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bstract

Geological and high-field-strength element (HFSE) relationships for Chester Group felsic volcanic
rocks and corresponding sub-volcanic intrusives in the south-east Swayze greenstone belt
(SESGB) indicate deposition in an dynamic voicanic-arc tectonic setting, from two separate
magmas with calc-alkaline and HFSE-depieted trace element signatures respectively. Chester
Group, Yeo Formation rocks have undergone a regionally extensive sericite-quartz (type 1)
alteration, involving the loss of 3.25 wt.% Na,O, addition of 12 wt.% Si0, and 2.2 wt.% K,0, and
13% net mass-gain, indicating water/rock ratios of at least 6. Chlerite-sericitetbiotitetgarnet (fype
2) alteration at paleo-hydrothermal vent sites was localized along synvolcanic fault structures.
Type 2 alteration was accompanied by a loss of 2.44 wi.% Na,O and 8.69 wt.% SIiO,, and & gain

of 5.90 wt.% Fe,0,, requiring water/rock ratios of at least 432.

Hydrothermal sediments or iron formation (IF) within the SGB are composed largely of Si and Fe.
Base-metal mineralization in the SESGB and other localities in the SGB is hosted by brecciated
hydrothermal sediments, overlain and flanked by, more broadiy distributed pelitic IF, enriched in
large ion lithophile elements (LILE), AL O,, TiO, and HFSE, with distinct Fe,0,/TiO, versus
AlLO/(ALO,+Fe,0,+MnO) ratios indicative of mixing with locally derived volcanic material. Well-
laminated BIF-type hydrothermal sediments are distributed widely throughout the SGB and are
enriched in MnO, depleted in LILE, HFSE and transition elements, and have a wide range of
Ce/Ce* vaiues refiecting diverse redox conditions in paleodepositional environments distal to
hydrothermal venting. Thermodynamic calculations suggest that hydrothermal fluids responsibie
for generation of hydrothermal sediments have lower temperatures (250-300 °C) but similar pH

(~4) fo polymetallic volcanogenic massive-sulphide ore-forming fluids.
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Les relations entre Ia géologie et les éléments a fort potentiel dionisation (HFSE) des roches
volcaniques felsiques et des infrusions sub-volcaniques correspondants du Groupe de Chester st
de la partie sud-est de la ceinture de roches vertes de Swayze (SESGB), suggérent un milieu
tecionique de déposition typique d'arc volcanique dynamique, & partir de deux magmas calce-
alcalins caracterisés par un appauvrissement en HFSE et en éléments traces respectivement.
Les roches de la Formation de Yeo du Groupe de Chester ont subi une altération régionale en
séricite-quariz (type 1), impliquant une perte de 3.25 wt.% de Na,C, une augmentation de 12
wi.% de Si0O,, et de 2.2 wt.% K,0, accompagnée d'un gain de 13 % de masse netie
correspondant & un ratio eaufroche d'au moins 6. L'altération en chiorite+séricitetbiotitergrenat
{type 2) typique des cheminées volcaniques paléo-hydrothermles était localisée le long d'une
structure de faille synvolcanique. L’altération de type 2 est accompagnée par une perte de 2.44
wt.% MNa,O et de 8.68 wt.% SiO, et par un gain de 5.90 wt. % Fe, O, indiguant un ratic eau/roche
d’au moins 432. Les sédiments hydrothermaux cu les formations de fer contenues au sein de ia
ceinture de roche vertes de Swayze (SGB) sont largement composées de Si et de Fe.

Les minéralisations hydrothermales reconnues dans la partie sud-est de SGB et ailleurs le long
de la SGB, se situent a lintérieure d'une breche de sédiments hydrothermaux, recouverie et
flanguée par une formation de fer pélitique largement répandue et enrichie par des éléments
lithophiles & large rayon ionigue (LILE) tel que Al,O,, TiO, et les HFSE, avec un ratio distinctif
Fe,0,/Ti0, versus ALO,/(ALO3+Fe,0,+MnO) caractéristique d'un mélange contenant une
composante volcanique de source locale. Les sédiments hydrothermaux rubannée de type BIF
sont largement distribués au sein de la SGB et sont enrichis en MnO, appauvris en LILE, HFSE et
en élements transitionneis, et possédent un large éventail de valeurs du ratio Ce/Ce*, indicatif des
conditions réductrices variables d'un environnement paléo-dépositionnel distal aux cheminées
hydrothermales. Des calculs thermodynamigues indiguent que les fluides hydrothermaux
responsables de ia formation des sédiments, ont une température inférieure (250-300 °C) mais
possédent un pH comparable (pH ~4) aux fluides hydrothermaux polymétalliques source des

gisements volcanogénique de sulfures massifs.

i
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This thesis consists of five chapters. The first chapter is a general infroduction to the
project, and the second chapter is a review of the geology of the Swayze greensione
belt (SGB). The third chapter is a study of the paleotectonic setting and hydrothermal
alteration of the Chester Group volcanics and sub-volcanic equivalents from the south-
east SGB (SESGB), based on field relations, petrography and lithogeochemistry. The
fourth chapter is an analysis of the geology, petrography and lithogeochemistry of the
hydrothermal sediments of the SGB. The fifth chapter is a summary of the thesis’
specific contributions to science. A reference list, appendices including cited data, and
corresponding figures and tables follow each chapter. Chapters 3 and 4 were prepared

in manuscript form and can be read as self-supporting articles.

Contributions of authors

The thesis author, C. Wright, is responsible for all of the new scientific data and
interpretations of the geology and lithogeochemistry of the supracrustal rocks of the
Swayze greenstone belt. Dr. A .E. Williams-Jones acted as research supervisor and
advised the author during the study and preparation of the thesis, and is listed as

second-author of chapters prepared in manuscript form.

Outcrop mapping, drili core logging, lithogeochemical sampiling, petrography,
photography and mass-change calculations were performed by the author of the thesis;
the first author of chapters 3 and 4. This author submitted 168 samples to commercial
laboratories for lithogecchemical analysis. ICP-AES whole rock analyses were |
performed by T. Nicholson at TSL Assayers in Vancouver, BC. ICP-MS trace element

analyses were performed under the supervision of Dr. E.L. Hoffman at Actlabs,
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Ancaster, ON. Flame and standard AA assays as well as sample-loss-on-ignition
determinations were overseen by G. LeBel at TSL Assayers in Swastika, ON.
Lithogeochemical data for 13 samples used in this study were taken from a
lithogeochemical database compiled by J. Harris of the GSC. L. Bonhomme of
Explorers Alliance Lid. contributed 5 sample analyses. Petrographic thin sections were

prepared by G. Panagioditis at the McGill University Rock Preparation Lab.
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Chapter 1 introducton
Introduction to the thesis

The Swayze greenstone belt was recently demonstrated to be a relatively unexplored
and poorly understood, contemporaneocus extension of the prolific Abitibi subprovince
(Ayer ef al.,1998; Heather and Shore, 1899). The Abitibi subprovince is host {o
approximately 114 known Archean Cu-Zn deposits (Hannington ef al., 1999), but, of
these, only five deposits are currently in production and only one represents a new
orebody, discovered in the last 10 years. The low level of Cu-Zn production and rate of
discovery of new orebodies in the Abitibi subprovince is partly a result of the inability of
mineral-exploration geologists to incorporate recent technological innovations into
exploration programs. Furthermore, most lithogeochemical and alteration
lithogeochemical research has focussed on the geology around the largest ore-deposits,
resulting in an inadequate understanding of other parts of the belts and non-traditional
styles of base-metal mineralization. The geology of SGB and the abundant
hydrothermal sediment-hosted base-metal showings it contains are an excellent
example of an inadequately understood metallogenic domain in need of investigation
using modern techniques. The Swayze greenstone belt is an excelient piace to study

Archean hydrothermal sediments and volcanic-exhalative base-metal mineralization.

This thesis altempts {o answer questions about the processes leading to the
development of regionally-extensive hydrothermal sediments and base-metal
mineralization in the SGB, and to assess whether the hydrothermal sediments represent
the ore-equivalent horizons of undiscovered VMS deposits or, instead, a separate class
of sub-economic base-metal suiphide mineralization. In order to understand the genesis
of the hydrothermal sediments in the SGB, the physiochemical nature of the

hydrothermal fluids and the architecture of the hydrothermal system, 1 : 50 000 scale

viii
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reconnaissance mapping, 1 : 5 000 scale outcrop mapping, drill core logging,
lithogeochemical sampling and elemental mass-change calculations were undertaken
on variably aliered volcanic rocks in the south-east SGB. A suite of IF samples was
also collected from drill core and outcrop throughout the SGB to examine petrographic
relationships to the compositional variability of the hydrothermal sediments. The
geology and lithogeochemistry of variably altered volcanic rock and of mineralized and
barren hydrothermal sediments were compared to alteration zones and hydrothermal
sediments elsewhere in the Superior province to help evaluate the VMS exploration

potential of the SGB.

in the second part of this study, we combine geological mapping, and lithogecchemical
methods to interpret palecenvironmental controls on hydrothermal sediment
composition in the SGB. These data are used in conjunction with thermodynamic
modelling to evaluate the potential of IF to represent a VMS ore-equivalent horizon in
the SGB, and to refine exploration models for polymetallic massive-sulphide deposits in

other greenstone belts.

A review of the literature on hydrothermal mineral deposits reveals that studies of
volcanic-exhalative mineral deposits of the Abitibi subprovince have focussed on three
aspects: (a) descriptive studies of significant ore deposits such as those in the Sturgeon
Lake (c.f., Morton ef al., 1990), Soufch Bay (c.f., Urabe and Scott, 1883), Timmins (c.f,,
Hannington, 1999}, Noranda (c.f., Barrett ef al., 1991), and Matagami (Bonavia and
Maclean, 1986) massive sulphide districts, (b) alteration studies around orebodies (c.f.,
Galley, 1993; Gibson ef al., 1983; Koopman ef al., 1999, Maclean and Hoy, 1991;

Maclean and Kranidiotis, 1997), and (c) high field-strength element (HFSE)
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lithogeochemical discrimination of the paleo-tectonic settings of the major VMS ore-

deposits (c.f., Barrett and Macl.ean, 1999; Barrie ef al., 1993, Lesher ef al., 1986).

Lithogeochemical studies of HFSE have been undertaken by several workers to attempt
to classify the tectonic environments in which the massive-sulphide deposits of the
Superior province formed. Lesher ef al. (1986) compiled lithogeochemical data from 28
dacitic and rhyolitic complexes in the Abitibi, Wabigoon and Uchi greenstone belts, and
developed a classification scheme for rhyolite types based largely on HFSE content.
Type Fi of Lesher et al,, (1986) consists of rhyolite and dacite with high Zr/Y and
chondrite-normalized (La/Yb), ratios (9-31 and 6-34 respectively), lacking a negative Eu
anomaly and having low abundances of the HFSE. This rhyolite-dacite type
corresponds to the so-called calc-alkaline type for Archean greenstone belt volcanic
sequences of Barrett and MaclLean (1999), and Group 1V of Barrie ef al. (1993). These
lavas are thought to be the products of a low degree, high pressure-partial melting of
garnet-bearing eclogite, or assimilation of crust during the high-level fractionation of a
primary magma, and do not host any known, economically viable volcanogenic massive-
sulphide (VMS) deposits in the Superior province (Lesher ef al., 1988). Fl or Group IV
volcanic centres are though to be analogous to volcanic complexes developed in
modern arc settings. Flii (Lesher ef al., 1986) or Group | (Barrie ef al., 1993) type felsic
volcanics exist in bimodal mafic-felsic suites that undergo tholeiitic fractionation trends
featuring the incompatibility of HFSE and low Zr/Y and (La/Yb), ratios. These volcanic

complexes are known to host most of the VMS orebodies in the Superior province.

The lithogeochemistry and mineralogy of hydrothermal alteration stratigraphically below
Archean VMS deposits of the Abitibi subprovince has been studied by a number of

workers and is summarized in a review by Franklin (1996). Quantitive procedures for
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the definition of alteration frends and intensily based on a mass-balance approach were
developed by Gresens (1967) and modified by Grant (1986) and Maclean and Barrett
(1993) for widespread application in ore-deposit-related alteration studies. The
application of such studies has led to the consensus that although there is some variety
in the alteration mineral-assemblages and the geometry of alteration zones associated
with the volcanic exhalative ore bodies, two salient features persist among deposits.
Hydrothermal alteration zones can be broadly subdivided into a distal, semiconformable
alteration zone of quariz + sericite with, or without substantial epidote, Mg-rich chiorite
or andalusite, that typically grades into a discordant, Fe-rich chlorite, Fe-sulphide-
bearing alteration zone which may also contain secondary quariz (Franklin, 1996,
Gibson et al., 1983; and MaclLean and Hoy, 1991). There is agreement among
researchers that these alteration zones were developed during the circulation of metal-
charged hydrothermal fluids within submarine, volcano-sedimentary complexes, that

lead to the deposition of volcanic-exhalative mineral deposits.

A review of the literature on individual VMS deposits reveals that VMS deposits are
commonly associated with an ore-equivalent horizon consisting of hydrothermal
sediments that are the distal products of seafloor hydrothermal systems responsibie for
the production of the massive-sulphide deposits (e.g., Davidson, 1977, Large, 1992;
Kalogeropoulos and Scott, 1989; Liaghat and Maclean, 1992; Peter and Goodfellow,
1996, 2000). This horizon is typically an Algoma-type iron formation (iF) from the point
of view of its geological setting and its interpreted genesis. Iron formations are
conspicuous in greenstone belts because they weather dominantly compared to their

host volcanic rocks, frequently forming large, gossanous outcrops along ridge crests

Xi
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and lake shores, and because they produce extremely well-defined magnetic and

electro-magnetic anomalies detectable by airborne and ground geophysical surveys.

Kimberly (1988) summarized genetic models for many types of IF, and for the cherty
Algoma-type IF, favours the exhalation of hydrothermal fluids that, upon mixing with
seawater in the ocean water column, deposit a combination of fine, iron oxyhydroxide
particles including glacuonite, greenalite and silica-gel. The precipitation of hydrous
solid phases is interpreted to result from mixing between hydrothermal fluids and
seawater. Klein (1973) demonstrated that diagenetic and later greenschist facies
metamorphic processes transform various primary precipitates into chert, magneiite,
grunerite, stilpnomelane, siderite, garnet, pyrite, pyrrhotite and chlorite. in addition,
contamination of Algoma-type metalliferous sediments is common, and microscopic-,
' metre- or even hundred metre-thick intercalations of volcaniclastic or epiclastic detritus
greatly affect bulk compositions (Liaghat and MaclLean, 1992; Peter and Goodfeliow,

1996, 2000).

IF was first identified in the Swayze greenstone belt (SGB) in 1206 when prospectors in
search of iron-ore were drawn to the area by the expansion of railways westward from
Sudbury, Ontario (Fulmerton ef al., 1993). Unfortunately exploration for iron-ore has
been fruitless to date because the iron ranges identified by early prospecting have
proven io be too low in grade, high in sulphur content, and too narrow to be economic.
However, during the late 1920s base-metal occurrences associated with iron formation
were discovered at the Shunsby and Jefferson properties in Cunningham and Marion
townships (Fulmerton ef al., 1993}, and Algoma-type IF in the SGB became an

important target for base-metal suiphide expioration. No base-metai production has

come from the SGB despite over 70 years of exploration of these targets.

xii
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This study comprises a two-part investigation into the genesis of Archean hydrothermal
sediments in the Swayze greenstone belt (SGB) and links between volcanic-exhalative
activity and base-metal sulphide mineralization, undertaken as a partial fulfiliment of a
MSc. thesis project by the author. The research project was carried out at McGill
University in Montréal, Québec, under the supervision of Prof. A. E. Williams-Jones, and
with the support of the Falconbridge Ltd Timmins Exploration Office, in Timmins,

Ontario.
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The SGB is considered fo be the western-most extension of the Abitibi subprovince of

the Superior province in northern Ontario (¢.f,, Ayer ef al., 1999; and Heather and
Shore, 1999). The belt is connected to the rest of the Abitibi subprovince by a thin band
of supracrustal rocks in the north-east and to the Shining Tree greenstone belt by a
sinew of volcanic and sedimentary rocks in the south-east. The Ramsey-Algoma
batholith and the Chester Granitoid Complex abut the SGB to the south. The eastern
margin of the beli is bound by the Kenogamissi batholith, the north by the Biggs piuton,
and the west by the Kapuskasing structure (Figure 2.1). The study area was originally
mapped by the Ontario Department of Mines in the 1830s (Furse, 1932; Laird, 1936),
and subdivided into east-south-east siriking, steeply dipping, foliated Kewatin mafic to
felsic volcanics, Timiskaming clastic sediments, and massive and sheeted Algoman
granite-diorite intrusive suites, all cut by north-north-west striking, sub-vertical dipping
diabase dvkes of the Matachewan swarm. At the time of the first provincial survey, gold
mineralization had been discovered in Chester and Osway townships in the south-east
Swayze greenstone belt (SESGB) and further exploration and minor production was in
progress. The area was re-mapped several times by government geological surveys
and mining companies, the most recent effort being a seven-year joint Northern Ontario
Development Agency-Geological Survey of Canada (NODA-GSC) project completed in
1989 (Heather and Shore, 1999). Access to the study area from the city of Timmins,
Ontario, is by Highway 101, the all-weather Sultan Indusirial Road, and by gravel
logging roads, traiis, lakes and rivers. The field area has been extensively logged for the
past 30 years, resulting in improvements to access and fo outcrop exposure. Relief in

the SGB is less than 50 m and a veneer of Quaternary till, sand and clay deposits fills
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depressions in bedrock topography. Quaternary deposits are overlain by muskeg, alder
swamp, and black spruce and poplar fores. The SGB lies on the northern flank of the
Arctic — Atlantic (James Bay — Great Lakes and St. Lawrence) watershed, and drainage

is dendritic in form and flow is roughly northward.

2.1 Geology of the SGB supracrustal stratigraphy

On the basis of field observations and regional geological mapping, radiometric age
determinations, and compilation of previous work, Heather ef al. (1995) defined a
stratigraphic type-section through the relatively undeformed Woman River anticline
(Figure 2.1). The type-section correlates well with stratigraphic relationships throughout
the SGB. Four cycles of mafic to felsic volcanic rocks (Chester, Marion, Trailbreaker
and Swayze groups), each with minor intercalations of clastic sediment, occur at the
base of the SGB stratigraphic section and correspond to the Kewatin volcanic rocks
described by previous workers (cf. Laird, 1836; Thurston ef al., 1877). All, except the
Swayze Group, are capped by regionally extensive iron formation. The uppermost
group in the type-section is the Ridout Group, which unconformably overlies the
Trailbreaker and Swayze groups in various parts of the SGB. The Ridout Group
consists of clastic sediments and quartz pebble conglomerates, with minor quartz- and
feldspar-porphyritic feisic dykes (QFP), felsic volcaniclastics and tuffaceous beds.
These rocks correspond to the Timiskaming assemblage sedimenis described by
previous workers (cf. Ayer ef al., 1999; Thurston ef al., 1977) and exhibit stratigraphic,
temporal, textural and petrographic similarities to other Timiskaming sequences in the
Abitibi subprovince. Heather and Shore (1999) further sub-divided the five supracrustal
groups into formations on the basis of dominant lithology and geographic location within

the SGB.
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U-Pb age determinations of zircons from a felsic lapilli-tuff of the Yeo Formation (CY?),
the uppermost unit of the Chester Group, indicate that CYTf volcanic activity occurred at
2739 (£ 2) Ma. The upper limit of volcanic activity of the Strata Lake Formation, at the
top of the Marion Group (MSf) has been similarly dated at 2731 to 2724 (£ 2) Ma
(Heather and van Breeman, 1994, Heather ef al., 1995, 1998, and Heather and Shore,
1999). Zircons from an outcrop of volcanic rock of intermediate composition assigned to
the Trailbreaker Group in Huffman Township vielded ages of 2707 (% 2} Ma (Heather et
al., 1995,1996). Work by Ayer et al. (1999), suggests that the ages published by
Heather ef al. (1995, 1996) and Heather and Shore (1999), are correlative with those of
other voicanic assemblages elsewhere in the western Abitibi subprovince, such as the
ca. 2745-2740 Ma Pacaud assemblage south of Kirkland Lake, and the ca. 2730-2725

Ma Deloro and 2710-2702 Ma Tisdale assemblages in the Timmins area.

2.2 Chester Granitoid Complex geology

The Chester Granitoid Complex (CGC) underlies Chester Group volicanic rocks in the
south-east sector of the SGB, and has been interpreted by Heather and Shore (1999) as
being the sub-volcanic equivalent of CYf rocks on the basis of stratigraphic evidence,
geochronology and rare-earth element (REE) geochemistry. The CGC is composed of
a northern leuco- and melano- hornblende-trondhjemite phase and a southern diorite
phase, both overiain by CYf rocks. The CGC is host to numerous Au-Cu showings and

extensive epidote-quartz alteration and pyritic vein mineralization.

2.3 SGB structural geology
Heather et al. (1995) and Heather and Shore (1999) have described a complex

metamorphic and structural history for the SGB. Primary sedimentary and volcanic
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textures (Dy) and synvolcanic faults have a sub-parallel, penetrative schistosity (S,) and
are deformed locally into isoclinal, intrafolial foids (FI) (Heather and Shore, 1999). D,
and D, features of the supracrustal rocks are re-folded about sast-west trending axes
(F,), forming broad, doubly plunging anticlinoria and tight, steeply plunging synclinoria
(Heather and Shore, 1999), resulting in a cuspate-lobate map pattern (Figure 2.1). High
strain zones in the cores of cuspate F, synclinoria resulted in a weli-developed axial
planar cleavage and intense flattening, constrictional elongation with some component
of simple shear (Heather and Shore, 1998). Heather ef al. (1995) suggested that the
Ridout high strain zone, which runs through the southern portion of the SGB, may be an
extension of the Larder Lake-Kirkland Lake-Matachewan structure to the east in the
southern Abitibi subprovince. Late north-north-west striking brittle faults have a spacing
of 5-10 km, and are parallel to, and thought to be associated with the emplacement of

diabase dykes of the Matachewan dyke swarm.

All supracrustal rocks in the SGB have been metamorphosed to at least greenschist
facies. Amphibolite to pyroxene hornfels facies contact-metamorphism has affected
rafts of supracrustal material within encompassing batholiths and is also manifesied by
narrow (~1 km) aureoles around syn- to post-tectonic batholiths. Contact-metamorphic

aureoles are folded about F, axes.

2.4 SGB base-metal mineralization

Four major base-metal occurrences occur in the SGB, but there has been no significant
production from the beli to date (Figure 2.1). An exhaustive list of mineral showings

from the SGB has been compiled by Fulmerton ef al. (1993) and Fuimerton (1995).
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The Jefferson Zn-Pb deposit (Figure 2.1) was discovered in the 1830s and underwent
extensive, though sporadic expioration until the 1980s. Mineralization cccurs as several
small lenses of semi-massive- and stringer-type pyrite-sphalerite-galena with very minor
chaicopyrite. The mineralization is hosted by brecciated IF above the Marion Formation,
Strata Lake Group felsic volcanics (MSf) and below mafic flows of the Trailbreaker
Group, October Lake Formation (TOm). A resource of 100 200 meiric tonnes (1)

grading 4.6 % Zn and 3.3 % Pb has been calculated for the deposit (Fulmerton, 1995).

Mineralization at the Shunsby Zn-Cu deposits (Figure 2.1) occurs at the same
stratigraphic level as the Jefferson deposit; however, at the Shunsby deposits it
comprises stringers of pyrite-chalcopyrite mineralization in @ muddy rhyolite breccia
below a discontinuous horizon of brecciated, laminated hydrothermal sedimenté {pyrite-
sphalerite-chert) below the base of the TOm. Five separate deposits have been
outlined on the Shunsby property, with higher Zn and lower Cu grades in the larger
lenses. A total resource of 3.98 Mt grading 2.51% Zn and 0.61% Cu has been

calculated for the Shunsby deposits (Fulmerton, 1995).

The Peter Lake Zn-Pb showing has been intersected in three drill holes and lies along
the same stratigraphic horizon as the Shunsby and Jefferson deposits, about 3 km west-
north-west of the Shunsby property (Figure 2.1). This prospect consists of a brecciated,
discontinuous 5-10 m thick, laminated pyrite-sphalerite-chert horizon containing minor

amounts of galena.

Base-metal mineralization at the Huffman Township Zn-Pb showing has been exposed
over a strike length of 250 m in three small pits at surface and was intersected in three

drill holes. Mineralization consists of a single, 2 m thick pod of massive pyrite, pyrrhotite
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and sphalerite, and several discontinuous 5-10 m thick pyrite-chert-sphalerite-chiorite-
argillite horizons with thin laminations and cross-cutting veiniets of sphalerite and
galena. The mineralized horizon occurs at the top of the Yeo Formation felsic volcanic
pile within hydrothermal sediments overlain by Trailbreaker Group mafic volcanics. The
most economically important drill hole intersection cut 12.3 m of argillaceous breccia-
type IF with 1.5% Zn, 0.65% Pb and 1.5 ppm Ag, and 4 m of breccia-type IF with 2.8%

Zn, 0.85 % Pb and 3.6 ppm Ag (calculated from data supplied by L. Bonhomme).
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Figure 2.1: A geological map of the Swayze greenstone belt. (Compiled by the author
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3.1 Abstract

Exposures of Chester Group volcanic rocks within the south-east Swayze greenstone bel
(SESGB) consist of pillowed, amygdaloidal and variolitic basalt of the Arbutus Formation, and
guartz and feldspar-phyric dacite, rhyclite and low-Ti rhyolife with massive, laminated pyrociasiic,
and fragmental textures belonging to the Yeo Formation. The Chester Group volcanic rocks are
overlain by a horizon of hydrothermal sediments 5-20 m thick, containing sub-economic Zn-Pb-
sulphide mineralization. Macro-scale textural characieristics combined with high-field-strength
element analyses indicates that dacite and rhyolite were deposited in a submarine volcanic-arc
setting in which caic-alkaline magmas and lavas were emplaced, followed the emplacement of a
second magma, which through crustal assimilation and fractionation lead to the extrusion of low-Ti
rhyolite. Yeo Formation rocks have undergone a regionally extensive sericite~quariz {type 1)
alteration, involving loss of 3.25 wt.% Na,0, addition of 12 wt.% SIO,, and 2.2 wi.% K,0, and 13%
net mass-gain, indicating water/rock ratios of at least 6. Chlorite-sericitetbiotitetgarnet (type 2)
alteration at paleo-hydrothermal vent sites was localized along syn-volcanic fault structures.
Alteration was accompanied by a loss of 2.44 wt.% Na,0, and 8.69 wt.% SiO,, and a gain of 5.80
wt.% Fe,0,, requiring water/rock ratios of at least 432. Type 2 alieration is best developed in

volcanic rocks in contact with Zn-Pb mineralized hydrothermal sediments.

11



3.2 Introduction

The Canadian Shield is known to host 115 Archean Cu-Zn deposits, representing
approximately 80% of the occurrences of this class of deposit in the world (Hannington
et al., 1999). The richly endowed Abitibi subprovince of the Superior province is host to
84% of these deposits; the majority of them being discovered in the period from 1950 to
1970 as a result of dramatic improvements in mineral exploration techniques, including
the refinement of geological models, modern diamond-drilling equipment, and
geophysical and geochemical prospecting. However, only five of these deposits, Kidd
Creek, Bouchard-Hébert, Louvicourt, Dumagami-Laronde and Bell Allard are currently in
production, and despite recent innovations in exploration techniques such as precise
and inexpensive whole-rock lithogeochemical techniques, global position satellite (GPS)
networks, geographic information system (GIS) database management, further
refinement of geophysical and geochemical prospecting methods and their contribution
to the enhancement of geological models, only one of these orebodies was discovered

in the last 10 years.

This study was undertaken with the purpose of using modern mineral-exploration
techniques to improve our understanding of the submarine volcanic-exhalative
processes that lead to the development of regionally extensive hydrothermal sediments
and base-metal mineralization. The first objective was to characterize the paleo-tectonic
setting of volcanic rocks of the Chester Group and synvolcanic intrusives of the Chester
Granitoid Complex (CGC) of the south-east Swayze greenstone belt (SESGB) on the
basis of field observations and high-field-strength element (HFSE) lithogeochemisiry.
The second objective of the study was to understand the chemical changes of

supracrustal rocks during hydrothermal alteration accompanying the volcanic exhalation

12
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of fluids responsible for overlying hydrothermal sediments. The hydrothermal alteration
of the volcanic strata is defined in terms of mass and elementatl fluxes, mineralogical
changes, alteration fluid-type and the spatial distribution of the alteration zones. The
synthesis of the lithogeochemical and alteration geochemical investigations resulted in a

genetic model of hydrothermal alteration during the production of SGB volcanic-

exhalative hydrothermal sediments.

Lesher ef al. (1986) compiled lithogeochemical data from 28 dacitic and rhyolitic
complexes in the Abitibi, Wabigoon and Uchi greenstone belts, and developed a
classification scheme for rhyolite types based largely on HFSE content. Type Fl of
Lesher et al., (1988) consists of rhyolite and dacite with high Zr/Y and chondrite-
normalized (La/Yb), ratios (9-31 and 6-34 respectively), lacking a negative Eu anomaly
and having low abundances of the HFSE. This rhyolite-dacite type corresponds to the
so-called calc-alkaline affinity type for Archean greenstone belt voicanic sequences of
Barrett and MaclLean (1999), and the Group 1V type of Barrie ef al. (1993). These lavas
are thought to be the products of a low degree of partial melting of garnet-bearing
eclogite. They do not host any known, economicaily viable volcanogenic massive-
sulphide (VMS) deposits in the Superior province (Lesher ef al,, 1986). Fi or Group IV
volcanic centres are thought to be analogous fo volcanic complexes developed in
modern arc settings. Flll (Lesher ef al., 1986) or Group | (Barrie ef al,, 1993) type felsic
volcanics exist in bimodal mafic-felsic suites that undergoe tholeiitic fractionation trends
featuring the incompatibility of HFSE and low Zr/Y and (La/Yb), ratios. These volcanic

complexes are known to host most of the VMS orebodies in the Superior province.

The lithogeochemistry and mineralogy of hydrothermal alteration stratigraphically below

typical Archean VMS deposits has been studied by a number of workers (c.f., Franklin et

13
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al.,, 1981; Gibson and Watkinson, 1999; Koopman ef al., 1999; and Maclean and Hoy,
1991) and is summarized by Franklin (1996). The Helen Mine, a volcanic-exhalative
siderite deposit in the Wawa greenstone belt is also characterized by a broad foctwall
alteration zone (Morion and Nebel, 1884), and is unique among volcanic-exhalative ore-
deposits in the Superior province because of iis base-metal poor mineralogy (Goodwin
ef al., 1985). Although there is some variability in the nature of the alteration facies and
their geometry below the ore bodies, they can be broadly subdivided into a distal,
semiconformable alteration zone of sericite, Mg-rich chiorite and andalusite (Franklin,
1996; and Maclean and Hoy, 1994), and a discordant, proximal, chlorite-rich, quariz
and Fe-sulphide-bearing alteration zone. There is agreement among workers that these
alteration zones were developed during the circulation of metal-charged hydrothermal
fluids within submarine, volcano-sedimentary complexes, that lead to the deposition of

volcanic-exhalatfive mineral deposits.

3.3 Field and analytical methodology

The SESGB study area is centred on the Huffman Township base-metal sulphide
occurrence, about 100 km south-west of the city of Timmins in northern Ontario (Figure
3.1). Data were collected from 1 : 50 000 scale and 1 : 5 000 scale geological mapping,
whole-rock lithogeochemical analysis and petrographic analysis of thin sections
prepared from outcrop exposures and diamond drill core. Additional samples were
collected from correlative strata underlying eight townships east of the map area of
Figure 3.2 and supplement those taken from the study area. The field area has been
extensively logged for the past 30 years, resulting in improvements to access and
enhancing outcrop exposure to approximately 1-2% of the study area (Heather and

Shore, 1999).

14
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Lithogeochemical data has been compiled from analysis of 42 samples of volcanic rock
collected by the first author from outcrop and diamond drill core in the SESGB, and from

8 sample compositions from an unpublished database compiled by J. Harris and cited in

Harris ef a/. (1999).

A 2 to 4 kilogram sample was taken from each outcrop, and a 1 kg portion was removed
from the original sample block for analyses. Drill core samples are composites

reflecting entire IF intersections, with two 2 cm-long pieces taken from each metre of IF.

Samples were sent to TSL Assayers in Swastika, Ontario where they were crushed to a
minus 10 mesh and a 200 g split was taken. The 200 g sample was then puiverized io
70-90% minus 150 mesh with a ring puiverizer. To measure the loss on ignitiona 1 g
split was roasted for 2 hours at 1000 ° C, weighed, and the LOI was calculated by
dividing this weight by the original weight of the sample. A 5 g split was taken and
analysed for Au using standard fire assay procedures. An additional 5 g split was taken
and analyzed for Zn, Pb and Cu, by flame atomic absorption (FAA) spectroscopy. The
remaining pulverized sample was then sent to the TSL Assayers laboratory in
Vancouver where C and S were determined by infrared methods and the left-over
pulverized sample was roasted for 2 hours at 1000 ° C to oxidize the sulphide
component of the sample. A 5 g split of the roasted, pulverized sample was fused with
a lithium metaborate flux, dissolved in HNO; and analyzed for major elements and Cr,
Zr, Y, Cu, Zn, Ni, Co, Nb, V, Sc, Be, Ba and Sr by ion-coupled plasma atomic emission
spectroscopy (ICP-AES). The total concentration of iron (Fe** and Fe®) is expressed as
Fe, 0, and all sample compositions listed in this paper have been normalized on a
volatile free basis such that major element concentrations (expressed as oxides) total {o

100 wt.%.
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Zinc and Cu values used in this study are from analysis by ICP-AES unless > 500 ppm,
in which case FAA analyses are reported. Selected pulps were also analyzed for trace
elements and REE by ion-coupled plasma mass spectroscopy (ICP-MS) at ActlLabs in

Ancaster, Ontario, from a solution derived from a fused sample.

All sampiles from outcrop and archived drill core were examined macroscopicaiiy to
estimate modal mineralogy. A representative suite of polished thin sections was
prepared by G. Panagioditis at the McGill University Rock Preparation Lab, and
examined under a petrographic microscope by the first author. Least-altered samples of
each rock type discussed in this paper were chosen based on the near absence of the
secondary minerais sericite and chlorite present in hand specimens and thin sections

and relatively low LOI.

3.4 Geology of the Chester Group and Chester Granitoid
Complex

The 8 km? area considered in this study is underiain by volcanic rocks belonging to the
Chester and Trailbreaker groups, and was mapped at a scale of 1 : 5 000 (Figure 3.2).
The southern edge of the supracrustal stratigraphy abuts against the foliated biotite (%
hornblende) tonalite rocks of the Ramsey-Algoma Batholith. The lower 1.2 km of
volcanic stratigraphy is assigned to the Chester Group and has been dated at 2739 (x2)
Ma (Heather ef al., 1995); the upper mafic rocks, stratigraphically above the
hydrothermal sedimentary horizon, are assigned to the October Lake Formation of the
Trailbreaker Group (TOmj) of Heather and Shore (1899), and have been dated at 2707

(#2) Ma (Heather ef al., 1995).

The southernmost rocks of the Chester Group consist of a 1 000 m thick sequence of

basaltic flows with well-developed pillow forms and inter-pillow hyaloclastite. The rocks
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have been assigned to the lowest unit of the Chester Group, the Arbutus Formation
(CAm) of Heather and Shore (1999). A 25 m thick by 750 m long horizon of variolitic
mafic flows occurs conformably within the upper quarter of the CAm basalt flows (Figure
3.2), and is composed of 0.2 to 5 cm diameter, popcorn-shaped, leucocratic variolites
within a fine grained, melanocratic matrix (Figure 3.3a). The variolites become smaller
toward the upper and lower contacts of the unit, but individual pillow-forms and extrusive
textures are not well developed. The CAm sequence is weakly schistose and both
schistosity and primary, planar volcanic features strike east-south-east and dip
subvertically. Pillow facing directions consistently indicate that stratigraphy youngs to

the north.

A 100-300 m thick sequence of felsic volcanic rocks and their epiclastic equivalents
overlies the CAm in the study area. The felsic volcanic rocks have been assigned 1o the
Chester Group, Yeo Formation (CY) of Heather and Shore {1999), and are subdivided
into dacite, rhyolite and low-Ti rhyolite on the basis of their major element geochemistry
(Figure 3.4; see below). Dacitic rocks are compositionally homogeneous but display two
distinct textures at the Huffman Township property. in the centre of the map area, very
finely laminated, quartz-feldspar-phyric dacite is exposed north of the hydrothermal
sediments. Dacite south and east of the IF consists of quartz and feldspar phenocrystic
fragmental rocks, and dacite in the east-central part of the map area is characterized by
laminated, quartz- and feldspar-phyric ash tuff and fragmental textures (Figure 3.3b,c).
Because massive and flow textured dacite is absent from the map area, we suggest that

the vent for the dacite lies outside map area of Figure 3.2.

Massive and locally flow-banded rhyolite occurs in a 100 m thick dome in contact with

basalt of the CAm in the centre of the map area (Figure 3.5a), while ash tuff and lapilli
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tuff occur in the upper rhyolite, in contact with hydrothermal sediments (Figure 3.3d}. in
thicker portions of the CYf to the east of the Huffman Township Zn-Pb showing, nearly
all felsic volcanic material sampled is of rhyolite composition. U-Pb age determinations
of zircons from a lapilli tuff of rhyolitic composition in the SESGB place felsic volcanic
activity in the CYT at the fop of the Chester Group at 2739 (+ 2) Ma (Heather ef &/,

1995, 1996).

A second sequence of aphyric to quartz-phyric massive, flow-banded rhyolite and
rhyolitic ash tuff, having a composition consistent with more evolved or more highly
fractionated rhyolite referred to herein as low-Ti rhyolite (Figure 3.4, Table 3.1), is
exposed stratigraphically above and to the west of the rhyolite dome. The low-Ti
rhyolite varies from weakly foliated and massive at the base to fragmental and

volcaniclastic both northward and laterally across the map area (Figure 3.5b).

Hydrothermal sediments occur within the map area of Figure 3.3 both at and near the
top of the CYf. Well-banded, chert and magnetite bearing iron formation (IF) is exposed
at the western end of the study area in a sequence up to 25 m thick (Figure 3.5d). At
the west end of the study area, IF is in contact with low-Ti rhyolite to the south and mafic
volcanics of the Trailbreaker Group, October Lake Formation (TOm) to the north. To the
west, iron- and silica-rich hydrothermal sediments are generally poorly laminated,
brecciated, thinner and occur along less continuous horizons. At the centre of the study
area, hydrothermal sediments containing sub-economic quantities of Zn and Pb
sulphides overlie both low-Ti rhyolite and a second, upper horizon of rhyolite ash tuff. At
the western end of the alteration study area, a iack of outcrop and diamond-drill holes
along the CYf—TOm contact, precludes exposure of the hydrothermal sedimentary

horizon, however, airborne geophysical survey data (Ontario Geological Survey, 1993)
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and horizontal-loop electromagnetic (HLEM) survey data (L. Bonhomme personal

communication, 2000} suggest that the hydrothermal sediments extend westward ailong

the contact, beyond the edge of the study area.

Well-pillowed basalt and massive gabbro of the TOm formation outcrops across the map
area to the north of the hydrothermal sediments, and pillow facings consistently indicate
that top is to the north. Narrow, highly strained, strongly schisiose domains striking east
south-east run through the basalt 100 m north of its lower contact. The basalt sequence
is intercalated with discontinuous horizons of well-laminated, interflow sediment.
Numerous fine-to medium-grained mafic dykes with sharp, relatively unaltered contacts
cross-cut Chester Group stratigraphy in the centre of the map area. These dykes are
interpreted to have fed the Trailoreaker group magmatism and do not appear on Figure

3.4.

The Chester Granitoid Complex (CGC) truncates the CAm volcanic stratigraphy and is
stratigraphically (and structurally) overlain by the CYf and Trailbreaker Group volcanics.
The CGC comprises a northern trondhjemite phase and a southern diorife phase
(Heather and Shore, 1999). The trondhjemitic phase is composed of biotite
trondhjemite, tonalite, quartz-rich tonalite and feldspar porphyritic tonalite with sub-metre
wide pyrite veins enveloped by planar, magnetite-chiorite-epidote altered selvages
(Heather and Shore, 1999) locally containing up to 2 wt.% Cu and anomalous
concentrations of goid (Fulmerton ef a/., 1893). The southern gdioritic portion of the CGC
is composed of hornblende diorite, hornblende quartz diorite and leuco-diorite and has
been observed to both cross cut the trondhjemitic intrusives and occur as inclusions
within the trondhjemite phase (Heather and Shore, 1999). Both phases of intrusive

contain up to 1% disseminated magnetite. U-Pb ages of 2740 (+2) Ma have been
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determined by Heather and van Breeman (1984) from zircon crystals obtained from the

CGC trondhjemite.

High field-strength element g

Lithogeochemical studies of metamorphosed and hydrothermally altered rock are often
hampered by element mobility, especially the alkali and alkali-earth elements or large
ion lithophile elements (LILE), and transition elements. In the case of alteration
associated with VMS deposits, immobility of high field-strength elements (HFSE) and
rare-earth elements (REE) is well-established (c.f., Barrett and Maclean 1994; Finlow-
Bates and Stumpfl, 1981; MacLean and Barrett, 1993; MaclLean and Kranidiotis, 1987)
and the interpretation of chondrite-normalized REE patterns and HFSE concentration
ratios such as Zr/Y has consequently become widespread as a means of classifying
altered and metamorphosed voicanic rocks in greenstone belts (Lesher et af.,, 1988,

Barrett and Macl.ean, 1999, Prior ef a/., 1999).

Average bulk rock major- and trace element compositions of Chester Group basalts
{CAm) and felsic volcanics (CYY) are listed in Table 3.1 and REE concentrations for
individual analyses appear in Appendix 3.1. CAm basalts have low concentrations of Zr,
and Y, a low Zr/Y ratio, and relatively high concentrations of Ti (Figure 3.6; Table 3.1).

A plot of REE concentrations of CAm basalt normalized to C1 chondrite (cf. Boynton,
1984) vields a flat pattern (La/Yb, = 1.2) with only minor enrichment of all REE over

chondrite (Figure 3.73).

CYf rhyolites and dacites have similar Zr/Y ratios, that are considerably higher (>5) than
those of low-Ti rhyolite and CAm basalt. CYf rhyolite and dacite have fractionated REE

patterns, and are more enriched in the LREE La, Ce, Pr, Nd and Sm than CAm and
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chondrites (Figure 3.7). Chondrite-normalized (La/Yb), ratios are 6.7 and 6.0,
respectively, for dacite and rhyolite, and REE patterns for CYf rhyolite show a negative

Eu anomaly (Figure 3.7b). The CYf rhyolite and dacite have similar HFSE ratios and

overall abundances to the CHC frondhjemite (Figure 3.6, Figure 3.7}.

CYf low-Ti rhyolite has the highest AlfTi ratio of Chester Group volcanics (160; Table
3.1), and a lower Zr/Y ratio than the CY¥ rhyolite and dacite (Table 3.1; Figure 3.6).
Low-Ti rhyolite also has a lower (La/Yb), and lower REE abundances than the CY¥
dacite and rhyolite (Figure 3.7). Overall REE abundances and HFSE ratios are similar

between CYT low-Ti rhyolite and CGC diorite (Figure 3.8, Figure 3.7).

3.6 Alteration of volcanic stratigraphy underlying SESGB
hydrothermal sediments

3.6.1 Petrography of altered felsic volcanic stratigraphy associated with
hydrothermal sediments

Qutcrop and drill core mapping of SESGB stratigraphy indicates two distinct
hydrothermal alteration mineral assemblages. The most common alteration facies (type
1), consists of finely disseminated sericite within milky white feisic volcanic and
volcaniclastic rocks. Within hyaloclastic, volcanic breccia and fragmental rocks,
matrices consist of fine-grained quartz and sericite, locally resulting in a characteristic
matrix-recessive weathering pattern (Figure 3.3d). Sericite occurs as individual, pristine
grains 5-20 ym long and 1-5 ym wide in tuffaceous rocks (Figure 3.8a). Sericitic
alteration is associated with quartz-filled veiniets and primary breccia matrices (Figure

3.8b).

Petrographic studies indicate that chiorite-rich alteration occurs in breccia and

hyaloclastic matrices, in which cases, fragments are altered to quartz and sericite
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(Figure 3.8¢). In areas of stronger alteration, fine-grained chiorite and sericite are
overprinted by coarser muscovite, bictite and garnet porphyroblasts (Figure 3.8d).
Biotite and muscovite porphyroblasts have cleavages obligue to those in sericite and
chiorite indicating later formation and mineralogical re-equilibration during regional-
metamorphism (Figure 3.8d). The assemblage characterized by chlorite-sericite =

muscovite 1 biotite £ garnet defines type 2 alteration in the SESGB area.

3.6.2 Mass-changes accompanying hydrothermal alteration

Net mass-changes and individual elementai fluxes caused by hydrothermal alteration
were calculated for CYf samples by the single precursor technique outlined in MacLean
and Kranidiotis (1987) and MaclLean and Barrett (1993). The principle of the single-
precursor method is that inter-element ratios of immobile elements are maintained

. during addition or subtraction of mobile elements.

Precursor compositions for dacite, rhyolite and low-Ti rhyolite were compiled from
whole-rock analyses of least-altered samples and are listed in Table 3.1. The immobility
of Al and Ti during hydrothermail alteration in the SESGB can be demonstrated with a
bivariate plot of ALO, versus TiO,, in which altered samples of similar initial composition
plot along lines trending through the origin thus maintaining constant inter-element ratios

despite addition or subtraction of mobile elements (Figure 3.9).

Caiculation of net mass-change or mass factor (MF) for altered CYf rocks is based on
the ratioc of Al in the appropriate precursor to Al in each altered sample (e.9., ALO; precursor
! AlLO; arerea sampie)- 1 NE calculation of pre-alteration compositions was accomplished by
multiplying the concentrations of each by the MF. The appropriate precursor

composition was then subtracted from the resulting reconstituted composition to arrive
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at calculated elemental mass-changes. Altered rock compositions, mass-factors,

reconstituted compositions and mass-changes are reported in Appendix 3.2.

Hydrothermal alteration involving both mass-gains and mass-losses has affected CYf
rocks underlying the Huffman Zn-Pb cccurrence. Samples from across the SESGRB
showing predominantly type 1 sericitic alteration underwent net mass-gains of Si, and K
K was gained in roughly similar proportions to iosses of Na (Table 3.2). CYfsamples
with type 2 alteration assemblages underwent loss of Si and Na, and enrichment of Fe,
Mg, Mn, S, Zn and Cu compared to the precursor, however, some rocks with relatively
weak type 2 alteration overprinting type 1 alteration experienced minor net mass-gains.
Petrographic analyses of sericite-quariz altered samples indicate that much of the silica
added during type 1 alteration takes the form of quartz in-fillings of fractures and primary
pore spaces. Type 1 and type 2 alteration facies can be distinguished on the basis of

alteration mineral assemblages and mass-changes, which are summarized in Table 3.2.

Field relations of types 1 and 2 alteration are illustrated in Figure 3.10. The only
exposures of type 2 alteration found during mapping of the SESGB for study were
observed in drill core and outcrop in the map area of Figure 3.2. This is aiso the only
area where flow-facies or (magmatic) vent-proximal felsic volcanic material was
observed in the SESGB. Furthermore, exampies of strong type 2 alteration of
volcaniclastic material were restricted to rocks within 250 m of Zn-Pb sulphide
mineralization and proximal to synvolcanic faults, iraceable by north-south displacement
of volcanic contacts during detailed mapping (Figure 3.10). Examples of type 1
alteration were found in the westernmost exposures of CYf low-Ti rhyolite in the
SESGB, in one low-Ti rhyolite sample from the Huffman Township showing (Figure

3.10), and in locations up to 25 km east of the showing.
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3.7.1 Paleo-tectonic setting of the Chester Group felsic volcanics

The high Zr/Y and (La/Yb), ratios of the Yeo Formation dacite and rhyolite are similar io
those of the CGC trondhjemite, and are consistent with the HFSE concentrations of
Archean calc-alkaline volcanic centres elsewhere in the Superior province (Barrett and
Maclean, 1999, Barrie et al,, 1993; and Lesher ef al., 1986). Petrogenetic models for
the formation of these calc-alkaline magmas require the presence of garnet either as a
crystallizing phase during fractionation, or as a stable phase in the residua during partial
melting (Lesher ef al., 1986). Partition coefficients (C;) for La and Zr between garmet
and a coexisting feisic melt are low (C; = 0.39 and 1.2 respectively) compared to those
for Yb and Y (C, = 43.475 and 35 respectively), giving rise to a HREE and Y-depleted

melt (Rollinson, 1993, Table 4.3, p. 110-111).

Low-Ti rhyolite has Zr/Y and chondrite-normalized La/Yb ratios (4.0 and 5.7
respectively) within the range of the Fii or Flil rhyolite types of Lesher ef al. (1986) and
the tholeiitic category of Barrett and MaclLean (1999); however, low-Ti rhyolite lacks the
elevated concentrations of HFSE of these rhyolite types. Therefore, we propose that
the CYf low-Ti rhyolite represents a distinct type of HFSE-depleted tholeiitic rhyolite not
yet documented in the Superior Province. We reason that the low Zr/Y and La/Yb ratios
of the CYT low-Ti rhyolite and CGC diorite are a result of a second magma batch that
underwent high-level fractionation within a near-surface magma chamber, similar to that
proposed for Flli type felsic volcanics (Lesher et al., 1986). Unlike Flll type magmas,
this magma assimilated large quantities of HFSE-depleted mafic crust {e.g., CAm

basailt), and gave rise to a magma that was relatively depleted in the HFSE.
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A four-step petrogenetic model is proposed for the CGC and CYT volcanic rocks. Partial
fusion of garnet peridotite in the mantle produced a LREE- and Zr-enriched magma that
was emplaced into oceanic crust (CAm basalt). CY¥ dacite and rhyolite were extruded
onto the CAm basalt from the trondhjemitic portion of the CGC in a volcanic-arc setting.
A second batch of magma coliected within the CGC and, during fractionation to felsic
composition, assimilated large quantities of HFSE-depleted CAm basait resulting in a
less LREE-enriched, and overall HFSE-depleted felsic magma. This sub-volcanic
magma-chamber is preserved as the diorite phase of the CGC. High-level plagioclase-
dominated fractionation of the relatively HFSE-depleted magma led {o a second
extrusive phase within the volcanic-arc, and resulted in the emplacement of the CY¥ low-
Ti rhyolite flows and pyroclastics on top of the CYf volcanic arc. Following extrusion of
the CYf submarine volcanic-arc, hydrothermal sediments were deposited within the
volcanic-arc basin during the approximately 15-26 Ma interval that preceeded exirusion

of the TOm basalt.

3.7.2 Quantitive comparison of alteration in the SESGB, and at the Horne
and Helen mines

The Horne and Helen mines are both well-studied and economic mineral deposits in the
Superior Province, that, like the Huffman Township Zn-Pb showing, are hosted by
variably-altered felsic volcanic complexes. A quantitive comparison of the alteration
zone mass-changes and geometries of these formeriy-producing deposits with that of
the Huffman Township showing is helpful in evaluating whether the hydrothermal
sediments of the SGB represent an intermediate member of a continuum of polymetaliic
massive-sulphide mineralization (pyrite-chalcopyrite-sphalerite-gold), and volcanic-

exhalative Fe mineralization (siderite-pyrite).
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Caiculations of average percent-change compared to precursor compositions indicate
that there were additions of 28% SiO, and 862% K,0 and a loss of 51% Na,O in quartz-
sericite altered rocks stratigraphically below and distal to the Horne mine (calculated
from data in MacLean and Hoy, 1994). By contrast, the type 1 alteration of CY¥ volcanic
rocks distal to base-metal mineralization in the SESGB was characterized by the relative
addition of an average of 16% SiO,, and 148% K,0, and a loss of 66% Na,O (Figure
3.11a). Although the trends of silicification and Na/K exchange are common to distal
alteration zones at the Horne Mine and the Huffman Township Zn-Pb showing, the
magnitudes of such changes are considerably greater in the vicinity of the Horne

orebody.

Mass-changes associated with type 2 alteration in the SESGB proximal to the Huffman
Township showing were also similar in nature, but smaller in magnitude than those
calculated for the proximal, discordant, chiorite-stringer networks stratigraphically below
the Horne orebody. The relative mass-gains in the Horne, chlorite alteration-pipe were
220% Fe,O; and 432% MgO, whereas the mass-losses were 72% Si0,, 100% Na,0,
and the net mass-loss was 33% (calculated from data in MaclLean and Hoy, 1994). At
the Huffman Township showing there were mass-gains of 349% Fe,0;, and 174% MgO,
losses of 18% SiO, and 57% Na,0, and a net mass-loss of 1% for type 2 alteration.
These calculations reveal that the hydrothermal system at the Huffman Township Zn-Pb
showing was significantly richer in Fe (and poorer in Mg), but less effective in leaching
silica and alkaii-elements than the system associated with the Horne massive sulphide

deposit.

Hydrothermally altered felsic volcanic rocks in the stratigraphic footwall of the Helen

siderite mine in the Wawa greenstone belt, Ontario (Morton and Nebel, 1984), consist
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mainly of rhyolite with dome, block and ash flow morphologies and subordinate massive
mafic to felsic intrusives. A very broad, semi-conformable sericite and pyrophyliite
alteration zone (8 X 2 km) is overprinted by a diffuse {1 X 2 km) discordant Al-silicate
{(Mn-chloritoid and andalusite) and chlorite alteration zone (Morion and Nebel, 19684).
Similar to type 1 alteration in the SESGB, sericitic alteration below the Helen mine is
distal to exhalative mineralization and is characterized by the addition of K, Mg and Fe
and a loss of Na (Morton and Nebel, 1984). Morton and Nebel (1984) concluded that
proximal chiorite alieration at the Helen Mine occurred through replacement of sericite
and/or primary albite and that this is reflected in the addition of Fe, Mg and Mn, and loss
of Na, K and Si, like that of type 2 alteration at the Huffman Township showing. Morton
and Nebel (1984) and Goodwin ef al. (1985) have proposed that the relatively diffuse
nature of the alteration and the base-metal poor composition of the ore at the Helen
Mine were a result of low-temperature hydrothermal circulation, with a high water/rock

ratio and poorly focussed hydrothermal venting onto the seafloor.

The Horne polymetallic massive sulphide deposit, Helen siderite deposit, and the
Huffman Township Zn-Pb showing can be placed in a continuum of volcanic-exhalative
mineral deposits that have regionally extensive sericite-quartz alteration zones and
proximal chloritic alteration zones. The exhalative products of each of the systems
define a continuum between Fe-rich, base- and precious-metal poor (e.g. Helen mine},
and Cu, Zn, and Au rich deposits (e.g. Horne mine). The intensity, focus, and
distribution of alteration zones and corresponding mass changes also form a continuum
between the roughly 1 km wide proximal chloritic alteration zone at the Helen mine, the

500 m wide, fault controlled zone of type 2 alteration at the Huffman Township showing,
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and the networks of intense, sub-meter wide chlorite stringer systems at the Horne mine
(MclLean and Hoy, 1981).

3.7.3 Constraints on hydrothermal fluid composition and water/rock ratio
of alteration for SESGB

The results of the mass-change calculations presenied above and the nature of the
volcanic-exhalative rocks indicate that fluids responsible for the alteration of the
volcanics and the deposition of hydrothermal sediments in the SESGB transported large
amounts of Fe and K, with lesser guantities of Mg, Mn, S, Zn, Pb, and CO,. Seawater
and unaltered dacite, rhyolite and low-Ti rhyolite are reiatively poor in Fe, K, Zn, Cu and
S, and are unlikely sources for these components in SESGB altered rocks and
hydrothermal sediments (Table 3.1 and Table 3.3). Although altered dacite and rhyolite
are in direct contact with hydrothermal sediments in the SESGB, young CAm basalt may
have acted as a large reservoir for heated, Fe and base-metal-bearing, acidic fluid prior
to the extrusion of the CYf volcanics. Warm, basalt-equilibrated hydrothermal vent fluids
such as those sampled in modern back-arc and mid-ocean ridge hydrothermal fields
(Scott, 1997), and those generated experimentally (Seyfried and Bischoff, 1981; Shiraki
et al., 1987 ) indicate that seafloor basalt is a reasonable source of Fe, K, Znand S

(Table 3.3).

The potential of CAm basait to have been the source of Fe for SESGB hydrothermal
sediments can be tested by a simple mass-balance calculation. Hydrothermal sediments
at the top of the Chester Group in the SESGB have an average thickness of 5 m, and
contain ~ 30 wt.% Fe,0,. The CAm basalt contains an average of 11.53 wt.% Fe,0;,
and has a thickness of over 1 000 m. Mass-balance requires the remobilization of just

0.15 wt.% Fe, O, from the CAm basalt to account for the 30 wt.% Fe,0; in the IF.
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The minimum water/rock ratios required to alter dacite, rhyolite, and low-Ti rhyolite can
be calculated using mass-changes of Fe and K for type 1 and type 2 alteration facies.
Compositional data from hydrothermal vent-fluids in modern back-arc basins,
interpreted here to be analogous to the paleo-tectonic environment of the Chester
Group volcanics, can be used to estimate the Fe and K concentrations of volcanic-
exhalative fluids in the SESGB. Hydrothermal fluids from modern back-arc basins are
heated, acidic solutions that are considerably enriched in 8i, K, Fe, Zn and Pb compared
to seawater and mid-ocean ridge fluids, and have compositions similar to those obtained
from fluid-inclusions in Kuroko District ores (Table 3.3). The minimum water/rock ratio
required to produce the enrichment 467 mmol/kg K typical of type 1 altered Chester
Group felsic volcanics (2.1 wt.% K,0; Table 3.2} is 6, assuming a fluid with a K content
of 73.7 mmole/kg, the most K-rich fluids yet sampled from back-arc basin venis (Table
3.3). The minimum water/rock ratios for type 2 alteration of CYT volcanic rocks can be
estimated by considering the mass-gain of Fe,O; (Table 3.2), and the Fe content of
back-arc basin fluids (Table 3.3). To achieve the 739 mmol/kg Fe-enrichment (5.9 wt.%
Fe203, Table 3.2) via interaction with a back-arc basin fluid containing 1.71 mrhol/kg

Fe, a minimum water/rock ratio of 432 is required.

The estimates of the water/rock ratios associated with types 1 and 2 alteration are
consistent with a model in which hydrothermal fluids are dispersed through a large

volume of volcanic rock (type 1) or focussed along narrow conduits (type 2).

3.7.4 Alteration model for Chester Group felsic volcanics

The depletion of type 1 quartz-sericite altered rocks in Na,O and their enrichment in K,O
(Figure 3.12a) is interpreted to have occurred because of the reaction of primary

plagioclase to secondary sericite:
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13.1]  3NaAISi,O, + K* + 2H* = KALSI,0,,(CH), +6Si0, +3Na*

Similarly, the systematic loss of Na,© and gains in Fe, Mg and Mn (Figure 3.12b) that
accompanied type 2 (chlorite-sericitetbictitexgarnet) alteration can be explained either

by transformation of primary plagioclase to chiorite by the reaction:

[3.2] 2NaAlSi,0p + 5(Fe Mg,Mn)?" + 8H,0 = (Fe,Mg,Mn);AL,S1,0 ,(OH), + 35i0, + 2Na* + 8H* ,

or by overpriniing of sericite by chlorite through the reaction:

[3.3] 2KALSi,0,,(OH), + 15(Fe,Mg,Mn)?* + 3Si0, + 24H,0 => 3(Fe,Mg,Mn);Al,S1,0,,(OH), + 2K* + 28H"

Rocks undergoing type 1 alteration were enriched in Si (Figure 3.12c¢,d), as a result of

the reaction:

[3.4] H,Si0,aq) = Si0,+ H,0

while many rocks exhibiting type 2 alteration underwent depletion of Si (Figure 3.12¢,d)

by the reverse reaction.

Experimental and theoretical studies show that silica solubility in hydrothermal fluids is
strongly temperature dependent and effectively independent of pH (Rimstidt and
Barnes, 1980). Thus a warm, basalt-equilibrated, quartz undersaturated fluid interacting
with large volumes of Chester Group volcaniclastics would initially dissolve quartz but
would soon cool, depositing quartz and occluding the primary porosity of CYf rocks on a
regional scale. This hypothesis is validated for type 1 altered rocks, by the calculation of
Si mass-gain and net mass-gain, which is consistent with a loss of porosity. As porosity
was occluded, fluid-flow was focussed along active syn-volcanic faults where type 2
alteration occurred af higher water/rock ratios. Because of the relatively high flow rates,
and high water/rock ratio of alteration, these later hydrothermal fluids would have
transferred relatively little of their heat to the surrounding rocks and consequently, their
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capacity to carry silica would not have diminished significantly. They would therefore
have remained undersaturated with respect to silica and dissoived quartz from the CY¥

volcanics by the reverse of reaction [3.4], thereby explaining the calculated loss of 8i0O,

and overall net mass-ioss that accompanied type 2 alteration.

Mass-gains in K, Fe, Mg and Mn (Figure 3.12e) are consistent with the occurrence of
sericite in altered volcanic fragments and with chiorite in the matrices of type 2 altered
rocks. Figure 3.12f shows the strong correlation between the changes in SiO,

concentrations for type 1 and type 2 altered samples and net mass-changes.

A five-step model is proposed for type 1 and type 2 alteration facies developed within
CYf volcanic rocks in the SESGB. (1) Seawater is circulated through and reached
equilibrium with warm CAm basalt (Figure 3.13a); (2) emplacement of the CGC at 2740
(£2) Ma and the extrusion of the CYf-CYf volcanic-arc complex (ca. 2739 Ma) develops
thermal and pressure gradients that facilitate circulation of basalt-equilibrated
hydrothermal fluids (Figure 3.13b); (3) cooling fluids upwelling from CAm basalts
interacted with porous CYf volcaniclastics, causing alteration of primary plagioclase to
sericite and deposition of quartz, leading o decreases in permeability (Figure 3.'130);

(4) flow of hydrothermal fluid is focussed by reduced permeability to zones near active
synvolcanic structures, enabling type 2 alteration to overprint type 1 alteration at higher
water/rock ratios (Figure 3.13d) and; (5) hydrothermal vents develop on the seafioor at
the margins of the CYf arc-complex and lead to localized base-metal sulphide deposition
and voluminous metalliferous sediment precipitation from a hydrothermal plume (Figure
3.13e). Hydrothermal sedimentation may have continued for 36-28 Ma until the eruption

of the 2707 (£2) Ma Trailbreaker Group volcanics.
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3.8 Conclusions

The principal conclusions of this study are:

1.

Chester Group volcanic rocks within the SESGB comprise pillowed amygdaloidal
and variolitic basalt of the Chester Group Arbutus Formation (CAm), and quartz-
and feldspar-phyric dacite and rhyolite with massive, laminated pyroclastic, and
fragmentatl textures of the Yeo Formation (CYf). The Chester Group volcanic
rocks are overlain by 5-20 m of hydrothermal sediments, containing sub-
economic Zn-Pb-sulphide mineralization. These geological features are

indicative of submarine volcanism and voicanic-exhalative activity.

Macro-scale textural characteristics combined with HFSE analyses of CYf dacite,
rhyolite and low-Ti rhyolite indicate deposition in a submarine volcanic-arc

setting.

A magma of calc-alkaline affinity produced the CYf dacite and rhyolite, and the
CGC trondhjemite. The CYT dacite and rhyolite are geochemically similar to the
Fl-type of Lesher et al. (1986), the group IV type of Barrie et al. (1993) and the
calc-alkaline-type of Barrett and Macl.ean (1999). These felsic voicanic types
are not known to be associated with economic VMS deposits in the Superior

province.

A second batch of magma assimilated large quantities of HFSE-depleted mafic
crust (CAm) during fractionation to felsic composition in a shallow sub-volcanic
magma chamber. This magma was the source of the CYf low-Ti rhyolite, which

has low overall abundances of HFSE and low Zr/Y and (La/Yb), ratios. Such
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uniformly HFSE depleted rhyolite magmas have not been documented in other

parts of the Superior Province.

5. CYf volcanics underwent regionally extensive, porosity-occiuding, sericite-quartz
(type 1) alteration, characterized by loss of Na, addition of Si and K, and net

mass-gain, with a minimum estimated water/rock ratio of 6.

8. Chiorite-sericitetbiotitexgarnet (type 2) alteration occurred at paleo-hydrothermal
vent sites localized along synvolcanic fault structures. Alteration was associated
with loss of Na, addition of Si, and K, and minor net mass-loss, requiring

water/rock ratios in excess of 400.

7. The fluids responsible for Type 1 and type 2 alteration were both quartz-
undersaturated and initially equilibrated with basalt. During type 1 alteration,
fluids became saturated in quartz through a combination of extensive interaction
with felsic volcaniclastics and cooling, while fluids became quartz-undersaturated
during type 2 alteration because interaction with the volcaniclastics was localized

and cocling was minimal.

8. From the perspective of alteration mass changes, alteration intensity, alteration
zone architecture and hydrothermal products, hydrothermal sediments and base-
metal sulphide mineralization from the SESGB can be placed in a continuum
between polymetallic massive-sulphide deposit such as the Horne Mine, and

siderite-pyrite iron deposits such as the Helen Mine.
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Appendix 3.1: Lithogeochemical data

Sampie £a74 B476 5478 B4T5 5450 BU01753 RO0az12 BUD&Z18 BOD42EA i
flag I2H 1BH |BH iBH 13H 184 1BH 120 1BH 184
Sic, 74.64 4878 5588 71.21 7553 £5.46 54.36 8341 8107 $1.12

ALO; 0.54 1.03 0.55 0.60 0.25 0.46 0.68 0.21 0.05 625
Fe,0y 14.84 42.08 26.13 15.94 15.66 41.31 31.27 14.22 17.65 3429
Cal 8.75 2.38 7.14 7.65 8.25 0.22 154 0.20 0,07 0.24
1gO 2.86 429 555 3.77 1.85 1.23 1.38 a.70 0.91 3.80
Na,& 0.0t 0.02 0.01 0.01 0.01 0.01 0.08 0.04 0.01 0,01
K0 0.02 0.05 0.01 0.01 0.01 0.02 0.12 1.04 0.02 0.03
Tio, 0.02 0.04 0.01 0.02 0.01 0.03 0.03 0.02 0.01 0.02
MnO 0.45 0.19 0.75 0.41 0.38 0.03 0,23 0.4 0.10 0.08
P06 0.06 0.14 0.17 0,37 0.04 0.23 0.20 0.08 8.11 0.7
Tic 338 0.88 552 352 198 6.15 0.03 0.57 301 XL
s 1.62 0.87 4.81 0.90 3.83 0.14 0.14 0.51 0.03 0.28
L0} 7.74 2.30 5.03 9.10 3,55 1,30 145 353 0.41 0,98
Vv 437 823 73.8 LX) 521 E1.4 61.3 36.4 304 6.0
cr 2975 98.2 2533 458.8 369.9 67.8 93.2 104.2 1314 85.5
Co* 5.5 103 52.8 55 15,6 102 2.9 3.6 25 20.3
Ni* 41.9 26.8 61.2 32,0 26.0 163 26 28 25 2.5
cw 16.5 10.3 168.9 33.1 198.0 117.0 153.1 36.4 50 121.9
Zn* 2.8 406.4 221.7 55.1 104.2 25 26 26 33.3 358
Ga® 1.9 43 2.6 17 1.3 2.8 53 1.4 13 28
Ge’ 3.80 3.92 2.57 324 3.08 12.45 458 4.21 4,01 8.56
As® 516 26 25 28 28 25 26 7.5 25 2.5
Mo® 2.9 45 1.1 28 1.0 1.0 1.0 22 1.0 2.7
Ag? 0.3 0.1 0.7 0.1 05 0.1 0.1 0.1 0.1 0.4
n® 0.055 0.208 0.053 0.055 0.052 0.103 0.256 0.052 0.050 0.111
sn® 08 0.5 0.5 0.6 0.5 05 3.8 0.5 0.5 05
sb* 0.110 0.103 0.106 0.250 0.104 0.884 0.102 0.104 0,101 0.751
w 0.3 14 03 0.3 0.3 0.3 0.3 1.4 0.3 0.3
A 1.1 212.0 433 187 7.3 346 17.4 7.3 7.4 3.0
™ 0.028 0.026 0.026 0.028 0.026 0.025 0.028 0.026 0.025 0.025
Py’ 1.4 1.0 61.2 259.1 8.3 1.0 1.0 1.0 1.0 1.0
Bi° 0.06 0.05 0.05 0.06 0.18 1.05 1.03 0.29 0.05 0.20
Be 28 26 26 2.8 28 2.5 26 28 25 2.5
Rb* 0.6 05 0.5 06 0.5 0.5 0.5 05 0.5 0.5
Sr 33,1 61.7 137.2 44.4 417 20.3 10.2 5.2 7.8 10.2
cs® 0.1 0.1 0.1 0.1 0.1 9.1 0.1 0.1 0.1 01
Ba* 19.4 15.2 16 1.7 103 55 1145 7.0 16.7 22.8
Sc 28 28 53 238 26 25 26 28 25 25
\s 6.6 6.9 7.6 17.7 5.9 7.2 75 2.6 3.6 8.6
‘ zr 9.9 9.1 7.8 8.2 82 6.8 117 43 56 7.2
Np* 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 a1 6.1
HE 0.23 0.33 0.16 0.26 Q.15 0.20 0,30 0.05 0.05 0.18
Ta 0.01 0.02 0.01 0.01 0.01 0.01 o.11 0.01 0.01 0.01
" 0.2 0.4 01 0.1 0.1 0.2 02 0.1 0.0 0.2
[ 0.t 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
La 32 4.1 5.5 3.4 39 42 40 1.2 2.0 4.3
ce® 6.1 85 3.1 6.4 56 8.7 7.4 2.4 37 10.3
pe 0.7 1.0 0.4 08 0.7 1.0 0.8 0.3 0.4 13
Nd® 3.158 4,066 1.770 3,997 2983 4297 2279 1,120 1.808 5.084
sm® 0.717 0.865 0.500 1417 0.748 0.916 0.720 0.250 0.35% 1.413
B’ 0.690 0.746 0.447 0.964 0.609 0.569 0611 0228 0.370 0.757
Gd® 0.773 0.815 0.682 1651 0.807 0.907 0.770 0.283 0.358 1.028
™ 0,142 0.181 0.154 0.323 0.144 0.185 0.139 0.054 0.071 0.183
oy* 0.862 0,993 1.019 2.056 0.839 1.019 0.838 0.368 0.442 1402
Ho' 0.192 0.220 0.222 0.426 0.181 0.226 0.223 0.087 0.109 0.235
£ 0.587 0.706 0.862 1.150 0.550 0.723 0.729 0.264 0.337 0.744
™ 0.082 0.108 0.088 0136 0.081 0.108 0.110 0.040 0.051 0.111
b 0515 0.727 0.568 0.700 0.525 0.694 0.682 0.270 0.323 0.750
Lo’ 0.081 0.111 0.086 0.104 0.078 0.106 0.103 0.040 0.048 0.117
UTME 410663 416173 470401 410401 470401 475325 376170 311060 411769 412147
UTMN 5270758 5270756 5270735 5270759 5270771 5271245 5270340 5270668 6271443 5271340

-All data have been normalised to a voletile free basis such that major oxides total 100%.
-Major oxides, S, total inorganic carben (TIC) and foss on ignition (LOI) are expressed as weight percent, Au is expressed in parts per billion,
and all other trace elements as parts per million. The letiers ND indicate that no data are available.

El

-analysis key indicates analysis by ICP-MS

* indicates analysis by ICP-AES or AA

-flag key first letter: sample fype: V=voicanic sampls, C=Chester Granitoid Complex
second fetter; lithology type: VB= basalt, VD=dacite, VR=rhyolite, VL=low-Ti rhyolite, CD=diorite, CT=trondhjemite
third letter: -alteration type: F=least altered, A=altered, S=type 1, C=type 2, E=epidote-quartz
-sample locations are given in NADB3 projection for UTM zone 17
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sampie . AUDAZA0 RUsA242 ALOAZAE o BUOBRTE RU0BE0 AUDGOEA Ausoass RU0B5S2 ALOBEAR

fiag 1BH 1BH IBH 1BH 1BH =l 1BH IBN BN
$i0, 58.10 89.29 87.05 57.26 56.49 3049 65.34 £9.65 75.03
Al 0.07 0.04 0.24 0.59 0.82 0.61 1.5 0.18 0.30
Fe,05 27.37 2472 12.20 4124 44.45 75.46 30.43 27.09 22.99
Ca0 1.59 1.49 0.03 0.14 0.43 9.39 0.54 0.21 0.49
#MgO 2.87 391 0.18 0.28 0.30 2.45 1.75 2.59 222
Na,0 0.01 0.01 0.05 0.04 0.17 0.01 0.01 8.0 0.01
K0 0.01 0.01 0.02 0.06 0.0¢ 0.09 0.01 o.08 0.04
TiO» 0.01 0.01 0.01 0.02 0.02 0.02 0.08 0.01 0.01
MnoO 0.08 0.41 0.17 0.08 0.05 0.40 0.10 0.05 0.85
P,0s 0.12 0.11 0.04 0.27 0.23 0,47 0.18 0.42 0.06 0.10
Fic 357 0.47 0.08 0.05 0.06 0.05 248 (K 006 0,24
s 0.56 0.17 0.21 0.14 0.1 20.50 1.05 0.41 0.20 0.11
LOI 11.08 1.28 2.14 3.75 0.08 19.49 10,15 1,24 0,37 0,01
W 563 50.9 30.8 23.0 20 312 439 753 151 15.4
cr 111.4 205.4 126.7 130.3 175.3 87.3 172.9 1374 267.3 1355
co 58 10.2 2.7 8.8 50 250 187 5.1 5.0 5.0
Ni* 2.8 56.0 26 26.4 45.1 56.1 39.0 20.3 403 251
Cu* 56.3 25 26 344.0 50.1 2433 3346 5.1 45.4 30.1
n 185.9 2.5 57.5 78.2 20.6 143.5 524.2 25 25 25
Ga® 1.5 1.8 1. 3.3 2.8 ND 5.1 1.4 ND 26
Ge* 6.22 6.55 517 6.89 14.52 ND 311 1.92 ND 1.38
As® 14.9 25 8.0 143 25 ND 52.2 15.5 ND 25
wo® 1.4 10 1.0 1.0 1.0 ND 1.1 1.0 ND 1.0
Ag 0.1 0.1 0.1 05 0.4 1.9 1.0 0.1 0.1 02
In® 0.056 0.051 0.051 0.052 0.050 ND 0.146 0.051 ND 0.050
sn® 0.6 0.5 0.5 0.5 1.2 ND 0.8 0.5 ND 05
sk* 0.113 0.245 0.103 0.528 1.592 ND 1.031 0.587 ND 0.374
we 0.3 0.3 0.3 1.7 1.4 ND 17 [s%:] ND 1.0
Au? 7.9 7.1 17.5 7.3 1.0 183.4 23.4 1.0 1.0 1.0
™" 0.028 0.025 0.026 0.026 0.025 ND 0.028 0.025 ND 0.025
PB? 1.1 1.0 1.0 1.0 8.0 143.5 7.8 1.0 1.0 1.0
Bi® 0.08 0.05 0.05 0.15 0.12 ND 0.13 0.13 ND 0.14
Be 28 25 26 26 2.5 3.1 2.8 25 2.5 25
Rb* 0.6 05 0.5 45 46 ND 17 3.7 ND 47
S 56.3 85 5.1 10.4 30.0 12.5 223 20.3 202 30.1
cs® 01 0.1 0.1 02 03 ND 0.2 0.2 ND 04
Ba* 4.4 22.0 17.7 165.8 38.7 74.9 11.2 42 30.3 12.2
Sc 2.8 25 26 26 25 3.1 2.8 2.5 25 25
‘ v+ 48 40 4.0 8.0 6.7 a1 7.4 8.2 25 4.4
2 83 5.1 46 8.4 7.4 37.4 14.8 6.1 20.2 8.9
Nb* 0.1 0.1 0.1 0.1 02 82 05 0.1 5.0 0.1
Hf 0.16 0.05 0.05 0.9 0.20 ND 0.40 0.1 ND 0.21
Ta? 0.02 0.01 0.01 0.02 0.03 ND 0.05 0.01 ND 0.01
T 0.2 0.1 0.1 03 0.3 ND 06 03 ND 0.4
u? 0.1 0.0 0.0 0.1 0.2 ND 02 02 ND 0.1
La’ 1.9 2.1 2.1 3.1 7.8 ND 6.1 19 ND 1.0
ce? 33 4.0 3.5 8.4 14.7 ND 13.4 36 ND 1.8
P 0.4 05 0.4 0.7 1.5 ND 15 0.4 ND 0.2
Ng® 1664 1.996 1.555 2.890 8.293 ND 8.143 2.099 ND 0.799
sm® 0.342 0.413 0.307 0.656 1.284 ND 1.358 0.566 ND 0.214
Eu® 0.384 0.321 0272 0.750 0.956 ND 0.917 0.588 ND 0.187
Gd® 0.406 0.465 0321 0.729 1.157 ND 1.256 0.750 ND 0.292
™ 0.082 0.086 0.055 0.121 0.178 ND 0.198 0.127 ND 0.080
py* 0.550 0.548 0.381 0.764 1.037 ND 1.188 0.767 ND 0.396
Ho? 0.124 0.114 0.093 0.172 0.202 ND 0.252 0.163 ND 0.102
EC 0422 0,366 0.313 0.512 0.581 ND 0.748 0.480 ND 0.354
Tm® 0.062 0.053 0.047 0.071 0.077 ND 0.101 0.069 ND 0.055
b’ 0.392 0.345 0.304 0.533 0.548 ND 0684 0.446 ND 0.341
Lu® 0.055 0.064 0.049 0.083 0.080 ND 0106 0.066 ND 0.080
Uime 412292 410667 412925 415784 417093 419150 419150 412600 26175 428283
UTMN 5271327 5270771 5271486 5271121 5270699 5269575 5269570 5334210 5335790 5336075
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Sample  ALOGSAT AL0GS50 RUBETAT AUGE 748 AUOBTS0 AUCS50% AUDB700 AUOBEID AUDEEeS

flag 1BN IBN 1BN 18N 1BN 185 1B IBT [E
Si0, 84.76 75.19 36.51 50.43 4525 82 46 §2.40 44.08 7553
A1,0, 0.12 0.14 0.0 0.0 0.01 0.22 0.14 .98 0.28
Fe,0y 28.31 19.34 62.34 45.17 48.32 12.69 14.88 §1.30 19.94
cal 1.46 2.02 0.31 1,09 153 3.31 0,38 0.44 192
MgO 2.83 2.53 043 2.95 4.49 1.01 1.85 154 1.92
Na2,0 0.0t 0.01 0.03 0.06 0.06 0.04 0.01 2.04 0.02
K0 C.01 0.01 0.1 0.05 0.06 0.07 0.08 0.13 0.02
TiO; 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.0
MnO 1.42 0.65 0.04 0.05 0.11 0.13 0.24 6.10 0.41
P,04 0.08 0.08 0.22 0.18 9.14 0.05 0.05 0.32 0.4
TiC 603 0.04 5,02 533 855 ] 6.05 643 3.05
s 0.08 1.69 013 0.24 0.04 143 0.33 2.76 1.99
LOI 0.01 .83 0.01 16.32 20,78 276 2.47 3.37 0.53
T 5.4 (X 446 0.0 632 381 25,7 76.0 30.2
cr= 188.7 265.4 87.4 162.0 164.4 299.5 215.7 1246 232.4
Co* 25 5.1 35 8.0 32 52 15.4 156 25
Ni* 16.1 265 14.9 18.0 126 15.5 411 26.0 253
Cu® 15.9 97.0 129.0 102.0 82.2 286 113.0 207.6 106.1
zn* 25 255 34.7 78.0 59.6 26 §2.2 26.0 25
Ga® ND ND 1.9 ND ND 1.8 ND ND ND
ce* ND ND 561 ND ND 0.26 ND ND ND
As® ND ND 25 ND ND 28 ND ND ND
Mo® ND ND 1.0 ND ND 2.9 ND ND ND
Ag? 0.1 0.3 0.1 0.1 0.1 X:] 0.2 0.4 04
n® ND ND 0.050 ND ND 0.052 ND ND ND
sn® ND ND 0.5 ND ND 0.5 ND ND ND
sb* ND ND 0.099 ND ND 0.411 ND ND ND
wt ND ND 0.6 ND ND 3.1 ND ND ND
A 1.0 1.0 20.8 12 8.9 10.3 72 1.0 1.0
v ND ND 0.025 ND ND 0.026 ND ND ND
Pb? 10 1.0 10 12 1.3 3.1 1.0 1.0 10
Bi° ND ND 0.10 ND ND 0.11 ND ND ND
Be 25 28 2.5 3.0 3.2 26 26 28 25
Rb® ND ND 3.2 ND ND 34 ND ND ND
sr 10.0 20.4 69.4 96.0 88.5 16.7 71.9 20.8 202 90.4
cs? ND ND 0.2 ND ND 0.3 ND ND ND ND
Ba* 10.0 10.2 6.4 12.0 126 58 10.3 10.4 0.4 226
Sc 25 26 25 3.0 3.2 28 26 26 25 28
¥* 25 26 8.0 3.0 32 5.1 2.6 52 5.1 2.8
‘ 2z 10.0 10.2 57 240 253 7.7 10.3 415 10.1 226
Nb* 5.0 5.1 0.1 6.0 83 0.1 5.1 5.2 51 56
H® ND ND 0.10 ND ND 0.17 ND ND ND ND
Ta® ND ND 0.00 ND ND 0.01 ND ND ND ND
™ ND ND 0.1 ND ND 0.2 ND ND ND ND
u® ND ND 0.1 ND ND 0.2 ND ND ND ND
La® ND ND 43 ND ND 22 ND ND ND ND
ce’ ND ND 8.5 ND ND 52 ND ND ND ND
P ND ND 0.8 ND ND 06 ND ND ND ND
Na? ND ND 3.455 ND ND 2.687 ND ND ND ND
sm® ND ND 0.852 ND ND 0.684 ND ND ND ND
Eu® ND ND 0.377 ND ND 0.545 ND ND ND ND
ad® ND ND 0528 ND ND 0794 ND ND ND ND
T ND ND 0.101 ND ND 0.139 ND ND ND ND
oy° ND MND 0.678 ND ND 0.790 ND ND ND ND
Ho® ND ND 0.155 ND ND 0.182 ND ND ND ND
= ND ND 0.523 ND ND 0.488 ND ND ND ND
Tm® ND ND 0.079 ND ND 0.065 ND ND ND ND
A ND ND 0.562 ND ND 0423 ND ND ND ND
Ly’ ND ND 0.088 ND ND 0.063 ND ND ND ND
UTME 420423 437750 401780 404166 407070 371200 374485 385242 352502 3771415
UTMN 5335940 5337083 5333620 5333753 5333760 5285560 5285600 5288732 5278588 5291475
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Appendix 3.1: Lithogeochemical data

sampie . ALUGETZ iy ADD6590 AU0G6E1 AUDBT04 ADDS708 RUDETID RU06736 RUBeT37 AUOB

flag {87 BT BT 187 18T 8T BT BT 18T BT
3i0, 53,02 54.33 71.05 6654 56,79 €583 57.13 5561 74.56 70.35
ALD, 0.65 0.47 0.78 0.18 0.01 0.01 1.09 0.35 0.01 0.18
Fe,0, 41,45 31.38 19.32 19.95 38.09 2813 35.80 39.86 23.00 24.54
CaQ 2.05 1.05 516 8.72 1.49 0.15 476 286 0.35 166
MgO 2.29 2.08 2.16 442 0.36 161 0.88 0.88 126 1.84
Na,0 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.13 c.10 0.1
%0 0,01 0.01 0.02 0.03 0.08 014 912 012 0.18 0.08
YiO, 0.02 0.0t 0.02 0.0 0.01 0.01 0.03 0.02 0.01 0.02
#MnO 023 0.74 0.42 0.81 0.07 0.05 0.13 0.19 0.43 1.10
P05 0.28 0.21 002 0.11 0.09 0.05 0.05 0.19 0.11 0.1%
Tic E10 242 140 AT 0.35 002 291 0.02 504 524
s 3.88 0.06 236 0.51 0.12 0.18 1.13 028 0.01 0.50
1.0 16.42 13,19 578 11.41 0.38 0.40 6.00 0.01 0.47 7.15
F 36.0 7.3 Z1.3 173 E53 353 8.1 76.0 30.2 54.0
cr 197.8 201.8 234.4 186.4 221.0 1414 224.3 149.9 131.0 2758
Co* 3.0 2.9 21.3 238 30.1 10.1 26.7 5.0 25 27
i 18.0 28.8 426 226 35.2 202 427 10.0 25.2 218
cu* 125.9 519 1395.8 56.5 25 403 170.8 104.9 125.8 145.9
n* 1139 161.4 1758 2.8 20.1 148.1 240.3 70.0 453 108.1
Ga* ND ND ND 15 3.9 11 43 29 ND 27
Ge’ ND ND ND 0.28 7.28 259 027 577 ND 0.27
As’ ND ND ND 28 33.3 25 7.2 25 10 22,4
Mo® ND ND ND 1.4 2.7 10 2.6 23 ND 1.1
Ag? 05 03 1.1 0.5 0.1 01 0.1 0.2 0.1 0.1
In® ND ND ND 0.056 0.050 0.050 0.053 0.050 ND 0.054
sn® ND ND ND 08 18 05 9.5 a5 ND 0.5
sb? ND ND ND 2.480 1.662 0.328 0.583 0.577 ND 1.108
w? ND ND ND 086 1.8 08 2.4 1.2 ND 1.4
Au? 12 16.1 1.1 1.1 3.0 10.1 1.1 10.0 10.1 3.2
i ND ND ND 0.028 0.025 0.025 0.027 0.025 ND 0.027
Pb? 7.2 1.2 256 45 1.0 10 1.1 1.0 10 1.1
8 ND ND ND 0.12 0.1 0.05 0.05 0.10 ND 0.05
Be 3.0 29 2.7 28 5.0 25 27 25 25 27
Rb® ND ND ND 1.4 7.5 12 1.5 48 ND 5.0
s 24.0 115 32.0 452 50.2 60.5 1175 70.0 ND 118.9
cs® ND ND ND 0.1 16 0.1 0.1 33 ND 0.1
Ba* 12.0 231 10.7 3.4 16.3 44 5.9 15.0 10.1 9.7
Se 3.0 28 2.7 28 2.5 25 27 25 27
. \6 8.0 5.8 53 28 57 36 40 52 25 45
ze 24,0 231 21.3 63 58 5.1 14.8 86 10.1 8.7
Ni* 6.0 5.8 53 0.1 1.8 0.1 0.4 0.2 ND 0.1
He® ND ND ND 0.12 0.17 0.10 0.30 0.21 ND 0.16
Ta® ND ND ND 0.01 0.02 0.01 0.03 0.02 ND 0.01
T ND ND ND 0.1 05 0.1 0.2 0.3 ND 02
u? ND ND ND 0.0 0.4 0.0 0.1 0.2 ND 0.1
La’ ND ND ND 1.3 7.0 22 16 27 ND 25
ce* ND ND ND 23 166 48 3.6 55 ND 47
P ND ND ND 02 17 0.5 0.4 08 ND 05
Nd® ND ND ND 1.008 7.135 2.109 2.002 2.639 ND 2.013
Sm® ND ND ND 0.250 1.184 0.453 0.502 0.575 ND 0.432
=0 ND ND ND 0.378 0.451 0.416 0.265 0.351 ND 0.479
Gd® ND ND ND 0.302 0.920 0.448 0.547 0.609 ND 0.444
™* ND ND ND 0.052 0.128 0.081 0.105 0.103 ND 0.076
py* ND ND ND 0.343 0.774 0.508 0827 0.655 ND 0.537
Ho' ND ND ND 0.074 0.157 0.108 0.133 0.144 ND 0.121
e ND ND ND 0.232 0.456 0.350 0.436 0.432 ND 0.386
™ ND ND ND 0.034 0.052 0.051 0.088 0.057 ND 0.055
o' ND ND ND 0,239 0.406 0.347 0.437 0.394 ND 0.381
L ND ND_ ND 0.039 0.054 0.053 0,069 0.061 ND 0.062
UTME 377415 377665 378113 3768113 387050 386150 375558 379267 376600 300130
UTM N 5291475 5283230 5262872 5282872 5287075 5281720 5291515 5288757 5289215 5284580
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Appendix 3.1: Lithogeochemical data

sampie . AUOBIA1 RUGGTAR ACOB04 ALOBS07 Aloes08 AUDGB14 RU0B516 AU06517 RUDES1S UG

2
flag 18T 18T BW 1BW 1BW 1BW 1BW 1BW 1BW IBW
Si0, ©8.95 58.01 45.33 19.04 13.63 6.68 23.19 €5.56 5.76 B8.51

ALO, 0.07 0.45 0.81 0.50 a.71 032 0.34 0.70 1.72 0.28
Fe,0; 25.44 3615 45.41 89,51 77.33 76.07 6464 21.28 78.89 35,52
Ca0 237 294 0.57 083 .19 564 3.38 3.65 0.49 258
Mgo 147 3.69 494 7.02 6.16 8.34 823 3.68 7.75 4.33
Na,0 0.08 0.22 0.2 0.21 0.27 0.14 0.18 0.16 0.10 0.18
K,0 002 0.13 0.07 0.06 0.12 0.94 0.09 0.15 0.08 0.14
T, 0.01 0.03 0.05 002 0.04 001 0.03 0.02 0.08 c.01
MnG 0.75 0.28 2,57 2.85 1.08 259 1.78 062 1.87 133
£,0; 213 012 0.13 0.17 0.16 0.17 0.14 9.15 0.25 5.13
Tic 280 5.02 133 716 770 Bo7 569 300 pAT C.68
s 2,81 0.14 10,60 1370 20.50 18,90 18.10 3.48 17.8C 2142
10 9.22 0.01 5,35 9,57 10.61 21.25 20,54 8.80 11,96 2.81
v 332 552 435 D77 450 57,2 ZB3 6.5 E0.8 528
cr 254.2 90.3 207.4 88.7 73.1 139.8 189.1 2473 129.9 405.2
Co* 2.8 5.0 31.9 38.8 33.7 50.8 50.4 27.5 33.9 10.3
Ni® 221 75.3 74.3 85.4 106.8 95.3 107.1 440 107.3 31.0
Cu* 77.4 165.6 212 111 56.2 76.2 378 567.0 1186 1136
e 171.3 80.3 276.1 419.1 472.1 166.2 499.2 307.7 480.0 353.2
ca* ND ND ND ND ND 34 3.2 ND ND 286
Ge* ND ND ND ND ND 0.32 032 ND ND 0.79
As® ND ND ND ND ND 32 18.2 ND ND 8.7
Mo® ND ND ND ND ND 1.3 1.3 ND ND 4.1
Ag? 0.4 0.1 04 0.1 0.6 08 0.6 0.4 05 0.5
in® ND ND ND ND ND 0.064 0.063 ND ND 0.135
sn® ND ND ND ND ND 08 0.6 ND ND 05
se* ND ND ND ND ND 0.127 0.126 ND ND 0.881
w ND ND ND ND ND 20 2.1 ND ND 10.4
Au? 34.3 7.0 40.3 510 11 125.8 303 3.3 62.1 1.0
™ ND ND ND ND ND 0.032 0.032 ND ND 0.026
P 1.1 1.0 1.1 37.7 19 5.4 63 11 1.1 96.0
B ND ND ND ND ND 0.21 0.17 ND ND 141
Be 2.8 25 27 2.8 2.8 3.2 3.2 2.7 238 26
Rb® ND ND ND ND ND 06 28 ND ND 59
s 132.6 110.4 106 111 56 25.4 37.8 33.0 113 31.0
cs® ND ND ND ND ND 0.1 02 ND ND 2.0
Ba* 11.1 10.0 10.6 111 225 5.9 6.4 11.0 113 143.2
Sc 2.8 25 53 2.8 2.8 6.4 6.3 27 56 28
\s 28 25 53 55 28 16.2 9.4 11.0 18.9 6.4

. zr 11.1 201 31.8 44.4 45.0 13.6 14.0 22.0 79.1 9.4

Nb* 55 50 5.3 55 56 0.1 0.3 55 56 03
HE ND ND ND ND ND 0.28 033 ND ND 0.19
T ND ND ND ND ND 0.01 0.03 ND ND 0.01
™ ND ND ND ND ND 03 0.4 MD ND 0.2
u® ND ND ND ND ND 05 08 ND ND 0.3
La® ND ND ND ND ND 5.8 46 ND ND 27
ce? ND ND ND ND ND 86 75 ND ND 7.0
P ND ND ND ND ND 0.8 07 ND ND 05
Nd® ND ND ND ND ND 3.859 3.087 ND ND 2274
sm® ND ND ND ND ND 0.883 0.785 ND ND 0.529
Ed® ND ND ND ND ND 0.698 0.494 ND ND 0.505
ed’ ND ND ND ND ND 1.201 0.890 ND ND 0.823
™° ND ND ND ND ND 0.229 0.170 ND ND 0.114
py* ND ND ND ND ND 1.531 1.243 ND ND 0.680
Ho® ND ND ND ND ND 0.361 0.281 ND ND 0.147
e ND ND ND ND ND 1.232 0.901 ND ND 0.464
Tm® ND ND ND ND ND 0.195 0.154 ND ND 0.087
¥b® ND ND ND ND ND 1.269 1.056 ND ND 0.437
Lu® ND ND ND ND ND 0.230 0.181 ND ND 0.067
UTME 380130 378956 405830 400980 470186 408565 408015 308015 270470 358528
UTMN 5284580 5289200 5298432 5208487 5298460 5298227 5297925 5207525 5208576 5293083
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Appendix 3.1: Lithogeochemical data

Sample  AUDGSSS AUOBEA AL06528 ADOBE 27 RUGARIE AUOBEZS AU05532 ALDeE3S F ) AUEETS

flag 1BW BW 1IBW 1BW 1BW BW 1BW 1BW 1BW 1BW
810, ) 5183 70.38 7402 71.65 5496 86.66 46.95 60.36 64,24
ALO; 2.48 017 0.16 0.20 0.24 0.38 0.20 0.20 0.14 0.01
Fe 0y 33.29 38.22 21.92 24.26 23.23 35.21 29.08 44.10 3238 31,18
cal 0.38 2.42 3.09 0.11 075 417 0.92 2.89 205 0.54
MgO 480 542 3.73 0.93 3.02 3.99 1.97 3.82 3.32 327
Na,0 0.08 0.08 061 0.01 0.04 0.01 0.01 0.01 0.04 2.01
®,0 0.54 9.16 0.03 2.01 0.08 0.07 6.02 0.01 0.06 0.03
IO, 0.07 2.01 0.6t 0.01 Q.02 0.02 0.01 9.01 0.01 0.01
Mno 1.31 0.77 0.60 0.38 0.94 1.07 1.04 1.90 155 0.68
P,05 0.13 0.12 0.07 0.06 0.06 0.10 0.08 0.11 0.09 0.05
TiC 0.48 103 120 5.90 363 335 522 6.20 467 0.02
[ 4.83 3.95 1.83 2.89 242 276 5.89 3.86 2.82 0.18
01 6.18 522 4.44 9,78 3,76 13.62 11,14 18.57 14.90 0.82
a 427 Fil] 318 TiA 756 351 782 37.0 254 454
cr 261.8 253.9 336.3 510.7 359.6 168.6 3157 185.0 294.3 80.8
co 10.7 5.3 53 222 52 5.8 11.3 12.3 59 10.4
Ni* 427 26.4 31.5 611 313 40.7 50.7 37.0 35.3 202
cu* 149.6 423 188.2 181.0 140.7 104.6 87.7 67.8 70.6 50.5
Zn* 154.9 26 1577 56 26 139.5 28 3.1 29 1413
Ga* ND ND ND ND ND ND ND ND ND ND
Ge® ND ND ND ND ND ND ND ND ND ND
As® ND ND ND ND ND ND ND ND ND ND
Mo® ND ND ND ND ND ND ND ND ND ND
Ag® 1.0 0.5 1.1 0.7 0.5 0.6 0.8 0.6 0.6 0.1
in® ND ND ND ND ND ND ND ND ND ND
Sn® ND ND ND ND ND ND ND ND ND ND
sb* ND ND ND ND ND ND ND ND ND ND
w® ND ND ND ND ND ND ND ND ND ND
Au? 28.8 32.8 357 53,3 7.3 1.2 343.9 §56.5 153.0 1282
kiid ND ND ND ND ND ND ND ND ND ND
Pb* 27.8 11.6 221 21.1 8.3 8.1 413 7.4 2.4 1.0
Bi® ND ND ND ND ND ND ND ND ND ND
Be 2.7 26 26 28 26 29 2.8 31 29 25
Rb® ND ND ND ND ND ND ND ND ND ND
[ 10.7 31.7 84.1 22.2 62.5 93.0 33.8 74.0 82.4 70.7
cs® ND ND ND ND ND ND ND ND ND ND
Ba* 21.4 31.7 21.0 111 41.7 34.9 113 12.3 11.8 10.1
Sc 2.7 2.8 28 28 26 28 2.8 3.1 29 25
. ¥ 53 26 53 56 52 5.8 5.6 12.3 11.8 25
ze 32.1 21.2 10.5 111 10.4 233 11.3 247 118 10.1
Nb* 53 53 5.3 56 52 5.8 58 62 5.9 5.0
HE® ND ND ND ND ND ND ND ND ND ND
Ta* ND ND ND ND ND ND ND ND ND ND
Th® ND ND ND ND ND ND ND ND ND ND
U ND ND ND ND ND ND ND ND ND ND
La’ ND ND ND ND ND ND ND ND ND ND
ce® ND ND ND ND ND ND ND ND ND ND
P ND ND ND ND ND ND ND ND ND ND
Nd® ND ND ND ND ND ND ND ND ND ND
Sm* ND ND ND ND ND ND ND ND ND ND
=N ND ND ND ND ND ND ND ND ND ND
Gd® ND ND ND ND ND ND ND ND ND ND
To* ND ND ND ND ND ND ND ND ND ND
py* ND ND ND ND ND ND ND ND ND ND
He® ND ND ND ND ND ND ND ND ND ND
& ND ND ND ND ND ND ND ND ND ND
Tm® ND ND ND ND ND ND ND ND ND ND
Yu* ND ND MD ND ND ND ND ND ND ND
Ly’ ND ND ND ND ND ND ND ND ND ND
UTME 308766 30E757 398622 309140 399140 400953 359631 356502 359502 306220
UTMN 5203301 5203330 5293722 5294205 5294173 5294070 5294101 5294122 5294131 5291822
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Appendix 3.1: Lithogeochemical data

Tampe AUOeT AL PRI AUOeTaT ALY R AUBTES AUOeTaS R470 Tan1
flag 1BW 1BW 1BW 1BW 1BW 1BW 1BW iS4 1SH I1SH
Si0, 41.65 73,11 70.03 88.44 6027 68.27 16.08 5248 72.83 51.91
AlOy 0.01 0.01 0.70 0.39 0.03 0.01 0.01 318 6.44 13.20
FeyDy 51.33 23.06 25,14 10,12 9.28 29.74 75.45 37.68 13.41 22.87
ca0 1.28 0.31 1.84 0.25 0.03 0.37 0.51 2.21 1,81 3.42
Mgl 4.31 2.35 0.89 0.21 0.03 0.89 458 3.53 2.90 3.01
Na,O 0.01 0.16 012 0.19 0.18 0.14 0.02 0.08 4.90 2.27
K0 0.01 0.08 081 0.20 0.11 0.14 0.05 0.32 0.27 0.70
TiO, 0.01 0.01 0.05 0.01 0.01 0.01 0.01 0.11 C.43 1.04
MnO 1.36 0.84 032 0.12 0.03 0.32 313 0.18 0.13 0.76
P,0s 0.05 0.07 0.11 0.05 0.03 0.13 0.09 0.24 0.08 0.11
Tic B.18 5.66 0.43 0.06 0.01 0.53 0.77 037 GE 204
s 2.13 0.18 11.80 1.56 032 124 25.50 0.48 4.06 0.16
LO! 1.14 0.51 10.78 1.80 0.63 3.86 17,75 2.24 4.62 1.71
' 76.1 252 56.3 35.7 30.2 827 110.0 82.0 1369 173.6
cr 203 2725 3152 464.7 528.8 298.0 85.5 51.1 315.9 58.8
Co* 102 25 11.3 28 25 25 42.8 10.2 36.8 30.6
Ni* 15.2 5.1 16.9 357 20.1 157 97.8 225 684.2 15.3
cu* 2.5 80.7 2027 188.9 141.0 130.7 128.3 30.7 184.2 20.4
Za* 1371 80.5 90.1 1481 85.6 449.6 305.5 286 352.7 108.3
Ga® 1.4 ND ND ND 1.4 22 3.8 7.7 7.8 20.0
Ge* 0.25 ND ND ND 0.25 237 0.31 4.18 1.57 71
As® 2.5 ND ND ND 16.3 207 3.4 26 26 28
Ma® 1.0 ND ND ND 4.0 48 1.2 1.0 1.4 25
ag® 0.4 01 3.3 05 02 0.2 0.2 02 0.4 0.1
n® 0.051 NO ND ND 0.050 0.052 0.081 0.103 0.053 0.051
Sn® 0.5 ND ND ND 05 0.5 0.8 2.7 05 18
sw® 0.102 ND ND ND 0523 1222 0.122 0.879 0.108 0.102
w 0.7 ND ND ND 3.7 13.4 3.0 0.7 [oX:] 0.5
Ad? 1777 21.2 1548.1 178.7 3.0 286.5 29.3 76.9 22.1 31.7
w 0.025 ND ND ND 0.025 0.026 0.031 0.026 0.026 0.026
Pb? 1.0 1.0 10.1 94.0 10.1 324 1.2 22.5 47.4 1.0
Bi® 0.05 ND ND ND 0.15 0.05 0.16 0.05 0.05 0.28
Be 25 2.5 28 26 25 28 3.1 26 26 5.1
Rb® 6.6 ND ND ND 13 4.4 5.0 0.5 a5 9.3
Sr 60.9 80.7 90.1 91.9 100.7 115.0 134.4 307 84.2 367.7
cs? 1.1 ND ND ND 0.1 0.2 0.1 2.2 0.1 0.1
Ba* 15.8 202 45.0 40.9 47 11.0 10.4 45.2 109.4 259.7
Sc 25 25 28 26 25 26 3.1 28 15.8 15.3
o ¥+ 8.2 25 28 286 1.9 6.4 9.5 9.3 8.0 322
zr 5.1 10.1 113 10.2 7.7 37 9.7 27.8 39.6 65.0
Nb* 0.1 5.0 56 5.1 0.1 0.1 0.1 0.4 0.5 6.9
He 0.12 ND ND ND 0.16 0.05 0.20 0.90 109 5.37
Ta* 0.01 ND ND ND 0.01 0.01 0.01 0.09 047 0.70
™ 0.1 ND ND ND 0.2 0.2 0.1 0.8 06 38
u* 0.1 ND ND ND 0.0 0.1 0.2 0.2 02 0.8
La° 28 ND ND ND 12 3.4 16 8.2 4.2 19.8
ce* 57 ND ND ND 25 8.7 26 16.8 9.5 42.9
P 0.6 ND ND ND 0.3 07 03 18 1.2 5.1
Nd? 3.000 ND ND ND 1.016 3.208 1.228 6.924 5.131 20.369
sm® 0.807 ND ND ND 0.214 0.798 0.346 1.371 1.259 4.545
Eu? 0.704 ND ND ND 0.173 0.816 0.228 0.927 0.445 1172
od® 0.938 ND ND ND 0234 0.885 0.559 1.243 1.201 4.429
™ 0.171 ND ND ND 0.038 0.151 0.143 0.215 0.229 0.840
py* 1.056 ND ND ND 0.231 0.880 1.064 1.337 1.408 5287
Ho® 0.233 ND ND ND 0.051 0.188 0.270 0.288 0.286 1.131
E 0.729 ND ND ND 0.166 0.556 0.908 0.907 0.883 3.708
™m® 0.104 ND ND ND 0.023 0.076 0.150 0.126 0.133 0.610
Yi® 0.684 ND ND ND 0.157 0.470 1.006 0.832 0.850 3.897
Lu? 0.104 ND ND ND 0.027 0.069 0.177 0.128 0.122 0.581
UTME 397650 397948 558180 365612 395510 395700 410170 410563 410407 410958
UTMN 5291950 5292380 5292954 5290828 5290925 5260550 5208640 5270720 5270775 52706896
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Appendix 3.1: Lithogeochemical data

sampie . ALOAZIR RUoeer0 AUOSRES RUCB703 AUOe7 28 AU Riioe5a3 AUOBSAY AUIDa502

flag I1SH iSH ISH ISH iSH 1SH 1SN 1SN 1SS
510, 5137 8229 56.24 2845 89.36 BS.75 51.08 36.23 §5.09 65.89
ALO; 12.05 1.48 451 1.13 2.08 0.29 12,94 813 2.89 5.34
Fe 05 32.10 14.86 33.80 66.97 8.58 3.20 2478 49.02 2467 23,00
Cal 0.12 0.10 0.11 0.11 0.35 570 497 1.33 2.48 222
Mgl 3.52 1.00 0.95 0.87 0.95 0.70 2.35 2.26 2.82 2.12
N0 0.01 0.01 0.17 0.01 023 0.19 1.54 0.04 0.02 0.18
K0 0.09 0.01 078 0.12 0.18 0.05 061 1.92 0.07 0.79
TiC, 0.44 0.05 0.20 0.18 0.07 0.01 9.43 0.45 0.09 0.14
MnO 0.03 0.8 0.06 0.07 0.04 0.09 119 0.31 0.80 0.47
£,0s 0.27 0.09 0.10 0.05 0.18 0.02 0.22 0.30 0.07 0.18
Fic ND 0.66 5.02 301 028 TA% 0.07 0.01 0.60 066
s 0.18 1.74 19.60 34.80 355 025 275 077 1.84 6.27
Lot 9.25 4.47 16.50 26,38 3.36 2.34 2.48 10,45 2.96 5.20
& 1857 87 0.3 102.5 26.2 0.3 7.3 118.0 310 389
cr 51.8 199.5 283.3 239.1 3748 350.3 159.8 191.0 154.8 183.2
Co" 22.2 21.0 114.5 81.5 16.8 28 17.4 5.8 103 44.4
N 16.6 315 108.5 82.0 39.1 309 98.0 337 155 72.2
cu* 28 189.0 444.9 3241 2806.4 231.8 98.0 174.1 26 589.7
Zn* 2.8 503.9 577.5 82.0 50648.5 1050.9 28 390.9 2.6 17879.0
Ga® 258 ND ND ND 3.4 ND 16.4 18.8 ND ND
Ge® 10.27 ND ND ND 0.28 ND 028 132 ND ND
As® 123.0 ND ND ND 8.7 ND 28 2.8 ND ND
Mo® 48 ND ND ND 26 ND 1.0 1.1 ND ND
aAg* 0.1 0.4 2.4 28 4.1 0.2 0.6 0.4 0.3 ]
n® 0.280 ND ND ND 0.056 ND 0.052 0.056 ND ND
sn® 3.7 ND ND ND 06 ND 0.5 0.6 ND ND
sb® 0.263 ND ND ND 0.056 ND 0.103 0.601 ND ND
w 0.8 ND ND ND 10 ND 19 0.3 ND ND
Au? 1.1 3.1 410 154.4 7.8 10.3 7.2 165.1 27.9 30.0
T 0.028 ND ND ND 0.031 ND 0.176 0.028 ND ND
Pb® ND 1.0 130.2 266.5 17330.1 3235 1.0 1.1 1.0 3842.3
& 0.06 ND ND ND 0.06 ND 0.11 0.06 ND ND
Be 55 26 3.0 34 28 28 26 56 2.6 2.8
R’ 06 ND ND ND 3.1 ND 20.8 353 ND ND
Sr 15.5 21.0 36.2 54.7 111.8 1236 381.6 150.5 10.3 222
cs® 0.1 ND ND ND 0.1 ND 25 0.1 ND ND
Ba* 14.5 52 1326 41.0 28.9 52 123.2 286.8 10.3 33.3
Sc 10.0 26 12.1 3.4 2.8 26 52 1.2 26 58
. v 244 52 50 3.4 27 26 112 275 5.2 111
zr 122.5 21.0 723 82.0 22.5 10.3 70.0 174.9 31.0 55.5
Nb* 4.9 52 6.0 6.8 05 5.2 3.5 10.2 52 56
Hf 3.92 ND ND ND 048 ND 2.42 5.35 ND ND
Ta® 0.55 ND ND ND 0.06 ND 0.28 1.00 ND ND
™ 42 ND ND ND 06 ND 18 8.9 ND ND
u? 1.0 ND ND ND 02 ND 0.5 1.1 ND ND
La® 15.9 ND ND ND 42 ND 13.0 70.6 ND ND
ce® 33.5 ND ND ND 9.4 ND 28.4 152.4 ND ND
P 4.0 ND ND ND 1.0 ND 3.0 17.6 ND ND
Na® 16.314 ND ND ND 4.180 ND 12.955 85.194 ND ND
sm® 3.577 ND ND ND 0.769 ND 2553 9.771 ND ND
Eu® 2.130 ND ND ND 0.305 ND 0.967 2.035 ND ND
Gad® 3143 ND ND ND 0.582 ND 2.192 6.966 ND ND
Th* 0.604 ND ND ND 0.091 ND 0.327 0.971 ND ND
oy* 3.884 ND ND ND 0.508 ND 1.753 4.978 ND ND
Ha® 0.824 ND ND ND 0.097 ND 0.345 0.941 ND ND
Er 2.567 ND ND ND 0.285 ND 0.975 2813 ND ND
Tm® 0.370 ND ND ND 0.047 ND 0.129 0.415 ND ND
N 2.377 ND ND ND 0.338 ND 2.809 2687 ND ND
Lo 0.358 ND ND ND 0.053 ND 0.112 0.368 ND ND
UTME 412143 416558 413800 2157150 410572 470572 455320 325840 371400 372950
UTMN 5271338 5270993 5271450 5269570 5270770 5270772 5335690 5336065 5285180 5267314
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Appendix 3.1: Lithogeochemical data

sample | AUDBBES AULG538 AUCGES? Jina Alibenss RUCBE4A0 AU0SBT0 RUUBT 35 AL06TaS Avoasoe

flag ISS IST 1ST IST IST 1T ST, 1ST IST ISW
5i0, 57.32 56.49 48.74 64.29 58.35 4575 5589 45.24 4411 62.39
Al,0; 0.34 4.71 592 1.87 3.48 3,06 13.28 2.08 2.05 1.84
Fay0, 1.30 30,14 37.88 28.47 31.05 48.32 17,48 42.44 40.84 31.49
Ca0 0.77 3.84 157 3.08 3.33 0.0 7.08 472 6.08 0.90
MgO 0.15 2.91 4.88 1.81 2.24 2.90 2.16 3.52 5.34 2.39
Na,0 0.01 0.15 0.09 0.01 0.01 0.24 1.95 0.32 0.22 015
K0 0.02 1.23 0.40 0.08 1.00 0.33 0.85 0.18 0.87 0.14
TiO, 0.01 0.18 0.21 0.02 0.18 0.15 0.29 0.1 012 0.07
MnO 0.03 0.12 0.13 0.20 0.17 c.12 091 1.30 0.24 0.49
P;0s 0.08 0.23 0.19 0.18 0.20 0.25 0.12 0.09 0.15 0.12
Fic 0.08 0.32 0.22 X 503 253 0.10 0.01 0.53 012
s 0.07 1.65 8.71 1.27 3.41 876 097 3,70 3.64 6.37
LOt 0.30 3.02 8.98 5.02 10.27 18,79 0.94 2.60 5.35 281
v 50 383 385 27.0 502 485 506 826 5.0 I3
cr 396.9 i19.2 93.5 210.4 1850 4184 187.2 98.4 53.8 200.7
Co* 352 20.7 22.0 11.1 16.8 54.5 10.1 15.5 159.5 56.6
Ni* 40.2 415 55.0 38.8 39.2 54.5 30.3 56.8 318 947
Cut 361.7 171.0 544.4 177.2 140.2 513.8 75.9 129.1 895.1 733.0
zn* 3617 10.4 110.0 1882.8 2.8 649.5 25 77.4 95.7 238.8
Ga* ND ND ND ND ND ND ND 7.0 ND ND
Ge* ND ND ND ND ND ND ND 0.26 ND ND
As® ND ND ND ND ND ND ND 2.6 ND ND
Mo® ND ND ND ND ND ND ND 1.0 ND ND
Ag? 03 0.1 0.3 09 0.4 0.5 0.3 0.2 02 1.2
n° ND ND ND ND ND ND ND 0.052 ND ND
sn® ND ND ND ND ND ND ND 05 ND ND
sp° ND ND ND ND ND ND ND 0.103 ND ND
w? ND ND ND ND ND ND ND 1.1 ND ND
Au? 1.0 10.4 1.1 1.1 14 12 1.0 7.2 11 422
w ND ND ND ND ND ND ND 0.026 ND ND
Pb? 63.3 52 1.1 22 11 1.2 3.0 1.0 21 1.0
Bi* ND ND ND ND ND ND ND 0.12 ND ND
Be 25 26 27 2.8 2.8 3.0 25 26 53 28
Rb* ND ND ND ND ND ND ND 48 ND ND
S~ 100.5 31.1 11.0 33.2 44.8 242 131.5 826 138.2 10.3
cs® ND ND ND ND ND ND ND 38 ND ND
Ba* 5.0 238.4 55.0 111 100.9 485 80.9 18.0 213 10.3
Sc 25 5.2 55 2.8 56 6.1 51 52 27 5.1
. ' 25 10.4 11.0 55 56 6.1 10.1 79 27 5.1
Zr 10.0 51.8 770 332 44.8 485 91.0 23.9 425 30.9
Nb* 10.0 5.2 55 55 56 6.1 5.1 0.7 53 5.4
Hf ND ND ND ND ND ND ND 0.58 ND ND
Ta* ND ND ND ND ND ND ND 0.08 ND ND
™ ND ND ND ND ND ND ND 0.4 ND ND
[t ND ND ND ND ND ND ND 0.3 ND ND
La’ ND ND ND ND ND ND ND 4.0 ND ND
ce® ND ND ND ND ND ND ND 7.9 ND ND
PF ND HD ND ND ND ND ND 08 ND ND
Ng® ND ND ND ND ND ND ND 3.420 ND ND
Sm® ND ND ND ND ND ND ND 0.744 ND ND
Eu’ ND ND ND ND ND ND ND 0.312 ND ND
Gd* ND ND ND ND ND ND ND 0.820 ND ND
™° ND ND ND ND ND ND ND 0.157 ND ND
py* ND ND NG ND ND ND ND 1.018 ND ND
Ho® ND ND ND ND ND ND ND 0.224 ND ND
B ND ND ND ND ND ND ND 0.691 ND ND
™ ND ND ND ND ND ND ND 0.108 ND ND
Yi? ND ND ND ND ND ND ND 0.675 ND ND
Lu® ND ND ND ND ND ND ND 0.104 ND ND
UTME 375835 384271 383796 388075 388784 362821 354825 379362 386576 409830
UTMN 5286172 5288044 5288187 5286394 5286188 5268110 5279629 5288857 5287350 5208432
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Appendix 3.1: Lithogeochemical data

sample  ALGBS0B RU06515 BU06518 AUDG528 AUCBE30 AU06E3T AUDBT 20 RU0BI22 ALOST 34 8473

flag ISW 1SW 1SW ISW ISV ISW ISW 1SW ISW IXH
Si0; 50.08 53.44 4358 63.97 64.52 36.81 69.12 73.24 5975 3608
ALO, 6.87 166 6.84 3.72 2.45 2,50 5.09 1.24 1.38 1.05
Fe,0, 26.65 34.64 3523 24,52 25.20 50.02 23.08 22.03 527 38,75
Cal 0.56 4.73 5.61 1.18 1,86 3.23 0.06 1.09 0.23 12.62
Mgo 2.96 4,38 5.86 290 4.82 4.41 1.82 0.89 0.83 9.71
Na,O 0.50 0.16 0.88 0.61 0.09 0.05 0.13 018 9.22 0.01
K0 1.50 0.08 0.19 2,07 0.08 0.85 0.13 054 017 0.03
TiO, 0.17 0.07 0.74 0.11 0.13 0.16 0.19 0.14 0.04 0.05
Mn0 0.72 053 0.81 0.84 0.57 1.72 028 0.58 0.05 0.70
P05 0.08 021 0.28 0.09 0.16 0.15 0.09 0,10 0.05 0.10
TG 0.05 120 .09 503 028 1E6 502 B.76 0.02 £43
s 2.42 2.88 1.35 9.04 053 511 6.40 2.32 0.7 175
Lol 1,69 3.13 .34 8.49 1.43 2.88 5.30 5,98 0.9 11,99
v 35.5 3.4 T93.8 123 35.8 77.7 482 642 0.2 85,7
cr 183.7 129.7 3212 320.1 3204 82.9 267.8 406.8 454.8 29
Co* 5.1 36.3 45.9 11.0 10.8 259 18.1 214 104 11.4
Ni* 408 726 1112 38.4 76.3 62.2 321 107.0 303 34.3
cu* 107.2 531.1 326.3 197.5 117.0 2435 85.7 224.8 343.3 229
Zn* 598.0 513.5 398.7 87.8 2136 350.2 176.7 460.3 121.3 479.8
Ga® ND ND ND 9.1 58 ND ND ND ND 3.0
Ge® ND ND ND 027 0.89 ND ND ND ND 4.91
As® ND ND ND 2.7 25 ND ND ND ND 7.2
Mo® ND ND ND 1.4 1.0 ND ND ND ND 1.1
Ag? 0.2 0.5 03 4.4 0.3 1.0 09 02 0.1 0.2
n® ND ND ND 0.085 0.051 ND ND ND ND 0.057
sn® ND ND ND 0.5 05 ND ND ND ND 0.6
sb° ND ND ND 0.110 0.259 ND ND ND ND 0.114
w ND ND ND 8.1 13 ND ND ND ND 0.3
AW 17.3 1.0 1.0 1228.5 3.1 14.5 28.9 18.2 10 85.7
L ND ND ND 0.085 0.025 ND ND ND ND 0.029
PB? 68.4 1.0 10 19.7 10 6.2 9.6 11 3.0 1.1
8 ND ND ND 0.13 0.22 ND ND ND WD 0.08
Be 2.6 26 25 27 25 26 27 2.7 25 2.9
RE’ ND ND ND 73.4 5.8 ND ND ND ND 0.5
S 61.2 20.7 1328 329 50.9 93.3 536 856 121.3 343
cs® ND ND ND 12.9 1.7 ND ND ND ND 0.1
Ba* 265.3 10.4 408 208.8 21.8 124.3 53.6 64.2 10.1 7.9
Sc 5.1 15.6 25,5 27 5.1 5.2 27 27 25 57
\G 5.1 15.6 204 52 9.2 10.4 27 27 25 11.7
. zr 51.0 311 408 49.2 34.3 311 64.3 21.4 30.3 8.9
Nb* 5.1 52 5.1 1.1 10 52 54 5.4 51 3.5
H® ND ND ND 1.20 0.82 ND ND ND ND 0.25
T ND ND ND 0.09 0.07 ND ND ND ND 0.01
Th® ND ND ND 07 11 ND ND ND ND 0.3
g ND ND ND 0.3 0.3 ND ND ND ND 0.2
La ND ND ND 49 7.4 ND ND ND ND 55
ce? ND ND ND 10.0 16.1 ND ND ND ND 119
P ND ND ND 1.0 17 ND ND ND ND 1.5
ne® ND ND ND 4.040 8.030 ND ND ND ND 6.441
Sm® ND ND ND 0.884 1.871 ND ND ND ND 1.440
=08 ND ND ND 0.374 0.864 ND ND ND ND 0.866
cd* ND ND ND 0.805 1.679 ND ND ND ND 1.422
T ND ND ND 0422 0.265 ND ND ND ND 0.270
oy* ND ND ND 0.752 1.498 ND ND ND ND 1.728
Ho® WD ND ND 0.149 0.296 ND ND ND ND 0.389
B ND ND ND 0.480 0.871 ND ND ND ND 1.188
Tm® ND ND ND 0.068 0.119 ND ND ND ND 0.171
¥b® ND ND ND 0472 0.806 ND ND ND ND 1.108
Lu® ND ND ND 0.080 0.119 ND ND ND ND 0.173
UTME 410186 408565 410470 388699 402127 402127 308180 306280 356094 410563
UTMN 5298460 £298227 5298576 5293683 5295330 5295405 5292935 5200991 5290446 5270739
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Appendix 3.1: Lithogeochemical data

sampie Bare Ba73 ADDAZIS AUD42PS AUOGLET AU06728 RUICBE] AUOCBEAS AUDCE10 AvoSEIT
flag |XH IXH IXH IXH iXH iXH XN XN IXS XS
Bi0, 79.32 67.16 74.18 92.85 53.50 57.28 47.39 6.30 64.90 5380
ALO, 0.08 0.03 141 0.24 0.82 3.40 13.55 0.73 598 582
Fe,04 14.23 24,98 23.84 3.36 4189 34.48 19.74 80.57 20,01 29.75
CaD 3.44 3.99 0.05 268 0.42 222 7.65 5.03 515 110
MgO 284 3.28 052 0.76 2.80 2.06 4.64 4.39 248 1.94
Na,0 0.01 0.01 0.01 0.01 0,01 0.2 4.92 0.01 0.22 0.31
K,0 0.01 0.01 0.04 0.01 0.23 0.07 0.4 0.62 0.48 0.80
Ti0, 0.01 0.01 0.06 0.01 0.02 0.12 144 0.05 0.189 0.37
MnO 6.22 0.37 0.08 0.06 0.16 0.08 0.35 2.73 0.52 0.13
P05 0.04 0.18 0.13 0.02 0.34 0.15 0,16 0.17 0.08 0.09
Tic 143 577 T.01 0.63 786 0.66 EXE) EXE 062 6.25
s 0.50 0.21 0.48 0.20 9.50 18.10 517 9.89 376 14.00
LOI 4.32 12.88 432 2,14 18.67 14,07 13,63 18.48 4.15 11,92
i 37.0 462 63.2 758 552 T80 3443 3.9 15 875
cr 3225 90.3 147.2 187.4 163.0 276.3 180.4 18.4 199.1 589.6
Co* 28 58 105 2.8 12.1 116.7 75.7 12.3 26.2 126.2
[ 39.1 43.9 26 26 483 1326 146.7 86.1 36.7 211.0
cu* 15,9 58 347.8 26.1 690.8 798.1 1572 129.1 172.9 4989
Zn* 26 43.9 26 570.7 6.0 41748.5 5.8 3.1 397.1 3016.4
Ga® 1 -1.2 4.8 1.4 ND 85 20.4 ND ND ND
Ge* 8.03 4.03 436 4.81 ND 031 0.29 ND ND ND
As® 26 29 28 28 ND 231 14.8 ND ND ND
Mo® 35 12 3.0 28 ND 1.2 12 ND ND ND
Ag? 0.1 0.1 0.1 0.1 1.1 39 2.0 0.8 04 3.2
In® 0.053 0.058 0.053 0.052 ND 0.061 0.058 ND ND ND
sn® 0.5 08 05 0.5 ND 06 08 ND ND ND
sb* 0.106 0.116 0.105 0.104 ND 0.485 0.472 ND ND ND
w 2.3 0.3 0.3 0.3 ND 19 41,1 ND ND ND
Au? 18.0 312 74 31 4432 17.2 12832.4 130.4 5.2 1.1
v 0.026 0.029 0.026 0.026 ND 0.031 0.029 ND ND ND
Pb* 42 1.2 1.1 214.9 12.1 10633.6 12 1.2 3.1 141.1
Bi° 0.05 0.08 0.36 0.05 ND 0.18 0.15 ND ND ND
Be 26 29 26 26 3.0 31 23 3.1 26 2.9
Rb® 0.5 06 0.5 05 ND 36 3.7 ND ND ND
Sr* 21.1 231 53 9.1 24.2 73.7 151.3 81.5 10.5 11.5
cs’ 0.1 0.1 0.1 0.1 ND 02 0.1 ND ND ND
Ba* 35 7.4 40.4 16 72.5 36.7 62.0 12.3 41.9 57.3
Sc 26 2.9 26 28 3.0 31 407 31 52 17.2
. ve 35 54 7.0 27 6.0 8.1 16,6 a1 52 57
z 10.3 7.5 282 15.1 24.2 35.4 103.7 36.9 62.9 57.3
Nb* 0.1 0.1 0.1 0.1 6.0 12 3.3 6.1 52 5.7
HF 0.16 0.14 053 0.24 ND 0.78 2.87 ND ND ND
T2 0.01 0.01 0.04 0.01 ND 0.14 0.19 ND ND ND
T 0.0 0.0 05 0.1 ND 0.9 05 ND ND ND
u* 0.0 0.0 0.1 0.0 ND 03 02 ND ND ND
La’ 1.1 20 53 1.6 ND 96 6.1 ND ND ND
ce® 23 3.9 10.8 3.3 ND 21.0 18.0 ND ND ND
P 03 05 1.3 04 ND 23 2.1 ND ND ND
Na® 1.280 2.087 5.226 1727 ND 9.706 11.357 ND ND ND
sm® 0.335 0.475 1.082 0.363 ND 1.867 3.823 ND ND ND
= 0.357 0.474 0.617 0.211 ND 0.77¢ 1.345 ND ND ND
Gcd* 0.380 0.517 1.014 0.371 ND 1.588 5182 ND ND ND
™ 0.080 0.100 0.172 0.064 ND 0.248 1.080 ND ND ND
Dy’ 0.528 0.655 1.022 0.372 ND 1,391 7.400 ND ND ND
Ho® 0.125 0.144 0.225 0.079 ND 0.254 1.644 ND ND ND
e 0.389 0.433 0.710 0.245 ND 0.777 51417 ND ND ND
Tm® 0.059 0.063 0.100 0.035 ND 0.110 0.768 ND ND ND
Yb* 0.395 0.381 0.633 0.239 ND 0.736 4.749 ND ND ND
Lu® 0.065 0.057 0.093 0.038 ND 0.111 0.712 ND ND ND
UTME 410563 470563 410686 410606 314250 410672 306680 428283 373056 373068
UTMN 5270742 5270754 5270782 5270770 5271650 5270767 5333880 5336055 5287166 5287166
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Appendix 3.1: Lithogeochemical data

sample . AUOBS] AU06S13 006520 AUD6682 L8553 AUD865 ADCERoS AU0BSET L0700 AuosToE

flag X8 1XS XS XS XS XS %8 XS 148 XS
Si0, 52.08 45.77 53.58 50.79 60.61 95,59 35.22 84.04 5818 62.40
Aly04 3.48 5.85 5.60 6.18 6.95 0.48 15.59 0.55 0.01 12.29
Fe,0 25.35 34.92 21.80 4067 27.26 165 42.41 15.00 35.00 16.32
Ca0 4,65 7.71 5.03 0.22 3.03 1.90 033 0.10 2.20 3.43
Mgo 3.38 477 2.83 158 1.37 0.20 4.53 0.16 2.20 1.56
Na,O 013 0.10 043 0.01 0.01 0.01 0.01 0.01 0.01 1.26
o0 0.25 0.12 0.37 0.01 0.01 0.07 0.62 0.08 0.07 2.15
TiO, 0.24 0.44 0.30 0.19 0.25 0.01 0.49 0.02 0.01 033
#MnO 0.32 0.20 0.18 0.07 0.13 0.03 0.12 0.02 1.30 0.24
P,0s 0.12 0.13 017 0.27 017 0.05 0.67 0.05 0.01 0.05
TiC 6.75 [XE] 115 0.02 D64 0.23 0.02 G.01 376 0.11
s 5.74 11,70 7.97 17.50 7.10 0.06 9.1 5.61 7.50 5.08
L0l 8.08 14.72 9.72 12.28 6.47 0.62 10,01 4.50 11,27 5,05
U 788 136.8 78.0 61.0 4.2 25 136.0 314 754 B35
cr 567.8 1201.2 726.0 186.8 2211 425.4 793 4927 176.2 174.8
Co* 32.8 101.1 66.0 590.6 1216 10.1 453.3 21.0 79.1 52.9
N 1485 331.8 90.0 203.7 60.8 203 222.1 72.4 283 79.3
Cu* 198.5 2021.9 1476.1 50379.7 3747.9 3363 12677.9 508.4 322.1 845.4
Zn 1212.1 3270.7 38401.5 1687.4 16915.4 317.1 2017.0 199.2 67.8 1311.9
Ga’ 7.4 ND ND 15.4 ND ND ND 18 16.8 ND
Ge* 1.88 ND ND 030 ND ND ND 4.60 472 ND
As? 87 ND ND 19.2 ND ND ND 22.3 12.5 N
Mo’ 1.1 ND ND 1.2 ND ND ND 1.0 3.9 ND
Ag® 1.0 5.1 5.2 293 45 03 96 0.5 1.2 06
In® 0.055 ND ND 0.060 NG ND ND 0.052 0.057 ND
Sn° 0.5 ND ND 0.6 ND ND ND 0.5 12 ND
sb° 0.055 ND ND 0.121 ND ND ND 0.462 0.938 ND
w 1.1 ND ND 10.3 ND ND ND 0.8 18 ND
Au? 55 36 204 78.3 11 1.0 57.8 1.0 159.3 1.1
T 0.142 ND ND 0.030 ND ND ND 0.026 0.259 ND
Pb? 1157 113.0 13920.6 272.4 3040.4 12.2 192.6 1457 27.1 1.1
8¢ 0.05 ND ND 0.13 ND ND ND 0.05 0.14 ND
Be 2.7 3.0 3.0 3.0 2.8 25 57 26 28 26
Rb’ 8.5 ND ND 06 ND ND ND 1.2 277 ND
S 257 238 24.0 12.1 22.1 60.8 56.7 73.4 67.8 243.3
cs® 1.5 ND ND 0.1 ND ND ND 0.1 0.4 ND
Ba* 29.7 11.9 36.0 3.7 55 101 79.3 4.4 54.3 4126
Sc 10.9 238 12.0 6.0 55 25 11.3 26 2.8 10.6
Y 93 11.9 6.0 8.0 11.1 25 5.7 3.6 10.3 26
Zr 28.9 476 48.0 62.3 66.3 10.1 158.6 11.1 1.0 116.4
Nb* 1.0 5.9 6.0 2.0 5.5 304 57 01 4.0 53
HE .75 ND ND 1.54 ND ND ND 0.18 2.91 ND
Ta® 0.06 ND ND 0.17 ND ND ND 0.01 0.39 ND
T 06 ND ND 1.6 ND ND ND 0.2 3.7 ND
U 0.1 ND ND 0.9 ND ND ND 0.1 0.9 ND
La 4.1 ND ND 3.4 ND ND ND 2.0 6.0 ND
[ 9.1 ND ND 7.2 ND ND ND 45 14.3 ND
Pr 1.0 ND ND 0.8 ND ND ND 05 14 ND
Nd® 4573 ND ND 3.580 ND ND ND 1,993 5.975 ND
Sm® 1.315 ND ND 0.946 ND ND ND 0.493 1.567 ND
Eu® 0.788 ND ND 0.433 ND ND ND 0.323 0734 ND
Gd® 1416 ND ND 1.086 ND ND ND 0.529 1.431 ND
™ 0.258 ND ND 0.187 ND ND ND 0.096 0273 ND
oy* 1.485 ND ND 1.089 ND ND ND 0.543 1747 ND
Ho® 0.298 ND ND 0.241 ND ND ND 0.120 0.359 ND
B 0.870 ND ND 0.805 ND ND ND 0.363 1.080 ND
Tm® 0.115 ND ND 0.132 ND ND ND 0.055 0.158 ND
Yi® 0.725 ND ND 0.957 ND ND ND 0.359 1.082 ND
Lu® 0.104 ND ND 0.174 ND ND ND 0.060 0171 ND
UTME 372917 372911 372950 375650 375640 375660 375650 375880 376807 575713
UTMN 5287296 5287296 5287307 5286115 5286115 5286115 5286120 5286145 5285957 5286245
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Appendix 3.1: Lithogeochemical data

sample . ALOBIOE RUGB738 RUBeT12 AUbes06 AUORTIE BI08 72 AU08748 Fies 2315
flag XS 1XS IXT XW DOW 1XW IXW VBF VBE
$i0, 6469 8507 72.06 50.50 E2.07 £5.85 7877 50.99 £232
ALO, 0.50 192 0.53 9.66 0.01 0.01 0.03 16.13 16.01
Fa,05 30.81 11.35 26.19 32.37 40.83 3715 18.42 12.22 10.84
a0 0.31 0.156 0.10 0.31 082 0.40 0.28 9.29 8.52
MgO 2.38 0.87 0.78 525 4.44 3.69 1.78 6.50 5.90
Na,0 0.01 0.14 0.01 0.19 0.01 2.03 0.09 2.98 241
K,0 0.10 0.04 0.09 0.08 0.08 0.20 0.04 0.32 0.21
TiO, 0.02 0.10 0.03 018 0.01 0.01 0.01 134 1.10
Mno 1.11 0.08 0.15 1.29 168 0.59 0.58 0.23 0.18
P,0s 0.05 0.06 0.06 0.18 0.05 0.07 0.02 0.01 0.10
Fic 0.03 6.14 166 0.03 0.14 0.01 0.20 6.9 241
s 3.06 1.83 9.3¢ 845 0.03 0.47 4,15 0.01 ND
[Xe] 3.96 2.29 14,04 5.43 0.23 0.58 2.52 2.00 6.400
v 17 36.0 33.8 453 453 505 463 ND 260
cr* 1356 575.7 445.5 136.8 302 111.2 3186 ND 180
Co* 20.9 15.4 395 54.7 10.1 51 5.1 478 51.0
Mi* 36.5 72.0 67.7 49.3 20.1 10.1 46.3 41.1 110
cu* 2295 348.5 124.1 186.1 25 126.3 169.6 40.1 220
zn* 240.0 107.9 107.2 10268.2 85.6 288.0 257.0 1245 86
Ga* ND 38 ND 12.0 ND ND ND ND ND
aé ND 0.26 ND 0.55 ND ND ND ND ND
As® ND 26 ND 27 ND ND ND ND ND
Mo* ND 1.0 ND 1.1 ND ND ND ND 1.1
Ag? 02 0.3 6.1 0.9 0.4 02 0.1 ND ND
in’ ND 0.051 ND 0.055 ND ND ND ND ND
sn® ND 05 ND 0.5 ND ND ND ND ND
sp’ ND 0412 ND 0.109 ND ND ND ND ND
w* ND 08 ND 0.7 ND ND ND ND ND
Au? 73 7.2 84.6 15.3 7.0 3.0 349 ND ND
w ND 0.026 ND 0.027 ND ND ND ND ND
Pb* 1.0 1.0 1.1 4863.4 10 1.0 1.0 ND ND
B ND 017 ND 0.05 ND ND ND ND ND
Be 26 26 28 2.7 25 25 26 ND 05
Rb’ ND 2.8 ND 24 ND ND ND ND 14.0
Sr* 62.6 113.1 79.0 12.1 60.4 80.6 102.8 ND 170
cs® ND 0.2 ND 03 ND ND ND ND 0.58
Ba* 20.9 16.2 11.3 16 20.1 202 10.3 ND 130.0
Se 26 5.1 28 55 25 25 26 ND 34.0
¥ 28 27 28 11.8 25 25 26 ND 25.0
. zr 20.8 10.6 226 123.0 20.1 202 10.3 ND 66
Nb* 52 03 56 3.6 5.0 5.1 5.1 ND 3.4
Hf® ND 0.26 ND 3.9 ND ND ND ND 1.700
Ta ND 0.02 ND 0.39 ND ND ND ND 0.050
™ ND 0.1 ND 3.0 ND ND ND ND 0.590
[T ND 0.0 ND 1.0 ND ND ND ND 0.160
La’ ND 1.4 ND 223 ND ND ND ND 5.00
ce® ND 3.1 ND 418 ND ND ND ND 13.00
pe ND 0.3 ND 4.0 ND ND ND ND 1.80
ng? ND 1.433 ND 15.864 ND ND ND ND 9.000
sm® ND 0.369 ND 3.089 ND ND ND ND 2.800
B ND 0.205 ND 1.086 ND ND ND ND 1.0000
ad® ND 0.389 ND 2.560 ND ND ND ND 3.000
™ ND 0.070 ND 0.339 ND ND ND ND 0.640
Dy* ND 0.435 ND 1.796 ND ND ND ND 4.000
Ho® ND 0.006 ND 0.354 ND ND ND ND 0.880
Ef ND 0.297 ND 1.023 ND ND ND ND 2.000
™* ND 0,043 ND 0.144 ND ND ND ND 0.4200
\CH ND 0.283 ND 1.003 ND ND ND ND 2.500
Ly’ NG 0.044 ND 0.152 ND ND ND ND 0,3500
UTME 374820 370775 375422 405980 397450 356808 310350 277693 421129
UTMN 5286880 5283850 5291580 5298487 5292050 5291466 5298700 5270872 5269286
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Appendix 3.1: Lithogeochemical data

Sampie 2388 A0A232 FULEVRE) AU04z37 Fa504 535S ALDAZE o AUDAZDS

flag VBE VBE YBE YDF VDA YDA VDA VDA
Si0, 57.25 5137 £3.75 £6.684 65.47 61.02 70,28 82.08
Al,Oy 18.03 14.80 13.48 14.32 17.08 15,59 14.21 14.25
Fe,0, 857 11.69 14.37 4.58 7.81 8.05 7.40 8.46
ca0 8.91 10.44 9.79 3.35 4.28 7.38 1.79 4.27
MgC 3.36 6.76 555 178 223 2,93 223 538
N2,0 381 3.09 2.45 3.80 2.14 213 178 4.23
#,0 0,78 0.30 0.17 1.30 1.85 1.52 1.87 0.25
TiO, 1.27 113 1.13 073 0.89 0.82 075 072
MrC 6.17 0.18 0.21 0.07 0.11 021 0.08 0.20
P,0s WD 0.12 0.09 0.17 0.14 0.22 0.10 047
Tic 304 ND WD (] ND ND ND ND
s 0.04 0.04 0.01 0.01 ND ND 0.12 2.01
LO! 5.00 085 1.74 265 2.29 598 4.86 2.84
vF WD 3352 03,5 1855 1366 1278 1851 1.7
cr ND 207.6 817 108.9 313.2 245.0 227.5 200.2
Co* 538 50.6 61.3 25.9 205 21.3 26.4 314
N ND 75.9 46.0 383 257 21.3 88.8 ND
Cu* 103.0 30.4 107.3 259 10.0 25 37.0 15.5
zo* 103.0 2.5 28 10.4 46.2 58.6 28 26
Ga® ND ND 174 ND ND ND ND ND
Ge® ND ND 213 ND ND ND ND ND
As® ND ND 2.8 ND ND ND MD ND
Mo® ND ND 1.0 ND ND ND ND ND
Ag” ND ND ND ND ND ND ND ND
In ND ND 0.051 ND ND ND ND ND
s’ ND ND 05 ND ND ND ND ND
sb° ND ND 0.102 ND ND ND ND ND
w* ND ND 0.3 ND ND ND ND ND
Au? ND ND ND ND ND ND ND ND
T ND ND 0.026 ND ND ND ND ND
Pb? ND ND ND ND ND ND ND ND
Bi* ND ND 0.05 ND ND ND ND ND
Be ND 10.1 10.2 10.4 5.1 5.3 10.6 52 10.4
RE® ND ND 05 ND ND ND ND ND ND
S ND ND 104.8 ND ND ND N ND ND
cs® ND ND 01 ND ND ND ND ND ND
Ba* ND ND 46.6 ND ND ND ND ND ND
Sc ND 385 44,9 10.4 15.4 10.7 9.0 207 12.5
v ND 202 19.9 10.4 205 213 10.6 10.4 10.4
. Zr ND 60.7 487 114.0 164.3 149.2 95.2 103.6 166.8
Nb* ND 5.1 0.8 415 5.0 5.0 53 52 6.2
HE® ND ND 160 ND ND ND ND ND ND
Ta ND ND 0.10 ND ND ND ND ND ND
™ ND ND 0.5 ND ND ND ND ND ND
i ND ND 0.1 ND ND ND ND ND ND
La® ND ND 35 ND ND ND ND ND ND
ce® ND ND 86 ND ND ND ND ND ND
Pt ND ND 1.2 ND ND ND ND ND ND
Ng® ND ND 6.083 ND ND ND ND ND ND
sm® ND ND 1.882 ND ND ND ND ND ND
Eu® ND ND 0.724 ND ND ND ND ND ND
Gd* ND ND 2.098 ND ND ND ND ND ND
™° ND ND 0.494 ND ND ND ND ND ND
py? ND ND 3.394 ND ND ND ND ND ND
Ho® ND ND 0.754 ND ND ND ND ND ND
Er ND ND 2.421 ND ND ND ND ND ND
T™m® ND ND 0.372 ND ND ND ND ND ND
Yb? ND ND 2.261 ND ND ND ND ND ND
Lu’ ND ND 0.338 ND ND ND ND ND ND
UTME . 410330 409802 410529 F12116 270968 410401 427085 424540 471560
UTMN 5270554 5270533 5270549 5271293 5270720 5270776 5270291 5269722 5271280
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Appendix 3.1: Lithogeochemical data

sampie  AUDAZI6 AUDGT 28 PR 5460 3473 RU01757 AUCI768
flag vDC vog VDS VRA VRA VRA VRA
SIiC; §0.25 59.97 BB.63 76.32 7456 8228 70.44 56.01 7135 80.59
ALO, 14.52 16.89 13.38 12.15 12.40 10.75 14.65 17.23 14,20 11.40
Fe,0y 12.08 11.85 5.03 3.09 4,40 2.86 339 3.94 3.44 2.58
ca0 2.84 2.30 363 1.37 1.42 0.07 2,79 2.76 4.33 0.53
Mg0 5.79 3.36 .87 0.86 0.98 0.83 147 1.59 1.57 0.21
Na2,0 2.43 257 0.2 3.61 428 0,61 6.48 4,55 2.81 291
K,0 0.92 2.08 475 218 1.18 1.27 0.43 1.38 1.86 1.41
TiO, 078 0.93 076 0.30 0.31 0.22 0.34 0.43 0.31 0.28
MaO 0.17 0.24 0.07 0.05 0.05 0.90 1.43 0.05 0.08 9,03
P,0, 0.19 0.14 0,18 0.05 0.04 0.10 0.10 .06 0.05 0.06
Tic ND 641 ND ND ND 0.05 0.05 ND ND ND
s 0.02 0.04 ND 0.01 0.01 ND ND 0.01 0.07 0.01
L0l 5.60 3,54 572 0.90 0.87 1.80 1.50 1.78 470 1,56
v 1867 EEER Ti7.2 512 57.0 NB () B7.0 78.9 71.3
cr 357.4 119.8 373.0 92.2 142.9 5.1 5.0 87.0 72.9 117.2
Co* 53.4 26.0 16.0 10.2 5.1 25 7.0 15.4 10.5 5.4
Ni* ND 20.8 28.5 26 51 51 5.0 102 10.5 5.1
Cu* 32.0 125.0 11.0 26 20.4 0.1 14.9 10.2 26 25
Zn* 2.7 239.7 37.3 28 26 ND 19.9 410 147.3 25
ca* 17.9 ND ND ND ND ND ND ND ND ND
Gs* 189 ND ND ND ND ND ND ND ND ND
as® 27 ND ND ND ND ND ND ND ND ND
Mo® 1.1 ND ND ND ND 2.4 0.1 ND ND ND
Agt ND 02 ND ND ND ND ND ND ND ND
n® 0.053 ND ND ND ND ND ND ND ND ND
sn® 05 ND ND ND ND ND ND ND ND ND
sp® 0.107 ND ND ND ND ND ND ND ND ND
w 0.3 ND ND ND ND ND ND ND ND ND
Au? ND 10.4 ND ND ND ND ND ND ND ND
kil 0.027 ND ND ND ND ND ND ND ND ND
Pb? ND 229 ND ND ND ND ND ND ND ND
Bi° 0.05 ND ND ND ND ND ND ND ND ND
Be 10.7 52 53 5.1 5.1 1.2 0.9 5.1 53 5.1
Rb’ 213 ND ND ND ND 29.4 9.0 ND ND ND
Sr* 189.2 177.14 ND ND ND 85.2 139.5 ND ND ND
cs® 0.1 ND ND ND ND 0.8 0.1 ND ND ND
Ba* 137.9 3126 ND ND ND 263.8 1196 ND ND ND
Sc 17.1 15.6 10.7 5.1 7.1 41 5.0 6.1 42 4.1
. ¥ 207 10.4 16.0 205 30.6 386 16.9 5.1 5.3 5.1
ze 149.6 177.4 127.9 174.2 2852 304.4 173.4 122.9 94.7 101.8
N 8.3 10.4 5.0 5.1 20.4 10.0 8.2 5.1 53 5.1
HP 4.03 ND ND ND ND 7.20 428 ND ND ND
T2 0.56 ND ND ND ND 078 0.59 ND ND ND
™ 2.8 ND ND ND ND 7.2 4.0 ND ND ND
u? 0.6 ND ND ND ND 16 1.1 ND ND ND
La’ 203 ND ND ND ND 31.5 18.9 ND ND ND
ce® 45.8 ND ND ND ND 70.0 408 ND ND ND
P 52 ND ND ND ND 8.4 4.7 ND ND ND
Ne® 21213 ND ND ND ND 34,496 18.929 ND ND ND
Sm® 4,039 ND ND ND ND 7.609 4.085 ND ND ND
v’ 1.142 ND ND ND ND 1.015 0.946 ND ND ND
Gd® 3532 ND ND ND ND 6.088 2.989 ND ND ND
™ 0.571 ND ND ND ND 1.015 0.548 ND ND ND
oy° 3.354 ND ND ND ND 6.088 3.088 ND ND ND
He' 0698 ND ND ND ND 1.218 0.628 ND ND ND
B 2.167 ND ND ND ND 3.044 0.996 ND ND ND
™ 0.328 ND ND ND ND 0.629 0.289 ND ND ND
vi? 2,052 ND ND ND NE 3.653 1,893 ND ND ND
Lu® 0.308 ND ND ND ND 0,548 0,269 ND ND ND
TTTUTME 411560 410687 311560 3414545 71000 427873 31725 4715330 435483 428279
UTMN 5271305 §270788 5271380 5270111 5270534 5268914 5267233 5270631 5270295 5269455
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Appendix 3.1: Lithogeochemical data

sampie . AUCAZIS AU04220 RUDE248 BaIT pREL RUIOBT 28 AUOAZTT ACO422! 2480 LT oz
flag VRA VRA VRA VRC VRC VRC VLF VLF vLE VLG
510, 7354 74.65 77.58 6351 7146 50.48 76.03 78.08 £6.62 7583
ALQ, 13.73 14,07 12.69 10.67 12.03 12.84 13.08 13.16 1347 14.53
Fa,0p 3.30 2.81 222 337 10.01 9.42 081 1.06 17.83 148
cad 3.10 1.87 2.19 13.89 3.07 0.74 c.08 0.48 2.25 260
Mg 098 170 153 2.38 222 207 0.34 0.38 2.04 0.98
N2, 0 2.85 221 1.39 0.50 0.42 223 465 580 1.10 283
K0 2.04 2.00 2.03 0.24 0.40 2,58 1.87 116 2.8% 3.53
Ti0,; 0.32 028 0.26 023 Q.24 038 0.10 0.96 0.08 0.08
Win0 0.07 0.04 0.08 0.6 0.07 0.07 0.01 0.02 075 0.08
Pa0 0.08 0.07 0.03 0.05 0.08 0.11 0.02 0.03 0.08 0.0
ki WD NG (3] 354 ND 604 ND ND B.10 048
s 0.04 0.03 ND 223 ND 2.30 0.01 9.61 1.00 0.02
LOH 1.70 179 2.4% 8.31 12.49 3,46 1,11 0.81 2.41 2.48
2 K] 56.2 450 1833 20 BT 16 30.3 39.6 0.3
cr 137.9 107.4 104.0 452.4 1056.0 2083 774 131.7 88.8 70,1
Co* 5.1 5.1 50 34.4 46.0 26.0 2.6 25 5.0 25
N 5.1 28 50 76.7 ND 26.0 5.1 15.2 34.8 17.6
cu 26 2.6 25 1248.4 ND 255.1 28 177.3 10.0 25.8
o 28 28 5.0 21876.1 40.0 633.1 28 25 25 48.4
Ga’ ND ND ND 113 ND 5.1 ND ND 137 18.3
Ge* ND ND ND 1.05 ND 0.26 ND ND 1.62 1,60
As® ND ND ND 2.9 ND 26 ND ND 25 26
Mo® ND ND ND 35 ND 1.0 ND ND 1.0 27
Ag® ND ND ND 3.0 ND 0.4 ND ND 0.1 0.1
n’ ND ND ND 0,057 ND 0.052 ND ND 0.050 0.052
sn® ND ND ND 08 ND 0.7 ND ND 43 0.5
sb® ND ND ND 0.358 ND 0.607 ND ND 0.100 0.253
w ND ND ND 0.3 ND 0.4 ND ND 10.4 0.3
Au® ND ND ND 3.4 ND 1.0 ND ND 7.0 103
kiid ND ND ND 0.029 ND 0.229 ND ND 0.085 0.026
Pb? ND ND ND 30466.2 ND 135 ND ND 20.9 3.1
B ND ND ND 0.06 ND 013 ND ND 0.14 0.05
Be 51 5.1 ND 29 25 52 5.1 2.5 25 5.2
Rb* ND ND ND 0.6 ND 54.8 ND ND 53.8 43.9
St ND ND ND 183.3 ND 177.0 ND ND 69.7 51.6
cs* ND ND ND 0.1 ND 0.9 ND ND 7.5 0.1
Ba* ND ND 50 75.1 ND 300.3 ND ND 5117 541.2
Se 8.1 4.1 50 17.2 23.0 5.2 5.1 3.0 5.0 5.2
. ¥~ 20.4 5.1 21.0 15.4 29.0 11.0 15.4 10.1 25.9 33.9
zr 153.3 112.5 125.0 111 ND 115.0 51.4 50.8 48.9 56.8
Nb* 5.1 51 ND 229 8.0 28 51 51 83 11.8
HE ND ND ND 0.35 ND 3.05 ND ND 2.40 2.79
Ta® ND ND ND 0.01 ND 0.41 ND ND 0.99 1.38
™ ND ND ND 0.2 ND 27 ND ND 22 3.0
u ND ND ND 0.1 ND 0.7 ND ND 1.2 1.6
1.2 ND ND ND 8.6 ND 1.5 ND ND 13.3 14.3
ce® ND ND ND 18.4 ND 238 ND ND 32.5 366
P ND ND ND 24 ND 23 ND ND 4.1 4.7
Ne® ND ND ND 10.865 ND 8.943 ND ND 16.024 18.092
sm® ND ND ND 2.854 ND 1.792 ND ND 3.887 4581
Eu® ND ND ND 0.810 ND 0.677 ND ND 1.470 0.927
Gd® ND ND ND 2.725 ND 1,584 ND ND 3.204 4.090
T ND ND ND 0.455 ND 0.300 ND ND 0.689 0.862
py* ND ND ND 2.425 ND 1.867 ND ND 4181 5.418
Ho® ND ND ND 0.434 ND 0.380 ND ND 0.885 1111
g ND ND ND 1.143 ND 1215 ND ND 2.634 3.406
™ ND ND ND 0.155 ND 0.188 ND ND 0.389 0.522
v ND ND ND 0.945 ND 1.262 ND ND 2.341 3.044
Lo’ ND ND ND 0,130 ND 0.188 ND ND 0.332 0.425
UTME 416169 410078 308194 370399 411560 315728 411860 270525 410583 0173
UTMN 5270217 5270596 5270859 5270761 5271395 5271007 5271320 5270742 5270696 5270741
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Appendix 3.1: Lithogeochemical data

sample 59554 RUoAze3 pliiivin RUB418] RUDATES BU0AZSS AUDAZAT RUOA243 AUO4ZAT

flag VLG VLG VLS VLS VLS VLS VLS VLS VLS
5i0, 74.41 75.44 30.33 82.63 80.85 79.15 79.97 79.51 7817
ALO; 14.22 11.62 11.67 10.33 11.73 12.34 11.66 12,72 12.70
Fe,0p 0.89 8.07 2.02 229 0.87 0.70 2.5 072 1.77
Cad 1.38 0.32 079 0.65 0.94 0.20 0.04 0.22 2.45
Mgl 0.31 1.08 0.64 1.45 0.14 0.29 0.48 0.42 078
Na,O 4.04 0.25 1,16 0.50 3.32 2.84 213 1.05 0.43
K0 4.80 2.85 3.20 2,02 2.03 4.39 3.43 5.27 5.565
IO, 0.10 0.08 0142 0.08 0.07 0.06 0.07 0.08 0.2
MnO 0.05 0.29 0.05 0.02 0.02 0.02 0.04 0.01 0.04
P,0s 0.01 0.04 0.01 0.02 0.02 0.02 0.02 0.01 0.01
Tic ND ND' ND ND ND ND ND ND ND
s ND 0.02 0.01 001 0.02 0.01 0.01 0.01 0.01
LO1 1.85 2.62 228 2.59 1.67 1,25 148 1.41 3.13
'z 10 B7.0 3T E7.4 311 20.4 355 30.9 828
cr 618.8 123.7 77.8 119.9 61.6 86.9 81.3 103.0 99.4
Co* 5.0 26 52 26 26 26 25 26 52
N 26.0 26 52 28 286 28 5.1 26 52
Cu* 5.0 26 28 26 26 26 25 286 26
zn* 50 26 124.5 26 26 26 254 5.5 209
Ga® ND ND ND ND ND ND 17.4 18.8 ND
Ge* ND ND ND ND ND ND 1.37 1.43 ND
as® ND ND ND ND ND ND 2.5 28 ND
Mo® ND ND ND ND ND ND 1.0 1.0 ND
Ag® ND ND ND ND ND ND ND ND ND
In® ND ND ND ND ND ND 0.051 0.052 ND
Sa° ND ND ND ND ND ND 0.5 1.1 ND
sp® ND ND ND ND ND ND 0.102 0.103 ND
w? ND ND ND ND ND ND 0.3 1.8 ND
Au? ND ND ND ND ND ND ND ND ND
T ND ND ND ND ND MND 0.025 1.894 ND
Ph? ND ND ND ND ND ND ND ND ND
Bi* ND ND ND ND ND ND 0.05 0.05 ND
Be 5.0 26 52 26 26 26 25 26 52
Rb* ND ND ND ND ND ND 50.6 72.2 ND
S ND ND ND ND ND ND 51.5 49.3 ND
cs® ND ND ND ND ND ND 0.1 0.1 ND
Ba* ND ND ND ND ND ND 753.6 900.2 ND
Sc 50 41 52 2.1 21 31 3.0 26 3.1 .
. v 25.6 155 467 26.1 5.1 204 235 14.4 26.2 15.5
zr 51.1 61.9 155.6 521 30.8 51.1 66.6 65.0 62.8 31.1
Nb* 20.0 52 10.4 20.9 6.1 5.1 10.3 11.5 31.4 51.8
HE® ND ND ND ND ND ND 275 2.88 ND ND
Ta® ND ND ND ND ND ND 1.31 1.30 ND ND
Th ND ND ND ND ND ND 2.4 0.9 ND ND
[T ND ND ND ND ND ND 1.3 08 ND ND
La ND ND ND ND ND ND 4.4 136 ND ND
ce* ND ND ND ND ND ND 19.6 33.6 ND ND
P ND ND ND ND ND ND 15 41 ND ND
Nd® ND ND ND ND ND ND 5.921 14.698 ND ND
sm® ND ND ND ND ND ND 1736 2.880 ND ND
Ev® ND ND ND ND ND ND 0.433 0.928 ND ND
Gd* ND ND ND ND ND ND 1.913 2.180 ND ND
T6* ND ND ND ND ND ND 0.533 0.380 ND ND
py® ND ND ND ND ND ND 3.647 2.313 ND ND
Ho® ND ND ND ND ND ND 0.786 0.484 ND ND
= ND ND ND ND ND ND 2518 1,533 ND ND
Tm* ND ND ND ND ND ND 0.402 0.233 ND ND
Yb? ND ND ND ND ND ND 2.264 1.544 ND ND
Lu® ND ND ND ND ND ND 0.330 0.227 ND ND
TIME 411560 310750 416361 429355 428260 311929 412255 410401 408637 408748
UTMN 5271317 5270709 5270891 5269289 5269500 5271339 5271307 5270721 5270936 5270928
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Appendix 3.1: Lithogeochemical data

Sample . ALOAZ0S 5200668 Ba-00722 B0i5ie] 5300815 SoneRaT . 8g.0070a1

-G0RBaz - B2.0070a

flag YRS cD cD CcD CcD oL CTL CTM CTM
$i0, 84.20 53,54 50.37 50.67 51.35 73.12 74.43 57.55 5172
AlLC, 8.41 18.28 16.52 13.96 14.49 13.26 14.18 13.54 14,67
Fe,0, 1.85 16.55 10.34 14.91 14.41 4.08 228 14.19 11.21
ca0 1.30 8.07 10.88 6.49 8.54 2.9% 2.49 499 875
Mgo 0.49 321 7.63 747 7.13 0.60 065 2.90 5.70
Nz,0 2.23 3.92 1.85 3.84 263 5.02 4.05 255 201
K0 1.58 084 1.24 0.84 09.12 0.32 152 217 412
TiQ, 0.18 1.35 0.73 1.79 0.94 049 0.24 1.68 0.94
MnO 0.02 0.15 0.14 0.23 0.21 0.04 0.02 0.14 0.15
P,0s 0.01 0.30 0.21 0.10 0.10 0.10 0.10 0.51 0.74
i ND 0.05 1.3 0.05 0.21 020 520 112 422
S 0.03 ND ND ND 0.13 ND ND ND ND
Lot 2.71 1,56 3.59 278 3.97 1.10 1.32 358 6.78
G 413 894 1845 1921 ND EX) 43 E5.5 158.3
cr 103.3 27.4 143.8 20.0 ND 50 5.1 19.3 34.8
Co* 52 331 56.4 578 ND 9.0 9.1 387 368
N 28 412 174.4 161.8 ND 11.0 5.4 23.4 308
Cu* 2.6 13.1 44.4 82.7 ND 10.0 10.1 36.7 87.6
pd 26 92.4 718 1817 ND 33.1 24.3 88.6 116.1
Ga® ND ND ND ND 16.8 ND ND ND ND
Ge® ND ND ND ND ND ND ND ND ND
As® ND ND ND ND ND ND ND ND ND
Mc® ND 21 16.4 0.1 08 1.1 0.4 30 0.1
Ag? ND ND ND ND ND ND ND ND ND
n’ ND ND ND ND ND ND ND ND ND
sn' ND ND ND ND ND ND ND ND ND
sb* ND ND ND ND ND ND ND ND ND
w' ND ND ND ND ND ND ND ND ND
Ay’ ND ND ND ND ND ND ND ND ND
T ND ND ND ND 0.010 ND ND ND ND
Py? ND ND ND ND ND ND ND ND ND
B ND ND ND ND ND ND ND ND ND
Be 28 09 06 09 ND 12 09 09 15
Rb® ND 25.1 523 31.3 11.4 19.1 4786 92.7 168.9
Sre ND 301.3 318.0 121.4 ND 160.7 263.3 173.1 559.4
cs? ND 04 19 0.2 0.2 01 0.8 2.0 73
Ba” ND 251.1 277.0 2225 725 1306 486.0 387.0 781.1
Sc 3.1 18.1 246 222 ND 7.0 3.0 21.4 18.0
Y+ 31.0 221 14.4 313 19.7 51.2 8.1 47.9 27.4
. zr 165.4 673 58.5 111.2 52.8 361.6 141.8 234.2 200.5
Nb~ 10.3 7.9 28 6.1 27 15.1 59 10.2 75
HF ND 1.91 1.95 3.03 1.55 8.04 3.75 5.70 4.01
Ta® ND 0.57 0.29 0.50 0.25 0.83 0.55 0.52 0.49
™ ND 1.1 1.8 1.1 0.4 52 5.0 5.0 73
y ND 0.3 05 0.3 0.1 15 03 13 1.8
L2 ND 13.1 14.4 9.1 3.1 46.2 19.2 23.4 53.8
ce* ND 29.1 32.8 233 8.3 92.4 35.4 55.0 116.1
P ND 37 4.2 33 12 11.0 3.6 7.3 15.8
Nd® ND 17.075 18.466 16.181 6212 42.187 14.176 31.567 66.496
sm® ND 4.018 3.693 4.551 2.071 8.638 2.228 7.434 12.666
Eu’ ND 1.607 1.231 1315 0.952 1.308 0.648 2,037 3.378
Gd® ND 4.018 3.078 5.056 3.106 §.036 1.013 8.146 8.444
™ ND 0.683 0.492 0.930 0.569 1.406 0.223 1.324 1.161
Dy’ ND 3.817 2.565 5.360 3.313 8739 1.215 8.248 5.489
Ho® ND 0.763 0.523 1112 0.735 1.808 0.243 1.629 0.929
Er ND 2.009 1.026 3.034 2.071 5.022 ND 4073 2114
Tm® ND 0.301 0.236 0.445 0.342 0.773 0.111 0.784 0.359
\CH ND 1.908 1.334 2.833 2.174 5.123 0.719 4.480 2.111
Lu® ND 0.271 0215 0.405 0.331 0.703 0.122 0.682 0.296
UM E 432050 422729 431852 436675 437389 327659 428930 427659 428930
UTMN 5269550 5264677 5262446 5261684 5258077 5266549 5265106 5266549 5265106
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Appendix 3.2: Mass change data

sampie . 8469 5475 23554 AUDAZZS | AUOITSZ | AUDAIE1  AUGHBS  AUGAZIS  AUDAZET . AUGA2AS  AUDAZET  AUDADIS
tag . VLG Ve Ve Vi ViS Vis Vis VLS Vs Vig Vg Vs
sio, 5882 73.53 74.41 75.44 80.33 8263 80.85 79.15 76.97 7951 78.17 81.18
ALOy 1347 1453 1422 11.62 1187 10.33 1173 12.34 1166 1272 1270 12.94
Fe,0;  17.83 1.48 0.89 8.07 202 229 * 087 070 2.15 07z 1.77 0.94
Cad | 225 260 1.38 0.32 0.79 065 0.94 0.20 0.04 0.22 2.45 0.03
Mg0 204 0.98 0.31 1.06 064 1.45 0.14 0.29 0.48 0.42 076 084
Ne, O 140 2583 404 025 118 6.50 3.32 2.84 243 1.05 0.43 0.22
K0 28 353 450 285 3.20 2.02 203 439 3.43 5.27 3.55 377
T, 006 0.08 0.10 0.08 012 0.08 0.07 0.06 0.07 0.08 0.2 006
MnQ 075 0.06 0.05 0.29 0.05 0.02 0.02 0.02 0.04 061 0.04 0.0
PO, 008 .01 9.01 0.04 0.01 0.02 0.02 0.02 0.02 001 0.04 0.01
coz 010 0.46 ND ND ND ND ND ND MD ND ND ND
$ 100 0.02 ND 0.02 0.01 051 0.02 0.01 2.01 0.01 0.01 0.0
i 241 248 165 262 228 259 167 1.25 1.45 1.41 3.43 2.08
cr 89 70 819 124 78 120 2 87 81 108 99 57
Zr 4 57 51 62 156 52 34 51 &7 65 83 31
Y 2% 34 2% 15 a7 ) ND 20 23 14 26 18
Cu 10 2 5 3 3 3 3 3 3 3 3 3
Zn 2 46 5 ND 125 ND ND ND 25 15 21 a7
i 35 18 % ND 5 ND ND ND 5 ND 5 ND
Co 5 ND 5 ND 5 ND ND ND ND ND 5 ND
Nb 8 14 20 ND 10 21 ND ND 10 11 31 52
v 40 10 41 67 31 57 M 20 36 3 63 41
sc 5 5 5 4 5 ND ND ND ND ND ND ND
Be ND 5 5 ND 5 ND ND ND ND ND 5 5
mi(plaj 097 0.90 0.92 113 1.42 1.27 1.12 106 112 1.03 . 103 1.01
Reconstituted Composition
810, 56.06 86.76 66.66 8517 90.28 104.98 20.44 B4.14 35,96 B1.08 B0.72 82.32
fALO, 1342 13.12 13.42 13.42 13.12 13.42 13.12 13.42 1342 13.42 13.12 13.12
Fe,0, 17.36 1.33 0.82 2.11 227 292 0.98 0.74 2.42 0.74 183 0.96
a0 219 235 127 036 0.89 0.82 1.06 0.22 0.05 0.22 253 0.3
Mgo  1.99 0.89 0.28 120 072 1.84 0.16 0.30 0.54 0.44 079 0.85
MNa,0 107 255 373 0.28 131 0.64 art 3.02 2.40 1.08 0.44 0.22
K0 273 319 425 3.21 359 257 227 466 3.86 5.44 3.66 283
U0, 006 0.06 0.09 0.07 014 0.11 0.08 0.07 0.08 0.06 0.42 0.06
MnO 073 0.08 0.05 033 0.0 0.03 0.02 0.02 0.05 0.01 0.04 0.01
P0; 008 0.01 0.00 0.05 0.01 0.03 0.02 0.02 0.02 0.01 0.01 001
. cr - 86 53 571 140 87 152 68 o2 o1 106 103 58
zr 4B 51 4 70 175 & 34 54 75 67 65 32
25 31 24 17 52 33 ND 2 26 15 27 18
Cu 10 23 5 3 3 3 3 3 3 3 3 3
¥Zn 2 42 5 ND 140 ND ND ND 29 16 22 a7
Pili 34 16 24 ND 6 ND ND ND 6 ND 5 ND
1Co 5 ND 5 ND 6 ND ND ND ND ND 5 * ND
b 8 10 18 ND 12 27 ND ND 12 12 32 53
w3 9 38 76 35 73 4% 2 40 32 65 42
rSc 5 5 5 5 6 ND ND ND ND ND ND ND
Be  ND 5 5 ND 8 ND ND ND ND ND 5 5
02 040 0.42 ND ND ND ND ND ND ND ND ND ND
s 097 0.02 ND 0.02 0.01 0.01 0.02 0.01 0.01 0.0% 0.01 0.01
Absolute Mass Change
a5, | 2047 a7 967 664 11.75 26.45 1191 561 11.43 3.45 219 379
dALO, .  ND ND ND ND ND ND ND ND ND ND ND ND
dFe,0, 1543 0.39 012 8.18 134 1.98 0.04 020 1.48 019 0.89 0.02
dcad . 191 2.06 0.99 0.08 0.50 0.54 077 .07 -0.24 0.06 2.24 0.25
dMgo 163 0.52 .08 0.84 036 1.48 0.20 0.0 .18 0.07 0.43 0.49
dNa,0 406 257 .40 485 382 4.49 .42 2.4 273 404 468 -4.91
K0 122 167 273 1.70 207 1.05 076 345 234 392 2.15 231
dTio, 002 0.03 0.01 001 0.06 0.02 0.00 -0.02 0.00 0.02 0.04 0.02
dMnC 071 0.04 0.03 031 0.04 0.01 0.01 0.01 0.03 0.00 0.03 0.00
4RO, 0.05 0.02 0.02 0.02 001 0.00 0.00 0.00 0.00 0.02 0.0 0.0t
dcr 18 41 467 35 “7 48 a5 -2 -3 2 2 47
oZr 3 0 4 18 124 15 47 3 2 18 14 -19
& 12 18 11 5 40 20 -13 9 14 2 14 3
dCu 80 57 -85 87 87 87 87 87 87 -87 87 87
dzn 2 42 5 ND 140 ND ND ND 29 16 2 47
N 22 3 10 18 2 .16 a7 49 14 21 47 23
dCo 5 ND 5 ND 6 ND ND ND ND ND 5 ND
dNb 8 10 18 ND 12 27 ND ND 12 12 az 53
av 2 a2 3 35 6 32 5 -19 4 -9 24
dsc 0 0 - ) 5 5 5 5 5 5 5 5
dBe 5 o 4 5 1 5 5 -5 5 5 0 0
4co2 0 0 ND ND ND ND ND ND ND ND ND ND
ds 1 0 0 0 0 0 0 0 0 0 0 0
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Appendix 3.2:

ass change data

sample  AUGAZ15  AU042ZZ 3469 3473 BUCITS7 | AUDITOA . AUGA1SE  AUDAZIE  AUBAZID  AUDAZAS  BATT o aaea
fmg  WRF VRF VRA VRA VRA VRh VRA VRA, VRA VRA VRE VRG
sio, 7632 74.96 82.28 70.44 68.01 71.35 80.59 73.54 74,85 77.58 63.51 71.46
ALO, 1245 12.40 1075 14.65 17.23 14.20 ;11,40 1373 14.07 1269 10.67 12.03
Fe,0,  3.09 440 286 2.89 394 3.44 258 330 2.81 222 8.7 10.01
ca0 137 142 0.07 079 276 433 0.53 3.10 187 249 13.89 307
Mgo 086 0.8 6.93 147 1.59 1.57 021 0.99 1.70 1.53 238 222
MaO 361 426 061 .48 455 281 29t 2.85 2.24 1.39 .50 0.42
KO 219 1.8 1.27 .43 138 1.86 1.41 204 2.00 2.03 0.21 0.40
ho, 030 931 0.22 0.34 043 0.31 0.28 032 028 0.26 023 0.24
MaO 005 005 0.90 1.43 0.05 0.08 0.03 0.07 0.04 0.08 0.18 0.07
PO; 005 0.04 0.10 0.10 0.08 0.05 0.08 0.0 0.07 0.03 0.05 0.08
coz  ND ND 0.05 0.0 ND ND ND ND ND ND 2.94 ND
s ool 0.01 ND ND 0.01 007 0.01 0.04 0.03 ND 223 ND
10i 020 087 1.80 1.50 178 470 1.56 170 178 2.41 831 12.49
or 92 143 ND ND 87 70 147 138 107 104 452 1056
74 255 304 173 123 95 102 153 112 125 11 ND
v 31 39 17 ND ND ND 20 ND 21 15 29
cu 3 20 10 15 10 3 3 3 3 3 1248 ND
Zn - WD ND ND 20 41 147 ND ND ND 5 21876 40
Mi  ND 5 5 ND 10 11 5 5 ND 5 77 ND
Co 10 5 ND 7 15 11 5 5 5 5 34 e
Mo ND 20 10 8 ND ND ND ND ND ND 23 6
v st 97 ND ND 87 78 71 51 56 a2 183 o2
Sc 5 7 4 5 5 4 4 5 4 5 17 23
Be 5 5 1 1 5 5 5 5 5 ND ND ND
wiipla) = 1.01 099 114 0.84 071 0,86 1.08 0.89 0.87 097 1.15 1.02
Reconstituted Composition
o, 77l 74.21 53.63 55,05 4546 1.70 B6.76 6574 56,39 75.06 75.04 72,51
ALO, 1228 12.28 12.28 12.28 12.28 1228 1228 12.28 12.28 1228 12.28 12.28
Fe,05 313 435 327 2.26 2.81 298 278 295 2.45 215 .63 10.21
a0 139 1.40 0.08 066 1.97 374 0.57 277 163 241 15.98 3.13
MgO 087 097 1.06 1.23 1413 1.36 023 0.89 1.48 1.48 274 296
Nz,O 364 421 0.59 5.43 324 2.43 3.14 255 1.93 1.35 0.58 0.43
KO 222 117 145 0.36 0.98 161 1,51 183 175 1.96 0.24 0.41
MO, 030 030 025 0.28 031 0.26 0.30 0.28 0.24 025 0.26 025
MnO 005 0.05 1.03 1.20 0.04 0.07 0.0 0.06 0.04 0.08 0.21 0.07
0 005 0.04 0.12 0.09 0.04 0.05 0.07 0.05 0.06 0.03 0.0 0.08
or 93 141 ND ND 62 68 126 123 94 101 520 1077
@ 176 253 347 145 88 82 110 137 98 121 13 ND
w2 a0 44 14 ND ND ND 18 ND 20 17 30
Cu 3 20 12 13 7 2 3 2 2 2 1436 ND
2Zn ND ND ND 17 29 127 ND ND ND 5 25159 2
Wi ND 5 6 ND 7 ) 5 5 ND 5 88 ND
fCo 10 5 ND 6 11 9 5 5 4 5 40 47
Wb ND 20 11 7 ND ND ND ND ND ND 26 6
W 52 % ND ND 62 68 77 45 49 41 211 94
rSc 5 7 5 4 4 4 4 5 4 5 20 23
fBe 5 5 1 1 4 5 5 5 4 ND ND ND
€02 ND ND 0.0 0.04 ND ND ND ND ND ND 3.39 ND
s oo 0.00 ND ND 0.00 0.06 0.01 0.04 0.03 ND 2.56 ND
Absclute Mass Change
a0, | 147 a4 18.29 -16.60 27.18 13.94 1142 590 025 Y 2,60 273
dALO;,  ND ND ND ND ND ND ND ND ND ND ND ND
dFe,0, 062 061 0.48 048 -0.94 077 097 080 429 1560 5.88 .47
4Cad 001 0.01 .31 074 057 234 083 137 0.24 0.72 14.58 173
dMgs 005 0.05 0.14 0.31 0.21 0.44 069 -0.03 0.56 0.56 1.82 1.34
dNa,6 029 028 -3.24 1.50 0,69 150 0.79 -1.38 -2.00 258 335 3.50
0 053 052 0.24 433 0.70 0.08 017 0.14 0.06 028 .45 128
dtio,  0.00 0.00 0.05 0.02 0.00 0.04 -0.01 0.02 0.08 0.05 0.04 0.06
dMnG 000 0.00 0.98 1.15 -0.01 0.02 0.02 0.01 0.02 0.03 0.16 0.02
dP,0; 001 001 007 0.04 0.00 0.00 0.02 0.01 0.02 -0.02 0.01 0.04
dCr 24 2 -118 18 56 49 9 5 24 A7 403 960
dzr -39 38 133 59 127 133 105 78 447 04 202 215
ar 5 5 18 -1 26 26 26 7 .26 5 i 4
dCu 39 9 0 1 -4 9 9 5 3 -9 1424 1
dZn  ND ND ND 17 2 127 ND ND ND 5 25159 4
dni 5 0 1 5 2 4 o - 5 ) 83 5
dCo 3 3 8 2 3 1 2 3 3 3 32 a9
dNp 20 0 -8 14 20 20 20 20 20 20 5 A4
@& 2 2 74 74 12 6 3 .28 25 33 137 20
dse -1 1 2 2 2 2 2 -1 3 4 14 W7
dBe 0 ) 4 4 K -1 o -1 4 5 5 5
dcoz  ND ND 0 o ND ND ND ND ND ND 3 ND
ds 0 o 0 0 o 0 0 0 0 0 3 0
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Appendix 3.2: Mass change data

sampie. . AUOBTZA . AUOA203  AUBAZIT . 23554 23568 AUGAZ05  AUOAZIS  AUDAZ0S  AUDA2I6  AUDGIZE 23557 o AUGRT
Fag . VEG VRS VOF VDA VoA VoA VDA V3% VDC VBE IGH WE
8i0, 6948 84.20 59.84 6347 81.02 7028 62.47 62.09 80.26 59.97 55,63 79.03
ALO, 1284 8.41 1432 17.08 1559 1421, 1445 1425 1452 16.89 13.88 13.08
Fe, 0, 942 155 £56 7.81 8.05 740 8.14 845 12,08 1155 6.03 0.81
Cad 074 1.30 3.35 228 739 179 6.32 427 284 236 363 0.08
Mge 207 0.40 178 223 293 223 257 538 579 336 187 0.34
Ne, O 228 223 389 214 213 179 3.52 423 2.43 257 0.21 485
K0 258 159 1.30 1.85 152 167 140 025 0.62 208 475 1.87
Tio, 035 0.18 073 0.89 082 075 0.77 072 0.78 0.3 076 010
#nG 007 002 007 0.11 021 0.08 0.14 0.20 0.47 024 0.07 0.01
PO; 0.1 oo 047 014 0.22 0.10 0.23 0.17 0.19 0.14 0.18 0.02
coz 004 NO D ND ND ND ND ND ND 041 ND ND
s 230 0.03 0.01 ND ND 0.12 0.03 001 002 0.04 ND 0.01
ol 546 271 265 229 5.98 488 372 284 560 354 572 144
o 208 103 108 313 245 227 104 290 as7 120 373 77
= 115 165 114 164 149 95 167 104 150 477 128 51
Yy n 31 10 21 21 F 10 10 21 10 16 15
Cu 255 3 2% 10 3 37 16 16 3z 125 11 3
Zn 633 ND 10 45 59 ND ND ND ND 240 a7 ND
N 26 ND 36 26 21 65 52 ND ND 2 27 5
co 2% 5 2 21 71 2 2 31 53 2% 16 ND
N 3 10 41 ND ND ND 5 ND 6 10 ND ND
v 88 4 156 139 128 185 136 192 187 151 117 62
Se 5 ND 10 15 11 19 13 21 17 16 1 5
Be 5 ND 10 5 5 11 10 5 r 5 5 5
méfpla)  0.96 1,46 1.00 084 091 1,01 0.99 .00 0.99 0.85 103 1.00
Reconstituted Composition
IO, 66.43 122.67 69,64 53.20 566 7082 6185 G237 56.41 5083 70,61 7527
L0,  12.28 1228 1432 1432 1432 1432 1432 1432 1432 1432 14.32 1392
Fe,0,  9.01 2.41 456 6.54 7.35 7.15 8.06 8.50 11.92 279 6.22 0.8t
€0 071 1.90 335 358 675 1.80 6.2 429 2580 1.95 3.75 008
Wgd 198 059 178 187 267 225 254 5.40 571 284 102 034
Ma,0 213 326 289 179 1.94 1.80 3.48 435 2.40 218 022 487
K0 256 232 1.30 1.55 1.39 168 1.38 025 0.90 175 490 1.88
o, 034 026 073 0.75 0.75 076 0.76 072 077 079 0.78 010
M0 007 0.03 0.07 0.09 019 009 013 0.20 0.47 020 0.08 001
. 0 0t 0.02 017 0.12 0.20 010 023 017 018 0.11 0.16 0.02
©r 199 151 109 263 224 229 103 292 352 102 385 77
Zr 110 241 114 138 126 % 185 104 148 150 132 52
w1 45 10 17 19 1 10 10 20 9 16 15
Cu 244 4 2 8 2 a7 15 16 32 106 1 3
$Zn 605 ND 10 39 53 ND ND ND ND 203 38 ND
w25 ND 6 22 19 69 52 ND ND 18 7 s
o 25 ] 26 17 19 27 26 31 53 22 16 ND
b 3 15 a1 ND ND ND 5 ND 6 ) ND ND
w85 60 156 116 117 187 134 193 184 128 121 62
tSc 5 ND 10 13 10 19 12 21 17 13 11 5
rBe 5 ND 10 4 5 11 10 5 11 4 5 5
oz 004 ND ND ND ND ND ND ND ND 034 ND ND
s 220 0.04 0.01 ND ND 012 0.03 0.01 0.02 0.03 ND 0.01
Absclute Mass Change
a0, B2 4723 ND 16,64 418 0.7 788 7.47 ~10.43 46,01 0.57 073
dALO, WD ND ND ND ND ND ND ND ND ND ND ND
dFe,0; 526 133 ND 1.98 2.78 2.59 350 3.93 7.36 522 166 -0.12
dCa0 069 0.50 ND 024 3.40 155 291 0.94 055 140 0.40 -0.20
dMgo .06 033 ND 0.08 0.89 0.47 076 362 383 1.06 0.14 -0.02
dia,D -1.80 -0.67 ND -2.10 -1.94 -2.09 -0.41 0.38 ~1.49 ~1.71 -3.67 <0.46
a0 087 063 ND 0.25 0.0 039 0.09 -1.05 -0.39 045 361 0.36
dHo, 004 0.06 ND 0.02 0.02 002 0.04 0.01 0.04 0.06 0.06 0.02
dMn0 002 0.02 ND 0.02 0.12 0.01 0.06 013 0.10 013 0.00 0.00
dP,0;  0.06 0.03 ND 0.05 0.04 007 0.06 0.00 0.02 0.05 0.00 0.00
dcr 82 £ ND 154 115 120 5 183 244 7 276 a7
dzZr 105 27 ND 24 22 -8 51 -19 33 36 18 1
@ 15 20 ND 7 ) 0 o o 10 2 8 3
dou 232 8 ND 18 24 11 -10 -10 6 80 45 87
dzn 605 ND ND 28 3 -10 -10 10 -10 193 28 ND
a2 5 ND 15 a7 33 15 -36 .36 19 9 5
dCo 17 o ND -2 5 1 0 5 27 4 9 ND
dhb 18 5 ND 41 -1 41 36 - 35 33 -41 ND
a 9 14 ND a9 -39 at 21 7 29 27 -35 21
dsc - 5 ND 3 -1 9 2 10 8 3 1 0
dBe o -5 ND -8 B o o -5 o -5 -5 0
dcoz o ND ND ND ND ND ND ND ND 0 ND ND
ds 2 0 ND 2] 13 O g Y 4] 0 0 0

A32.3



Appendix 3.2: Mass change data

sample AUQ42Z7 4377 4413 4389 AU04232 AUB4233
flag WVLF VBF VBF VBA VBE VBE
S0, 78.03 50.9¢ 52.32 57.23 51.37 5275
ALO, 13.16 16.13 16.01 7 18.03. 14.80 13.48
Fe,0, 1.08 12.22 10.84 8,57 11.69 14.37
Ca0 0.49 9.29 852 6.81 10.44 .79
g0 0.38 6.50 580 3.36 8.76 5.55
Na,O 5.60 2.88 2.41 361 308 2.45
K0 1.16 0.32 0.21 0.76 03¢ 0.17
TG, 0.08 1.34 1.10 1.27 113 1.13
MaC 0.02 0.23 0.18 017 0.18 0.21
P20 0.02 0.01 0.10 ND .12 0.08
coz ND 0.19 2.41 4.04 ND ND
8 .01 8.01 ND 0.04 004 0.01
foi 0.61 2.00 6.40 8.00 0.95 1.74
Cr 132 ND 180 ND 208 82
Zr 51 ND 86 ND 61 49
Y 10 ND 25 ND 20 20
Cu 177 40 220 103 30 107
Zn ND 124 68 103 ND ND
] 15 41 110 ND 76 45
Co ND 48 51 54 51 61
Nb ND ND 3 ND 5 1
v 20 ND 260 ND 33 403
Sec ND ND 24 ND 38 45
Be ND ND 1 ND 10 10
mf {pla) 1.00 1.00 1.00 0.89 1.08 1.18
Reconstituted Composition
S0, 77.80 50.80 52.52 51.01 55.39 62.87
rAhLO; 13.12 16.07 16.07 16.07 16.07 18.07
Fe; 0 1.06 1217 10.88 7.73 12.61 17.13
Cal 0.48 9.25 8.55 6.16 11.26 11.66
riMgOo 0.38 6.47 5.92 299 7.29 6.61
Na,O 5.58 2.97 2.42 3.21 333 2.92
K0 1.16 0.32 0.21 068 0.33 0.2t
rTio, 0.06 1.34 1.10 1.13 1.22 1.35
MnO 0.02 0.23 0.18 0.15 0.20 026
‘ rPyO5 0.03 0.01 0.11 ND 0.13 011
Cr 131 ND 181 ND 224 97
€2 50 ND 86 ND 66 58
Y 10 ND 25 ND 22 24
rCu 177 40 221 92 33 128
Zn ND 124 €6 92 ND ND
rNi 15 41 110 ND 82 55
Co ND 47 51 48 55 73
b ND ND 3 ND 5 1
v 20 ND 261 ND 366 481
¥Sc ND ND 34 ND 41 54
rBe ND. ND 1 ND 11 12
702 ND 0.19 2.42 3.60 ND ND
] 0.00 0.01 NOD 0.04 0.04 0.01
Absofute Mass Change
dsio, -0.73 -0.86 085 -0.65 374 11.24
dAaLO, ND ND ND ND ND ND
dFe;0; 0.12 0.64 -0.65 -3.80 1.08 5.60
dCal 020 0.35 -0.35 -2.74 235 2.76
dilgC 0.02 0.27 0.27 -3.20 1.09 0.41
diNa,0O 046 627 -0.28 0.52 0.64 0.23
dK.0 -0.36 0.08 -0.06 0.41 0.06 0.06
dTi0, -0.02 012 0.12 0.09 0.00 0.13
dMnO 0.00 0.02 -0.02 -0.05 0,01 0.05
dP,05 0.00 -0.05 0.05 -0.06 0.07 0.05
dCr 27 ~180 1 -180 44 -83
dZr -1 66 0 66 3] -8
dy -3 -25 o] -25 -3 -1
dCu 87 -20 91 -38 97 -2
dZn ND 29 -29 -3 -85 -95
i 4 -35 . 35 -76 6 21
dCo ND 2 2 -1 5 24
dNk ND -3 o -3 2 2
v -21 -260 1 260 106 221
dSe 5 -34 0 -34 7 20
dBe -5 -1 0 -1 10 12
dC02 ND -1.11 112 2.30 -1.30 -1.30
d$ 1] 0.00 -0.01 0.03 0.04 0.01

A3.24



Figure 3.1: A geological map of the Swayze greenstone belt. (Compiled by the author
after Heather and Shore (1899) and unpublished Falconbridge Limited data.)
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Figure 3.2: A plan view of the geology of the Huffman Township Zn-Pb showing drawn from outcrop and
diamond-drill hole information and projected into UTM NAD 83, zone 17. The grid is aligned with UTM north
(top), and grid lines are spaced 1 km apart. Northernmost mafic rocks belong to the Trailbreaker Group, while

Chester Group rhyolite, dacite and basalt occur below the hydrothermal sediment horizon. Volcanic and
sedimentary texturse indicate tops to the north for Chester and Trailbreaker group rocks.
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Figure 3.3: Photographs of Chester Group volcanic outcrops. The hammer handle is 40 cm long,,
and the scribe is 15 cm long.

{a) A basalt flow with variolitic texture occurs in the upper 50 m of the CAm.

{b) Dacitic fragmental is exposed at upper contact with low-Ti rhyolite from the eastern end of the
map area of Figure 3.1.

{c) Dacitic fragmental with quartz and feldspar crystal-rich matrix from the western end of the map
area of Figure 3.1 has a dark gray, mud rich matrix indicative of mixing of volcaniclastic and
epiclastic material in distal parts of the volcanic complex.

{d) Abraded fragments from the upper part of the rhyolite unit east of the eastern edge of the map
area of Figure 3.1 indicating transportation away from the magmatic vent.



Figure 3.4: Schematic stratigraphic sections through the Huffman Township Zn-Pb showing and south-east SGB. Relative thicknesses of units in
this figure are not representative of true stratigraphic thicknesses.
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Figure 3.5: Pholographs of Chester Group volcanic and hydrothermal sediment outcrops. The
hammer and scribe used for scales are the same as in Figure 3.2.

{a) Rhyolite fragmenial with a recessively weathering, sericite-quartz altered matrix and angular
fragments outcrops from the centre of the map area of Figure 3.1.

{b) Flow-banded and weakly foliated low-Ti rhyolite from the dome exposed near the centre of the
map area (Figure 3.1).

{b)} Sheared rhyolite breccia 125 m north of the low-Ti rhyolite in figure 3.4b, occurs below the
hydrothermal sediment horizon.

(d) Well-banded iron formation from the north east corner the map area of Figure 3.1.
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Figure 3.6: Bivariate plot of Zr versus Y for SESGB volcanics and CGC intrusives. Basalt
(CAm), CGC diorite and low-Ti rhyolite have Zr/Y ratios <5, indicating a tholeiitic magmatic
affinity. Rhyolite, dacite and CGC trondhjemite samples have Zr/Y ratios >5, which is common for
rocks having transitional to calc-alkaline affinity. Tholeiitic and calc-alkaline affinity fields are
defined by dotled lines based on the Zr/Y ratios in MaclLean and Barrett (1893).
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Figure 3.7: Chondrite-normalized REE profiles for the Chester Group volcanics and the Chester
Granitoid complex of the SESGB.

(a) Low-Ti rhyolite (sample AU04242) has a (La/YD), ratio of 5.7, very similar to that of the CGC
diorite and relatively depleted in LREE. Chester Group, Arbutus Formation basalt (CAm) is
depleted in all REE and has a low La/Yb, ratio (1.06 to 1.35; samples AU04322 and 4415).

(b} CYTfrhyolite (average of samples 3469 and 3473) is enriched in all REE relative to dacite
{sample 4216), but both fall within the range of REE concentrations of CGC trondhjemite. CGC
trondhjemite, and CYT dacite and rhyolite are all relatively enriched in LREE, having (La/Yb),>6.



Figure 3.8: Photomicrographs of alteration minerals from type 1 (sericite-quartz) and type 2
(chiorite-sericite+/-biotite-+/-garnet) alteration zones. The squares in the upper left corner of sach
photomicrograph are labeled o indicate scale.

(a) Sericite (se)-quartz {qt) assemblage typical of type 1 alteration (crossed-nicols) is welil-
developed in dacite, rhyolite and low-Ti rhyolite.

(b} Quartz veinlets and open-space fillings cause net mass-gains and decreased porosity in type
1 alteration (crossed-nicols).

(c) Sericite-quartz-altered rhyolite fragments and chioritic (ch) matrix, are overprinted by gamet
(al) in type 2 alteration (plane light).

(d) Relatively coarse-grained muscovite {mu)-bictite (bi} assemblages overprint chioritic matrix in
type 2 alteration (plane light).
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Figure 3.9: Bivariate plot of Al,O, versus TiC, concentrations for Chester Group dacite, rhyolite
and low-Ti rhyolite. The immobility of Al and Ti during mass-changes accompanying hydrothermal
alteration is established by the displacement of altered sample compaositions along discrete lines
{dotted) trending through the origin. Rocks of similar type maintain near-constant Al/Ti ratios.
Alteration involving net mass-gain of mobile components causes compositions to plot along

alteration lines befween the precursor composition and the origin. Rocks plotting above the
precursor composition have undergone mass-loss of mobile components, enriching compositions

in immobile elements such as Al and Ti.
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Figure 3.10: Map of the distribution of calculated net mass-changes associated with type 1 (sericite-quartz) and type 2 (chlorite-sericite+/-
biotite-+/-gamet) alteration of low-Ti rhyolite, rhyolite and dacite volcaniclastics at the Huffman Township Zn-Pb showing, SESGB. Values >1
correspond to net mass-gains during alteration, and values <1 correspond to net mass-losses. Type 1 alteration occurs distal to the mineralized
hydrothermal sediments where mass-gain accompanies alteration. Type 2 alteration occurs in volcaniclastic rocks around base-metal sulphide
mineralization and several synvoicanic faults. Pillow facing directions in both the CAm basalt and the TOm basalt indicate that stratigraphic top is
{o the north. Planar stratigraphic and structural features in the map area are subvertical in orientation. Not all samples in Appendix 3.1 occur in

the map area.
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Figure 3.11: Bar-diagrams showing oxide and elemental mass-changes relative to precursor
compositions for type 1 (sericite-quariz) and type 2 (chlorite-sericite+/-biotite+/-garnet) alteration
facies. Type 1 alteration is characterized by minor additions of K, Si, Mg, Mn, Zn, S, loss of Na
and Cu, and net-mass-gain of 13%. Large additions of Fe, Mg, Mn, Cu, Zn, and S and minor
losses of Si and Na accompanied type 2 alteration which involved a net mass loss of 1%. The
graphs are based on an average of 10 altered samples of each alteration type and include rocks
of low-Ti rhyolite, rhyolite and dacite composition.
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Figure 3.12: Calculated oxide and slemental mass-changes for CYf volcanics during type 1
{sericite-quartz) and type 2 (chlorite-sericite+/-biotite+/-garnet) alteration of low-Ti rhyolite, rhyolite
and dacite.

{a) Na was depleted in low-Ti rhyolite, rhyoclite and dacite and was replaced by K during type 1
alteration.

(b) Na,O was depleted, and replaced by Fe, Mg and Mn during type 2 alteration.

(¢) Type 2 alteration is associated with a loss of Si and an increase in Fe, Mg and Mn.

(d)} Type 1 alteration is associated with an increase in Si.

{e) A path (dotted line) from K enrichment to K loss and gains in Fe, Mg and Mn occurred as type
1 alteration was overprinted by type 2 alteration.

{f) Net mass-change was accomplished by the addition or subtraction of Si.
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Figure 3.13: Diagram illustrating proposed model for alteration of Chester Group volcanics. (a)
Seawater evolved to form a hydrothermal fiuid within CAm basalt.

(b} Emplacement of CGC and C¥f volcanics produced thermal and pressure gradients allowing
circulation of evolved fluids.

(c) Type 1 alteration decreases the porosity of CYT volcaniclastics in initially porous volcaniclastic
deposits.

(d) Hydrothermal fluid-flow and type 2 alteration was focused along syn-volcanic structures.

(e) Hydrothermal vents developed on the seafloor, leading to the formation of hydrothermal
sediment and localized Zn-Pb sulphide mineralization.




Sio, 78.53 75.64 69.84 51.66

ALO, 13.12 12.28 14.32 16.07
Fe,0, 0.94 375 458 11.53

Ca0 0.28 1.40 3.35 8.90

MgO 0.36 0.92 1.78 6.20

Na,O 513 3.93 3.89 269

K,0 152 169 1.30 0.27

TiO, 0.08 0.30 0.73 122

MnO 0.02 0.05 0.07 0.20

PO, 003 0.05 0.17 0.06

s 0.01 0.01 0.01 0.01

L.O. 0.86 0.89 265 420

v 4 74 156 260

Cr 104 118 109 180

Co <5 8 26 49

Ni 10 5 36 76

‘ Cu 90 11 2 130

Zn d d 10 95

Sc 5 6 10 34

Y 13 26 10 25

Zr 51 215 114 66

Nb <5 20 41 3

ALD, ITIO, 160 41 20 13
ZriY 40 84 11.0 26

Table 3.1: Precursor compositions of Chester Group low-Ti rhyolite, rhyolite, dacite and basalt.
Precursor compositions are averages (except dacite, n=1) based on least-altered samples for
each rock type. Samples are judged as being least-altered on the basis of having the lowest
content of secondary alteration minerals during macroscopic and microscopic examinations, and
having low loss-on-ignition (LOI) values. Major-element compositions are listed as wt.%, and
trace-elements are listed in ppm. Compositions have been normalized fo volatile free such that
major element concentrations sum to 100 wt.% for each sample.




type 1 alteration

type 2 alieration

TiO,

10
1248
0.00
0.57
0.44
0.26
-3.26
2.20
0.01
0.01
-0.01
0.01
23

1.13

10
-8.69
0.00
5.90
1.97
1.57
-2.44
0.45
0.00
0.16
0.01
0.64

225

14

Table 3.2: Average oxide and elemental mass changes for type 1 (sericite-quartz) and type 2

{chiorite-sericite+/-biotite+/-garnet) altered dacite, rhyolite and low-Ti rhyolite.

Mass changes

are expressed as wi.% for major elements, and as ppm for trace elements. Averages were

caiculated for 10 samples undergoing alteration of each type. The mass-factor was calculated as

the ratio of AlLO, of the alfered rock to ALQO, of the appropriate precursor. Type 1 alteration is
characterized by significant net mass-gain, and addition of Si and K, and Na loss. Type 2
alteration is characterized by losses of Si and Na, and gains of Fe, Mg, Mn and K.



back-arc basin  mid-ocean ridge Kuroko
seawater vent fluids vent fluids fluid-inclusions
ToC 2 238-334 224-380 200-400
pH 7.8 4.7 3.2-5.0 4.5
mmoi/kg
Cl- 541 544-769 467, 544 490-1100
H2S 0 2.6-12.5 6.5 71 -
S042- 28.6
CO2 2.3 200 41, 85 50-350
Sio2 0.16 12.5-14.2 15.1, 18.6 -
Ca 10.2 22.2,394 28.4, 39.9 10-110
K 9.8 31-73.7 23.6 30-140
Na 464 425, 586 438 420-740
umol /kg
Mn <0.001 370.0, 6800 543, 1064 -
Fe <0.001 21.0, 1710 51, 964 100
Zn 0.01 7.6, 2400 118 32
Cu 0.007 0.003, 24 8 69
nmol/kg
Pb 0.01 36-4900 302 12066

Tabie 3.3: Compilation of seawater, submarine hydrothermal vent-fluid and Kuroko fluid-inclusion compositions. Seawater and vent fluids are
from Scott (1997) and references therein, and Kuroko data are from Pisthua-Arnond and Ohmoto (1985). Vent fluid compositions are calculated
for end-member compositions. Seawater contributions to hydrothermal fluid compositions are made by estimating the amount of seawater mixing
and normalizing end-member hydrothermatl fluids to 0 mmol/kg Mg,. Numbers in bold for the back-arc basin fluid composition represent

anomalous concentrations.



in the previous chapier, the high field-strength element geochemistry and alteration
zone mass-changes of Chester Group Voicanic rocks of the SESGB placed constraints
on the architecture and fluid compositions of the fossilized, submarine volcanic
exhalative system that developed within the Chester Group volcanic-arc. In the
following chapter, hydrothermal sedimentation associated with the emplacement and
alteration of the Chester Group volcanic-arc will be investigated from the perspective of
distribution, mineralogy, geochemistry and potential for economic base-metal

mineralization.
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4.1

Hydrothermal sediments or iron formation (IF} in the Swayze greensions belt (SGB) are

Abstract

composed largely of Si and Fe. Base-metal mineralization in the south-east SGB and other
localities in the SGB is hosted by brecciated hydrothermal sediments, overlain and flanked by
more broadly distributed pelitic IF enriched in large ion lithophile elements (LILE), Al, T}, and high
field-strength elements (HFSE), with distinct Fe,0,/Ti0, versus ALGC/{ALD,+Fe,0,+MnO) ratios
indicative of mixing with locally derived volcanic material. Well-laminated, banded F-type
hydrothermal sediments are widely distributed in the SGB and are enriched in Mn, depleted in
LILE, HFSE and transition elements, and have a wide range of Ce/Ce* values, reflecting diverse
redox conditions in depositional environments distal to hydrothermal venting. Thermodynamic
calculations suggest that the fluids responsible for generation of the hydrothermal sediments have
lower temperatures (250-300 °C) than volcanogenic massive-sulphide ore-forming fluids, but
similar pH (~4).
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4.2 Intro

Polymetallic voicanogenic massive-sulphide (VMS) deposits are commonly associated

duction

with an ore-equivalent horizon consisting of hydrothermal sediments that are the distal
products of the seafloor hydrothermal systems responsible for the production of the
massive-sulphide deposits (e.g., Davidson, 1977, Large, 1992; Kalogeropoulos and
Scott, 1889; Liaghat and Maclean, 1992; Peter and Goodfellow, 1996, 2000). This
horizon is typically an Algoma-type iron formation (IF) from the point of view of iis
geological setting and its interpreted genesis. Iron formations are conspicuous in
greenstone belts because they weather dominantly compared to their host volcanic
rocks, frequently forming large, gossanous outcrops along ridge crests and lake shores,
and because they produce extremely well-defined magnetic and electro-magnetic

anomalies easily detectable by airborne and ground geophysical surveys.

The genesis of [F and metalliferous sediments has been studied extensively since the
seventeenth century and the history of genetic concepts for IF has been reviewed by
Gross (1921). The volcanogenic exhalative or hot-spring origin of some IFs was first
suggested early in the 20th century by Collins ef al. (1926), who described a mechanism
by which ascending fluids first replaced volcanic strata with carbonate and suiphide
minerals and then, upon meeting the surface, deposited silica and iron compounds
during oxidation and cooling. These concepts were applied by James (1954) in his
development of the facies concept of IF, in which oxide, sulphide, carbonate and silicate

facies were distinguished on the basis of predominant iron-bearing minerais.

Gross (1965) distinguished two types of Precambrian IF on the basis of depositional

environments and geological settings. In his model, Superior-type IFs, associated with
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thick turbidite and minor volcanic sequences in rifted margin settings, were distinguished
from volcanic-associated, Algoma-type IF, thought to be deposited from submarine hot
springs. More recently, Kimberly (1989) summarized genetic models for many types of
IF, and for the cherty Algoma-type IF, favours the exhalation of hydrothermal fluids that,
upon mixing with seawater in the ocean water column, deposit a combination of fine,
iron oxyhydroxide particles including glacuonite, greenalite and silica-gel. The
precipitation of hydrous solid phases is interpreted to result from mixing between
hydrothermal fluids and seawater. Klein (1973) demonstrated that diagenetic and later
greenschist facies metamorphic processes transform various primary precipitates into
chert, magnetite, grunerite, stilpnomelane, siderite, garnet, pyrite, pyrrhotite and chlorite.
in addition, contamination of Algoma-type metalliferous sediments is common, and
microscopic-, metre- or even hundred metre-thick intercalations of volcaniclastic or
epiclastic detritus greatly affect bulk compositions (Liaghat and MaclLean, 1992; Peter

and Goodfellow, 1996, 2000).

IF was first identified in the Swayze greenstone belt (SGB) in 1806 when prospectors in
search of iron-ore were drawn to the area by the expansion of railways westward from
Sudbury, Ontario (Fulmerion ef al., 1993). Unfortunately, exploration for iron-ore has
been fruitless to date because the iron ranges identified by early prospecting have
proven to be too low in grade, high in sulphur content, and too narrow fo be economic.
However, during the late 1920s base-metal occurrences associated with iron formation
were discovered at the Shunsby and Jefferson properties in Cunningham and Marion
townships (Fulmerton et al., 1993}, and Algoma-type IF in the SGB became an
important target for base-metal sulphide exploration. Recent work by Heather and

Shore (1999) identified a single upward facing type-section consisting of five
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stratigraphic groups, three of which {Chester, Marion, and Trailbreaker) are capped by

regionally extensive IF horizons.

in this study, we use a combination of geological mapping, lithogeochemical and
geochemical methods fo interpret palecenvironmental controls on hydrothermail
sediment composition in the SGB. These data are used in conjunction with
thermodynamic modelling to evaluate the potential of IF to represent a VMS ore-
equivalent horizon in the SGB, and to refine exploration models for polymetallic

massive-sulphide deposits in other greenstone belis.

4.3 Field and analytical methodology

Hydrothermal sediments throughout the SGB were sampled by the first author in order
to generate a representative suite for petrographic and lithogeochemical analyses. A
total of 88 samples were taken from outcrop and 39 from archived drill-core. Samples
were collected such that the proportion of chert and iron-rich bands reflected the modal
mineralogy of the exposure as a whole. A 2 to 4 kilogram sample was taken from each
outcrop in the field, and a 1 kg portion was removed from the original sample block for
analyses. Dirill core samples are composites reflecting entire IF intersections, with two 2

cm-long pieces taken from each metre of IF.

Samples were sent to TSL Assayers in Swastika, Ontario where they were crushed to a
minus 10 mesh and a 200 g split was taken. The 200 g sample was then pulverized to
70-90% minus 150 mesh with a ring pulverizer. To measure the loss on ignition (LOI) a
1 gram split was roasted for 2 hours at 1000 ° C, weighed, and the LOIl was calcuiated
by dividing this weight by the original weight of the sample. A 5 g split was taken and

analyzed for Au using standard fire assay procedures. An additional 5 g split was taken
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and analyzed for Zn, Pb and Cu, by flame atomic absorption (FAA) speciroscopy. The
remaining pulverized sample was then sent to the TSL Assayers laboratory in
Vancouver where C and S were determined by infrared methods and the remaining
pulverized sample was roasted for 2 hours at 1000 °C o oxidize the sulphide
component of the sample. A 5 g split of the roasted, pulverized sample was fused with
a lithium metaborate flux, dissolved in HNO; and analyzed for major elements and Cr,
Zr, Y, Cu, Zn, Ni, Co, Nb, V, Sc, Be, Ba and Sr by ion-coupled plasma atomic emission
spectroscopy (ICP-AES). Major element data quoted in oxide wt.% have been
normalized to total to 100%, inorganic carbon is reported as TIC, and ali iron is reported
as Fe,0;. Zinc and Cu values used in this study are from analysis by ICP-AES unless >
500 ppm, in which case FAA analyses are reported. Selected pulps were also analyzed
for trace elements and REE by ion-coupled plasma mass spectroscopy (ICP-MS) from a

solution derived from a fused sample.

All samples from outcrop and archived drill core were examined macroscopically to
estimate modal mineralogy. Polished thin sections were prepared of representative
samples and examined under a petrographic microscope to assess mineralogical and

textural details in the hydrothermal sediments.

4.4 Geology of the Swayze greenstone belt

The SGB is considered the western-most extension of the Abitibi subprovince of the
Superior province in northern Ontario (c.f., Ayer ef al,, 1999; and Heather and Shore,
1999). The SGB is connected to the Abitibi subprovince by a thin band of supracrustal
rocks in the north-east and to the Shining Tree greenstone belt by a sinew of volcanic
and sedimentary rocks in the south-east. The SGB is bound to the south by the

Ramsey-Algoma batholith and the Chester Granitoid Compiex, to the east by the
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Kenogamissi batholith, to the north by the Biggs piuton, and to the west by the
Kapuskasing structure (Figure 4.1). On the basis of field cbservations and regional
geological mapping, radiometric age determinations, and compilation of previous work,
Heather et al. (1995) defined a stratigraphic type-section through the relatively
undeformed Woman River anticline (Figure 4.1). The type-section correlates well with
stratigraphic relationships throughout the SGB. Four cycles of mafic to felsic volcanic
rocks (Chester, Marion, Trailbreaker and Swayze groups), each with minor
intercalations of clastic sediment, occur at the base of the SGB stratigraphic section.
All, except the Swayze Group, are capped by regionally extensive iron formation. The
uppermost group in the type-section is the Ridout Group, which unconformably overlies
the Trailbreaker and Swayze groups in various parts of the SGB. The Ridout Group
consists of clastic sediments and quartz-pebble conglomerates, with minor quartz- and
feldspar-porphyritic felsic dykes (QFP), felsic volcaniclastics and tuffaceous beds.
These rocks correspond to the Timiskaming assemblage sediments described by
previous workers (cf. Ayer et al., 1999; Thurston et al., 1977) and exhibit stratigraphic,
temporal, textural and petrographic similarities to other Timiskaming sequences in the

Abitibi subprovince.

Ayer et al. (1999), suggests that the ages published by Heather ef al. (1995, 1996) and
Heather and Shore (1899) for the Chester, Marion and Trailbreaker groups, are
correlative with those of other volcanic assembiages elsewhere in the western Abitibi,
such as the ca. 2745-2740 Ma Pacaud assemblage south of Kirkland Lake, and the ca.

2730-2725 Ma Deloro and 2710-2702 Ma Tisdale assemblages in the Timmins area.

All supracrustal rocks in the SGB have been metamorphosed to at least greenschist

facies. Amphibglite to pyroxene hornfels facies contact-metamorphism has affected
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rafts of supracrustal material within encompassing batholiths and is also manifested by
narrow {~1 km) aureoles around syn- {o post-tectonic batholiths. Contact-metamorphic

aureoies are folded about F, axes.

Four major base-metal occurrences are known in the SGB, but there has been no
significant production from the belt to date (Figure 4.1). The Jefferson Zn-Pb deposit
(Figure 4.1) was discovered in the 1930s and underwent extensive, though sporadic
exploration until the 1990s. Mineralization occurs as several small ienses of semi-
massive- and stringer-type pyrite-sphalerite-galena with very minor chalcopyrite. The
mineralization is hosted by brecciated IF above the Marion Formation, Strata Lake
Group felsic volcanics (MSf) and below mafic flows of the Trailbreaker Group, October
Lake Formation (TOm). A resource of 100 200 metric tonnes (1) grading 4.6% Zn and

3.3% Pb has been calculated for the deposit (Fuimerton, 1995).

Mineralization at the Shunsby Zn-Cu deposits (Figure 4.1) occurs at the same
stratigraphic level as the Jefferson deposit; however, at the Shunsby deposits it
comprises stringers of pyrite-chalcopyrite mineralization in a muddy rhyolite breccia
below a discontinuous horizon of brecciated, laminated hydrothermal sediments (pyrite-
sphalerite-cherttgalena) below the base of the TOm. Five separate deposits have been
outlined on the Shunsby property, with higher Zn and lower Cu grades in the larger
lenses. A total resource of 3.98 Mt grading 2.51% Zn and 0.61% Cu has been

calculated for the Shunsby deposits (Fulmerton, 1995).

The Peter Lake Zn-Pb showing has been intersected in three drill holes and lies along
the same stratigraphic horizon as the Shunsby and Jefferson deposits, about 3 km west-

north-west of the Shunsby property (Figure 4.1). This prospect consists of a brecciated,
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discontinuous 5-10 m thick, laminated pyrite-sphalerite-chert horizon containing minor

amounts of galena.

Base-metal mineralization at the Huffman Township Zn-Pb showing has been exposed
over a strike fength of 250 m in three small pits at surface and intersected in three drill
holes. Mineralization consists of a single 2 m thick pod of massive pyrite, pyrrhotite and
sphalerite, and several discontinuous 5-10 m thick pyrite-chert-sphalerite-chiorite-
argillite horizons with thin laminations and cross-cutting veinlets of sphalerite and
galena. The mineralized horizon occurs at the top of the Yeo Formation felsic volcanic
pile within hydrothermal sediments overlain by Trailbreaker Group mafic volcanics. The
most economically important drill hole intersection cut 12.3 m of argillacecus breccia-
type IF with 1.5% Zn, 0.65% Pb and 1.5 ppm Ag, and 4 m of breccia-type IF with 2.8%

Zn, 0.85 % Pb and 3.6 ppm Ag (calculated from data supplied by L. Bonhomme).

4.5 Petrography of SGB hydrothermal sediments

Hydrothermal sediments from the SGB consist dominantly of banded iron formation

(BIF), less common phyliosilicate-rich IF (pelitic IF) and the localized breccia-type IF.

Exposures of well-banded hydrothermal sediments in the SGB are mainly composed of
quartz and magnetite (Figure 4.2a,b), with subordinate hematite, pyrite, stilpnomelane,
siderite, ankerite, grunerite, pyrrhotite, almandine and local traces of hornblende, albite
and anorthite (Table 4.1). The majority of the BIF-type hydrothermal sediment in the
area can be characterized as oxide-facies as they are composed almost entirely of
guartz, magnetite and hematite. However, BIF in the SGB frequently contains
significant quantities of carbonate, silicate and sulphide minerals, commonly intercalated

with guariz and magnetite. The magnetite content of BIF varies from 20 to 100% in
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layers from 0.1 mm to 0.5 m thick, with grain sizes from 0.01 mm to 1-2 mm. Quartz-
rich beds are intercalated with the magnetite-rich beds, vary in colour from white, biue,
black to jasperoidal (red) due to minor (<10%) contamination by magnetite, chiorite,
graphite, siderite or hematite. The colour and composition of quariz-rich beds vary
intricately from layer to layer. Substantial amounts of ¢hlorite, amphibole, garnet
(almandine) and stilpnomelane occur interbedded with quartz at several localities across
the SGB (Table 4.1). These minerals are most abundant in well-laminated IF and create

pelitic parting surfaces (Figure 4.2¢,d).

Breccia-type iron formation occurs mainly at the base of, and within thick sequences of
BiF and pelitic IF. Breccia-type IF features sub-angular tablets of fine-grained quariz,
with a fine-grained matrix composed of quartz, magnetite, pyrite, sphalerite,
chalcopyrite, chloritg, grunerite and ankerite (Table 4.1, Figure 4//.723). Breccia-type IF is
clast-supported, and displays solution-breccia texiures. Tvgmb_jgj_usjl‘ére commonly laminated
internally, rounded, bent and poorly sorted, ranging in size from 1-5 cm thick and 5-30

cm long. In rare cases, the chert-rich clasts occur with rhyolitic fragments that can be

distinguished by the presence of quartz and albite phenocrysts.

Carbonate minerals in hydrothermal sediments can constitute 2 to 50% of the modal
mineralogy, and consist primarily of ankerite, though siderite may be present locally
(Table 4.1). Petrographic analysis of Mn-rich hydrothermal sediments from the Huffman
Township showing indicates several percent rhodocrosite. Siderite weathers {o bright
orange limonite and the weathered surfaces of the carbonate-facies IF are very

distinctive in outcrop.
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Suiphide-bearing IF can be distinguished from altered, suiphidized IF by the presence of
laminated pyrite, pyrrhotite, sphalerite, chalcopyrite and galena in the former that can be
fraced laterally in stratigraphic layers over several metres in ouicrop. Pyrite, magnetite
and pyrrhotite are commonly intergrown in sulphide-rich hydrothermal sediments (Figure
4.3a). Fine banding, of the type usually seen in quartz-magnetite IF is rarely duplicated
in sulphide-rich sediments; sulphide-rich IF occurs usually as cherty breccia with
colioform textures, and as brecciated, laminated sulphide-rich sediment at the Shunsby
Cu-Zn deposit and Huffman Zn-Pb occurrence. Sulphide-rich BIF is laterally
discontinuous, and is seldom traceable for more than 20 m along strike. Five examples
of nearly massive, laminated Fe-sulphide (Figure 4.3a) were found in the southern SGB,
occurring in close proximity to, or intercalated with graphitic argillite. Three of these
localities are devoid of base-metal sulphides, but outcrops and drill intersections of
nearly massive pyrite and argillaceous, breccia-type hydrothermal sediments are
present at the Huffman Zn-Pb showing (Figure 4.3b) and the Shunsby Zn-Cu deposits,

where sphalerite and chalcopyrite (Figure 4.3c¢) occur over intervals of 2 1o 10 m.

4.6 Geochemistry of SGB hydrothermal sediments
Table 4.2 lists average compositions of 27 breccia-type IF, 32 pelitic iF, and 67 BIF

samples from the SGB. The average whole rock compositions illustrate the dominance
of Si and Fe in SGB hydrothermal sediments. S and TIC are also important anionic
components of Fe-bearing phases in many sulphide- and carbonate-rich rocks. The
three hydrothermal sediment types have roughly similar Si, Mg and P contents. The
average BIF contains less than 1.5 wt.% combined Al,O;, TiO,, Na,0 and K,0, and ~6
wt. % more Fe,0,;, 0.60 wt.% more TIC, and is significantly enriched in Mn relative to

other types of hydrothermal sediments. The average pelitic IF has the highest average

68



£

[ AR Y AT T PR TN [ S L B
Chapter 4 SGBE Hydrothermal Sedimeant

3

M

alkali, Al and Ti contents and the lowest inorganic carbon content of the three
hydrothermal sediment types. Breccia-type hydrothermal sediments have similar, but
slightly lower alkali, Al and Ti concentrations than pelitic and BiF-type sediments and

contain nearly 6 wt.% S.

Inter-element correlations (Table 4.3) show statistically significant positive r-values

(Pearson coefficients) in the following three groupings:

Group 1: Si
Group 2: Fe, Mg, Mn, TiCand S
Group 3. Na, K, Tiand Al

Silicon displays strong negative coefficients of correlation with the Group 2 elements Fe
(Figure 4.4a), Min, TIC and S, whereas there are only weak negative coefficients of
correlation between Si and the Group 3 elements Na, K, Ti and Al. Group 2 elemenis
correlate positively among themselves (Figure 4.4b,c) but have ambiguous correlations
with Group 3 elements. Calcum has moderately strong positive correlations with Mg
and TIC but a plot of Mg+Ca versus TIC (Figure 4.4d) indicates that bulk-compositions
of hydrothermal sediments reflect a mixture of carbonate phases including caicite,
ankerite and siderite. Phosphorous has a moderately strong positive correlation with Al

and Fe, but not with Ti or Mn, making its association somewhat ambiguous.

Figures 4.4e and 4.4f show positive correlations between pairs of Ti and Al and Na+K
and Al suggesting that the concentration of the Group 3 elements have a mineralogical
control in SGB hydrothermal sediments. Stilpnomelane has a quite variable composition
{Table 4.1) but is the only commonly occurring mineral in SGB hydrothermal sediments

that is capable of incorporating all of the Group 3 elements.
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4.7 Trace el
sediments

ent geochemistry of SGB hydrothermal

The average compositions of the three types of metalliferous sediments found in the
SGB are listed in Table 4.2 and show systematic differences in trace element
compositions. BIF typically contains a lower concentration of most iransition elements
(except Ge, As, Mo, In, Sn, Sb, W and Bi), large ion lithophile elements (LILE) and high
field strength elements (HFSE) than breccia and pelitic IF. Pelitic IF contains higher
concentrations of LILE and HFSE, while breccia-type hydrothermal sediments are richer
in base- and precious-metals and other transition elements (except Ge, As, Mo, In, Sn,

Sb, W and Bi).

Correlations among the three groups of major elements developed above and trace
elements are generally poor, and spurious high coefficients occur for many trace
elements present at or near the lower detection limits. Standard and log-normalized

bivariate plots were used to assess the correlation coefficients (Figure 4.4).

The HFSE, Y, Nb, Th and U are present in concentrations near the lower detection limits
of the ICP-MS procedure used for this study, so correlation coefficients for these
elements are unreliable. Zirconium is present in slightly greater quantities than the other
HFSE in SGB hydrothermal sediments, and correlates positively with Th (Figure 4.5a).
Yitrium and Zr show moderate negative correlations with Si (r = -0.335 and -0.350,
respectively) and positive correlations with Group 3 elements Al (Figure 4.5b), Ti, Na

and K (r = 0.84, 0.70, 0.51, 0.40, respectively).

Correlation coefficients between K and the minor-LILE, for example K and Ba (Figure
4.5c), are also positive. None of the LILE show strong correlations, positive or negative,

with Si, but generally have strong positive correlations with the Group 3 elements; Ba,
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has coefficients of 0.53, 0.42, 0.32 and 0.82 with Al, Ti, Na and K, respeclively (Figure

4.5¢).

There are no significant positive correlations occur the Group 2 elements, Fe and Mn,
and any of the trace elements listed in Table 4.2, however, S shows moderate positive
correlations with Ni (r = 0.564), Co (r = 0.391), and Ag (r = 0.358), and weak positive
correlations with the transition elements Cu, Zn and Pb (r = 0.218, 0.160, and 0.128,
respectively). The latter form important sulphide minerals such as sphalerite, galena
and chalcopyrite, and occur as trace elements in iron sulphides. Many of the transition
elements, especially Pb, Zn, Cu and Ag, display significant positive inter-element
correlations (Figure 4.5¢,f). No significant correlations were noted between the

transition elements and the Group 3 major elements.

Cr shows a statistically significant positive correlation with Si (r = 0.366) and a negative
correlation with Fe (r = -0.398) (Table 4.3, Figure 4.5g), making it the only element that
is positively correlative with Si. 1t is likely that the Si-Cr correlation is an artefact of the
sample preparation process, small quantities of Cr being contributed fo the sample from
steel in the grinding apparatus during pulverization of extremely hard, chert-rich

sampies.

4.8 Rare-earth element geochemistry of SGB hydrothermal
sediments

The analysis of the rare-earth element (REE) content of hydrothermal sediments
normalized to chondritic or shale REE abundances can be used to determine the
physio-chemical conditions and origin of fluids from which the rocks were formed
(Barrett et al., 1988; and Peter and Goodfellow, 1996, 2000). In general, the behaviour

of the REEs is a function of their high valence states and their differing atomic radii. The

71



% Y - Grgmry L3 LO S S S I ‘H ugen
Chapter 4 SGB Hydrothermal Sedimenis

REE content of natural hydrothermal solutions has an inverse relationship with pH
(Michard, 1989). The REEs typically exist as trivalent cations and are commonly
incompatible during igneous fractionation and immobile during hydrothermal alteration.
However, under oxidizing conditions, Ce is a ietravalent cation (Ce*") and under
reducing conditions Eu is a divalent cation (Eu®") making the behaviour of these
elements different from the rest of the trivalent REEs. In oxidized aqueous fluids, Ce*" is
preferentially adsorbed to the surfaces of suspended particulates resulting in fluids with
negative Ce anomalies. In reduced solutions, Eu®* has greater solubility than other
REE, resulting in fiuids with REE patterns featuring a positive Eu anomaly (Michard,

1989).

Cerium and Eu anomalies are conventionally expressed as Ce/Ce* and Eu/EU* and
' have been calculated herein using the methods of Toyoda and Masuda (1991) and

McLennan (1989):

[4.1] CelCe*=(5x Ce,)/(4xLa, + Sm,)
[4.2] Eu/Eu*=Eu/(Sm, x Gd,)°°
where Ce,, La,, Sm,, Eu, and Gd, are the REE abundances of a given sample
normalized to the North American Shale Composite (NASC; MclLennan, 1989). A

CeiCe* value less than 0.9 corresponds to a negative Ce anomaly (Peter and

Goodfellow, 1996).

Chondrite-normalized REE patterns for the BIF, pelitic IF and breccia-type hydrothermal
sediments from the SGB are shown in Figures 4.6a-c. BIF-type hydrothermal sediments

are weakly light REE- (LREE-) enriched (average (La/Yb), = 3.9), have positive Eu/Eu*

anomalies {(average EuW/EU”* = 3.51) and overall REE concentrations enriched 2 to 10
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times relative to chondrite (Figure 4.6a). The average pelitic IF is strongly LREE-
enriched {(La/Yb), = 7.5), has a negligible EWEuU* anomaly (Euw/Eu” = 1.74) (Figure
4.6b), and has overall REE abundances slightly less than average Archean shale values
(Taylor and MclLennan,1988) (Figure 4.6d). The chondrite-normalized La/Yb ratios of
breccia-type hydrothermal sediments are not enriched with respect to C1 chondrite
(average (La/Yb), = 3.8) and EWEuU" anomalies are intermediate between those of BIF
and pelitic-type IF (Figure 4.6¢). Average Ce/Ce* values for the three hydrothermal

sediment types are listed in Table 4.4 and show Ce/Ce* values slightly <1.

4.9 Discussion
4.9.1 SGB hydrothermal sediment provenance

Lithogeochemical studies of modern and ancient hydrothermal sediments indicate that
compositions are controlied mainly by mixing hydrothermal precipitates with clastic or
volcaniclastic detritus (c.f., Liaghat and MacLean, 1993; Peter and Goodfeliow, 1996,
2000). iron is readily soluble in warm, mildly saline solutions, and can be used as a
proxy to measure hydrothermal contributions to hydrothermal sediments (c.f., Bonstrém
and Peterson, 1969). By contrast, Ti is virtually insoluble in such hydrothermal solutions
by virtue of its relatively high valence to cationic radius ratic (c.f., Finlow-Bates énd
Stumpfl, 1981), and can be used as a proxy for the detrital input to hydrothermai
sediments. Because Fe shows a strong positive correlation with Mn, TiC and S in the
SGB hydrothermal sediments, the source of Group 2 major elements is likely the
hydrothermal solutions. The Group 3 elements, Al, Na and K have a similar distribution
to Tiin SGB hydrothermal sediments. Ratios of Fe/Ti and Al/(Al+Fe+Mn) have been
used in previous studies to evaluate relative contribution of hydrothermal and detrital

components to modern metalliferous sedimenis (Bostrdm and Peterson, 1969). Here,
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hyperbolic mixing equations (c.f., Langmuir ef al., 1978) define curves between end-
member hydrothermal sediments and leasi-altered compositions for Chester Group
volcanic rocks (Figure 4.7a), and indicate that the detrital component in SGB pelitic IF
and breccia-type hydrothermal sediments is probably derived from local volcanic

sources.

BIF and breccia-type hydrothermal sediments are characterized by strong positive
EWEu* anomalies and lack negative Ce/Ce* anomalies, consistent with precipitation
from a reduced hydrothermal fluid similar to those produced at ocean-floor spreading
centres (Michard, 1989; Figure 4.7b,¢). Volcaniclastic and epiclastic material derived
from SGB volcanic rocks and incorporated into hydrothermal sediments have EwEuU*
values of zero or lower that overprint the strong positive Eu/Eu* values of the
hydrothermal component in pelitic IF (Figure 4.7b). All types of hydrothermal sediment
have positive Eu anomalies when normalized to Archean shale (Figure 4.7d),
demonstrating the contribution of reduced hydrothermal fluids to the bulk chemistry of
the SGB hydrothermal sediments. The wide range of Ce/Ce* values for BIF sediments
reflects variable fO, conditions in depositional environments distal to major hydrothermal
vent fields, whereas the relatively high Ce/Ce* values (0.9 to 1.1) of most breccia-type
and pelitic IF sediments reflect the reduced nature of the vent-proximal environment
(Figure 4.7¢).

4.9.2 Compositional relationships between SGB IF and ore-equivalent
horizons

The mineralized breccia-type and pelitic IF samples enriched in base-metals have Fe/Ti
ratios intermediate between Chester Group volcanic rocks and pure hydrothermal end-

member BIF (Figure 4.7d). By contrast, similar studies of hydrothermal sediments in
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younger (e.g. Phanerozoic) setlings such as that of the Bathurst District VMS deposiis

indicate that Al and Ti concentrations decrease systematically with increasing base-
metal content and proximity to known orebodies (Peter and Goodfellow, 1996, 2000).
This difference can be reconciled by considering the contrast between the ensialic-rift
environment active during the formation of the Bathurst district VMS deposits (van Staal
et al., 1991), and the volcanic-arc environment interpreted for the SESGB hydrothermal
sediments. In the continental-rift environment, hydrothermal sediment accumulation
out-paced the input of clastic sediments to the juvenile ocean-basin proximal to
hydrothermal vents and massive-suiphide accumulation, causing Fe/Ti ratios, or other
hydrothermal/clastic element ratios, to decrease toward more ore-proximal
environments. By contrast, in the submarine volcanic-arc environment, volcaniclastic
input to hydrothermal sediments was greatest in areas of active hydrothermal and

‘ volcanic activity, and relatively minor in distal parts of the ocean basin. Consequently
decreasing hydrothermal/clastic element ratios provide a vector toward felsic volcanic

centres and more hydrothermal vent-proximal environmenits.

Several important observations can be made from comparisons of the composition of
hydrothermal sediments within ore-equivalent horizons in the Noranda, Matagami,
Bathurst and Kuroko VMS districts (Table 4.4), with the that of the SGB hydrothermal
sediment types (Table 4.2). Samples from Archean hydrothermal sediments that are
stratigraphically equivalent to massive-sulphide orebodies at Matagami Lake and
Noranda contain 5.0 1o 13.4 wi.% ALQO;, while BIF, pelitic IF and breccia-type
hydrothermal sediments in the SGB contain only 0.4 to 4.5 wt.% AlLO;. This indicates

that the input of Al from volcaniclastic material is significantly greater along the ore

equivalent horizons of Archean Cu-Zn sulphide deposits than in sediments not
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associated with major Cu-Zn sulphide deposits. The implication of this observation is
that Archean hydrothermal sediments marking ore-equivalent horizons record more
intense volcanic activity during periods of hydrothermal sedimentation than the BIF-type
hydrothermal sediments of the SGB, which are contemporaneous with periods of

relatively quiescent volcanism.

Hydrothermal sediments of the Key Tuffite at Matagami, the hydrothermal component of
the Contact Tuff at Noranda and the chiorite-sulphide IF of the Brunswick Horizon, in the
Bathurst district, and the Tetsusekiei Horizon of the Kurcko VMS district contain
between 7.96 and 18.20 wt.% S. By contrast, the BIF, pelitic sediments and breccia-
type IF of the SGB contain 3.70, 4.50 and 5.96 wt.% S, respectively. The relatively low
S content of SGB hydrothermal sediments suggests that the hydrothermal fluids

. responsible for the transport of Fe and base-metals to the paleo-seafloor, and/or the
ambient seawater, may have lacked sufficient reduced sulphur to deposit economically
significant guantities of base-metal suiphide minerals.

4.9.3 Thermodynamic constraints on the chemistry of fluids responsible
for SGB hydrothermal sediments

The predicted solubility of Fe, Pb, Zn, and Cu as chloride and sulphide complexes in a
0.5 mol/kg ZCI solution in equilibrium with the assemblage magnetite-pyrite-pyrrhotite-
sphalerite-galena-chalcopyrite at 300 bar pressure was calculaied as a function of
temperature and pH. The mineral assemblage was chosen to buffer fO,, and maintain
Fe-, Zn-, Pb- and Cu-sulphide mineral saturation during model runs. The 0.5 mol/kg
5.CI" solution reflected mixing between a warm (150 to 400 °C), saline, low-pH (~4)

submarine hot spring-type hydrothermal fluid and seawater. The pressure of 300 bar
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was chosen to simulate reaction on the seafloor at a seawater depth of approximately

3000 m.

The HCh program of Shvarov (1899), supplemented with thermodynamic data for metal-
mono- and -di-chloride complexes, metal-mono- and bi-sulphide complexes (Sverjensky
ef al., 1997) and sulphide and oxide minerais (Helgeson ef al., 1978), were used {o
construct Figure 4.8. Reduced sulphur species (H,S, HS) do not form strong
complexes with base-metals at the conditions modelled here, so sulphur-bearing
complexes were not considered during these calculations. The pH of each run was

varied by making minor changes to the total concentration of Na in the system.

Copper soiubility is strongly dependent on temperature with temperatures >350 °C being
necessary to leach and transport significant quantities of Cu at pH >4 (Figure 4.8). The
solubility of Zn and Pb is greatest in acidic, higher temperature fluids, but more Zn and
Pb than Cu can be transported at lower temperatures at these conditions (Figure 4.8).
Fe is readily soluble in acidic and higher temperature fluids, but can also be dissolved in
appreciable quantities in fiuids at temperatures <200 °C and near-neutral pH. Low pH
(~4) and ~300 °C hydrothermal fluids were required to transport Fe, Cu and Zn to
hydrothermal vents that formed the Shunsby Cu-Zn deposit. The Zn-Pb mineralization
at the Jefferson, Peter Lake and Huffman Township Zn-Pb showings were likely formed
by fluids that did not attain temperatures as high as those responsible for the Cu-rich
mineralization at the Shunsby deposit; low-pH (~4), moderately high-temperature (~250
°C} hydrothermal fluids were capable of transporting moderate concentrations of Fe and

Zn and Pb, with virtually no Cu at the Zn-Pb showings.
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The thermodynamic model utilized here demonstrates that base-metal-sulphide and Fe
saturation in hydrothermal fluids is reached by a combination of increasing pH and
decreasing temperature {Figure 4.8). Mixing of metal-charged hydrothermal fluids with
seawater of near-neutral pH, and low temperature at, or near the paleosesafloor is likely
the cause of base-metal and Fe saturation. The concentration of total dissolved Cu
drops two orders of magnitude with a decrease in temperature of 100 °C or an increase
of two pH units upon mixing with cold, mildly alkaline seawater (Figure 4.8). Zn and Pb
solubility are especially sensitive to pH, with solubilities dropping two orders of
magnitude with a one-unit increase in pH. A 200 °C drop in temperature, or a
combination of increasing pH, and decreasing temperature, caused by mixing with
seawater will cause rapid Zn- and Pb-suiphide saturation (Figure 4.8). lron solubility
also decreases rapidly when hot, acidic hydrothermal fluid is mixed with seawater, as is
shown in Figure 4.8, however, equilibrium calculations indicate that Fe exhibits
retrograde solubility below temperatures of approximately 250 °C, and becomes much
more soluble than base-metals at temperatures below 200 °C. Typical VMS ore-forming
fluids mix with seawater, causing a rapid decrease in temperature, while pH is partially
buffered by the production of H" during sulphide mineral precipitation, for example the

precipitation of sphalerite from the di-chloride complex:

[4.1] ZnCL® + H,S = ZnS +2CI 2H"
Ore-fluids thus evolve along a path from A to D (Figure 4.8), reaching Cu, then Zn, Pb
and finally Fe saturation during mixing with seawater, and leading to the typical pattern
of metal-zonation within VMS deposits (¢.f. Franklin, 1996). The composition of SGB
hydrothermal sediments indicates that the fluids responsible for their genesis must have

had a limited capability to transport Cu, Zn and Pb, whereas they were able to transport
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vast quantities of Fe. A 250-300 °C, low pH {~4) hot-spring fluid mixing with seawater at
the paleo-seafioor likely followed a path between BD and CD in Figure 4.8. Fiuid
evolution along this path would aliow the deposition of minor Cu, Zn and Pb proximal to
the hydrothermail fluid-seawater mixing interface (e.g., within breccia-type hydrothermal
sediments), and the transport of Fe long distances from the vent field, forming regionally
continuous, but barren, BIF. Warmer fluids (BD) can transport greater quantities of Cu,
and gave rise to hydrothermal sediments richer in Cu, such as those at the Shunsby
deposit, while cooler fluids were responsible for the production of the Zn-Pb-rich (Cu-
poor) hydrothermal sediments at the Jefferson Deposit and the Peter Lake and Huffman

Township Zn-Pb showings of the SGB.

in short, the fluids responsible for the generation of SGB hydrothermal sediments may
have reached pH values similar to typical VMS systems, but end-member hydrothermal
fluids failed to attain the temperatures required to transport quantities of Cu, Zn and Pb

sufficient fo produce economic base-metal sulphide orebodies.

4.9.4 A model for the generation of breccia-, pelitic- and BiF-type
hydrothermal sediments in the SGB

The petrographic and lithogeochemical characteristics of the three types of
hydrothermal sediments in the SGB are a result of the geological environment in which

they were deposited (Figure 4.9).

Moderately hot (250-300 °C), acidic (pH ~ 4) hydrothermal fluids rich in Fe and base-
metals were discharged onto the seafloor at hydrothermal vents. Base-metal sulphide
deposition upon mixing with seawater at or near the seafloor lead to the formation of
breccia-type hydrothermal sediments proximal to hydrothermal vents. This type of

hydrothermal sediment contains sub-economic Cu-Zn and Zn-Pb mineralization at the
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Shunsby and Peter Lake deposits and the Jefferson and Huffman Township base-metal

sulphide occurrences. In general, the exhalative systems responsible for the generation
of hydrothermal sediments throughout the SGB lacked the high temperatures and the

reduced sulphur necessary to form significant polymetallic massive-sulphide deposits.

Because Fe solubility remains high at higher pH and lower temperature than base-metal
sulphides, a significant quantity of Fe was transported away from the vent field in
hydrothermai plumes. Pelitic-type IF was deposited in an environment where end-
member precipitates from hydrothermal plumes were mixed with volcaniclastic and
epiclastic material from active volcanic centres. These sediments are an order of
magnitude more distal to hydrothermal vents than the breccia-type hydrothermal

sediment.

BIF-type hydrothermal sediments were deposited by precipitation from several
hydrothermal plumes in the SGB, distal to explosive volcanic centres and during periods
of volcanic quiescence. These sediments are the most extensive in distribution.in the
SGB, contain very little epiclastic and volcaniclastic detritus and were formed in the

most hydrothermal vent-distal environment of the three hydrothermal sediment types.

4.10 Conclusions

1. BIF in the SGB is composed almost entirely of Si and Fe, has a relatively high
CO, content and is depleted in LILE, HFSE and transition elemenis compared to
peiitic IF and breccia-type hydrothermal sediments. BIF-type hydrothermal
sediments have a wide range of Ce/Ce* values reflecting variable fO, conditions
in hydrothermal vent-distal depositional environments. BIF can be found

throughout the SGB, and overlies breccia-type and pelitic IF.
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Pelitic IF is enriched in Al, Ti, Na, K, HFSE and LILE and is characterized by flat,
slightly depleted REE profiles when normalized to average Archean shales.
Pelitic IF compositions dispiay a continuum of mixing between end-member BIF
hydrothermal sediments and local Chester Group volcanic rocks, indicating

deposition proximal to active SGB volcanic edifices.

Breccia-type hydrothermal sediments of the SGB are enriched in S, Zn, Pb, Cu,
Ag, Au, Ni, and Co compared to BIF and pelitic IF. These elements were
precipitated as sulphides from a hydrothermal solution that mixed with seawater
in a vent-proximal environment. Zn, Cu and Pb mineralized breccias include the
Jefferson, Shunsby, Peter Lake and Huffman Township base-metal showings of
the SGB, and offer the most prospective geological environments for base-metal

sulphide mineralization.

Hydrothermal sediments that occupy ore-equivalent stratigraphic positions in
productive Archean VMS districts have higher S and Al concentrations than SGB
hydrothermal sediments because of greater availability of S and greater volcanic
activity during massive sulphide deposition. These observations can be used {0
gauge the potential of other IFs in similar tectonic settings to mark siratigraphic

horizons containing economic massive sulphide deposits.

Thermodynamic calculations indicate that SGB hydrothermal sediments
precipitated from a cooler (250-300 °C) fluid than those responsible for the

generation of typical polymetallic massive-suiphide deposits.
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Appendix 4.1: Lithogeochemical data

Sampie Bata 8375 B478 Bare 5400 AUOT 753 AUBaRiE - AUGAZIS RUG4Z34 V5T Vi

flag i8H 1BH 1BH = 18H g 1BH 1BH I1BH 18H 1BH
S10, 74584 49.78 59.69 71.21 73.53 €6.46 €4.36 8345 B1.07 61.12
ALD, 0.54 1.03 0.55 0.60 025 0.46 0.69 0.21 0.05 0.25
Fa,04 14.84 42,08 26.13 15.94 15.66 41.31 31.27 14.22 17.85 34,29
cad 5875 2.38 7.4 785 8.28 0.22 1.64 0.20 0.07 0.24
Mgo 268 429 555 3.77 1.85 1.23 1.38 076 0.91 3.80
Na, O 0.01 0.02 0.01 0.01 0.01 0.01 0.06 0.01 0.01 0.0%
[ ] 0.02 0.05 0.01 0.01 0.01 0.02 0.42 1.04 0.02 0.03
IO, 0,02 0.04 0.01 0.02 0.01 0:03 0.03 0.02 0.01 0.02
MO 0.45 0.19 075 0.41 0.38 0.03 0.23 0.41 0.10 0.06
P, 0.06 0.14 0.47 0.37 0.04 0.23 0.20 0.08 0.11 047
Tic 338 5,88 383 352 198 6.15 B.03 6.57 6.01 014
s 162 0.87 4.81 0.90 3.63 0.14 0.14 0.51 0.03 029
LOY 7.74 2.30 5.03 9.10 3,55 1.30 1.45 3.53 0.41 0.5
¥ ¥ 822 73.6 55.1 521 Bi4 5K 364 0.4 6.0
cr 2975 98.2 253.3 488.6 369.9 67.8 93.2 104.2 131.1 85.5
Co® 55 10.3 52.8 55 15.6 102 2.9 13 25 203
Ni* 41.9 26.8 812 320 260 16.3 26 28 25 2.5
cu" 16.5 10.3 168.5 334 198.0 17.0 153.1 36.4 5.0 121.9
Zn® 2.8 408.4 2217 55.1 104.2 25 28 26 333 356
Ga® 18 43 28 1.7 13 28 53 1.4 1.3 28
Ge® 3.80 3.82 257 3.24 3.06 12.45 4.58 4.21 4.01 856
As® 518 28 26 28 2.6 25 26 7.5 25 2.5
Mo® 2.9 4.6 1.1 28 1.0 10 1.0 22 1.0 27
ag® 03 0.1 0.7 01 0.5 0.1 0.1 0.1 0.1 bR ]
i 0.055 0.206 0.053 0.055 0.052 0.103 0.256 0.052 0.050 0.111
sn® 0.8 05 0.5 06 05 0.5 3.9 05 05 05
sb® 0.110 0.403 0.108 0.250 0.104 0.884 0.402 0.104 0.101 0.751
w 03 14 03 0.3 0.3 03 0.3 1.4 03 03
Al 1.1 2120 43.3 18.7 7.3 346 17.4 7.3 74 3.0
" 0.028 0.026 0.026 0.028 0.026 0.025 0.026 0.026 0.025 0.025
Pi? 1.1 1.0 61.2 259.1 8.3 1.0 1.0 1.0 1.0 1.0
Bi* 0.06 0.05 0.05 0.06 0.18 1.05 1.03 0.29 0.05 . 0.20
Be 2.8 28 26 28 26 25 28 26 25 25
Rb* 06 05 0.5 06 05 0.5 05 05 0.5 05
S 33.1 61.7 137.2 44.1 41.7 203 10.2 52 7.8 10.2
cs® 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ba* 19.4 152 16 17 10.3 5.5 114.5 7.0 16.7 2238
Sc 28 26 53 28 26 2.5 26 26 2.5 25
' 66 6.9 76 7.7 59 72 75 26 36 6.6
. zr" 9.9 9.1 7.8 9.2 6.2 8.8 11.7 43 56 7.2
Nb* 0.1 0.1 0.1 04 0.1 0.1 0.1 0.4 0.1 0.1
Hf* 0.23 0.33 0.16 0.26 0.45 0.20 0.30 0.05 0.05 0.18
Ta° 0.01 0.02 0.01 0.01 0.01 0.01 0.1 0.01 0.01 0.01
™ 0.2 0.4 0.1 0.1 0.1 0.2 0.2 0.1 0.0 02
U 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
La® 3.2 4.1 1.5 3.4 3.0 42 4.0 1.2 20 43
ce® 8.1 8.5 3.1 8.4 56 8.7 7.4 24 3.7 {03
P o7 1.0 0.4 0.8 0.7 1.0 0.8 0.3 0.4 1.3
Nd® 3.158 4.066 1.770 3.997 2.963 4.207 3278 1.120 1.808 5.064
sm® 0.717 0.865 0.500 1417 0.748 0918 0.720 0.250 0.351 1113
Eu® 0.680 0.746 0.447 0.964 0.809 0.562 0611 0.228 0.370 0757
cd® 0.773 0.815 0.682 1851 0.807 0.807 0.770 0.283 0.356 1.028
™t 0.142 0.161 0.154 0.323 0.144 0.165 0.139 0.054 0.071 0.183
oy’ 0.862 0.993 1.018 2.056 0.839 1.019 0.938 0.366 0.442 1.102
Ho® 0.192 0.220 0.222 0.426 0.181 0.226 0.223 0.087 0.102 0.235
Er 0.587 0.708 0.662 1.150 0.550° 0723 0729 0264 0.337 0.744
Tem® 0.082 0.108 0.088 0.136 0.081 0.108 0.110 0.040 0.051 0.111
\'s 0.515 0.727 0.568 0.700 0.525 0.694 0.682 0.270 0.323 0.750
Lu® 0.081 0.111 0.086 0.104 0.078 0.106 0.103 0.040 0.048 0.117
UTME 410563 410173 410401 210401 410401 415325 16170 411060 411769 413147
UTMN 5270758 5270756 5270735 5270759 5270771 5271245 5270340 5270668 5271443 5271340

-All data have been nomnalized to a volatile free basis such that major oxides total 100%.
-Major oxides, S, total inorganic carbon (TIC) and ioss on ignition (LOI) are expressed as weight percent, Au is expressed in parts per billion,
and all other trace slements as parts per million. The letters ND indicate that no data are available.

-analysis key ° indicates analysis by ICP-MS
* indicates analysis by ICP-AES or AA
-fiag key first letter - sample type:  i=hydrothermal sediment sampie
second lstter - lithology type: B=BIF, S=pelitic IF, X=breccia
third letter; -iron formation: T=Trailbreaker Group, H=Huffman Township, W=Woman River, S=Shunsby, N=Northern SGB
-sample locations are given in NADS3 projection for UTM zone 17
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Appendix 4.1: Lithogeochemical data

I R vk ey y o AUDSOER o RUGe6s V1715 A 1/

1BH B 1BH 1BH i8R
18 BN BN
5555 5705 5556 5648 5549 SE34 7503 5550
0.04 0.24 0.59 0.62 061 .59 030 0.09
2472 12.20 4124 4145 75.48 20.43 298 37.32
148 2.0 044 043 030 054 049 180
g.g: 0.18 629 0.30 245 175 222 337
y 0.05 6.04 0.17 0.01 0.01 0.01 0.0
0.01 0.02 008 0.04 0.08 001 0,04 001
Ho, 001 0.0t 0.01 002 0.02 002 0.08 o1 o
WnG 0.6 041 .47 0.08 005 0.40 010 085 3'5;
P,0; 012 .11 0.04 027 0.23 017 y .
27 . 0.18 0.08 D10
FiC 357 Ca7 0.06 ©.08 606 :
s 05 0.17 0.21 0.4 0.43 et Toe 020 o
y . . ' ¥ 2080 105 020 049
Lot 1108 1.26 214 275 0.08 19.49 10.15 0.37 .
o T3 509 505 3. =
= X ¥ X G 373 e 757 7503
4 295.4 126.7 130.3 1753 873 5
co* 58 102 27 88 50 250 e iy oy
. : y ; ! ) : 15.7 50 50
N 28 56.0 26 26.1 461 56.1 39.0 403 25.1
o 56.3 25 26 344.0 50.1 2433 3348 45.4 30.1
w1859 25 575 782 200 1435 524.2 25 25
Ga 15 18 14 33 28 D ‘
o 18 s N 5.1 ND 26
o : : 547 6.89 1452 ND 3.1 1.92 ND 138
e 11 .19 25 8.0 143 25 ND 522 155 ND 25
o . 10 10 10 10 ND 14 10 ND 10
Ag 0.1 0.1 0.4 05 04 19
s o1 o ) 1.0 0.4 0.1 02
! o5 o5 03321 0.052 0.050 ND 0.145 0.051 ND 0.050
! ! ! 05 12 ND 08 05
: y y ND 05
sv:s 061 ;a 0.245 0.103 0528 1592 ND 1.031 0.587 ND 0.374
v 03 c7).3 03 17 14 ND 17 09 ND 10
T 4 1.6 7 10 183.4 234 10 10 10
o ‘ 0025 0.026 0.026 0.025 ND 0.028 0.025 ND 0025
: 4 10 10 10 8.0 1435 78 10 10 10
2; oéose 0.05 0.05 0.15 0.12 ND 0.13 0.13 ND 0.44
. ) 25 26 26 25 3.4 28 25 25 25
Rb 06 0s as 45 : -
w08 0s . ! 46 ND 17 ar ND 47
. : i 5.1 10.4 300 125 223 203 202 30.1
cst 0.1 0.1 0.1 02 03 ND 02 02 ND 04
Bsa 44 20 177 165.8 387 749 1.2 42 303 122
c : ) 26 26 25 3.1 28 25 : :
) y ! 25 2.5
. ZY; s 40 40 60 67 3.4 74 62 25 44
z 62 51 48 84 7.4 374 148 6.1 202 69
e . ) 0.1 01 02 6.2 05 01 50 01
* o1 0.05 0.05 0.19 0.20 ND 0.40 011 ND 0.21
Ta 0.02 001 001 0.02 0.03 ND 0.05
™ 0 0.01 ND 0.01
: ; 0.1 0.4 03 03 ND 0.6 03 ND 04
Lu3 01 00 0.0 0.1 02 ND 02 02 ND 0.1
2 19 2.1 2.1 31 78 ND 6.1 19 ND 10
ce 33 40 35 6.4 147 ND
134 36 ND 16
Pr: 04 0.5 04 0.7 1.5 ND 15 0.4 ND 0.2
sud3 1664 1.996 1556 2.890 6.263 ND 6.443 2.009 ND 0789
w0342 0.413 0.307 0.656 1284 ND 1.358 0.566 ND 0.214
Eo® 0384 0.321 0272 0.750 0.956 ND 0917 0.588 ND 0.187
o 006 0.465 0.321 0729 1.457 ND 1.256 0.750 ND 0202
™ oom 0.086 0.056 0.421 0178 ND 0,198 0.127 ND 0.060
oy o0ss0 0.548 0.381 0.764 1087 ND 1.198 0.767 ND 0396
Mo 0124 0.114 0.083 0.172 0.202 ND 02852 0.163 ND 0.102
B 042 0.366 0313 0.512 0.581 ND 0.748 0.480 ND 0.364
™ oo 0.053 0047 0.071 0.077 ND 0.101 0.068 ND 0,085
Zb' z.z:g 0.385 0.304 0.533 0.548 ND 0684 0.448 ND 0.341
T E 5w 4256?:7 42';;';215 4‘:?::4 row o S e o 3555
UTMN 5271327 5270771 5271485 5274121 o bk b ot AL T
5269575 5269570 5334210 5335790 5336075
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Appendix 4.1: Lithogeochemical data

z P U R V¥ 11 R Ty T R 13 ey V15
fiag BN BN BN 18N 18N [ES 18S 18T BT 18T

S0, 84.75 7518 36.51 56.43 3575 82.46 §2.40 4408 75.53 50.58
ALO, 012 0.4 0.0 0.01 0.0 0.22 0.14 1.99 0.28 0.64
Fea 0y 2831 19.34 62.34 4547 48.32 12.89 14.85 51.30 19.94 41.88

Cat 1.46 202 0.31 109 1.53 3.31 038 044 1.92 451
MgG 2.83 253 0.43 2.95 4.48 1.01 1.85 1.54 1.92 2.01
Na,0 2.01 0.0t 0.03 0.08 2.08 0.04 0.91 0.0% 0.02 0.0%
K0 0.0 2.01 2.11 .05 0.08 0.67 2.08 0.13 0.62 0.01
TiO, 2.01 0.01 0.01 .07 0.01 0.01 0. 0.08 0.01 0.02
Mo - 1.42 0.66 0.04 0.05 o1 0.13 0.24 010 0.41 0.08
P,0; 0.08 0.08 0.22 0.18 0.14 0.05 0.05 0.32 6.14 0.27
Tic 3,03 G.04 (X:7] 533 365 0.58 605 0.43 508 5
s 0.08 162 0.13 0.24 0.04 143 0.33 276 .99 0.23
LOt 0.61 1.83 0.01 16.32 20.78 278 247 3.37 0.63 11,25
v 151 EX] 345 0.0 532 %1 757 36.0 70.2 382
cr 185.7 265.4 87.4 162.0 164.4 2995 2157 1248 232.4 2146
Co* 25 5.1 3.5 6.0 32 52 15.4 5.6 2.5 2.8
i 5.1 255 148 18.0 126 15.5 411 26.0 253 33.9
[ 5.4 87.0 129.0 $02.0 822 26 113.0 2076 108.1 33.8
zw 25 255 34.7 78.0 69.6 26 822 26.0 2.5 28
Ga® ND ND 1.8 ND ND 1.8 ND ND ND ND
Ge® ND ND 5.61 ND ND 0.26 ND ND ND ND
As® ND ND 25 ND ND 26 ND ND ND ND
Me® ND ND 1.0 ND ND 2.8 ND ND ND ND
A 0.1 0.3 0.1 0.1 0.1 0.9 0.2 0.4 0.4 0.2
n® ND ND 0.050 ND ND 0.052 ND ND ND ND
sa® NO ND 05 ND ND 0.5 ND ND ND ND
su® ND ND 0.089 ND ND 0.411 ND ND ND ND
w ND ND 0.6 ND ND a1 ND ND ND ND
Aw? 1.0 1.0 208 12 8.9 10.3 7.2 1.0 1.0 1.1
™+ ND ND 0.025 ND ND 0.026 ND ND ND ND
Pi? 1.0 10 1.0 1.2 1.3 3.1 1.0 1.0 1.0 1.1
8 NG ND 0.10 ND ND 0.11 ND ND ND ND
Be 2.5 26 25 30 3.2 26 26 26 25 28
Ri® ND ND 32 ND ND 3.4 ND ND ND ND
S 10.0 204 69.4 96.0 88.5 16.7 71.9 20.8 202 . 90.4
cs® ND ND 02 ND ND 03 ND ND ND ND
Ba* 10.0 10.2 6.4 12.0 126 5.8 103 10.4 10.1 228
Sc 25 26 25 3.0 32 26 28 26 25 28
. 'S 25 26 6.0 3.0 3.2 5.1 26 52 5.1 28
z* 10.0 10.2 5.7 24.0 253 7.7 10.3 415 10.1 226
Nb* 5.0 5.1 0.4 6.0 63 0.1 5.1 52 5.1 56
HE ND ND 0.10 ND ND 0.17 ND ND ND ND
T3 ND ND 0.00 ND ND 0.01 ND ND ND ND
™ ND ND 0.1 ND ND 0.2 ND ND ND ND
1 ND ND 0.1 ND ND 0.2 ND ND ND ND
La’ ND ND 4.3 ND ND 22 ND ND ND ()
[ ND ND 8.5 ND ND 52 ND ND ND ND
PP ND ND 0.8 ND ND 0.6 ND ND ND ND
Ne® ND ND 3.455 ND ND 2687 ND ND ND ND
sm® ND ND 0.652 ND ND 0.684 ND ND ND ND
Eu® ND ND 0.377 ND ND 0.545 ND ND ND ND
Gd® ND ND 0628 ND ND 0.794 ND ND ND ND
™ ND ND 0.101 ND ND 0.139 ND ND ND ND
oy’ ND ND 0.676 ND ND 0,790 ND ND ND ND
Ha® ND ND 0.155 ND ND 0.162 ND ND ND ND
& ND ND 0.523 ND ND 0.488 ND ND ND ND
T ND ND 0.078 ND ND 0.065 ND ND ND ND
Yo' ND ND 0.562 ND ND 0.423 ND ND ND MD
Lo ND ND 0.088 ND ND 0.063 ND _ND ND ND
GTME 429423 431750 201760 404166 467070 371200 374495 383242 352502 377415
YTMN. 5335240 5337083 5333620 5333753 5333760 5285560 5285600 5288732 5278888 5291475
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Appendix 4.1: Lithogeochemical data

e ample . BUGREI . AUDGRET pliniE ey ivi RUGOTOR | BUGeTSs . AUOBII0 RGBT I8 FUTI T £t v

flag 187 1BT BT 18T 18T BT 187 8T BT 18T
§i0, 53.02 64.33 71.05 66.04 58.79 B9.63 57.13 5561 74,56 70.35
AL,0, 0565 017 0.76 2.18 0.0% 0.01 1.08 035 0.01 0.19
F2,05 41.45 31.38 19.32 19.95 38.00 28.13 36.80 39.86 23,00 2454
Cal 2.05 1.05 6.16 872 148 0.15 476 265 035 165
WMgO 228 2.09 2.16 4.12 0.38 1.6% 0.88 0.68 4.26 1.84
NayO 0.01 2.01 0:01 0.02 001 0.01 0.01 0.13 0.10 0.14
K0 0.01 0.01 0.02 0.03 0,08 0.14 8.12 0.12 0.16 0.08
TiO, 0.02 0.01 0.02 2.0 0.01 0.04 0.03 0.02 0.01 0.02
MaQ 0.23 074 0.42 061 0.07 0.05 0.13 0.19 043 1.10
P05 028 021 0.08 0.41 0.08 0.05 0,05 0.19 0.11 014
k] 5.10 444 1.40 514 0.35 0.02 287 0.02 504 254
s 3.88 008 2.36 9,51 0.12 0.18 113 0.28 0.01 0.50
LOb 16.42 13.18 5.78 11.41 038 0.40 6.00 0.01 0.47 7.5
A 380 173 21.9 713 553 353 481 70.0 30.2 540
o 197.8 201.8 234.4 186.4 221.0 1414 2243 1499 131.0 2758
Co* 3.0 29 21.3 28 30.1 10.1 267 5.0 25 27
NP 18.0 28.8 426 226 35.2 20.2 427 10.0 25.2 216
cu* 125.9 518 1395.8 66.5 25 40.3 170.9 104.9 125.9 1459
b 113.9 161.4 175.8 238 20.4 148.1 2403 70.0 45.3 108.1
Ga® ND ND ND 1.5 39 1.1 43 2.9 ND - 27
Ge® ND ND ND 0.28 7.28 2.59 0.27 5.77 ND 0.27
As® ND ND ND 28 333 25 7.2 25 1.0 22.1
Mo® ND ND ND 1.1 27 1.0 28 2.3 ND 1.1
Ag? 05 03 14 05 0.4 0.1 0.1 02 0.1 4
i ND ND ND 0.056 0.050 0.050 0.053 0.050 ND 0.054
Sn® ND ND ND 0.6 18 0.5 0.5 s ND 0.5
sk® ND ND ND 2.480 1.562 0.326 0.583 0.577 ND 1.108
w* ND ND ND 08 1.8 0.6 24 12 ND 1.4
Au® 1.2 16.1 11 1.1 30 10.1 1.4 100 10.1 32
w ND ND ND 0.028 0.025 0.025 0.027 0.025 ND 0.027
P 7.2 12 256 45 1.0 1.0 114 1.0 1.0 1.1
B ND ND ND 0.42 0.1 0.05 0.05 010 ND 0.05
Be 3.0 28 2.7 2.8 5.0 2.5 2.7 25 25 2.7
Rb® ND ND ND 1.4 7.5 1.2 1.5 48 ND 5.0
Se* 240 115 320 452 50.2 60.5 175 70.0 ND 1189
cs? ND ND ND 0.1 18 0.1 o1 33 ND 0.1
Ba* 12.0 23.1 10.7 34 153 4.4 59 150 10.1 9.7
Sc 3.0 29 27 2.8 25 25 27 25 2.7
. ¥ 6.0 5.8 53 28 5.7 36 4.0 5.2 2.5 45
2 240 23.1 213 6.3 56 5.1 14.8 86 10.1 a7
Nb* 6.0 6.8 53 0.1 18 0.1 0.4 0.2 ND 0.1
HE ND ND ND 0.12 0.47 0.10 0.30 0.21 ND 0.18
Ta® ND ND ND 0.01 0.02 0.01 0.03 0.02 ND 0.01
™ ND ND ND 0.1 0.5 0.4 0.2 03 ND 0.2
U ND ND ND 0.0 04 0.0 0.1 02 ND. 8.1
La® ND ND ND 13 7.0 2.2 18 27 ND 25
ce® ND ND ND 23 16.6 4.8 36 55 ND 47
P ND ND ND 02 17 0.5 0.4 08 ND 05
nd® ND ND ND 1.008 7.135 2.108 2.002 2639 ND 2.013
sm® ND ND ND 0.250 1.184 0.453 0.502 0.575 ND 0.432
B ND ND ND 0.378 0.451 0.416 0.265 0.351 ND 0479
od® ND ND ND 0.302 0.920 0448 0.547 0.609 ND 0.444
™ ND ND ND 0.052 0.129 0.081 0.105 0.103 ND 0.076
Dy® ND ND ND 0.343 0.774 0.508 0.627 0.655 ND 0.537
He® ND ND ND 0.074 0.157 0.108 0.133 0.144 ND 0.121
& ND ND ND 0232 0.456 0,350 0.436 0.432 ND 0.386
™ ND ND ND 0.034 0.062 0.051 0.068 0.057 ND 0.055
\(4 ND ND ND 0.239 0.406 0.347 0.437 0.384 ND 0.381
La® ND ND ND 0,039 0.054 0.053 0.089 0.061 ND 0.062
GiME 377415 377665 378113 3768143 387050 366190 375530 379267 379600 3807130
UTMN - 5201475 5283230 5282872 5262872 5287075 5281720 5291515 5288757 5289215 5284580
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Appendix 4.1: Lithogeochemical data

S 17y 7 R Y Y 77 piEi BUGSEOT  AUGeS0B s ALOBEIA RUvo516

flag 18T 187 1BW BwW 2w 1BW 1BWY
Si0, 69.95 56.01 4553 18.04 13.63 665 2319
ALO; 0.07 0.45 0.81 0.50 071 032 0.34
Fo,04 25.44 36.16 45.4% 89.51 77.33 78.07 8484
a0 237 2.94 057 053 0.19 564 3.39
WMgs 1147 3.86 494 7.02 6.18 8.34 823
Na, D 0.08 0.22 8.12 6,21 0.27 0.4 0.18
0 0.02 0,13 0.07 0.06 0.12 0.04 0.08
TiO, .0 0.03 0.05 0.02 0.04 801 0.03
MnG 075 0.26 257 2.85 1.09 2.58 178 .
P30s 0.13 9.12 013 0.7 0.16 0.17 0.14 0.16 0.25 0.93
Fic 2.60 602 133 (X 4.10 867 568 3.00 2,71 0.68
s 251 0.14 10.60 18.70 2050 18.90 18.10 348 17.80 2.12
L0t 9.22 8.01 535 9,67 10681 21.25 20.54 8.80 11.28 281
Vo 332 %] 2.5 27,7 350 572 583 168 £0.8 328
cr 2542 20.3 207.1 88.7 73.4 139.8 189.1 247.3 128.9 405.2
Co* 23 5.0 318 38.8 33.7 50.8 50.4 275 33.8 10.3
i 22.1 753 743 85.4 106.8 95.3 107.1 440 107.3 31.0
Ccu* 7.4 165.6 21.2 114 58.2 76.2 37.8 567.0 11886 113.6
n* 1713 80.3 276.1 419.1 472.4 165.2 499.2 307.7 4800 353.2
Ga® ND ND ND ND ND 3.4 3.2 ND ND 26
ce® ND ND ND ND ND 0.32 032 ND ND 0.78
As® ND ND ND ND ND 3.2 8.2 ND ND %4
Mo® ND ND ND ND ND 1.3 1.3 ND ND 4.1
Ag® 0.4 0.1 0.4 0.1 06 0.9 0.6 0.4 ‘0.5 05
in* ND ND ND ND ND 0.064 0.083 ND ND 0.135
sn® ND ND ND ND ND 06 06 ND ND 05
sb* ND ND ND ND ND 0.127 0.126 ND ND 0.881
w* ND ND ND ND ND 20 2.4 ND ND 104
Au® 34.3 7.0 40.3 61.0 ER] 125.8 303 3.3 62.1 1.0
v ND ND ND ND ND 0.032 0.032 ND ND 0.026
Pb? 11 1.0 1.1 37.7 1.1 6.4 6.3 1.1 14 6.0
B ND ND ND ND ND 0.21 0.7 ND ND 1.41
Be 28 25 27 2.8 238 32 32 2.7 28 286
Rb® ND ND ND ND ND 0.8 2.8 ND ND 59
S 1328 1104 0.6 .1 5.6 25.4 37.8 33.0 1.3 31.0
cs® ND ND ND ND ND 0.1 0.2 ND ND 2.0
Ba* 11.4 10.0 10.6 11.1 225 5.8 6.4 11.0 1.3 1132
. Sc 28 25 53 2.8 28 8.4 6.3 27 56 26
Y 2.8 2.5 53 5.5 28 15.2 9.4 11.0 16.9 6.4
zr 1.1 201 31.9 44.4 450 13.6 14.0 220 791 94
Nb* 55 5.0 5.3 55 56 0.1 0.3 55 56 03
He ND ND ND ND ND 0.28 0.33 ND ND 6.19
Ta® ] ND ND ND ND 0.01 0.03 ND ND 0.01
™ ND ND ND ND ND 0.3 0.4 ND ND 02
U ND ND ND ND ND 0.5 08 ND ND. 03
La® ND ND ND ND ND 5.8 46 ND ND 27
ce® ND ND ND ND ND 8.6 7.5 ND ND 7.0
P ND ND ND ND ND 0.8 0.7 ND ND [:X]
Ng® ND ND ND ND ND 3.859 3.087 ND ND 2.274
sm® ND ND ND ND ND 0.883 0.785 ND ND 0.529
Eu® ND ND ND ND ND 0698 0.494 ND ND 0.505
od’ ND ND ND ND ND 1.201 0.800 ND ND 0.623
™ ND ND ND ND ND 0.228 0.170 ND ND 0.114
Dy° ND ND ND ND ND 1.531 4.243 ND ND 0.880
Ho® ND ND ND ND ND 0.361 0.281 ND ND 0.147
EF ND ND ND ND ND 1.232 0.901 ND ND 0.464
Tm® ND ND ND ND ND 0.195 0.154 ND ND 0.067
N ND ND ND ND ND 1.269 1.056 ND ND 0.437
Lo ND ND ND ND ND 0.230 0.181 ND ND 0.067
CiME 390130 376956 409830 409980 410186 408565 408015 406015 410470 308528
UTMN 5284580 5289200 5298432 5208487 5298460 5298227 5207925 5297925 5208576 5203083
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Appendix 4.1: Lithogeochemical data

Sompie | AUOGSIT o AUDGSIA o ROGeomR T RGOSSET o BIoeRIE Rt TR TR AUDE534 AU
1BW 1BW 18w

flag 1BW 18w 18 BW 1BW 1BW 8w
Si0, 5209 E{63 70.38 74.02 7165 54.96 66.66 2585 60.56 64.24
25,0, 248 0.17 0.16 0.20 024 0.38 6.20 020 0.14 0.01
Fe 0 38.29 39.22 21.92 24.26 2323 35.21 20.08 44.10 32.38 31.18
Ca0 0.38 242 3.08 0.11 0.75 4.7 692 2889 205 054
MgD 450 542 373 0.93 3.02 3.98 1.97 382 3.32 3.27
Na, 0 0.08 0.08 0.01 0.01 0.04 2.01 0.01 0.01 0.04 0.0%
.0 0.54 0.18 0.03 2,01 6.05 6.07 9.02 0.01 006 [X:
O, 0.07 801 0.0 004 0.02 0.62 0.01 2.07 0.01 0.01
R0 1.31 0.77 0.60 038 0.84 107 1.04 1.90 1.58 068
P,0s 2.13 0,12 0.07 0.06 0.08 0.10 0.08 0.11 0.08 0.05
JC 5.48 [GE) 120 X 063 435 522 6.20 467 oz
s 4.83 386 1.83 2.89 2.42 2.76 5.89 3.88 282 0.18
L0t 6.13 522 4.44 9.78 3.76 13.62 11.14 18.57 14.90 _oe2
W 2.7 212 315 i1 158 29.1 28.2 37.0 29.4 54
cr* 2618 2539 336.3 510.7 358.6 168.6 3167 185.0 294.3 80.8
Co* 10.7 53 £3 222 5.2 5.8 11.3 123 5.9 10.1
Ni® 427 26.4 315 61.1 21.3 407 s0.7 37.0 35.3 202
cy* 1438 423 189.2 1610 140.7 1046 67.7 57.8 706 50.5
2zn* 184.9 25 157.7 56 26 138.5 28 3.1 2.8 141.3
Ga® ND ND ND ND ND ND ND ND ND ND
Ge* ND ND ND ND ND ND ND ND ND ND
As? ND ND ND ND ND ND ND ND ND ND
Mo* ND ND ND ND ND ND ND WO ND ND
Ag® 1.0 0.5 1.1 [1%4 05 06 0.8 0.6 06 0.1
n® ND ND ND ND ND ND ND ND ND ND
sn® ND ND ND ND ND ND ND ND ND ND
Sp* ND ND ND ND ND ND ND ND ND ND
we ND ND ND ND ND ND ND ND ND ND
Au? 28.8 328 35.7 53.3 7.3 12 343.9 55.5 153.0 128.2
w ND ND ND ND ND ND ND ND ND ND
PB* 278 1186 22.1 21,1 8.3 8.1 11.3 7.4 2.4 1.0
B ND ND ND ND NO ND ND ND ND ND
Be 2.7 26 26 28 26 2.9 238 3.1 2.9 25
RE* ND ND ND ND ND ND ND ND ND ND
s 10.7 317 84.1 222 62.5 93.0 338 74.0 82.4 70.7
cs’ ND ND ND ND ND ND ND ND ND ND
Ba* 214 31.7 21.0 1.1 41.7 34.9 11.3 12.3 1.8 10.4
Sc 27 26 26 2.8 26 29 238 3.1 2.9 25
e 5.3 26 5.3 56 52 5.8 56 12.3 11.8 25
. zr 32.1 21.2 10.5 1.1 10.4 23.3 113 247 11.8 10.1
Nb* 53 53 53 56 5.2 5.8 56 6.2 59 50
He ND ND ND ND ND ND ND ND ND ND
Ts ND ND ND ND ND ND ND ND ND ND
™ ND ND ND ND ND ND ND ND WD ND
14 ND ND ND ND ND ND ND ND ND ND
L2 ND ND ND ND ND ND ND ND ND ND
ce® ND ND ND ND ND ND ND ND ND ND
e ND ND ND ND ND ND ND ND ND ND
Nea® ND ND ND ND ND ND ND ND ND ND
sm® ND ND ND ND ND ND ND ND ND ND
Ed® ND ND ND ND ND ND ND ND ND ND
Gd* ND ND ND ND ND ND ND ND ND ND
™ ND ND ND ND ND ND ND ND ND ND
Dy’ ND ND ND ND ND ND ND ND ND ND
Ho® ND ND ND ND ND ND ND ND ND ND
EF ND ND ND ND ND ND ND ND ND ND
Tm® ND ND ND ND ND ND ND ND ND ND
¥b* ND ND ND ND ND ND ND ND ND HD
L ND MD ND ND ND ND ND ND ND ND
UTH E 898700 398737 358622 356140 399140 400853 369831 355502 399502 386220
UTMN 5293301 5293330 5293722 5204206 §294173 5294070 5294101 5294122 5294131 5291822
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Appendix 4.1: Lithogeochemical data

Sempie . AUGRTIT RUoe718 yiiyee AUDRTET s AUOSTIE ROo6T33 8470 B46T
flag IBWY iBW 1BW 1BW IBW 1BW IBW 1SH ISH iSH
S0, 4188 73.41 70.03 88.44 0,27 86.27 16.08 5248 72.83 5191
L0 .01 0.01 0.7¢ 930 0.03 0.01 0.01 3.19 5.44 13.90
Fey0y 51.33 23.26 25.14 10.12 928 29.74 75.45 37.68 13.41 22,87
CaQ 125 0.34 1.84 0.26 0.03 0.37 0.51 2.21 161 3.42
MgO 4.31 2,385 0.88 0.21 0.03 0.89 4.58 353 2.80 3.01
Ma,0 0.01 0.18 0.12 0.19 0.8 0.14 0.09 0.06 1.90 2.27
K0 .01 0.08 0.81 0.20 094 0.14 0.05 0.32 027 0.70
Ti0, 6.01 0.01 0.05 0.01 0.01 0.01 0.01 .11 043 104
RO 136 064 0.32 0.12 0.03 032 343 0.18 013 076
P05 0.05 0.07 0.1 0.05 0.03 0.13 0.09 0.24 0.08 0.11
TiC Tie 3,05 043 T8 51 653 B.77 837 631 304
s 013 0.48 11.80 1.58 0.32 1.24 25.50 Q.48 408 0.18
LOt 1.14 0.51 10.78 1.80 053 3.86 17.75 224 462 174
A 75.4 252 563 357 07 62.7 116.0 B2.G 136.9 1736
cr 203 2725 315.2 4647 528.8 298.0 85.5 5.1 315.8 68.8
Co* 10.2 25 913 26 25 26 42.8 10.2 36.8 306
M 152 15.1 16.9 357 20.4 187 g7.8 225 64.2 15.3
cu” 25 80.7 202.7 188.8 141.0 130.7 128.3 30.7 184.2 204
" 137.1 80.5 90.1 148.1 85.8 4496 3055 286 352.7 108.3
Ga® 1.4 ND ND ND 1.4 22 3.8 7.7 7.8 20.0
Ge® 0.25 ND ND ND 025 237 0.31 416 1.57 1.7%
As® 25 ND ND ND 16.3 20.7 3.1 26 28 28
#o® 1.0 ND ND ND 40 4.6 12 1.0 1.1 28
ag’ 0.1 0.1 33 0.5 0.2 02 02 0.2 0.4 8.1
in® 0.051 ND ND ND 0.050 0.052 0.064 0.103 0.053 0.051
sn® 05 ND ND ND 05 0.5 0.5 27 05 1.8
Sb* 0.102 ND ND ND 0523 1.222 0.122 0.879 0.108 o102
w* 67 ND ND HD 3.7 13.4 30 07 08 0.5
Au? 1777 212 1548.1 178.7 30 286.5 293 76.9 221 31.7
w 0.026 ND ND ND ©.025 0.026 9,031 0.026 0.028 0.028
Pp? 1.0 1.0 10.1 94.0 10.1 32.4 12 225 474 10
Bi 0.05 ND ND ND 0.15 0.05 0.16 0.05 0.05 0.28
Be 25 25 2.8 26 25 26 3.1 286 28 5.1
R’ 66 ND ND ND 13 4.4 5.0 05 05 93
S 60.9 80.7 80.1 91.9 100.7 115.0 134.4 30.7 84.2 367.7
cs? 11 ND ND ND 0.1 02 0.1 22 0.1 0.1
Ba* 15.8 202 450 402 47 11.0 10.4 45.2 109.4 2597
Sc 25 25 28 26 25 26 3.1 26 15.8 5.3
' 8.2 25 28 26 1.9 6.4 95 83 8.0 322
. ze 541 10.1 11.3 10.2 .7 3.7 9.7 27.8 39.6 165.0
Nb* 0.1 5.0 5.6 51 0.1 0.1 0.1 0.4 05 8.9
H° 0.12 ND ND ND 0.16 0.05 0.20 0.90 1.09 537
Ta* 0.01 ND ND ND 0.01 0.01 0.01 0.08 0.17 0.70
™ 0.1 ND ND ND 0.2 0.2 0.1 0.3 0.6 38
U 0.1 ND ND ND 0.0 0.1 0.2 0.2 02 0.8
La® 26 ND ND ND 1.2 3.4 1.6 8.2 4.2 19.8
ce® 57 ND ND ND 25 6.7 26 15.8 9.5 429
P 0.6 ND ND ND 03 0.7 0.3 1.8 1.2 5.1
Ng® 3.000 ND ND ND 1016 3.208 1.228 6.924 5.131 20.369
sm’ 0.807 ND ND ND 0.214 0.798 0.346 1.374 1.259 4.545
Euw® 0.704 ND ND ND 0.173 0.816 0.228 0.927 0.445 1.472
Gd® 0.936 ND ND ND 0.234 0.885 0.559 1.243 1.201 4.429
™ 0.171 ND ND ND 0.038 0.151 0.143 0.215 0.229 0.840
oy® 1.056 ND ND ND 0.231 0.880 1.064 1.337 1.408 5.287
Ho® 0.233 NO ND ND 0.051 0.188 0.270 0.288 0.286 1.131
EF 0.728 ND ND ND 0.166 0.556 0.808 0.907 0.883 3.708
Tm® 0.104 ND ND ND 0.023 0.076 0.150 0.126 0.133 0610
\C3 0.684 ND ND ND 0.157 0.470 1.006 0.832 0.850 3.897
L’ 0.104 ND ND ND 0.027 0.069 0.177 0.128 0.922 0.581
UTME 397650 397548 368180 385612 355510 385700 410170 310563 410401 410958
UTMN 5291950 5292380 5202054 5290828 5290925 5290550 5298640 5270720 5270775 5270696
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Appendix 4.1: Lithogeochemical data

sample AUTRED  RUDeSIe T AU0eS3T AUGEs 38 AUGRRSS . AUDESAs AUOBET0 RUeTSs

fiag 1S5 IsT IST IST iST ST ST IST
Si0, 97.32 £6.45 4874 654.25 £8.35 4575 5589 4524
ALD, 0.34 471 5.82 1.87 3.48 3.05 13.28 2.08
Fe O, 1.30 30.14 37.88 28.47 3105 4832 17.46 42.44
a0 0.77 3.84 1.57 3.06 3.33 0.90 7.08 472
Mgl 0.5 2.91 4.88 .84 2.24 2.90 2,96 3.52
Na,0 ©.01 0.5 0.09 0.01 0.0 0.24 1.95 0.32
K0 0.2 1.23 0.40 006 1.00 0.33 0.85 0.18
TiO, 0.01 0.18 0.2 8.08 0.98 0.15 029 0.41
Mn0 5.03 0.12 2.13 0.20 0.97 0.12 0.91 1.30
P05 0.05 0.23 0.19 0.16 0.20 0.25 0.12 0.08
Tic 608 0.32 0.22 2.2 203 463 0.10 0.01
s 0.07 165 8.71 1.27 3.41 676 0.87 370
L0t 0.30 3,02 2.98 9.02 40,27 16,78 0.94 2.60
¥ 50 36.3 365 570 352 285 506 82.6
cr 396.8 119.2 93.5 2104 185.0 418.1 197.2 98.1
Co* 352 207 220 11.1 5.8 54.5 10.1 155
ni* 40.2 415 §5.0 388 39.2 54.5 303 56.8
cu* BT 171.0 544.4 177.2 140.2 513.8 75.9 129.1
Zn* 3617 10.4 110.0 18826 2.8 §49.5 25 774
az* ND ND ND ND ND ND ND 7.0
Ge* ND ND ND ND ND ND ND 0.26
As® ND ND 18] ND ND ND N 26
Mo® ND ND ND ND ND ND ND 1.0
Ag® 0.3 0.1 0.3 [:%-] 0.4 0.5 03 02
i’ ND ND ND ND ND ND ND 0.052
sn® ND ND ND ND ND NO ND 05
sb* ND ND ND ND ND ND ND 0.103
w' ND ND ND ND ND ND ND 1.1
AY? 10 104 11 1.4 1.4 1.2 1.0 7.2 1.1 422
w ND ND ND ND ND ND ND 0.026 ND ND
Pb® 63.3 52 1.9 2.2 1.1 1.2 3.0 1.0 2.1 1.0
Bi* ND ND MD ND ND ND ND 0.12 ND ND
Be 25 26 27 28 28 30 25 28 53 26
Rb® ND ND ND ND ND ND ND 48 ND ND
s 100.5 314 1.0 33.2 44.8 242 1315 826 138.2 10.3
cs* ND ND ND ND ND ND ND 386 ND ND
Ba* 5.0 238.4 55.0 114 100.9 48,5 80.e 18.0 21.3 10.3
Sc 25 52 5.5 28 5.6 6.1 5.1 52 2.7 5.1
. ¥ 25 10.4 11.0 55 56 6.1 10.1 79 27 5.1
2= 100 51.8 77.0 332 44.8 485 21.0 239 425 30.9
NB* 10.0 52 5.5 55 56 6.1 5.1 07 5.3 51
He' ND ND ND ND ND ND WND 0.58 ND ND
T2 ND ND ND ND ND ND ND 0.08 ND ND
™ ND ND ND ND ND ND ND 0.4 ND ND
e ND ND ND ND ND ND ND 03 ND ND
La® ND ND ND ND ND ND ND 4.0 ND ND
ce® ND ND ND ND ND ND ND 7.8 ND ND
P ND ND ND ND ND ND ND 0.8 ND ND
N ND ND ND ND ND ND ND 3.420 ND ND
sm® ND ND ND ND ND ND ND 0744 ND ND
Eu® ND ND ND ND ND ND ND 0.312 ND ND
ad* ND ND ND ND ND ND ND 0.820 ND ND
™ ND ND ND ND ND ND ND 0.157 ND ND
py* ND ND ND ND ND ND ND 1.016 ND ND
Ho® ND ND ND ND ND ND ND 0.224 ND ND
=g ND ND ND ND ND ND ND 0.691 ND ND
Tm® ND ND ND ND ND ND ND 0.108 ND N
Yb? ND ND ND ND ND ND ND 0.675 ND ND
Ly’ ND ND ND ND WD ND ND 0.104 _ND ND
TUUTME 375835 384271 383796 388075 386784 362621 354825 379362 386576 409630
UTMN 5286172 5288044 5288187 5286394 5286188 5288110 5279629 5288857 5287350 5298432
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Appendix 4.1: Lithogeochemical data

Ao ALIGGS0E AUCe515 F008518 P T V1T R i R i 4 R iy AT R Eri
iSW

__fag 8w ISW ISW ISW 1SW ISW ISW ISW 1XH
Si0, 60.08 B3.44 4355 €3.97 84.82 36.81 69.12 73.24 .75 36.68
A,0, 667 1.68 6.84 372 245 259 5.09 1.24 1.38 1.05
FeyO, 26.85 3464 35.23 24.52 25.20 50.02 23.08 22.03 527 38.75
Cal 0.56 473 5.81 1.16 1.85 3.23 0.06 1.09 0.23 12.82
Mgo 2.98 4.38 5.88 2.90 462 441 1.82 0588 083 9.71
Mz 0 0.60 0.16 0.88 061 0.09 0.05 0.13 0.18 0.22 0.01
K0 .50 0.08 0.19 207 0.09 0.85 013 852 0.47 ©0.03
IO, 0.47 0.07 0.74 0.1 0.13 0.16 0.1e 0.14 0.04 0.05
WMnO 072 0.63 0.81 0.84 0.57 172 029 0.58 0.05 0.70
P05 0.08 0.21 0.28 0.09 0.16 9.18 0.09 0.10 0.05 0.10
TiC 0.05 7.20 () 603 0.26 156 0.02 X 502 543
s 2.42 2.89 1.35 9.04 0.63 5.11 6.40 232 0.76 1.75
LOt 189 3.13 1.34 8.49 1.43 2.88 6.30 5.96 9.91 11.82
v 755 934 193.8 112.3 4538 F7.7 482 54.2 50.2 85.7
cr 183.7 129.7 3212 329.1 320.4 82.8 267.8 406.8 454.8 29
Co* 5.1 36.3 459 11.0 10.8 258 16.1 214 104 114
[ 40.8 726 111.2 38.4 76.3 62.2 321 107.0 30.3 34.3
cu* 107.2 §31.1 3263 197.5 117.0 2435 85.7 224.8 3133 22.9
zn* 698.0 5135 3987 87.8 2136 350.2 178.7 480.3 121.3 479.9
Ga* ND ND ND. 9.1 5.8 ND ND ND ND 3.0
Ge* ND ND ND 027 0.89 ND ND ND ND 4.91
As® ND ND ND 27 25 ND ND ND ND 7.2
Mo® ND ] ND (R 1.0 ND ND [ls] ND 1.1
Ag? 02 0.5 0.3 4.4 0.3 1.0 0.9 0.2 0.1 0.2
in® ND ND ND 0.058 0.051 ND ND ND ND 0.057
sn® ND ND ND 05 05 ND ND ND ND 0.6
sB° ND ND ND 0.110 0.2589 ND ND ND ND 0.114
w* ND ND ND 8.1 1.3 ND ND ND ND | 0.3
A 173 1.0 1.0 1226.5 3.1 14.5 289 18.2 1.0 85.7
v ND ND ND 0.085 0.025 ND ND ND ND 0.029
Pb* 68.4 1.0 1.0 19.7 1.0 62 96 1.1 3.0 1.1
B ND ND ND 0.13 0.22 ND ND ND ND 0.06
Be 28 26 25 27 2.5 26 27 2.7 2.5 29
Rb* ND ND ND 73.4 5.8 ND ND ND ND 0.6
S 61.2 20.7 1326 32.9 50.9 93.3 53.6 858 121.3 34.3
cs® ND ND ND 12.8 1.7 ND ND ND ND 0.1
Ba® 265.3 10.4 40.8 208.8 218 124.3 538 842 10.1 79
Sc 5.1 156 25.5 27 5.1 5.2 27 27 25 5.7
e 5.1 15.6 20.4 52 92 10.4 27 27 25 11.7
‘ ze 51.0 31.1 40.8 49.2 343 31.4 64.3 21.4 30.3 8.9
Nb" 5.1 52 5.1 11 1.0 5.2 5.4 54 5.1 35
He ND ND ND 1.20 0.82 ND ND ND ND 025
73 ND ND ND 0.09 0.07 ND ND NOD ND 0.01
™ ND ND ND 0.7 11 ND ND ND ND 0.3
T3 ND ND ND 03 0.3 ND ND ND. ND 0.2
La® ND ND ND 4.9 74 ND ND ND. ND 55
ce® ND ND ND 10.0 16.1 ND ND ND ND 118
P ND ND ND 10 17 ND ND NOD ND 15
Ng® ND ND ND 4.040 8.030 ND ND ND ND 6.441
Sm’ ND ND ND 0.884 1.871 ND ND ND ND 1.440
B’ ND ND ND 0.374 0.864 ND ND ND ND 0.866
Gd® ND ND ND 0.805 1679 ND ND ND ND 1.422
™ ND ND ND 0.122 0.265 ND ND ND ND 0.270
oy* ND ND ND 0.752 1.498 ND ND ND ND 1.728
Ho® ND ND ND 0.149 0.298 ND ND ND ND 0.389
B ND ND ND 0.460 0.871 ND ND ND ND 1.188
Tm® ND ND ND 0.086 0.112 ND ND ND ND 0.171
¥b' ND ND ND 0.472 0.806 ND ND ND ND 1.108
L’ D ND ND 0.080 0.118 ND ND ND ND 0.173
UTME 410186 408565 410470 306699 402127 402127 358180 386280 356004 410563
UTMN 5298460 5208227 5208576 5203683 §295330 5205405 5292935 5280991 5200445 5270739
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Appendix 4.1: Lithogeochemical data

sampie G473 BaTS BU0asss AU 26
flag XH IXH IXH IXH
Si6, 7832 67.16 74.18 8285 £350 B7.28 47.39 830 54.90 58.89
AL,O, 0.08 0.03 141 024 0.32 3.40 13.55 0.73 5,98 6.82
Fe,0, 14.23 24.98 23.84 3.38 41.69 34.48 19.74 80,57 20.01 2875
cat 3.44 399 0.05 268 0.42 222 7.85 503 5.5 1.0
#Mg0o 2864 3.28 0.52 076 2.80 2.08 4.64 4.39 248 1.94
NaO 0.01 0.01 001 0.0% 2.01 0.12 4,92 0,04 0.22 031
K0 0.01 .01 0.04 0.01 0.23 0.07 0.14 0.62 046 0.80
IO, 0.01 0.01 0.08 0.01 0.02 0.12 1.44 605 0.12 037
¥no 0.22 0.37 0.06 0.06 0.16 0.09 0.35 273 0.52 0.43
P20 0.04 0.16 0.13 0.02 0.34 0.18 0.16 0.17 0.08 8.08
Fic 143 877 001 063 786 0.66 313 535 562 625
s 050 0.21 0.48 020 9.50 18.10 547 9.89 576 14.00
o] 4.32 12,88 4,32 214 18.57 14.07 13.63 18.43 415 11.92
v 37.0 4.2 63.2 153 583 737 3443 EX) 1.8 875
cr 3225 90.3 147.2 187.4 163.0 2763 180.4 18.4 199.1 692.6
Co* 26 5.8 10.5 28 124 118.7 757 123 26.2 126.2
N 301 439 286 26 483 1326 148.7 86.1 36.7 2418
Cu* 15.9 5.8 347.8 26.1 890.8 798.1 157.2 129.4 172.9 498.8
i 28 439 26 570.7 8.0 417485 5.8 3.4 397.1 3018.4
Ga® 1.1 12 4.8 1.4 ND 85 20.4 ND WD ND
Gé* 603 403 436 481 ND 031 0.29 ND ND ND
as® 26 29 2.6 26 ND 23.1 14.8 ND ND ND
Mo’ 35 1.2 3.0 26 ND 1.2 1.2 ND ND ND
Ag? 0.1 0.1 0.1 0.4 1.4 3.8 2.0 0.9 04 3.2
I 0.053 0.058 0.053 0.052 ND 0.061 0.058 ND ND ND
Sn’ 05 086 0.5 05 ND 08 08 ND ND ND
sp° 0.108 0.116 0.105 0.104 ND 0.485 0.472 ND ND ND
w* 03 03 03 0.3 ND 1.9 41.1 ND ND ND
Au? 18.0 31.2 7.4 31 4432 17.2 12832.4 130.4 5.2 1.1
kid 0.026 0.029 0.026 0.026 ND 0.031 0.028 ND ND ND
Pb? 42 1.2 1.4 214.9 12.1 10633.6 1.2 1.2 3.1 141.1
B 0.05 0.06 0.36 0.05 ND 0.18 0.15 ND ND ND
Be 28 29 26 26 3.0 3.1 2.8 3.1 26 29
Rb® 05 0.6 0.5 05 ND 36 3.7 ND ND ND
sr 21.1 231 5.3 9.1 242 73.7 151.3 615 10.5 11.8
cs® 0.1 0.1 0.1 0.1 ND 0.2 0.1 ND ND ND
Ba 35 7.4 40.4 16 72,5 36.7 62.0 123 41.9 57.3
Sc 26 29 286 26 3.0 3.1 407 3.1 5.2 17.2
‘ ¥ 35 5.4 7.0 27 6.0 8.1 46.6 3.1 52 57
zr 10.3 7.5 28.2 15.1 242 35.4 103.7 36.8 62.9 57.3
Nb* 0.1 0.1 0.1 0.1 6.0 1.2 33 6.1 5.2 57
HE 0.16 0.14 0.53 024 ND 0.78 2.87 ND ND ND
Ta® 0.01 0.01 0.04 0.01 ND 0.14 0.19 ND WD ND
™ 0.0 0.0 0.5 0.1 ND 0.8 0.5 ND ND ND
[T 0.0 0.0 0.1 0.0 ND 0.3 0.2 ND ND. ND
La® 1.1 290 5.3 16 ND 9.6 8.1 ND ND ND
[ 23 3.9 10.8 33 ND 210 16.0 WD ND ND
pr 03 05 1.3 04 ND 23 2.1 ND ND ND
Ne® 1.280 2,087 5226 1.727 ND 9.708 11,357 ND ND ND
sm® 0.335 0.475 1.032 0.363 ND 1.867 3.823 ND ND ND
Eu® 0.357 0.471 0.617 0.211 ND 0.779 1.345 ND ND ND
Gd® 0.380 0517 1014 0.371 ND 1.588 5182 ND ND ND
™w 0.080 0.100 0472 0.064 ND 0.248 1.080 ND ND ND
py* 0.528 0.655 1.022 0.372 ND 1.391 7.400 ND ND ND
He® 0.128 0.144 0.225 0.079 ND 0.254 1644 ND ND ND
B 0.389 0.433 0.710 0.245 ND 0.777 5.117 ND ND ND
Tm® 0.059 0.063 0.100 0.035 ND 0.110 0.768 ND ND ND
LS 0.385 0.381 0.633 0.239 ND 0.736 4.749 ND ND ND
Lu® 0.065 0.057 0.093 0.036 ND 0.111 0.712 ND MND ND
UM E 410563 410563 4710586 410608 414250 410572 406580 428283 373056 379058
UTMN 5270742 5270754 5270782 5270770 5271650 5270767 5333880 5336055 5287166 5287166

A4 111



Appendix 4.1: Lithogeochemical data

sampie  AUUSIZ BUG6513 PGB0 fXES it AUCGES 3
XS

flag XS XS %5 xs f
510, 62.08 4877 53.58 50,79 6!:).31 e];gs 32??2
ALD, 3.48 5.85 5.80 6.18 8.95 0.48 15.59
Fe,0; 25.35 34.92 21.80 40.67 27.26 1.65 42.41
Cal 485 7.71 5.08 0.22 3.03 1.90 033
MgD 336 a7 2.83 .50 137 0.20 453
Na0 043 0.10 0.13 201 001 .01 0.01
#,0 0.25 012 0.37 0.0t 2.01 0.07 062
Ti0, 0.24 044 0.30 0.18 0.25 6.01 0.4
MnO 032 0.20 0.18 0.07 0.13 0.03 012
PO, 042 0.13 047 0.27 0.47 0.05 067
Tic 075 %93 348 682 664 023 55
s 574 11.70 7.7 1750 7.10 0.06 .41
Lot 8.08 14.72 9.72 12.28 8.47 0.62 10.01
. 75 55 3K Y 55 565
cr 567.8 1201.2 726.0 188.8 2214 425.4 78.3
Cer 32.8 101.1 65.0 §90.6 1216 10.1 4533
Wi 1485 3348 0.0 203.7 608 203 7221
Cu* 1965 2021.9 1476.1 50378.7 3747.9 335.3 12577.9
Zn: 1212.1 32707 38401.5 1687.4 16915.4 317.4 2017.0
Ga3 7.4 ND ND 15.4 ND ND ND
Ge; 1.88 ND ND 0.30 ND ND ND
Asa 87 ND ND 19.2 ND ND ND
M02 1.1 ND ND 12 ND ND ND
Aga 1.0 5.1 5.2 293 45 0.3 9.6
sins 0;::5 ND ND 0.060 ND ND ND
T . ND ND 06 ND ND D
su® 0.055 ND ND 0.121 ND ND :D
w: 1.1 ND ND 103 ND ND ND
Au3 55 36 20.4 783 1.4 1.0 57.8
112 0.142 ND ND 0.030 ND ND ND
Pb_a 157 113.0 139206 2724 30404 122 19256
Bi 0.05 ND ND 0.13 ND ND ND
Be 27 30 30 3.0 28 25 57
Rb? 85 ND ND 06 ND WD ND
srt 257 238 240 12.1 221 £0.8 56.7
Cs 15 ND ND 0.1 ND ND ND
Ba* 297 1.9 36.0 3.7 55 10.1 79.3
Sc 108 238 12.0 6.0 5.5 25 11.3
‘ v 93 118 6.0 8.0 1.4 25 57
,f;: 21869 457.6 480 62.3 66.3 10.1 158.6
. .9 6.0 20 5.5 30.4 57
m: 0.75 ND ND 1.54 ND ND ND
Ta: 0.06 ND ND 0.17 ND ND ND
Th’ 06 ND ND 16 ND ND ND
u3 a1 ND ND 0.9 ND ND ND
éaz ;. : ND ND 34 ND ND ND
=4 N
e 10 N o o " o o
: X . ND ND ND
Nd 4.573 ND ND 3.580 ND ND ND
Sm: 1.315 ND ND 0.845 ND ND ND
(E;Za 0.788 ND ND 0.433 ND ND ND
1.416 ND ND 1.086 ND ND ND
sz 0.258 ND ND 0.187 ND ND ND
Dys 1.485 ND ND 1.089 ND ND ND
Ho 0.208 ND ND 0.241 ND MD ND
Er: 0.870 ND ND 0.805 ND ND ND
Trn, 0.115 ND ND 0.132 ND ND ND
Yba 0.725 ND ND 0.957 ND ND ND
U E— T o 5 5 = s
372950 3756850 375640 75860
UTMN 6287296 5287296 5287307 5286115 5286116 5327&61‘?5 ;2785;52%

A4.1.12



Appendix 4.1: Lithogeochemical data

sample . ROOGES!  AUUSIO0 RO0er06 AUBBTOS  AUDBIIE ,  AGOBIIZ AU0G506 RUGET 15
IXS

flag XS XS XS IXS IXT IXW IXW
(SN 8404 £5.18 62.40 5469 8527 72.06 50.50 52.07
ALDy 055 0.01 12.28 0.50 1.82 053 9.65 0.01
F2,0, 15.00 36.00 18.32 30.81 11.35 26.19 32.37 40.83
CaG 0.10 220 3.43 0.31 0.15 0.10 031 0.82
#wgo 0.18 2.20 1.56 238 0.87 078 525 4.44
Na,O 0.01 0.01 1.26 0.01 0.14 001 042 0.0
K0 0.05 0.07 2.1 0.10 0.04 009 0.08 0.08
TiO, 0.02 0.01 0.33 0.02 010 0.03 0.19 0.01
MnO 0.02 1.30 0.21 1.11 0.08 0.15 1.28 1.68
P30 005 0.04 0.05 0.05 0.06 0.08 0.18 0.05 007 0.02
TG 6.09 276 GER 0.03 614 166 T03 634 801 6.20
s 861 7.50 5,08 3.06 1.83 8.34 6.45 0.03 0.47 4.15
LOi 4.50 14.27 5.05 3,96 2.29 11.04 6.43 0.23 0.58 2.52
v 314 791 635 a7 3650 358 493 453 50.5 483
cr 492.7 1752 174.6 135.6 575.7 4455 136.8 302 111.2, 318.6
Ce* 210 794 52.9 208 15.4 305 54,7 10.1 5.1 5.1
NE 73.4 283 793 365 720 67.7 49.3 20.1 10.1 46.3
Cu* 508.4 3221 845.4 2295 3495 124.1 186.1 25 126.3 189.6
Zne 199.2 67.8 1311.9 240.0 107.8 107.2 10268.2 B5.6 288.0 257.0
Ga® 1.9 16.8 ND ND 3.8 ND 12.0 ND ND ND
ce® 480 4.72 ND ND 0.26 ND 0.55 ND ND ND
As® 223 12.5 ND ND 28 ND 27 ND ND ND
#Mo® 1.0 3.9 ND ND 1.0 ND 1.1 ND ND ND
Ag® 05 1.2 0.8 02 0.3 0.1 0.9 0.1 0.2 0.1
In® 0.052 0.057 ND ND 0.051 ND 0.055 ND ND ND
Sn’ 0.5 12 ND ND 05 ND 05 ND ND ND
sb® 0.462 0.938 ND ND 0412 ND 0.109 ND ND ND
w* 08 1.9 ND ND 0.3 ND 0.7 ND ND ND
Au? 1.0 159.3 1.4 7.3 7.2 84.6 15.3 7.0 3.0 343
™ 0.026 0.259 ND ND 0.026 ND 0.027 ND ND ND
PB? 145.7 27.4 1.1 1.0 1.0 1.1 4663.4 1.0 1.0 1.0
B 0.05 0.14 ND ND 0.17 ND 0.05 ND ND ND
Be 26 23 26 25 26 2.8 27 25 25 26
Rb® 12 27.7 ND ND 2.8 ND 24 ND ND ND
S 73.4 67.8 2433 62.6 113.1 79.0 12.4 60.4 50.6 102.8
cs? 0.1 04 ND ND 0.2 ND 0.3 ND ND ND
Ba* 4.4 543 41286 20.9 16.2 1.3 18 20.1 20.2 10.3
Sc 28 28 106 26 5.1 2.8 55 25 25 28
Y+ 38 10.3 26 26 27 2.8 11.8 25 25 26
. e 11.1 111.0 116.4 20.9 106 226 123.0 20.1 20.2 10.3
Nb* 0.1 40 53 52 0.3 56 38 5.0 5.1 5.1
He* 0.19 2.91 ND NO 0.26 ND 3.1 ND ND ND
Ta* 0.01 0.32 ND ND 0.02 WD 0.39 ND ND ND
™ 0.2 37 ND ND 0.1 ND 3.0 ND ND ND
u* 0.1 0.9 ND ND 0.0 ND 1.0 NO ND ND
La® 2.0 6.0 ND ND 1.4 ND 223 ND ND ND
ce® 45 143 ND ND 3.4 ND 418 ND ND ND
P 05 14 ND ND 0.3 ND 4.0 ND ND ND
[T 1.993 5.975 ND ND 1.433 ND 15.864 ND ND ND
Sm® 0.493 1.567 ND ND 0.369 ND 3.089 ND ND - MD
Eu® 0.323 0.734 ND ND 0.205 ND 1.066 ND ND ND
od 0.529 1.431 ND ND 0.389 ND 2.560 ND ND ND
™* 0.098 0.273 ND ND 0.070 ND 0.339 ND ND ND
py* 0.543 1.747 ND ND 0.435 ND 1.796 ND ND ND
Ho® 0.120 0.359 NO ND 0.086 ND 0.354 ND ND NG
Er® 0.363 1.080 ND ND 0.297 ND 1.023 ND ND ND
Tm® 0.055 0.155 ND ND 0.043 ND 0.144 ND ND ND
Yb* 0359 1.082 ND ND 0.283 ND 1.003 ND ND ND
Lu® 0.060 0.171 ND ND 0.044 ND 0.152 ND _ND ND
UTRE 375680 375807 373713 374820 370775 375402 409980 357450 306899 410350
UTMN 5286145 5285957 5286245 5266830 5283850 5291580 5298487 5292050 6291465 5298700

A4.1.13



Figure 4.1: A geological map of the Swayze greenstone belt. (Compiled by the author
after Heather and Shore (1999) and unpublished Falconbridge Limited data.)
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Figure 4.2: Photomicrographs of Fe-oxide
and Fe-silicate minerals from SGB
hydrothermal sediments. The white squares in
the upper left corner of each photomicrograph
are labeled for scale.

{(a) Very finely laminated magnetite (mt) and
quartz (qgt) from BIF in plane light.

(b} The same image as 4.1a, viewed in
reflected light.

{c} A thin, magnetite-rich band enveloped by
stipnomelane (st) fibres from pelitic IF, in plane
light.

(d) Fe-rich chiorite {ch) in plane light (left), and
with characteristic berlin-blue birefringence
under transmitted light with crossed nicols
(right).

(e) Coarse (gr) grunerite and quartz inbreccia-
type IF under transmitted light with crossed
nicols.




Figure 4.3: Photomicrographs of sulphide minerals from SGB hydrothermal sediments in
reflected light. White squares in the upper left corner of each photomicrograph have sides 50 um
long.

(a) Magnetite (mt) and pyrite (py) with pyrrhotite (po) from sulphide-rich IF.

{b) A band of galena (gn) and sphalerite (sp) within pyritic IF from the Huffman Township Zn-Pb
occurrence.

{c) Chalcopyrite (cpy) and sphalerite mineralization with pyrite from the Shunsby Cu-Zn deposit.
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Figure 4.4: Bivariate plots of whole rock compositions for SGB metalliferous sediments..

(a) Most rocks are composed of >80% Si0O,+Fe,C,. The dotied line marks compositions of 80%
SiO,+Fe 0,

(b) and (¢) There are strong positive correlations between Fe and Mn and Fe and S.

(d) Bulk-rock C and MgO+CaC content correspond to a mixture of calcite, ankerite and siderite.
(e) Tiand Al show strong positive correlations SGB hydrothermal sediments.

(f) Na + K concentrations show moderately strong positive correlations with Al in SGB
hydrothermal sediments.
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Figure 4.5: Bivariate plots of major- and trace-elements of SGB hydrothermal sediments. Open

circles represent compositions of BIF- type sediment, filled rectangies represent pelitic IF, and

asterisks represent breccia-type IF.

(a) and (b) HFSE such as Zr and Th have strong positive inter-element correlations and strong

positive correlations with Group 3 elements.

(c) and (d) LILE such as Ba have moderate positive correlations with K,O and Group 3 elements..

o {e) and (f) Transition elements such as Ag, Zn and Cu show significant inter-element correlations
{g) Cr shows a moderately strong positive correlation with SiO,.
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Figure 4.6: Diagram showing REE patterns for BIF, pelitic IF, and breccia-type hydrothermal sediments from the SGB. REE have been
normalized to the C1 chondrite of Boynton (1984), and show average and ranges (grey) of normalized concentrations of REE in the three
hydrothermal sediment types.
(a) BIF samples have low overall abundances of REE's, lack negative Ce anomalies, and have positive Eu/Eu” values. Chondrite-normalized
La/Yb ratios are low (average (La/Yb), = 3.9) for BIF-type hydrothermal sediment.
(b) Pelitic IF has high overall REE abundances and shows strong LREE enrichment (average (La/Yb), = 7.5). Pelitic IF samples lack Ce and Eu
anomalies.
(c) Breccia-type hydrothermal sediments have weak LREE enrichment (average (La/Yb), = 3.8), and a small, positive Eu anomaly.

(d) Average REE abundances for BIF, pelitic and breccia-type hydrothermal sediments normalized to the average Archean shale value of Taylor
and McLennan (1985), showing the shale-like REE pattern for pelitic IF, and the LREE-depleted hydrothermal end-member BIF pattern.
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Figure 4.7: Bivariate plots illustrating clastic sediment and hydrothermal fluid contributions to SGB hydrothermal sediments. Gray boxes define
the composition of least-altered Chester Group basalt, dacite, rhyolite and low-Ti rhyolite from the SGB.

(a) Hyperbolic mixing lines were calculated between end-member hydrothermal sediment and CAm basalt (cross), CYf dacite (circle), CYf rhyolite
(square), and CYf low-Ti rhyolite (diamond). Compositions of pelitic- and breccia-type hydrothermal sediment can be explained by mixtures
between end-member hydrothermal sediment and rhyolite, dacite or basalt.

(b) There is a strong correlation between Fe/Ti ratios and Eu/Eu*, reflecting the contrasting REE signatures of seafloor hydrothermal fluids, with a
strong positive Eu anomaly, and clastic sediment derived from volcanic material having Eu/Eu* values =<0.

{c) The greatest range of Ce anomalies are present in BIF type sediment indicating a wide range of redox conditions of vent-distal depositional
environments. No Ce anomalies exist for breccia and pelitic-type hydrothermal sediment reflecting the reducing conditions of depositional
environments proximal to hydrothermal vents.

(d) Base-metal rich hydrothermal sediments have Fe/Ti ratios between least-altered SGB volcanics and BiF-type hydrothermal sediments.
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Figure 4.8: Diagram showing the predicted solubilities of Fe, Pb, Zn and Cu as chloride
complexes as a function of temperature and pH. A 0.5 molikg ZCI solution in equilibrium with the
assemblage magnetite-pyrite-pyrrhotite-galena-sphalerite-chalcopyrite at 300 bar pressure was
used to calculate Fe and base-metal solubiliies {see text for details). Cu {dashed lines), Zn
(dashed and dotted lines) and Pb {dotted lines) solubility decreases with decreasing temperature
and increasing pH. Fe solubility (solid lines) decreases with decreasing temperature and pH at
high temperatures but is retrograde below approximately 250 °C. The solid lines AD, BD and CD
reflect the effects of mixing between end-member hydrothermal fluids and seawater. Mixing lines
are curved to account for the production of H' ions as a result of sulphide mineral precipitation

and cooling (see text for details).




Figure 4.9 Schematic illustration of the distribution and genesis of BIF, breccia-type and pelitic IF in the SGB.

Pelitic IF was deposited proximal to
felsic volcanic centers where

volcaniclastic and epiclastic material
were mixed with the hydrothermal
sediments.

rhyolite
dome

oceanfloor (basalt)

Breccia-type h

;ldrothermal sediments are enriched
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textures as warm hydrothermal fluids penetrated
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complex.
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guiescence.




mineral composition - abunda nce  occurrence 7
Found as relatively pure quartz bands, and as groundmass
. _ to iron-bearing minerals in iron-rich bands within BIF and
quartz SiO; ubiquitous pelitic IF, and as brecciated cherty quartz , rhyolite
clasts, and in the matrix of breccia-type IF.
magnetite FesO, ubiquitous Com.mon as quariz-magnetite bands and as a breccia
o matrix constituent.
stipnomelane  (K,Ca)o.1.4(Fe,Mg,Al)s .52 SigO20(OH)4 common Developed as fibrous aggregates within pelitic IF and BIF.
. Dominantly as laminations in BIF or with quartz, magnetite
ankerite Ca(Mg,Fe,Mn)}(COs). common and pyrite as a constituent of breccia matrices.
Crystallographically continuous mats with fine
grunerite (Mg, Fe)7Sig0O2{(0OH), minor opaque inclusions, or as indivdual laths in breccia and pelitic
IF.
S . lntéﬂayered with quartz and in semi-r}\'assive to massive
- Mv_?‘f'fte - FeS, “RWT'?fr ~__bands in close proximity to argilliaceous material.
hematite Feo0s minor Present as fine inclusions within guartz-rich bands.
pyrrhotite FeixS rare Rare wisps in pyrite-rich samples. -
chiorite (Mg, Mn,Fe,Al)12(Si,AgOa0(OH)1e rare Constituent of breccia matrix. 7 -
Most common in pelitic IF from the western and southern
almandine FeaAlSis0q;2 rare parts of the SGB where metamorphic grade is relatively

high.

Table 4.1: Mineral abundances and modes of occurrence in SGB hydrothermal sediments.



Table 4.2: Average whole rock
compositions of BIF, pelitic IF, and
breccia-type hydrothermal sediments
from the SGB. Major elements, S,
TIC, and LOI are expressed as wt.%,
Au in parts per billion, and all other
frace-elements in parts per million.
BIF is rich in Fe, and total inorganic
carbon (TIC) and poor in most
transition elements, large ion
lithophile elements (LILE), and high
field strength elements (HFSE).
Peilitic IF is richest in Al, Ti, LILE and
HFSE, while breccia-type
hydrothermal sediments are richest in
TIC, S, and LOI and most transition
elements. Data for individual samples
is given in Appendix 4.1.

BIF pelitic IF breccia
n=67 n=32 n=28
SiO, 59.33 60.38 61.30
AlLO, 0.41 452 3.89
Fe,0, 34.53 28.40 28.21
Ca0 1.87 2.36 2.69
MgO 277 282 275
Na,0 0.06 0.40 0.35
K0 0.10 0.52 6.22
TiO, 0.02 0.22 0.18
MnO 0.68 0.44 0.48
P.O; 0.13 0.15 0.13
TIC 1.77 0.65 1.18
S 3.70 4.50 5.96
LOI 5.42 5.78 8.01
v 40 68 87
Cr 210 222 296
Co 13 31 74
Ni 35 53 82
Cu 123 343 2724
Zn 126 2439 4394
Ga 1.2 3.8 3.3
Ge 1.8 0.7 1.3
As 5.1 47 4.4
Mo 0.9 0.5 0.8
Ag 0.4 0.9 2.8
in 0.036 0.025 0.026
Sn 0.3 0.4 0.3
Sb 0.260 0.081 0.128
W 0.9 0.5 2.1
Au 62 81 502
Tl 0.013 0.015 0.025
Pb 15 692 1197
Bi 0.10 0.04 0.05
Rb 1.2 48 1.9
Sr 49 83 54
Cs 0.2 07 0.1
Ba 21 81 39
Sc 2.9 8.4 7.2
Y 57 9.0 7.3
Zr 15 53 46
Nb 2.8 4.3 4.6
Hf 0.08 0.69 0.48
Ta 0.01 0.10 0.05
Th 0.1 0.7 04
U 0.1 0.2 0.1




SO, ALO, FeO, CaD _ MgO  NaO K0 TiO, MnO P,O, TIC S LOI
SiO,  1.000
ALO, -0.190  1.000
Fe,0, -0.944 0074  1.000
Ca0 0141 0170 0081  1.000
MgO -0.674 0110 0527 0406  1.000
Na,0 -0.084 0.579 -0.121 0.232 0.106 4.600
KO 0080 0508  -0040 0016  -0.036 0240  1.000
Tio, -3.195 0.827 -0.050 0.240 0.150 0.765 0.333 4.000
MnO -0.554 0102 0521 0094 0590 0012  -0078  -0.090  1.000
P,0, -0439 0376 0374 0022 0234  -0.014 0104 0259  -0.089  1.000
TIC .0.342 0188 0307 0408 0480 0027 0217  -0076 0285  0.134  1.000
S -0.566 0.100 0.576 -0.084 0.262 -(3.021 0.062 0.085 0.331 0.082 0.124 1.000
LOl -0.528 0041 0515 0142 0303 0040 0010 0094 0214 0230  0.668  0.662  1.000

Table 4.3: Pearson inter-element correlation coefficients (r) for SGB hydrothermal sediments. The high positive coefficients between Na, K, Ti,
and Al indicate positive correlations between this group of elements. High positive coefficients for Fe, Mn and S suggest that these elements were
deposited together and constitute important elements in hydrothermal sediments in the SGB . Large negative coefficients of correlation between
Siand Fe, Mg, Mn, P, TIC and S demonstrate the effect of dilution of metalliferous components by quartz.



SiQ, ALO, Fe,0, 8 cOo, Cu Zn Pb
__ Ore-equivalent horizon Locality Age Lateral extent Sample (wt. %) (wt.%) (wto%)  (wt9%) (wt.%) (ppm) (opm) _ (ppm) _ reference”
Contact-tuff (clastic) Noranda Camp Archaan 0-20m x~2.6 km average n=16 58.29 13.40 25.73 1.61 ND 402 1075 40 1
Contact-tuff (chemicaf) Noranda Camp Archean average n=12 53.02 10.16 22.84 8.34 ND 648 3730 90 1
Key Tuffite (calc-alkaline) Mattagami Lake Archean 0.3-6m x 10 km  average n=5 48.49 11.15 18.62 8.80 ND 1372 17500 258 2
Key Tuffite (tholeiite) Mattagami Lake Archean average n=5 43,21 4.96 17.97 7.86 ND 485 6620 141 2
Brunswick Horizon-siderite IF Brunswick Belt Ordovician 1-10mx~12km POA026 25.20 2.50 32.60 0.85 25.40 35 490 1000 3
Brunswick Horizon-chiorite IF Brunswick Belt Ordovician POADS0 54.90 9.40 18.38 0.38 4.00 35 220 180 3
Brunswick Horizon-magnetite ii* Brunswick Belt Ordovician PCAOB3 19.30 1.20 69.21 0.11 2.60 100 2100 5000 3
Brunswick Horizon-chlorite-sulphide IF Brunswick Belt QOrdovician POA093 26.20 8.40 40.20 18.20 1.40 67 32000 4800 3
Tetsusekiei (clastic) Kuroko District Miocene T 69.22 10.87 15.00 6.01 ND 59 191 99 4
Tetsusekiei (chemical) Kuroko District Miocene T3 47.05 5.45 25.31 14.48 ND 16 181 282 4

*references: (1) Kalogeropoulos and Scott (1989), (2) Liaghat and MacLean (1992), (3) Peter and Goodfellow (1996), (4) Kalogeropoulos and Scott, (1983)

ND indicates no data is available

Table 4.4: Compositions of hydrothermal sediments occupying ore-equivalent horizons in major VMS districts.



Chapler & Conclusions

This thesis presents interpretations of the geological and lithogeochemical
characteristics of variably altered rock in the southeast Swayze Greenstone Belt
(SESGB), and of the hydrothermal sediments associated with base-metal sulphide
mineralization in the Swayze Greenstone Belt (SGB). The conclusions of chapters 3
and 4 represent a significant contribution to the scientific understanding of the SGB and
of hydrothermal sedimentation and base-metal mineralization in Archean greenstone

belts. The 14 conclusions of this study are:

1. Chester Group volcanic rocks within the SESGB comprise pillowed amygdaloidal
and variolitic basalt of the Chester Group Arbutus Formation (CAm), and quartz-
and feldspar-phyric dacite and rhyolite with massive, laminated pyrociastic, and

. fragmental textures of the Yeo Formation (CYf). The Chester Group voicanic
rocks are overlain by 5-20 m of hydrothermal sediments, containing sub-
economic Zn-Pb-sulphide mineralization. These geological features are

indicative of submarine volcanism and volcanic-exhalative activity.

2. Macro-scale textural characteristics combined with HFSE analyses of CYf dacite,
rhyolite and low-Ti rhyclite indicate deposition in a2 submarine volcanic-arc

setting.

3. A magma of calc-alkaline affinity produced the CYf dacite and rhyolite, and the
CGC trondhjemite. The CYf dacite and rhyolite are geochemically similar to
rhyolites that are not known to host VMS deposits elsewhere in the Superior

province.
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4.

A second batch of magma assimilated large quantities of HFSE-depleted mafic
crust (CAm) during fractionation to felsic composition in a shallow sub-volcanic
magma chamber. This magma was the source of the CYf low-Ti rhyolite, which
has low overall abundances of HFSE and low Zi/Y and (La/Yb), ratios. Such
uniformly HFSE depleted rhyolite magmas have not been documented in other

parts of the Superior Province.

CYf volcanics underwent regionally extensive, porosity-occluding, sericite-quartz
(type 1) alteration, characterized by loss of Na, addition of Si and K, and net

mass-gain, with a minimum estimated water/rock ratio of 6.

Chiorite-sericitetbiotitexgamet (type 2) alteration occurred at paleo-hydrothermal
vent sites localized along synvolcanic fault structures. Alteration was associated
with a loss of Na, addition of Si, and K, and minor net mass-loss, requiring

water/rock ratios in excess of 400.

The fluids responsible for Type 1 and type 2 alteration in the SESGB were bot‘h
quartz-undersaturated and initially equilibrated with basalt. During type 1
alteration, fluids became saturated in quartz through a combination of extensive
interaction with felsic volcaniclastics and cooling, while fluids became quartz-
undersaturated during type 2 alteration because interaction with the

volcaniclastics was localized and cooling was minimal.

From the perspective of alteration mass changes, alteration intensity, alteration
zone architecture and hydrothermal products, hydrothermal sediments and base-

metal sulphide mineralization from the SESGB can be placed in a continuum
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10.

11.

12.

between polymetallic massive-sulphide deposit such as the Horme Mine, and

siderite-pyrite iron deposits such as the Helen Mine.

SGB hydrothermal sediments are predominantly fine-grained, chemical -
precipitates that accumulated in submarine basins during breaks in regional

volcanic activity of 10-40 Ma in duration.

BIF in the SGB is composed almost entirely of Si and Fe, has a relatively high
CO, content and is depleted in LILE, HFSE and transition elements compared to
pelitic IF and breccia-type hydrothermal sediments. BIF-type hydrothermal
sediments have a wide range of Ce/Ce* values reflecting variable fO, conditions
in hydrothermal vent-distal depositional environments. BIF can be found

throughout the SGB, and overlies breccia-type and pelitic IF.

Pelitic IF is enriched in Al, Ti, Na, K, HFSE and LILE and is characterized by flat,
slightly depleted REE profiles when normalized to average Archean shales.
Pelitic IF compositions display a continuum of mixing between end-member BIF
hydrothermal sediments and local Chester Group volcanic rocks, indicating

deposition proximal to active SGB volcanic edifices.

Breccia-type hydrothermal sediments of the SGB are enriched in S, Zn, Pb, Cu,
Ag, Au, Ni, and Co compared to BIF and pelitic IF. These elements were
precipitated as sulphides from a hydrothermal solution that mixed with seawater
in a vent-proximal environment. Zn, Cu and Pb mineralized breccias include the
Jefferson, Shunsby, Peter Lake and Huffman Township base-metal showings of
the SGB, and offer the most .prospective geological environments for base-metal

sulphide mineralization.
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13. Hydrothermal sediments that occupy ore-equivalent stratigraphic positions in
productive Archean VMS districts have higher S and Al concentrations than SGB
hydrothermal sediments because of greater availability of reduced S and greater
volcanic activity during massive sulphide deposition. These observations can be
used to gauge the potential of other IFs in similar tectonic settings to mark

stratigraphic horizons containing economic massive sulphide deposits.

14. Thermodynamic calculations indicate that SGB hydrothermal sediments
precipitated from a cooler (250-300 °C) fluid than those responsible for the

generation of typical polymetallic massive-sulphide deposits.

It is hoped that the data and interpretations of the geology and lithogeochemistry of the
Chester Group volcanics presented in this thesis will guide future base-metal exploration
in the SESGB. The conclusions about the geological controls on hydrothermal sediment
composition in the SGB can be used to help understand the geology and depositional
environments of other IFs in the Superior province that can be used by the explorationist
to assess the potential productivity of a particular hydrothermal sedimentary horizon.
Conclusions pertaining to the alteration associated with the formation of iron formation
and sub-economic base-metal deposits, and the thermodynamic modelling of fluids
responsible for the mobilization, transportation and deposition of Fe and base-metals
can be integrated with existing petrogenetic models of VMS ore-formation. These
refinements can be used to increase the success of mineral exploration efforts in

ancient submarine volcanic environments.
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