessarily mean higher metamorphic temperatures if
hydrous fluids are rich in carbon dioxide and a dramatic change in the metamorphic mineralogy of a
particular rock unit may reflect the outer limit of a pre-metamorphic alteration zone rather than an
increase in metamorphic temperature. Figure 5 is a schematic representation of several possible origins
for metamorphic anomalies and the types of gold deposit that may be associated with these features.
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Figure 4. Schematic reconstruction of fluid flow regime in vicinity of metamorphic zone boundaries. (See legend for Table 1
(Appendix 2) for explanation of abbreviations.)

Pre-metamorphic Hydrothermal Alteration Zones

During the volcanism and sedimentation that formed the supracrustal components of the Abitibi
greenstone belt, there was ample opportunity for hydrothermal alteration, a process that has the potential
to change significantly the composition of some rock units. In contrast, except for gain and/or loss of
water and carbon dioxide, both regional and contact metamorphism are essentially isochemical processes.
Therefore, during metamorphism, the unusual compositions produced by hydrothermal alteration are
likely to be characterized by mineral assemblages that contrast sharply with those that develop in adjacent
unaltered rocks. In this case, mineral assemblages change even though metamorphic conditions and hence
the metamorphic grade remains constant. As metamorphic grade increases with time the mineralogy of
the metamorphosed alteration will change but remain distinct from the unaltered rocks. On Figure 5, the
checker board pattern represents mineralogical changes within both the upper greenschist and transition
zones that reflects compositional changes related to pre-metamorphic hydrothermal alteration rather than
variable metamorphic grade. This kind of metamorphic anomaly would be associated with a gold-rich
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Figure 5. Schematic representation of possible origins for high and low grade metamorphic anomalies. (See legend for Table 1
(Appendix 2) for explanation of abbreviations.)

volcanic-associated massive sulphide deposit like Kidd Creek (northeast Kidd Township, Figures 2 and
3). Schandl and Wicks (1993) describe metamorphosed hydrothermal alteration on a property just north
of the Kidd Creek Mine. Chloritoid-rich aluminous and quartzofeldspathic metaclastic rocks (e.g.,
samples AE08905, AG04698 and Al05932, Table 1, Appendix 2) in the southwest corner of Prosser
Township (Figure 2) are good candidates for metamorphosed pre-metamorphic hydrothermally altered
rocks.

Buried Plutons
Some upper greenschist and transition zone metamorphic anomalies in the project area may be related to

contact metamorphism caused by a buried pluton (see Figure 5). Plutons are a possible source of heat,
fluids and metals. In this case, granitoid- or porphyry-related gold mineralization would be the target.
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Lithostructural Conduits

At different times during their history, deformation zones could focus and enhance fluid flow upward
through the crust (see Figure 5). Close to the time of peak metamorphic conditions, fluids from depth
would be hotter than rocks surrounding the conduit located near to the earth’s surface, thus producing
relatively high grade metamorphic rocks in the deformation zone. Later, after the regional metamorphic
pattern has been established and exhumation (uplift and erosion) is moving metamorphic rocks closer to
the surface, upper greenschist zone rocks could be retrograded to form lower greenschist zone “cold”
zones by fluids that have cooled to a significant degree before they come in contact with the upper
greenschist zone rocks. Both these scenarios are geological environments in which classic Archean “shear
zone-hosted” lode gold deposits should be targeted.

Another kind of lithostructural conduit is formed where plutons that intruded before orogenesis
began (synvolcanic) or that intruded early in the crustal thickening phase act as relatively competent
buttresses during the main phase of ductile deformation. Such bodies could deform in brittle rather than a
ductile fashion, thereby developing an anomalous porosity and permeability that could focus and enhance
fluid flow enough to produce a relatively high grade metamorphic anomaly. This scenario was proposed
as an explanation for the correspondence of metamorphic “hot” spots and gold mines close to the
McKenzie and Dome Stocks in the Red Lake greenstone belt (Thompson 2003). It is possible that one or
more of the amphibolite zone anomalies associated with metagranitoid bodies in the central part of the
Timmins-Kirkland Lake area (Figures 2 and 3) formed in this way.

Higher/Lower Temperatures or Higher CO, Fluid Content

Dehydration reactions such as those that produce biotite in aluminous and quartzofeldspathic
metamorphic rocks will proceed at lower than normal temperatures if the coexisting fluid is a mixture of
water and carbon dioxide (Spear 1993). Similarly, prograde mineral reactions that produce amphibole at
the expense of carbonate and quartz and chlorite or talc can be reversed at constant temperature and
pressure if coexisting fluid composition becomes richer in CO,. In this case, what appears to be a
“retrograde” chlorite-carbonate shear zone cutting across a transition zone greenstone may actually have
formed when the rocks were still at transition zone grade because a CO,-rich fluid moved along the
deformation zone. That is, both metamorphic “hot” and “cold” spots may in fact have formed at ambient
metamorphic temperatures in response to the influx of CO,-rich fluids. In both cases, the potential to
produce gold mineralization is higher in the zones of anomalous fluid flow.

A Case Study

The Dome Mine provides an opportunity to explore in more detail and in three dimensions the
relationships between a large gold deposit and one of the smaller upper greenschist zone metamorphic
anomalies that occur east and northeast of Timmins (Figures 2 and 3; see also Thompson 2004). In
Figure 6, the “hot” spot on the surface is marked by a dashed line and the metamorphic zonation reflects
variations in grade defined by underground samples. Accepting that sample density is variable and that
only 100 thin sections were examined (not included in Table 1), the apparent narrowing of the
metamorphic anomaly with depth is quite impressive. The pattern is much less well constrained in the
vicinity of the Paymaster Mine to the southwest, but the same linear geometry is present and there it is
consistent with petrography and structural analysis completed by Rhys (2003). Projection of the data
onto vertical planes parallel and perpendicular to the main structural trend in the area (Figure 7) confirms
that the metamorphic anomalies narrow with depth. The available data indicates that the irregular
metamorphic pattern characteristic of the region east and northeast of Timmins continues to depths of at
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least 2 km and that the thermal regime to that depth is not a simple thermal dome. The shape of the
higher metamorphic grade zone is more linear than planar. | interpret the metamorphic pattern at Dome
as the product of a lithostructural conduit that transported anomalously high volumes of fluid through the
rocks when peak metamorphic conditions prevailed.

Long recognized as important factors in the targeting of gold exploration, deformation zones and
carbonate-rich rocks are also part of the metamorphic story at the Dome Mine. Carbonate-rich rocks,
many of them moderately to intensely deformed, occur within and outside the upper greenschist zone
metamorphic anomaly (see Figure 6). The mine occurs within a regional scale northeast-oriented zone of
relatively intense deformation that includes the Destor—Porcupine fault system (Figures 2 and 3). Such
structures are capable of acting as conduits for fluid flow. Extensive carbonate alteration is an indication
that mineralizing fluids were relatively rich in CO,. Therefore, the metamorphic anomaly may be, at least
in part, a product of relatively high CO, content of metamorphic fluids rather than only higher
temperatures. Although both carbonate-rich rocks and the major structures extend along strike for tens of
kilometres, large gold deposits are rare. Some of the highest ore grades obtained from the Dome and
Paymaster mines are associated with the higher grade metamorphic rocks. It is possible that mapping of
metamorphic zones provides a means of determining which segments of the regional alteration and
deformation corridor have the highest potential for large gold deposits.

Metamorphic Constraints on Geological Setting of
Gold Deposits

Geological setting is a key aspect of any attempt to determine where, why and when gold deposits form
during the evolution of gold-bearing greenstone belts. Metamorphic data and the concepts designed to
explain the origin of metamorphic rocks provide important constraints on the timing, depth, temperature
and duration of processes such as magmatism, deformation, and alteration that may be important factors
in the formation of major gold deposits.

METAMORPHIC PRESSURES AND TEMPERATURES

Jolly (1978), the author of the impressive first, and to date, only metamorphic study of the entire Abitibi
greenstone belt concluded that, for the most part it was transformed by low pressure-type regional
metamorphism. That is, andalusite is the stable polymorph of Al,SiOs in aluminous rocks at medium
metamorphic grade. From published Pressure-Temperature diagrams (Spear 1993; Bucher and Frey
1994; Thompson, in press (2005)), it is possible to infer approximately the temperatures associated with
the regional metamorphic zone boundaries: a) subgreenschist/lower greenschist zones (300°C),
lower/upper greenschist zones (400°C), upper greenschist/transition zones (475°C), and
transition/amphibolite zones (525°C ). Using numerical geothermobarometric methods, Powell et al.
(1993) obtained peak metamorphic temperatures and pressures in the range 250 to 270°C and 2.4 to 2.6
kbars from subgreenschist zone rocks in the south-central part of the project area. Application of the
hornblende geobarometer to granitoid rocks by Feng and Kerrich (1990) yielded pressures in the range 1
to 2 kbars from components of the alkalic and felsic to intermediate metagranitoids included on Figures 1
and 2 (back pocket). Although the effect of metamorphic recrystallization on the pressure of
crystallization obtained was not investigated, such low pressures are consistent with the idea (Sutcliffe et
al. 1993; Rowans et al. 1993) that the granitoids are the plutonic equivalents of metavolcanic sequences in
the study area. Across most of the map area (see Figures 2 and 3), metamorphic temperatures and
pressures are inferred to have peaked in the range 300 to 425°C and 2.5 to 3.5 kbars. That is, maximum
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depths attained during metamorphism by rocks now at the surface were on the order of 7 to 12 km
(assuming average density of 2.86 g/cm®). Within narrow contact metamorphic aureoles associated with
granitoids that, for the most part, predate the main regional metamorphism, temperatures in excess of
525°C were attained. Given that Loucks and Mavrogenes (1999) conclude that 90% of the gold mined
from metamorphic terranes was deposited at temperatures and pressures in the range 250 to 450°C and 1
to 3 kbars, the peak conditions estimated for the Timmins—Kirkland Lake area are consistent with the
wide distribution of gold occurrences and prospects (see Figure 2).

METAMORPHISM AND PLUTONISM

A potential source of heat, fluids and/or metals, plutonic magmatism is a key part of the geological
framework within which the gold deposits formed. Compared to regional metamorphism, intrusion and
crystallization of a pluton is a rapid process that can be dated relatively easily (see “Depth-Time
Relationships™). Although commonly assumed to be the source of heat for regional metamorphism,
plutonic rocks in metamorphic terranes are commonly too old or too young to fulfill this role (e.g.,
Thompson et al. 1995). In the project area, Jolly (1974, 1978) describes superposition of contact
metamorphism of supracrustal rocks previously transformed by a regional subgreenschist grade, burial
metamorphic event. Powell et al. (1993) argue convincingly that the subgreenschist grade regional
metamorphism occurred during and after the main deformation event had folded all the supracrustal
packages and rotated the rock units into a steeply dipping orientation. The latter interpretation is
consistent with the present regional petrographic study that indicates all the granitoid rocks have been
modified to varying degrees by metamorphism (see Figure 2) and with the ages obtained from these
bodies. Perhaps re-examination of some of the samples described by Jolly (1974) in the light of this more
recent information will reveal that subgreenschist assemblages were imposed on higher grade contact
metamorphic assemblages rather than the other way around. In any case, given the very wide extent of
the lower greenschist zone, the narrow contact effects associated with exposed granitoids in the southwest
half of the project area, petrographic data indicating metamorphism is younger than the granitoids, and
the age of those that have been dated, it is unlikely that granitoids are the main source of metamorphic
heat on a regional scale.

These relationships can have an impact on the gold exploration models applied to the region. For
example, if the main phase of metamorphism is younger than the granitoids, it follows that any gold
deposits that are directly related to magmatism (e.g., Rowins et al. 1993) should be metamorphosed as
well. In fact, for gold deposits older than regional metamorphism, a magmatic event is the most likely
source of fluids and metals.

METAMORPHISM AND DEFORMATION

Given the time and resources available to this project, it is not possible to analyse and interpret properly
here the qualitative observations of variable intensity of deformation recorded in Table 1 (Appendix 2).
Based on a preliminary look at the data, however, it is possible to make some general statements about the
relationship between metamorphism and deformation.

In most cases, wherever there is a preferred orientation of individual mineral grains and mineral
aggregates indicating metamorphic recrystallization occurred within a heterogeneous stress field, the
minerals are products of the main phase of metamorphism recognized in the rock. That is, the
deformation overlapped in time and space with peak metamorphic conditions and it is reasonable to
assume that temperatures and pressures estimated from metamorphic mineral assemblages apply to the
time when the strain was most intense. This relationship is observed in all four metamorphic zones.
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Furthermore, at regional scale and in more detail (see “A Case Study”), the metamorphic pattern is
discordant to the variations in the intensity of strain. That is, although both processes overlap in time and
space, there is not necessarily a direct relationship between high strain and high metamorphic grade.
Wherever relatively high metamorphic grade does coincide with a high strain zone (see Figures 5 and 6),
however, the data in the Timmins—Kirkland Lake area indicate that the coincidence may be significant
with respect to the formation of gold deposits (see “A Case Study™).

METAMORPHISM AND ALTERATION

The relationship between metamorphism and alteration is not straightforward. For the purposes of this
project, alteration is viewed as a type of metamorphism (hydrothermal metamorphism) that has a
relatively restricted distribution, involves movement of components other than water and carbon dioxide
in and out of the rock, and is associated with anomalously high volumes of fluid. It is typically
structurally or lithological controlled and may occur before, during or after regional and contact
metamorphism. In the course of reconnaissance petrography, samples with atypical mineralogy such as
felsic metavolcanic rocks with high white mica content, tourmaline-rich metasedimentary rocks, very
aluminous compositions and carbonate-rich rocks were noted (see Table 1). Once again, comprehensive
analysis of the qualitative observations of the type and intensity of alteration is beyond the scope of this
study, but several general statements are included here.

Four hundred and eighty-three of 2373 thin sections (see Table 1) were judged to be altered rocks.
Carbonate alteration (66%) is more common than white mica alteration (20%) or rocks affected by both
processes (11%). Rocks with unusual amounts of tourmaline or chloritoid (3%) were the least abundant.
In most cases, textural evidence indicates that alteration occurred before or during metamorphism. There
are also localities where moderate to intense alteration is associated with moderately to intensely strained
rocks and/or upper greenschist zone metamorphic anomalies. In these cases, structures and/or
metamorphic zone boundaries may be the conduit along which the altering fluids arrived. Many altered
rocks are associated with known gold occurrences or gold deposits, but a significant number are not,
suggesting that alteration alone is not necessarily a useful prospecting tool. Of more interest, possibly,
are the places where alteration coexists with evidence of high strain and anomalous metamorphic
conditions (see “Gold Exploration Target Areas”).

DEPTH-TIME RELATIONSHIPS

A Depth-time diagram (Figure 8) is a convenient way to show how metamorphic data and concepts
constrain the relative timing, duration, depth and temperature of the other processes involved in the origin
and evolution of a gold-bearing greenstone belt. In view of the similar depositional, magmatic, and
deformation histories in the Timmins and Kirkland Lake mining camps (see Figure 1) and the absence of
major changes to the metamorphic pattern across the intervening area (see Figures 2 and 3), it is possible
to represent the project area with one Depth-time diagram. A key element in its construction is the
compilation of available geochronological data (Ayer, Thurston, Bateman, Dubé et al. 2005). The ages
obtained from the Timiskaming and Porcupine supracrustal assemblages are combined with those from
three suites of granitoids that are distinguished on geological compilation maps of the region (Ayer and
Trowell 1998, 2000; Ayer et al. 1999; Ayer et al. 2003) and included on the metamorphic map (see Figure
2). These are quartz-feldspar metaporphyry, felsic-intermediate metagranitoids, and alkalic
metagranitoids. The metamorphosed state of these rocks is inferred from petrographic data (see Table 1).
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Figure 8: Depth-time diagram illustrating history of two hypothetical samples (Tisdale basalt/greenstone, Timiskaming
conglomerate/metaconglomerate) with respect to a simple three stage model of the tectonic evolution of part of the western
Abitibi greenstone belt. Geochronology after Ayer, Thurston, Bateman, Dubé et al. (2005), Ayer et al. (2003), Hanes et al.
(1989), Schandl and Wicks (1993).

Extension, Compression and Exhumation

For the purposes of discussion, a simplified three phase tectonic scenario is preferred (see Figure 8). The
first phase corresponds to an extensional tectonic regime characterized by the formation and filling of the
supracrustal basin or basins by sedimentary and volcanic rocks and intrusion of related high level plutons.
During the second phase, compression and related crustal thickening occur. At some point during the
compressional phase the rate of uplift and erosion caused by crustal thickening outstrips the rate of
thickening and rocks within the crust begin to cool as they are exhumed back to the earth’s surface. The
period dominated by exhumation is the third phase of this model history of a greenstone belt.

The duration of the extensional phase is inferred from ages of metavolcanic rocks (Timiskaming and
Porcupine assemblages), the related metaporphyry suite, and the metamorphosed alkalic suite. Rowins et
al. (1993) argue that the latter formed in an extensional tectonic setting. The overlap of felsic-intermediate
metagranitoid ages with those of metamorphosed volcanic and porphyritic rocks supports the contention
of earlier workers (e.g., Sutcliffe et al. 1993; Heather 1999) that these rocks are somewhat deeper plutonic
equivalents of the felsic metavolcanic and porphyritic rocks. Petrographic evidence indicating that the
felsic-intermediate suite is metamorphosed is also consistent with this idea. To account for the structural
evidence of significant folding before deposition of the Timiskaming assemblage (Rhys 2003; Bateman et
al. 2005), it is necessary to begin compressional deformation before the end of extension. Overlapping of
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the two processes in this simplified model history may result from the grouping together of rock units that
are far enough apart that extension ended and compression began at different times. Alternatively, the
transition from extensional to compressional regime involved a period of transpression, a tectonic setting
in which both processes occur simultaneously. The time during compressional deformation when
exhumation becomes the dominant process and the rate at which it occurs are not well constrained.
However, the process was not a rapid one. Rocks subjected to peak metamorphic conditions that ended
up at the earth’s surface yielded “°Ar/*°Ar cooling ages in the range 2615 to 2617 Ma (Hanes et al. 1989;
Masliwec et al. 1986; Schandl et al. 1991). Evidently these rocks were at depths in the crust where
temperatures in excess of 300°C prevailed 40 million years after cooling began at the onset of exhumation
(see Figure 8).

Tracking the history of two hypothetical rock samples, a Tisdale assemblage mafic metavolcanic
rock (solid line, Figure 8) and a Timiskaming metaconglomerate (dotted line), illustrates how
metamorphic data can constrain interpretations of the structural history of the region and of the timing of
gold mineralization. According to the model, for approximately the first 20 million years after deposition
at the earth’s surface, the hypothetical Tisdale basalt is buried by the Porcupine assemblage. There is
structural evidence for folding (D1) of Tisdale and Porcupine rocks prior to deposition of the
Timiskaming assemblage (Rhys 2003; Bateman et al. 2005). Towards the end of D1, the Tisdale sample
returns to the surface a very low grade, massive, metavolcanic rock where it is soon buried again by the
Timiskaming assemblage, a sample of which is represented by the dotted line (Figure 8). Together, but
separated by an unconformity, the two hypothetical samples are transformed to foliated, greenschist facies
metamorphic rocks by the increase in temperature and pressure associated with the main deformational
event (D2). At some point in time, the magnitude of crustal thickening is sufficient for significant erosion
to occur. In the latter part of the compressional phase, exhumation becomes the dominant process and the
greenstone and the metaconglomerate start to cool as they begin their long slow return to the earth’s
surface.

Implications for Deformation and Age of Gold Mineralization

In spite of the limitations related to simplification of a complex history, the Depth-time analysis based on
metamorphic data provides a fresh perspective on deformation history and timing of gold mineralization
in the Timmins—Kirkland Lake area.

The absence of a prominent, regional foliation axial planar to D1 folds (Rhys 2003) implies that the
rocks now exposed at the surface were not buried deeply enough during D1 for a metamorphic fabric to
form. The inferred low intensity of this phase of deformation (Figure 8) is supported by petrographic
evidence indicating only one major metamorphic event has affected pre-Timiskaming and Timiskaming
rock units. If, during D1, pre-Timiskaming rocks were buried deeply enough to become foliated under
greenschist grade metamorphic conditions, there should be evidence of two metamorphic events in these
rocks and in pebbles of pre-Timiskaming rock units present in the unconformably overlying Timiskaming
metaconglomerate. Furthermore, if D1 was comparable to D2 with respect to the magnitude of tectonic
burial and metamorphic grade, the geochronological time constraints require some sort of elevator
tectonics and rapid exhumation to bring the rocks back to earth’s surface prior to deposition of the
Timiskaming assemblage.

Isotopic dating of gold mineralization has produced enigmatic results. Fuchsite from the Hollinger
Mine (2617 +£10 Ma, Masliwec et al. 1986) and muscovite from Davidson-Tisdale property (2615 + 4
Ma, Hanes et al. 1989) are presumably giving cooling ages rather than the time of mineralization.
Monazite from gold-bearing veins at the Dome Mine (Ayer et al. 2003) yields ages ranging from
2640 + 5 to 2590 + 11 Ma. On structural grounds, Rhys (2003) and Bateman (2005) conclude that the
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main phase of gold mineralization corresponds with a subphase of D2. From the metamorphic
perspective, this is a good time, because metamorphic grade was peaking, metamorphic fluid production
was at a maximum and, with ongoing deformation, the potential for formation of structural conduits and
traps was high. Metamorphic mineral assemblages indicate rocks with a history similar to the
hypothetical Tisdale greenstone were well within the range of temperature and pressure favoured by
Loucks and Mavrogenes (1999) for gold deposition (see Figure 8).

If the felsic-intermediate metagranitoid suite is, for the most part, a somewhat deeper plutonic
equivalent of the felsic metavolcanic rocks and quartz-feldspar metaporphyries as indicated in this
simplified tectonic model (see Figure 8), there must have been a long lasting and regionally extensive
magmatic event prior to the onset of orogenesis. The pre-orogenic crustal regime dominated by the
plutonic magmatism is best exposed in the region between the Destor—Porcupine and Larder Lake—
Cadillac deformation zones (see Figures 2 and 3). This is a region containing many gold occurrences but
only one past-producing gold mine (Benoit Township) and one gold-rich base metal deposit (Langmuir
Township). Perhaps gold within this extensive area is related to pre-orogenic granitic magmatism rather
than metamorphism and deformation as it is within the bounding deformation zones. In this case, is it
possible that the lack of major mines is a result of looking for the wrong thing? That is, exploration in the
past was looking for orogenic gold deposits like those in the deformation zones to the north and south
rather than pre-orogenic granite-related gold deposits.

Gold Exploration Target Areas

The new metamorphic map of the Timmins—Kirkland Lake area (see Figures 2 and 3) documents, on a
regional scale, the spatial relationship between past and present gold producers and the lower/upper
greenschist zone boundary that was mapped for the first time in the course of a pilot study near Timmins
(Thompson 2002). The more comprehensive petrographic database (see Table 1, Appendix 2) improves
the definition of the metamorphic boundary at localities covered by the previous work (e.g., Dome Mine,
Naybob past producer) and outlines new localities. For example, northeast of Timmins, upper greenschist
zone metamorphic anomalies are associated with the Bell Creek, Owl Creek, and Pamour deposits and
east of Kirkland Lake small scale anomalies occur near the Eastward and Upper Canada deposits in
Gauthier Township. The link between gold mines and upper greenschist zone metamorphic anomalies is
clear enough that previously-unknown occurrences of upper greenschist zone metamorphic grade in areas
at some distance from known mines merit further attention from gold explorationists.

At one level, the lower/upper greenschist zone boundary is itself a potential target anywhere in the
map area (see Figures 2 and 3). Of particular interest, however, are localities where the metamorphic
boundary intersects a potential structural conduit such as a known deformation zone or rock units with
ultramafic or mafic compositions that are known to be effective at precipitating gold from mineralizing
fluids. For example, one of the most interesting target areas of this type located in Tully—Prosser—-Wark
townships (northwest corner, Figures 2 and 3) where a lenticular zone of upper greenschist grade rocks is
associated with a northeast-trending fault zone. Note that there are numerous gold occurrences located
near the northeast end of this metamorphic feature (see Figure 2). On a smaller scale the linear array of
metamorphic “hot” spots located between two branches of the Destor—Porcupine fault in Whitney
Township is interesting. Two small metamorphic anomalies occur on the Pipestone Fault in Stock
Township and one of these anomalies is spatially associated with the Clavos Mine.

As noted above (in “Metamorphism and Alteration”), the coincidence of the lower/upper greenschist

zone boundary with samples (see Table 1) containing evidence of moderate to intense alteration and/or
strain may be important for gold exploration. In this regard, Langmuir Township is characterized by
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numerous metamorphic “hot” spots, relatively variable strain and zones of moderately altered rocks that
are associated with the lower/upper greenschist zone boundary. The combination of a complex
metamorphic pattern containing both metamorphic “hot” and “cold” spots and relatively intensely altered
and deformed rocks that occurs in Sheraton and Timmins townships (central part of Figures 2 and 3) is a
potential multi-parameter target area. In the northeast corner of Eby Township, northwest of the Otto
stock, the lower/upper greenschist zone boundary cuts across an area of variable strain and moderate
alteration just southeast of the Larder Lake—Cadillac fault zone. In Hearst Township, southeast of
Kirkland Lake, the northern boundary of the lower grade boundary of the greenschist zone intersects an
area of moderately to intensely deformed rocks that farther north is associated with past-producing
Omega Mine.

Conclusions

This regional metamorphic study has provided new constraints on the geological setting of gold deposits
in the Timmins—Kirkland Lake area, Abitibi greenstone belt.

= The irregular metamorphic pattern in the project area is attributed to superposition of regional
subgreenschist and greenschist grade regional metamorphism on narrow higher grade contact
metamorphic aureoles that formed at different times immediately adjacent to felsic porphyries,
felsic to intermediate granitoids and alkalic intrusions. The metamorphosed plutonic, volcanic
and sedimentary rocks now at the surface reached maximum pressures (depths of 10 km) and
temperatures (350 to 450°C) during the main phase of ductile deformation that occurred after
deposition of the Timiskaming assemblage. Metamorphic data are consistent with the idea that
the pre-Timiskaming phase of deformation was less penetrative and occurred at shallower depths
and lower temperatures in the crust.

= Metamorphic mineral assemblages indicate that rocks in the study area were well within the range
of temperature and pressure that is favourable for gold deposition for tens of million of years.
Clearly, the period when peak metamorphic conditions prevailed and the predominant second
phase of ductile deformation was in progress was the most conducive for synmetamorphic
(orogenic) gold mineralization. At this time, metamorphic fluid production was at a maximum
and ongoing deformation increased the potential for formation of structural conduits and traps.
However, in view of the metamorphic data indicating pre-metamorphic ages for most of the
intrusive plutonic rocks that are prominent in the southwest half of the project area, perhaps gold
exploration models related to granite- and porphyry-related gold should be considered in this part
of the area.

The revised and enhanced metamorphic framework provides new targets for gold exploration.

= Subdivision of the greenschist zone using the appearance of biotite in metamorphosed
quartzofeldspathic and aluminous rocks and the appearance of amphibole in metamorphosed
ultramafic rocks reveals a striking spatial relationship between the metamorphic zone boundary
and a significant number of past and presently producing gold mines.

= The lower/upper greenschist zone boundary alone is a potential gold exploration tool. Higher
priority targets are defined, however, by the coincidence of metamorphic anomalies defined by
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the boundary with major structural features, particular rock compositions, and moderate to intense
deformation and/or alteration (e.g., Tully, Prosser and Wark townships; southwest corner of
Bristol Township).

= Metamorphic anomalies may be a tool for determining which segment of a regional-scale
deformation or alteration zone has the highest potential to contain a large gold deposit (e.g.,
Pipestone Fault in Stock and Dundonald townships)

Recommendations

= Aregional scale project of this kind must balance the conflicting demands of covering the
designated area and of obtaining a data density adequate to define reasonably well-constrained
metamorphic exploration targets. Definition of many of the metamorphic anomalies with gold
potential that are outlined on the metamorphic map of Timmins—Kirkland Lake can and should be
improved with additional sampling in key target areas.

= More comprehensive analysis and interpretation of the spatial relationships between the intensity
of strain, the type and intensity of alteration, and metamorphic zone boundaries derived from the
qualitative observations recorded in the database in Table 1 should be done.

= The low density or absence of data in the northwest, south-central and northeast sectors of the
current map should be addressed and metamorphic mapping extended to the north and southwest
in Ontario and eastward into Quebec.
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Appendix 1: TERMINOLOGY

Applied metamorphic petrology is the application of metamorphic data and the concepts used to
explain the origin of metamorphic rocks to the reconstruction of the origin and evolution of mountain
belts, Precambrian shields and of ore deposits therein.

Metamorphism refers to the changes in mineralogy and texture that occur when a sedimentary,
igneous or metamorphic rock is subjected to physical conditions (temperature, pressure, fluid
composition) that are different from those when the rock first formed.

Metamorphic grade is a relative measure of the intensity or completeness of metamorphism. The
changes occur in minerals making up the rock (mineral assemblages), in textures (grain size and shape,
relationships between mineral grains), and in structures (planar and linear aggregates of minerals such as
cleavage, foliations, folds, veins, compositional layering that are pervasive throughout the rock).
Variations in grade are evident at the scale of the map, outcrop or thin section.

An isograd is a line or surface of constant metamorphic grade. Commonly mapped as the first
appearance of a mineral or mineral assemblage in rocks of similar composition, isograds mark the
boundaries between metamorphic zones.

In general, and neglecting the addition or subtraction of small amounts of water or carbon dioxide,
rock composition does not change during regional and contact metamorphism. Rocks of different
composition such as shales, basalt, and tonalite respond differently to increasing metamorphic grade.

This means that specific stratigraphic markers or pre-metamorphic hydrothermal alteration zones can be
mapped from the lowest to highest grades in metamorphic terranes. Furthermore, variations of mineral
assemblage with composition at constant grade mean each rock type develops a distinctive set of isograds.
Although fluid composition variations may complicate the picture, in general, isograds in different
compositions are concordant.

Metamorphic zones are descriptive features defined by characteristic minerals or mineral
assemblages in rocks of similar composition (e.g., greenschist, transition, and amphibolite zones in
metabasalt/gabbro; lower and upper greenschist zones in metamorphosed quartzofeldspathic rocks, see
digital map of Figure 2 in MRD 155 (Ayer, Thurston, Bateman, Gibson et al. 2005).

A metamorphic facies refers to a range of temperature and pressure that has produced characteristic
mineral assemblages in a variety of rock compositions. For example, upper greenschist facies is defined
by the occurrence of chlorite + epidote + actinolite + albite in mafic rocks, chlorite + muscovite + biotite
in aluminous metasedimentary rocks, and talc + calcite in siliceous dolomitic metacarbonates. In the
Abitibi greenstone belt, the boundary between the greenschist and amphibolite facies occurs within the
transition zone as defined in metabasites. That is, the greenschist zone and lower grade part of the
transition zone represent greenschist facies metamorphic conditions and the upper transition and
amphibolite zones represent amphibolite facies conditions.

Regional metamorphism occurs across thousands of square kilometres and lasts tens of millions of
years. The transformation is caused by the heating and deformation of rocks during events that shorten
and thicken the crust beyond a normal value of 35 km (orogenesis).

Contact metamorphism results from heating near an igneous intrusion. Duration is in the range of

thousands to hundreds of thousands of years. Contact metamorphic zones are typically centimetres to a
kilometre or two thick. The magmatism that drives the process may or may not be related to orogenesis.
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Hydrothermal Metamorphism (metasomatism/alteration) involves the movement of volatile and
nonvolatile elements in and out of a rock. Typically structurally controlled and of limited distribution
(centimetres to hundreds of metres), the time frame of alteration is likely to be similar to that for contact
metamorphism, but could be of long duration as well. Hydrothermal metamorphism is not necessarily
associated with orogenesis. It can occur long before, during, or after regional and contact metamorphism
in greenstone belts.

Temperature increasing with depth in the crust or with proximity to an igneous body is a principal
cause of the changes observed in metamorphic rocks. Pressure on solid components of rocks increases
with depth in the crust at a rate dependent on the average density of overlying rocks (crustal average -
2.857g/cm®, ~ 0.02857 GPa/km, ~ 0.2857 kbar/km). For most natural systems, pressure on the
intergranular fluid phase (Psuiq ) during regional and contact metamorphism is assumed to equal Pggiq -

P-T diagrams are orthogonal plots of temperature and pressure that incorporate the above
assumptions about fluid pressure and generally include the assumption that metamorphic fluids are 100%
water. Plotted on such a diagram, stability fields for key metamorphic mineral assemblages constrain
estimates of the P-T conditions of metamorphism. A traverse perpendicular to isograds in a metamorphic
terrane is represented on a P-T diagram by an erosion surface P-T array (metamorphic field gradient of
Turner (1981).

Geothermal gradients are the increase of temperature with depth in the crust. Making an
assumption about the average density of the crust, it is possible to relate lithostatic pressure (Psig) to
depth and calculate the geothermal gradients implied by metamorphic grade and the magnitude of post-
metamorphic exhumation (uplift and erosion).

Depth-time diagrams (Thompson 1989a, 1989b, 2002) illustrate the evolution of metamorphic
rocks with respect to changes in temperature and depth (pressure) during deposition, deformation,
mineralization, metamorphism and exhumation of greenstone belts.

The “gold deposition zone” (Thompson 1999, 2002) is derived from the conclusion of Loucks and
Mavrogenes (1999) (they cite Hodgson et al. 1993; Phillips et al. 1997) that 90% of the gold mined from
metamorphic terranes around the world was deposited between temperatures of 250 and 450° C and
pressures of 1 and 3 kilobars.
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Legend For Petrographic Data (Table 1)

Rock Association-Metamorphic Grade (ragrd, e.g., 12)

First number, rock association (from 1 to 9)

Second number, metamorphic grade (0-subgreenschist to

3-amphibolite zone)

Rock associations:

1 - metabasites

- metaquartzofeldspathic rocks

metaultramafites

- metamorphosed aluminous rocks

chemical metasediments (e.g., iron formation)

metagranitoids

metamorphosed carbonate-rich rocks

unmetamorphosed granitoids

- rock association unknown

Metamorphic Grade

0-3 - higher number = higher grade for each association

note: subdivision of grade is unique to rock association,

e.g., four divisions in metabasites (10-13),
four in metaquartzofeldspathic rocks (20-23)

Mineral Name Abbreviations

act - actinolite

afp - alkali feldspar

am - amphibole

ap - apatite

bt - biotite

cb - carbonate

cht - chlorite

cpx - clinopyroxene

Crs - crossite

ctd - chloritoid

cum - cummingtonite

¢ - detrital

epg - epidote group (epidote, clinozoisite, zoisite)

fp - feldspar

gra - graphite

grt - garnet

gru - grunerite

hn - hornblende

kf - potassium feldspar

mt - magnetite

mz - monazite

m/z - monazite and/or zircon

ol - olivine

op - opaque

ox - oxide

plg - plagioclase (-ve = relief negative to gtz, sodic)

phl - phlogopite

prn - prehnite

ps - pseudomorphs

pu - pumpellyite

qtz - quartz

" - relict mineral

ru - rutile

se - serpentine

stp - stilpnomelane

su - sulphide

tit - titanite

tlc - talc

to - tourmaline

un - unknown

wm - white mica

zi - zircon

Mineral Name Modifier

agg -aggregate

aft - after, e.g., cht aft bt

clss - colourless, e.g., am (clss)

“plg”, plg” - plg pseudomorphed, partially pseudomorphed

O©oo~NoubhwN
'
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plgrn - pale green; brn - brown, bl - blue

2ch - two carbonate minerals present

? - presence uncertain

-ve - negative relief with respect to gtz

Rock Name, Modifier Abbreviations

amyg - amygduloidal

altd - altered, cbaltd - cb alteration, wmaltd - wm alteration
clsl - calcsilicate

fel - felsic
fgr - fine-grained
fol - foliated

fp - feldspar, e.g., feldspar metaporphyry
intm - intermediate rock compositions

m - meta

m? - metamorphic state uncertain

maf - mafic

maltd - metamorphosed alteration
mclastite, mclte - metaclastite

metabasite - metamorphosed basalt/gabbro
metaclastite - metamorphosed clastic texture/synmeta gsr
metamin - metamorphosed mineralization
multramafite - metaultramafic rock (mumaf)
mporphyry, mporph - metaporphyry

mtuff - metatuff

phyl - phyllite

gf - quartz-feldspar

txt - texture

vfgr - very fine-grained

xI mtuff - crystal metatuff

Deformation (DEFM)

anld - annealed

cren - crenulated, crenulation

c-s - C-S fabric

defmd - deformed

fild - folded

hsz - high strain zone

gb - grain boundaries

gsr - grain size reduction

Il - parallels

lyr, lyrd - layering, layered

mrtxt - mortar texture

msv - massive

po - preferred orientation; w, m, i - weak moderate, intense

minerals or aggregates of minerals defining po are indicated

polygd - polygonized

Pshads — Pressure shadows

S, - late foliation postdates Sy

Sw - main foliation

sutd - sutured grain boundaries

vn —vein

w/ - with

Alteration (ALT)

w, m, i - weak, moderate, intense

cb - carbonate alteration

k - potassium alteration

prem - premetamorphic alteration

wm - white mica alteration (K-mica, Na-mica)
Column Headings

XEAST3 - UTM easting NAD 1983

YNORT3 - UTM northing NAD 1983
SAMNUM - sample number

RAGRD - rock association - metamorphic grade
DEFM - deformation

ALT - alteration

RKPETROG - rock type from petrography
MORETEN - modal percentage greater than 10
ONE2TEN - modal percentage between 1 and 10
LESSONE - modal percentage less than 1
NOTES - comments, notes
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Metric Conversion Table

Conversion from Sl to Imperial

Conversion from Imperial to Sl

ton (short)

ton (short)

OTHER USEFUL CONVERSION FACTORS

1 ounce (troy) per ton (short)
1 gram per ton (short)

1 ounce (troy) per ton (short)
1 pennyweight per ton (short)

Multiplied by
31.103 477
0.032 151
20.0
0.05

grams per ton (short)
ounces (troy) per ton (short)
pennyweights per ton (short)
ounces (troy) per ton (short)

SI Unit  Multiplied by  Gives Imperial Unit  Multiplied by Gives
LENGTH
1mm  0.039 37 inches 1 inch 254 mm
1cm 0.39370 inches 1 inch 2.54 cm
1m 3.280 84 feet 1 foot 0.304 8 m
1m 0.049 709 chains 1 chain 20.116 8 m
1 km 0.621 371 miles (statute) 1 mile (statute)  1.609 344 km
AREA
lem2z  0.1550 square inches 1 square inch 6.451 6 cm?2
1m2z 10.7639 square feet 1 square foot 0.092 903 04 m?
1km2  0.386 10 square miles 1 square mile 2.589 988 km?
1ha 2.471 054 acres 1 acre 0.404 685 6 ha
VOLUME
1ecm3  0.061 023 cubic inches 1 cubic inch 16.387 064 cm3
1m3 353147 cubic feet 1 cubic foot 0.028 316 85 m3
1 m3 1.307 951 cubic yards 1 cubic yard 0.764 554 86 m3
CAPACITY
1L 1.759 755 pints 1 pint 0.568 261 L
1L 0.879 877 quarts 1 quart 1.136 522 L
1L 0.219 969 gallons 1 gallon 4.546 090 L
MASS
lg 0.035273 962  ounces (avdp) 1 ounce (avdp) 28.349 523 g
lg 0.032 150 747  ounces (troy) 1 ounce (troy) 31.103 476 8 g
1kg 2.204 622 6 pounds (avdp) 1 pound (avdp)  0.453 592 37 kg
1kg 0.001 102 3 tons (short) 1 ton (short)  907.184 74 kg
1t 1.1023113 tons (short) 1 ton (short) 0.907 184 74 t
1kg 0.000 984 21 tons (long) 1ton (long) 1016.046 908 8 kg
1t 0.984 206 5 tons (long) 1 ton (long) 1.016 046 90 t
CONCENTRATION
1g/t 0.029 166 6 ounce (troy)/ 1 ounce (troy)/ 34.2857142 g/t
ton (short) ton (short)
1gt 0.583 333 33 pennyweights/ 1 pennyweight/  1.714 2857 g/t

Note: Conversion factors which arein bold type are exact. The conversion factors have been taken from or have been
derived from factors given in the Metric Practice Guide for the Canadian Mining and Metallurgical Industries, pub-
lished by the Mining Association of Canada in co-operation with the Coal Association of Canada.
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Metamorphic Map
Rock Association/Metamorphic Grade of Samples Of th e

. . 1) Metabasites: Q0 @ ' O 12 [@ 13 Timmins-Kirkland Lake Area

metabasalt/gabbro/andesite, greenstone, amphibolite pu-prn act-cht-epg-ab act-hn hn-calcic plg

t Y 2) Wetaquarizoteldspatic Roo: O |D2 Wz W Western Abitibi Greenstone Belt

metarhyolite/dacite, qtz-fp metaporphyry, felsic o
¢ 0 metavolcanoclastite, metasandstone, psammite pu-prn cht-wm/kf biotite bt-hn Peter H. Thompson Geological Consulting Ltd. (pthompson@synapse.net)

__________ . o 3) Metaultramafites: A\ 30 A 31 A 32
S 7 2 B R L W N : - i T it S D i | B — ] metaperidotite/dunite, metakomatiite cht-tlc-se-cb clinoamphibol

Zone
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R T ] ] . ] oW ' »
5 S e e e R Y Archean Metamorphic Grade on Map Subgreenschist | Greenschis

MOBERLY

Scale 1:200 000
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0 4) Metamorphosed Aluminum-rich Rocks: % 40 w 41 w 42 % 43 crd-and/si-bt
metamudstone/siltstone, meta-hydrothermal alteration cht/ctd-wm bt-cht, bt-grt-cht | st-and/sil-bt, crd-oam

5) Metamorposed Chemical Sedimentary Rocks: . 50 . 51 qtzcht | @ 52
meta:iromformation,hert cb-cht mt-gtz clinoamphibole-grt two amphiboles

6) Metamorphosed Granitoid: O 60 O 6t o 62 Notes:
tanndndidibltides el cht-wm/kr biotite bt-epg, am(acticrossite) The Metamorphic Map of the Timmins—Kirkland Lake Area

¢ " : . accompanies Open File Report (OFR) 6162. Please refer to the text of
c?rg‘o?nt:gonggt%iiddgqaér?tznan:itgmo?po:::ed interpillow rk/ I:E: 70 '#I 71 cht-cb-qtz Eﬂ: 72 bt-cht-cb + 3 this report for the methodology on which the map is based and for a
————————————— ! cht-cb-wm-qt epg-act-cb-cht diop-am-grt hn-bt

S ———— _ _ — @' x o breccia/hydrothermal alteration. synmetamorphic cb alteration discussion of the striking relationship between current/past producing
— A ! gold mines and the boundary between the lower and upper greenschist

10 km 5km 0 10 km
e —

5385000

zones. For purposes of clarity, sample numbers are not shown on the
hardcopy version of the map that accompanies OFR 6162, but are
available on the digitial version forming part of MRD 155 (Ayer, Thurston,
Bateman, Gibson et al. 2005). All the information associated with each
metamorphic data point and with past/present gold producer and gold
occurrence locations can also be accessed by clicking on the symbol of
interest on the digital map.

8) Unmetamorphosed Granitoids
granite to tonalite

1
5385000

@ no metamorphic minerals

Metamorphic Facies Sub?:raeggzchist Greenschist Facies Amphibolite Facies

As indicated on the metamorphic legend, each rock association is
represented by a particular symbol and the colour of the symbol
indicates the metamorphic grade of the corresponding sample. The
———————————————————— two-digit numbers associated with the symbol on the metamorphic
legend refer to the “ragrd” column in the metamorphic database from
which the map is derived (see Table 1, OFR 6162; the file tkidats2.dbf

<

5375000

in MRD 155). The first digit refers to the rock association (ra) and the
second digit to the relative grade of metamorphism (grd) for that rock
association. For example, 22 refers to a sample of metamorphosed
quartzofeldspathic rock in the upper greenschist zone and it is
represented by a medium blue square on the map.
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The lower/upper greenschist zone boundary alone is a gold exploration
target. Higher priority targets are defined by the coincidence of
metamorphic anomalies defined by the boundary with major structural

!
'HIE

N .':_"!.|. 0N v features, particular rock compositions, and moderate to intense
|5 - LSSy e e deformation and/or alteration. For example, in Tully, Prosser, and Wark
bR 2 P y
__________________ R e e o ! 43 » "\ l B ' townships, a Ientic_ular zone of upper gre(_enschis_t grade rocks surrou_nded
) , n 5 , by lower greenschist zone rocks is associated with a northeast-trending
L0 11 -
= T fault zone, a small alkalic pluton and, at the northeast end, several gold

Q)

5365000

L | occurrences. On a smaller scale, the linear array of metamorphic "hot"

spots located between two branches of the Destor-Porcupine fault in
Whitney Township may be significant. A more detailed examination of
the relationship between the metamorphic anomaly associated with the
Dome Mine raises the possibility that metamorphic anomalies indicate
which segment of a regional scale deformation or alteration zone has the
highest potential to contain a large gold deposit. For this reason, two
small metamorphic anomalies mapped along the Pipestone Fault in
Stock Township, one of which is spatially associated with the Clavos
Mine, merit further attention.
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