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ABSTRACT

Maps showing spatial variation of volcanic-hosted massive sulphide (VHMS)
poténtial in the Snow Lake area have been generated by combining digital data from a
variety of sources. An exploration model, based on a VHIMS deposit model, but
expanded to include regional exploration datasets, provides a concéptual framework for
the extraction of predictive evidence from the raw data sources. The evidence is divided
_ into five factors: stratigraphic evidence, evidence related to available heat, alteration
evidence, geophysical evidence and geochemical evidence, Stratigraphic evidence is
derived from the presence of favourable volcanic lithologies, and the proximity to
contacts between volcanic flows and volcanic breccia. Heat evidence is derived from
proximity to subvolcanic tonalite silis (the inferred primary heat source) and proximity to
synvolcanic dykes. The alteration evidence is deduced from the presence and proximity
to mapped alteration, mainly silicification, Fe-Mg metasomatism and pyritization. The
geochemical evidence is a combination of a lake sediment signature (derived by
principal components analysis), and individual maps of Pb, Zn and Cu in till. The
geophysicat factor is a combination of magnetic, gravity and VLF components.

Four approaches have been applied for combining spatial evidence to predict
mineral potentja.l. (1) The weights of evidence method (data-driven) is used to

characierize the spatial associations between the known deposits, and to calculate weights
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for each predictive map layer. The output is a favourability map expressed as the
posterior probability of a VHMS deposit occurting per unit area. The magnitude of the
weights allow the evidence to be ranked according to predictive capability. (2) A second
data-driven method, area weighted logistic regression, was applieci using the same binary
evidence maps as used in the weights of evidence method. The binary maps,
representing the independent variable in the model, were combined to form irregularly
shaped polygons with unique combinations of evidence. Thé observations for each
polygon were weighted according to the area of the unique-polygon. The dependent
variable was the presence of a deposit. This model was not constrained by the
assumption of conditional independence. (3) In the fuzzy logic method, evidence is
expressed in terms of fuzzy membership functions, subjectively assigned by an expert,
for each predictor map. An inference network is constructed to mimic the decisions made
by an exploration geologist, using a variety of fuzzy combination rules that reflect
varying degrees of logical AND and OR. (4) Dempster-Shafer belief theory is more
flexible than fuzzy logic for representing uncertainty in the data, but is somewhat
restricted in the expressiveness of the combination rules. The Dempster-Shafer output
consists of favourability maps for "support” (conservative), "plausibility” (optimistic),
and "ignorance“ (uncertainty).

Comparing the results from the four different methods shows that they all have a

similar spatial distribution of areas of high favourability. The known deposits are in



highly favourable zones, as expected, and a number of prospective areas have the right
combination of factors, but no known deposits. The new VHMS discovery at Photo Lake

made during summer 1994 is in a favourable zone as predicted by these models,
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1. Introduction
1.1 General

Mineral exploration is the starting point for many processes that have a
significant influence on the well being of our society as well as having a vital impact on
our economy. Minerals are needed to feed the manufacturing indu_stry that produces
commodities that are an integral part of all our lives, both necessities and comforts. The
agricultural industry is becoming more dependent on minerals to be used as fertilizers to
keep up to the ever increasing demands for f@d. In Canada, the mineral and mineral
product exi:orts, including fuels, totalled 36.1 billion dollars for 1993. This :represents 25.
percent of Canada's toté.l annual dométic exports (Dunn and Pilsworth, 1994).

It has been recognized over the last few decades that locating new mineral
resources is becoming more difficult as fewer and fewer deposits th:'n outcrop at the
surface, and are hence easier to find, remain undiscovered. In order to find concealed
orebodies the exploration geologist has had to rely increasingly on integrated studies
ﬁsing detailed geological mapping, geophysical techniques and geochemical techniques
(Rose et al., 1981).

The components of 2 mineral exploration program will differ depending on the
commedity being looked for, the resources available, and the environment it is being
carried out in, however, it genera.lly‘involves the collection, analysis and integration of

-data from a variety of sources. Typically data will include geological map data,



structural information, geochemical data, mineral deposit data, and geophysical data or
remote sensed data. The overall objective is to progress from large areas at a small scale
to relatively small areas at a large scale and identify targets for mineral deposits.

Integration of exploration datasets to investigate overlap relationships between
anomalies has traditionally been done manually by overlaying analog maps on a light
table. This method made it difficult to deal with data of different scales or projections,
making changes was time consuming and labour intensive, and the process was highly
subjective making it hard to duplicate results.

Dramatic advances in technology since the mid 1980s have resulted in two tools
that have the potential to make a strong impact on the efficiency with which an
exploration geologist can carry out the collection, analysis and integration of large and
diverse geoscience datasets; 1) the availability of relatively inexpensive, high-powered
computing workstations and 2) Geographic Information Systems (GIS), software for
managing spatial data.

Computer-based methods related to data integration problems in mineral
exploration have been in use since the 1970s. The early computer methods were
predominantly regression techniques (Agteliberg etal., 1972; Chung and Agterberg,
1980; Harris, 1984). Interactive computer graphics precipitated improved versions of
regression based software including SIMSAG (Chung, 1983), GIAPP (Fabbri, 1985),

NCHARAN (Botbol, 1971; McCammon et al., 1983) and FINDER (Singer and Kouda,



)

1988). Expert-based systems used in mineral exploration became available in the mid
1970s, most notably with the development of PROSPECTOR (Duda et al., 1977;
McCammon, 1989).

Many of the earlier efforts at using quantitative computer methods for aiding in
mineral exploration were not widely adopted by the exploration industry. Some
important reasons for this include, the high costs of computers and associated supp@rt
before the microcomputer, the difficulty of importing diverse data types in |
geographically co-registered databases, the lack of good graphics and slow user
interaction. GIS in a microcomputer environment has resolved many of these issues.

Recently, new research has been published that has incorporated a variety of
methods for combining spatial data in a GIS suitable for mineral exploration applications
(Bonham-Carter, 19942, Chung and Moon, 1991). These methods can be broadly
subdivided according to whether they are data-driven or knowledge driven (Reddy and
Bonham-Carter, 1991). In data-driven methods, evidence maps are weighted based on 2
measured association between patterns on the map and areas with known mineralization.
In knowledge-driven approaches the evidence maps are weighted according to an
expert’s opinion.

Multivariate regression analysis and two probabilistic procedures, Bayesian and
Dempster-Shafer methods, are reviewed and discussed by Chung and Moon (1991). The

techniques are illustrated using an artificial dataset. Some new approaches for expert-
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system models, notably the fuzzy logic and Dempster-Shafer methods have been applied
by An, (1992), An et al,, (1992), An etal., (1991), An et al., (1994a) and An et al.,
(1994b) using airborne geophysical data and bedrock geology for base metal exploration.
The Bayesian model, in a log-linear form, known as weights of evidence, has been
‘applied using known deposits to statistically evaluate the importénce of different
evidence to evaluate gold potential in parts of Nova Scotia and New Brunswick.
(Agterberg et al., 1990; Bonham-Carter et al., 1988; Watson et al., 1989). Decision-tree
analysis has been interfaced with a GIS and applied to base metal exploration by Reddy
and Bonham-Carter (1991). The Prospector model has also been applied in a GIS

context (Campbell et al., 1982; Katz, 1991; Reddy et al., 1992).

1.2 Objectives

It is recognized that in many of these studies, there is an emphasis on
methodology development, the datasets are restricted to a small number of layers, the
data are hypothetical, or they focus on 2 particular factor or factors that do not represent
the complete exploration model. To effectively evaluate mineral potential for an area
and to investigate the feasibility of doing this as an automated process in a GIS
environment, it is necessary to establish a comprehensive exploration model, have a
dataset that can represent that model and have a GIS that can accommodate the data and

execute an appropriate spatial combination method.
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Figure 1.1. The study area straddles the boundary between the NTS map sheets 63K/16
and 63)/13 east of Flin Flon in central Manitoba. It has dimensions of approximately 20

% 15 km with a total area of 335 km?®. The key to the VEIMS mineral deposits, labelled 1
to 15, is found in Table 2.2.
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Itis ihe objective of this thesis to evaluate the favourability for Volcanic Hosted Massive
Sulphide (VHMS) deposits for the Chisel-Anderson Lake area in Manitoba by integrating
diverse geoscience data sets, representing evidence based on a comprehensive
exploration model, using date-driven and knowledge-driven spatial data combination

models implemented in a GIS on micro computer platform.

1.3 Exploration Science and Technology Initiative (EXTECH)

A critical component to any data integration project is the data. This study
Equired a diverse and up-to-date comprehensive geoscience dataset that could be used to
reflect geological controls on the VHMS deposits as defined by the exploration model.
The data used in this study came largely from EXTECH, which was a cooperative effort
between the Geological Survey of Canada, the Manitoba Department of Mines and
Energy and the mining industry (Bonham-Carter and Hall, in prep.). Besides data
collection, one of the principal goals of EXTECH was to improve the concepts and
technologies applicable to exploration for volcanic hosted massive sulphide deposits
through the development of integrated regional and deposit-scale models. This provided
~ an invaluable pool of expertise to consult while establishing the deposit and exploration

model and assigning importance to the various evidence maps.
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1.4 Location
The study area straddles the boundary between the two 1:50000 scale NTS map
sheets, 63J/13 and 63K/16, bounded by the intervals 54.75 - 55.00 N and 90.50 - 100.5
W, see Figure 1.1. The area is approximately 20 km by 15 km, extending from
Wekusko Lake in the east to Ham Lake in the west, and from Snow Lake in the north to

Morgan Lake in the south. This area is referred to as the Chisel-Anderson map area, see

Figure 1.2,

1.5 Framework for Methodology

Details as to how each spatial data combination method is implemented are quite
different for each approach, however, in general terms the process for producing mineral
favourability maps using GIS can be considered in four main steps: (1) establish a
conceptual model, (2) build a spatial data base, (3) process the data, and (4) apply
integration modelling to generate favourability maps.

Beginning the process by establishing a conceptual model is critical as it guides
many of the decisions throughout the study from what data is actally collected to how it
is weighted in the actual integration step. The spatial database in a GIS is an organized
collection of individual data sets, incorporating a variety of data structures (raster, vector,
relational, for example). The data processing step involves many operations to extract

and enhance critical predictive information from each of the raw data layers. Integration



modelling, as used here, refers to the methods for combining predictive data layers into

favourability maps, by statistical or expert-system methods. This process is illustrated in

Figure 1.3. .
STEP1 STEP 2 STEP3 STEP 4
Establish Buitd Data Apply
Conceptual »  Spatial > : Integration
Model Database Processing Models

Figure 1.3, The four step process for evaluating mineral favourability in a GIS
eavironment (modified from Bonham-Carter, 1994).

1.6 Previous GIS Work Related to the EXTECH Project

Pilot GIS studies were carried out within a westem portion the study area
described in this thesis that were associated with the EXTECH project, before much of
the detailed data collected during the EXTECH project was avail‘able and with empl;asis
on methodology development. These initial studies used data from 1:50000 scale
mapping and broad-scale regional geophysical and geochemical coverage acquired from
the Provincial and Federal Geological Surveys. VHIMS potential was evaluated using

statistical methods, including Bayesian weights of evidence (Reddy et al., 1990), decision
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tree (classification and regression tree) analysis (Reddy and Bonham-Carter, 1991), and
area-weighted logistic regression analysis (Reddy et al., 1991). Potential was also
estimated using an expert-system approach, with a Prospector-type model modified for
regional datasets (Reddy, Bonham-Carter and Galley, 1992; Bonham-Carter, Reddy and
Galley, 1994). The work described in this thesis benefited from these earlier pilot studies,
taking advantage of the new datasets coliected during EXTECH and the improved

understanding of the mineral deposit model developed during EXTECH.

1.7 Thesis Outline
This thesis is organized to follow the process described in the general framework
for methodology, outlined above, for producing mineral favourability maps.

Chapter 2 focuses on the conceptual model for VHMS deposits in the Snow Lake
area. The chapter begins by describing the regional geological setting followed by
detailed descriptions of the known VHMS deposits in the area. This is used as a basis for
understanding the geologic controls on the deposits. The conceptual model is then
developed distinguishing between the "deposit model" and the "exploration model".

Chapter 3 introduces some fundamental concepts and terminology related to GIS
especially as it is related to mineral potential mapping. It is recognized that GIS
technology, though generally accepted by the earth sciences as a potentially powerful

tool, is still relatively new and not well understood by many geologists.
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Chapter 4 deals with establishing the database. The choice of datasets used in this
study was based primarily on the exploration model developed in Chapter 2. Much of
the data could not be used directly as predictor maps and had to be processed. How the
raw data was processed to make it suitable to be used in the integration models is also
described in Chapter 4. The concerns related to errors in data are considered here.

Chapters 5 to 8 describe the four different integration models used in this study.
The two data driveﬁ methods, weights of evidence and area weighted logistic regression,

_ are discussed in Chapters 5 and 6 respectively. The two knowledge-driven methods,
fuzzy logic and Dempster-Shafer, are discussed in the following two chapters.

The integration methods applied in Chapters 5 to 8 result in four different
"favourability maps". A cursory examination indicates that spatial patterns are broadly
similar. Chapter 9 quantitatively compares the results from the four methods to measure
the overall similarity and to identify specific areas of difference.

Chapter 10 contains summary remarks and discussion.

Three appendices are included. The first contains tables of the fuzzy logic
membership functions and Dempster-Shafer belief functions used for each evidence map
and other lengthy data summaries. The second appendix can be thought of as 2 manual
describing the detailed steps for carrying out the methods applied in this study using the
SPANS GIS. Finally the third appendix contains the digital data files necessary to follow

the manual in the second appendix.



2. Geological Model
2.1 Regional Geological Setting

The Snow Lake area base metal deposits are found within the Flin Flon

metavolcanic belt which is in turn part of the Trans-Hudson orogen.

| The Trans-Hudson orogen is the Early Proterozoic (1.9 - 1.8 Ga) collision zone
between the Superior Province and the Archaean domains of the north western Churchill
Province (Hearn Province) of the Canadian Shield. To the south, the orogen has been
outlined in the subsurface between the Wyoming and the Superior provinces (Figure
2.1). Itis one of 2 network of fifteen Early Proterozoic orogenic belts that have welded
together Archaean provinces to form the Laurentia or North American craton (Hoffman,
1988; Lucas, 1993). The orogen, outcropping in parts of Saskatchewan and Manitoba,
has been mapped as having widths of up to 500 km, and forms a dogleg_ponvex to the
northwest (Figure 2.1) where it crosses beneath the Palacozoic Hudson Bay basin and so
assuming its name, (Hoffman, 1990). Essentially, the orogen is comprised of an internal
zone of intraoceanic rocks flanked by ensialic external belts (Hoﬁman, 1990).

The Flin Flon metavolcanic belt has a length of 250 km, extending across the
Manitoba and Saskatchewan border, and an exposed width of betwees 32 and 48 km
(Figure 2.1). Itis composed of deformed juvenile Early Proterozoic subaqueous and_
subordinate subaerial volcanic rocks and associated sediments, lman as the Amisk

Group, an unconformably overlying fluvial-alluvial sequence of sandstones and
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Figure 2.1. Spatial relationship of study area with respect to the Flin Flon greenstone
belt. The inset map shows the location of the study area with respect to the Trans-
Hudson and other orogens (dark grey) and Archaean provinces (named). From Syme
and Bailes, 1993.
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conglomerate, known as the Missi Group and intruded by calc-alkaline plutons (Syme,
1990; Syme and Bailes, 1993; Bailes and Galley, in prep). The belt is bounded on the
north by the Kisseynew metatsedimentary gneiss belt and to the south it is overlain by the
Ordovician dolomitic limestones. The Amisk Group is dominated by volcanic rocks
characteristic of oceanic island arc and back arc environments. Minor amounts of
epiclastic shoshonites, typical of mature arc environments, have also been identified
(Syme and Bailes, 1993). The Amisk Group rocks are economically important as they
host all of the known volcanogenic massive suiphide deposits. The Missi Group rocks
are primarily continental alluvial quarzofeldspathic sediments and intercalated volcanics.
The portion of the belt in Manitoba has two distinct arc segments, one centred near the
town of Flin Flon and one at Snow Lake (Bailes and Galley, in prep).

A 335 km? economically important area, containing 6 past producing deposits and
at least 9 other VHHMS type occurrences (Figure 1.1; Figure 2.2; Table 2.2), south of
Snow Lake has recently been remapped in detail (Bailes, 1993; Bailes, 1992; Bailes and
Galley, 1992; Bailes and Galley, 1991; Bailes, 1990ab; Bailes and Galley, 1989). A
detailed description summarizing this work is currently in preparation (Bailes and Galley,
in prep). This is also the study area used in this thesis. A summary of some of the main

geological features is given below.



Table 2.1. Metal grades for VHMS deposits, Flin Flon greenstone belt.*

Deposit District Status Cu(®s) 2n (%) Production +
CL= Closed Rescrves (1)
OP= Operating
Flin Flon Flin Flon CL 219 42 62.446,724
Trout Lake Flin Flon op an 479 10,1%0.60%
Chisel Lake Snow Lake CL 0.60 10,94 TIHRL6
Stall Lake Snow Lake CL 4.29 0.57 6,263,779
Osbome Lake Snow Lake cL 34 152 331%0,061
Anderson Lake Snow Lake CL 341 0.10 3,189,601
Callinan Flin Flon or 143 ki 2,800,000
Spruce Point Snow Lake oP 236 2.80 1,931,000
Schist Lake Flin Flon CL 4.21 .00 LE77.813
Centennial Flin Flon CL 1.41 248 1,624,550
Westarm Flin Flon CL 334 1.25 1,579.403
Coronation Saskatchewan CL 4.24 030 1,282,083
Dickstone Snow Lake CL 247 kB ] 1,083,390
Chiscl Open Pit Snow Lake CL 025 8.5 1,000,000
White Lake Flin Flon CcL 1.97 4.63 849,598
Rod 2 Snow Lake CL 6.39 2.2 645,027
Ghest/Lost Lake Snow Lake cL 1.34 137 605,690
Cuprus Flin Flon CL 324 6,42 462,002
Flexar Saskatchewan | CL 375 047 305,940
Birch Saskatchewan CL 6.15 278,825
North Star Flin Flon CL 6.11 241,643
Mandy Flin Flon CL 5.63 13.95 123,116
Don Jon Flin Flon CL . 3.07 79313
Rod 1 Snow Lake CL 5.00 4.5 22,267
Avg. production grade 325 4.40
Total production plus 109,552,872
rescrves

* From Syme and Bailes, 1993.
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2.1.1 Supracrustal Rocks

In the Snow Lake area, the Amisk group volcanic rocks are exposed mainly
between. the Berry Creek fault and the McLeod Road fault. They are generally north
facing and exhibit structural features indicating broad folding around the northeast
trending Threehouse syncline (Figure 2.2), Bailes and Galley (in prep) have divided this
6 km thick assemblage into five distinct depositional phases based on geochemical
signatures and geological attributes. Cu-rich massive sulphide deposition has occurred in
the arc volcanic rocks of the first phase near Anderson Lake and is clearly associated
with a rhyolite complex. Zn-rich deposits affiliated with dacite volcaniclastic rocks and
rhyolite flows occur in the t'hird phase near Chisel Lake.

The stratigraphy bas been described by Bailes (1990) and Bailes and Galley
(1993). The first phase consists of over 3 km of pillowed aphyric sparsely porphyritic
basalt, basaltic andesite and andesite flows (see Welch Lake Aphyric mafic flows Figure
2.2) overlain by thick bedded felsic breccia (see Stroud Lake Felsic Breccia). Minor
amounts of aphyric to sparsely quartz-phyric rhyolites (see Daly Lake rhyolite) can be
found within the basalts, The second phase is a variable assemblage of volcanic rocks
including porphyritic basalt flows (see Snell Lake basalt) and thick bédded mafic
breccias ( see Edwards Lake mafic breccia). The third phase is composed of mafic to

felsic flows up to 1 km thick (see Moore-Powderhouse-Ghost sequence). These rocks
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Figure 2.2. Geology of the Snow Lake mining camp. Deposits are keyed to Table 22. ;

(From Galley et al., 1993)

+
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form the footwall to the Chisel Lake, Lost Lake, Ghort Lake and Chisel North Zn-Cu
massive sulphide deposits. Tﬁwe units are absent in the Anderson Lake area where the
known Cu-Zn deposits occur. The fourth phase is cofnprised of mafic tuff, lappilli tuff, |
tuff breccia and related porphyritic basalt flows (see Chisel and Threehouse units). This
sequence of rocks is important as they generally form the stratigraphic hanging wall to
the known base metal deposits in the Snow Lake area. The final phase consists of
heterolithologic mafic breccias , aphyric basalt flows and felsic br;.ccias. The fomaﬁon
names used herein are useful for grouping lithologies that, in general, can be related
based on their common geochemical and geological attributes. However, they are
informal names (Bailes and Galley, 1989) and are restrictive in the modelling process
when specific lithologies are of interest. For these reasons the formation names are not

generally used in this thesis.

2.1.2 Felsic and Late tectonic Plutons

The Amisk Group volcanic rocks in this area are intruded by the Sneath Lake and
Richard Lake tonalite plutons. Dates determined by U-Pb zircon methods indicate that
these plutons are both synvolcanic (Bailes, 1992), however, geochemical signatures
demonstrate they are likely not related (Bailes, 1988). A number of mafic to felsic sills,
dykes and plugs are found, primarily in the western portion of the study area, intruding

the units below the Chisel Lake, Lost Lake and Ghost Lake Zn-Cu massive sulphide
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deposits. These intrusions are cross cut by a significant d#cite dyke complex interpreted
to be a subvolcanic feeder system for the Powderhouse dacites (Bailes and Galley, 1989).
U-Pb n'rcoﬁ ages date the Sneath Lake Pluton at 1886 Ma and the Richard Lake Pluton at
1889 Ma which is a similar age to the Amisk Group volcanics (1886 Ma). Also the
Sneath Lake pluton and deposit hosting felsic volcanic strata in the Anderson Lake area
both disblay low flat REE profiles and low contents of HFS elements. This can be used
as evidence for the proposal that the Sneath Lake pluton was a heat engine to elevate the
overall geothermal gradient to drive the hydrothermal activity. (Bailes and Galley, 1991).
Post Amisk rocks are found to the south of the Berry Creek fauit in the so-called
Wekusko Domain (Bailes, 1992). The Wekusko Lake domain is underlain by a thick
greywacke, siltstone and mudstone turbidite assemblage intruded by the Wekusko Lake
and Tramping Lake granitic plutons. A similar Post Amisk turbidite assemblage is found
to the norrh of the McLeod Road fault. The Wekusko Lake domain has no known
volcanic hosted massive sulphide deposits, though a recently discovered sediment hosted
massive sulphide occurrence, (Bur Zone) indicates that other exploration models should
be considered for this area (Bailes, 1992). ther late tectonic (Post Amisk) plutons
include the Ham Lake intrusion in the northwest part of the study area, Bujarski Lake
piuton and plutons west of Epp and Morgan Lakes.
2.1.3 Alteration

The Snow Lake area is characterized by megascopically altered rocks (Figure



2.4) occurring in semi-conformable zones of up to 1000 m wide, in evidence in up to
25% of the area. These large zones suggest that the area was significantly affected by
circulatory hydrothermal fluid flow (Bailes and Galley, in prep). Field work resulted in
the identification of s& mappable alteratioﬁ types: 1) alteration pipes and completely
altered rocks, 2) Quartz and plagioclase-rich rocks (silicification), 3) Chlorite and biotite-
rich rocks (Fe-Mg alteration), 4) A;nphibole-rich rocks, 5) Disseminated sulphide and 6)
epidote and hematite-rich rocks (Bailes and Galley, 1993). Both the Cu-Zn deposits in
the Anderson Lake area and the Zn-Cu of the Chisel Lake area have distinct extensive
zones of semi-conformable alteration underlying the mineralization.

In the Chisel Lake area, a regicnally extensive semi-conformable zone of
silicification, having a width of up to 1000 m and a length 6f over 5 km, occurs in the
footwall volcanics of the Welch, Edwards and Moore formations. A second

-disconformable alteration zone is also found in the Chisel Lake area characterized by
three broad zones of biotite-gamnet alteration, chlorite-staurolite and sericite-kyanite
alteration forming an apron under the deposits (Bailes, 1990; Bailes and Galley, in prep).

Alteration in the Anderson Lake deposits footwall rocks has three main domains;
weak, pervasiye quartz-biotite-staurolite-garnet alteration in the rhyolites; a large semi-
conformable zone of chlorite rich rocks occur mainly in the Anderson rhyolites but also
in the Welch Lake basalts and the upper 300 m of the Sneath Lake pluton; and discordant

zones of completely altered rocks in the immediate footwall rocks of the Stall and
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Anderson deposits. These discordant alteration zones may have been fracture- or fault-
controlled channel ways for discharging hydrothermal fluids involved in the formation of

the sulphide deposits (Bailes and Galley, in prep).

2.1.4 Structure

The Snow Lake area rocks exhibit at least two major deformational episodes
identified as F, and F, (Froese and Moore, 1980; Bailes, 1987). In the west part of the
study area the F, folds trend west and northwest and the F, folds are north-northeast-
trending. These two structures combine to form flat lying surfaces in the structural basin
northwest of Chisel Lake. In the eastern portion of the study area F, is reflected in well
developed isoclinal folds in the greywacke turbidite suite south of the Berry Creek fault
but not so well developed in the volcanic rocks to the north. The F, fold event is also
observed as a series of major north-northeast trending broad warps that deform the
geological formations (Bailes, 1992). The peak metamorphic episode (F, ) post-dated the
volcanism and hydrothermal activity by a span of time in the order of 80 million years
(Bailes and Galley, in prep). In the Wekusko Lake area, F, folds are locally crosscut by a
north-northeast-trending crenulation cleavage and small scale F; folds. No major
structures have been noted in association with F, events (Bailes, 1992).

Several major north-south trending faults, some juxtaposing strata with opposing

facing directions, occur in the west portion of the map, These faults post date the F; and
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F, folds and the late tectonic felsic plutons (Bailes, 1987). In the eastern portion of the
study area three major faults, the McLeod Road, the Snow Lake and the Berry Creek,
and numerous parallel subsidiary faults have been identified. The McLeod Road fault
and the Snow Lake Fault are suggested as being thrust faults synchronous with the F,
told event. (Froese and Moore, 1980; Bailes, 1992). The Berry Creek fault, with a strike
length of over 150 km, pmﬁd&c 2 natural division between the Amisk volcanic rocks
suite and their associated volcaric hosted massive sulphide deposits to the north and the
post Amisk turbidite assemblage and granitic intrusions to the south. Synvolcanic faults,
an important component for focusing deposit related hydrothermal fluids, are difficult to

map directly, but may often be inferred from mépping alteration.

2.2 VHMS Deposits in Snow Lake area

The Flin Flon belt, which includes the 62 million tonne Flin Fion base metat
deposit, is one of the most productive base metal mineral regions in Canada, with
production plus reserves totalling 109.5 million metric tonnes (Syme and Bailes, 1993;
Table 2.1). The study area for this thesis, inimediately south of Snow Lake, contains 6
past producing deposits and accounts for production of over 19 million metric tonnes
(Figure 1.1; Table 2.2). Some deposit specific studies of base metal mineralization in the

Snow Lake area have been carried out by Coats et al. (1970), Martin (1966), Walford and
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Franklin (1982), Zaleski (1989) and Galley et al. (1993). Descriptions of all mineral
deposits and occurrences in the study area can be found in Fedikow et al. (1989, 1993)
and descriptions of the base metal deposits found in the study area can be found in Batles
and Galley (in prep). A brief description of the 6 past producing volcanic hosted massive
sulphide deposits found in the study, taken from the above sources is given below. The
Chisel, Lost and Ghost deposits are representative of the Zn-Cu-rich deposits found in
the third phase of volcanic rocks and the Anderson, Stall and Rod are representative of

the Cu-Zn-rich deposits found in the first phase of volcanic rocks.

2.2.1 Chisel Lake Zn-Cu-rich Deposits
Chisel Lake Deposit

The Chisel deposit was discovered in 1956 by the diamond drilling of an
electromagnetic anomaly and production began in 1960 at 1000 tonnes per day (Martin,
1966). It is the largest Zn-rich ore body in the Snow Lake area at 7.5 million tonnes,
grading 10.9% Zn and 0.5% Cu (Bailes and Symes, 1993; Table 2.2). Detailed studies
of the Chisel mine have been published bﬁr Martin (1966) and Galley et al. (1993).
Sphalerite is the main ore mineral plus minor amounts of chalcopyrite, pyrrhotite, galena |
and arsenopyrite and traces of lead-arsenic sulphides, tellurides and native Au, Ag, Bi
and As. The sulphides occur in stacked massive lenses, averaging 12 m thick, that strike

NW, dip northeast at 65° .-



The units which underlie the Chisel deposit, the Moore Lake Basalt, the
Powderhouse dacite and the Ghost Lake rhyolite, are a mafic to felsic sequence from a
fractionated magma. The Powderhouse dacite and the Ghost Lake rhyolite form the
immediate footwall to the Chisel deposit (Bailes and Galley, in prep.). Alteration is
observed in the footwall rocks for up to 2 km below the deposits and is comprised mainly
of two semi-conformable zones of alteration displaying Fe-Mg metasomatism and Si-Ca

addition (Bailes and Galley, 1989).

Lost Lake and Ghost Lake Deposits

The Lost Lake and Ghost Lake Zn-Cu massive sulphide deposits occur at or near
the same stratigraphic position as the Chisel Lake deposit and all are within a 1.3 km
strike length of each other. The Ghost Lake deposit was discovered in 1956 at the same
time as the Chisel Deposit but production did not begin till 1972. The Lost Lake deposit
was discovered in 1974 and production began in 1979 (Fedikow et al. 1989). The
deposits were mined out by 1988 having produced approximately 600,000 tonnes grading
8.7% Zn, 1.3% Cu, 32.61g/t Ag and 3.83 g/t Au (Bailes and Galley, in prep). Primary
mineralization is sphalerite with lesser chalcopyrite, pyrrhotite, pyrite and galena
(Fedikow, 1989). The footwall rocks for both deposits are dacites and directly assoc:ated
with rhyolite flow complexes, The hanging wall rocks for the Chisel deposit are

primarily turbidite deposited mafic wackes while the Ghost deposit is overlain by a basalt



flow (Bailes and Galley, in prep).

North Chisel Depaosit

Though this deposit has not been mined, it is a significant deposit of 2.58 million
tonnes of 8.9% Zn, 0.22% Cu, 0.4% Pb, 23.3% g/t Ag and 2.54 g/t Au (Bailes and
Galley, in prep). It is 1.6 kmn north of the Cﬁisel depoéit along the same stratigraphic
position (Bailes and Galley, 1989). The ores in this deposit are silicate-dolomite rich
semi—masive sulphides mthet; than the massive sulphide ore as at Chisel (Bailes and

Galley, in prep.).

General Stratigraphic Associations for Chisel Lake area Zn-Cu rich deposits

Bailes and Galley (1989) have summarized a number of stratigraphic associations
typical of the Zn-Cu rich deposits: 1) they occur in a volcanic sequence that displays arc
tholeiite affinities, 2) they are spatially associated with fractionated volcanic rocks (eg.
the Moore-Powderhouse-Ghost formations), 3) they are at the same stratigraphic position
as a major rhyolite complex, 4) they are spatially associated with major synvolcanic
plutons (Sneath Lake tonalite and Richard Lake tonalite), 5) large semi-conformable
alteration zones occur stratigraphically below the deposits, and 6) they are spatially
associated with a volumetrically significant underlying synvolcanic dyke complex. These

stratigraphic associations are important for developing an exploration model.



22,2 Anderson Lake Cu-Zn-rich Deposits

Anderson Lake Deposit

The Anderson deposit was discovered in 1963 and mined out in 1988 after
producing 3.2 million tonnes of grading 3.41% Cu and 0.10 % Zn (Bailes and Galley, in
prep.). A detailed study of the Anderson deposit has been carried out by Walford and
Franklin (1982). The deposit was a single elongated lens conformable with the volcanic
host rocks, striking north 65°, dipping 60° to the northwest and plunging 55° to the
northeast. The ore zone had a maximum thickness of 10 m, strike length of 120 m and
can be traced 1220 m down plunge. The primary mineralization consists of pyrite,
chalcopyrite and pyrrhotite with minor sphalerite (Walford and Franklin, 1982). The
footwall rocks are a 350 meter thick assemblage of mainly quaftz-phyric and aphyric
rhyolites. Alteration at the Anderson Mine consists of 150 m of discordant alteration
composed of chlorite-kyanite-staurolite schist at the core surrounded by zones of
muscovite-kyanite schist and sericite-garnet-magnetite bearing rhyolites. This discordant
zone merges into a semi-conformable zone of Fe-Mg and Fe-Mg-Ca alteration (Bailes,
1992). It is noted that the semi-conformable zone of silicification found in the footwall

rocks at the Chisel deposits are not present in the Anderson area (Baile, 1992).

Stall Lake Deposit

The Stall Lake deposit was also discovered in 1963. Total production plus
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reserves is 6.3 million tonnes grading 4.29% Cu and 0.57% Zn (Table 2.1). A study of
tile deposit was carried out by Studer (1982). The ore is found in four main lenses and a
number of smaller hanging wall lenses semi-conformable to the stratigraphy striking
approximately east-west and dipping 45° to the north. Of the four main lenses, the
largest is the No. 4 orebody. It consists of a series of connected anticlines and synclines
with their axes parallel to the D, lineation (Threehouse synform) having a strike length
of approximately 90 m and widths of up to 40 m. The west end of this lens is
consistently higher in copper grade that the east end by a factor of two. Both the No.1
and No. 4 lenses commonly contain Cu rgrad&s in excess of 10%. The massive sulphides
are composed mainly of pyrrhotite with lesser pyrite and chalcopyrite (Struder, 1975).
The lenses occur at the contact between the lower aphyric and middle quartz phyric

members of the Anderson rhyolite (Bailes and Galley, 1991).

Rod Deposit

A small massive sulphide lens having a strike length of approximately 30 meters
and containing 22,675 tonnes with grades of 5.0% Cu and 4.5% Zn (Rod No. 1), was
first discovered in 1957. This deposit was mined from 1962 to 1964. A second larger
massive sulphide lens, approximately 200 m down plunge of the first lens, was
discovered in 1969 (Rod No. 2). Over 6.5 million tons of ore were mined from Rod 2

during the years 1984 to 1991 grading 6.39% Cu and 2.2% Zn (Coats et al., 1970, Table



2.1). The Rod deposit has been described in detail by Coats et al. (1970).

The deposits occur in fine-grained felsic rock with S mm quartz phenocrysts.
This has been described by Coats et al. (1970) as a felsic volcanic pyroclastic rock.
Bailes and Galley (in prep.) argue that the host rock is more likely a quartz porphyry

phase of the subvolcanic Sneath Lake pluton.

Linda 2 Deposit

The Linda 2 deposit, located approximately 2 km south of the Stall deposit in the
quartz phyric phase of the Anderson rhyolites, is the largest known deposit in the Snow
Lake area at 13 million tonnes grading 0.30% Cu and 0.79% Zn (Bailes and Galley, in
prep.), however, it is subeconomic. It has bezsn described in terms of its metamorphic

petrology by Zaleski et al. (1991).

Comparison of Anderson and Chisel areas

As a result of 1:20000 scale mapping in the Chisel-Anderson Lake area (Bailes,
1990b), some differences between the Anderson Cu-Zn and Chisel Lake Zn-Cu
stratigraphic settings have been identified (Bailes, 1990). Some of these are; 1) The
Anderson Lake area deposits are stratigraphically below the Moore-Powderhouse-Ghost
volcanic sequence, 2) there is not an equivalent thjck sequence of the rhyolites hosting

the Stall and Anderson deposits in the Chisel area, 3) the Chisel Lake area deposits area



underiain by dyke complexes not found in the Anderson Lake area, and 4) alteration
patterns suggest that the hydrothermal systems associated with the Chisel Lake deposits

~ are unrelated to the Anderson Lake deposits.

2.3 VHMS Deposit and Exploration Model

An ore deposit model can be broken down into two components; 1) a descriptive
model and 2) a genetic model (Lydon, 1984). The descriptive model documents features
considered being characteristic of the deposit such as the geological setting, morphology,
chemistry, mineralogy and zoning. It can be considered to be an idealized example of
the deposit type simplified to a great extent based on data from many examples (Lydon,
1984). The genetic model for 2 mineral deposit type is an attempt to give a rational and
consistent explanation of the characteristics of the deposit type in terms of physical and
chemical processes (Lydon, 1988). For example, the descriptive model would document
the zones of alteration associated with alteration pipes underlying the mineralization
commonly consisting of inner chloritized cores surrounded by sericitized peripheries.
The genetic model would document the properties, such as temperature, pressure, and
pH, of the hydrothermal fluids that would be necessary for this type of zonation to occur.

The ore deposit model, includes many features on a mine scale, When an
exploration program is being initiated and several hundreds of square kilometres or more

are being covered many of the features in the ore deposit model would be difficult, if not



imposstble, to identify. At this point the term "exploration model" is introduced.

The exploration model includes features from the deposit model and other
characteristics that can be recognized at a regional scale that are associated with the
deposit type of interest. For example, the shape and mineralogy of the massive sulphide
lenses that form the deposit are important elements of the deposit model and at the mine
scale are critical to developing the mine. Comnmonly the oreis buried or the surface
expression is extremely small, making this information relatively less important in terms
of a regional exploration program. However, regional expressions of geochemical
anomalies in tills or lake sediments that could reflect the buried deposit, potentially
become very useful in determining the location of a deposit.

A summary of the descriptive deposit model, focusing primarily on the features
that can be recognized on a regional scale, specifically for the Snow Lake area is given

below followed by an exploration model for the Snow Lake area.

2.3.1 Deposit Model

Detailed geological mapping (Bailes, 1990b) and deposit studies (Galley, 1993)
in the Snow lake area have resulted in the identification of six controls, pertinent to an
exploration model, that influence the location of VHMS deposits. These geologic

controls have been summarized by Bailes and Galley (in prep.).
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1) Deposits occur within thick sequences of fractionated mafic to felsic subaqueous
volcanic rocks having an arc tholeiite geochemical signature. Geochemically, arc
tholéiite flows can be distinguished from ocean floor-back arc types by higher
concentrations of large ion lithophile elements, moderate to strong depletion of high field -
strength elements and strong depietion of Ni and Cr. These assemblages are
characterized by the presence of felsic flows and abundant volcaniclastic units. VHIMS
deposits are commonly associated with the felsic extrusive rocks within or at the top of
these sequences. This represents a period of cessation of volcanism, which would allow
for the dposition of sulphides in sufficient quanitities to develop a deposit. Identifying
these thick fractioned volcanic sequences with felsic flows and volcaniclastics at the top
could be and important indicator for the presence of VHMS deposits.

2) Deposits occur within or adjaceat to rhyolite flow complexes. The Cu-rich deposits in
the Anderson Lake area are cont‘ained in rhyolite complexes and all the Zn-rich depcsits
in the Chisel Lake area are contained in, or along the same stratigraphic horizon as

rhyolite bodies.

| "”3) Most of the known deposits occur within 3 km stratigraphically above the contact
between tonalitic intrusions (Sneath Lake and Richard Lake plutons) and the subaqueous

volcanics. Similar ages of these plutons and the Amisk volcanics comEined with similar

\
J
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chemical signatures suggest that these plutons could be the source of heat that drove
hydrothermal convection cells, Sea water was pumped through the volcanic rocks from

which metals were dissolved and redeposited at or near vents on the sea floor.

4) A prominent dacite dyke complex occurs in the footwall rocks to the Chisel Lake area
deposits. It is likely that vent areas were fed from vertical fractures that cut through the
volcanic rocks, localizing the upward flow of hydrothermal fluids, and that dykes were
intruded along fractures. Heat from the dykes also helped to drive the hydrothermal

circulation.

5) Deposits are associated with volumetrically significant zones of silicification and Fe-
Mg metasomatized rocks. These zones were produced by rock-water interaction, the

hydrothermal fluids reacting with volcanic rocks to produce alteration minerals.

6. The deposits at Snow Lake occur above synvolcanic faults. These features are
difficult to identify and are generally recognized by the presence of strong alteration

resulting from interaction of the adjacent rocks and hydrothermal fluids.

The stratigraphic controls influencing the location of massive sulphide deposit are

shown in an idealized section in Figure 2.3 and the idealized relationship between



regional alteration patterns and massive sulphide deposits are shown in Figure 2.4,

2.3.1 Exploration Model

The six characteristics outlined above can all be recognized from regional
datasets and represented as evidence usefu! for mapping regional favourability. The two
critical datasets for this study area from which this evidence can be derived are the
1:20000 geological and alteration mapping.

The first two components are related to what might be termed str‘atfgruphic
evidence for VHMS deposits.

~ To represent the important lithologic units of felsic flows and felsic volcaniclastic

- rocks as a layer of evidence, the geological map may be classified as shown in Figure
2.3. Each map unit varies in importance: felsic flows are the most important, felsic
volcaniclastic units are moderately important; mafic and other volcanic rocks would
follow and nonvolcanic lithologies are least important.

The association of deposits to felsic flows (being close but not necessarily hosted
by) can be represented by a layer showing proximity to the surface trace of the contact of
felsic flows, with proximal being most important and distal being least important.

Proximity to other contacts between volcanic lithologies may also be predictive.

The next two components are also stratigraphic, but are related to the source of



sis0dop SINHA 0] [9pOw PIUHOWS Y ‘2358 APIs uossapuy 195142 o) 10) Sunes (81008090 ‘g7 Mndgy

—_— SOLIOLINOOCYBUNG)

r—r—d
uonnw:t:ﬁ

S300J OAISNLU) o_:wo_o>:>m.

sit8 eyeuo; ojesjorqns

swewpes ysjwy 1sodj

8)00Y oRSePIUBDIOA PoxIN ]

syooy onsepuedioA o

o0 onsepLEdPA oo

smol4 oI}

smoj ojsje[J]

seAmpnqu) ysiwy 1sodl]

pUeDe)

(lepows [eoiBojoel peyduls pue)
Boly o)e] moug - >Oo_ommu }oolpey




Alteration Types - Snow Lake Area

| [} 8trong 8ilicification

B strong Fe/Fe-Mg Metasomatism
Bl Weak Fe/Fe-Mg Metasomatism

l strong Pyritization

. 8trong Epldote/Hematite
. Weak Epidote\Hematite
] srong Amphibole

Bl wWeak Pyritization
) weak Amphibole

. Alteration Pipes

] Unrecognized

( and simplified model)

#| | weak Silidification

™

& whe -
arralia’ 7
P
i v

' ‘“:.ms.‘;-_‘&"*
g

“erin g

-y B oy
e T T
i iade

Falaiirns

L
ol
Erl

®Mine/Ooourronce

Figure 2.4. Mapped alteration based on mineral assemblages, Typlcal regioal alteration associated with VHMS deposits is shown in

cartoon at upper right..



heat for driving the hydrothermal circulation and can be called heat evidence,

Maps representing the proximity to the surface trace of the contact between the
tonalitic intrusions and the subaqueous volcanics and one showing proximity to
synvolcanic dykes can be used as laygrs of evidence indicating the importance of being
close to a subvolcanic tonalite and/or synvolcanic dykes. Close proximity indicates a
greater probability of an active hydrothermal circulation, and therefore greater

favourability of 2 VHIMS deposit, whereas far proximity suggests a lower favourability.

The next components are related to evidence of hydrothermal aiteration, that in
turn may indicate the activity of mineralization processes. This evidence can be obtained
from mapping of alteration patterns of various types and may be called alferation
evidence.

This evidence would consist of layers showing presence and proximity to zones
of silica and Fe-Mg alteration, with higher favourability assigned to presence or close
proximity than zones with no evidence of alteration.

Synvolcanic dykes were not mapped directly but inferred from zones of intense
alteration characteristic of alteration pipes. A layer showing the presence or proximity to
one of these zones could represent evidence of synvolcanic dykes.

{The other evidence that can be used in the exploration model comes from

regional geochemical surveys, and from geophysical surveys. The geochemical evidence
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is based on a combination of indicators from till and from lake sediments. In generzl, one
would expect that sulphide deposits occurring at the surface would be detectable in lake
sediment samples, and in till samples. Hydromorphic dispersion in groundwater may also
occur around buried deposits, with re-precipitation in lakes under varying conditions of
pH, particularly for elements such as Zn. Evidence from geochemical data could include
- lake sediment and till geochemical layers for Zn, Pb, Cu, and possibly other metallic
trace elements.

Geophysical evidence, the evidence used widely by exploration companies for
finding VHMS targets, has not been strongly emphasised in the present study. EM
surveys have been particularly useful for detecting buried sulphide bodies in the Snow
Lake area, however, no consistent regional public EM survey was available for this study
area. The radiometric, magnetic, gravity and VLF surveys proved of marginal value as
direct evidence of VEIMS mineralization, due mainly to the relatively wide line-spacing
compared with the size of VHMS.targets. For this study and at this scale, the regional
geophysical data were valuable for geological mapping, interpretation of plutonic
composition and differentiation trends, for recognizing gradients due to geophysical
cbntrasts across contacts, and possibly for recognizing alteration effects. Nevertheless,
buried sulphide bodies are associated with the following geophysical evidence; a layer of
EM data, a layer of magnetic data, a layer of gravity data and a layer of VLF data.

A number of factors for VHMS exploration are not considered here, for a variety
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of reasons. Lithozeochemical evidence was not used, because the available data were too
sparse, and unsuitable for interpolation to continuous geochemicat surfaces. Information
on the details of the volcanic cycles was not included, because even at the detailed scale
of the mapping, there was too much uncertainty in tracing individual units over the whole
map area. Satellite imagery was not used, because the spectral information was
dominated by the states of vegetation, and the effects of forest-fires, and the structural
information visible on sateltite images failed to reveal lineaments that could be related to
synvolcanic faults. A number of faults are clearly visible on the images, confirmed by
ground mapping, but they postdate the mineralization. Uranium, thorium and potassium
distributions show interesting patterns, but the VHHMS deposits do not appear to be
correlated with radiometric signatures, The radiometric data yield information about the
composition of rock units, but at the scale of the present study are not directly usable for

predicting VHMS deposits.

2.4 Discussion

From the above descriptions of the regional geology and the more detailed
deposit geology it is recognized that even in this relatively small area that the VHIMS
deposits can be characterised into two different groups. There are the Cu rich deposits in
the Anderson Lake area and the Zn rich deposits in the Chisel Lake area. These distinct

groups have different mineralogy, different alteration associations and different
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stratigraphy. It is noted that the exploration model, described above, does not focus on
the details that identify the differences between these two groups.

It could be argued that for an exploration mode! to be most effective it would
have to focus on very specific characteristics, and indeed, to find target areas that have
very specific characteristics this wduld be true. However, it is argued here, that in
general, an exploration model must be more general in nature. This is in view of the fact
that the exploration model, as defined hers, is designed to identify areas that_have
potential for VHMS type deposits in general that will warrant further detailed
investigation, not to immediately identify a drill target for 2 VHHMS deposit with specific
qualities. Itis also exceptional to have the type of detail that is available in th.xs study
area and must be assumed that in a typical exploration program a more general model

would be suitable.

The following chapter introduces some of the fundamental concepts and terms
related to geographic information systems (GIS) to help provide a base for discussions

addressing the next steps in the modelling process where GIS plays a critical role.
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3. Geographic Information Systems
3.1 Introduction

Geologists and geoscientists have become skilled in observing, recording, and
analyzing complex spatial re!ﬁtionships. The exploration geologist is routinely required
to combine spatial geoscience information ‘including bedrock geology, tilt cover,
structure, geochemistry and geophysics in order to identify high potential targets for
mineral deposits.

Geographic information systems (GIS), a relatively new technology emerging in
the early 1960's (Coppock and Rhind, 1991, Aronoff, 1989), is a computer system
designed specifically for managing spatial data. Though not specifically created for use
in the earth sciences, it has been recognized by the geological community as a potentially
powerfial tool for geological applications. Indeed, one of the objectives of this thesis is to
demonstrate the effectiveness of GIS as tool for managing spatial data to aid in the |
mineral exploration process

Compufer-based techniques for problem solving in a mineral exploration context
have been in use since the early 1970's (Agterberg, 1989¢c, 19922), however, in general
they have been slow to be adopted by and has involved the minority of geologists. The |
use of GIS in geology is no exception. Itis the purpoée of this .cha;‘ater to introduce some
fundamental GIS concepts and terminology that are used in this thesis which may not be

familiar to geologists without a GIS background. A more complete introduction to GIS



has been compiled by Aronoff (1989), Burroughs (1987), Maguire et al. (1991) and
ESRI (1994). An excellent discussion of GIS in a geological context can be found in

Bonham-Carter (1994).

3.1.1 Definition of GIS

GIS is the acronym for the singular or plural term, Geographic Information
System(s). Definitions of GIS abound in the literature. Maguire (1991), lists eleven
selected definitions, however, points out that they all have the single common feature of
managing spatial data. Though, a case could be made that GIS include both manual
(light tables) and computer-based information systems (Aronoff, 1989; Burrough, 1987),
in practice all contemporary GIS are computer based (Maguire, 1991). A formal
definition is given below:

"An organized coliection of computer hardware, software, geographic data, and
~ personnel designed to efficiently capture, store, update, manipulate, analyze, and display
~ all forms of geographically referenced data". (ESRI, 1994)
Within this definition can be found the four basic elements of a GIS: computer hardware,
computer software, data and liveware. Most fully functional GIS, those that have a well-
designed and implemented database, strong analytical capability and cartogréphic
aspe(;ts,are designed around high performance workstations using the UNIX operating
* system, though personal computers are capable of running fully functional GIS software

and mainframes are still acceptable for enormous national or global scale GIS



applications.

The second element in a GIS is the software, GIS software design has evolved in
three basic directions: file processing design, hybrid design and extended designs. The
file processing design organizes each data set in separate files that are linked during
analytical operations by the GIS software. In the hybrid design, DBMS are used to store
and manage attribute data while custom software is used to store and manage spatial data.
The extended design uses a DBMS to store both the attribute and geographical data. The
DBMS is "extended" to provide analytical functions (Aronoff, 1989; Maguire, 1991).

Data is the third component of a GIS. The collection, transformation of data into
a suitable structure and import into the GIS in use is usually the most expensive and time
consuming part of any GIS project.

The final and most critical of the elements defining a GIS is the liveware or

people. Without competent properly trained personnel a GIS is of little use.

3.1.2 History and evolution of GIS

It could be argued that GIS , systems that collect, store and analyze spatial
information have been in existence ever since maps have been made (Burrough, 1987).
However, if the definition given above, requiring a computer component, is adhered to,
the first true GIS have their origins in the early 1960's. It is_ generally recognized that

many of the early significant developments in GIS originated in North America with
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possibly the first true GiS, the Canada Geographic Ix_lformation System, being credited to
the work of Roger Tomlinson in conjunction with the Canadian Government (Coppock
and Rhind, 1991). This system evolved out of a need to develop a national land
classification capability of all productive land in Canada. This involved integrating
'information related to agricultural, forestry, recreation and wildlife. The technology was
based on an IBM 360/65 mainframe computer (Coppock and Rhind, 1991; Aronoff,
1989; Tezlinson, 1967). Other organizations that played a key role in the early
development of GIS incl_ude the US Bureau of the Census, the US Geological Survey, the
Harvard Laboratory for Computer Graphics and the work of Howard Fisher and in
Briton the Experimental Cartography Unit and the work of David Bickmore. The Census
Bureau was r&;p‘;\ﬁgif)le for the development of Dual Independent Map Encoding
(DIME) scheme, and eventually-the creation of the Topologically Integrated Geographic
Encoding and Referencing (TIGER) system. These products were driven by a need to
integrate census data based on locational data supplied by postal codes. The Harvard
Laboratory for Computer Graphics, influenced strongly by the ﬁelci :of landscape
archit_ecture,' focused on developing a computer maplging sys‘.ém and produced products
‘including SYMAP, GRID and ODYSSEY. The successful corércial GIS ARC/INFO
has its roots in the pecple (;ack Dangermond) and products of this effort.
This early development stage in the growth of GIS, extending from the early

1960's to the mid 1970's was hampered by computer technology, primarily the lack of



high quality interactive graphics but also the high costs of operating mainframe
computers and limitations imposed due to the paucity of digitally available data. During -
this time advances were made in the areas of cartographic accuracy and visual quality
and also on spatial analysis. Development continued slowly through the 1970's to the
early 1980's generally through government-funded research. At this time rapid and
significant improvements in computer technology especially in the area of graphics
combined w1th decreased computer costs led to large growth in GIS with many
commercial packages becoming available. Two major d&sigrls of GIS emerged at this
time, one with emphasis on raster methodology and the other on vector methodology.
GIS is now an indispensable tool, with most major GIS combining raster and
vector methodology, in a wide range of applications in areas including agriculture,
forestry, wildlife management, archaeology, geology, urban planning, marketing and

environmental issues.

3.2 Fundamentals of GIS

GIS software can be considered to have five basic functions that deal with: 1)
data input and verification, 2) data storage and database management 3) dat output and
presentation 4) data transformation and modelling and 5) interaction with the user |
(Burrough, 1987).

Perhaps the function that sets GIS apart from Computer Aided Design (CAD)
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systems and automated mapping systems (AM) and Data Base Management Systems
(DBMS), which on there own perform many of the operations of a GIS, is the data
transformation function. Data transformations covers a broad range of operations that can
be considered in terms of data maintenance, such as changing scales or projections, and
utilization and analysis,‘including area analysis, reclassification, buffering and surface
analysis. To understand some of the concepfs of transformations it is also important to
ﬁnderstand the data storage and management componeat which is lconcemed with thé
datg L;s organized (data modelling) and structured (data structure and file férmat).’ Some

~of the salient points related to data storage and transformations are discussed below.

3.2.1 Data models and structures

When constructing a digital map databas;e two basic types of map information
must be considered: 1) spatial information, which &escribes the location, shape and
topological characteristics of a map feature and 2) descriptive information. On 2 two °
dimensional map, features can be represented as discrete spatial objects such as points,
lines and areas. The process of defim'né and organizing data from the real world and into
a consistent digital dataset that is useful and reveals information is called data modelling
and the logical organization of data according to a scheme is known as a déta model
(Bonham-Carter, 1994). Two of the most common models for organizing spatial data are

the vector and raster model and discussed very briefly below. For an in-depth discussion



47

on digital data models and structures in a GIS context see Burrough (1987), Aronoff

(1989), Bonham-Carter (1994) and Davis and Simonett (1991).

3.2.2 Raster Model and Structures

In the raster model the space represented on the map is divided into ‘a regular grid
of square or rectangular cells. These cells are commonly called pixels (for picture
element) and have an area usually dictated by the size of the feature that needs to be
represented. Each pixel is assigned a value to represeat the featurg it represents which

can be used as a link to an attribute table often containing non-spatial data related to the

feature.

| A number of raster structures exist for the raster model including the full raster,
run-length encoding and quadtree. The most common structure is the full raster or
expanded raster whgre the map is defined as an array of pixel values, in which the row
and column coordinates define a particular location.

When features being represented in a digital file are homogeneous over large
areas, the full raster structure will have a large number of adjacent cells with similar
values. Run-length encoding is a simple raster data structure that provides a method for
reducing the space requiremts for rasters that have many repeated values (see Figure |
3.1(b)). The strategy is to have all the adjacent cells in a row with the same value twa@

as a group or run, Instead of storing the value for each pixel, the pixel value is stored
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together with the number of times that the value occurs in a run and in which row it
occurs.

Quadtrees are another raster model that allows full raster files to be stored in a
much more space efficient way ahd is shown in Figﬁre 3.2. This structure uses variable
pixel sizes to represent the mapped features so that suialler,pixels are us;ed in areas of
finer detail. Quadtrees are hierarchial data structures in which a map represented digitally
by successively dividing blocks on the map into quadrants. Pixels in a quadtree structure
are commonly indexed using the Morton system of .spatial coordinates. The Morton
coordinates are a single number along a trajectory that connects all the pixels in an
image. This indexing system results in 2 file where the coordinates are close together for
cells that are physically close together on the map. This allows carrying out operations
such as identifying the nearest neighbour to 2 éoint and for identifying a polygon in
which a point is located very efficiently. The organization of data using the quadtree

model is discussed in Aronoff (1989), Bonham-Carter (1994) and Sammet (1990).

3.2.3 Vector Model and Structures

The vector model assumes that the map area is a continuous coordinate space
where point, line and area features on the map can be defined by lists of coordinates.
The limit on the precision of the representation of these features is the size of the word

(number of bits) defined in the computer system. In general vector systems allow a finer
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Figure 3.3. The spaghetti and topological vector models. (a) In the spaghetti model,
lines are defined by vertices whose spatial locations are recorded in tables of geometric
coordinates. (b) The topological model has additional information about the adjacency,
containment and connectivity of arcs and nodes (from Bonham-Carter, 1994).
resolution compared to raster models, though with very high capacity storage devices and
fast processing speeds, the precision of raster models can approach that of vector models.
A common vector model structure is the spaghetti structure (Figure 3.3(A)). In
this structure map objects are represented by an associated table of locational coordinate,
usually a separate table for points, lines and polygons, with no topological data.
Topology can be defined as a mathematical procedure for exphcltly defining spaual

relattonshxps between spatial objects Some of the basic topo!ogxml concepts are; 1)

conned:vxty defining where and if arcs connect to mch other, 2) closure, defining if arcs
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connect to define a polygon and 3) contiguity, defining an arc direction and right and left
sides. Knowing the topological relationships allows typical modelling prdcedures such -
as area analysis, c;ombining adjacent polygons, mlmsiﬁmﬁon and overlaying map
features. Though the spaghetti structure has some redundancy in the data because shared
arcs betweer. polygons must be ;epeated, the simple sequential organization of the
locational information makes pl'ottipg very efficient. Also because there is no -‘
topologic#l information spatial aﬁalysis is computationally iﬁtensive.

One of the most widely used vector structures used to overcome the problems
encountered in the spaghett structure is the topological structare (Figure 3.3(B). As
indicated by the name this model includes topology as well as locational information of
map features. In this structure arcs or lines are the basic spatial element. The arc starts
and ends on a node while the ntermediate points defining the shape of the arc are called
vertices. A polygon is an area defined by a closed chain of arcs. Typically, in the
topological model, tables are created to record the topological information for each of

these four spatial elements.

- 3.2.4 Attribute Data

The tables containing the topological information for the objects on a map,
described above, can be called spatial attribute tables. Often it is necessary to know other
information about objects on a map that is nonspatial. For example knowing whether an

arc on a map is a road, geological contact or fault trace is important nonspatial



52
information. Polygons identifying parcels of land having various landuse classifications
may have a number of attributes indicating soil type, population, access to major roads
and so on. This information is stored m nonspatial attribute tables structured such that
~ the rows are keyed to the c;bjects or entities on the map and the columns are the

attributes. Both vector and raster models can have nonspatial attribute tables.

3.3 Spatial Data Transformations

Many different data transformations, the process used to change the manner by
which a spatial entity is represented in a GIS, can be carried out in a GIS. These
transformations can be grouped into two types: geographic space transformations and
spatial data transformations. The former type include geometric correction operatiqns,
projection transformation, mosaic or edge matching and clipping while the latter involve
the manipulation of the principal types of spatial data objects, namely points, lines and
areas. Spatial data transformations allow the creation of new entities and attribute data
from the original source data. These are some of the most powerful tools associated with
a GIS and are used extensively in this study. Two of the most common transformations,
point-to-area and line-to-area as used in this study are discussed below. It is noted that
there are also many spatial transformations between different data models and structures

though they are not discussed here.
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3.3.1 Point-to-Area Conversions

Much of the source data used in this study wete collécted at points, The airborne
magnetic and VLF surveys took measurements at points along flight lines, the gravity-
survey was taken at grouhd stations spaced at 8 km and many observations used to
generate the geological map could be considered to point locations at a 1:20000 scale.
Geochemical information from till surveys and lake sediment surveys were also collected
at point locations and converted from point information to a surface in this study..
Bonham-Carter (1994) identifies several methods for carrying out point-to-area
conversions based on the level of measurement of the point attribute being considered
and whether the points are natural spatial objects (éuch as sink holes) or imposed oﬁjects
for sampling. The primary method for natural spatial objects is density mapping. For
imposed sample points either interpolative methods or non-interpolative methods can be
used.

Non-interpolative methods are generally most appropriate for, though not limited
to, point attribute data measured on a categorical measurement scale. These methods
include converting points to a cellular grid, converting points to circles, converting points
to Thiessen polygons, converting points to Thiessen polygons and then imposing a
confining circle, and converting points to catchmenf basins. The lake sedimént data for
this study was converted to areas using this last method. This was the most appropriate

for lake sediment data because the lake sediments are representative of the area draining
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into the lake and the catchment basin is the most likely zone of influence for the sample.
The catchment basins in this study were constructed manually using a topographic map
such that there was only one sample per catchment basin. Automated methods for
determining catchment basins from digital elevation models can be used (Jensen and
- Domingue, 1988). If more than one sample is located in a catchment basin, an averaging
rule fbr aggregaﬁon must be applied. |
Interpola_tive methods are most appropriate for atﬁ‘ibute data ti:at is spatially
'copﬁnuous. In general the interpolation methods involve estimating the value of the
modelled variable at points bér.v_veen the known sample ﬁoints, usually on a square lattice,
a process which is called griding. These points on the lattice can be treatedl as the centre
of a grid cell or pixel to create a raster image or isolines can be threaded through the
points to create a contour map. Some of the many methods of surface modelling used to
convert points-to-areas include triangulation, distance weighting and kriging. The till
data used in this study was converted to a surface using the kriging method. Further

information on interpolative methods can be found in Watson (1992) and Lam (1983).

Kriging and Variograms
Kriging is a'weighted-moving-average interpolation method where the set of
weights assigned to samples minimizes the estimation variance. The variance is

computed as a function of the variogram\ﬁ:odel and locations of the Sa.mples relative to
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each other, and to the point or block being estimated. Variograms, an integral part of
the kriging process, are used to measure quantitatively how well one sample represents
another at a different location of a given distance. The variogram or semi-variogram lS
- a plot of the variance (one half the mean squared difference) of paired sample
measurements as a function of the d_istance and direc.tion between samples. For a
comprehensive explanation of kriging see Isaaks and Srivastava. (1989). Variograms
and kriging were carried out using a software package called GEOEAS (Eng;und et
'al., 1988), a collection of interactive programs for performing geostatistical analyses of

spatially distributed data, running in a PC DOS environment.

3.3.2 Line-to-area Conversions

In mineral exploration applications, as well as many others, it is important to
know the proximity or distance from a feature. Examples for mineral exploration
applications would include knowing the distance from a geologic contact or fault (line
object), a fault intersection or deposit (point object) and lithologic units (area object).
_ One approach to measuring proximity is to dilate the spatial objects resulting in their
expansion. This process is also known as buffering or spreading and can be applied to
point, line or area objects in either vector or raster data models. In this study knowing
the proximity to different geologic contacts was critical to applying the deposit model.

An example of determining proximity to the contact of subvolcanic tonalitic
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intrusions, an important heat source, is shown in Figure 3-4(a)-(b). Generating a
"proximity map" from a vector map generally requires 2 steps; 1) extracting the line
feature of interest and 3) generating corridors or buffers of a known width around the
vectors. For geological contacts and faults this process requires a two dimensional
assumption that we have verticallj dipping contacts so that the distance that we are from
the contact at the surface is the same distahce at depth. This assumption is obviously not
completely true, however, in general the lithologic contacts are very steeply dipping for
this area. Figure 3.4(a) shows the vector outline of the tonalite sills. For the tonali&e sills,
eight buffers with a width of 0.5 km were made (Figure 3.4(b)). The buffers are assigned
a class value of 1 through 8 as they progress outwards from the contact. The distance
from the tonalite subvolcanic sill contact can now be established for any point on the
map, such as a mineral deposit, by sampling the map and determining the class of the

corridor at that point (with an error of plus or minus the width of the buffer).

3.4 Tools for Spatial Analysis

GIS provide powerful tools to assist in the Vprocess of spatial analysis and map
modelling. These operations can be carried out directly on map layers, indirectly on
tables of attributes linked to spatial map objects, or some combination of map objects and
tabie attributes. Results can be output as a map or as attribute tables and may involva-—--

nonspatial as well as spatial attributes. Analysis can involve a single map, two maps or
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Figure 3.4 (a) - (b). An example of transforming lines to areas by creating distance
buffers. a) vector outline of subvolcanic sills. b) eight distance buffers around the
contact, each buffer having a width of 0.5 km. Note that the subvolcanic sills have
been “stamped” back on the buffer map so that the buffers extendomvmdsfromthe

subvolcanic sills only.
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many. Potentially the most significant tools for analysis in the GIS are those that
provide the ability to combine spatial data from different sources on two or more
different map layers. Some of these tools are used frequently in this study and are

mentioned here very briefly to provide a foundation for following discussion.

3.4.1 Reclassification

Classification is generally used to reduce the complex nature of many types of
information and involves the ordering, scaling and grouping of data. It is one of various
methods used in the more general concept of generalizing maps. Other means of
generalizing maps may include simplification, symbolizaiton and induction (SPANS,
1993). Itis an operation that is generally performed on a single map.

In this study, almost all of the original data went through a classification process
in order to make the often complex and overwhelming amount of data more useable in
the context of the exploration model. The geochemical and geophysical data, examples
of ratio scale data, were classified using classification tables that contained breakpoints
that grouped the data based on 2 percentile scale. Mineral deposit data actually went
through a classification, where all deposits were classified as VHIMS deposits or other,
followed by a simplification process, where all non VHMS deposits were removed.{ The
bedrock geology map, an example of categorical data, was grouped according to m;jdr

lithological types. In this study a lookup table was constructed (see Table Al, Appendix
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A) that relates the class of the original map to the class or the output map. The original
1:20000 mapping resulted in 94 different lithologic categories (see column 3 in Table
Al). Inthe cofxtext of the exploration model all this information was not necessary and,
in fact, coniplicated the modelling. Whether a felsic flow was quartz-phyric, fragn;lental
or plagioclése-phyric did not modify the importance a felsic flow had with respect to its

| relationship to VEIMS deposits. All the subunits of felsic flows were simply reclassified
as felsic flows. In general, the critical information necessary to represent the exploration
model could be gleaned from a geological map that showed the major lithologic types
resulting in the output map classes shown in the last column in Table Al. The actual

reclassified map is shown in Figure 2-3.

3.4.2 Tools for Map Combination

Ultimately, once a model has been established, data collected and transformed to
represent the critical components of the model, there is a need to combine the spatial data
to describe spatial associations and use models to make predictions related to the spatial
information. A number of tools for combining maps are available in most GIS and some

of the.bnes used this study are described below.

Join

Commonly in a GIS study, spatial information critical to the investigation is
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found on two or more adjacent map sheets or the data is collected over the study area in
blocks over an extended period of time requiring the map sheets to be joined together to
form 2 continuous geogfaphical coverage. The process of combining two maps so that
map classes that are the same on each map will form a continuous coverage may be
called a join operation. The geologic mapping for th; Chisel-Anderson map sheet in this
area was carried out over three summers moving from west to east resulting in three
separate maps for the single study area. At the end of the second and third field seasons
an adjacent map sheet was joined to the existing map. An artificial example is shown in

Figure 3.5 (b) to demonstrate the join process.

Impose
It is often necessary to cut away portions of a map that lie outside of the area of

interest. The process where one map is overlayed on a second map so that only the area
underlying the first map is considered in any further modelling or map analysis may be
called an impose operation.

~ The géophysical and geochemical surveys used in this study extended over a
much larger area than where the detailed geological mapping was carried out. The
decision was made to limit the m-f'jelling to the area covered by the detailed geologic
mapping. This was carried out in the GIS by first reclassifying the geology map so that it

contained only one class: land, The resulting single class map became the "basemap” and
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was used to impose the limits of the modelling on all the other input maps. An example

of the impose or "cookie cutter” process is shown in Figure 3.5(a).

~ Stamp

A third map overlay operation that is useful for investigating spatial patterns
involving two maps is known as the stamp operation. In this process information from
one map, usually a single class map, is "stamped" on the second map so that the
information on the second map is replaced by the information from the first map. In this

study the areas underlying subvolcanic tonalite intrusions (important as a heat source but

‘not for hosting VHMS deposits) were stamped on predictive maps to emphasize the

potential outside the limits of the intrusions. The stamp operation is shown

diagrammatically in Figure 3.5(c).

Matrix (Compare)

The impose, join and stamp overlay operations usually require one of the maps to
be a single class map. The matrix overlay is a general way for combining two maps that
have multiple cla;s&s. If the two maps have the same number of niatched classes, it can
be a simple but effective method for comparing the maps a.nd identifiying the areas that

are the same ( or different) on both maps. This method was used in this study to compare

the predictive maps generated by different models. The matrix overlay method is
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illustrated in Figure 3.5(d). -

Unique Conditions

One of the m.ost powerful map- combination tools that results not only in an
output map but also a table that contains information from the input maps that is :directly
linked to the resulting oufput map is known as the unique conditions overlay. One of the
reasons that this method is so powerful is that modelling operation can be carried out on
" the table, not on the map itself. The overlay map is reclassified based on the new resuits
appended to the o§erlay table. Because the overlay map is not directly involved in the
modelling, it allows modelling operations to be carried out outside of a2 GIS, providing a
great deal of flexibility. The results can be brought back into the GIS and linked to the
overlay map. The unique conditions overlay can result in unique polygons, where each
new polygon created in the overlay process is assigned 2 unique class, or a unique
conditions map, where polygons that are cremtéd in the overlay process are assigned the
same class value if their characteristics are the same, as defined by the input maps. |

Unique 'cc"mditions overlays can be carried out using two or more maps where the
maps are not restricted by the number of classes in the map (though the GIS may have
“-some restrictions on th_e number of unique conditions that can be handled by the
software). In this study the imique conditions overlay was used in the weights of

evidence, area weighted logistic regression and Dempster-Shafer models. A simple
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example of a unique conditions overlay for two maps is shown in Figure 3.6.

3.5 SPANS GIS

The GIS used in this study is called SPANS, a PC based system developed by an
Ottawa company, TYDAC Technologies (SPANS, 1993b). It is a general purpose GIS
but provides very strong analyﬁcal ﬁmctioﬁality, efﬁcieﬁt data structures and flexibility
in interfacing with other software outside the GIS that made it an excellent system for
modelling mineral-potential. Some of the specifics are described below.
3.5.1 Software

The SPANS software is a hybrid GIS incorporating both vector and raster data
models. The primary raster data structure was the quadtree data structure, especially
effective for raStex; data compression, and carrying out operations such as identifying the
nearest neighbour to a point and for identifying a polygon in which a point is located.
Library information including, attribute tables, unique conditions (overlay) tz-ables, raster
headers, map legends and titles and classifications can all be exported as ASCI files
a.llowiﬁg easy interface with third party or custom software. [llustrations and maps for
output can be enhanced using the companion desktop-mapping package SPANSMAP.
Data import and export modules allowed easy interface w1th a variety of other raster and
data structures supported by other GIS (such as ARC/INFO),

The PC version of SPANS requires the OS/2 Extended Edition operating system.
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3.5.2 Hardware
The hardware used in this study was a desk top Personal Computer running on an
Intel 486-66 mhz processor. Memory included 16 MB of RAM and 1.2 GB of hard disk
storage. The colour monitor was driven by a high resolution (1025 X 768) colour video
card with 2 MB of video RAM. Hardcopy was generated onKan HP 300XL paint jet

plotter.

The following chapter discusses the second step in the modelling process -
building the database. There are two important components at this step 1) capturing raw
data as a digital database on the GIS and 2) processing the raw data to reflect

information that can be considered as evidence for the exploration model.
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4. Spatial Datasets

4.1 Introduction

A major component of this project, and any GIS project that involves the
integration of a number of different data layers, is the assemblage of the various spatiat
data to be used in the study in digital form and properly registering it so that thg spatial
components overlap correctly. Because the_ data used in this study were assembled
specifically for this project without the intention of long term maintenance or for
multiple users, the words "spatial datasets" are used instead of "database" (Bonham-
Carter, 1994). The term "database" or "custodial database" is more apbropriate for large
amounts of data that are gathered for the purpose of serving as data sources for a large
group of users over and extended period of time. The custodial database should also
employ data standards for data entry and data maintenance that can be applied by

different groups of people over time (Bonham-Carter, 1994).

The choice of datasets used in this study was guided primarily by the exploration
model as discussed in the previous chapter. Data that was captured from map
information and input as attribute tables or other sources but not directly suitable for use
as evidence, is considered as "raw data". Data that resulted from processing the raw data
and could be used as a predictor layer is consideréd to be "derived” data. The pr_ocessiﬁg
and production of derived datasets are discussed in section 4.3. The raw datasets are

summarized in Table 4.1 and discussed briefly below with respect to source, data
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structure, data format and error. All source data were transfor.ned to the working map

projection for this study which is the Universal Transverse Mercator (UTM).

" 42Raw Data Descriptions
4.2.1 Bedrock Geo!o;y
Geological maps of the bedrock were available at two scales, 1:50000 and

1:20000. The 1:50000 scale maps were manually digitized as topological vector data
from a geological compilation of the sheets for NTS 63/J/13 (Fedikow et al., 1993) and
NTS 63/K/16 (Fedikow et al., 1889) using the TYDIG (a module of the SPANS GIS
package) digitizing software. These data were imported into fhe GIS and converted to a
quadtree raster format with a digital spatial resolution (size of smallest quad or pixel) of
approximately 10 m. The 1:20000 scale map (Bailes, 1992a), generated as the result of
mapping during the course of this study, was also digitized manually and imported into
the GIS with a digital resolution of approximately 10 m. The digitizing was done so that
all ninety-four lithologic units identified on the map were retained. A lookup table
showing the relationship of the original units and units created by grouping similar units
is found in Appendix A (Table Al).

Many sources of error are recognized throughout the history of these maps. The
1:50000 maps are the resulf of compiling informaﬁém from a number of maps ranging in

scale from 1:63,360 to 1:5000 (Fedikow, 1993; 1988). Spatial errors in the original maps
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would result from inaccuracies in pace-and-compass distance measurements and

distortion in aerial photographs used to derive the base maps. These errors would then be

Table 4.1. Summary of datasets used for generating evidence maps to predict VHMS
potential in the Snow Lake area,

ATA TYPE ] DESCRIPTION l

GEQLOGY Geology frotm ficld mapping at scales of 1:50000, 1:20000, and 135000
ALTERATION Altcration was mapped based on mincral axscmbluges 1)qtzmcp-plag,
2chl-bio~amp, 3)ep-hem for 1:20000 only
GECCHEMISTRY Atotal of 346 lake sediment snmples were anatyzed for 32 different
«till clementsusing AAS and INAAL
~lake sedirnenta Regional tills were collected snd analyxis of 240 samples, 32 clements
viminnge basins donc for <2 and <30 mesh.
~whole rock Whole rock has not been input into GIS
VLF Collected by GSC Skyvan using Hertz Totem VLF unit ot 500 m EW
linc spocing resampled to 100 m
GSC Open file 2300,
GRAVITY GSC Geophysical Data Centre, National Gravity Bank, 2 km
~Bouger resolution resampled to 200 m ANl caleuluted,
~Free Adr
«Verticn] Gradient

GSC Geophysical Data Centre, Regional Coverage, 800 m mpacing
ressmpled to 200m

Compiled from 1:50000 maps (Fedikow ct al. 198¥, 1989)

carried over as this information was transferred to the compiled 1:50000 base. The
minimum resolutions of 1:5000, 1:50000 and 1:63360 scale maps, based c¢n a 0.5 mm
line width, are 2.5 m, 25mand 31.6 m respectively (Fisher, 1991). Since much of the
original data has been taken from 1:63,360 scale maps, the true accuracy of the 1:50000

compilation maps is in the order of 32 m. Further positional error is introduced during
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the transfer of the source map to a digital format through digitizing. Though it is not

‘dealt within this study, digitizing error models have been discussed by Maffini et al.

(1989) and Keefer et al., (1990). Positional errors for the 1:20000 scale geology map are
also present due to ;ﬁom generated through pace-and-compass distance measurement
and distortion of aerial photographs. The inherent accuracy of a 1:20000 scale map based
on a 0.5 mm thick line is 10 m.

The 1:20,000 scale mapping was completed during this project so very little error
should be expected because the data is out of date, however the 1:50,000 compilation
maps were based on maps dating back to 1935 (Fedikow, 1993) so some inaccuracies
may be prescit due to changes in the understanding of the geology over that time period.

Other errors such as missing contacts (logical errors) have been checked manually and

none were found.

4.2.2 Alteration Map

As part of the 1:20 000 bedrock mapping project, alteration data were also
collected. Six main types of alteration were identified based on visible mineral
assemblages. Bailes and Galley (1993) identified the following alteration types: (1)
silicification, (2) Fe/ Fe-Mg metasomatism, (3) pyritizaﬁon, (4) epidote/hematite, (5)
amphibole and (6) alteration pipes, and mapped them as mutually exclusive zones,

Accordingly, the polygons digitized on this map were identified as being predominantly
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one of these alteration types, see for example Figure 2.4.

The main error component associated with the alteration map would be contact
positions. Mapping was carried out using pace-and-compass distance measurements and -
aerial photos scaled to 1:20000. Data recorded in the field was transferred to a mylar
base map representing another source of potential positional error. Accuracy ona
1:20000 scale map is 10 m assuming a 0.5 mm line width and where the capture and

transfer of field data to a base map is error free.

4.2.3 Lake Sediment Geochemistry

A lake sediment geochemical survey was conducted by GSC over the whole of
NTS sheet 63/K/16, and over the western two-thirds of 63/J/13. A total of 346 samples
were collected at a sample density of approximately 1 per 6 km® in the Snow Lake area
with 79 falling within the study area. The sample distribution is shown in Figure 4.1.
Samples were analyzed for 42 elements using atomic absorption spectrometry (AAS) and
instrumental neutron activation (INAA). The atomic absorption method determined
values for Zn, Cu? Pb, Ni, Co, Ag, Mn, As, Mo, Fe, Hg, LOL U, F, V, Cd, and Sb.
Acceptable values from INAA included Au', As, Ba, Br, Co, Cr, Cs, Fe, Hf, Na, Rb, Sb,
Sc, Ta, Th, U, W, La, Ce, N, Sm, Eu, Tb, Yb, and Lu. The data were input into the GIS
as point attribute tables, with a record for each sample containing geographic coordinates

followed by element concentrations, see Friske et al., (1995; in prep).
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The primary source of crror in this data set is associated with the analytical data.

Quality control of the analytical data is maintained by monitoring control references and
blind duplicate data. A control reference, a blind duplicate and a field duplicate are
inserted into each block of 20 samples being analyzed. The field duplicates are used to
measure sampling vanability while the blind duplicates allow checks to be made on the
analytical error. Knowing the magnitude of the analytical error relative to the sampling
error is useful for interpreting the results. The control references are used to check bias
(accuracy). The mean and standard deviation are calculated for all the elements for
each reference sample. Results are only accepted if control reference and blind duplicate
values are within predefined limits specified to the company doing the analysis, for
example, control reference data must be within 2.5 standard deviations (Frisk, pers.
com.). General discussions on geochemical survey methods and analysis can be found in
Garrett (1974) and Frisk and Hornbrook (1991). Positional error is not a significant
factor as sample locations can be determined well within the limits of the size of lakes

being sampled.

4.2.4 Catchment Basin Map
A map of the lake catchment basins was prepared with the use of 1:50000 scale
topographic sheets and digital plots of the sample locations. Basins were constructed by

manually tracing the drainage divides defined by the'contour lines on the topographic
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map so that there was one basin for each sample. The basin outlines were manually
digitized (Figure 4.1), input into the GIS as vectors in arc-node format and then
rasterised. The catchment basin map was then linked to the geochemical attribute tﬁb!c
allowing map construction for any variable in the table.

Position of the drainage divides are subjective being based on a visual
interpretation of contour lines on 1:50000 topographic maps. In general the terrain is
very flat lying and horizontal distances between contours (7.6 m contour intervals) is
commonly over 1 km and up to 4 km. This combined with errors related with digitizing
would suggest that the minium error associated with the placement of the drainage

divides to be in the order of 1 km.

4.2.5 Till Geochemistry

Both regional and detailed till sampling surveys were carried out in the study area
(Kaszycki, 1989; Kaszycki et al., 1992). C-horizon till and humus were sampled at 254
sites for the regional survey and C-horizon, B-horizon and an organic rich fraction were
sampled at 86 sites (around Chisel, Chisel North and Linda-2 deposits) for the detailed
study. The <2y size fraction of all till samples has been #nalyzed by AAS for Ag, As,
Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn. The <60um size fraction of ail till samples
has been analyzed by INAA using a standard "Au-plus 34 element" package. The heavy

mineral fraction for C-Horizon till samples has been extracted and analyzed for visible



gold. These multivariate point data ware input as tables with records with geographic
coordinates, followed by element concentrations as attributes.

Figure 4.2 shows the distribution of till sample locations and indicates irregular
and incomplete coverage of the study area. Though this is not an error by itself
Burrougiis (1986) identifies this incomplete coverage as a possible source of error
requiring well-defined methods for using this data with respect to the whole study area.
Standard analytical quality control for till surveys is monitored by inserting 10%
standards and blind duplicates within each sample batch allowing checks on precision
and accuracy respectively (Kaszycki, 1989). Analytical results used in this study are
prefminary and errors can be assumed to be present though no results from analysis of

fieid duplicates or control samples were obtained with the data,

4.2.6 Very Low Frequency (VLF) Electromagnetics

Included as part of the airborne radiometric survey was a VLF electromagnetic
survey using a Totem 1A VLF unit (Hetu, 1991). Georeferenced digital raster files of
Total Field VLF and Quadrature (out-of- phase component) VLF, resampled to 100 m

pixels were imported directly into the GIS.

4.2.7 Gravity

Gravity data for the Snow Lake area were obtained froxh the GSC Geophysical
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Data Centre (GDC). These data comprise part of the regional national gravity mapping
database, where samples were collected at average station spacings of approximately §
km (Goodacre et al., 1987). Data were obtained as georeterenced digital raster files
resampled 1o a 2 km grid and included Bouguer anomaly, free air anomaly, vertical and
horizontal derivative maps.

Positional and analytical errors are not published, however, reports submitted
with the data by the contractor collecting the data, indicate that the gravity data has an
accuracy of plus or minus 0.9 milligals and a horizontal positional accuracy of plus or

minus 100 m (Miles, 1995 pers. comm.)

4.2.8 Magnetics

Airborne magnetic data were also obtained from the Geophysical Data Centre
These data were part of the national regional coverage, with flight lines spaced at 800 m.
Digital raster files were georeferenced and resampled to 200 m pixels by GDC, who

supplied total field and calculated vertical and horizontal gradient grid files.

4.2.9 Mineral Deposits
Information regarding mineral deposits for map sheets 63J13 and 63K 16 was
derived from mineral deposit and occurrence summary reports (Fedikow et al., 1993 and

Fedikow et al., 1989) and entered manually as digital tables in the GIS. The tables
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included information on location, name, mineral occurrence classification, size and main
commodities.

Deposit sites are given as UTM coordinates, suggesting that the locétion is a point
known to an accuracy of within of one meter. In reality deposits are areas that can
extend parallel to the surface for distances in the order of 100's of meters. This becomes
significant when a deposit is near a contact between two lithologies. Sampling a geology

map at deposit points may result in associating an incorrect lithology to a deposit.

4.2.10 Other Datasets
A number of other datasets were collected for the stdy area though were not

used directly in the modelling process. These datasets are summarized in Table 4.2,

Table 4.2, Summary of data collected but not used in this study.

I DATA TYPE DESCRIPTION

RADIOMETRICS Collected by GSC Skyvan using 256 ¢h gamma my spectrometer at
U, Th.K 500m line spacing EW. GSC Open File 2300
-U/Th. U/K. K/Th
RADAR Collected by CCRS, Data Acquisition Division. C band (HH), 15m
ground pesolution.
LANDSAT TM Landsat TM acquired trom CCRS at 30 m resolution
- Bands 1-7

DIGITAL ELEVATION Digital Terrain Elevation Data from Defense Mapping Agency,

1:250000 coverage




4.3 Data Processing

Having compiled the spatial datasets, the next step is to process the data to extract
evidence critical to the prediction of VHMS deposits, bearing in mind the guidelines
imposed by the exploration model. There are three different approaches used to process
the data: 1) generating buffers with a known width around linear features, such as
contacts, to help investigate proximity relationships, 2) generating surfice maps from
point attribute data, which involved statistical treatment of the data such as kriging or
principal component analysis and 3) enhancement through mathematical manipulation
such as taking the spatial derivatives of VLF data. These processes are discussed below
in describing how evidence maps were created through processing the various initial data
layers to represent the conceptual model. The evidence maps are considered under five
types of evidence or "factors" to help facilitate the understanding of how the various
evidence layers contribute to the final result. The five factors are 1) geochemical factor,

2) alteration factor, 3) stratigraphic factor, 4) heat factor and 5) geophysical factor.

4.3.1 Geochemical Factor

Glaciation in the Snow Lake area, as in much of Canada, has resulted in many
lakes and abundant till cover. Sampling tills and lake sediments for geochemical analysis
has proven an effective metﬁod for selecting target areas related to anomalous

" mineralization (Hornbrook et al. , 1990). Both lake sediment and till surveys have been
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carried out in the Snow Lake area and are available as digital point files. To be used in
an integrated study, especially using GIS, it is effective to process this point data to
generate maps of geochemical surfaces that shov\.r the spatial behavior of the elements
related to VHMS deposits.

Tailings ponds are present at the Chisel Lake deposit area and at the Anderson
Deposit area. Itis reaéonable to expect that these may cause contaminaﬁon of lake
sediment samples or till samples that have been collected down stream and result in false
anomalies in these areas. However, the sampling density included enough samples in
these areas that were not in the immediate drainage of the tailings ponds that the overall
pattern of the concentrations can be used. The smelter at Flin Flon, approximately 200
km to the west of the study area, may also be a source of contamination. Coring studies

of the lake sediments are necessary to evaluate the actual effect,

Lake Sediment Geochemistry

Of the total of 346 samples that were collected in the lake sediment geochemical
survey described above, 79 samples fell within the Chisel-Anderson study area.

A map of the lake catchment basins was prepared by plotting sample sites on
1:50000 topographic map sheets and manually digitizing the catchment basins so that
there was one catchment basin per sample. Each basin was treated as a spatial entity

containing a geochemical sample, and was linked to the corresponding record of the
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geochemical attribute table.

Typically a frequency distribution of the raw element concentration data shows a
marked skewness. Performing a log-transformation on the concentration values often
results in a nearly norm:il distribution allowing statistical tests based on normal
distributions to be carried out on the data. Lognormal data is discussed more fully in
Ahrens (1954) and Davis (1986).

Since each sample had been analyzed for 32 elements, Principal Component
Analysis (PCA) was applied to the logarithmically-transformed data to search for multi-
element associations in an effort to rgduce the number of variables to be included in the
model. Table 4.3 lists the varimax-rotated principal component loadings for the elements
analyzed by INAA. The first four components explain over 80% of the total variance.
Component scores were added to the attribute table, and component maps for PC-1 to
PC-3 are shown in Figure 4.3(a)-(c).

The first component, PC-1, is a combination of Fe, V, F, Ni, Co, Pb, Sb, Mn and
Cu and explains 52.1 % of the total variance. Interestingly, the Cu-rich deposits
(Anderson, Stall and Rod) are associated with elevated PC-1 scores, indicated by the red-
coloured basins in the northwest part of the study area. PC-2 is a combination of Zn and
Cd and explains 14.7 % of the total variance. The Zn-rich deposits (Chisel, Lost and
Ghost) in the centre of the study area, are generally associated with higher PC-2 scores,

although the Stall deposit is also associated with high PC-2 scores. Molybdenum stands
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Table 4.3. Principal component loading for first four axes on elements analyzed for by

INAA methods.

Variables PC- 1 PC-2 PC-3 l PC-4 |
Fe 0.945* -0.064 0.109 [.0.042 |
Vv 0.918* -0.122 0.001 -0.043
F 0.907* -0.160 0.182 -0.069

Ni 0.904* -0.160 0.041 0.003

Co 0.888* 0.198 0.070 -0.028

Pb 0.860* 0.143 0.052 0.249

Sb 0.787* 0.155 -0.286 0.201

Mn 0.786* -0.065 0.224 -0.064

Cu 0.693* 0.154 -0.380 0.266

Zn 0.204 0.917* -0.015 0.200

Cd -0.272 0.874* -0.193 0.175

Mo -0.139 0.118 -0.911* 0.041

Hg 0.020 0.331 -0.066 0,918*

Percent Total 52,110 14.694 9.244 8.469

* Multielement grouping for each principal component.

out on its own in PC-3 showing a strong negative loading implying a deficiency in Mo. It

is noted that the average concentration of Mo for lake sediment samples associated with

Amisk volcanic rocks is 1.54 ppm while the average concentration for intrusive rocks

and sediments is 1.75 ppm. Elevated PC-3 scores have a spatial association with both

the Zn rich and Cu rich VAMS deposits. The distinct behaviour of Cu and Zn is

consistent with the notion of Cu and Zn-rich horizons in the subaqueous volcanics, but

the sample density is inadequate to resolve the spatial variation that one might expect

given the details of the volcanic cycles in the stratigraphy.
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Figure 4-3(a)-(c). Principal component scores for lake sediment chemistry mapped onto
catchment basin map. (2) PC1 shows an association of Cu, Pb, Fe, Nj, V, F, and Co and
has larger scores in the arez of the Cu rich Stall Rod and Anderson mines, (b) PC2 shows
an association of Zn and Cd and has larger scores in the area of the Zn rich Chisel Lost
and Ghost mines. (c) Mo is the main element for PC3.



Only the first three principal components were used as evidence as no clear spatial

association of PC-4 with deposits was observed.

Till Geochemistry

A regional till geochemical survey was carried out over tiie Snow Lake area in
which 254 samples were collected covering the two 1:50000 map sheets NTS 63K!Jl6
and 63J/13. The Chisel-Anderson study area contained 84 samples. Where possible, C
and B horizon till samples and organics were collected at each site. The <2 um size
fraction of all till samples has been analyzed by AAS (following an aqua regia leach) for
Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Nj, Pb, and Zn. The <60um size fraction of all till
samples has been analyzed by neutron activation using a standard Au plus 34 element
package. All organic samples have been analyzed using a standard ICP-ES package.
Preliminary fesults indicate that both B-horizon and C-horizion samples produce similar
geochemical trends. For this study the C-horizion analyses for the <63um where used to
represent the till geochemical component.

Principal component analysis was applied to the till data, but produced no clearly
interpretable results. We do not see the same associations in the ;ill data as were
observed in the Iake-sedirhent data. Therefore, the spatial disn'ibI:Jﬁons of Cu, Pb and Zn

data were studied as individual elements, because of their likelyvalue as VEIMS
|
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predictors. Because the samples were spaced irregularly, and were not uniformly
distributed throughout the area, it was decided to use Kriging to generate a surthce
model for the three elements. The Kriged results for Cu, Pb and Zn are shown in Figures

4.40a)-(c). A

Table 4.4. Model parameters for variogram plots of In Cu, In Pb and In Zn

Element Model Type | Nugget Sill Range (m) | Direction
In Cu Spherical 0.025 0.3 1500 0.0

In Pb Spherical 0.45 0.4 1000 0.0
inZn Gaussian 0.01 0.11. 1500 0.45

summary of the variogram model parameters used to generate the three maps are
summarized in Table 4.4.

The variograms, see Figures 4.5(a)-(c), show that there is autocorrelation present
out to a distance of 1 to 1.5 km. The Pb has the shortest range, and Cu the longest range,
suggesting that Pb is less mobile than Cu and Zn. It is noted that none of the vanograms
show a very well defined structure. The variogram for Pb shows the weakest structure
and it could be argued that the range is considerably less that 1000 m. The kriging
variance was used to screen out areas where the estimated element value is relatively
uncertain. The kriging variance is inversely related to sample density, and uncertain areas
are predominantly those where the distance to the nearest sample is greater than the range

of the variogram.



Figure 4-4(a)-(c). Kriged natural log concentrations of (a) Cu, (b) Pb, and (c) Zn. Small
black dots are sample locations and large gold dots are VHMS deposits.



Q. =
-
- -
-  r ) LY
03 - -
E 4
- -r -
o= !
o z
S o2 - 3
-
0,1 -
Tl
00 . . .
L] 1000 2000 300
Distance
Vanogram tot Pt
24 =
20 -
€ 1.6~
-
2,24
e
- -
08 - -~ )
- -
0.8 = - -
1] '
L] 1000 2000 3000 4000
Distance
Variogram for Zn
.32 -
o - -
e 24
=
=
=
- .16 ~ -
-
-
f’. -
0.08 -] -“~a o -
>
0,00 T T
0 1000 2000 3000 £000
Diztance

36

Figure 4.5. Variograms for till data showing the autacorrelation present for Cu, Pb and
Zn . Pb has the shortest range, in the order of 1000 m while Cu shows the longest range,

in the order of 1500 m.
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Stall and Rod are associated with elevated levels of Cu and Zn. Pb and Cu appear
to be enriched in a large zone in the central north part of the area, north of the Chisel-
Lost-Ghost deposits. The till patterns are quite different from the lake sediment patterns,
and again, the till samples are spaced too far apart to resolve the spatial variability that

one would expect from the stratigraphy.

In summary six maps were derived from the geochemical data to be used as
VHMS predictors: lake sediment PC1 to PC3 (dominated by Zn, Cu, and Mo,
respectively) and till Zn, Cu and Pb. The combination of these six maps is used as the

geochemical factor.

4.3.2 Heat Factor

Essential to the VHMS model is the requirement of a “heat engine” to drive the
hydrothermal system which in tumn causes alteration of the overlying rocks and
eventually the deposition of the base metal massive sulphide deposits. In the Snow Lake
area there are three significant subvolcanic intrusions, clearly related to alteration events,
that could potentially play this role: these are the Sneath Lake tonalite pluton, the
Richard Lake tonalite pluton and the Edwards Lake area dacite dyke complex. Some

evidence to support this proposal is discussed below.
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The Sneath Lake complex has dimensions at the surface of of approximately 22
km by 2 km and estimated to have a size of over 1.2 X 10" metric tonnes. The Richari
Lake tonalite is an order of magnitude smaller, measuring 7.3 km by 1.6 km and
estimated to have been over 1.1 X 10" metric tonnes in size. The ingneous mass thought
to be the heat source for the Kuroko base metal deposits in the Hokuroko basin Japan, is
in the order of 1.5 X 10" metric tonnes (Cathles, 1983) suggesting that the Snow Lake
area subvolcanic tonalites would be large enough to drive a prominent geothermal
system.

The Amisk Group volcanics have been dated at 1886 Ma using U-Pb zircon ages.
These rocks are intruded by the Sneath Lake and Richard Lake tonalite plutons that have
U-Pb zircon ages of 1886 Ma nd 1889 Ma respectively supporting the interpretation that
these plutons are synvolcanic (Bailes and Galley, 1991).

Geochemically the Sneath Lake Pluton and the base metal-hosting felsic volcanic
strata in the Anderson Lake area have low flat REE profiles and low contents of HFS
elements. Further, fragments of Sneath Lake tonalite were found in the metal-hosting
felsic volcanics in proximity to the Rod and Linda Deposit (Bailes and Galley, 1991).

Large parts of the Sneath Lake pluton have been affected by intense Fe-Mg
metasomatism of the same type as that associated with the massive sulphide deposits
(Bailes and Galley 1991). A number of discordant alteration “pipes” have been identified

.In the volcanic stratigraphy underlying the Stall and Anderson deposits that can be traced
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back to an altered mesotonalite phase in the Sneath Lake pluton (Bailes and Galley, in
press).

The dacite sill/dyke complex west of Edwards Lake, although not large enough to
generate a prominent geothermal-hydrothermal system on its own most likely helped
focus the hydrothermal activity. Extensive silicification and epidotization adjacent to the
dykes indicate temperatures in the order of 380° C (Bailes and Galley, in press).

Although not all the factors that need to be considered to argue for a plausible
heat source, such as rate of temperature change, porosity and permability of the
overlaying strata are considered here, the above observations support the interpretation
that these subvolcanic intrusions could be the heat source for the hdyrothermal activity in
the Snow Lake area.

Two pieces of evidence can be used to predict favourable thermal conditions: (1)
proximity to the large subvolcanic intrusions (tonalite sills) and/or (2) proximity to
synvolcanic dyke swarms (predominantly dacites and diorites) that are often associated
with the subvolcanic intrusions. This is one of many situations in geological problems
were proximity to mapped features is important.

Following the process for generating proximity maps as discussed in Chapter 3,
proximity maps were generated for the synvolcanic dykes (Figure 4.6) and the
subvolcanic tonalite sills (Figure 4.7) These two evidence maps are used to represent the

heat factor in the integration modelling.
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Figure 4-6. Distance buffers around subvolcanic sills. Subvolcanic intrusions can be used
as evidence of heat source for driving hydrothermal fluids.
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Figure 4.7. Distance buffers around synvolcanic dykes Therpresenoe of synvolcanic
dykes can also be used as evidence for a heat source.
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Figure 4-8(a)~(c). Evidence maps related to stratigraphy. (2) map showing proximity to
mafic volcaniclastic rocks, (b) map showing proximity to felsic volcaniclastic rocks, and

(c) map showing proximity to felsic flows.



4.3.3 Stratigraphic Factor

Detailed mapping at the 1:20000 scale has allowed the geologists to understand,
to a large degree, the relationship between the stratigraphy and mineralization. In general
the VHIMS deposits are associated with thick sequences of subaqueously deposited
volcanic rocks. They are commonly affiliated with felsic flows, particulaﬂy those that
occur near the top of individual volcanic sequences, Deposité also occur selectively in
those portions of the volcanic sequence in which coarse volcaniclastic units are abundant;
they are most prominent in the stratigraphic hangingwall to such volcanic sequences,
Proximity to units of coarse volcaniclastics is considered a favourable condition for the
occurrence of VHMS deposits, though, felsic volcaniclastic units have a much lower
potential for hosting VHMS deposits than felsic flows in the Snow Lake area.

Evidence maps that could be generated to reflect these stratigraphic relationships
include a geology map that identifies felsic flows, felsic and mafic volcaniclastics and
subaqueously deposited volcanic rocks. The geology map shown in Figure 2.3, has been
generalized from a more detailed map into a smaller number of map units but preserving
the information believed to be significant, and can be used as evidence to show the
iraportant lithologies. The reclassification lookup table of the 1:20000 scale map units is
shown in Appendix A, Table Al.

Evidence maps that reflect information related to proximity to felsic -

volcaniclastics, felsic flows and mafic volcaniclastics can be generated by extracting the

X



93
contacts of the units of interest as vectors and generating proximity maps as described in
Chapter 3. Corridors for both evidence maps were constructed with a width of 0.25 km
and are shown in Figure 4.8,

It is noted that detailed lithologic mapping has resulted in understanding
important stratigraphic relationships. It has been clearly established that deposits are
associated with felsic ﬂowé that occur close to the top of a volcanic sequence. Being
able to identify which way is up in the volcanic stratigraphy is obviously critical for
interpreting which stratigraphic contacts are significant or tracing metalogenic horizons.
For example, the presence of a contact between a felsic flow and a mafic to intermediate
volcaniclastic unit will have a much greater importance if the mafic to intermediate
volcaniclastic is underlying the felsic flow than if it is overlying the felsic flow where it
would more likely be interpreted as being the base of the next volcanic sequence,
Unfortunately, much of the stratigraphy is overtumed or discontinuous because the area
is strongly deformed having complicated fold structures and faults. Because of this, the
stratigraphic direction could only be determined for a few selected areas and could not be
obtained systematically for the whole map area. (Bailgs, pers. comm.)

In addition to the generalized geology map, the three proximity maps showing
distance relationships to mafic volcaniclastics, mafic flows and felsic flows, can be used

to reflect the information related to stratigraphy.
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Figure 4-9(a)(f). Maps showing proximity to the six different mapped alteration types.
(2) proximity to silical alteration , (b) proximity to amphibole alteration , () proximity to

epidote/hematitie alteration (see over).
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Figure 4.9 (cont’d) (d) proximity to Fe/Mg alteration, (€) proximity to alteration pipes
and (f) proximity to pyrite alteration. These six maps were used as evidence to identify
favourable locations for VHIMS deposits with respect to alteration.
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4.3.4 Alteration Factor

Recognizing alteration zones in the volcanic stratigraphy is critical to exploring
for VHMS deposits. Alteration zones have been mapped by Bailes and Gatley (1990b)
and discussed in relation to other VHMS deposits in Galley (1993). The presence of a
large-scale hydrothermal system in volcanics overlying large subvolcanic intrusive
complexes results in the formation of semi-conformable alteration zones due to
movement of seawater into the cooling volcanic pile. The presence of Si-rich semi-
conformable alteration zones define a paleoseafloor on which there is a high potential for
sulphide precipitationl. Semiconformable zones of silicification and cross-cutting zones
of Fe-Mg metasomatized rocks are typical of a deeper, more mature VHMS producing
hydrothermal cells. Proximity to zones of silicification or Fe-Mg metasomatism is
considered a favourable indicator for the occurrence of VHMS deposits.

Though not commonly identified at regional scale mapping, the identification of
highly altered crosscutting alteration pipes, Fe-Mg rich and Na depleted discharge
conduits, are also a very important type of alteration related to VHMS deposits,

The Chisel-Anderson study area is exceptional relative to many areas being
accessed for mineral potential because of the amount and detail of data available, The
alteration mapping is an example of data that is not typically available to a geologist at”
the beginning of a mineral exploration project. Because mapping alteration was part of

the geologic mapping objectives each outcrop was examined for alteration resulting in a
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relatively complete map though it is recognized that there is a fairly high uncertainty in
areas lacking outcrop exposure. Because the alteration map is relatively complete,
buffering is an appropriate method for determining distance to the various types of
alteration, which in turn can be used to evaluate an area’s importance based on the
alteration model, as discussed in Chapter 2. If poor exposure or limited mapping resulted
in a less complete alteration map buffers could also be used but would have to be treated
more as a probability surface to predict the presence or absence of alteration.

Proximity maps have been generated for zones of silicification, Fe-Mg
metasomatisin, and alteration pipes (Figure 4.9(a), {(b) and (f)). Other types of alteration
associated with VHMS depoéits including pyrite, epidote-hematite and amphibole

alteration have been identified and proximity maps generated as shown in Figure 4.9(c)-

(e).

4.3.5 Geophysical Factor

The use of geophysical data is an important and useful component for exploring
for VHIMS deposits. A variety of geophysical data are available for the Snow Lake area
including airborne VLF, magnetics, and gravity (see Table 4.1). Unfortunately, EM
data, one of the most successful geophysical tools for prospecting for VHMS deposits in
this area, was not available on an official basis, so the study was completed without it.

In general, VHMS deposits are characterized by relatively high conductivity,
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o

moderate magnelic response, and moderate 10 high gravity response. Radiometric data is
useful for eliminating areas of younger post mineralization lithologies or for identifying
low K intrusions which are commonly subvolcanic. Details of how the data was

processed o generate geophysical evidence maps are described below.

Quadrature
VLF Profile

(Vier + Vot - (Vg + Vo)

Conductor

Figure 4.10. Method for processing quadrature VLF data to isolate crossover points,

Conductivity
Good conductivity is typically characteristic of Cu-Zn VHMS deposits (Chisel,
Lost and Ghost). Total field VLF is a measure of conductivity but can respond to

changes in elevation, permeability and other factors besides con&uctivity. When a
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primary electromagnetic field is passed over a conductor, a secondary field
approximately 90 degrees out of phase with the primary field is generated. Quadrature
VLF, a measure of the percent of the induced field to the primary field, tends to be less
affected by other factors and gives a more reliable indication of conductivity. Significant
VLF conductors can be identified where high Total Field VLF and high "processed"
Quadrature VLF coincide. rBoth total VLF and Quadrature data are measured values
recorded by a- Hertz Totem 1A VLF unit. Because raw quadrature data tends to show
conductors where a “cross-over” occurs (Figure 4.10) it is useful to process the raw
quadrature data to enhance zones of conductivity.

The quadrature VLF data used as evidence for conductivity was processed using

the expression

Vi=(Viy + Vi) - (Vig + Vin)

to emphasize the points of inflection as shown in Figure 4.10. which are related to
conductive zones. The processed Quadrature VLF and Total Field VLF are shown in
Figure 4.11. The 25 classes shown in the legends are a result of taking the original data

values and applying a linear transformation to 2 range of 1 to 25.

o
\



100

Processed Quadrature VLF

i

YLF Towml Fleid (%)
59972~ 248247

0320704030
RI8M-0 207
G0192-0 1875
E-01268-00102
0279501263
04409 --0.2735

V88 -3 5122

Zhm

Figure 4.11 (a) - (b). Two of the five maps used for the geophysical evidence. (a)
processed quadrature VLF data (b) VLF total field (%) data. The other geophyscial
evidence maps are in Figures 4.12 and 4,13,
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Total Field Magnetics (200m grid)

()

Vertical gradient Magnetics

®)..

Figure 4.12 (a) «(b). Airborne magnetic maps used as geophysical evidence. (a) total
field magnetics (b) vertical gradient magnetics.
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Figure 4.14. Airborne radiometrics are useful for identifying younger igneous intrusions
characterized by their higher radiometric signatures. The older subvolcanic intrusives are

outlined by the heavy black line.



Magnetic Signature

VHMS deposits are expected to have a relatively strong magnetic signature due to
the presence of magnetite (Sinha and Palacky, in prep.). However, in the Snow Lake
area, the VHMS deposits are generally associated with more moderate magnetic
signaturgs due to the presence of several iron formations with very strong magnetic
signatures.

Two data sets were used to identify potential magnetic anomalies associated with
VHMS deposits; Total Field Magnetics (Figure 4.12(2)) and Vertical Gradient
Magnetics (Figure 4.12(b)). The TF Magnetics show broad regional trends while the VG
show more distinctive trends as it effectively removes the regional signature. The most
reliable signatures are where TF and VG highs coincide. The total field Magnetic data
was measured (G-803 Magnetometer) and the vertical gradient was calculated as

described in Grant and West (1965).

Gravity

The gravity data available for the Snow Lake area was collected at a very low
density of 8 km grid spacing and then resampled to a 2 km grid. Gravity signatures can
be a very effective tool for identifying targets for potential VHMS deposits but because
of the low density sampling for this survey and the relatively small size of the deposits

this data is really only effective for eliminating regions of low density lithologies such as
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felsic intrusives which have low potential for hosting VHMS deposits. The vertical
gradient gravity signature (Figure 4.13) was used as evidence. It was calculated as

described in Grant and West (1965).

Radiometrics

VHMS deposits in the Snow Lake area tend to be associated with igneous and
volcanic suites which tend to have relatively low radiometric signatures (Sneath Lake
and Richard Lake tonalite plutons). A map of the airborne U survey is shown in Figure
4.14. It is noted that the high radiometric signatures are associated primarily with the
Ham Lake pluton in the northwest, the Wekusko Pluton in the southeast and the Missi
sediments in the northeast. These are ail younger post Amisk lithologies and do not have
any associations with VHMS deposits. The potassium and thorium maps show similar
patterns.

Radiometric surveys can be effective for mapping lithologies on a regional scale.
In the study region, bedrock mapping at the 1:20000 scale had identiﬁed the post Amisk
lithologies (considered in the Stratigraphic Factor) and so the radiometrics were
redundant. However, based on the correlation seen in Figure 4.14, radiometrics would be
a potentially effective tool for identifying important lithologies where detailed mapping
was unavailable,

Thus, five evidence maps were generated and combined to represent the
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geophysical factor: total field VLF, processed quadrature VLF, total field magnetics,

Table 4.5. Summary of evidence maps used in modelling,

Factor Evidence Map

Stratigraphic Bedrock geology
Proximity to felsic volcaniclastics
Proximity to mafic volcaniclastics

Proximity felsic flows (rhyolites)

Proximity to synvolcanic dykes

Geochemical Lake sediment chemistry - Principal Component 1
Lake sediment chemistry - Principal Component 2
Lake sediment chemistry - Principal Component 3
Till chemistry - Kriged In Cu (C horizon)
Till chemistry - Kriged In Pb (C horizon)

Heat Proximity to subvolcanic intrusions (tonalite sills)
Till chemistry - Kriged In Zn (C horizon)

Presence and proximity to Fe-Mg metasomatism
Presence and proximity to alteration pipes

Presence and proximity to amphibole alteration
Presence and proximity to epidote-hematite alteration
Presence and proximity to pyritic alteration

Geophysical Total field VLF (measured)

Processed quadrature VLF (calculated)
Total field magnetics (measured)
Vertical gradient magnetics (calculated)
Vertical gradient gravity (calculated)

Alteration || Presence and proximity to silica alteration

Total | 23 evidence maps

vertical gradient magnetics and vertical gradient gravity.

The 23 evidence maps described above and summarized in Table 4.5 are common
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to the integration methods described in the next four chapters.

4.4 Error Considerations

There are many different aspects of the problem of error and error propagation in
spatial data analysis and includes the components of attribute accuracy, positional
accuracy, lineage, logical consistency, completeness and temeoral accuracy and
resolutiﬁn (Heuvelink, 1993; Aronoff, 1989). The term error includes not only
"mistakes" but also the statistical concept of error meaning "variation” (Burroughs,
1986). Error is a component of quality of data which is defined by Chrisman (1991) as
"fitness for use". It is argued by Chrisman (1991) that error is an integral part of spatial
information processing and is inherent in all dimensions (space, attribute and time) of
data used in spatial analysis. He also suggests that error must not be treated as a
potentially embarrassing inconvenience but should be dealt with in order to evaluate the
quality of data being used and the resulting products. In agreement with these statements,
it is acknowledged that the error component in this study is undoubtably significant with
potential problems associated with all levels of data handling from collection through
input to processing. Errors associated with modelling spatial data in this study will be
dealt with primarily by calculating variances associated with the results in the data-driven

methods and including an uncertainty factor in the knowledge-driven methods.
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5. Weights of Evidence Approach
5.1 Introduction -

The weights of evidence method is data-driven in the sense that statistical
calculations are used to estimate the weights, based on the measured associations
between locations of known deposits and predictor map patterns. A preliminary study
employing the weights of evidence method, but using a partial dataset for the western

half of this study area, is found in Reddy et al., (1990).

5.2 Theory

A detailed discussion of weights of evidence modelling for integrating geoscience
datasets to predict mineral potential may be found in Bonham-Carter et al. (1989),
Bonham-Carter et al. (1988), Bonham-Carter and Agterberg (1990), Agterberg (1989)
and Bonham-Carter (1994a,b). The following is a brief summary from these
publications.

Each mineral deposit or occurrence within the study area is assigned to a small
unit cell of area u km?. The total number of unit cells containing a deposit is represented
by N(D), where N is the count of unit cells and D refers to the presence of deposits. Cells
either contain a deposit or not; there is no provision for modelling deposit size. The total
area of the region being studied is t km? or N(T)=t/u unit cells. The average density of

known deposits in the area is then N(D)/N(T). This ratio is taken as the prior probability
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of a cell containing a deposit, P(D). The goal is to estimate the posterior probability,
given the presence or absence evidence, which may be larger or smaller than the prior,
depending on the favourability of the evidence.

The predictﬁr (evidence) maps are commonly reduced to binary form in order to
obtain robust estimates of the weights. Each binary predictor map has an area that is
more favourable for deposits (pattern present) and an area less favourable for deposits
(pattern absent). For the j-th binary predictor map, B;, the area with the pattern present is
denoted as N(B;) unit cells, and N(B; )= N(T)-N(B,) is the area with the pattém absent
(except in the case of missing data). |

If the prior probability that a unit cell contains a deposit is assumed to be constant
over the whole study region, then from Bayes' Rule the posterior probability that a cell

contains a deposit, given the presence of the j-th binary pattern is:

P(B/D) P(D)

P(DIB) = ——
P(BIID)P(D) + P(Bj[D)P(D)

(5.1)

where the bar over the D refers to absence of deposits. Similarly, the posterior

probability that a cell contains a deposit given the absence of pattern B; is
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P(3)D) P(D)
P(BID)P(D) + P(BD)P(D)

P(DB) = (5.2)

Recasting these equations in loglinear form results in the following expressions
for the posterior logit (posterior log odds) of a cell containing a deposit, given the

presence/absence of the j-th binary pattem:

posterior logit(DIB) = prior loginD) + W, (5.3)
and

posterior Iagit(.DlB—,) = prior logit(D) + W, (5.4)
where the positive weight of evidence is defined as

v, - 2OD
P(3, D)

(.5)

- and the negative weight of evidence as
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7, < 28D
P@E|D)

(3.6)

The contrast, C, for the j~th map is an overall measure of spatial association

between the deposits and the binary pattern:

C, =W -Ww, (5.7

It is assumed that there are only two mutually exclusive hypotheses, either that a

cell contains a deposit, or does not contain a deposit, so that

P(DIB) = 1-P(3|31) (5.8)

If n binary predictor maps are used as evidence, a general expression for the

posterior logit can be written as

posterior Io‘g'it(Dle(l )ﬂB:ﬂ )...ﬂB;(")) = prior logit(D) + Z wa (5.9)
11

where the superscript k(j) refers to the presence or absence of the j-th binary pattern. The
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logits are usually transformed to probability for mapping, but they can also be left in

logit units because the transformation does not affect the rank order of values.

Conditional Independence - Pairwise test

Equation (5.9) assumes that the binary predictor maps are conditionally
independent (CI) with respect to the deposits. If the agsumpﬁon is violated, the posterior
probability will be either over- or under-estimated. In practice this aséumption is
generally violated to some degree, particularly if a large number of maps are being
combined. Pairwise tests of independence can be carried out, to reveal whether
particular map pairs are in serious violation.

For pairwise tests, a normal (2X2) contingency table for testing the independence
of two factors is used but is applied only where deposits are present. This test is
explained in detail in Bonham-Carter (1994a). The contingency table layout is shown

algebraically in Table 5.1,

Table 5.1 Contingency table for testing conditional independence, based on cells
containing a deposit only.

B, Present

B2 Present

B2 Absent
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The value N(B,MB,(\D) can be read as the number of cells that contain a deposit where
binary pattern one and binary pattern two are both present. For ¢ach of the cells both the
observed area and the expected area are required. The observed area (or frequency of
unit cells) is measured directly from the map. The expected area is calculated by
multiplying the marginal frequencies together and dividing by the total. Because the
deposits are considered as points or small unit cells, the resulting values of ¥® are
unaffected by the units of area measurement. This is a distinct advantage over a similar
test for conditional independence descibed in Bonham-Carter and Agterberg, (1990), in
which eight overlap conditions between two binary maps are considered including
overlap areas where there are no deposits present. This test is strongly dependent on the
unit cell size.

When the observed and expected values are determined then the chi-square test is

calculated using the expression

. ord - 2
X2 = Z': (Observed,-Expected)

=1 Expected,’

(5.10)

and compared to the tabled value of chi-square with two degrees of freedom (Bonham-

Carter and Agterberg, 1990) or alternatively G2 is calculated using



113

: Expected
G? = -ZZ Observed, ch@;'—p-—----L
i1 Observed®

(5.11)
which has a similar distribution to chi-square with 1 degree of freedom.

Maps that are in serious violation can be rejected from the posterior probability
calculations, or combined. In practice, it appears that even where CI is violated, the rank
order of the polygons by posterior probability is not greatly affected, but each application

should be evaluated for this independently.

Conditional Independence - Overall Goodness-of-fit

An overall comparison of goodness-of-fit between the observed distribution of
occurences and expected distribution can be carried out to test whether the assumption of
conditional independence is statisfied using a chi-square or the Kolmogorov-Smirnov
test.

The chi-square test is described in Agtetberg et al.,(1988). For this test the
posterior probabilities are classified into relatively few categories such that there are a
reasonable number of known deposits in each class (in the order of 5 or more). Then,
suppose that p,is the posterior probability set equal to the midpoint of the probabilites for
the 7-th class, 4, is the joint area of all polygons with posterior probability p,>and nis

the is the total number of deposi.'gfor the study area, the expecteded frequency is
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A‘p‘n

Ju = 45 (5.12)

It is then possible to apply the chi-square test using equation (5.10) with the number of
degrees of freedom set to the number of classes minus one (Agterberg et al., 1990),

A problem with the chi-square test is that the posterior probabilities must be
binned and the resuits can be sensitive to selection éutoﬁ's. An alternative is the
Kolmogorov-Smimov test which does not require grouping the posterior probabilities
making it especially suitable for where there are only a small number of known deposits.
Given a unique conditions map with N, unique condition polygons having an area 4 ;
and an associated calculated posterior probability P, for the j = 1,2,..N, unique
conditions and that there are N, known deposits with a calculated probability
P, i= 1,2,..N, at each deposit location, then the expected cumulative frequency

distribution can be calculated using the expression

N}
A , (5.13)
F (PsP, )=—-§— Jor P;sP/, i=12,.N,

where

s=Y4,p 514
/A1
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The observed cumulative distribution is

F (Ps<P) = NL Jor i = 12..N, (5.15)
1

The Kolmogorov-Smimov statistic is defined as

d=|F, ~F|, overi=12._N, (5.16)

The two tailed null hypothesis states that the observed distribution is equal to the
theoretical distribution. This hypothesis is accepted if the absolute value of the largest
difference is less than 1.36//r (Davis, 1986, p.102) for & = 0.05, where n is the

number of observations.

Uncertainty

The variance of the posterior probability values is given by the expression

_ 1 & 2
o posty = T + J;szcwj"‘”) Pl (5.17

where s*(W}®) is the variance of the weight for the j-th map, and k(j) is assigned + for

presence - for absence of the binary pattern, as before. The variances of the weights
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become large for cases with a small number of deposits. The variance formulas are

s2(wj') = 1 1

N(@BD) ’ N(8/D) ©.18)
U (s S
=, N@B[D) NE[D) .19)

where N(Bf D) is the number of unit cells where both deposits and the j-th binary pattern

are present, and the other terms are defined similarly.
If one or more of the binary maps being used as evidence is incomplete,
Agterberg et al. (1990), show how a variance component can be calculated in

areas of missing data. The variance component for missing data can be calculated as

O)(P,,.)={P(DIB)-P(D)YP(B)+{P(DB)-PD)P(E) (5.20)
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5.3.1 Generating Binary Predictor maps

The predictor maps used in the weights of evidence approach are the same as the
ones summarized in Table 4.5, however, each multiclass map was reclassified to binary
form. Multiclass weights of evidence can be carried out (see Goodacre at al., 1993;
Bonham-Carter, 1994b, for example), but with only a small number of known deposits
the weight estimates are unstable, and their variénces are large. Transformation to binary
maps, besides improving the robustness of the estimated weights, is also advantageous
for facilitating interpretation. The weight calculations are invaluable for determining
optimal thresholds objectively between 'anomaly’ and 'background' that maximize the
spatial association between the deposits and each predictor pattern.

For maps with an ordinal, interval or ratio level of measurement, weights are
calculated at successive class ‘cutoffs, using cumulative areas, with each cutoff as the
threshold between pattern present and pattern absent. This process is illustrated using
proximity to felsic flows as an example.

The evidence map showing the distances from felsic flows is shown in Figure
4.8(c). There are 10 buffers, or corridors, each 250 m wide, extending out from the felsic
flow contacts. By superimposing the deposit locations on this buffer map, and appending
the distance buffer class as an attribute to the deposit attribute table (a straightforward

operation in GIS), the distance distribution of the deposits can be summarized by



Table 5.2. Variation of weights with cumulative distance from felsic flows, for unit cell

of 1 km®. Contrast, C, has a maximum at class 2 (<0 .5 km).
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| Class Distance | Area Deposits | W+ s(W+) W- s(W-) C
1 025km |18 7 22995 | 04764 |-05807 |03s593 |28s02
2 050 km | 56 12 15122 |o03251 |-1.4154 |oss1s {29277
3 075km |81 13 1.1602 | 03024 |-1.6979 |0.7109 | 28581
4 1.00km | 104 13 08727 {02963 |-15653 |0711s |2.4380
5 125km | 125 13 06683 | 02929 |-1.4275 {07121 | 2.0958
6 1.50 km | 145 14 05852 |o02811 |-1974a [1.0041 {25596
7 1.75km | 163 14 04578 | 02795 |-18152 |1.0048 |22730
8 200km | 177 14 03693 |02784 |-1.6721 [1.00s5 |2.0414
9 225km | 167 14 03116 102778 |-15578 | 1.0062 | 1.8693
3.0+
2.9
-
2.8
2.7
2.6-
- 2.5
<y
= 2.4
§ 2.3
2.2
2.1 /
2.0
1.9-
1.8+
1.7
1.6~ I T T T T T T T 1
1T 2 3 45 6 7 8 9

(25) (.50) (.75} (1.00) (1.25) {1.50) (3.75) (2.00) {2.25)

Figure 5.1. Graph of contrast versus distance from felsic flows. Cutoff between binary

Class (Distance km)

classes is set at 500 m, where contrast is maximum
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counting the number of deposits in each class. Visual inspection clearly indicates that a
major proportion of the deposits are situated close to the felsic flows. The question is
whether there are more than would be e.\'pécted due to chance. To quantify this
relationship, weights are calculated using Equations 5.5 and 5.6 for cumulative distances,
as shown in Table 5.1. Figure 5.1 is a plot of the contrast against distance, and - “veals a
maximum contrast at 0.5 km. At this distance 12 of the 15 deposits are present and the
area of the region lying within 0.5 km is only 56 km? out of a total stady area of 268 km?.
If the deposits are located at random and independent of the flows, the weights and
contrast values are zero, or negligibly small. This result shows that there is a strong
spatial association of deposits with proximity to felsic flows, For the first buffer zone,
W~ is positive (nearly 2.3) because 7 out of the 18 cells in this buffer zone contain a
deposit, far more than would be expected due to chance. Similarly W* is -0.58, because
the buffer zones greater than 250 m from the flows contain fewer deposits than expected
due to chance. The contrast, calculated as  2.2995 - (-0.5807) = 2.8802 for the first
zone is a measure of this association. However, notice that the contrast is greater in
buffer zone 2 (the cumulative areal of buffer zones 1 and 2), and then decreases with
increasing distance away from the flow contact. Of course this calculation could be
refined by using a smaller interval than 250 m, but in general the result would be similar;
and because this calculation makes a simplifying 2-D assumption about the flow contacts

being vertical, the more accurate distance measurements are not justified.
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It is noted that there is not always a simple maximum and that some subjective
Judgement must be used in interpreting these contrast relationships. The variances of the
weights and contrasty are also helpful for determining the optimum cutoft level for
binary conversion. The v;aﬁance of C is the sum of the variances of the weights. When
the ratio of C to its standard deviation (square root of the variance) is large, say greater
~ than about 1.5, the contrast value is relatively reliable, Note that the variance of the
weights depends on the cell size. It can be seen that both 1/ N(B Jtﬂl_)‘) =0and
\.‘1\)'1\?(8—’03)-0 , bence as unit cell size approaches zero , sz(w_,')-llN(BJﬂD) and
s’(w,‘)-i}i"(z? ,ﬂD) , See equations (5.13) and (5.14). Bonham-Carter et al. (1989) discuss
this and other aspects of the variances of weights and contrast in detail.

Weights and contrasts were calculated for all the proximity, geochemical and
geophysical input maps using the cumulative form as described above. The weig_hts and
contrasts for the geological map, a categorical scale map, was calculated using a A
noncumulative form. The actual calculations were done using the program WEIGHTS. A
detailed explanation of using WEIGHTS for calculating weights to determine the
optimum threshold between 'anomaly' and 'background' that maximize the spatial
association between the deposits and each predictor pattern is found in Appendix (B-1).
The source code, compiled program and digital files used for the calqulations are found
in Appendix C. A complete listing of the calculated weights and contrasts determined for

each multiclass evidence map are found in Appendix (Table A-3). The thresholds used
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in this study to reclassify the multiclass evidence maps to binary ones are also shown in
Table A-3.

Based on the resulting calculated optimum thresholds two modifications were
made to what was used as evidence maps. Two units, the felsic flows, hosting 7 of the 15
deposits, and the synvolcanic dykes, hosting 4 of the 15 deposits, showed the strongest
spatial association to the deposits. The generalized geological map was replaced by two
binary maps representing these two units. It is also noted that no statistical correlation
was found between the deposits and proximity to zones mapped as pyrite alteration, so
this map was omitted from the weights of evidence study. The resulting binary evidence
maps (still 23) are shown in Figure 5.2. The weights and contrasts that were used to
threshold these maps are listed in Table 5.3, where the maps are ordered from largest to
smallest contrast values. In general the maps derived from the geological and alteration
map tend to have the greatest contrast values, indicating that they are the best predictors
of the known deposits, whereas the geophysical predictor maps have the least predictive
capability. |
5.3.2 Conditional Independence

At this stage pairwise conditional independence tests were carried out so that if
any maps violated the conditional independence assumption they could be eliminated
from the model. The results, summarized in Table 5.4, show that there are no x* values

greater than 5.4 meaning that for a probability level of 98%, there is no reason to reject
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the hypothesis that conditional independence exists for any of the pairs of maps. At least

on a pairwise basis, there are no serious problems introduced by conditional dependence.

5.3.3 Map Combination

The weighted binary maps are now combined to create a posterior probability
map by applying Equation (5.9). This process is readily carried out with the built-in GIS
modelling language. It can also be carried out using a combination of GIS generated files
and the external program PREDICTR. For a detailed description of these methods see
Appendix B (B-2(a) for applying weight of evidence modelling using SPANS modelling
language and B-2(b) for using the external program PREDICTOR). The digital maps
and files required for this process are found in Appendix C.

For regions of maps where no data are available, such as areas outside the
catchment basins in the lake sediment geochemical maps, the weight is assigned the
value 0. The final probability map is shown in Figure 5.3. The posterior probabilities
were classified by percentiles so that the 20 categories in the legend represent the 5th,
10th, 15th ... >95th percentiles. The prior probability using a unit cell area of 1 km? is
0.0560. All areas that show pésterior probabilities greater than the prior are characterized
by combined evidence that is favourable for deposits, whereas values less than the prior
are relatively unfavourable. The ranking of regions by posterior probability produces a

favourability map that is based on a statistical model and assumes that the known
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deposits are an adequate sample of deposits (known and undiscovered) in the region.

5.4 Error Considerations
Though the pairwise conditional independence tests showed that there were no

pairs of maps that obviously violated the assumption of conditional independence. A
simple test test can be performed that measures the overall goodness-of-fit. In general
if the predicted number '6f deposits is much larger than the observed number of deposits
it can be assumed that there is some kind of repetitiveness in the data. The predicted
number of deposits is calculated by summing the probability times the area of a
polygon for all polygons (see Equation 5.14). For this study the predicted number of
deposits is 36, more than double the number of observed deposits. Also, the overall
goodness-of-fit can be evaluated using the Kolmogorov-Smirnov test as described in
Section 5.2, Equations 5.13 to 5.16. The results of this test are shown in Figure 5.4.
It is noted that the K-S statistic is 3.725 at a probability of 0.98. To accept the two-
tailed null hypothesis, stating that the theoretical and observed distributions are the
same, the K-S statistic must not exceed 1.36‘/; for @ = 0.05, where n is the total
number of observations. In this study the total number of obsefvations were 6994
(total number of unique conditions) so the K-S statistic should not not be greater than
10.0163. Thus, although there are né serious pairwise violations, the multiple

interactions of such a large number of predictor maps results in a failure of the overall
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Uncertainty due to Weights

Figure 5.5 (a). Lfnoettainty of posterior probabilites due to variances with the estimates
of the weights '

Uncertainty due to missing data
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Figure 5.5 (b). Uncertainty of the posterior probability due to missing data.
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Figure 5.5 (c). The total uncertainty is the variance due to weights plus the sum of the
variances due to the missing data. :
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Figure 5.5 (d). Relative uncertainty of the posterior probability. The legend values

represent t-values. Values greater than 1.645 indicate that the posterior probability is

greater than 0 with a probability of 95%. The favourability in the various blue regions are
lativel .
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goodness-of-fit test. This is not unexpected, because many of the maps carry somewhat
similar information. For example. the lake sediment chemistry and the till chemistry
both reflect concentrations of Cu, Pb and Zn. Although the posterior probabilities are
too large, it is likely that the ranking of areas by favourability is little affected by the
violation of Cl. In fact, the logistic regression approach, which does not require
statistical independence, shows a favourability pattern very similar to that generated by
the weights of evidence method. The logistic regression approach is discussed in Chapter
6.
Uncertainty of the posterior probability is due to many factors, but two important

sources of error are; 1) uncertainty due to variances with the estimates of the weights and

2) variances due to missing data in one or more of the predictor maps. These
uncertainties can be calculated using equations (5.18), (5.19), and (5.20). The total
uncertainty for a unique overlap condition is the variance due to weights plus the sum of
the variances due to missing data. These three variances are plotted in Figures 5.5 (a) -
().

The posterior probability can be divided by its standard deviation due to
uncertainties in the weights and due to missing data, in effect applying a test to determine
whether the posterior probability is greater than zero (t-value). A t-value greater that
1.645 indicates that the corresponding posterior probability is greater than 0 with a

probability of 95%. Areas in the relative uncertainty map, shown in Figure 5.5(d), that
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have values less than 1.645 (blue colours) are regions where the favourability estimates

are relatively uncertain.



6. Integration Modelling Using Logistic Regression
6.1 Introduction

The use of regression analysis fgr estimating mineral resource potential has been
described by Agterberg and Robinsoﬁ (1972) where stepwise regression on 55 geological
and gzophysical variables was carried out in the Abitibi Volcanic belt in the Canadian
Shield, to estimate the potential of 10 km cells (100 km?) containing copper deposits. lA
retrospective study of the same area using the same methods was carried out by
Agterberg and David (1979) following the discovery of 7 new deposits. The use of
logistic regression for evaluating mineral potential was originally suggested by Tukey
(1972) and applications carried out by Agterberg (1974) and Chung and Agterberg
(1980).

The logistic regression model is different from the linear regression model in that
the dependent variable in !ogistic regression is binary or dichotomous, The conditional
mean or the expected value of the dependent value Y given the value x; of the i-th
independent variable in the j-th cell for the logistic equation must be formulated to be
bounded between 0 and 1. Also, the analysis of residuals in logistic regression is based .
on a binomial distribution instead of the normal distribution as in linear regression.

.A FORTRAN computer program, LOGIST, for perfonnipg logistic regression
was published by Chung (1978). The LOGIST program was modifed by Agterberg

(1989), and called LOGDIA, so that frequencies of more than one discrete event in larger
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cells could be estimated and to provide a number of regression diagnostics. Finally, the
program LOGDIA was modified so that when evidence was observed for polygons with
unequal area, instead of equal-area cells, these could be weighted according to the size of
the polygons (Agterberg, 1992). For this thesis, the LOGPOL program was modified to
accept input from the GIS for up to 30 predictor variables and 10,000 weighted
observations.

Weighted logistic regression was applied to the western half of the Chisel-
Anderson area to predict VMS potential in an earlier study using a total of nine regional
scale geological, geochemical and geophysical evidence maps (Agterberg, 1992; Reddy
etal. (1991). These studies were preliminary in nature and emphasized method
development.

The main advantages of using weighted logistic regression are 1) that the scores
are confined to values between 0 and 1 so that they can be interpreted as probabilities, 2)
when predictor variables are binary their coefficients can easily be interpreted and 3) it is
not necessary for the predictor variables to be conditionally independent, an assumption
of weights of evidence modelling. One of the key reasons for including this method in -
this study is to help evaluate the effects of conditional depeﬁdence that were observed in

the weights of evidence method.
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6.2 Weighted Logistic Regression Analysis Theory

Logistic regression methodology and diagnostics are presented in detail by Cox
(1966) and Pregibon (1991). A simplified but lucid description of logistic regression is

found in Hosmer and Lemeshow (1989). The algorithm used in LOGPOL is described in

Agterberg (1990,1992) and summarized below.

The logistic model can be expressed as

_ exp (Bo * lel * Bzxz +..+p nxu) (6.1)
1+exp (Bo * lel +B2x2 oo +ann) -

where,

P = the predicted probability of a mineral deposit occurring in a unit cell
| B, = unknown coefficients or parameters to be estimated, and

x, = independent binary and/or continuous variables (with i=1,2,...,n)

Applying a logit (log-odds) transformation, the quantity P becomes

logit (P) =h[lp;_P] = Bo+Byxr, +Bx, *... B x, (6.2)
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Using matrix notation the values of logir P can be represented as a column vector

Fyy ¥pp Ty - x| (B
¥ = 21 %23 X33 - X, . Bx (6.3)
Fu Xg Xy o X B,

¥ = XP, orin the (nxp) matrix X, where x,is the j-th observation for the i-th predictor
variable and B, is an unknown coefficient of the column vector S which is to be
estimated.

In this study the area was not subdivided into equal-area cells and calculations
performed on each ce_ll‘;?fé.ihe.r, the 23 evidence maps were represented as binary patterns,
as used in the weights of evidence approach (see Chapter 5), and combined to generate a
single map consisting of polygons of unequal area where each polygon is classified to
represented a unique combination of the overlain input maps. This map, known as a
unique conditions map, has j (5=1,2,3...) unique condition classes, where fnore than one
polygon may have the same class. The study area is also described in terms of unit cells.
These unit cells are allotted a small area generally used to represent t’i_;;gr?a of a deposit.

A value m, is determined that represents the number of deposits in the j-th unique

condition class. Two cases are of interest; where there are no deposits present for a

unique condition class and where there are 1 or more deposits present. For the purpose of
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determining weights for performing the logistic regression calculations it is convenient to
separate out the unique condition classes that have associated deposits and relabel them
as m (=1,2,3..n)where n, is the number of unique conditions classes that have one or
more deposits. The value m, then, is the number of deposits for a unique condition
class. Another value, t, (i=1,2,3...n), representing the numb;; of unit cells of the i-th
unique condition not containing a deposit, is determined for all » unique condition
classes. It will generé.lly not be‘an integer value because it is the total area of the unique
conditions class with the unit cell used as the unit of area. The values m, and ¢, are used
to construct a weight vector as described below.

In practice the input for logistic regression is a table where the top portion
represents unique conditions that ha{re unit cells with deposits and the bottom portion
represents unique conditions that have unit cells that do not contain deposits (usually all
unique conditions). The total number of rows willbe N = n, + n (number of unique
conditions containing a deposit plus the total number of unique conditions). The two
portions are identified by 2 column vector Y that contains a 1 if the record is a unique
condition associated with a deposit (top »,rows) and a; 0 if it is a unique condition that
has unit cells that have no deposits (bottom » rows).

Each row in the input table will consist of 23 values for the predictor variables
(evidence maps), an element of the column vectos Y and a weight w - The first n, rows

will have a value of 1 for Y, and w, will be the number of deposits per unique condition



class. For the last nrows, Y will have the value of 0 and w, will be equal to r,.

A partial listing of the actual input data is shown in Table 6.1. The complete table
has 7009 records with each record containing 25 fields. The complete input table is in
the appendix of digital files (Appendix C) under the file name lucrep.inp. |

Fitting the model requires obtaining estimates of the vector B/ = (B:Byo--BY .-
The method of estimation used is maximum likelihood. There will be % + 1 likelihood

equations which are obtained by differentiating the log-likelthcod function with respect

tothe £ + & coefficients. The likelihood equations that result may be expressed as

> ,-p]=0 (6.4)
=1

and
3 x,ly,p)=0 : (6.5)

i=1

The estimated variances and covariances of the estimated coefficients are obtained from
the matrix of second partial derivatives of the log-likelihood function. The partial
derivatives can be expressed as

&L 3
B .52 a-p)

aﬁf =1 = ©66)
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and

FLP .5 -
aﬁj aB- §xuxlupl(1 Pl) (67)

for j,u=0,1,2,...p where p is the number of variables.

The matrix, X(B), with dimensions (p+1) x (p+1) and containing the negative of
the terms given by equations 6.6 and 6.7, is called the information matrix. The variances
and covariances of the estimated coefficients are obtained froin the inverse of this matrix.

Foran ¥ x ¥ diagonal matrix ¥ with nonzero elements ¥, = w . ¥ . (1-¥),
where ¥ , isan estimated value of the proba—bility P, and using the maximum likelihood
method to estimate coefficients, a column vector of scores § = ¥ - ¥ is made to
converge until the relation X’S = 0 is satisfied.

When the input observations can be regarded as statistically independent, the
goodness-of-fit can be evaluated by using the ¥®-test and the deviance statistic. Also
these statistics depend on the unit cell size used for expressing the areas of the unique
conditions (Agterberg, 1992) with both statistics increasing as the unit cell size
decreases. It is noted in this study that the input observatic_ms are not statistically
independent. As an alternative goodness-of-fit test the Kolmogorov-Smirnov test can be

used. It has an advantage in that it does not require grouping of the observations into

arbitrary categories as is done with the x*-test. In practice, the unique condition areas
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pattern is

Mo M M. M, M M, Y

M,y M,, M.

M, M., M, M, M,,

1 indicating it is a unit cell containing a deposit. The columns M, to
= are references to input maps listed in Table 5.6. A value of 1 indicates the

present and a value of 0 indicates the pattern is absent.

M. M, Mo MM, M, M,

M,

Table 6.1. Example of input for weighted logistic regression. Note that the first 15

records have Y

M,

M,
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are ranked in order of their probabilities and the cumulative frequency distributions for
the expected number of deposits and observed number of deposits determined for each

area.

The expected frequency is calculated as

4,p,

Z“itpt

kel

fu =

where 4, is the area of the i-th polygon with an estimated probability p,.
6.3 Application
6.3.1 Evidence Maps

The same 23 binary evidence maps used in the weights of evidence method
(Table 5.2), were used for this application of weighted logistic regression, This was to
facilitate comparison with the weights of evidence model although it is noted that the
multiclass maps could be used. This also made it possible to use the same unique
conditions table built in SPANS for the weights of evidence method (see Appendix B-
2(c)) as input for the FORTRAN computer program PREDICTR (Appendix B-2(c) for
application and Appendix C for digital listing). Included in PREDICTR is a subroutine
for weighted logistic regression. This subroutine is a version of the FORTRAN
computer program LOGDIA (Agterberg, 1989) modified to allow weighting of the
unique conditions according to their areas and to output the results in a format that is

directly usable for SPANS.
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6.3.2 Initial Parameters

The convergence level was set to 0.001. At the beginning of the iterative process
of making the scores converge to 0.001 all the coefficients were set equal to zero. This
generally leads to satisfactory results in fewer than 10 iterations (Agterberg, 1992). In
weights of evidence modelling, the Weights can be estimated for patterns with missing
data (lake sediment geochemistry, till geochemistry) by omitting areas that are unknown
from the weight calculations. In logistic regression, the portions of maps that have areas
that are classified as "unknown" cannot be omitted because coefficients for all patterns
are estimated simultaneously and significant loss of information would result. For this
study the unknown areas in the lake sediment geochemistry maps and the till
geochemistry maps were modified so that they were classified as "pattern not present” so

that these maps could still be included in the model.

6.3.3 Results

Logistic regression coefficients were calculated for cell sizes of 1 km?, 0.5 km?,
0.1 km® and 0.01 km®. The coefficients are listed in Table 6.2 a-d with the weights, their
standard deviations, and contrasts of the weights from the weighr.é of evidence method
are also included for comparison. The coefficients change because the independent
variables are weighted according to the area of the ﬁnique condition expressed in

numbers of unit cells. Since the total study area is 335.28 km?*the number of 1 km>unit
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Table 6.2. Logistic regression coefficients, weights, contrast, with standard deviations
and studentized C for models using a) 1.0 km® unit cells b) u.5 km? unit cells ¢) 0.1 km*
unit cells and d) 0.01 km? unit cells

a)

Map B ¥(B) We (W) W MW N =;&\=-J
—
Constant -10.%910 X7
DYREBUFD 06339 14636 047 0217 -l EO0d 2533 e} |
FFLOWB 24359 10451 360 0462 0,584 [URH] 2943 033
GECLC2B 06715 1.0907 1.208 0.29% SL7S [TV 2423 LN
GEOQLACZB 1,3483 1.0684 0714 0302 L2 0,52 1520 2180
GEOLSC2B 10249 1.5907 0704 0.250 Padi} ] 1L.003 L 2083
KRGLNCUB 05350 1.0370 03584 0337 0,906 O.MR6 1w 2203
KRGLNPBB 05567 1.0685 0.909 05346 068 0512 1377 N3N
KRGLNZNB 0.3566 1.0280 0991 0,547 -0,307 0388 1298 103y
LEKPCINCEB 1.678% 12492 1.403 0.501 «0.320 0323 LT3 hit. 0|
LKPC2NCB 1.6601 0.9975 1.266 0.553 «0,232 0.309 1,498 2300
LRPC3INCB 27318 15857 733 1.063 «0.036 0275 o770 [\ M|
SILLBUFB -0.2328 1.0889 0259 0326 ~0.37% 0454 0638 1130
SYNDYKB 25160 104563 1.495 0546 «0.242 0,307 1.647 63l
GRVNCHEB 02238 0.5209 0466 032% 05350 0453 1,006 1.7
MGNTCME -0,0690 10122 0.62% 0314 0525 0.505 1453 442
MGNVOMB 0.4257 0.953% 0.599 0.329 0643 0453 1.242 D]
NALTAPCB 0.0652 1.3932 1.351 0434 +0.401 0.339 1.753 3141
NALTEPCB 02097 I.4601 1,368 0438 0414 03358 1.¥K3 33%¢
NALTFECB 14625 0.9143 1.409 0329 =124 0.504 533 4209
NALTPPCB 1.5393 13517 3253 0.665 -0.393 n321 3647 44937
NALTSICB 0.903% 15253 0.591 0278 -1.O%! 1.003 2572 471
NPVLF25B 0.7660 L1725 1.216 0.74) -0.103 02%3 1319 1.624
SLVLFYSB 1.0831 0.7901 0.305 0311 G544 0.507 0.X50 1.429
NALTFPCE ¥ AfeR3 d with alt: pipes LARPUINCH hmunbl: Wrens asasocited with Inincipal Cosponent 2
FFLOWR  Arcs mapped s falsic flows only SYNDYKD Fi e $ with synwol dyke
GEOL2C2B  Favounabls arcs asssociated with fehic flows LKPCINCE P afemn d with Frmncipa) Comp 3
NALTFECE Fi bl arens sated with Fs alterats GRVNC2IB Favourshle wrens wussocutad with Vertical gradient gravity map
NALTSICB Fi ble wess tated with S afterati MGNTCMB Favoursble arens asssociated with Tea! field magmetics
DYKBUFB F bl arens iated with Y/ dykes KRGLNPBE Favoumsble nrens anxsnciied with b in © hwtuon Glls (= 43 um)
KRGLNZNB Favounbh nrens assaociated with Zn nC hﬂm lla (<63 pm) MGNVCMB Favourable nreas maasocialed with Vertical pradsent toagnetscs
NALTAPCE Favounbls sess d with amphibol HSLYLF2S F-vwnhl- arens ssssocialed with Toul Geld V1LF
LKFCINCE  Favourshls ness kainociated with Pricipal Component | scores NPVLF2SB  F e g with Py ] epianed viLF
NALTERCHB Favoursbls wess sesanciatud with epidols shietation SILLBUFB  Favoursbie steas sassocated with Areas m-ppul us subivoluanc sl

GEOLSC2B  Favounshle arens asasociated with mafic volesiiclaatic rocks
KRGLNCUB Favourshls areas xasocisted with Cy in C honzon tills (263 yun )
GEDLACIB  Favoursble areas massociated with feluc volcanciastics
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Conxtant ~10.9404 | 24345

DYKEBUFB 0.5575 1.2946 0465 0.272 -1.425 1.002 2.290 2206
FFLOWB 2.0¥¥1 0.9056 2.161 0414 -0.573 03356 2735 s.on
GEQL2C23 0.6%34 0.9905 1156 0.2%7 -1.696 0.709 2452 3.730
GEQLAC2RE 1.5475 0.9956 0.690 0,295 -1.097 0.5%0 L7 2748
GEOLSC2B 0.9242. 1.4435 0.6%1 0273 -2.069 1.001 2750 2.649
KRGLNCUB 0.4800 0.9165 0,555 0.326 0,884 0.5%2 1.438 2157
KRGLNPBB 0.0143 0.961% 0.522 ~0.454 0.506 1.308 0.727 1.800
KRGLNZNB 03516 0.914 0933 0.522 -0.298 0383 1.230 1.900
LKPCINCB 14583 1.0523 1.314 0472 <0312 0.320 1626 2353
LKPC2NCH 1.5430 0.3982 1.191 0.524 =5.226 0.305 1917 2337
LKPCINCB 2.5564 14310 0.701 1.030 0,035 0.271 0.736 0.691
SILLBUFB +0.2866 0.991% 0252 0321 -0.369 0.351 0.621 1.123
SYNDYKB 2.2010 0.9093 1.337 0,521 -0.233 0.304 1.575 2.609
GRVNC25B 0.1976 07334 0443 0322 -0.540 0.450 0.983 1777
MGNTCMB -0.1246 0.9832 0.608 0308 0,812 0.503 1.420 2410
MGNVCMB 04419 0.8591 0,581 0323 -0.632 0.450 1.213 2.190
NALTAPCB 0.2127 1.2017 1.288 0.425 -0.394 0.336 1.682 3.105
NALTEPCB 0.0970 1.2815 1.395 0.427 «0.406 0.336 1.801 3.317
NALTFECB 1.4163 0.8208 1.340 0314 -1.109 0.502 2.449 4.135
NALTPPCB 1.4693 1.1624 2.804 0.525 «0.385 0.319 3.189 5.193
NALTSICB 0.8396 1.3944 0.573 0273 -1,961 1.002 2.534 2441
NPVLF25B 0.6787 1.0229 1.163 0.733 -0.101 0.280 1.264 1.611
SLVLFX5B 0.8932 0.7005 0.297 0.306 <0.535 0.503 0,332 1.412

NALITPCH RroRy with alk pipes LKPCINCH | wreas d with ¥ pal Component 2
FFLOWH  Arems mapped as fulsic flows only SYNDYKB Fi ble arers iated with synvokanic dykes

GEOL2C2B  Favourable arons nessocistad with felaic flows

WALTFECH Fa ble areas iated with Fe altenmati

NALTSICB F ble wrons isted with Si aly

DYKBUFR  Favoursble asoms ssssociated with symvolciac dykes
KRGLNZND Favounable areas sassocizted with Zn in € honizon tills (<63 um)
NALTAPCTH Favoutsble ares tated with smphibole altents
LRPCINGD Favoursble aress sssaociated with Pricipal Component | scores
NALTETCR  Favourshle aress ssssociated with epidots altertion
GBOLM2 Fa ble ereas inted with mallc vokaniclastic rocks
KRGLNCUB F ble apens inted with Cu in C horizon tilts (<63 ym )
GEOLACIE  Favoursble areas sexsocmted with feluic voloaniclastics

LKPCINCE Favourable arens asssociated with Principal Component 3
GRVNCMB Favoursble arexs aassociated with Vertical gradient pravity map
MONTCMB Favounblo arcas asssociated with Total field magnatics
KRGLNPBR Fuvourable areas asasociated with Pb in C horizon tilh (< 63 pm)

MONVCME Fa i) inted with Vertical grodient magnatics
SLVLFXIB Fa blc nteas intod with Total field VLF

NPVLF2SH  Frvoursbls atexs asssocisied with Processed qudrature VLF
JILLBUFE Fa ble nrons iated with Areas tmpped a3 mibvolcanic sills




c)
Map B s(B) W s(W+} W- S(W-) ¢ C®
Constant ~11.91490 | 2.0820
DY'RKEBUFB 04682 1.1454 0.454 0.26% =1.X10 1.000 2204 2186
FFLOWB L7305 07848 2032 0384 0,565 0.A% 2.397 1971
GEOL2C2B 0.7016 0.9053 L1117 027y =1.681 0.707 2799 Ikt
GEOL4C2B 1.6426 4.9124 0.673 0.290 -1.08% 0578 1758 27y
GEOLSC2B 0.8365 13233 0.664 0.26% -2.053 1.000 2716 2623
KRGLNCUB 0.430% 0.8131 0.534 0.31% ~0.%66 037X 1400 2421
KRGLNPBB -0.03t3 0.8596 0.815 0.504 =0.343 0,501 1.25% 1.770
KRGLNZNB 0.2075 0.8154 0,891 0.504 -0.239 0379 L1 1.R73
LKPCINCB 1.2441 0.8613 1.252 0.452 -0.305 0317 1.557 2822
LKPC2NCB 13139 0, 7880 1.139 0.505 =0,221 0302 1,359 2311
LKPC3INCB 2.2856 1.2678 0.677 1.006 =G.035 0.263 0.712 0.6%4
SILLBUFB =0,3461 09107 0.247 0317 «0.363 0.448 0.611 L1tz
SYNDYKB ) 1.9138 0.7846 1.288 0.504 =0.234 0,302 1.521 2,539
GRVNC25B 0.1337 0.6500 0.433 0317 «0.533 0.44% 0.966 1.760
MGNTCMB +0,0821 0.8983 0.593 0.303 -0,%02 0.501 1.395 2. ]85
MGNVCMB 0.4501 0.7773 0.567 0317 0623 0.448 1.190 2.16%
NALTAPCB 0.2095 1.0080 1.242 0411 0388 0,334 1.630 3.076
NALTEPCB 0.0121 1.1350 1342 0412 =0.400 0.334 1,742 3.286
NALTFECE 13573 0,7302 1.291 0.304 «1.097 0.500 2,388 4.07%
NALTPPCR 1.4856 0.9917 2.558 0,460 0379 0317 2937 35.259
NALTSICB 0.8301 1.2828 0.559 0.268 =1.945 1000 2.505 241K
NPVLF25B 0.4336 0.8603 1.124 0.712 -0.099 0.278 1.223 1.600
SLVLF25B 0.6930 0.6189 0.291 0302 =0.527 0.501 DXIR 1.399
NALTPPCBE | pIpes LKPCINCE F e hreas & with Frincipal Compornt 2
FFLOWB N:unlpp'duftka:ﬂmanly SYNDYKRB Fi ble nreas nted with synwol dykes
GEOL2C2B  Favourable areas sxysociatod with felsic flows LKPCJNCB ¥ bl arexs ated with Principal C a
NALTFECB F-m:hhmmadwmﬂ-'ulmm GRVNCISB Favounble sress messociuled with Vertual md.nummymp
NALTSICB Fi bla xreas iated with Sialtenaty MGNTCMB Favoursble sreas nensiscinted with Total ekt maynetics
PYRBUFB !‘. blo atexs d with synvol KRGLNPRE Favoutable xreas asssncinted with P in C honzon hils {2 &3 ym)
KRGLNZNB Flvmbhmmau\M\Mmc}mmum«&a pm) MGNVCMD  Favounbile ston asuncsted with Vertical graduent snagnaticn
NALTAPCB Fa . isted with amphibole alt SLVLF2SE  Favourable aress asssociated with Total field VI.F

LKPCINCB Flmmbhmmud\ﬂmnmpdmmulm

KRGLNCUB Favourable areas ssssociated with Cu in C hocizon tills (<63 pm )

GEOMQB Favourable aress asssociatod with febiic volcaniclastics

NPVLF2SB F bl arens el with Pr ]
SILLBUFB  Favoursble aress nsascciated witl Arens m-pp-du mlmlumr. nlls
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s(W-) C | Cis(C)
Constant =14.0539 19929
DYKEBUFB 04378 L1123 0.452 0.267 ~1.%06 1.000 2,258 2,182
FFLOWD 1.6445 0,7587 2.006 0.379 -0.564 0.354 2.569 4960
GEOL2C2B 0.7193 0.%860 1.109 0.27% -1.678 0.707 2787 3.669
GEOL4C2B 1.660% 0.8840 0.669 0.2%9 -1.0%2 0.577 1.751 27
GEOLSC2B 0.8005 1.291% 0.660 0.267 «2.049 1.000 2.709 2617
KRGLNC'UB- 04113 0.7901 0.529 0316 -0.863 0.577 1.392 2.11%
KRGLNPBB -0.0270 0.X29% 0.R07 0.500 LIE | 0.500 1,248 1.764
KRGLNZNB 0.4453 0.7923 0.882 0.500 -0.289 0378 1171 1.867
LRPCINCH 1.1705 (.8096 1.239 0.448 -0.30¢ 0316 1.543 2815
LKPC2NCB 1.2152 0.7463 1127 0.500 -0.220 0.302 1.347 2,306
LKPC3NCB 2182 1.2190 0.672 1.001 <0034 0.267 0.706 0.682
SILLBUFB «0.3511 0,8880 0.245 0316 -0.362 0447 0.608 i.110
SYNDYKRB 1.8654 0.7522 1.277 0.500 -0.233 0.302 1.510 2.585
GRVNC25B ¢.103 0.6278 0.431 0316 -0.531 0447 0.962 1.756
MGNTCMB <0.0391 0.8734 0.590 0,302 -0.800 0.500 1.390 2.330
MGONVCMB 0.4524 0.7563 0.564 0316 -0.622 0.447 1.185 2.163
NALTAPCB 0.1466 0.9504 1232 0.409 -0.387 0333 1.619 3,069
NALTEPCB 0.0381 1.1022 1.330 0.409 +0.399 0.333 1.729 3279
NALTFECE 1.3302 0,7011 1.280 0302 -1.094 0.500 2373 4.065
NALTPPCB 1.5278 0.9359 251 0.448 0378 0.316 2.8339 5.265
NALTSICB 0.8437 1.2533 0.556 0.267 -1.942 1.000 2.498 2413
NPVLF25B 03332 0.8io0s L.116 0.708 -0.098 0277 1214 1.598
SLVLF2sB 0.6491 0.5999 0.290 0302 -0.326 0.500 0.815 1.396
NALTPICU  Fa writh alt ppe LKPCINCH 1 Ie areas with Pancips! Componem 2
mem, Ammeminimomy IXPCINGD Fevotl et ociod il o Goppenet3
NALTSIC Pl e i3 o MONTCMB Fevouble e meareed it T by
DYXKBUFB  Fa il isfod with iynvol dykea KRGLNPBB Fevoursble areas nessociated with Pt in C horizon tills (< 63 jun)

KRGLNZNR hvmblc wtwas msmsociated with anchmmulk(ﬁ] pm)

NALTAPCE Fa ble atens dwith [

LRPCINCE Flmbhmmnuwnhhxwm 1 scores

NALTEPCE  Favounshle sreas asssocated with epidots altaation

GREOLSCIU  Fuwinwable areas saxaocisted with rrafic volaaniclastic rocks

KRGINCUB Fuvoturable ateas massociated with Cu in C hocizon tills (<63 um)

GEOLACID  Fuvwruribie arean nassociated with febsic voloaniclastics

MGNV™B
SLYLF2y3
NPYLFSB
SILLBUFB

Favourablo arexs nsssociated with Vertical gradicnt magnetics
Favourable arexs wssaociatod with Total ficld VLF

Favourable aress ssasociatod with Procexsed quadrature VLF
Favounable areas asssociated with Areas nepped aa subvokanic sills
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cells would be 335.28, the number of 0.5 km? unit cells would be 770.56 and the number
of 0.01 km? unit cells would be 33528 unit cells. If a unique condition contains more
than 1 deposit it would be weighted according to the number of deposits, however, it can
be seen from Table 6.1 that each deposit has a unique set of independent variables
associated with it (see 1st 15 rows).

The coefficients appear to be approa;:hing a limiting value as the unit cell size
decreases as shown by Agterberg (1992). The constant term (row 0 iﬁ Table 6.2(a) -
6.2(d)) can be compared to the prior logit in weights of eviderse. The prior logits for the
four different unit cell sizes are shown in Table 6.3, |

The prior logits are smaller than the constant term in the logistic regression model
by a factor of 1.82 for the 0.01 km? unit cells to a factor of 3.5 for the 1.0 km? unit cells.
The reason for this difference is not understood.

The 23 coefficients can be compared to the contrast (W* - W) because they affect
the results only if they are present. The negative weight does not have an equivalent

term in logistic regression analysis. The coefficients can also be compared to

Table 6.3. Prior logit for different unit cell sizes calculated in the weights of evidence
modelling

Unit Cell Size | 1.0 km? 0.5 km? 0.1 km? 0.01 km?

Prior Logit -3.0615 -3.7778 -5.4053 -7.7119

SD Prior Logit | 0.4642 0.2611 0.2588 . 0.2583
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Figure 6.1. Plot of posterior probability generated by the weights of evidence method
versus the posterior probability generated by the area weighted logistic regression
method. The logistic regression results tend 1o be much lower than those from the
weights of evidence method.
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the C (Contrast) value since C is a measure of the significance of that particular piece of
evidence as is the coefficient.

Comparing the coefficients to the weights and contrasts shows significant
discrepancies in their size and rank, As observed in the weights of evidence method the
overall test for conditional independence showed that the patterns seem to be interrelated
(there is 2 violation of the assumption of conditional independence). The differences
observed between the weights and coefficients and the relatively large standard
deviations of the coefficients provide further evidence of multicollinearity in the system.
Evidence maps that have coefficients much less than W+ or C are suggestive that
conditional independence is a problem in the weights of evidence method. There are not

- many coefficients that can be truly identified as much smaller than W+ in Table 6.2
because of the large standard deviations associated with the coefficients, however, the
kriged till geochemsitry maps for Pb (KRGLNPBB) and Zn (KRGLNZNB), the
alteration maps for epidote (NALTEPCB) and amphibole (NALTAPCP) and the total
field magnetic map (MGNTCMB) are all highly suspect (see Table 6.2),

Further evidence that there is a lack of conditional independence is suggested by
the differences in the size of the posterior probabilities between the logistic regrc;ssion
method and the weights of evidence method. The posterior probabilities calculated using
the weights of e_vidence method, using a unit cell size of 0.10 km?, range from 0.000 to

0.998 (Figure 5.3). For the larger probabilities, they are many in the order of 20 times
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larger than those determined using logistic regression for the same unit cell size (see
Figure 6.2). The large differences between the posterior probabilities for these two
methods are further illustrated in Figure 6.1. In general there is not a very strong
correlation (Pearsons R = 0.632) between the two results but the plot does emphasize that
the posterior probabilities generated by the area weighted logistic regression method are
much smaller than those generated by the weights of evidence method.

The Chi-square values for pairwise conditional independence tests, shown in
Table 5.3, suggest that there are no pairs of maps that are obviously dependent. This
makes it difficult to investigate this matter further, though one approach would be to
systematically eliminate evidence maps until the r&sﬁlts from the two methods were in
better agreement.

Figure 6.2 shows the logistic posterior probability map (unit cell é.ize =0.1 km?)
which appears to have very similar distribution of areas indicating high favourability as

the map showing results of the weights of evidence method (Figure 5.3).

6.4 Error Considerations
6.4.1Goodness-of-fit

Of interest is to evaluate how well the model does at predicting deposits with
respect to known deposits. In general a model is good if the number of predicted dzposits

is close to the number of observed or actual deposits, which in this case is 15. The
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Figure 6.3 (a) - (¢). Graphic representation of degree of fit for the logistic regression
method. (a) Results for unit cell size of 0.01 km?. Maximurn difference is 0.201 at 2
posterior probability of .002 .
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observed and expected number of deposits determined for logistic regression and wetghts
"of evidence methods using different unit cell sizes is summarized in Table 6.4.

It can be seen that the difference between the observed and the expected decreases with
decreasing unit cell size in applications of the logistic model while increasing with the
weights of evidence model. The degree of fit for the logistic regression method is shown

graphically in Figure 6.3. The posterior probability is plotted in the horizontal direction.

Table 6.4. Observed and expected number of deposns determined for logistic regression
and weights of evidence methods using different unit cell sizes

Unit Cell Size Observed Weights of | Logistic
Evidence Regression

1.0 km? ' 15 34.66 9.49

0.5 km? 15 53.2 11.38

0.1 km? 15 149.59 13.93

0.01 km? 15 651.21 14.87

The cumulative observed and theoretical frequencies are plotted in the vertical direction.
The theoretical values for the frequency of a deposit are determined by multiplying the
areaof a lunique condition by the posterior probability associated with that same unique
condition. The observed frequencies are obtained by counting the number of deposits per
u‘nique condition. Both the observed frequencies and theoretical frequencies can be
modified to relative frequencies by dividing by total number of deposits.

An appropriate statistical test to evaluate the goodness-of-fit of theoretical
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distribution to an observed distribution is the Kolmogorov-Smirnov K-S, statistic. which
is for the maximum difference between the two distributions. The two-tailed null
hypothesis states that the observed distribution is equal to the theoretical distribution. In
order not to reject this hypothesis, the absolute value of the largest difference should not
exceed 1.36//r(Davis, 1986, p. 102) for & = 0.05, where n is the number of
observations { 6994 unique conditions). In this study the K-S statistic should not exceed
0.0163. It can be seen from figure 6.2 that the maximum differences for models using
different cell sizes are all greater than the 0.0163, increasing as cell size increases,

suggesting that the logistic model does not provide a good fit.

6.4.2 Uncertainty map

The corresponding relative uncertainty map (t-value map), determined by
dividing the posterior probabilities by their standard deviations, is shown in Figure 6.4.
In an approximate significance test based on the normal distribution in standard form, a
relative uncertainty of less than 1.645 indicates that the corresponding posterior
probability is not greater than 0 with a probability of 95%. For this study area where
there is low uncertainty (a t-value greater that 1.645) is near the Stall lak.e deposit (north

central shore of Stall Lake, see Figure 1.2).
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7. Integration Modelling Using Fuzzy Logic
7.1 Introduction

The fuzzy logic approach is appealing, because it is straightforward to understand
and implement. It can be used with data from any measurement scale and the weighting
of evidence is controlled entirely by the deposit expert. This is in contrast to the data-
driven approaches such as weights of evidence or logistic regression that use the
locations of known deposits to estimate weights or coefficients (see Chapter 5 and 6).
Very often a knowledge driven alternative is necessary because areas that are being
actively explored have very few, or even no known deposits.

In this approach spatial objects on a map are considered as members of a set. For
example, the spatial objects could be areas on a map and the set defined as "areas
containing a VHMS deposit”. In classical set theory, an object is a member of a set if it
has a membership value of 1, or not 2 member if it has a membership value of 0. In fuzzy
set theory, membership can take on any value between 0 and 1 reflecting the degree of
certainty of membership. Fuzzy set theory employs the idea of 2 membership ﬁmct:on,
that expresses the degree of membership with respect to some attribute of i interest. With
maps, generally the attribute of interest is measured over discrete intervals (whatever the
measurement scale), aﬁd the membership function can be expressed as a table relating
map classes to membership values. Fuzzy membership can also be thought of in terms of

-~ support for a proposition or hypothesis. In this study, the goal is to identify ground
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favourable for VHMS deposits. The maps to be used as evidence to support or refute the
proposition are all expressed on a common information metric—namely fuzzy
membership on the [0,1] scale. |

Membership functions are established for each of the map layers that are to be
combined. Thus we might have membership functions for aeromagnetic data, for
lithological units, for geochemical data and so on. Maps are combined by using fuzzy
operators on the membership functions. All of the Boolean operﬁtors have fuzzy
counterparts, and many others have been proposed. The final result is an output map
showing the combined membership function, after applying a classification to create

discrete classes for 'display.

7.2 Fuzzy Logic Theory

A fuzzy set F is a set of ordered pairs defined as follows.

F={X pe(x)lxe A}

where A is a collection of objects and pg(x) is the membership function or the degree of
compatibility of x in F. In a geological context, suppose that A is a "space " of objecfs
reflecting aeromagnetic intensity values and each object x has a2 membership function

value pr(x) indicating the possibility that it is associated with 2 VHMS deposit then the
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membership function for A with respect to aeromagnetic intensity might be represented

as shown in Table 7.1.

Table 7.1. Hypothetical example of membership values expressed as a table.

Class number
] > 3000 0.35 “
2 500 - 3000 0.20

<500 0.25

Areomagnetic Intensity, x Membership (ug(x))

This implies that given the aeromagnetic data alone, the possibility that a

particular location on the map contains 2 VHMS deposit is given by the set of values
from the membership function. Although membership values lie in the range (0,1), the
membership function is not the same as a probability density function. For example, the
aeromagnetic intensity >3000 implies that the possibility of a VHMS deposit at that
location is 0.35. However, the possibility that 2 map polygon is favourable for VHIMS
deposits is not a probability so the (1-possibility) does not imply improbability, nor is
there an implication of probability of a deposit per unit area, as in probabilistic
approaches such as weights ot; evidence. The membership scale is therefore a ranking
and magnitude of membership and is treated on a relative basis (Bonham-Carter, 1994a;
An etal., 1991) The word favourability or potential is thus used instead of the more
formal term, probability.

Choosing membership function values is a subjective and often difficult task.
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Nevertheless, it does permit an unambiguous and quantitative expression of expert
judgement,

Fuzzy operators are used to combine fuzzy sets. For example, if a particular
location on the map has a possibility of being a VHMS deposit of 0.35 from magnetic
evidence and 0.05 frem ground EM, fuzzy combination of these two numbers could take
on a variety of values in the range (0,1) depending on the operator. Fuzzy operators can
be applied to any number of input maps or layers of evidence.

The five most commonly used fuzzy operators and the effect that they have on
combining membership functions are summarized in Figure 7.1, and further explained in
An etal. (1991) and Bonham-Carter (1994a).

For this study the fuzzy "GAMMA" operator, the fuzzy "OR" and the fuzzy
"AND" were employed. On output, the fuzzy OR results in taking the maximum value
of the 2 or more input membership values, whereas the fuzzy AND results in the
minimum of the input values. Thus the OR is an optimistic operator, and the AND is a
conservative operator. In some situations, it is desirable that the combination of two
favourable pieces of evidence is more favourable than either one taken individually, an
"increasive" effect. The fuzzy GAMMA operator allows the degree of AND and OR to
be parameterized, even permitting an "increasive” effect for large values of gamma, as
illustrated in Figure 7.1. The advantage of the GAMMA operator is that when evidence is

conflicting (one or more data sets indicating strong possibilities and others very weak
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range of the input membership values, The limits 0.8 and 0.35 are data dependent, (from Bonham-Carter,
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possibilities), the resulting aggregation can produce possibilities somewhere between the
extremes, with the degree of compensation controlled by the magnitude of the gamma
parameter. This variability in choosing the type of fuzzy operator allows the modeller to

mimic the decision-making processes typical of an exploration geologist,

7.3 Weighting the Evidence

The evidence maps used in this model are the same as used in the two data driven
methods described in Chapters 5 and 6 and summarized in Table 4.5 and 5.2. In the
fuzzy logic approach the evidence maps are not reduced to a binary format but rather a
membership function was assigned to each map so that eath class on the map has a value
between 0 and 1. The values are subjective and based on "expert" opinion. The experts
in this study were primarily geoscientists who were involved in the EXTECH project

“(see Chapter 1). In practice, membership functions are represented as fields on the GIS

map attribute tables. These tables can be edited, allowing the modeller to experiment
with different assumptions. Membership functions are summarized in Table A2
(Appendix A), along with the belief functions used for the Dempster-Shafer method
treated in the next chapter.

An example of the actual attribute table associated with the proximity to
synvolcanic dykes is shown in Table 7.2. The table consists of 10 header records

describing the file to the GIS system followed by 10 data records, one for each class on
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the map. The table has three attribute fields. The first is the kevtield, linking the record
to the map class, the second is the membership tunction, and the third is a descriptive
text field.

Assigning the membership values was a very subjective process and relied totally
on the expert’s knowledge and experience. In general this was a new concept for the
geoscientists involved and required several attempts to develop a membership function.
As mighf be expected, 2 first attempt resulted in defining what was favourable versus
unfavourable, similar to the binary evidence maps used in the data driven methods
discussed in Chapters 5 and 6. It is noted that the statistical relationships between
deposits and the different evidence maps determined in the weights of evidence were not
used to influence these decisions. For example, being within 2 km of a synvolcanic dyke
intrusion was favourable while being further away was unfavourable. Determining
whether being within 250 m of a subvolcanic intrusion was more favourable than being
within 500 m was more difficult for the expert and actually specifying a numeric
membership value proved to be hardes:.

In Table 7.2, regions where a dyke is present (Class 1), have been assigned a
fuzzy membership of 0.8, reflecting the importance of such regions with respect to the
heat conditions favourable for VHMS deposits. The region just off a dyke, but within
250 m of the contact are assigned an even more favourable value, 0.95. This region was

assigned a higher membership value because VHMS deposits are not typically hosted
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within the dykes themselves. Then with increasing distance from the contact, the
membership value decreases, and beyond 2 km the value is set to 0.1 reflecting that low
favourability of the dykes contributing to the heat factor beyond that distance. It should
be noted that the input maps are assigned memberships with respect to a series of
intermcdiaie propositions. For example, the membership function for proximity to
synvolcanic dykes is with respect to the proposition "area with heat factor favourable for
VHMS". The heat factor then becomes evidence for the proposition "area favourable for
VHMS deposits". In this way the evidence is structured hierarchically, and can be
represented by an inference network.

Map classes where the variable in question is ‘unknown' were assigned a fuzzy
membership value corresponding to the 50th percentile, to minimize the bias introduced
in areas of missing data, see for example the membership functions for Zn, Cu and Pb in

till in Table A2 (Appendix A).

7.4 Integration - Intermediate maps
After each evidence layer has been weighted by assigning membership functions,

the input maps are combined in stages. This not only solves the problem of being limited
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Table 7.2. Membership function for proximity to synvolcanic dvkes map (Figure 4.7).
shown as a map attribute table.
1D zdvkeon
THTLE Fuzey memberships for dyvke contacts
MAPID dykebutl
WINDOW nc 5808 7704 142208 12080
TABTYPE 1
NRECORD 10

1 4 500 Class Map class value

2 0 6.20 Zheat Fuzzy membership for distance from dykes
335 150Leg  Legend onmap
DATA

1 0.80 'On Dyke'

2 0.95 '0.00-0.25 km'

3 0.75 '0.25-0.50 km'

4 0.65 '0.50-0.75 km'

5 0.55 '0.75 - LOO km'

6 0.50 '1.00 - 1.25 k'

7 0.45 '1.25~ 1.50 km’

3 040 '1.50 - 1.75 km’

9 0.35 '1.75-2.00'km'
10 0,12 '>2.00 km'

to "stacking” a maximum of 15 maps in a single pass (in the SPANS GIS used for the
study), but also emphasises the spatial patterns in the intermediate maps, facilitating the
interpretation of results. The inference network that summarizes the combination

process is shown in Figure 7.2.

7.4.1 Geochemical Factor
Figure 7.3 shows the portion of the inference net defining how the geochemical

evidence was combined to create the fuzzy geochemical factor map, which expresses the



172

‘K)[IQRINOAR) [BUL] SU) 18 QALLIE 0) POUIqUIOD 21k sdew 20uapIAd auf) [j& Aoy SujZuBuIunS Jou 95UdIaju] *Z'L N8y

sadid vogerty ||| voswoyy ||| vosersuy || |F vosesony I || vosesony vz o ™0
vosesiv ol I| Oriedol |If ex-dact §| euddol dury o) o135 0} e [l v ]
Kaugoly Apaxxold fpwpoly Auxosy Liauxaly fisitory depy deyy deyy

ni é £Ziod
rLTY
deyy

suGIsIU|
swesoaulg
)
Anumiord
wagoubey
]
t —
UE oA
6 o ] J.. X qns
: o Mnunzarg
Wapeo
‘ é SHITLED|0A
orsje4 o}
s Ajwmord
Py

1oty
ﬂﬂﬁﬁqﬁ arydeibaens e ‘. TR

Arenzosg
fikein 3sw

S (OSEY 2o
£ pop

SIRTEHULI[OA

. Hl  auepa
ASOT039 fsustorg




173
spatial variation in overall geochemical evidence favourable for VHMS deposits. Since
PC-1 (lake sediments) was explained as being related to Cu-rich deposits, PC-2 related to |
Zn-rich deposits and PC-3 as being related to both types, it was unnecessary for all three
components to be coincident for favourable VHMS conditions. Foilowing this reasoning
the three PC maps were combined using a fuzzy OR, resulting in a new combined PC
map, consisting of the maximum fuzzy membership value from PC-1, PC-2 or PC-3.
Thus if any one of the PC maps is favourable, the result is also favourable.

Areas with anomalous concentrations of Cu and Pb and Zn in the till were
considered to be the best till geochemical targets. To represent this situation, the till
geochemical maps were combined using 2 fuzzy AND. An intermediate map, labelled
TILL in Figure 7.3, was created that took the minimum membership value of the three
maps at each spatial location. On this map, elevated membership function values occur
only where all three elements are anomalous. It is noted that this decision rule could
easily be modified to a fuzzy OR. Fuzzy AND is much more restrictive and conservative,
fuzzy OR is more generous and optimistic.

Finally, if both favourable lake sediment chemistry and favourable till chemistry
are coincident, these areas would be considered more favourable than if only one of these
two conditions existed. This strategy was executed by combining the intermediate maps
PC123 and TILL (on Figure 7.3) using the gamma operator, with y=0.95. The resulting

fuzzy geochemical factor is shown in Figure 7.4,
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Figure 7.3. Inference net showing how geochemical evidence was combined to create the

geochemical factor map

Figure 7.4. Fuzzy geochemical factor map.
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Facior
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|
MSF GEOL FSF
| | | ]
Proximity Proximity Proximity
o Matic to Felsic 1o Felsic
Volzaniciastics Flows Volcaniclastics

Figure 7.5. Inference net showing how stratigraphic evidence was combined to create the
stratigraphic factor map

Figure 7.6. Fuzzy stratigraphic factor map.
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7.4.2 Stratigraphic Factor

The inference ﬁet related to the stratigraphy is shown in Figure 7.5. To model
areas that are close to both felsic flows and volcaniclastic units a fuzzy AND was used.
This results in intermediate map, labelled FSF in the figure, which assigns a high
membership value to areas that are close to both felsic flows and felsic volcaniclastics.
MSF in Figure 7.5 is 2 map showing favourable proximity to both felsic flows and mafic
volcaniclastics. Maps MSF and FSF are then combined with GEOL {fuzzy memberships
for presence of individual lithologies) using a fuzzy OR (Figure 7.5). This ensures that in
situations where there is a close proximity to one of the favourable contacts and the
presence of a favourable host lithology that this will receive a higher membership value
than where there is a close proximity to a favourable contact and the presence a less
favourable host lithology. This may occur if a stratigraphic sequence consists of 2 thick
unit of mafic flows (less favourable for hosting VHMS) overlain by a thin unit of less
than 25 meters of felsic volcaniclastics followed by a unit of felsic flows. Being within
50 m of the favourable contact between the felsic volcaniclastics is normally assigned a
high favourability, however, in this case 100 m from the contact falls within the mafic
flow unit. Using a fuzzy OR operator results in the lower membership value of the mafic
flow being assigned to the final map when the lithologic map and proximity map to
favourable contacts are combined. The stratigraphic factor map (Figure 7.6), is thus

assigned the highest membership values to areas close to the contact between felsic
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volcaniclastics and felsic flows, and still within a favourable host unit of telsic flows.

7.4.3 Heat Factor

The heat factor map is really an extension of the stratigraphic factor, but focuses
on the geological constraints on the source of heat driving the hydrothermal system. The
maps of proximity to subvolcanic intrusions and synvolcanic dykes were combined using
the gamma operator (Figures 7.7 and 7.8). Because a high value of the gamma parameter
was used (y = 0.95), areas that are close to both subvolcanic intrusions and synvolcanic
dykes can have combined membership values larger than either one taken individually,

an increasive effect.

7.4.4 Alteration Factor

The six evidence maps showing proximity to the various types of alteration are
combined as shown by the inference net in Figure 7.9. The fuzzy SUM operator was used
to combine the Si and amphibole evidence maps to ensure that areas in close proximity to
both types of alteration, had a resulting membership value that was higher than either of
the two input maps. The resulting map (SIAMP) was then combined with the pyrite and
epidote-hematite evidence map using the gamma operatator to produce an intermediate

map that has high membership values where there are coincident zones of alteration
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Figure 7.7. Inference net showing how evidence maps related to the heat source factor
were combined to produce the heat factor map

© VMS Doposits/Occurronces

Figure 7.8. Fuzzy heat factor map.
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Figure 7.10. Fuzzy alteration factor map.
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Figure 7.11. Inference net showing how geophysical evidence was combined to create
the geophysical factor map
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Figure 7.12. Fuzzy geophysical factor map.



(ALT4). Because the Fe-Mg metasomatism map and the Alteration Pipe map are
important evidence independent of the others, a fuzzy OR was used to combine these
maps with ALT4 to retain the high membership values assigned to them, as shown in the

resulting alteration factor map in Figure 7.10.

7.4.5 Geophysics Factor

Geophysical evidence was combined using the scheme in Figure 7.11. The tota!
field and quadrature VLF maps were combined using a fuzzy AND resulting in the map
'VLF', with elevated rhemberships only where both total field and quadrature anomalies
occur together. Similarly the total field mag and vertical gradient mag were combined
using a fuzzy AND. Since the highest membership values were assigned to the moderate
magnetic responses in the two magnetic evidence maps, the resulting intermediate map
(MAG) shows the highest membership values where the intermediate magnetic responses
are coincident.

Finally VLF, MAG and the vertical gradient of gravity were combined using the
gamma operator (y = 0.95), see Figure 7.12. On this map, zones with high conductivity,
moderate magnetic response and a regionally high gravity response are the most

favourable,
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Final VMS
Favourability
Map

Stratigraphic Heat Alteration Geochemical | | Geophysical
Factor Factor Factor Factor Factor
WF=0.8 WF=0.7 WF =06 WF =03 WF =02

Figure 7.13. Inference net for final favourability map for VHMS deposits.

7.4.6 Final Favourability Map for VHI:*IS

The five intermediate factor maps - heat, alteration, stratigraphic, geophysical and
geochemical factors - were combined to generate the final favourability map, as shown in
Figures 7.13 and 7.14. It is noted that an additional "weighting factor" (Figure 7.13) in
the range [0,1] was used as a multiplier to modify the membership values of each

intermediate map and provide a flexible method of changing the influence of each of the
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component factors. This is an overall weighting to express the expert's opinion as to the
relative importance of each factor, that enables the modeller to make changes
interactively with the GIS modelling language. To a certain degree, these weights also
reflect the confidence the expert has in the data. For example, the low weighting factor
assigned to the geochemical factor reflects the fact that there is incomplete coverage in
the till survey and that the lake sediment samples were collected at a low density.
Similarly the relatively low weighting factor for the geophysical data
reflects that the data was collected at regional rather than local scales. The stratigraphic
factor has a relatively high weighting factor reflecting the detail and information content
expressed in the 1:20000 bedrock geclogy map.

" The final favourability map is shown in Figure 7.14. The legend shows the
membership function values for the areas identified by the corresponding colour. The
breakpoints were determined by dividing the membership function into 20 quantile
classes, Of the 15 VHMS deposits known before the modelling, 9 deposits have
membership values in the top 10th percentile and 12 in the top 20th percentile. The new
discovery at Photo Lake falls in the top 20th percentile.

Table 7.3 summarizes the 15 VHMS deposits and how they are related to the five
factor maps and the final favourability map. For each factor map, the membership values

are classified into 20 quantiles as was done on the final favourability map. The break

points for classifying the data are defined at values that represent 5, 10, 15..., 95 percent
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of the data. In Table 7.3 a value of 95 means that the membership values at that point
were in the 95th percentile (top five percent), a value of 90 means that the membership
value at that point was greater than or equal to the 90th percentiie but less than the 95th
percentile and so on. Classifying the data into percentiles independently for each map
allows a direct comparison between maps because ranks are being compared not absolute

membership values.

Independently evaluating each factor map and how it is related to known deposits

Table 7.3. Summary of membership values at VHMS locations represented as percentiles
so maps can be compared directly. Photo Lake was not used in the modelling but was
discovered after the modelling was completed.

Siatigraphic Geochemical Alteration Geophyxical Overall

Factor Factor Factor Factor 1
Morgan Lake 50 35 5 15 90 6S
Bomber Zone || 95 30 45 70 X5 90
Rain Drop 45 80 65 85 70 85
Pot 45 80 75 70 920 75
North Chiscl 35 45 90 25 75 50
Chisel 40 95 90 95 85 95
Lost 60 95 95 85 85 90
Ghost 35 95 5 70 20 90
Joannic 70 45 75 85 55 85
Anderson 95 80 33 85 #5 95
Stall 75 80 95 95 95 925
Rod 95 30 95 60 3.1 25
Ram Zone 75 45 920 95 65 90
Linda | 75 80 85 85 920 95
Linda 2 as 80 85 95 20 R0
Photo Lake || 45 20 70 70 95 %0
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helps to assess how much each factor is contributing towards the final favourability. The
eight deposits (Bomber Zone, Chisel, Lost Ghost, Anderson, Stall, Rod and Lindal) that
fall in areas that have favourabilities above the 90th percentile on the firal map also fall
in highly favourable areas on each of the five factor maps with the exception of the
Chisel, Lost and Ghost deposits on the heat factor map. The heat factor is a result of
combining maps showing proximity to subvolcanic tonalite sills (Figure 4.6) and
synvolcanic dykes (Figure 4.7). Inspecting these figures shows that though the Chisel,
Lost and Ghost deposits are very close to synvolcanic dykes, they are between 2 and 3
km from subvolcanic sills. Because the membership function for these maps (see Table
A-2, Appendix A) assigns membership values that decrease as distance increases from
the dyke and sills, the sill map contributes very little when the maps are combined to
create the heat factor map. The heat factor map also shows relatively low favourabilites
for a number of other deposits (Rain Drop, Pot, North Chisel, Linda 2 and Photo Lake).
Again, inspecting Figures 4.6 and 4.7 these deposits tend to be moderate distances (1-2
Iu.’.jr;om both subvolcanic sills and synvolcanic dykes which would result in moderate
membership values when they are combined. These results suggest that perhaps the
membership values for moderate distances from heat sources should be increased.

The North Chisel and Morgan Lake deposits are associated with areas of

moderate favourability indicating that they are in areas that do not conform very well to
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the exploration model, However, it is noted that the Morgan Lake deposit is in an arca
with a very high geophysical favaourability and the North Chisel deposit is in an area

with a very high geochemical favourability.

7.5 Error Considerations

The fuzzy logic approach to integrating spatial data does not have a formal
method for calculating variance or other measures of error. To a certain degree,
uncertainty is built into the membership functions, Patterns on the predictor maps that
are assigned membership values that range between 0.4 and 0.6, that is their degree of
importance is neither strong nor weak, would be expected to have the largest uncertainty.
Patterns that are assigned membership values that are closer to 1 or closer to 0 reflect that
the patterns have a large degree of certainty that they are significant predictors or
insignificant predictors respectively.

Another problem associated with the fuzzy logic method is dealing with areas
where there is no data. In this study both the till geochemistry maps and the lake
sediment geochemistry maps had areas where no data was collected. Assigning an area
with no data a2 membership value of zero implies that the area is unfavourable when in
fact it is unknown. One approach is to assign a2 membership value of 0.5 to areas where
there is no data suggesting that it is neither favourable or unfavourable. Checking the

membership functions assigned to the lake sediment geochemistry maps in Table A-2
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(Appendix A), shows this was the approach used in this case. For the till geochzumistry,
the same membership value that was used for data that fell within the 50th percentile
(0.65) was assigned to the areas of the map with no data. Of course a more drastic
approach would be to eliminate these areas from the study.

The Dempster-Shafer approach, another knowledge-driven combination method,
is more flexible than fuzzy logic for representing uncertainty in the data. The Dempster-
Shafer output consists of favourability maps for "support" (conservative estimates),
"plausibility” (optimistic estimates) and "ignorance" (uncertainty). This method is

discussed in the following chapter,



8. Dempster-Shafer Model

8.1 Introduction

Dempster-Shafer belief theory is an alternative mechanism for knowledge
representation and map combination. It is a knowledge-driven approach. with some
advantages and disadvantages as compared with fuzzy logic. With the fuzzy logic
approach, each evidence map is associated with 2 membership function that expresses the
importance of the evidence on a scale between 0 and 1. For the Dempster-Shafer
approach, each evidence map is associated with two independent "belief” functions that
represent the information content of evidence, also on a scale from 0 to 1. The upper
belief function (known as the "plausibility™) can be considered as an optimistic
assessment that the evidence supports a proposition, whereas the lower belief function
(known as the "support") is a conservative estimate. The interval between the plausibility
function and the support function is the uncertainty or ignorance. Disbelief is defined as
one minus the plausibility. These relationships are summarized in Figure 8.1.

The advantage of this approach is that it allows the user to represent uncertainty
in the knowledge representation because the interval between support and plausibility
(also known as the "evidential interval") can be considered as a confidence band. Missing
data can be modelled by defining the plausibility as 1, the support as 0, so that the
uncertainty is 1. Evidence from two or more mags is combined using Dempster’s rule

(discussed below) of combination. The combined support, plausibility, disbelief and



190
uncertainty can cach be separately mapped, althoﬁgh only two of these quantities are
independent. This contrasts with the fuzzy logic output. consisting only of a single map,
the combined fuzzy membership.

The Dempster-Shafer method has been discussed in 2 mineral exploration context
using a hypothetical dataset by Chung and Moon (1991) and Chung and Fabbri (1993).
An (1992), An et al. (1994a) and An et al. (1994b) applied the method to combine a
variety of geophysical datasets to predict base metal and iron formation deposits in an

area north and west of this present study area.

8.2 Bclief Function Theory

A detailed theoretical exposition and a formalization of the belief function
approach‘ can be found in Dempster (1968) and Shafer (1976). The discussion here is
simplified and informal. A simple numerical example is given to illustrate Dempster's
rule of combination.

Each map to be used as evidence to evaluate a proposition (e.g. "this cell contains
a VHMS deposit") is associated with a pair of belief functions, the support function and
the plausibility function. In practice, these functions can be held in map attribute tables
(similar to the fuzzy membership tables discussed in Chapter 7), where each class on the

map is associated with a support value and a plausibility value. Suppose we have map A,
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Figure 8.1. Each evidence map in the Dempster-Shafer approach is associated with two
independent "belief" functions; the upper belief function (plausibility) and the lower
belief function (support) The interval between the plausibility and support functions is
the uncertainty or ignorance. Disbelief is defined as one minus the plausibility.
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we will simply denote the value of the support due to A as Sup,. and the plausibility due
1o A as Pls,. where these are functions that vary with the value (map class) of A. and
therefore can be mapped in their own right as lookup operations from map A. For a given
value of map A, the ignorance or uncertainty is denoted as Unc,. calculated as Pls, -
Sup,. and the disbelief, Dis, is 1 - Pls,. Thus the sum Sup, + Unc, + Dis, = 1. The
disbelief is the belief that the proposition is false, i.e. that a cell doés not contain a VHMS
deposit. Note that plausibility is greater than or equal to support. Where plausibility and
support are equal. the uncertainty is zero, and Sup + Dis = 1. as in the probability
approach. These relationships are illustrated graphically on Figure 8.2.

For each map used as evidence, two independent functions must be estimated,
usually either the support and disbelief. or the support and plausibility. but in some cases'
the uncertainty may be chosen with one of the other values. An et al. (19942) and Chung
and Fabbri (1993) discuss an estimation procedure and the one used in this study is
discussed below.

Given two maps A and B, with the support and disbelief fur. “‘ons for each,
Dempster’s rule of combination for estimating the combined support and disbelief (and

therefore uncertainty) is

_ Spt,Spty + Spt, Uncy + SptyUnc,
) B

8.1)

Spt,
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_ Dis Disy + Dis Uncy + DisgUnc,

Dis (8.2)
¢ B
Unc Unc
Uncc = _".....__B (8 3)
B
where the denominator for all three equations, defined as.
Bp=1- Spt Dis, - Dis Spt, (8.4)

is a normalizing factor that ensures that Spt + Dis + Unc = 1.
An example of estimating belief functions and combining them applying

equations 8.1 - 8.4 is given in the next section.
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Figure 8.2. Approach to estimating Dempster-Shafer belief functions. For each class on
an evidence map a probability that a small unit area (pixel) contains a deposit is
estimated using the ratio of the number of pixels containing a deposit to the total number
of pixels. The support function and disbelief functions are then calculated using
constants & and o, See text for further explanation.
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8.3 Application

83.1 Assigning Belief functions

The same 23 input maps used in the fuzzy logic approach were combined using
the Dempster-Shafer method. The assignment of the belief function values was made
subjectively for each input map. In practice, two problems arc encountered at this stage.
The first difficulty is the conceptualization of belict and disbelief. There is a tendency to
think of disbelief as one minus the belief. It is often difficult to quantify an opinion
indicating the difference between disbelief and uncertaintf. The second problem. more
on the pragmatic side, is that if two maps being combined both have large support values,
the combined support becomes close to 1. Further combination with other maps with high
support values results in values even closer to 1 (and disbelief and uncertainty
approaching zero), making the results difficult to interpret.

In the present application, we have information about the locations of known
deposits, It was decided, therefore, to use this infonnatic;»n to guide the esfimation of
belief functions, using an ad hoc approach. Because the number of deposits is relatively
small, the estimates are over-ridden by subjective opinion, using the exploration model.
For the i-th class of input map A, the probability that a small unit area (pixel) contains a
deposit, P(D|A,), is estimated by the ratio of the number of pixels containing a deposit by

the total number of pixels:
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N(DM)

PDUA) = 7R
L

(8.5)

This probability is considered to represent an "average" belief, somewhere between the
support and plausibility. The lower belief function (support) value for the i-th map class

is then calculated by multiplying the probability by a constant, e, in the range [0,1]:

Spt, = o P(DWA) (8.6)

The magnitude of & is dependent on the certainty the expert associates with the
calculated probability. The larger the constant the smaller the uncertainty. The disbelief,
which is related to the upper belief function (plausibility) by Dis = 1 - Pls, is calculated
by multiplying one minus the probability by a second constant, e, also in the range |

[0,1].

Dis, = o * (1 - P(DI)) 8.7

In this case, the larger the constant, the larger the uncertainty. This approach is
illustrated in Figure 8.2,

In practice, the constants g and o, were kept relatively small, in the order of .01-
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.001, to avoid the problem of obtaining combined belief functions that approach unity.
The same values were used for all maps. The calculated probabilities (see Table A2 of
Appendix A) for maps of continuous variables have been manually smoothed to show a
continuous function assuming that gaps found in the distribution are caused by the small
number of known deposits. The belief function values are also listed in Table A2
(Appendix A).

' To illustrate how the belief functions are determined, using the above method, an
example using the copper in till evidence map (Figure 4(a), is described below. All the
sample calculations are done using the data for map class 2, which represents Cu
concentrations above the 95th percentilc.

Information about how many deposits are associated with each class on the map
and what the area of each class is, can be determined using the GIS. This process is
described in Appendix B-1 as part of determining the weights for evidence maps using
the weights of evidence method. This information is summarized in Table 8.1,

The second class (95th precentile) has an area of 11 km? and 2 deposits (assumed
to have an area of one unit cell). Applying equation 8.5 the probability of that class
containing a deposit is

P(DIA) = N(DNU)/N(A)

=2/11
=0.182
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Similar calculations are made for each class to determine the "calculated probability" as
shown in column 4 in Table 8.1. It is noted that in general the probabilities increase
going from the classes with lower concentrations of Cu to those with higher
concentrations. It is assumed that if a large number of deposits were available for the
area a much smoother probability function would be obtained. Using the calculated
probabilities as a guide a smoothed probability function is estimated by the expert to
reflect this assumption (see Table 8.1, column 5). It is emphasized that the calculated
probabilities are just a guide to and can be over-ridden by the expert’s opinion. Choosing
an e, and @y, as discussed above the support and disbelief function can now be calculated.

Table 8.1. Summary of map classes and associated deposits for the Cu in till evidence
map (see sample calculations below)

Map Claxs Aren Numberof | Calculated [ Smoothed Support Disbelicf’ Unceramty | Plamibility
(ppm In Cu in TH) (k™) Deposits Probability | Probability a=0.05 a=001

634630 COKth%ile) | 2 o 0 03 0027 0.0070 0.566 0593
591 - 6,34 (>95th *ile) 11 2 0.182 02 0as 0.0080 0974 0952
5.63 - 3.91 (>90th %ilc) 19 3 0.158 0.l 0.009 0.00950 0582 2.991
5344 5,63 (>B0th %ile) 3 5 0.128 0.05 0,004 0.0095 0586 Q.990
5.20- 534 (>70th %ilc) 14 0 0 0.04 0.003 0.0096 0987 0590
4.9% - 5.20 (>50th *%ilc) 1 1 0.04 002 0.001 00098 0589 0.990
0.00 - 4,98 (<50th *4ilc) = 2 0.08 001 0.0009 0.0099 0.989 0589

No Dot 134 2 0.01 0.01 0.0009 0.009% 0.989 0.989

Using equation 8.6 and 8.7 we obtain

Spt, =e.P(DIA,)
=0.090 X 0.20
=0.018



199

and

Dis, = ay * (1 - P(DIA)
0.01 X (1 -0.20)
0.0080

for the 95 percentile class. These functions are recorded in column 6 and 7 in Table 8.1,
Notice that as the support decreases the disbelief increases. The uncertainty and

plausibility are calculated using the following relationships.

Unc, =1 - SP‘A, - Dis"

1 - 0018 -0.0080
0.974

and
Pls, = SprJ‘ + Um:“

0.018 + 0.974
0.992

When the belief functions have been determined for all the evidence maps the
objective is to combine them to create a new map. An example of combining two
hypothetical evidence maps, A and B, at a location for which support and disbelief values

are given (see Table 8.2), is shown below. Applying Equations 8.1 - 8.4 we obtain



B=1-0.02-0.035 = 0.9450,

Spte = ((0.05 x 0.10) + (0.05 x 0.50) + (0.10 x 0.60)) / 0.945 = 0.0952,

Disc = ((0.35 x 0.40) + (0.35 x 0.50) + (0.40 x 0.60)) / 0.945 = 0.5873,

Unce = (0.60 x 0.50) / 0.945 = 0.3175,

and the

Plsc =1-0.5873 =0.4127.

Dempster’s rule is applied recursively, so that the combination map C can now be

combined with other maps in pairwise fashion.

Table 8.2, Illustration of Dempster's rule of combination. At one pixel, the support and
disbelief values for maps A and B are supplied (bold). Map C is the combination of maps
A and B. Values in italics are calculated.

Support Disbelief Uncertainty Plausibility
Map A 0.0500 0.3500 0.6000 0.6500
Map B 0.1000 0.4000 0.5000 0.6000
Map C 0.0952 0.5873 0.3175 0.4127
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8.3.2 Maps of combined belief functions

The 23 input maps (not binary) as already described and listed in Table 4.5, were
combined using Equations 8.1 - 8.4 and the values in Table A2 (Appendix A) held as
map attribute tables. The output consists of four maps, showing the combined support,
disbelief, plausibility and uncertainty associated with the proposition "favourable
location for VHIMS deposits”, see Figure 8.3-8.6.

Figure 8.3 shows the spatial distribution of support. Elevated support is found
associated with known deposits in the area as expected. Of particular interest are the
areas that show strong support but are not associated with known deposits. The zones
showing uniform values of weak support in the southeast, northwest and northeast are
underlain by geological units that are post-Amisk in age and considered unsuitable for
VHMS deposits. All post-Amisk rocks were assigned a constant high disbelief, low
belief and low uncertainty, effectively masking out this region.

In general, disbelief (Figure 8.4) is low for areas showing high support. The
spatial distribution of uncertainty is shown in Figure 8.5. As expected, areas of high
support and low disbelief also have low uncertainty values. A northeast-southwest

trending area of high
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Figure 8.4. The spatial distribution of the disbelief function. In general disbelief is low
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Figure 8.5. The spatial distribution of the uncertainty. Areas of high support and low
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uncertainty located north of the Wekusko pluton is due mainly to missing data on the
lake-sediment and till maps. The plausibility map, see Figure 8.6, which can be
considered the most optimistic assessment that an area will contain a deposit, is in
genéral correlated with support, as might be expected from our method of estimating the
belief functions. Two areas of elevated plausibility (but modest support) are situated on
the northwest flank of the Wekusko pluton. These two areas, seen distinctly as zones of
strong disbelief (Figure 8.4), resuit from the combination of elevated uncertainty with

moderate support.

8.4 Error Considerations

The main advantage of the Dempster-Shafer model compared to the fuzzy logic
model, both being knowledge driven models, is that the Dempster-Shafer approach
allows the user to represent the uncertainty as the interval between support and
plausibility. It is noted that this is not a measured value but a subjective value based on
the expert’s opinion and what value is assigned to the support and plausibility.

The areas on evidence maps where there was missing data, such as the case in
~ the lake sediment geochmemistry and till geochemistry layers, could be effectively
modelled by assigning these areas a plausibility value of 1 and a support value of 0, so
that the uncertainty is 1. The two roughly rectangular areas that have no lake sediment

geochemistry on the south side of the Sneath Lake Pluton, are clearly distinguishable
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on the plausibility map, Figure 8.6, characterized by values in the top 15th percentile.

Visual inspection of the favourability maps for VHMS in.the Snow Lake area
generated by four different methods all seem to have similar spatial patterms. A more

formal comparison of the final maps are discussed in the next chapter.
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9. Comparison of Favourability Maps
9.1 Introduction

A cursory visual inspection the final potential maps by the four methods, fuzzy
logic, Dempster-Shafer, weights of evidence and area weighted logistic regfession. shows
a broad similarity between the results. In general, areas with known mineral deposits are
associated with moderate to very high favourability. Areas geologically unrelated to
VHMS deposits have been assigned a relatively low favourability by all four methods.
However, there are some areas where the maps differ, and the next section describes the
results of inter-map comparisons. To determine an overall measure of the correlation
between the potential maps, pairwise comparisons were made using an area-weighted
Spearman's rank correlation coefficient, and to identify specific areas of difference, a

matrix overlay was performed.

9.2 Application
9.2.1 Spearman’s rank correlation coefficients

Each of the five potential maps (support and plausibility maps from Dempster-
Shafer were used) were classified using 5% quantiles, thereby normalizing each map to a
uniform distribution with 20 classes. The resulting map classes were then treated as
6rdinal-scale numbers, and Spearman's rank correlation coefficient calculated as a global

méasure of similarity. Because the maps were in a vector polygon structure, an area-
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weighted Spearman's rank correlation coefficient was calculated using the following

expression

YI®R, -F) ®, - K
r = {21

& . O.n
\J Z T I(Rx—'R—.r)z Z T t(Ry_R—:)z

i=] izl

where R, and R are the area-weighted ranks of map x and map y respectively and T, is
the area of the i-th polygon. The bar indicates the mean value of the ranks which is the
middle value, an integer if n is odd, a half integer if n is even, see Bonham-Carter
(19942, ch.8).

Two sets of coefficients are shown in Table 9.1. The values in brackets were
calculated using only the Amisk volcanic strata excluding the tonalite sills and Post
Amisk strata which are generally recognized as a geologically unmiﬁble environment for
VHMS (Bailes, 1992) and score very low in terms of favouréblility by all methods used
in this study. The values with no brackets were calculated based on the total study area,
A value of 1 indicates a perfect positive correlation, a value of 0 indicates no correlation

and a value of -1 indicates a perfect negative correlation. In all cases the correlation
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coefficients calculated using the whole study area show a stronger positive correlation
than those just using the Amisk volcanic strata. This results from the strong influence of
the relatively large area (143 km® or 42% of total area) underlying the non-Amisk
volcanic strata that have a rather uniform low favourabiliy.

Comparing the resulting coefficients based on the total area, it is seen that the
strongest correlation is between the weights of evidence posterior probability map and
the logistic regression favourability map (r = 0.871). This also shows that in terms of
relative favourability, the differences between these two methods despite the known
violation of conditional indepeﬁdence as discussed in chapters 5 and 6. This is not
surprising as both methods are "data-driven" and have results based on the measured
correlation between known deposits and patterns on predictor layers. The second
strongest correlation is between the weights of evidence maps and the Dempster-Shafer
support map. This is presumably because the belief functions were estimated using
guidelines from probability calculations, and weights of evidence is a also based on
similar calculations.

However, it is still somewhat surprising that the two maps agree so well when one
considers that the weights of evidence input maps are binary, whereas the Dempster-
Shafer input maps are muliti-class. The next largest coefficient is between Dempster-
Shafer support and Dempster-Shafer plausibility. Again, this is to be expected, due to the

method of estimating the belief functions. The two lowest coefficients are between



Dempster-Shafer plausibility and fuzzy logic and Dempster-Shafer plausibility and
logistic regression. This is not unexpected as some of the favourable zones on the

plausibility map are also associated with 2 high level of uncertainty.

9.2.2 Matrix Overlay

To see where the actual differences and similarities between maps occur, a matrix
overlay operation was performed between each pair of potential maps. A matrix overlay
operation is carried out by assigning the classes of the output map in a matrix (Figure
9.1), with the rows being the classes of input map 1, and the columns being the classes of
input map 2. Where the classes (ranks) are the same for both input maps, the output is
assigned to class value 10 (see diagonal in Figure 9.1). Note that output classes less than
10 are used if the class of input map 1 is less than the class of input map 2, but output
classes greater than 10 are used for the converse situation. The result is to show the
location and extent of differences in favorability between the input maps.

The resulting comparative maps are shown in Figure 9.2. Itis interesting to note
the differences at locations of known VHMS deposits are small for any of the map
comparisons, indicating that all methods did approximately the same at predicting the
known deposits. When comparisons are made between a knowledge driven approach and
a data driven approach, the differences seem to be the most pronounced. The comparison

of the difference between the weights of evidence probability map and fuzzy logic



Fuzzy Legic | Weights of DS Support DS Logistic

Evidence Plausibility Regression
Fuzzy Logic | 1 (0.677) {0.667) (049%) (0.587)

0.702 0.79 0,696 0.733
Weights of 1 (0.311) (0.557) {0818
Evidence 0.851 0711 0871
DS Support 1 {0.757) (0.727

0.896 0.798

DS : } (0493)
Plausibility 0.631
Lopgistic 1
Regression

Table 9.1. Weighted Spearman's rank correlation coefficients for VHMS potential map
pairs. The values in brackets are calculated excluding the tonalite sills and Post Amisk
stratigraphy.
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Figure 9.1, Overlay matrix for intermap comparisons. When this matrix is applied to
two input maps, the output is assigned to a class value 10 when the classes on both maps
are the same (see diagonal). Qutput classes are less than 10 if the class of input map 1 is
less than the class of input map and are greater than 10 for the converse situation,
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favourability map (Figure 9.2(b)) and the weights of evidence probability map and
Dempster-Shafer support map (Figure 9.2(a)) shows that the fuzzy logic approach and
Dempster-Shafer approach consistently assign higher favourabilities to similar areas than
the weights of evidence approach. Comparing the results of the logistic regression
approach to the fuzzy logic approach (Figure 9.2(d)) and to the Dempster-Shafer support
map it is noticed that large areas have been assigned higher favourabilites by the
knowledge driven approaches than the data driven logistic regression approach.

Comparison of the results from the two data driven approaches or the two
knowledge driven approaches show smaller differences. Figure 9.2(e), illustrating the
differences between the relative favourabilities assigned by the weights of evidence
approach to the relative favourabilities assigned by logistic regression method, both data
driven methods, shows only a few small areas that have large differences as does Figure
9.2(c) which shows the comparison between the fuzzy logic and Dempster-Shafer

support methods; two knowledge driven methods.

9.2.3 Favourability at known deposit locations

Table 9.2 summarizes the favourability at known deposit locations for each of the
four methods used in this study to combine spatial evidence. For each favourability map,
the actual valu&sl (probabilities for weights of evidence and area weighted logistic

regression methods, membership values for the fuzzy logic method and belief function
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Figure 9.2 (a)-(f). Comparisons between pairs of favourability maps. (a) difference
between weights of evidence and Dempster-Shafer support (b) difference betwwen fuzzy

logic and weights of evidence methods (c) difference between fuzzy
Shafer support. :

logic and Dempster-



Figure 9.2 (cont’d). (d) difference between fuzzy logic and area weighted logistic
regression (e) difference between weights of evidence and area weighted logistic
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regression (f) difference between area weighted logistic regression and Dempster-Shafer

support.



values for Dempster-Shafer) are classified into 20 quantiles. The break points for
classifying the data are defined at values that represent 5, 10, 15..., 95 percent of the data.

In Table 9.2 a value of 95 means that the map values at that point were in the 95th

Table 9.2. Summary of favourability at deposit locations for each combination method.
Photo Lake was not used in the model and was discovered after the completion of the
model. The numbers represent the percentile that the favourability value fell in at each
deposit location. The shaded rows are deposits that have favourability values in the top
Sth percentile for all models. '

Morgan Lake 45 0 65 63
Bomber Zone 75 75 90 90
Rain Drop &5 95 4] 95

95

75

20

63

Pot 85
North Chisel || 65
Chisel

Ram Zone

Lindal

Linda2

Fhoto Lake
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percentile (top five percent), a value of 90 means that the map value at that point was
greater than or equal to the 90th percentile but less than the 95th percentile and so on.
C'lassifying the data into percentiles independently for each map allows a
direct ccmparison between maps because ranks are being compared not absolute values.

The results are very con_sistent, with all the deposits falling in areas of high
favourabilities, generally above the 25 percentile, for each method. Though the Morgan
Lake deposit does not fall in highly favourable areas, it is consistently in areas of
moderate favourability for each method. The North Chisel and Rod deposits are assigned
much lower famumbiliﬁs than the other methods by the weights of evidence method,
including the other data driven method, area weighted logistic regression.

This overall consistency of results between methods, indicates that despite the
known violation of conditional independence, it does not make a major impact on the
ranks of the final favourability. However,_the conditional dependency in the weights of

evidence model may explain some of the differences.



10. Discussion and Summary

Four methods for combining spatial data have been developed for use with
geoscience data and successfully implemented in a GIS environment during this study.
The fuzzy logic method and Dempster-Shafer belief theory can be described as
"knowledge-driven” approaches and the weights of evidence method and logistic
regression method as "data-driven”. Some distinct advantages and disadvantages are
associated with each method.

Because the weights of evidence approach uses statistical measures to
characterize the spatial associations between known deposits and map patterns to
establish a weight for the evidence layer, a training site with known deposits is
required to implement this method. The Snow Lake study area had a total of 15 known
VHMS type deposits or a density of approximately 1 per 18 km* , which is not a large
sample but reasonable for 2 mining camp. The advantage is that the weights assigned
to the evidence layers are, objective not based on the expert’s knowledge and
experience.

Area weighted logistic regression also requires a training site with known
deposits. Scores are estimated based only on presence or absence of predictor patterns.
As with the weights of evidence approach, the importance of a predictor layer is

objective and not based on the expert’s knowledge and experience. As well, the scores
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are confined to values between 0 and 1 so that they can be interpreted as probabilities,
and 1t is less restrictive statistically in the sense that the predictor variables do not need
to be conditionally independent.

The fuzzy [ogic' approach tends to be much more flexible than the other three
mehods used in this study in representing the expert’s thought processes assisted with
the use of inference nets constructed with fuzzy operators. It has the advantage of
being able to evaluate the influence of different types of evidence by constructing
intermediate maps. In this study, the geochemical, stratigraphic, heat, alteration and
geophysical factor maps were such intermediate maps. The concept of a fuzzy
membership function used to express the varying importance of each layer of evidence
was intuitively simple for the expert, generally not familiar with numerical methods,
to work with.

The Dempster-Shafer belief theory is more flexible than fuzzy logic for
representing uncertainty in the data, but is more restrictive in the expressiveness of the
combination rules. The Dempster-Shafer method produces outputs that include a
conservative estimate of the favourablility (support), an optimistic estimate of
favourability (plausibility) and related uncertainties (ignorance). Conceptually this
approach is more difficult with some confusion arising when assigning support and

disbelief function values.



Exploration Targets vs Drill Targets

It is important to keep in mind that the mineral favourability maps generated in
this study were not intended to be used tor defining drill targets but rather to define
specific areas that warranted further detailed exploration. The source data used in this
study included airborne geophysics flown with 500m line spacings or more, lake
sediment geochemical survey at densities of 1 sample per 6 km® and geological mapping
at 1:20,000 scale which do not provide sufficient detail to define a drill target. However
these more regional data can be used very effectively for excluding areas that lack the

general geological and geophysical characteristics determined from the exploration

model.

The "best” method

All four of the methods have successfully identified areas containing known
deposits as having high potential. Table 10.1 shows how deposits are linked with areas
of favourability for the four different methods. For each favourability map, the actual
values (probabilities for weights of evidence and area weighted logistic regression
methods, membership values for the fuzzy logic method and belief function values for
Dempster-Shafer) are classified into 20 quantiles. The break points for classifying the
data are defined at values that represent 5, 10, 15..., 95 percent of the data. In Table 10.1

a value of 95 in the first column means that the map values at that point are in the 95th
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percentile (top five percent) and is the first map class, a value of 90 means that the map
value at that point is greater than or equal to the 90th percentile but less than the 95th
percentile and is the second map class, and so on. For each of the four methods the
number of deposits in each map class and the area of the map class are recorded. The
value in brackets is the cumulative area in percent.

Each method has at least 11 of the 16 known deposits for the area falling within
the regions indicated as the top 20th percentile with respect to favaourability for VHMS
mineralization. All four methods have also shown areas with high potential but no
known mineralization (see below).

Deciding which approach is best is really a subjective decision and depends
largely on how comfortable the users are with the conceptual aspects of each method.
However, some general guidelines should be considered. As mentioned above, if no
suitable training site is available, a data driven approach is not possible. On the other
hand if a clearly defined exploration model is not developed a knowledge-driven
approach may not be appropriate. Two other criteria may also be used to evaluate the
effectiveness of each method; the number of known deposits predicted to be in
favourable areas and the size of the predicted favourable area. Given a specific deposit
type é.nd a large geological environment to explore for it, one of the initial goals for an
exploration project is to reduce the amount of area to a reasonable size for a more

detailed study. If 2 method for assigning potential to areas for exploration does not



restrict the amount of area defined as favourable to a reasonable amount, it could be
considered less effective. Similarly if a method fails to predict areas as favourable where
known deposits exist it also could be considered less effective. .I

- Table 10.1 shows that for each method at least 11 of the 15 deposits known at the
time of the rhodelling, fell within areas predicted to be in the top 20th percentile. Also
included in the top thh percentile are the four largest deposits (Chisel, Stall, Anderson
and Linda 2). The amount of area predicted to be in the top 20th percentile increases
slightly from 10.1 percent of total area (27.1 km* ) for the weights of evidence approach
to 16.0% of the total area (43.0 km?) for the Dempster-Shafer belief theory. Though the
logistic regression approach does slightly better at limiting the amount of favourable area
it does not represent a significant benefit.

Based on the results from this study, it appears that what is used for evidence is

more critical than the actual spatial combination rule used. This implies that even for
data driven models, careful consideration should be given at the beginning of the project

to understanding the deposit model and identifying critical evidence.

GIS vs. Light table
Much effort and time has been spent on creating a digital georeferenced spatial
data base, learning a GIS, and developing methods for combining spatial datasets. It is

difficult to evaluate whether the results produced through this study are better or worse
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than what could have been produced using traditional methods as the real test would be
whether more deposits were found, which, of course is not possible to evaluate,
However, some very distinct advantages have become apparent as a result of using GIS

and integration models.

. Having all the available data as a georeferenced digital data base allowed easy
updating of information, such as geological maps, as new data were collected.
Problems associated with trying to overlay maps at different scales and
projections were eliminated. The digital data base was also a very effective filing

system, allowing the data be organized and accessible.

. Processing the data to generate derived information such as kriging geochemical
data or extracting important geological units was quick and made modifications

easy 1o incorporate in a new model

. Accommodating modifications in the integration model to generate new

favourability maps could also be done very quickly.

. Querying several layers of evidence at a location within the study area allowed

better understanding of the results,
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. One of the moSt significant advantages resulting from developing the exploration
model (the first step in the process described in this study) and representing it as
evidence maps and constructing inference nets to combine the evidence. This
f‘orced the user to become intimate with the geological characteristics associated
with the deposits and become familiar with their interrelationships and how they
affected the results. This of course could be done without a GIS but the GIS

facilitated this process.

Predictor maps

One of the most critical steps in this project was establishing what criteria would
be used as evidence for the presence of VHMS type deposits and generating
representative "evidence" maps. Results will undoubtably be affected if different types
of evidence are used. It is imnortant to note that the 23 evidence maps used in this study,
listed in Table 4.5, were sclected based on one possible exploration model. The results
obtained in this study should not be interpreted as the only possibility. One of the
advantages of using a GIS as a tool for implementing integration methods is that
different inputs can be used to reflect different models and resuits relatively quickly.

This study had access to bedrock mapping at a 1:20,000 scale. The availability of

lithologic information at this level of detail is exhibited by the presence of 6 predictor
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maps related to stratigraphic data; four for the stratigraphic factor and two for the heat
factor. Typically, areas being selected for regional exploration programs do not have
bedrock coverage at this level of detail. This may necessitate alternative means to obtain
the stratigraphic information required by this exploration model, such as using
radiometric data to identify younger from older intrusive bodies. The lack of detailed
maps may also demand that certain evidence not be included. For example in this study
the presence of rhyolite flows was an important piece of evidence that was mapped on
the 1:20000 scale map But was grouped into a general "Felsic Volcanic” unit on the
l:SObOO compilation map. If only the 1:50000 compilation map was available this
evidence could not be used.

The detail of data may also influence the importance the expert assigns to a
certain piece of evidence and the weighting by the data-driven approach. In this study
the geophysical data was collected at 2 moderately detailed level, 800 m line spacing for
magnetic data, 500 m line spacing for VLF data and a 2 km grid for gravity. Though
geophysical data is very important in the exploration for VHMS deposits the resolution
of the data available in this study was not sufficient to identify well defined anomalies.
This resulted in less emphasis being put on the geophysical data.

The evidence maps listed in Table 5.3 are ranked with respect to the calculated
contrast value {C=W"-W). The contrast value defines the strength of the association

between known mineral deposits and a map pattern. In general stratigraphic evidence is



ranked highest followed by alteration evidence, geochemical evidence, heat source
evidence and finally geophysical evidence. It may seem surprising that the geophysical
data appears to have the least significance. The explanation may be related to the
resolution of the data. The rather coarse resolution of the data allows broad anomaly
patterns to be defined and there will be a much smaller points per pattern area ratio. On
the other hand tight, well defined buffer zones around selected contacts defining
stratigraphic evidence, results in a much larger points per area ratio. How the evidence is
ranked for the fuzzy logic approach is very dependent on the inference network and
fuzzy operators used, In this study the overall weights for the 5 evidence factors
generally defines the general order of significance. An overall weighting factor of 0.8
was assigped to the stratigraphic factor, 0.7 to the heat factor, 0.6 to the alteration factor,
0.3 to the geochemical factor and 0.2 to the geophysical factor. It can be seen that the
expert’s ranking is similar to the empirically derived ranking from the weights of
evidence method. This ranking also reflected the expert’s general confidence in the data,
It is difficult to see how the evidence is ranked in the Dempster-Shafer approach due to

the nature of the combination rules.

Areas of Interest for Erploraiibn
In general, selecting areas for further detailed exploration, is simply a matter of

identifying areas that have a high favourability but no known deposits. However, the
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selection process can be approached in different ways and influenced by several factors.
Each favourability map can be examined independently and targets selected on the merit
of each method or the maps can be combined to form a "composite” picture, Depending
on the exploration geologist's confidence in the different methods, one or more methods
can be ignored. Whether the top 5th percentile, 10th percentile or a lower value is
selected as the level that defines the "most" favourable regions will depend largely on
budget restrictions.

Figure 10.1 summarizes the VHMS potential predicted by the four integration
methods. Virtuaily all the coloured regions are potentially interesting but of particular
interest are those areas that prove to have high potential by two or more methods.

In order to discuss particular zones of high potential, some regions have been
outlined and numbered in Figure 10.1. The different classes on the map were made by
combining the results from the four favourability maps. The first class (red colour)
indicates where all four methods have a favourability in the upper 20th percentile. The
next four classes (blues) are where three or more methods have a favourability in the
20th percentile. This is to facilitate discussion but it must l;e emphasized that any of the
coloured areas on Figure 10.1 is worthy of examination. Area 4 and area 6 already
contain known deposits, however, they are discussed here because it is useful to '
recognize the evidence associated with these known deposits and because the favourable

areas seem to be extensive enough to warrant the possibility of finding further deposits.
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The characteristics associated with these seven selected areas are discussed below. It is of
interest to mention that the GIS was an invaluable tool for investigating these areas. It
allowed the user to interactively select locations on the target map and obtain a summary
of the inputs from the evidence maps and the modelling results. These areas are not

ranked in order of importance.

Area |
This is a narrow north-south trending zone 1-3 km south of Cook Lake on the
- west side of the Richard Lake pluton.

The stratigraphy for this area is of particular significance. The primary lithology
is a felsic flow unit which has been recognized by Bailes (1987) as being a facies
equivalent to part of the intact sequence of Amisk Group metavolcanic rock underlying

. the Chisel, Lost and Ghost deposits. These rocks have been separated from the Chisel
Lake area; by Richard Lake Pluton and the north-trending Varnson Lake fault and are
complexly folded. Its proximity to the Richard Lake Pluton, less than 0.5 km, allows for
a favourable heat environment. It is noted that this area is also adjacent to synvolcanic
dykes, however, it is a fault contact making it difficult to determine how close the felsic
flow unit was to the dykes before the faulting. This illustrates a general weakness in the
modelling approach us;ed here. Generating buffers around contacts to determine

proximity to different features, does not take into account faults, unconformities, the
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presence of late intrusions, dip of contacts or other features that could alter the
interpretation of the distance. The alteration factor is beneficial due to the presence of
strong to weak Fe-Mg metasomatism. There is a strong magnetic and total field VLF
signgture for this area. Geochemical evidence is weak as no till samples were collected

in this area and the lake sediment geochemical signature was not substantial.

Area 2

This area is located 0.5 km east of Cook Lake, in a small wedge between Richard
Lake Pluton and Chisel Lake Pluton.

The presence of felsic flows, also recognized as possibly being part of the
volcanic stratigraphy underlying the Chisel, Lost and Ghost deposits (Bailes, 1987) make
this a favourable zone stratigraphically. The felsic units are immediately adjacent to the
Richard Lake Pluton and synvolcanic dykes potential heat sources, however, as with
Area 1, they are fault contacts so the true distance is not known and the heat factor may
not be as significant as modelled. Strong Fe-Mg alteration is present and again no till
samples were taken in this area while the lake sediment geochemistry has background
levels. The geophysical signature showed strong magnetic responses and moderate VLF

and gravity responses.



Area 3

This region is located at the northern limit of the study area centred between
Snow Lake and Cook Lake.

An abundance of felsic flows and felsic volcaniclastic units make this a
stratigraphically interesting area. Though it is rather distant from a subvolecanic tonalite,
a moderately favourable potential with respect to a heat source is indicated by proximal
synvolcanic dykes. Alteration in this area is characterized by strong and extensive Fe-Mg
metasomatism. Till geochemistry shows anomalies in Pb and Cu and lake sediment
geochemistry resulted in high PC1 scores (Cu) for this zone. The geophysical factor is

typified by high magnetic responses, low VLF responses and high gravity responses.

Photo Lake

Photo lake is massive sulphide deposit in the order of 800,000 tons, discovered in
1994 by Hudson Bay Mining after drilling an airborne EM anomaly. Details of the
deposit are being withheld on request of Hudson Bay Mining. (Bailes, pers. comm.)

It is of interest to note that the favourability modelling for this project and the
selection of target areas, including AREA 3 which includes the Photo Lake deposit, was
completed and presented at the Geological Survey 6f Canada's Forum in January, 1994,

The new discovery at Photo Lake was unknown to the author until September, 1994.
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Area 4

This a large area covering approximately 25 square km (7% of study area) to the
north and west of Anderson Lake. It includes the past producing Anderson, Stall and Rod
mines as well as the large (13MT) sub-economic Linda deposit. Despite this high density
of deposits this whole area is generally characterized by favourable evidence and
contains relatively large zones of favourabiity with no known deposits which are
indicated on Figure 41 and summarized below.

The area labelled 4a is at the south end of Anderson Lake just north of the
Joannie deposit. This area contains felsic flows and is close to both felsic and mafic
volcaniclastic lithologies favourable for VHMS deposits. Tonalite sills and synvolcanic
dykes are within 0.75 km providing good potential for heat sources. Till geochemistry
indicates background levels of Pb and Zn, however, lake sediment geochemistry gives
PC1 (Cu) and PC2 (Zn) scores above the 90th percentile. This zone is also proximal to

Fe-Mg and Si alteration. High magnetic and gravity characterize this area.

Units of fragmental rhyolite flows and proximal mafic volcaniclastics comprise a
favourable stratigraphic environment. Potential heat sources are withjn 2 km (tonalite
sills) and 1 km (synvolcanic dykes). Till geochemistry indicates anomalous Cu and Pb
concentrations above the 90th percentile and lake sediment geochemistry does not

indicate any anomaly. Alteration is present in the form of F e-Mg metasomatism. The
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geophysical factor is represented by a high magnetic response and high gravity response,

The area marked 4c is a continuous zone of high favourability extending tfor over
2 km between the Anderson deposit and the Stall deposit north of Anderson Lake, The
lithology in this area is dominated by an abundance of felsic flows (Anderson Rhyolites).
These rocks are stratigraphicaily close to both the tonalite sills and synvolcanic dykes
making them favourable with respect to being close to a heat source. Alteration is
ubiquitous, dominated by chlorite-biotite rich rocks. Completely altered rocks
characteristic of alteration pipes are also present. Geochemical responses are variable
with the lake sediment PC1 (Cu) being the most favourable indicator. Generally,
magnetic responses are high while VLF and gravity responses are moderate.

The sub-area 44 is located to the north-west of Stall Lake. Units of rhyolite flows
proximal to mafic volcaniclastic units and within 2 km of potential heat sources make the
stratigraphy favourable. Fe-Mg and Si alteration has been mapped in this area. PC1{Cu)
scores above the 90th percentile range are present and Zn concentrations in the till are
present above the 80th percentile. Geophysical responses are variable but are generally
high for magnetics and moderate for VLF and gravity.

The area labelled 4e is located 2 km south of Stall Lake between the Linda 1 and
Linda 2 deposits. The area is underlain predominately by an aphyric phase of the
Anderson Rhyolite proximal to heat sources. A number of alteration pipes characterized

by pervasive staurolite/sericite/biotite alteration have been mapped. Small amounts of
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Fe-Mg alteration have also been mapped. Till geochemistry is not favourable however,
lake sediment geochemistry shows a moderately high PC2 (Zn) signature. The
geophysical factor is typified by a high magnetic response and low VLF and gravity

response.

Area s

Area 5 is located north of Sneath Lake in the south central part of the study area.
The presence of rhyolite flows and proximity to heat sources make this area
stratigraphically favourable. Fe-Mg alteration has been mapped in the area and Si
alteration 1.5 km to the north-east. No till samples were taken in the area and lake
sediment geochemistry shows a moderately strong PC2 (Zn) signature for the area, The

magnetic signature is high and both VLF and gravity show moderately high responses.

Area 6

Area 6 is a large region to the north-east of Morgan Lake extending for
approximately 5 km betwg;.en Hirst Lake in the south to Daly Lake in the north. This
zone contains the Pot Lake and Tear Drop occurrences.

The general wedge shape "of this area reflects the underlying rhyolites (Daly Lake
Rhyolites). Small amounts of felsic volcaniclastic units are also present, Tonalite sills

and synvolcanic dykes are both within 1 km of the area. Alteration is present in the form
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of Fe-Mg metasomatism and 1s proximal to Si alteration mapped to the west. No till
samples were collected in the area and lake sediment geochemistry generally showed
background values though PC3 (Mo) had a moderately strong signature. The magnetic
response for the area was generally high while the VLF and gravity responses were

variable.

Area7

Area 7 is located to the north-east of Daly Lake, This is a favourable
stratigraphic zone, underlain by felsic flows mapped and close to a possible heat source.
It is proximal to Si and Fe-Mg alteration. Till geochemistry showed background
concentrations of Cu, Pb and Zn and the lake sediment geochemistry showed a strong
PC1 (Cu) signature for this area. Regional geophysical data indicated high magnétic
responses and moderately high VLF and gravity responses.

Finally, the only real test to determine if the process and methods used in this
study have been truly successful in facilitating the exploration geologist in the quest for
unknown deposits, is for the selected areas of interest to be followed up with detailed
studies and drilling.

It is hoped that in our world where mineral resources are becoming harder to find
that this study will help those who are interested and willing in taking advantage of these

new technologies in their search for new resources
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APPENDIX B

Implementing integration methods in a GIS - Detailed procedures using
SPANS GIS.

Note: This section is meant to be used as o guide Lo help understand the details of the methods used in this study. It should also allow
the user to reproduce the results obtained in this study using the digital datz found in Appendix C. This manual is a summary of the
nuthors working notes taken over the course of the study and hes had no quality control testing. The author sincerely apologizes for
any mistakes, otissions or obscure cxplanations, '
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Appendix B - 1: Determining optimum thresholds for creating binary evidence
maps from multiclass evidence maps.

A. Objective

Both the weights of evidence and logistic regression method use binary evidence maps.
Although neither method is restricted to the use of binary maps, their use can be
beneficial in a few ways. Mcst geologists think of evidence as either "anomalous" or
"background" so thresholding of multiclass maps into a binary form is appealing. In
logistic regression when the predictor variables are binary the coefficients are easier to
interpret and in weights of evidence the number of layers of evidence that can be used in
the unique conditions modelling becomes much less restrictive. In determining how to
convert a multiclass map into a binary map the question to be answered is, "Which
pattern represents an anomaly with respect to a volcanic hosted massive sulphide
deposit?". The pattern could be the distance from a geological contact or a linear
structure, a lithological unit, or contoured geochemical data. This module descibes the
process that was used to convert the multiclass maps to a binary form.

B. Method

Determining the threshold that maximizes the spatial association between the resulting
binary map pattern and the point pattern can be carried out using geological judgement or
statistically. The method used in this case is statistical where the weights and contrast
(see Chapter 5) are calculated for each pattern on the map. In practice a clear answer as
to what the threshold is, cannot always be obtained by calculating the weights and some
subjective evaluation becomes necessary.

Though there are 23 evidence maps the process is the same for them all except for a
small variation when using categorical data. The procedure will be described in detail
for two examples; 1) bedrock geology, representing categorical type data and 2) distance
from tonalite sills, representing ordinal or higher scale data types. A table showing the
results of this process carried out on all the multiclass evidence maps is in Appendix A.

Assuming the multiclass evidence maps have been made the procedure involves 5 steps.
1. Calculate the areas of the different classes on the multiclass evidence map. These may

be successive buffer zones representing distance intervals surrounding a fault or
geological contact, lithologic units, catchment basins classified according to element



concentrations, or contour intervals for geochemical data.

2. Determine the number of points (deposits) that are associated with each map class so
that we now know the area of each class and how many deposits are in each map class.

3. Use this information to calculate the weights and contrast for the different map classes.

4. Inspect the weights and contrasts and determine which map class (pattern) that
indicates the strongest spatial association with the deposit pattern, Ideally this is where
the contrast and W+ are the greatest. '

5. Reclassify the multiclass evidence map to a binary map.
C. Files
Input;

geolrc.map - generalized bedrock geology at 1:20000 for Chisel-Anderon area.

dykebufl.map - areas mapped as sybvolcanic sills with 10 buffers 0.25 km wide
extending from contacts

vhmsl.tba - VMS type deposit locations in the Chisel-Anderson study area

Output files:

fflowb.map - binary map of felsic flows only

dykebufb.map - binary map

geolrc.wts - output from wts.exe containing calculated weights and contrasts
for geolrc.map

dykebufl.wis - output from wis.exe containing calculated weights and contrasts for
dykebufl.map

geolrc.rep - file containing area calculations for the classes in geolrc.map

dykebufl.rep - file containing area calculations for the classes in dykebufl.map

vhmslg.tba - ascii file containing VMS type deposits and appended classes from
GEOLRC.MAP

Executable file:

wits.exe - FORTRAN program for calculating weights and contrasts
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D. Procedure (Categorical level maps)

1. ANALYZE/MAP/AREA

Using this SPANS command, calculate the areas of the 10 different lithologies in
GEOLRC.MAP. The user should respond "yes" to the query for a basemap cut (make
sure basecmlk.map is being used as a basemap). The results are ascii and can be output
to a file name of the users choice. A file containing the area information for map
GEOLRC.MAP exists with the name geolrc.rep.

2. MODEL/POINTS/APPEND :

This SPANS command appends the map classes from GEOLRC.MAP to the
deposit point table VHMS1.TBB (the binary table file). This provides a means for
determining how many deposits are associated with each map class, which are geological
units in this case.

3. TRANFORM/EXPORT/LIBRARY/TABLE
The binary point file with the appended map classes from GEOLRC.MAP must

be exported as an ascii file. This command creates an ascii file of the users choice. A
file VHMS1G. TBA exists with this information.

4 WTS

In an OS/2 window execute the program wts.exe. Input to the program will be
the two files VMS1A.TBA and GEOLRC REP. Ouptput will be in a file named after the
area file with a ‘wts extension (eg. GEOLRC.WTS) The output is shown below.

Name of file: arealn. WTS

total no of points 15
area of unit cell 1.000000 sq. kms
total area 268.881000 unit cells 268.881000 sq. kms.

The following table is cumulative, Areas in unit cells

class area points W+ s(W+) W- s(W-) C s(C) Stud(C)
51 0

70 7 .6200 .3982 -3395 .3609 .9595 .5374 1.7855

140 10 .2582 .3281 -3751 4562 .6333 .5619 1.1269
148 10 .2022 3275 -3120 .4568 .5142 .5620 .9150

160 11 2203 3124 -4342 5095 .6545 .5976 1.0951

174 11 .1328 .3115 -2941 .5109 .4269 .5984 .7134

195 11 .0064 .3103 -0174 .5143 .0239 .6007 .0397

242 11 -2180 .3086 1.1081 .5429-1.3261 .6245-2.1236
263 15 :

Voo~ bW~
OO~ bW~




This table is also cumulative, but in reverse order
Areas in unit cells

class area
11 268
22 217
33 198
4 4 128
55 120
66 108
77 94
88 72
99 26
1010 5

points W+ s(W+)

15

15

8 -.3395
5 -.3751
5 -3120
4 -4342 5095 .2203
4 -2941 5109 .1328
4 -0174 5143 .0064
4 1.1081 .5429 -2180
0

.3609
4562
4568

2582

The following table is non-cumulative
Areas in unit cells

class
Stud(C)

1 Post Amisk
~ 2 Felsic Flows 18
3 Mafic Flows
4 Felsic Volcanics 7
$ Mafic Volicanics 12
6 Mixed Volcanics 13
7 Other Sediments 21
8 Tonalite sills
9 Synvolcanicsills 21
10 Unmapped

area points W+
51

2.2995

70 =2774

4213

46

O OO OO WO

5

W-

6200 .

2022 .

s(W-) C

982 -9595
281 -.6333
275 -.5142
3124 -6545

L]
2
-~
e
-
>
-
b

3115 -.4269
3103 -.0239

3086 1.3261

s(W+) W-

4764 -.5807

.5901 .0833

1.0441 -.0243

s(C) Std(C)

5374 -1.7855
5619 -1.1269
5620 -9150
5976 -1.0951
5984 -7134
.6007 -.0397

6245 2,1236

S(W-)

275

C s©)

3593 2.8802 .5968 4.8263
2978 -3606 .6610 -.5456

2749 4456 1.0796 4127

1.3791 .5556 -2406 .3084 1.6198 .6354 2.5490

Because the geological map data is categorical the non-cumulative table (last table) is of

interest.

The unit cell size was chosen as 1 km?, so that in the second class (Felsic Flows) there
are 7 deposits out of a possible 15 while the area of the Felsic Flows is 18 km? out of a
total of 268.8 km? (ie. total area of study). This gives the highest contrast (2.8802)
indicating that the proportion of 7/15 is much larger than 18/268.8 and that the Felsic
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flows have more deposits associated with them due to chance. Similarly the Synvolcanic
sills (class 9) and Mafic Volcaniclastics (unit 3) also have a higher proportion of points
associated with them than due to chance, though not as high as the Felsic Flows. In fact,
it could be argued that the W+ for the Mafic Volcaniclastics is not significant since the
Studentized C is much less that 1.5. The other two units that have deposits associated
with them, the Mafic Flows and the Tonalite Sills have negative values for W+ indicating
that a larger proportion of points would be expected due to chance than were observed.

5. MODEL/RECLASSIFICATION/MAKE MAP/INTERACTIVE

A binary map can now be constructed by reclassifying the multiclass map using
the above command. By convention a class of 2 is assigned to a map where the pattern
in present, a class of 1 to map where the pattern is absent and a class of 0 to a map where
the pattern is missing. In this case the Felsic Flows (already class 2) would be left as is,
and all the units would be reclassed to class 1.

Ordinal or higher level maps

Note that the steps are exactly the same for maps with data at a higher measurement
scale. The difference is that weights are calculated for cumulative areas (see discussion
in Step 4 below)

1. ANALYZE/MAP/AREA

Using this SPANS command, calculate the areas of the 10 different lithologies in
DYKEBUF1.MAP. The user should respond "yes" to the query for a basemap cut (make
sure basecmlk map is being used as a basemap). The results are ascii and can be output

to a file name of the users choice. A file containtng the area mfonnatlon for map
DYKEBUF1.MAP exists with the name dykebufl.rep.

2. MODEL/POINTS/APPEND

This SPANS command appends the map classes from DYKEBUF 1.MAP to the
deposit point table VMS1.TBB (the binary table file). This provides 2 means for
determining how many deposits are associated with each map class, which are geological
units in this case. Create a new point file VMS2A.TBB

3. TRANFORM/EXPORT/LIBRARY/TABLE

The binary point file, VMS2A.TBB with the appended map classes from
DYKEBUF1.MAP must be exported as an ascii file. This command creates an ascii file
of the users choice. A file VMS2A.TBA exists with this information.
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In an OS/2 window execute the program wts.exe. Input to the program wili be
the two files VMS2A . TBA and DYKEBUF!1.REP. Qutput will be in a file named after
the area file with a .wts extension (eg. DYKEBUF1.WTS) The output is shown below.

Name of file: dykebufl WTS

total no of points 15
area of unit cell 1.000000 sq. kms
total area 268.881000 unit cells

268.881000 sq. kms.
The following table is cumulative
Areas in unit cells

class area points W+  s(W+)
1025km 21 4 1.3791 5556
2050km 98 8 3995 3688
3075km 141 10 2516 3280
4 100km 174 14 3873 2786
5 1.25km 199 14
6 1.50km 216 15
7 1.75km 225 15
8 200km 230 15
9 225km 234 15
10250km 268 15
11 >25km 268 15

W- sW-) C s(C)
-.2406 .3084 1.6198 .6354
-3195 3860 7189 5339
-3680 4563 6196 5619
-1.7039 1.0054 2.0911 1.0433

This table is also cumulative, but in reverse order

Areas in unit cells

class area
268
247
170
127
94
69 1
52
43
38
34

points W+ s(W+) W-
15
11 -2406 .3084 1.3791

— D 00 ~) O W B U 1D e
QOO

P Y- R N Y N N
o

0

SW) C  s(C) Smd(C)

5556 -1.6198 6354 -2.5490
7 -3195 3860 .3995 .3688 -.7189 .5339-1.3467
5 -3680 .4563 .2516 .3280 -.6196 .5619-1.1026
1-1.7039 1.0054 .3873 .2786-2.0911 1.0433 -2.0044

Stud(C)
2.5490
1.3467
1.1026
2.0044 -



The following table is non-cumulative
Areas in unit cells
class area points W+ s(W+) W-  s(W-) C  s(0) Std(C)

11 21 4 1.3791 5556 -2406 3084 1.6198 .6354 2.5450
22 77 4 -0857 5134 .0531 3106 -.1188 .6000 -.1981
33 42 2 -1866 .7242 0321 .2857 -2187 7785 -2809
44 33 4 8386 .5331 -.1877 .3088 1.0263 .6161 1.6659
55 24 1-3176 1.0213 0.271 0.2753 -0.3447 1.0577 -0.3259
6 6 16 0 '

77 9 O

88 5 0

99 35 0

1010 34 0O

11 0 0 o0

This map has 10 distance buffers spaced at 0.25 km intervals from contacts of
synvolcanic dykes (classes 1 - 10) and a class representing distances greater than 2.5 km
(class 11). Weights and contrasts can be calculated for each distance corridor
successively, and the variation in contrast with distance can be determined. However,
when there are not very many points, there could be many classes that will have no
points occurring in them or a very few. The results are a very noisy and unreliable curve,
with poor estimates. Though this is not particularly clear in this example, the non-
cumulative table (last table) is an example of such calculations. The alternative is to
calculate weights for cumulative distances and to examine the variation of the weights
and contrast at successive cumulative distance intervals. This has been done in the first
table above.
Ideally, the distance at which the highest contrast occurs should indicate the optimum
distance at which the map should be thresholded into 2 binary map, that is the distance
where the strongest association between t' : map pattern and the deposits exists.
However, here as in many cases, there is not a clear maximum. The contrast at .25 km
and at 1.00 km from the contact of synvolcanic dykes are very similar for this map.
Making a decision as to which distance to choose in not always clear cut. It is noted that
the W+ value at 0,25 km is relatively large (1.379) so that being within this distance
there is a large upweighting effect, however, for the same distance W- is relatively small
(-0.2406) so that being beyond this distance has a very little downweighting effect. At}
km the situation is in reverse but because the penalty for being off the pattern (beyond 1
km) is very large the resulting contrast is slightly larger that at 0.25 km.

In this case it can be argued that using the distance of .25 km as a threshold reduces the
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area to be explored to only 21 km® and only involves 4 of the 15 deposits which may be
too restrictive for a first evaluation. Since the association is even a little stronger at 1.00
km and allows a larger area to be favourable and involves 14 of the 15 deposits, this is a
more suitable threshold. It is noted if the priority was to keep the area to be explored to a
minimum to keep within a budget, this would not be a good argument.

5. MODEL/RECLASSIFICATION/MAKE MAP/INTERACTIVE

A binary map can now be constructed by reclassifying the multiclass map using
the above command. By convention a class of 2 is assigned to a map where the pattern is
present, a class of 1 to map where the pattern is absent and a class of 0 to a map where
the pattern is missing. In this case map classes 1 through 4 (distances 0.0 - 1,00 km)
would be assigned a class of 2 and map classes 5 - 11 (distances > 1.00 km) would be
assigned a class value of 1. There are no areas of missing data.
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Appendix B - 2(a): Applying weights of evidence modelling using SPANS modelling
language: Map modelling

A. Objective

Using binary evidence maps and their associated weights, a posterior probability map
indicating mineral favourability or potential can be generated using the weights of
evidence model implemented in the SPANS modelling language.

B. Method (map modelling)

The theory of the weights of evidence model is discussed fully with references in Chapter
4. For this application it is assumed that the evidence maps have been reclassified into
binary form and the weights for the patterns on the maps been established (See Appendix
B - 1). The maps are coded as 2 = pattern present, 1 = pattern not present and 0 = pattern
missing or unknown. Because there is a limit of 15 maps that can be included in the
modelling equation and there is a total of 23 evidence maps that must be integrated in
this model this approach requires two iterations. In general the steps are as follows:

1. Write an equation in the SPANS modelling language that identifies 15 or less of the
binary evidence maps, assigns the weights (already determined) to the map patterns and
performs the calculations to combine the weights with the prior probability to produce a
posterior probability. The prior probability for this iteration is defined as the number of
unit cells with and occurrence divided by total area in unit cells.

2. Execute the equation and produce a posterior probability map. This "intermediate”
posterior probability map becomes the "prior probability map" for the next iteration.

3. Write a second equation in the SPANS modelling language that identifies the
remaining evidence maps, assigns the appropriate weights and performs the weights of
evidence calculations. This second equation must also identify the output map from the
first iteration as it is used as the source of the prior probability. The output from this
iteration is the final probability map.

4, Reclassify the final probability map if desired and add annotations.
C. Files

To carry out this method in SPANS the following files are required and are included in
Appendix C. The maps have been reclassified into binary form and the W+ and W-
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values have calculated for each, By definition the maps are coded as 2 = map pattern
present, | = map pattern absent and 0 = map pattern unknown.

Input files: Binary evidence maps and previously calculated weights (see Appendix B-1)

NALTPPCRMAP Aress mapped as alteration pipes with 10 buffers 0.25 kim wide suttounding areas
FFLOWR MAP Aroas mepped aa felsic flrwa only
peol2cobamap || 12602 | o0 | ot | oo Arcas ruppec s felaic Dowa with 10 buffers 0.23 ki wide extending from contact
poolsc2b map asma | o0 | asem | onar mmmpped 3 w530 voloanictastia rocks with 10 buffera 0,23 kan wids extending froen
Con
naltfoc roep 1278 ox9 | 0925 | o009 ] Arvas rappedas e ateration with 10 buters 025 ke wide extending trom contacts
taltaich map oawer o | awses | vomas | Arcas mapped a2 3i nhteration with 10 buifees 0.25 krn wide extending from contscts
dykebulb smep " oxay | o2ms | om | rooss Areas mpped a2 synvolcanic dykes with 10 bufers 0,25 kim wide extending from contacts
Keuuanb srap " 17 | osen o6 | oom Kriged In concentrations of zn in ¢ horizon tills (<63 utt siza fraction)
naltapch up 15528 04617 042y | 0397 [ Arons coupped a2 amphibals alteration with 10 bufers 0.25 kin wide axtending from contacts
Hepetnch.smap LR 05095 -02M1 [1Rhn, Pricipal component | soores mapped on catehment basin map
natlepch.map 1447 oasss  famz | oz00x || Aress mappodas epidote ahtemtion with 10 buffer 0.25 kom wide extending from contacts
kegincub.map 1.0052 0Mo% 08189 045} Kriged In concentrations of cu in ¢ horizon tills (<63 am size fraction)
ool dc2bmap 0.685) 03031 Ao | osxa Arcas mapped a3 felsic volosniclaatics with 10 buffers 0,25 kan wide etending from contacts
Ikpe2nch.map |I 1.4897 0.5617 02482 03084 Principal component 2 scoces mapped on catchiment baains map
syndykb.map 'I 1.am 0.5556 02406 03084 Arcas mepped as synvolcanic dykes
krglnpbb mep 10230 P 1487 | 02950 Keiged In jons € pb in ¢ horizon tills (< 63 um iz fraction)
Hepenchamep 09573 oxmw | -asm o3us Prisicipal component 3 soores mepped on calchment buzin map
ErmcShanep “ 06814 o3M2 06872 04538 Vertical gradient gravity mep
npviRSbrmp II 04670 10481 -0.0263 02728 Processed quadrature vif data map
Entembamp 05102 0316 s | osor Total field ragnetica
nEnYeL IR 04017 0MY? 04029 04162 Vertioal gradient magnetics
alvi2Sb.mep 02567 03281 0374 | oaser || Tonifietdwit
aillbuth mep 01598 0327 02588 | 04573 [} Arcas mapped aa subrvoicanic silla with 10 buffers 0.50 kon wide extending from contacts
Output files: woepartl.map intermediate map from first equation
woevms1.map (user may be choose another name if desired)
D. Procedure

1. Build an equation in the file "eqaution.inp" that combines less than 15 of the evidence
maps (this is a limit imposed by the SPANS GIS). In this application we have combined
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13 of the 23 binary evidence maps in an equation named “woeparti”. This equation is
listed below. Note that colons in column 1 indicate a comment. The equation name is
preceded by an upper case E and a space.

E woepart! Combine first 13 of 23 binary maps
‘Weights of evidence for Snow Lake VMS type deposits only
‘To be used with map modelling, not table modelling
: Because there are 23 binary input maps and only 15 maps can be used
: in a single model, the modelling has been done in 2 phases.
: This is part combines the first 13 binary evidence maps.
:calculate the log of the prior odds from prior probability
“The value 0.0558 = no of unit cells with occurrences/total area in unit cells
: no of occurrences=15, area=268.881 km*km
Iprioro = log(0.0558/ (1.0 - 0.0558)) ;
:assign weight to fi, where i is the 1,2..13 maps used for prediction
“The W+ and W- values were calculzated previously and inserted here
: map name in quotes; map classes are 2 = present, 1 = absent, 0 = unknown
f1 = {2.2995 if class(fflowd") == 2, -0.5807 if class(‘fflowd") =1, 0};
£2 = {1.3791 if class(syndykb") == 2, -0.2406 if class(‘'syndykb") == 1, 0};
£3 = {0.5383 if class('geol5c2b") =2, -1.3098 if class('geol5c2b’) =1, 0},
£4 = {0.6853 if class('geoldc2b’) ==2 , -1.0934 if class('geoldc2b’) == 1, 0},
£5 = {1.1602 if class('geol2c2b’) = 2, -1.6979 if class(geol2c2b) =1, 0};
£6 = {0.1598 if class(‘sillbuft’) == 2, -0.2588 if class(sillbufd’) =1, 0};
£7 = {0.3873 if class(dykebufb) = 2, -1.7039 if class('dykebufb’) =1, 0};
£8 = {1.6182 if class(lkpclncb) == 2, -0.3371 if class(lkpcincb’) == 1, 0};
£9 = {1.4897 if class(lkpc2ncb’) =2, -0.2482 if class('lkpe2ncb) =1, 0};
£10 = {0.9573 if class('lkpc3ncb’) == 2, -0.5330 if class('lkpe3ncb) == 1, 0};
f11 = {1.0052 if class(krglncub’) = 2, -0.4530 if class(krglncub’) == 1, 0};
£12 = {1.0250 if class('krginpbb') =2, -0.1487 if class(krglnpbb) =1, 0};
£13 = {1.7937 if class(krglnznb') == 2, -0.2648 if class(krglnznb’) =1, 0};
:add the weights together ,
total = f1 + 2 + f3 + f4 +£5 + f6 + {7 + f8 + {9 + f10 + f11 + f12 + £13;
:add the log prior odds
Iposto = Iprioro + total ; .
-convert log odds to odds, but make 9 if all the weights are zero
posto = {exp(lposto) if total < 0, 0},
rconvert posterior odds to posterior probability
postp = posto / (1. + posto);
‘make map "woepartl"”
postp;
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2. MODELLING/OVERLAY/MAP

This is the sequence of SPANS functions that are used to execute the equation
listed above. A dialogue box queries for an equation name, at which point the equation
name "woepartl" is entered, an output map name, woepart]l was used here but a new
name could be given, and a classification, classification 110 should be used. The
classification assigns a map class number of between 1 and 100 depending on the
calculated probability. A probability of .01 or less is assigned a map class value of 100,
probability .02 or less is assigned 99 and so on so that a probability of 1.00 will be
assigned a map class value of 1.

3. A second equation must now be constructed in the equation.inp file to combine the
remaining 10 binary evidence maps. It is listed below.,

E woepart2 Combine the last binary maps to woel
:Weights of evidence for Snow Lake - VMS type deposits only

:use classification 134
:To be used with map modelling, not table modelling

: This combines the last of the binary input maps to the results of

: equation woepartl. The results of equation woepartl will be the prior

: probability for this part.

pp = class(‘woepartl");

ppl = table(*zfactor',pp,' memfun’);

:calculate the log of the prior odds from prior probability
Iprioro = log(pp1/ (1.0 - ppl)) ;

:assign weight to fi, where i is the 1,2..13 maps used for prediction

:The W+ and W- values were calculated previously and inserted here

:The name in quotes is the map rame; map classes are 2 for present, 1 for absent, 0 for

unknown
f1 = {0.4897 if class(naltsich’) =2, -1.8596 if class(naltsich") == 1, 0};
£2 = {1.2750 if class('naltfecb’) =2 , -1.0925 if class(’naltfecb’) =1, 0};
f3 = {3.3787 if class('naltopcb’) = 2, -0.3940 if class('naltppcb’) == 1, 0};
f4 = {1.5525 if class('naltapch') == 2 , -0.4223 if class('naltapcb’) =1, 0};
f5 = {1.4470 if class(naltepcb’) =2, -0.4120 if class('naltepcb’) =1, 0};
f6 = {0.2567 if class('slvlf25b') == 2, -0.3734 if class(slvif25b") == 1, 0};
£7 = {1.2595 if class(npvIf25b") =2, -0.0633 if class('npvlf25b") =1, 0};
8 = {0.5102 if class('mgntcmb') =2 | -0.7415 if class('mgntcmb’) =1, 0};
9 = {0.4017 if class(mgnvemb") == 2, -0.4029 if class('mgnvemb’) =1, 0};
£10 = {0.6814 if class('grvnc25b") =2, -0.6872 if class('grvnc25b") =1, 0};
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:add the weights together
total= fl+f2+f3+f4+f5+f6+f7+{8+£9+f10;
:add the log prior odds
lposto = lprioro + total ;
:convert log odds to odds, but make 0O if all the weights are zero
posto = {exp(lposto) if total < 0, 0};
:convert posterior odds to posterior probability
postp = posto / (1. -+ posto);
:make map "woevmsl1"
: postp;

Note that in this equation the prior probability (variable pp1) is not a constant as in the
first equation but the posterior probability determined by the combination of the first 13
evidence maps and mapped. Because SPANS cannot read a value linked to a map class
directly, a lookup table must also be constructed that links the map class number to the
appropriate probability. This file has been built and is called zfactor.tba and s partially
listed below.,

ID zfactor
TITLE Probability for map woepartl
MAPID zfactor
WINDOW nc 5808 7704 14208 12080
TABTYPE 1
NRECORD 101

1 39.0000000 class Class

2 010.200000 0 prob Probability for woepartl map classes

DATA

0 0.001
1 099
2 098

3 097

4 096

5 095
98 0.02
99 0.01

100 0.001



4. MODELLING/OVERLAY/MAP

The same sequence of SPANS functions are carried out here as in step 2,
however, in this pass the equation name is woepart2 and the output map name is
vmswoel. The classification is labelled 134

Note. If no classification existed, a classification can be constructed by choosing
the quantiles option in the dialog box. When this option is chosen, instead of 2 map
being created a classification is generated having the number of quantiles as specified by
the user. This step can then be executed using that classification.

5. VISUALIZE/ENTITIES/MAP
The final probability map vmswoel may now be displayed.

6. VISUALIZE/ANNOTATIONS/LEGEND
Various annotations can be added to map to enhance it including 2 legend, north
- arrow, title, and labels. -
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Appendix B - 2(b): Applying weights of evidence modelling using SPANS modelling
language: Table modelling

A. Objective

The objective is the same as described in the map modelling approach (Appendix B - 2a),
that is we want to combine the binary evidence maps and their associated weights, to
produce a posterior probability map indicating mineral favourability or potential using
the weights of evidence model and SPANS modelling language. In addition we wish to
generate a table that has the final probabilities so that we can have more flexibility in
analyzing them (doing an x-y plot of area vs probability or calculating expected
probability, for example) and to reduce the number of computations required to be done
by the GIS.

B. Method

This alternative method can be done in SPANS using what is known as unique conditions
modelling combined with table modelling. The method used in table modelling is very
similar to the map modelling method except for the extra step of building a unique
conditions overlay table and map and slightly different syntax in the equation. Again
there is a limit of overlaying 15 maps in SPANS so there has to be two iterations. The
basic steps are as follows:

1. Calculate a unique conditions overlay, which produces a unique conditions map and an
associated unique conditions table, for 15 or less of the binary evidence maps.

2. Write an equation in the SPANS table modelling language (instead of map modelling
syntax) that reads the binary map classes from the unique conditions (instead of from the
map directly), assigns the weights (already determined) based on the map pattern class
recorded in the unique conditions table and performs the calculations to combine the
weights with the prior probability to produce a posterior probability. The prior
probability for this iteration is defined as the number of unit cells with an occurrence
divided by total area in unit cells,

3. Execute the equation and produce a new table which has the results (posterior
probability) of the model appended as a new field. This "intermediate” posterior
probability becomes the "prior probability map" for the next iteration.

4, Calculate a second unique conditions overlay, which produces another unique
conditions map and associated unique conditions table, using the remaining binary



evidence maps and the unique conditions map created in step 1.

5. Write a second equation in the SPANS table modelling language that identifies the
remaining evidence maps, assigns the appropriate weights based on the map classes it
finds in the second unique conditions file and performs the weights of evidence
calculations. This second equation uses the table produced from the first equation to
look up the prior probability.

6. Execute the equation and produce a new table which has the results of the model
appended as a new field. This is the final posterior probability.

7. Reclassify the second unique conditions map based on the field containing the
posterior probabilities in the table produced by the second equation to produce the final
probability map and add annotations.

C. Files

Input files:

binary evidence maps as listed in Appendix B-2(a)

Output files:

woeluniq.tba/tbb unique conditions table resuiting from unique conditions overlay
of 13 binary evidence maps

woeluniq.map unique conditions map linked to woeluniq.tba/tbb

woetabir.tba/tbb table containing intermediate posterior probabilities resulting from
- first modelling equation
woe2uniq.tba/tbb unique conditions table resulting from unique conditions overlay
of remaining 10 binary evidence maps and woeluniq.map
woetab2r.tha/tbb table containing final probabilities and linked to map
woeZuniq.map
woetab.map final probability map

D. Procedure
1. MODELLING/OVERLAY/UNIQUE CONDITIONS

A dialogue box prompts for a list of maps to be used to create a unique overlay
after executing these SPANS functions. For this application 13 of the binary evidence



288

maps were selected. A second prompt requests a name for the output files. The results
are a unique conditions map (woeluniq.map) and a corresponding unique conditions
table (woeluniq.tba/tbb). The unique conditions table is partly listed below.

The rows in the table are the unique conditions. They correspond to unique
combinations of the input maps (listed as fields in the table header). The unique
conditions map, woeluniq, has 1011 unique conditions and each class is linked to the
unique conditions table by a record number in field 2. The area of each unique
conditions class is listed in field 1 and can be seen to be ordered in decreasing size. Note
that each unique conditions class may have 1 to many polygons. This information is not
recorded in the unique conditions table but may be obtained by creating an entities map
using the SPANS function /TRANSFORM/DATA TYPES/MAP TO/ VECTORS.

ID woeluniq
TITLE woeluniq
MAPID woeluniq
WINDOW nc 0000
TABTYPE 5
FTYPE free
KEYFIELD 2
KEYBASE 0
NRECORD 1011
1 0154000000 areaarea
2 4 7.000000 0 woeluniq woeluniq
3 4 7.000000 0 dykebufb dykebufb
4 47.0000000 fflowb fflowb
5 47.000000 0 geol2c2b geol2c2b
6 4 7.000000 0 geoldc2b geoldc2b
7 4 7.000000 0 geol5c2b geol5c2b
8 4 7.000000 0 krglncub krgincub
9 4 7.000000 0 krglnpbb krglnpbb
10 4 7.000000 0 krginznb krglnznb
11 4 7.000000 0 lkpclnchb lkpclnch
12 4 7.000000 O lkpc2nchb lkpc2ncb
13 4 7.000000 0 ikpc3ncb lkpe3nch
14 4 7.000000 O sillbufb sillbufb
15 4 7.000000 0 syndykb syndykb



DATA
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2. Build and equation in the file equation.inp that reads the urique conditions table
(woeluniq), extracts the class values for each map, assigns the appropriate weights and
calculates the posterior probability using the weights of evidence method. The eqution is
listed below. '

E woetabi Combine first 13 of 23 binary maps
:Weights of evidence for Snow Lake VMS
VMS type deposits only

:To be used with table modelling, not map modelling
: PRIMARY TABLE = woeluniq
Classification = 110
: Because there are 23 binary input maps and only 15 maps can be used
: in a single model, the modelling has been done in 2 phases.
: This is part combines the first 13 binary evidence maps.

:calculate the log of the prior odds from prior probability
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‘The value 0.0558 = no of unit cells with occurrences/total area in unit cells
: no of occurrences=15, area=268.881 km*km
Iprioro = 10g(0.0558/ (1.0 - 0.0558)) ;

:assign weight to fi, where i is the 1,2..13 maps used for prediction
:The W+ and W- values were calculated previously and inserted here
:The name in quotes is the map name; map classes are 2 for present, | for absent, 0 for
unknown :
£1 = {2.2995 if field(fflowb’) == 2, -0.5807 if field(‘fflowb") == 1. 0}
£2 = {1.3791 if field('syndykb') = 2, -0.2406 if field('syndykb’) == 1, 0};
£3 = {0.5383 if field(geol5c2b") == 2 , -1.3098 if field('geol5c2b") == 1 , O};
f4 = {0.6853 if field('geoldc2b’) =2, ~1.0934 if field('geoldc2b’) == 1, 0}:
£5 = {1.1602 if field('geol2c2b’) =2, -1.6979 if field('geol2c2b") == 1, O}
£6 = {0.1598 if field(sillbufb’) = 2, -0.2588 if field('sillbufd’) == 1, 0};
£7 = {0.3873 if field('dykebufb) = 2, -1.7039 if field('dykebufb’) == 1, 0};
£8 = {1.6182 if field(lkpclnch') == 2, -0.3371 if field(lkpclncb) =1, O};
£9 = {1.4897 if field(lkpc2ncb’) = 2, -0.2482 if field('lkpc2ncb) == 1, O},
£10 = {0.9573 if field(lkpc3ncb’) == 2, -0.5330 if field(lkpc3nch’) =1, 0};
f11 = {1.0052 if fieldCkrglncub’) = 2, -0.4530 if field(krgincub’) == 1, 0};
£12 = {1.0250 if field(krglnpbb’) =2 , -0.1487 if field('krglnpbd’) == 1, 0};
13 = {1.7937 if field(krglnznb') = 2, -0.2648 if field(krglnznb") == 1, 0};
:add the weights together
total= fl+f2+f3+f4+15+f6+f7+8+19+£10+f11+f12+f13;
:add the log prior odds
Iposto = Iprioro + total ;
:convert log odds to odds, but make 0 if all the weights are zero
posto = {exp(lposto) if total <0, 0};
:convert posterior odds to posterior probability
postp = posto / (1. + posto);
‘write to table (woetab1r) new field with postp
postp;
result(postp);

Note that this equation is exactly the same as the equation written for the map modelling
method with two exceptions. 1) instead of specifying a map class(' ') the table field
name is specified. Since the field name is the same as the map name the only
modification that is required it to change class( ") to field( ). 2) The statement
'result(postp) is added at the end. This causes a new field showing the posterior
probability to be added to the new table.



3. MODELLING/TABLE

This SPANS command opens a dialogue box that requests the name of an
equation, a primary table and a new table. The equation name is WOETABI (see
equation above), the primary table is WOE1UNIQ and the new table name is the users
choice but one exists named WOETABIR. The operations coded in the equation are
now carried out using the information in the WOE1UNIQ table and the results (posterior
probability) are written to table WOETABIR along with all the information that was
originally in WOE1UNIQ.

4. Build a second equation in the file equation.inp that reads the unique conditions table
(WOEZUNIQ), extracts the class values for each map, assigns the appropriate weights
and calculates the posterior probability using the weights of evidence method. The
equation is listed below. Note that the prior probability is read from table WOETABIR
which was calculated in step3.

E woetab2 Final postp woe table modelling
‘Weights of evidence for Snow Lake VMS
VMS type deposits only

" :To be used with table modelling
: PRIMARY TABLE = woe2uniq

: This combines the last of the binary input maps to the resuits of
: equation woepartl. It calculates the post P and expected no of deps.

pp = field('woeluniq");

ppl = table('woetab1r,pp,'postp');

:calculate the log of the prior odds from prior probability
lprioro = log(pp1/ (1.0 - pp1)) ;

-assign weight to fi, where i is the 1,2..13 maps used for prediction
:The W+ and W- values were calculated previously and inserted here
:The name in quotes is the map name; map classes are 2 for present, 1 for absent, 0 for
unknown
f1 = {0.4897 if field(" naltswb') =2, -1.8596 if field('naltsich') =1, 0};
f2 = {1.2750 if field('naltfech’) =2 , -1.0925 if ficld('naltfecb’) == 1, 0};
f3 = {3.3787 if field('naltppcb') == 2, -0.3940 if field('naltppcb’) =1, 0};
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£4 = {1.5525 if field('naltapcb') = 2 , -0.4223 if field('naltapcb’) == 1 , O};

£5 = {1.4470 if field('naltepcb’) == 2, -0.4120 if field('naltepcd’) = 1, ol

£6 = {0.2567 if field(slvIf25bY) = 2 , -0.3734 if field(‘slvIf25b")y == 1, O}

£7 = {.4670 if field('npvIf25b") == 2, -0.0263 if field(npvIf25b") == 1, o).

f8 = {0.5102 if field(mgntcmb') == 2, -0.6018 if field('mgntemb') == 1, O},

£9 = {0.4017 if field(mgnvemb') == 2 , -0.4029 if field(mgnvemb’) == 1, 0Y:

£10 = {0.6814 if field('grvnc25bY) == 2, -0.6872 if field('grvnc25b) =1, 0%
areax = field('area');
:add the weights together

total= fl+R+HB+A+f5+6+7+8+9+f10;
:add the log prior odds

Iposto = Iprioro + total ;
-convert log odds to odds, but make 0 if all the weights are zero

posto = {exp(Iposto) if total < 0, 0};
:convert posterior odds to posterior probability

postp = posto / (1. + posto);
:make map
. postp;
: calculate expected no. of deposits
expd = expd + (postp * areax);
:output table = woetab2r
result(postp,expd);

Inspection of this equation shows that the posterior probability is calculated and a second
variable (expd) assigned the value of the accumulated product of the posterior probability
times the class area. The final value in this field will contain the total number of
predicted deposits, which should equal the total observed number of deposits. Where the
predicted number is greatly in excess of the observed, some violation of the conditional
independence assumption occurs, '

5. MODEL/RECLASSIFICATION/BUILD MAP/BY TABLE

The final step is build a map showing the spatial distribution of the posterior
probabilities contained in table WOETAB2R. This table is linked to the unique
conditions map WOE2UNIQ. ‘

The SPANS command above opens a dialogue box. The following entries should
" be made; WOE2UNIQ for map, WOETAB2R for table, 2 for map class field (field
name is WOE2UNIQ), POSTP for value field, and 2 for classification.

The resuiting map has some very slight differences mainly due to the precision of the
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data. The probabilities recorded in table WOETABZR are recorded to four significant
digits, while the lookup table ZFACTOR in the map modelling method contains break
point to two significant digits.
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Appendix B - 2(c): Applying weights of evidence modelling using unique condition
files and external software PREDICTR

A. Objective

In the map modelling and table modelling applications of weights of evidence described
above, it was required to write an equation in the SPANS modelling language "hard
wiring" in previously caiculated weights. The objective of this method is to utilize an
external program that uses information in a unique conditions table exported from
SPANS that allows weights, contrasts, posterior probabilities, uncertainty due to weights,
uncertainty due to missing data and total uncertainty all in one pass. The results can be
written to a new table, imported into SPANS and mapped back to the unique conditions
map to show their spatial distribution.

It is noted that in order to establish optimal thresholds when making the binary evidence
maps used in generating the unique conditions overlay it is useful to calculate the weights
before applying this method. '

B. Method
Assuming that the binary evidence maps exist, this method involves three basic steps.

1. A unique conditions table and map is generated that contains all the unique overlap
conditions created by overlaying the 23 binary evidence maps. It is noted that for
applications where there are more than 15 maps involved ( a limit imposed by SPANS),
such as this one, making the unique conditions file requires some extra processing as
described in the procedure section below. A second table is generated that contains the
mineral deposit locations and the class of the unique conditions map in which the deposit
occurs.

2, The two tables generated in step 1 are exported as ascii files and used as input for the
external program PREDICTR. This program calculates weights, posterior probabilities,
and uncertainties then creates a new table containing the results.

3. The final step is to import the new table into SPANS and reclassify the unique
conditions map with any or all of the new variables.

C. Files

Input files:
binary evidence maps as listed in Appendix B-2(a)
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woeluniq.tba unique conditions table resulting from combining 13 binary
evidence maps

woeluniq.map unique conditions map linked to table woeluniq.tba

woeZuniq.tba unique conditions table resulting from combining the
remaining 10 binary evidence maps and woeluniq.map

woe2unig.map unique conditions map linked to table woe2uniq.tba

woe2.tha unique conditions table containing information from all 23

binary evidence maps resulting from "joining"
woeluniq.tba and woe2uniq.tba also linked to
woeZ2uniq.map
woe2pnt.tba VMS deposit locations with map classes from
woe2uniq.map appended

Output files:

wts.dat output file from PREDICTR containing weights for each
map

weights.tba output file from PREDICTR containing posterior
probability and other calcualted variables

Executable file:

PREDICTR.EXE FORTRAN program compiled under OS/2 operating
system

D. Procedure

Step 1 - Creating a unique conditions table and map for all 23 binary evidence maps

1. MODELLING/OVERLAY/UNIQUE CONDITIONS

These SPANS commands open a dialogue box prompting the user to select maps
to be used in the overlay; choose 15 or less of the binary evidence maps. For an output
map name the user can choose a new one or use the existing WOE1UNIQ which contains
information for 13 of the binary evidence maps.

2. MODELLING/OVERLAY/UNIQUE CONDITIONS

Same as step one except choose the remaining binary evidence maps and also
include the  unique conditions map generated in 1, this is very important as it is used
as the key field (see Step 3). A new unique conditions table may be created or the
existing unique conditions map and table named WOE2UNIQ may be used.
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3. Combine the unique conditions tables WOE1UNIQ and WOE2UNIQ

This operation is done outside of SPANS using a relational database manager
(RDMS). The operation to do this is commonly referred to as a "union" operation in
RDMS. In practice the field in table WOE2UNIQ containing the map class of
WOE1UNIQ is replaced by the corresponding set of unique overlap conditions defined in
table WOE1UNIQ. The resulting file created here (created using the RDMS R~ Base) is
called WOE2. This is one of the files that will be used as input into the external
program PREDICTR.

4, MODELLING/POINTS/APPEND CLASS

Append the unique conditions class from the unique conditions map WOE2UNIQ
to the point table VMSDEP which contains only the locations of the known VMS
deposits. This is necessary because the appended field indicates which unique conditions

classes contain occurrence points. An existing file created using this command is
CIPNTS.TBA

Step 2 - Using external FORTRAN program

5. Exit to an OS/2 window and run PREDICTR

At the 0S/2 prompt, type PREDICTR. A series of inputs will be required as
prompted by the program. The number of binary evidence maps is 23, the weights of
evidence option is 4, and the unique conditions field the field labelled WOE2UNIQ.

Two output files are generated by the program, WTS.DAT and WEIGHTS.TBA.
The WTS.DAT file contains summary data related to the evidence maps including the
W+ and W- for each pattern. Below is a partial listing of the output file
WEIGHTS.TBA. Note that the actual file has 6994 unique conditions and is in
Appendix C as a digital file.

ID demp

TITLE Weights of Evidence

MAPID woe2

WINDOW 7

TABTYPE 5

FTYPE free

KEYFIELD 2
'NRECORD 6994

1 0 15.4000000 area area

2 4 7.0000000  uniq unique conditions
3 4 7.0000000 depos number of deposits



0 10.4000000  postp posterior probability

0 10.4000000  tpost Studentized post prob
0 10.4000000  sdevw Uncertainty (weights)
0 10.4000000  sdevm Uncertainty (missing)
8 0 10.4000000 stot Total uncertainty

4
5
6
7

DATA
52812 1 0 0000 3905 .0000 .0000 .0000
46094 2 0 .0000 .3858 .0000 .0000 .0000
41765 3 0 0000 4177 .0000 .0000 .0000
37526 4 0O .0000 .4141 0000 .0000 .0000
25345 5 0 .0000 3829 .0000 .0000 .0000
020440 6 0 0001 5211 .0002 .0001 .0002
20024 7 0 .0000 .3926 .0000 .0000 .00OO
0001 6991 O 0013 .4981 .0024 0010 .0026
0001 6992 0 0041 469 0085 .0029 .0088
0001 6993 0O .2433 6849 3358 .1158 .3552
0001 6994 0 4579 9927 4467 (1148 4612

Step 3 - Reclassifying unique conditions map

6. TRANSFORM/IMPORT/LIBRARY/TABLE
The file WEIGHTS.TBA must be imported into the internal SPANS data base so
itcan be used for further modelling applications.

7. ANALYZE/TABLE/HISTOGRAM

This command allows the user to examine the distribution of the posterior
probability. The table name is WEIGHTS, field 1 (area) should be chosen for the x-
axis and field 4 (posterior probability) should be chosen for the y-axis. Select the
cumulative option for the x-axis and execute. The resulting plot is useful for determining
break points for the classification. However, a classification was already established in
the map modelling method (classification 2).

8. MODELLING/RECLASSIFICATION/BUILD MAP /FROM TABLE

Using the WEIGHTS table file, reclassify the unique conditions map
WOE2UNIQ using any of the fields representing the posterior probability (field 4),
studentized posterior probability (field 5), uncertainty due to weights (field 6),
uncertainty due to missing data (field 7) or total uncertainty (field 8).
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Appendix B - 3: Testing for Conditional Independence for weights of evidence
modelling

A. Objective

When the weights of evidence model is used, conditional independence (C1) is assumed
to exist. It is possible to check CI with statistical tests to show the magnitude of the
problem, and identify the maps that are causing the difficulty. Based on the results, maps
causing the problem may be rejected from the modelling or modified to reduce the
problem.

B. Method

In practice there are two tests to determine whether the CI assumption is being violated; a
pairwise test and an overall test.

The pairwise test should be run on all possible pairs of maps that are to be combined
before the model is executed. In this method a chi-square test is used to determine if two
binary patterns are conditionally independent with respect to a set of deposit points. If
conditional independence exists the observed number of deposits in an overlap region
where a pattern from two maps exist should be equal to the predicted number of deposits.
The calculations for this test are explained in detail in chapter 5.

The overall test is performed after the final posterior probabilities have been calculated.
If the total predicted number of deposits is much larger than the total observed number, it
suggests that CI is being violated. This is not a formal test and in practice it appears that
the predicted number of deposits is always somewhat larger that the number of observed
deposits. A rule of thumb is that if the predicted number is larger than the observed
number by greater that 10 percent it is a strong indicator that CI has been violated. Again
the equations used in this test are discussed in chapter 4.

C. Files

Input:

woe2.tba unique conditions table containing unique overlap conditions for
all 23 binary evidence maps

woe2pnt.tba point file containing locations of VMS deposits and associated

map class of map WOE2UNIQ



Output:

user defined data from program including chi-square pairwise test results
a file name citest.dat already has been created

Executable file:

cippl.exe program to calculate pairwise chi-square test on all map pairs
(binary)

D. Procedure

1. In an OS/2 window type CIPPL to start the program. The number of binary maps is
23, the name of the unique conditions file is WOE2, the name to the point file containing
the VMS deposit locations with the map classes of the unique conditions map appended
to itis CIPNTS, the query to combine two maps should get a NO response,and the
output file is the users choice. An output file named CIWOE2.DAT already exists.

The output file contains a2 summary table of the ¥ values for testing conditional
independence between all pairs of 23 binary evidence maps.

Note. When two maps are identified as causing 2 violation of CI a possible option for
correcting the situation is to combine the dependent patterns together with Boolean
operators. This program gives the option of using an AND operator to combine patterns
leading to a single more restrictive showing only areas where both patterns are present or
an OR operator leading to a single map showing areas where either pattern is present. In
this study no maps were identified as violating the assumption of CL, however, if the user
wished to combine two maps they would choose a YES response to the query if they
wanted to combine two maps. They could then identify the maps and choose either an
AND or OR operation.



Appendix B - 4: Applying area weighted logistic regression to predict VAMS
favourability

A. Objective

The main objective is to use area weighted logistic regression to estimate the VM$
potential for the Snow Lake area. Both weights of evidence modelling and weighted
logistic regression are special cases of the so-called loglinear model and makes for an
interesting comparison. All loglinear models result in weights (W+ or coefficients),
posterior probabilities and corresponding estimate of uncertainty. These results were
compared between the two methods with respect to different unit cell sizes. Further, -
since the logisitic model does not assume conditional independence, this method can be
used to evaluate the effects of conditional independence that was observed in the weights
of evidence method.

B. Method

Once the evidence maps are created the calculation of the scores and coefficients are
done outside of SPANS as the coefficieats in logistic regression are computed by means
of a mathematically complicated iterative process and not suitable for the SPANS
modelling language. This method requires three steps similar to weights of evidence
model calculated using 2 unique conditions table described in Appendix B - 2(c).

1. A unique conditions table and map is generated that contains all the unique overlap
conditions created by overlaying the 23 binary evidence maps. It is noted that for
applications where there are more than 15 maps involved ( a limit imposed by SPANS),
such as this one, making the unique conditions file requires some extra processing as
described in the procedure section below. A second table is generated that contains the
mineral deposit locations and the class of the unique condition map in which the deposit
oceurs.

2. The two tables generated in step 1 are exported as ascii files and used as input for the
external program PREDICTR. The area weighted logistic regression option is chosen.

3. Tables containing coefficients, variance-covariance matrix, expected and observed
frequencies of deposits and posterior probabilities are output. The table containing the
probabilities is imported into SPANS and used to reclassify the unique conditions map.



C. Files

Input files:
woe2.tba

cipnts.tba

Output files:

logpol.inp

lucrep

lopol.out

logco.dat
logpol.tba

cumfre.tha

Executable file:

PREDICTR

D. Procedure

unique conditions table containing information from all 23 binary
evidence maps resulting from “joining" woelunig.tba and
woe2uniq.tba also linked to woe2uniq.map

VMS deposit locations with map classes from woe2uniq.map
appended

an intermeditate file that contains input parameters including, level
of convergence for scores to stop , maximum number of
Iterations, number of explanatory variables etc. (see Agterberg,
1989 for complete details)

data file for the logistic regression algorithm, it is a modified
version of WOE2.TBA, missing data has been changed to not
present.

output file showing number of iterations for scores to reach the
specified level of convergence

calculated coefficients and variance-covariance matrix

table containing posterior probabilities to be imported back into
SPANS to reclassify unique conditions map

comparison of observed and predicted frequencies of deposits.

FORTRAN program

Step I - Creating 2 unique conditions table and map for all 23 binary evidence maps

1. MODELLING/OVERLAY/UNIQUE CONDITIONS

These SPANS commands open 2 dialogue box prompting the user to select maps
to be used in the overlay; choose 15 or less of the binary evidence maps. For an output
map name the user can choose a new one or use the existing WOE1UNIQ which contains
information for 13 of the binary evidence maps.



2. MODELLING/OVERLAY/UNIQUE CONDITIONS

Same as step one except choose the remaining binary evidence maps and also
include the unique conditions map generated in 1, this is very important as it is used as
the key field (see Step 3). A new unique conditions table may be created or the existing
unique conditions map and table named WOE2UNIQ may be used.

3. Combine the unique conditions tables WOE1UNIQ and WOE2UNIQ

This operation is done outside of SPANS using a relational database manager
(RDMS). The operation to do this is commonly referred to as a "union" operation in
RDMS. In practice the field in table WOE2UNIQ containing the map class of
WOEI1UNIQ is replaced by the corresponding set of unique overlap conditions defined in
table WOE1UNIQ. The resulting file created here (created using the RDMS R- Base) is
called WOE2. This is one of the files that will be used as input into the external program
PREDICTR. ‘

4. MODELLING/POINTS/APPEND CLASS

Append the unique conditions class from the unique conditions map WOE2UNIQ
to the point table VMSDEP which contains only the locations of the known VMS
deposits. This is necessary because the appended field indicates which unique conditions
classes contain occurrence points. An existing file created using this command is
CIPNTS.TBA

Step 2 - Using external FORTRAN program

5. Exit to an 0S/2 window and run PREDICTR

At the 0OS/2 prompt, type PREDICTR. A series of inputs will be required as
prompted by the program. The number of binary evidence maps is 23, the area
weighted logistic regression option is 5, and the unique conditions field the field labelled
WOE2UNIQ.

The user is prompted during the program to enter a unit cell size. A recommended
cell size is suggested which is approximately 40 times smaller than the ratio of total area
to number of deposits (a value of 0.55). This may be used for the first iteration.

Four output files are generated by the program, LOGPOL.OUT, LOGCO.DAT,
LOGPOL.TBA and CUMFRE.TBA.

LOGPOL.OUT contains a summary of the input parameters such as the convergence
level and number of independent variables (evidence maps). It also lists the coefficients
for all the iterations before the scores reach the convergence level.
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LOGCO.DAT contains the coefficients, their standard deviations and the variance-
covariance matrix for the final solution. (The coefficients for this study are listed in
Table 5.2)

" LOGPOL.TBA is table linked to the unique corditions map WOE2UNIQ. It contains
values calculated in PREDICTR including the posterior probability, the student t on the
- posterior probability, the standard deviation of the posterior probability the chi-square
coefficient and the deviance coefficient.

NOTE: The chi-square coefficient and the deviance coefficient are measures related to
the goodness of fit of the model. However, they are only useful when the observations
are independent. In this case the observations are not independent and so they are not
used in this study. '

CUMFRE.TBA is a table comparing the expected and observed frequencies of deposits
for each unique conditions class. This information can be used with the Kolmogorov-
Smimnov test to determine if the model provides a good fit.

Step 3 - Reclassifying unique conditions map

6. TRANSFORM/IMPORT/LIBRARY/TABLE
The file LOGPOL.TBA must be imported into the internal SPANS data base so it
can be used to reclassify the unique conditions map.

7. MODELLING/RECLASSIFICATION/BULLD MAP /FROM TABLE -

Using the LOGPOL table file, reclassify the unique conditions map WOE2UNIQ
using any of the fields representing the posterior probability (field 4), studentized
posterior probability (field 5), or the standard deviation of the posterior probability (field
6).

9. EDIT/LIBRARY/TABLE min max total

Use this command to determine the maximum value in the last column
(difference between cumulative calculated number of deposits and cumulative observed
number of deposits) in table CUMFRE. This value can be used in the Kolmogorov-
Smirmov test to determine the goodness of fit of the logistic regression model



Appendix B - 5: Applying fuzzy logic method to predict VHMS favourability

A. Objective

The goal, as with the weights of evidence and logistic regression approach, is to combine
several layers of spatial evidence to predict mineral potential. However, the fuzzy logic
approach is a knowledge driven method and can be useful when there is an absence of
sufficient information about known mineral deposits. This approach is appealing
because it is straightforward to understand and implement. It can be used with data from
any measurement scale and allows the user to mimic the thought processes of the expert
when combining the data.

B. Method

The theory of fuzzy sets is described in some detail with references in Chapter 6. In very
general terms, the idea is to consider spatial objects on a map as members of a set. For
this study, the spatial objects are the areas of the different classes on an evidence map
and the set defined as areas containing a VMS deposit. In fuzzy set theory, membership
can tak:- on any value between 0 and 1, reflecting the degree of certainty of membership.
Fuzzy set theory uses membership functions that express the degree of membership for
some attribute of interest. Given an evidence map where the attribute of interest, such as
concentration of Zn in tills, is measured in discrete intervals, a membership function can
be constructed relating the map intervals or classes to a membership value. Maps and
their associated membership values are combined using fuzzy operators.

This method was implemented in SPANS using the map modelling method though table
modelling and unique conditions modelling could also have been used. Assuming that
the evidence maps have been generated, the method is implemented using the following
steps:

1. A table is constructed for each evidence map containing the associated membership
function

2. Related evidence is grouped together to represent different factors. This is done
primarily to facilitate the understanding of the influence each type of evidence has on the
final outcome. It also helps avoid problems associated with an overlay limit of 15 maps
imposed by SPANS.

3. Inference nets using various fuzzy operators are built for each factor reflecting how the

-



expert would combine the evidence maps.

4. An equation is built in the SPANS modelling language for carrying out the fuzzy
calculations for each factor

5. These equations are executed resulting in intermediate factor maps. These can be
evaluated to determine how much each factor is contributing to the final outcome. The
values associated with the classes on each intermediate factor map is the membership
value.

6. Finally, the intermediate factor maps are combined to make a final favourability map.
C. Files

Input Files:

23 multiclass evidence maps and an associated table containing a membership function
(table name containing membership function is in brackets and has a .tba/.tbb extension)

Stratigraphic Factor Maps

GEOLRC (ZGEOL) - Generalized geology map
GEOL2C2 (ZFFLOW) - Arcas mapped as felsic flows with 10 buffers 0.25 km wide extending from
contacts
GEOL4C2 (ZFVOLC) - Areas mapped as felsic volcaniclastic rocks with 10 buffers 0.25 km wide
: extending from contacts

GEOL5C2 (ZMVOLC) - Arcas mapped as mafic volcaniclastic rocks with 10 buffers 0.25 km wide
extending from contacts

Alteration Factor Maps

* NALTFEC2 (ZNALTFE) - Arcas mapped as Fe alteration with 10 buffers 0.25 km wide extending from
contacts

NALTSIC2 (ZNALTSI} - Arcas mapped as Si alteration with 10 buffers 0.25 km wide extending from
contacts

NALTAPC2 (ZNALTAP) - Arcas mapped as amphibole alteration with 10 buffers 0.25 km wide extending
from contacts

NATLEPC2 (ZNALTEP) - Arcas mapped as epidote alteration with 10 buffers 0.25 km wide extending
from contacts

NALTPPC2 (ZNALTPP) - Arcas mapped as alteration pipes with 10 buffers 0.25 km wide extending from
contacts

NALTPYC2 (ZNALTPY) - Arcas mapped as pyrite alteration with 10 buffers 0.25 km wide extending
form contacts

Heat Factor Maps
DYKEBUF1 (ZDYKCON) - Arcas mapped as synvolcanic dykes with 10 buffers 0.25 km wide extending
 from contacts



SILLBUF (ZSILCON) - Arcas mapped as subvoleanic sills with 10 buflers 0.50 km wide extending
from contacts

Geochemicn! Factor Maps

LKPCINC (ZLKPC1) - Pricipal Component ! scores mapped on catchment basin map
LKPC2NC (ZLKPC2) - Principal Componunt 2 scores mapped on catehntent basin map
LKPC3NC (ZLKPC3) - Principal Component 3 scores mapped on catchment basin map
KRGLNCU2 (ZKTILCU) - Kriged In concentrations of Cu in C horizon tills (<63 pm size fraction)
KRGLNZN2 (ZKTILZN) - Kriged In concentrations of Zn in € horizon tills (<63 pm size fraction)
KRGLNPB2 (ZKTILPB) - Kriged In concentrations of Pb in € horizon tills (< 63 pm size fraction)

Geophysical Factor Maps
GRVNC25V (ZVGRV) - Vertical gradient gravity map
NPVLF25 (ZPVLF) = Processed quadrature VLF data map

MGNTCM25 (ZTMAG) - Total ticld magnetics
MGNVCM235 (ZVMAG) - Vertical pradient magnetics
SLVLF25 (ZTVLF) - Total ticld VLF

Lookup table for converting map classes from 1 - 100 to a membership value between 0
and 1

zfactor.tba

Ouput Files:

Intermediate Factor Maps to be combined using equation FUZZYNC

STRTFACT - stratigraphic factor map (100 classes)
HEATXX - heat factor map (100 classes)
ALTERXX - alteration factor map (100 classcs)
NCHMFACT - chemical factor map (100 classes)
GPFACI100 - geophysical factor map ( 100 classes)

Intermediate Factor maps that have been classified into 20 quantiles to view as an aid to
intereptation

SGFAC - stratigraphic factor map (20 quantiles)
ALTERHET - heat factor map (20 quantiles)
ALTERALT - altcration factor map (20 quantiles)
GCFAC - geochemical factor map (20 quantiles)
GPFAC - geophysical factor map (20 quantiles)

Final favourability map
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Equation Files:
In equation.inp the equations are

fuzzysnc - conbines maps related to stratigraphic factor

fuzzyhnc - combines maps related to heat factor

- fuzzyanc - combines maps related to alteration factor

fuzzycnce - combines maps related to chemical factor

fuzzygnc - combines maps related to geophysical factor

fuzzync - combines the five intermediate maps created in the first five equations

D. Procedure

1. The fuzzy membership tunctions are entered as fields in .tba files using a text editor,
then imported to internal .tbb files. The membership functions for all the evidence maps
are listed in Table 1 in APPENDIX C. As an example the table for the geology map
(zgeol.tba) is listed below. There are 10 records with four fields each. The first field is
the class value of the map GEOLRC.MAP. The membership values, in the second field,
has a value between O and 1 to reflect the relative importance of the different lithologies
as possible hosts for VHMS deposits. Note that the felsic flows (record 2)are assigned a
membership value of 0.8 indicating a very high potential for hosting VHMS deposits
while the sedimentary unit (record 7) is assigned a2 membership value of 0.2 indicating a
very low favourability. These values are very subjective and depend on the "experts"
opinion. The third field is a probability function used by the Dempster-Shafer approach
(see Chapter 7 and Appendix B-6) and the fourth field is a text field with the name of the
unit, for reference.

ID zgeol

TITLE Name and membership functions

MAPID zgeol

WINDOW nc 5808 7704 14208 12080

TABTYPE !

FTYPE free

KEYFIELD 1

KEYBASE 0

NRECORD 11
1 39.0000000 class Class
2 010.200000 0 zstrat fuzzy membership for stratigraphic factor
3 06.3000000 0 prob probability for Dempster Shaffer

=



4 5535.0000000 name namas of unit

DATA

1 000000 " Post Amisk Lithologies”
2 0380 040 " Felsic flows"
3 060005 " Mafic flows"
4 020015 " Felsic voleaniclastic rocks”
5 030010 " tafic volcaniclastic rocks"
6 0.10 0,10  "Heterolithic volcaniclastic rocks™
7 010001 " Other sedimentary rocks”
g8 000 0005 " Subvolcanic intrusions™
9 050020 " Synvoleanic intrusions™

10 000000 " Unmapped "

2. The next step, to group the evidence into geologically related evidence, is optional but
is very useful in helping to understand. In this case the data was grouped into five
"factors"; stratigraphic, heat, alteration, geochemical and geophysical. The maps for
each factor are listed in Part C above.

3. Constructing inference nets to help understand how the maps should be combined so
as to best reflect the expert’s thought process is also optional but extremely useful in
keeping your data organized, translating the combination process into 2 modelling
language and to help in understanding the results. The effects of using various fuzzy
operators can be much better understood when a visual check can be made with an
inference net. The inference nets and fuzzy operators used in this exercise are illustrated
and discussed fully in Chapter 6.

4. Next, equations must be written in equation.inp that will do the model calculations. In
practice, an equation is written for each factor. This produces 5 intermediate maps.
Another equation must be written to combine these five intermediate maps to produce a
final favourability map.

The first five equations are listed below. Note that the format is the same for each
equation; read the map class for each map, look up the appropriate membership functicn
associated with the map class from the table and finally perform the fuzzy operation to
combine the maps.

E fuzzysnc Fuzzy Stratigraphic Factor
:map modelling version

:"Gamma value, usually in range (0.5,1.0)"
gamma = 0,95;

gamc = l-gamma;



:get class values from map

m1 = class(geolrc);

m2 = class(geol2c2);

m3 = class(geol4c2),

m4 = class(geol5c2);

:get fuzzy membership values from tables;
z1 = table('zgeol',m1,'zstrat’),

z2 = table('zfflow',m2,'zstrat’);

Z3 = table('zfvolc',m3,'zstrat");

z4 = table('zmvoic',m4,'zstrat’);
:calculate favourable stratigraphy, zsc
prox24 = min(22,z4);

prox25 = min(z2,25);

zsc = max(prox24,prox25,z1);

: To query the model, remove colons from the following 7 lines and
: add a colon to the last line.

:"geolre (simp geol)"

"geol2c2 (fel flow)"

"geoldc2 (fel vcls)"

"geol5c2 (maf vels)"

:"strat fac"

:result(m,m2,m3,m4,zsc)

Z5C;,

E fuzzyhnc Fuzzy Heat Factor

:map modelling version

:get class values from map

:"Gamma value, usually in range (0.5,1.0)"
gamma = (.95,

gamc = I-gamma;

m4 = class(sillbuf);

m5 = class(dykebufl);

-get fuzzy membership values from tables;

z4 = table('zsilcon',m4,'zheat’);

z5 = table(*zdykcon',m5,'zheat’);

:calculate favourable heat, zhc

za = 1-(1-z4)*(1-z5);

zb =24 * z5;

zhc = fac2 * pow(za,gamma) * pow(zb,gamc);
: To query the model reove the colons from the following 5 lines



: and add a colon to the from of the last line
“sillbuf (tonalites)"

"dykebufl (syn dykes)"

:"heat fac"

:result(m4,mS5,zhc)

zhe;

E fuzzyanc Fuzzy Alteration Factor
:map modelling version

gamma = 0,95;

gamc = l-gamma;

:get class values from map

m6 = class(naltsic2);

m7 = class(naltfec2);

m8 = class(naltppc2);

m6a= class(naltapc2);

m7a= class(naltpyc2);

m8a= class(naltepc2);

.get fuzzy membership values from tables;
z6 = table("znaltsi',m6,'zalt'),

z7 = table(znaltfe’, m7,'zalt);

z8 = table(znaltpp’,m8,'zalt’);

z6a= table('znaltap',m6a,'zalt");

z7a= table('znaltpy',m7a,'zalt");

z82= table('znaltep’,m8a,'zalt’);

: calculate algebraic sum of Si and Amp
prod=(1-z6)*(1-z6a);

as=1-prod,;

: calculate gamma for as (SiAmp), py, ep
zal=1-(1-as)*(1-z7a)*(1-z8a);
zb1=as*z7a*z8a;

zc2=fac3 * pow(zal,gamma) * pow(zb1,gamc);
:calculate max (or) for zc2, fe, pp

zc3 = max(zc2,z7,z8);

:To query model remove colons from following 7 lines and add
: a colon to the front of the last line
:"naltsic2 (Si)"

:"naltfec2 (Fe-Mg)"

:"naltppc2 (Pipes)”

:"naltapc2 (ap)"



"naltpyc2 (Pynte)"

:"naltepc2 (ep)"

:"alteration fac"
rresult{m6,m7,m8,m6a,m7a,m8a,zc3)
zc3;

E fuzzycnc Fuzzy Chemical Factor
:map modelling version

- :"Gamma value, usually in range (0.5,1.0)"

gamma = 0,95;

gamc = l-gamma,

:get class values from map

mil = class(lkpclnc);

mi2 = class(lkpc2nc);

ml3 = class(lkpc3nc);

mtl = class(krglncu2);

mt2 = class(krglopb2);

mt3 = class(krglnzn2);

:get fuzzy membership values from tables;
zl1 = table(zlkpcl',mlil,'zlkpeclY);

212 = table('zlkpc2',ml2,'2lkpc2');

zI3 = table('zlkpc3',mli3,'zlkpc3');

zt1 = table(zktilcu',mtl,'ztill");

zt2 = table{'zktilpb',mt2,'ztll");

zt3 = table('zktilzn',mt3,'ztll");
:calculate the facourable chem factor, zec
zlm = min(zl1,z12,z13);

ztm = max(ztl,zt2,2t3);

za =1 - (1-zlm)*(1-ztm);

zb = zlm*ztm,

zce= pow(za,gamma) * pow(zb,gamc),

: To query the model remove the colons from the following 8 lines and add

: a colon to the last line
"lkpcinc”

:"lkpc2nc"

"lkpc3nc"

"krglncu2”
:"krglnpb2"
"krglnzn2"

:"geochem fac”



rresult(mll,ml2,ml3, mtl,mt2, mt3, zcc)
2¢c;

E fuzzygnc Fuzzy Geophysics Factor

'map modelling version

"Gamma value, usually in range (0.5,1.0)"
gamma = 0.95;

gamc = 1-gamma,

:get class values from map

mtm = class(mgntcm25);

mvm = class(mgnvem25);

mtv = class(slvif25);

mpv = class(npvif25);

mvg = class(grvnc25v);

:get fuzzy membership values from tables;

ztm = table('ztmag',mtm, 'ztmag');

zvmn = table(zvmag',mvm,'zvmag');

ztv = table(ztvIf, mtv,'ztvIf);

zpv = table(zpvif,mpv,'zpvif');

zvg = table('zverv', mvg,'zverv');

:calculate the favourable geophysics factor, zgc
za=1- (1-ztm) * (1-zvm) * (1-ztv) * (1-zpv) * (1-zve);
zb = ztv*zpv*ztm*2vm*zvg,

zgc = fac5 * pow(za,gamma) * pow(zb,gamc);
zgel = {0.3 if (class(geolrc’y=S8 or class('geolrc)=1),zgc};
: To query the model remove the colons from the following 8 lines
: and add a colon to the front of the last line
"mgntcm?25 (TF Mag)"

:"mgnvcm25 (VG Mag)"

"slvlf25 (TV VLF)"

:"npvif25 (Qad VLF)"

"grvne25v (VG Grav)"

:"geophysical factor (zgc)” -

‘result(mtm, mvm, mtv, mpv, mvg, zgcl)
zgel;

5. MODEL/OVERLAY/MAP

The above equations are applied using the above commands in SPANS. This

w2
tr
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exercise is carried out using the map modelling approach though table modelling could
also have been used. This step is repeated five times, once for each equation. Besides
asking for the equation name, which would be one of the five names given above, the
user is also queried for a classification and an output map. At this point the user has a
choice to either, 1) create an intermediate map that can be used directly with the equation
FUZZYNC that combines the S intermediate favourability maps to create the final
favourability map or 2) create an intermediate maps that can be viewed to help
investigate the importance of each factor.

Choice 1. After executing the MODEL/OVERLAY/MAP commands a menu will query
you for an equation name (eg. FUZZYSNC for the stratigraphic factor) , next it will
query you for a classification. Classification 112 is a scheme that has 100 classes
between 0 and 1 so that the break points are 0.01, 0.02, 0.03... 0.95. Using this
classification, maps will be assigned a map class of 1 if the combined membership value
is > .99, 2 for a combined membership value of > 98 and less than or equal to 99 and so
on. This allows a map to be generated that has up to 100 classes that can be used directly
in the final map combination process (see step 6 below) with the use of a lookup table
that links the map class value to an actual membership value. (SPANS does not assign a
real value, such as a membership value, to a pixel but rather an integer class value that
can be linked to a look up table). These maps are not useful for aiding in the
interpretation as they are because when they are displayed it is by map class, with no
link to the actual value that was calculated. To make them more useful a legend and
colour scheme would have to be manually created, An output map name of your choice
can be assigned, however, if it is desired to go straight to the final analysis the
intermediate map names already completed are listed above.

Choice 2. If map is desired so that the results can be visualized in a way that can be
helpful for interpretation, then when the choice for a classification scheme appears, a
value should be entered that is not associated with an existing classification. Another
query appears requiring the number of quanitles desired, an integer value should be
entered here. For example, entering a value of 2 will give you a classification of two
map classes that represent the combined membership values above the 50th percentile
and below the 50th percentile, entering 4 for the number of quantiles will give you a
classification where your map classes represent the combined membership values in
terms of quartiles. _

It is noted that completing these steps does not immediately create a useable map, it
creates a classification and assigns it to the number you entered in the classification
scheme box (hence why you use a number that is not associated with anything else). It is
then necessary to rerun the model equation using the newly created classification. After
. the model is completed, using the commands



EDIT/LIBRARY/LEGENDS/FROM CLASSIFICATION

will allow you to create a legend that links the map class values to the actual calculated
membership values. Make sure that the legend is assigned to the right map. This can be
checked using

EDIT/LIBRARY/MAP INFORMATION
The map can then be displayed and investigated using the commands
VISUALIZE/ENTITIES/MAP

The names of intermediate maps that have been created based on 20 quantiles are listed
above.

6. MODEL/OVERLAY/MAP

The final step is to combine the five intermediate factor maps using the equation listed
below. Some differences in the equation should be noted.

i) At the beginning of the equation the variables facl, fac2... fac5 have been assigned
a value between 0 and 1. These values represent the overall weighting of each factor. In
this study the stratigraphic factor was given the highest overall weighting while the
geophysical factor was assigned the lowest overall weighting. These overall weights
were chosen based on the experts opinion.

ii) a look up table (zfactor.tba) is used that relates the map class to an actual
membership value. The intermediate factor maps do not have their own tables with
membership values because when the evidence maps were combined in Step 5 to create
the intermediate factor maps the results of each equation were in fact the membership
values for the intermediate factor map (see Chapter 6 for details)

iti) note that following the comment line ": get rid of unwanted information” two lines
have been added. The first line restricts the calculations to the base map and the second
line assigns a value of 0 to the areas where there are Post Amisk lithologies.

E fuzzync VMS potential by fuzzy logic
:map modelling version



:"Weight 1. For the stratigraphic factor"
facl =0.8;

:"Weight 2: For the heat factor"

fac2 =0.7;

"Weight 3: For the alteration factor"
fac3 =0.6;

"Weight 4: For the geochemical factor
facd =0.3;

:"Weight 5. For the geophysical factor"

fac5 =0.2;

:"Gamma value, usually in range (0.5,1.0)"

gamma = 0,95;

gamc = l-gamma;

:get class values from map

mf1l = class(strtfact);

mf2=class(heatxx);

mf3=class(alterxx);

mf4 = class(nchmfact);

mf3 = class(gpfac100);

:get fuzzy membership values from tables;

zsc = table(zfactor’, mf1,'memfun’),

zhc = table('zfactor', mf2,'memfun');

zac = table("zfactor’, mf3,'memfun');

zcc = table("zfactor’,mf4,'memfun');

zgc = table('zfactor’, mf5,'memfun');

:combine the five factors to predict favourable VMS environment, xc¢
za = 1-(1-zsc)*(1-zhc)*(1-zac)*(1-zcc)*(1-zgc);

za = {za if class(lkznaa) < 0, 1 - (1-zsc)*(1-zhc)*(1-zac)*(1-zgc)};
zb = zsc*zhc*zac*zec*2gc;

zb = {zb if class(lkznaa) <> 0, zsc*zhc*zac*zgc};

Xc¢ = pow(za,gamma) * pow(zb,gamc);

:get rid of unwanted information

xc¢ = {xc if class(basecm)=1,0};

xc = {xc if class(geolrc) < 1, 0};

:To query the model remove the colons from the following 8 lines and
- add a colon to the front of the last line

:"Heat Factor zhc" '

:"Stratigraphic Factor zsc"

:"Chem Factor zcc"

:"Geophysical Factor zgc"
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"Alteration Factor zac"
"Final Potential xc"
:result(zhe,zsc 2cc,zgc, zac, xc);
XC,

Before running the model you are asked for a classification. The user may chose to use
the classification already determined to group the results into 20 quantiles (number 115)
or determine their own by using the quantiles option. A legend has been built for

classification 115 and is called "pmay94" . A final map as been generated also called
PMAY94

7. EDIT/LIBRARY/MAP INFORMATION
Make sure that the PMAY94 legend is used by PMAY94 map

8. VISUALIZE/ENTITIES/MAP
Display the final favourability map.



Appendix B - 6: Applying Dempster-Shafer method of map combination using
SPANS table modelling language

A. Objective

It is the objective of this method to use the Dempster-Shafer belief theory as an
alternative mechanism for knowledge representation and map combination to produce a
mineral potential map. The main advantage of this approach with respect to fuzzy logic
is that it allows the user to represent uncertainty in the knowledge representation.
Evidence from two or more maps can be combined using Dempster’s rule of combination
resulting in maps showing belief, disbelief, plausibility and uncertainty. The main
disadvantage is lack of flexibility in combining the evidence to reflect the expert’s
thought processes.

B. Method

The Dempster-Shafer belief theory is discussed in detail in Chapter 7. In practice the
method is implemented in SPANS using table modelling. The same multiclass evidence
maps used in the fuzzy logic approach are also used in this method. Again there is a limit
of overlaying 15 maps in SPANS so the modelling has to be done in two passes. The
basic steps are as follows:

1. Calculate a unique conditions overlay, which produces a unique conditions map and an
associated unique conditions table for 15 or less of the multiclass evidence maps.

2. Make a tabie for each evidence map where the records in the table contain a map class
and the probability that a deposit occurs in that map class.

3. Write an equation in the SPANS table modelling language that reads the map classes
from the unique conditions table created in step 1, reads the associated probability that a
deposit occurs in that class from the tabies created in step 2 and uses Dempster's
combination rules to calculate the belief, the disbelief and uncertainty.

NOTE: This equation calls a function outside of SPANS that implements Dempster's
combination rules.

4. Execute the equation and produce a new table which has the results (belief, disbelief
and uncertainty) of the model appended as new fields. These "intermed:ate” results will
be used as the initial belief and disbelief values for the next iteration.
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5. Calculate a second unique conditions overlay, which produces another unique
conditions map and associated unique conditions table, using the remaining multiclass
evidence maps and the unique conditions map created in step 1.

6. Write a second equation in the SPANS table modelling language that reads the map
classes from unique conditions file created in step 5, reads the associated probability that
a deposit occurs in that class from the tables created in step 2 and uses Dempsters
combination rules to calculate the belief, disbelief and uncertainty. Because Dempster's
combination rule is symmetric, these equations can be used repeatedly to combine any
number of maps. Thus the output from step 4 becomes the input for this second pass.

7. Execute the equation and produce a new table which has the results of the model
appended as a new field.

3. Reclassify the second unique conditions map based on the field containing the belief,
disbelief or uncertainty.

C. Files
Input files:
23 multiclass evidence maps - see list in fuzzy logic method (Appendix B - 5)

23 tables, one for each evidence map, containing calculated probability for each map
class - see list in fuzzy logic method (Appendix B - 5)

dsuniql.tba unique conditions table containing overlay information for 13 multiclass
evidence maps

dsuniql.map unique conditions map showing unique overlap areas for 13 multiclass
evidence maps

dsuniq2.tba  unique conditions table containing overlay information for remaining 10
multiclass evidence maps and dsuniq1.map

dsuniqZ.map unique conditions map showing unique overlap areas for remammg 10
multiclass evidence maps and dsuniql.map

Output files;

disuniqla.tba unique conditions table with intermediate belief, disbelief and uncertainty
results linked to unique conditions map DSUNIQ]
disuniq2a.tba unique conditions table with final belief, disbelief and uncertainty results



linked to the unique conditions map DSUNIQ2
dssup2.map support map
dsdis2.map  disbelief map
dspls2.map plausibility map
dsunc2.map uncertainty map
* wits where * is the evidence map name, output file generated by WTS
program. '

Modelling equations:

equation.inp the two equations are named DSNONC1 and DSNONC2

userf.c source code for function called by the SPANS equations DSNONC1 and
DSNONC?2 that executes Dempster's combination rule, written in C
language

userf.dll compiled version of userf.c, must reside in the directory containing the
SPANS program

D. Procedure

Step 1

1. MODELLING/OVERLAY/UNIQUE CONDITIONS

A dialogue box prompts for a list of maps to be used to create a unique overlay
after executing these SPANS functions. For this application 13 of the binary evidence
maps were selected. A second prompt requests a name for the output files. The results
are a unique conditions map (dsuniql.map already created) and a corresponding unique
conditions table (dsuniq1.tba/tbb already created).

Step 2

2. 0S/2 WINDOW

Run the WTS program as described in Appendix B-1. Use the non-cumulative
table from the output file and calculate the probability that a deposit occurs in a given
map class by dividing the number of deposits found in the map class by the total area of
the map class. This is done for each of the 23 multiclass evidence maps. Note: These files
are in the data base and have been named the same as the evidence map name with a .wts
extension.

Use a text editor to create table files where each record contains the map class and
the probability that an occurrence occurs in that class.
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For an example, the evidence map NALTPPC2 showing proximity to alteration pipes is
used here.

The resulting file from WTS is called NALTPPC2.WTS, and the non-cumulative table
from this file is listed below.

The following table is non-cumulative

Areas in unit cells

class area points W+ s(W+) W- s(W-) C s(C)Smud(C)
-.9609 4522 1.6453 .3614-2.6062 .5789-4.5019
7.0975 49135 -2230 .2954 7.3205 49224 14872
1.6955 1.1498 -.0567 .2746 1.7522 1.1821 1.4822
1.3619 1.1095 -.0518 .2747 1.4136 1.1428 1.2370
1.2745 1.1006 -.0502 .2747 1.3246 1.1344 1.1677
1.2779 1.1009 -.0502 .2747 1.3281 1.1347 1.1705
2.2303 .8802 -.1287 .2845 23589 9251 2.5500
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The value in the points field is divided by value in the area field to obtain the calculated
probability that an occurrence occurs in that map class.

This information is built into a table to be used by the modelling equation. This file is
listed below.

ID znaltpp
TITLE Fuzzy memberships for ait pipe bufs
MAPID naltppc2
WINDOW nc 5808 7704 14208 12080
TABTYPE 1
FTYPE free
KEYFIELD 1
KEYBASE 0
NRECORD 10
1 45.0000000 class class
2 06.2000000 zalt fuzzy membership for alteration factor
3 06.2000000 prob probability function '
44020.0000000 leg legend
DATA
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0.90 0.8 ‘Alteration Pipes'
0.90 0.8 '0.00 - 0.25 km'
0.70 0.5 '0.25 - 0.50 km'
0.70 03 '0.50-0.75 km'
.0.65 0.2 '0.75-1.00 km'
0.60 0.15 '1.00-1.25 km'
0.55 0.10  '1.25-1.50 km'
0.40 0.08 '1.50-1.75km'
035 006 '1.75-2.00km'
10 010002 "> 200km'

O 0~y b W) —~

Note that this file also has the fuzzy membership function included (field 2). The
probability function (field 2) has been smoothed assuming that calculated probabilities
would form a continuous function,

This process is repeated for all 23 evidence maps.

Step 3

3. Build an equation in the file equation.inp that reads the unique conditions table
(woeluniq.tba), extracts the class values for each map, assigns the appropriate
probability and calculates the belief, disbelief and uncertainty using Dempster's
combination rules. The equation is listed below.

E dsnoncl DS Table Model (Pass1,Non-centred)
:read the map class from the appropriate field

x 1= field('naltppc2");

x2= field('krglnzn2");

x3=field('lkpclnc’);

x4=field(geol2¢c2");

x5=field(geol5¢2");

x6=field('naltfec2');

x7=field('naltsic2");

x8=field("dykebufl"); -

x9=field("krglncu2);

x10=field('geoldc2");

x11=field(lkpc2nc’);

x12=field('geolrc');

: assign appropriate calculated probabilities for each map class
pi=table('znaltpp'x1,'prob’);



p2=table('zktilzn',x2,'prob'),
p3=table('zlkpcl',x3,'prob'),
pa=table(‘zfflow',x4,'prob");
pS=table('zmvolc',x5,'prob');
p6=table('znaltfe',x6,'prob");
p7=table(‘znaltsi’,x7,'prob");
p8=table(’zdykcon',x8,'prob");
pS=table(zktilcu',x9,'prob');
pl0=table('zfvolc',x10,'prob'),
pl1=table(zlkpc2',x11,'prob");
pl2=table(’zgeol',x12,'prob");

"What is multiplier for belief?"

B=input;

"What is multiplier for disbelief"

D=input;

bell=B*pl;

dis1 =D * (1-pl);

dis1 = {dis1 if p1 >0,0};

disl = {.98 if (x12=7T orx12=1), disl};
bell = {.02if (x12 =7 orx12 ==1), bell};
bel2=B*p2;

dis2 =D * (1-p2);

dis2 = {dis2 if p2 >0,0}; ‘

dis2 = {98 if (x12 =7 orx12 == 1), dis2};-
bel2 = {02 if (x12=="7 or x12 == 1), bel2};
bel3=B*p3;

dis3 =D * (1-p3);

dis3 = {dis3 if p3 >0,0};

dis3 = {.98 if (x12 == 7 or x12 == 1), dis3};
bel3 = {.02 if (x12=="7 or x12 ==1), bel3};
bel4=B*p4:

dis4 =D * (1-p4);

dis4 = {dis4 if p4 >0,0};

dis4 = {98 if (x12 =7 orx12 ==1), dis4};
beld = {.02 if (x12 =7 orx12 = 1), bel4};
bel5=B*p5;

dis5 =D * (1-p5);

dis3 = {dis5 if p5 >0,0};

diss = {.98 if (x12=="7 orx12 == 1), dis5};
bel5 = {.02 if (x12=="7 or x12 == 1), bel5};



bel6=B*p6;

dis6 =D * (1-p6),

dis6 = {dis6 if p6 >0,0};

dis6 = {98 if ( x12 == 7 or x12 == 1), dis6};

bel6 = {.02 if (x12 == 7 or x12 == 1), bel6};

bel7=B*p7,

dis7=D * (1-p7);

dis7 = {dis7 if p7 >0,0};

dis7 = {98 if (x12==T7 orx12 =1), dis7};

bel7 = {.02 if (x12 ==7 or x12 ==11), bel7};

bel8=B*p8;

dis§ =D * (1-p8);

dis8 = {dis8 if p8 >0,0};

dis8 = {.98 if (x12 =7 orx12 ==1), dis8};

bel8 = {.02 if (x12 =7 orx12==1), bel8};

belS=B*p9;

dis9 =D * (1-p9);

dis9 = {dis9 if p9 >0,0};

dis9 = {.98 if ( x12 == 7 or x12 == 1), dis9};

beld = {02 if (x12 =7 or x12 == 1), bel9};

bel10=B*p10;

disl0=D * (1-p10);

dis1C = {dis10 if p10 >0,0};

dis10= {.98 if (x12 =7 orx12 == 1), dis10};

bell0 = {.02 if (x12 =7 orx12 =1), bel10};

bell1=B*pli;

dis11 =D * (I-p11);

dis1l = {disl1 if p11 >0,0};

disll = {98 if (x12="T orxi2 == 1), disl1};

belll = {.02if (x12=7 orx12 =1), belll};

bell2=B*p12;

dis12=D * (1-p12);

dis12 = {dis12 if p12 >0,0};

disl2={98if (x12=7Torx12=1), d1$12}

bel12 = {.02 if (x12==7 or x12 =1), bel12};

"input bel =1, dis =2, unc = 3"~

switch=input;

userf(switch,bel1,bel2 bel3,beld,bel5 bel6,bel7,bel8, bel9,bel10,bel11,bel 12,
dis1,dis2,dis3,dis4,disS5,dis6,dis7,dis8,dis9,dis 10,dis11,dis12);

L)
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Note that the last line calls an external function (userf) which does the actual
computation. The calculated belief, disbelief and uncertainties are passed back to the
output table named when the MODEL/TABLE command is given.

Step 4

4, MODEL/TABLE

This SPANS command opens a dialogue box that requests the name of an
equation, a primary table and a new table. The equation name is DSNONCI1 (see
equation above), the primary table is DSUNIQ1 and the new table name is the users
choice but one exists named DSUNIQ1A. The new table has fields representing the
calculated belief, disbelief and uncertainty that are linked to the unique conditions map
DSUNIQI. This map and table will be used to determine the initial belief and disbelief
values for the next iteration (see steps/commands 5-8) ‘

5. Repeat step 1 using remaining evidence maps (unique conditions dsuniq2.map and
dsuniq?.tba already exist)

Repeat step 3 to combine the remaining evidence maps. The equation name is
dsnonc2. ;

Note that the first map in the equation is dsuniql. The belief, disbelief and
uncertainty for this map are the values that were calculated in the first iteration and
recorded in the unique conditions table dsuniql.tba which is in turn linked to the unique
conditions map dsuniql.map.

Repeat step 4 ( an unique conditions table dsuniq2a.tba already exists)

6. MODEL/RECLASS/BUILD MAP/FROM TABLE

Use the second unique conditions table (DSUNIQ2A) with the appended results
and reclassify the unique conditions map DSUNIQ2 using the support, disbelief or
uncertainty fields. These are the final results.
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Appendix B - 7: Using area weighted Spearman's rank correlation coefficient to
compare final favourability maps by pairs.

A. Objective

In this study favourability maps were generated using four different methods and visual
inspection gives the impression that they are all similar. When comparing the spatial
patterns between two maps it is useful to be able to quantify any spatial association.
Because the results have been presented as quantiles the final favourability maps can be
considered as ordinal in scale. The process described below presents a method for using
a Spearman's rank correlation coefficient to measure the spatial association between the
different maps by looking at them in pairs. Because the data comes from irregular
polygons, an area-weighted form is used.

B. Method

1. The first step is to overlay the maps to be compared and identify the area and value of
the two input maps that are associated with the new polygons resulting from the overlay
(ie. a unique conditions overlay). If comparisons are to be made between a number of
different pairs of maps all covering the same area, in practice, a single unique conditions
overlay containing all the maps can be made and information selected for the pair of
maps being compared as needed.

2. Use this information to calculate the area weighted Spearman's rank correlation
coefficient using an external FORTRAN program. Details concerning how the
calculations are actually carried out are given in Chapter 8.

C. Files

Input files;
: basecmlk.map - base map for Chisel-Anderson Study area
basefavl.map - base map for Chisel-Anderson Study area for Amisk volcanics
only
dsup2.map - Dempster-Shafer support map for VHMS deposits
dspls2.map - Dempster-Shafer plausibility map for VHMS deposits
pmay94.map - fuzzy logic method favourability map for VHHMS deposits
logreg.map - logistic regression method favourability map for VAIMS deposits
woevms1.map - weights of evidence method favourability map for VHMS
deposits : .
Output files:
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uniqcor3.map - unique conditions map resulting from overlay of favourability
maps using whole study area (using basecm!k.map as basemap)

uniqcor3.tba - ascii file containing overlay information for map uniqcor3.map

uniqmsk3.map - unique conditions map resulting from overlay of favourability
maps just for areas of Amisk volcanics (using basefav1.map for

basemap)
unigmsk3.tba - ascii file containing overlay information for map uriqmsk3.map
* cor - output files from the program where * is the user defined prefix
Executable files:
awsrcor.exe
D. Procedure

1. FILE/NEW STUDY AREA/BASEMAP

Make sure that the basemap is defined as basecmlk.map. When doing modeiling,
calculations are only performed for the area defined by the base map. The area
underlying basecmlk.map includes the whole Chisel-Anderson study area

2. MODEL/OVERLAY/UNIQUE CONDITIONS

A dialogue box is displayed following the execution of the above SPANS
commands and lists all the available maps in the directory (universe). Select the maps to
be compared (dssup2.map, dspls2.map, woevms1.map, logreg.map and pmay94.map).
Type in an output file name to be assigned to the unique conditions map and table. One
already exists by the name of uniqcor3.tba/map.

3. TRANSFORM/EXPORT/LIBRARY/TABLE
Export the unique conditions table as the ascii version is required as input for the
executable program that calculates the Spearman’s rank correlation coefficient.

4, AWSRCOR

In an OS/2 window execute the program awsrcor.exe. The only input is the
unique conditions table exported in 3. It will read and display the table header that
contains the names of the maps used to build the unique conditions map and which fields
in the table hold the map information. The user is then prompted to enter the field
numbers of the two maps to be compared.

The default output file name is the unique conditions table name with the
extension..cor. It should be renamed as it will be overwritten when the program is
executed again. A sample of the output is listed below. Of particular interest is the -
Spearman's rank correlation coefficient listed on the last line.
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Output is in file file mwelr.cor

Number of records = 24425

Sum of map 1 ranks = 289127.00

Sum of squares, map 1 ranks = 4023081.00

Sum of map 2 ranks = 250701.00

Sum of squares, map w ranks = 3178855.00

Sum of cross products = 3387069.00
Mean of ranks for mapl,map2= 11.84 1026
Variance of ranks for mapl,map2= 2459 24.80
Standard deviation for mapl,map2= 496 498
. Covariance betweenranks 1 andranks 2= 17.17
Correlation between mapl and map2 = .70
The area weightedr= 817

5. Repeat the steps 1-4 using basefavl.map as the basemap. This will compare the areas
underlying the Amisk volcanic rocks only. This may be a more accurate comparison as
the tonalite sills and Post Amisk rocks represent a large proportion of the study area that
is uniformly low potential.

Note: Output files already exist for the various map pairs that have been compared

For area underlying Amisk Volcanics only

mflwe.cor - comparison of fuzzy logic and weights of evidence

mfldss.cor - comparison of fuzzy logic and Dempster-Shafer support
mfldsp.cor - comparison of fuzzy logic and Dempster-Shafer plausibility
mfllr.cor - comparison of fuzzy logic and logistic regression

mwedss.cor - comparison of weights of evidence and Dempster-Shafer support
mwedsp.cor - comparison of weights of evidence and Dempster-Shafer plausibility
mwelr.cor - comparison of weights of evidence and logistic regression
mdssp.cor - comparison of Dempster-Shafer support and plausibility
mdsslr.cor - comparison of Dempster-Shafer support and logistic regression
mdsplr.cor - comparison of Dempster-Shafer plausibility and logistic regression

For area underlying whole Chisel-Anderson study area
corflwe.cor - comparison of fuzzy logic and weights of evidence

corfldss.cor - comparison of fuzzy logic and Dempster-Shafer support
corfldsp.cor - comparison of fuzzy logic and Dempster-Shafer plausibility



corfllr.cor - compansou of fuzzy logic and logistic regression

corwedss.cor - companson of weights of evidence and Dempster-Shater support
corwedsp.cor - comparison of weights of evidence and Dempster-Shafer plausibilty
convelrcor - compa.nson of weights of evidence and logistic regression
cordssp.cor - companson of Dempster-Shafer support and plausibilty
cordsslr.cor - companson of Dempster-Shafer support and logistic regression
cordsplr.cor - comparison of Dempster-Shafer plausibility and logistic regression



APPENDIX C

Digital Database

)



o,
Lag)

sdetu 9ouapiA sse[ONNN

sa55%]2 ¢ T - deut Ajtawsd Juatpesd [ro1a4 Arguiq deuragzound
dur uiseq JUuRNed vo paddew s210ds ¢ Jusuoduso)) [edioutig Lmeuny dowraugadyg
dew ugseq jusunvies uoe paddeul 521035 7 jusuodwo) [edioui] Amuiq dewrauzadyy
“deur ugseq Jusiyaes vo paddsw sa100s | Juauodwo) fedisuLy Lmuiq deurasujady]
(uonoety 2215 wilgg>) SN UozZUOY ) Ul q JO SUOBIUDINIOI U] pairy Lmuiq dewsr zqdudny
(uoarsj azis wilgg>) sjjN UoZUOY D Ul i JO SUOHRIUIIU0I U] padLry Lmurq dewrznoauj3ry
(uonsuly o715 wHgg>) S[[1) UoZUOY O UL U7 JO SUCHENUIINIO) U] pa3Lry Lmuiq dowr zuzuj 8y
5198103 w0y JUIPUIIXD IPLM U 0§°0 S131ING 01 iy S[)Is diUesjosqus se poddew swore Aruiq deurjnqqpis
opim Uiy $Z°0 S11nq O] Y sYAPp ojueajoauss su paddew seare Lmurq dews [Jngaysp
seare Juiptnoums opww uDy $T°0 s124ynq o[ Y sadid uopietayje se paddew svase £muiq dewt-zaddyjeu
apim Uy $Z°0 S121JNq 0 Y uoneia)fe sjopids se poddewt seare Lmeulq duar zadayeu
opis un{ §7°0 S12ynq 0l Y uoneso)fe sjoqiydure se paddews seare Arouiq dour gadeeu
$1ou)005 Wolj SUTPUIIXa oI UL $7°0 SI2[NG 01 Y Uofje2d)]e IS s8 padduw seare Lurg dewgaisieu
1721002 uroJ) FuIpuIIXa apim UL $T°0 SI2JNG Of Y Uonridlu o se padduw svose Anauq dew-zaagipeu
519uU02 w0y FUTpuIKS SPULM UMY $Z°0 513LInq O] YiLm BI1ISEaIUL[0A |52 58 paddauwt sealw Lmuyq deurzopood
s)omt0d
woly FUIpUIXa opism UrY $T°0 SIUING O] YA 5§01 S1su[o1uBd[0A 21uwl st poddsin seare Amuiq daurzagjool
1981403 woJlj Sulpus)xs SpIM WY ¢T°0 S221Jnq 0 Yitas sav0[f o1s{o) su padduw svore Lmuig duur zazjoo8
£uo savoj os{a) su padduui svoe Amuig dewrsnoly
-pa18 APN}s UosIdPUY - (514D otp) Jo £F010ad p0OOT:1 prTIIauad Lreuiq deurasjosd
NOLL4NMDSHA #dAL HNVN
231 £pRs ol o) 9SI2ALUN,, JO SIUa)XD uonraford Suuie)uod of)f wWajsAs SNVIS Leupq jepruranedma
sonjea snjq ‘usad “pas anajed Suneod sjly wsAs SNVIS wprqds 1eprqda
uonjeutioju) apjajed snojod Sumupejuod ofif wasks SNVIS Amuq yepryoqed
£2]1§ 95M0IQ PUY "SIIPUIY J]1J 10]SEI ‘SU0NEIL)ISSU]D
‘smopurs ‘sajit) dew ‘spuadal dew vo uoysuLojus Suru(eod 3|y asEqUIEP (VLU SNVIS Amuyq yop'sueds
NOLLIINOSH AL HNVN

DNILSITHSVH VLVd SNVdS

sa[1,] waskg SNVJS



L)
o

$21035 74 Juawipas ays[ Jo a[huanzad Yigg > v1ae puw (7 sse]d) ajnuaszad igs < vore £roulq deurqouzody]
$91005 [ Waunpas axe[ Jo sjnuasiad Yigg > vaze puw (z ssejo) ojnuazad e < valw Lmuiq duwrqaujodyp
qd uj ajnuadsad Yo > ua1e puw (7 ssu(d) qd uj Jo ajnuasiad yipg < vorw Amsuiq dourqqdujdry

n) uf auassad \ngg > vars pue (7 §58]9) nJ uj Jo ajnuassad yipg < vw Arsuig deurqnoujdry

uz uf a[nuaatad (i, > BaIe pus (7 sseja) uZ uj jo ajnjuasiad yigg < vals Kwuig dewr-quzupdry

s|1ts 21t]eu0) dfuedjoaqns wolj (§ ssB[2) UK{ ¢1'0 < 8o pue (T s58|2) Uy /"0 > €I Areurq deurqunqyis
(1 sse[2) Ja1nio pire (7 558]2) $2YAp olued[oAuLs su palisse]sas dow £30[028 00p0OT:| Liwugg deurqy{puss
sAp orueajoauss wolj ([ ss8]3) WY 00’ < 18 pu (7 ss[) Wy O)°[ > BIW Lreugy dewrqnqay4p

sadid uonyeiayje woi (| ss[2) WD ¢ 0 < €2JU puB (T SSV[I) WY ¢£°0 > vaI0 Lreutq dewr-qaddyjeu
 uonesayg ojopida woty ([ ssB]d) UN 0§ Z < BaIL pus (T s50]5) WY 05° > BIIE Ameutq duurrqadojeu
uopeiaje ooquydure oy ([ ssvj2) Uy Og'[ < L2 pus (7 558J0) WY (S'| > €0 Areurq dsurqadsjjeu
uojesa)|e 1§ uuoj (| sse)3) unf ¢4’ < vare pus (g s5u[d) ury 2*[ > 818 Lrouiq dourqaisjeu

uonws|e 24 woly ([ 558]3) ULy g5 [ < eare purs (T 558]2) ury g5°Q > e2r8 Arguiq duurqoajieu
SINISBINIRI[0A JI5[3) Wod) ([ 558[2) Uy 0§°[ < €218 puv (T ssu]d) Uy O5°[ > voru Arugq deurqgopioed
$21)58[2[UBI{0A d1JeuUl Woty ([ SE[3) WY ()L < €I pus (7 £50)5) WY ()'Z > vaIe Lrutq dewrqgagjoad
MO 915]9) woly (| ssv[d) UrY ¢£'Q < Bore pur (7 s58[2) UKy ¢£°( > vAIR £muiq dewrrqzaziosd

(1 sse|a) 22110 pue (g s58[3) smo|J o15]2] o) papissu[aar duw £20[023 (OO0T:( Leurq deurqnol)j
NOLLINOSHA HJAL HAVH

wisped

dew pue siisodap [esaun umousy usamiaq uonerosse jewido suijop o) papjoysalyy sdew sseonnuw) mm&z 20uapIAg Arsulg

$355R[2 ¢ - salouTuwl jua)pei [uojuaa Amguq szwdsudw

FosER|D ¢7 - SapuBuW plaYy ju10) KLreugq duurrgzwizjudw

5255812 6T - A'TA PIU (9100 Areutq deurgzyials

£558]3 ¢ - doun mep A 2myeipenb passasord Lreurq denrgzyiadu
NOLLINDSId JdAL HAVYN




ol
(44

‘ eqya0)08JZ 9[qe) dnyoo|
oy U1 passasdxa se | pue () U39A3q Smqeqoad e Sunuasasdaz ‘go1 pue | Uaaq
s3ues sasse[a a1 ‘durvonenbs ug [ [YVIAOM uonenba Sunnsaxa 13yje dewr Bupjnsal

‘ dewrbpun2on dew suonipuod anbyun 2y pue Areuiq duwr (pudaon

eqybrun {20 u1 Jou sdew auafpas Areulq o1 Supuretual 2y Surpn]aul 2qe) sUOHIpUd 2bium
eqrbun[20m 2]q9) LM PaIUIBId0sSE dBwl SUOPIPUCD abiun Lmutq qqbumzaon
. eqyzeom Sunezudd 1of 3(qe elpauusul ‘Gurjepowt Aruig dewrbpmaom

a(qe) Joj [njosm ‘(uoyidiadsap Joj Japeay a05) sduin Areurq £7 J0 €| Jo 2{qe) UC)PUI anbitm ’

ZIMVAHOM PUR [ LVAIOM suonunbo 225 22u2p1ad Jo 5jydan Lreulq qqrbrmisomn

1o ‘suoneiado UI[[opoll STIOLIEA utiopsad 0) a3enduef Buljjapowt SNVIS U suopjenba sulejuod
dowrbjunzaom Hose duruopenba

Ajissu[321 0) pasn ‘Buf|[opon 23U3pIAD JO siyB1am Jo s[nsal Suluigiuod 3jif 2[qu) o
qqrbungsom ajqm Amuiq qqusiydaa
suonpuoed anbpm L pajerdosse pue YLOIATYd weadord wepio] (U)X AP Ly pasn ’

2q 0y “sdewl 22uaplas Areuiq £ ([B JO seaI dejsaao anbjun Supmons dyus suonipuod anbum Ameugq deurbumgaom

WLOIATHd s pasn aq o) ‘papuadds deusbiunzaom dew suonipuod anbjun
3y} Jo S2qUMU SSE 3Y) I BIIE UOSIpUY-[3SHD 211 J0J snsodap SWA 119 Jo 31y utod | Lreutqsiose qqeqrsiudis

' SH@

® u1 eqrbingeom puw eqrbunjaos ,Buiutol, fo 1ynsa1 “Y1JIdAUd weSo1d urnio] (UKD
I pash 2q 0] suolipuoa dejzaso dewr 2duapiad Arguiq ¢z 1 o 2]q¥) suolipuod anbjun 1se 21 TIOMN
NOLLATHOSad AL HNVN

A

Sulj[opONl 20UIPIAT JO SHBIOM

ATV L/ANVEEI T/ LYOdXANIOASNY YL polltuitiod ayj osn
‘sa|qe) K1eulq Jo suos1aA 11ose 198 o, 910N (sdew 20uapIAS Buipnjout 10u) Fui[[apOu I\ PIIRIDOSSE SA[L]

(1 558]9) 13130 pum (¢ 558J0) san[eA ofjauew UIPRIS [BIIHDA 1{21y 0} djeLdpoul JO vorY © Amugq quuasudur
(1 558]2) 221730 pire (T 558]2) sanjea d)ouBaw playy [vi0) 431y o} d)uIdpoul Jo woln Aeuig dourquinuiut

(1 s5819) Ea10 pue (T s5819) san[ea 1A PIOY 1919) Y81y jo vasw Arouiq dsurqgZ)Ials

(1 sv810) 1330 pue (Z £58]3) san|A J'TA possasosd y3py jo eorw Areutq dourqgzsiadu

san{ea K)(ARI3 2]EIPOUI 0) MO] SO EIIB PUB (T 558|2) SaN[0A ALawsd 43y Jo vore Amurg deurrqgzounsd

$21095 £ UIUILPSS oY8] Jo dnuastad Yig6 > Bare pus (T ssed) smudazad g6 < vose Kieuiq deurqaugody]
NOLLJIMOSHA HIAL TAVN




[4)
114

ZOJAI7TVYN deul a3uapiaa so)

uonxumy £15j1qeqord Jajeys-2aysdua(g pue wonauny diyszaquion 3180 Azzng Sutuisiucd ojqe Amuiq qqrdojeuz
T4 V11V dew asuaplas 10) .
uotpaumf Aytjiqeqosd tajeifg-t1a)sdua] pue uonsuny diyssaquias o1do] £zzng Sujuiejuos afqn Kmsuiq qqrdesuz
ZDISLTVYN deut 02uapia0 o)
uonaunj Ayfiqeqoed 1ajeyg-1ajsduwa(] pus uonauny digswdquiaw oj8o] £zznj Sujureiuoa ajqe) Amsutq qQris)jeuz
TOLLL’TVN dout 93uop1aa fo)
uonyaunj A)jiqeqord sageyg-2a)sdwaq] pue wonouny diyszaquiawt s130] £zzn) Suiuisiuod ojqe Amuiq qqraneuz
70571039 dew a5uap1ad 10j '
tonounj Apjiqeqoid Jajeyg-2sdua puw uonouny dyystaquiaw o1do] Azzng Sujureitod o[qw) Areuig qqy-ajosuwez
70’1040 deut 20uapiao 10§
uol)aun) Lijiqeqoid Jojeys-tajsdwag pue uonoun diyssaquiawl 518of £zzn) Suluejuod ajqn) Lmurq qqrafonz
7071040 duut 201t2pias lo)
uonsuny £n)iquqord 1ageryg-saisdwagy pue vonauny diyssoquawz 5)Fof £zzng Sunne)uod ojqu) Ameuiq qayawyz
JY’10:D dutt 25uapl1ad 10§
uonaung Kitjiqeqord sajeyg-sajsdwac] pur uonouny diysroquiawe 5130] £zzng Bulupeuod a]qu) Areutq qqr(o2dz
NOLLJIHOSHA HdAL HANVN

(9 121dey) “‘s-g xtpuaddy 2as) "aAoqe pajs sdeur 93uapIAa ssejannus ay a1e painbai safiy 1010 ‘Suijjopoy s1807 Azznyg

: sofiJ indjno SNVIS
Buisn souspuadaput [suontpuos 3mjsa) 10j 7SO ul pajrduros uresdord NVY YO £Leuiq axo'pddio
s2]4J indino NV JS 3uisn Buj(apo 10§ s i paprdwos weidord NVELYO Amurq axa'noipard
popuadde dewrbiunzaos woiy sasseja dews ypia suoneoof yisodop SINHA Areulq qqrudzoom
sunpapows s[qe) Y3nony pojesouad Lnjiqeqoid Jousisod jeury
aip pue ‘deurbjum joom ‘sdems souapiss Lreurq o] Suurewsas Jo a[qe) suonipuos snbrum Tlose qqyIzqejaom
_ Buypopous ojqe) yyFnony pajeisuad Lnnquqord
Toyzjsod sjetpountayuy ve pue sdew souapias Lreulq ¢ [ 15515 Jo 9[qe) suonpuos onbiun £reulq qqrI[qe1308
_ Zumjrapour souapias jo syydram wols Junjnsal dew Lypiqeqord oy Lmuiq deur jsurasom
(soysuoidde stdo) £zznj pue gom) Hipiqeqord
€ 0) sasse[> deltt yuy| o) Surjjapows ojqe} pus Furjjopows dewt uy pasn o[qe) dnyjoo] Areutq qqiiojouyz
NOLLJI™OSHA ddAL HNVN




L4
"

28635 Juyjopout [eulf Ul pasn 2 o}

(sasse]2 001) 10108) jeayf 0) pajejar [enuajod Azzny Sutnoys dew ajerpautiajul Lmeurq deurxxjeay
23ms Suyjjopou (UL} Ul pIsN dg 0)

(sassepa oot) Jore) arydeadnens o) paejas jenuajod Azzny Butwmoys dew apeipouuaiul . Kmuig dewpdepys
STINOANOW deur 2uapias 1of

uonauny Anjiqeqod sayeyg-1apsduaqy pue vonoumy diyssaquiawt ajdof £zzn) Juluieiuod 2jqe) Lreutg qq Seuraz
STWIINDJN dowt 25uapias Jo)

uorauny Ayjiqeqo:d 1ajeys-1aisduwa(g pue uojouny diysiaquiais 3130 Lzz0) Jupieuoa a[qe) Lreug qqy3sunz
: STITATS deut ooudpias JoJ

uvonunj Anqrqeqord 1apeyg-1asdwaqy pus uonsuny dijssaquiaw 9130 Azzny Sulureuod 3]qw) Lwuig qurmz

STATAJN dew 92uapras 10) )
uorunj Anpiqeqod 1apeys-1aisdwaq pus vonsuny dijsiaquiaw 9130 £zzn) Suluieiuod 2(qu) Ameutq qqiyiadz
’ ASTINAYD dews aauapias 10) .

uonauny Anpiqeqord sajeys-saisdwaq pus wopouny diysiaquiaw 9)3of Kzzn) Juluieiuod ajqm Lmeurg qyrMdaz
TNZNTOWN deut 2ouapiaa 10§

uonauny Anjiqeqosd 1ajeys-saisdwa(g pus uonsuny diysiaquiaw 9)3o] Azzny Sujuiejuod ajqu) Areuiq qyuznyz
THINTO W deus 2ouapias 1o)

uonauny L)jiqeqosd sageys-1aisdusq puw uonsuny diysisquiaw oj8o] Azzn) Juluie|uod 3qe) Lreuq qqrqdinyz
ZNON 1YY deus 23uapias 10)

uonaumy Aijiqeqord 1ageys-1asdwaq pue wonsuny diysiaquiaw a13of £zzn) Suluieuod Ajqu) Lmutq qQrnapuye
JNEQINT duu 2ouaplas Ioj

uondunj fipqeqerd sapns-1asduaqg pue uonsuny dijszaquiaus o180 Azzny Sututeiuoed ajqu) Lmuq qargodyz
JNZOAN1 deut 23uspias Joj

uonaumy Anjiqeqesd Jajeys-1asdaqy pue vonouny diyszaquiaws o130 Azz1y Suiutejuod djqu) Amuiq qqrzadyz
ONI1DST deus aauapias Jof

uonauny Lyppqeqord 1ajeyg-1aisdurag] pue uonouny dpysiaquiawi 9130] Azzn) Fuuleiuod 2]qu) Aneuiq qq jodyz
Ang-1is deuz douapias 10§

uonauny Anpiqeqord Jajeys-1asdwoq pue uonouny diysiaquai 2180 Azzny Juiureitied a]qs) Leuyq qqyuod|isz
[ANAIT A dew 23uap1aa 10§

uonauny Lytpiqeqosd 1apeys-1aisdurag) pue wonouny diysiaquiai o18o] Azzng Buiuiwiuod a|qe) Lrouiq qqruosyspz
TOALLTYN deuz 92udpias 10f

uonmy Lyijiqeqord 1apeys-1a)sdutagg puw tonauny diysiaqueain 3130 Azzn) Buguimiuod 9)qu) Lnpuyq qquSdyppuz
o4 TVN dew 2audpias 1oj

wonsung Apjrqeqord sapeyg-19)sdwiaf puv uonauny diyssaquiawr 9130 Azzny Suiuleiuod o1qs) Kmuiq qqrddjjenz

NOLLJIMOSHA ddAL HNVN




tn

yasard jou o) paBurtd usaq suy v)up
SUISSIW “©q)*Z20M JO UOISIOA PALJIPOUI B 51 )1 “UpL0S(a tolssaaSal ansi¥o] aify Joj o1 Bjup o5 daaaung
(s118)9p aodwiod J0J 6861
“‘F1aqea)Fy 0as) a2 sojquuea Lio)uejdxs Jo Jaquiny ‘suoljua)l jo Joquinu wnwixewr ‘dojs o)
saleas Jof 20ud3124ua jo [aaa] ‘Buspnjoul s1a)pureied yndug suypiuoa 1N o]if sjuIpatitiaju us nosy duyjoddog
papuaddn
dewrbumgzaos dew suonipuoa anbun woay sasseya duws [pEs suoneao] psotap SIWHA Liuiq qqsudpd
dewrbrunzaos yum payuip 111 ‘eqrbuumgaom pue vqybiungaom ,uurof, wodtf
Bunyinsas sdew sauapias Areugq gz [|v wesy uchvuuojuy Fupuimuoa sjqu) suotjjpuod anbjun Keug qaqroomn
ddAL HNVYN

. NOLLJNIDSHd

(s Jardey) ‘p-g xipuaddy 0s) mxm,m Lotaddd Suisn poyaw uoisaigas a11s180] pajysiam valy

\ ONAZZOA *ONDAZZN
ONDAZZNA ‘ONVAZZNA "ONHAZZN “ONSAZZNA suonenba 225 Bugpiopow 0180] Lzm)

oj ‘suoieiado ug[apow snopwa uuopad o) 03enSue) Suijapowt SNVAS uj suojenba steuos t1osu du'utegjenbo

poyiaw 2180] Kzzny soj dew A)jlquinosuy Jeuy Lieulq %E._&_?E_m_
uoljejosdiajut Joj pazifensia aq o)

{sa|nuenb oz) s0108) (eaisfydoad o1 payejar enusjod £zzny Surmous dewr ajpipaurtajug Lmuyq dowiagyd3
uon)asdiajuL 10) PIZIfINSIA 34 0)

(saynuenb gz) Jopau) (w1303 o) pajuiar [enusiod Lzemy Suiavols dew ajurpounann Loupy duwraejod
uonmaadiajug Jof PIZIUNSIA 24 0)

(sajtynmb g7) 10)28) 122y 0) paruyas jenusjod Lzzng Bumotjs dew ojeIpauLu] Amuig duurora)e
tone)oadisyug Joj pazi|ensiA aq o)

{sapnuenb g7) s0108) srydessnens o) pajepaa rpusyed £zzmg Bupmoijs duw oympaunul Arougq deurronjls
28ms Suyjapotr [uuYy Ul pasn aq o)

(535523 001) L0128y [B2i5Kydoad o) pajujar [enusjod £zzng Surwoys dew ojerpausaur KL1surq dewrggovydd
23w)s Junjjopour Jeulp ug posn 2q 0)

(sass11> 001) J0)9) fE2111121)2023 0] payeas (enuajod Azzng Susoys dewr ajeipauLul Kreuiq deurjorjunjou
o8ms ut)|apotu Jeuf Ut pasn aq o)

(sasse]a g01) 10158} UohEsalju 0) pajefat [eniuajod Szzng Surnoys dew ajupauuaur L deurxxo)e

NOLLJIYISHA ddAL VN

Lty



L4s3
o)

eqy-zbiunsp 2(qe) suenipuoed anbjun o) paxui| duut uonipuod 2abiun Lmuiq duwzbumsp
‘ deus [ byunsp pue sdow
25Uap1Ad sSE{ANNW ¢ SuluIBWaL Jo) voneuULojul L812A0 Fuuimued 2]q8) SUCHIPU0S anbtun Lourq qqr thiumsp
‘ eq) [biunsp .
2]qE) Ug 2IUIPIAD SSE[N[AW € | I} J0J seare dojas0 anbim Jutnoys deur suonipuos anbiun Lwutg dewy | brumsp
dour ybiunsp o) payui|
ssdrut 92U2p1AD ssE[FRINW g | Jof uoneuLiojul Ae[1240 Fuluteiuod 2qu) sUCLIPUD obyum Lieuiq qqy [biunsp
NOLL4I4Os:Hd ddAL HNVN

stiofjz|nafes S A1) Ul pasn topoumy Ljiqeqoad pajeinajus ai)) Sutuie)uod “dutu 25U P1AD LoD 30) U0 *(BqY42) sajqe) mdut €7 (T
sduw oouapyan sseponinws £ (1

apnjaul 2A0qE polfsouus o3o] Azzny o) U] Pajstf U2dq Pras]e oARY JUL) PoLpOL 1ajuyyg-1osdiuacg o Ul posn sajk:] (010N

pojtow Jajeyag-taisdwaq

suonunaje
uotsso13a1 o1is180] pan|3ros varE op 01 MOPUIA T/SO UE PaSTt 3 0] wwdord NVHILYOA Lmutq axaapud
uolssaiFal o1)s)80]
poly3iam eais Suisn pousuudjap AN{1qeqosd YA pajeroosse SUCHEIADD PIEpUBLS Butmofs duwr Amuq duurapisido]
poyiau volssa1Fa1 payIias a8 Y)M PIjeIo0sse (psqo1d) Huiepeasun oayslar Supmoys dow Lmg dowramudog
popous uoyssasSox aysido] pajyBiom eare wioly Bupnsas jenuaiod SWHA Sutswoirs duw Lwulq dvtr3adog
spsodap Jo saouanbazg pojorpard pus paslasqo jo uosurdwiod 1105y v aLpumd
duui suoniptiod
anbum £)1ss8[231 0) SNVS 031 ¥59q paptodiug 2q 0) sapnpiqeqoad souajsod Supurejuod a[qe) nosu yeproado]
23usd1aau00 Jo [2A2] paifisads a1y __\,q,.a: 0j 521098 10J SUOYIRIDH Jo Jaquimu Suisoys ndino 1jose mo-jeddo]
ddAL ANVN

% K NOLLIIN)SHd

__
4



(421

2]qe) suoripuos anbun £imugq qqi-g10obiun

{daw asuq su daw-yjuzaseq Suisn)
eate Lpns ajoifw Fuisn sde m__EE__o.é._ Jo Lujsaa0 woty Bunjnsar dew suopipuoes anbjun Leuiq dewrgi0obpm
o dew AygiqrInoag) poipatl 22uIpIAL Jo z__m_u.s Kieupq duwr sussos
\ dow £)ijrquinoan) poyjout uolssa13at ansido) Lwulq dewr3audo)
\\,\ dow Anjquinoasj 01301 Azzny Leulq dewr pg{emd
s dew Lppqrsnepd Jogeyg-1ajsduiagg Liouig dvwr zsidsp
dew poddus saymyg-101sdurag Lmuig deurzdnssp
Ajuo syo04 atueajos YsHuUy - vosiapuy-1asiy) o) duus aseq Areurq dewrpaujoseq
8218 ApNJs UosIapUY-jasiyy) o] dew ssuq Amuyg duus-yjuasuq
NOLLJIHISHA HJAL ANVN

sdew Lyjiqeinoaey] jo uosuedwo))

2|1 D[qUINIIND

uresdord SNVAS a1 Suiuteiued £10)3221p 21} Ul 2pisal jsnt “a'f1o5n JO Uols1aA papiduied Lreuig 1P pasn
a3un3ue] D ul uanUm ‘apns uonruIquIes 5 191sdung .
$IIN29X2 je1) Zauousp pue [auousp suolienbo SNV.IS £q pa|[ea uoldung Joj opod 23Inos 1osw 9'J1250
ToucUsp puw pouousp patuu ale stoljenba Buijjapour pajejal oAy 1195w duyuopemba
dutt Kyurepraoun jeug Amuyq deurzounsp
dow Appuqisnejd jeur A1sutq dvurgsydsp
dout yatjaqsip jeuy Amuiq deurgsipsp
dew (Jopaq) Juoddns, jeuy Anourg deurzdnssp
dow-zbjunsp dews suopipuos anbiun .
u__. 0) PaxUI[ 5)[usa1 L}ufEpa3un pUv J2112GSIP J21[3q [BUL DY) YILA 2{qe) STOHIPLOD o=_=== Lwuig qqrezbiunsp
dour [brumsp dvar suonypuos o___u_::
0} PaNUI] SINSI Ljuleiladim pue Jajlaqsip ‘Jar[aq 2JRIpauLaUL )n a]qe) suolipuos anbum Amuyq qqrebumsp
NOLLAMOSAd HdAL HNVN




(£juo sawedjoA Ys1wy Joj) sdewt Appiqemoas) poddns
13jeyS-1aysdusa] pue 23uapia2 Jo siydion Bupeduiod FXH HOIUSMY uredoxd wouy ;ndjno 1158 10X SSPAMU
: (£[uo sapues]oA Ysiwy Joy) sdeur £)1)1qumoavy uojssaidal
anst3o] payyian eorm pue o1do] Azznj Suuredwod FXAYODUSAY wesdord woyy mdino t1ose - Joa g
(£quo satueojop sty 105) sdews Lyjiqrioawy Ayiqisnufd
eys-tnsdwa pue 13o] Azzy Supeduros FXTYOOYSAY werdad woyj Jndjno Hase 10> dsppput
{£juo sajuwdjoA Ysimy 20)) sdews £1jiqeioae)
yoddns 1ajeys-12ysduaq] pue 9130] Azzny Suwredwod IXTYOIUSAY wesdoid woyy mdyno 1ase | . Joy'sspliw
. (Aquo sapuedjop ysiury Joj) sdews £31fIqeioae) _
25uapiAn Jo T pue o1do] Lzzng Suredwod AXA-YOOUSAY Weidaid woly ndno 1os8 Jodanyu
sdew L)ijrqemonsn] uoissa18ad asido] pap3ramn
eare pue Ayjiqisnejd 2ayeys-1sdwag) Supeduos FXAHODUSAY wedosd utoy) jndino 1158 loy1jdspiod
o sdewt L1 j1qumoany uoissadas ansio] praysiam
ea1e pue poddns 1apeyg-saisdura(y Suueduiod AXT YOOYSMY urerdoud woi) admo tiosu 10°1js5pI0d
. sdew Ly1jiquinoany Anpiqisnejd Jajuyg
-13ysdwaqq pue poddns 2ajeyg-1aisduag] Supeduros FXAMODUSAY werdoid woyy Jndino 11088 Joydsspuod
sduwr £)1]1qrinoae) uoissa13a1 oysidoj
paiy3iam BaIB pUE 2UPIAS Jo sIyBIan Sutedwod XA HOIUSMV weidord utol) ndyno 1asu Joyi[pamied
. sdows £yijiqunoaw) peddus
Jageys-1sdwa(y pue 23uapias Jjo sySlom Supedwod XA HOIUSA Y WwerBord woy) judino Hosu 103-dspased
sdow Lyjiqunoavy poddns
13jeyg-1ajsditia] pue 23uapyad Jo sjydram uuedwod AXAYOIYSAY werdord woyy mdine ilosu J0X'SSPaMI0D
sduw £)jjjquinoae] uolssardal
ansido] payydram eare pue ado] £zzny Fupedwod FXAHODUSMY lweBosd woiy jndino Losy JOYIj[H0
, sdrw Apjiquicas) Hnjrqisnegd
1a5eys-1sdwtagg pue o190] £zzng Suuredwiod FXH"HODUSM YV weaSerd wolf judine §1os8 Joadspyp10d
sdsw AN |Lqeroan)
poddns sa)eyg-1aysdiua(] pue 9i30] Kzzny Suuedited X HOOYSMY wnidord wogy judne 1losu J0¥SSP(HOI
sduw )njiqeioas)
23uap142 jo JyFiam pure offo] Azzny Surreduwios X HOOUSMY wriBosd woly udino 11088 J02°2A\[H10D
dewrgyswbiun deur 10) uonsuitojus Aepaac uiuigInod afty 1ose Lwutq qqrrgyswbun
SIIUBI[OA YSiuy
Burprapun eore sof ysnf sdewr £yjrqrinoaey Jo Aefsoao woty Sunjnsar dews suonipued anbium L1ougq dewrgyswhbpun
NOLLIDSHA ddAL HWVN




(441

sdew £y1j1qeinoay) Aroutq deutadojssp
W1 PaBtam vare pue poddns g7 ussariaq sasualapip puu sojure(ns Jugsoys diw
sdew £yjjtqumoan] YT panjdom vate pun poddns 11asw jsura3ogssp
S U3aM12q 52IUdIIYIP puw L)Liejiuns Jo seasw Fupdynuopl 2oj ojejdway Aeproso Xujow
: sdaw 5))quinoay) Kreusg dewrsjddns
Anqrqusnerd g1 pue poddns gef usomioq sasuasagyip puw sajmjiwis Jutaotys deu
sdew £y1jrquimoanj Lujiqisneyd gq pue poddns 15 jwursjddns
L ] UaaM}2q S22udIaIp pue AiLrejiuns Jo seare Surynuapy 105 ajejdius) LupIA0 Xujew
: _ sdout Amupg duuraBojoon
L1t1qrmoasy YT PaIY31om eaIe pUB O A U29A3q SIUIIP pe sajuejiuns Suisoys duw
sdeur £)i[1quineasy Y7 pojySion vars {1ose jpursdooom
PUB JOA 2241124 $22U211p pus Luejiwis Jo svare Bulfynuapl 1og ajejdua) Luj1aA0 Xujuw
sdvur £jj1qemons; poddns §q pue FOA U2asIQ s2IUZYYIP puB SIS Sutmols dew Liuyq deurdnspaom
sdetit {jiqumoany poddns s
PUE O UdaM)aq sduLa)fip pua Ayuujiws Jo seate Sutdynuapt Joj ojuda) Lejasc xujew nose yowrdnspaom
NOLLIIOSdd HJAL HNVN
dauwt £j5j1quinoanj
uoisssardal ansidof payR1om vore pur /1.f UG SINDIYIP pue sojueiuns Supmoys dew Liourq duwr28opzng
. , sdew £yjrqunosey ¥ payySiom eare
PUE "L U22.::3q $22U12JJ)p pure K)Lee]iuns jo seara Sulfinuapy Joj sjejdus) Aepioso XLy Hosw ywradojzng
sdew Ayjiqumoaey £sj1qisne(d S( pue “L.f Usaaq SIUIIIIP pue sajurejiuns Supsioljs dutu £Lrsuiq dewrs{dpzmy
sdow Ay1jrqeanoany Lyjiqisneid s
PUe “{ Uad:12q $93U1311p pire e[l Jo seatw Butypuopy 20j sjeidwa; Aej1aa0 Xujew nase wwsidpzg
sdews £)j1qemoany poddns 51 pue 14 U2M32q $32UI31JIp puB SOIUB|IUNS Bupaoys dowt Ampuig dawrdnspanj
sdew Aytqumoasy poddns g .
PR L U0M)3q $22UdIIP pure K)Lrejiunis Jo seare SulKynuap! Joj ojejdua) SepaA0 XupBw tose surdnspmy
sdew A)(Iqemoas] FOA Pue 1] Usa.M3q S23UaI3YIp puB sajLrepulis Furaots duw L1euiq dewraonm)
sdew £jjiqemoan) oM
PUB “[] US0.113q $23Ua131p puv L)Uejiuns Jo seore uglynuaps 1o ajejdwa) As[1o40 XLneur [R] yBuI 208
NOLLJIN)SHd ddAL ANVN




340

deur | Jnqay4p 1oj sisenuos pue sjBrom Jurmors oxa'sis wolf mdyno Hose siwngaysp
dewro1j0s3 10§ s)sEI1100 puE 5)G3[OA Sulsoys oxo's)m woyj indino 1ose siwonoad
(oxa'sim Jo indur) papusdde dewr1jngax4p jo sassejo dews yia suopeoo] ysodap Luiq qqIeEzswA
(oxo'ss 10§ Jndur) popuadde deuranoad jo sassujo dew s suoluoo] ysodap Lmujq qqr 3 swnga
(oxo'spa Jof indur) deww [ngoy£p Jo sisAeus o Tjose dar pngaysp
(oxa'spa Joj induy) dewa-o1{0a3 Jo sisf[eue varw ose dorono>3
suoneao] nisedap SNELA YA ofLf 10104 Amung qqr{sunja
a34p oneajoauss Supunoins s1ajnq Surmoys dew Ameulq dewrjngaysp
va1u UosIapuy/-[asiy)) jo dew £Bojoad Lwing duewsrosfood

‘P03 92IN0S SI IOJSIA "SISPIUOD PUB -\ puE
+M 21[enofes o) sajyy dew pue sajyy )ndjno sisjewe varw SNV JS Suisn wesfoid uento] £1muiq aXO'SIN
NOILJRIDSHA HdAL HAVN

(1-g x1puaddy 2as) sysenuo) unenoje)



5341

susodap SIEIA Sutisoy 10§ sx201 sfjsejaIURI[oA 21s]a) 0) douwjsip umtnndo Supaoys dows Leuig 09Z'9p xodqzopjood
4901 S[JSB]HUBI[OA JIS|3] punom i ‘ end:
sisodop SWHA Bulisoy 10J smoyy 21s]3) e_o“_a_“% azrh_.mo m__m.h“.wuuhuﬁ“mm mwm.mw gwm.a 5 zsw
SA\O[) D18]3] pumoim s1afjng uuﬁ_mmu 6LI'PL ’ xo%mwﬁ”m
—— umsﬁuno bﬂ:m Suugsjdxo wwep £SH'eY X um..m_nn:._
160] Azzny duisn [erjudjo F ¢ .
poiatl 53uap142 JO 53128 lat poyjaw o13o] .S_&_% w_ﬁ%ﬁ__:ﬁmw_” m”__s_ praddy xodiodzzy
poyaut uolssasdar ansio] tm poriow 0)do] Azzny jo s)nsal Suuedutos dew me.no_ xﬂ“um‘ﬁ&
pouyos poddns (deyl SNVJS Ut pasn) porpowr 2330] A2zn) Jo owidp Joj OpIjs PUs ol _Mw.wu_ M un“__h_ﬁ_._
o h__uﬁ_ u Jajeyg-rajsdinaqy pus potpaw o180 Azzn) jo sinsa1 oy Supredwios dew 8€8°L iad g
180] £zmy ut pourquod 350 sduul Jo)aug apeIpatiIaiug 3a1J 9y Motf Tumols jau saudlajuL §L01 X _.Em_h__._
ob Wa5qu smoy a3s[a] puw Juasazd sy oisje) Sutmoys dour L1vuiq 85 6 Xod 122l
nsodap SWHA © Sunsclf Joj sax£p oumafosuds o) sauv)sip umuijdo m:wsoﬁ duw .QEr_ cmw.mv uw.ua anowy
potpaL 12 . 5244p a1uwafotAs punox s1a1)nq aauwsIp Jo dow 3Lo.oy ¥ J—:pux%
Jeys-m)sdusa( 4q parejnajes Ajurepaoun, Suimoys Tars uosIopuy-1asiyo Jo dows 208 SL : xod jnqaxép
POy sajeys-1aysdiiacg 4q pajejnojua poddns, Sumoys Base tosiapuy-asiy2) Jo deur :m.w: x.&“.sﬂoa_..m__
potpaur uojssardas ons13o) poddns sayeyg-sesduraq Jo sjnsa Suuwduros det Ebp Vel xod >... gdnssp
?EWE soyeys-ssdia Aq parejrafes Apiqisnerd, Sumols sarm uostopuy-fasyy) jo deus -0zzsol Xad:agofssp
(dejy SNVIS Ui pasn) poyjaur vopjeuqLIe) J9Jut{§-1ajsduia(] Jo OUp 10) SPIS pUa Juol L8k el xadazsidsp
PO 12jmyS-1315dwIa(] AQ POIEIN2[ED J2)[2GSIP, BUAONS BAIL UOSISPUY-2SIYD JO a_sm__ 1193 o
£3|1L1 UOLLIQUI0d J3JByg-2a)sdutiaq] ut pasn suofjunba jo apis wmwm _ ww..__..,ﬁ__é
funjopous 25u POYIaLH 22UIP1AD JO SIYBos Ul pasTi -4y pUB +A\ Jo suopuilap Sujald u_um_m 3¢ X u%Eoua_u
: P1A2 Jo syB1as ul 23uapuadapuy [euofiptioa Sugejnoles Joj pasn suonunba Jo opifs I8 05 Xocrauyjop
Bi(spous 531p122 Jo S1UF12 U1 YS9 Buluiquios 7o) pasn suofubo Jo apis esL3s xodropuos
Sunlopous ator & spoy1aw Jug[apout Inoj a1y jo s)jnsas Suuwdwos uo oLUap 10§ opy|s pua _Er._ Gm.mv u.an qu0d
| [opous atdo] Azzng Uy pauiqiios a1e sdew 2ouapIAd e21WYI00T 9 Moy Buimoys z..: 20U} vmc._v Xod jugrduis
I i Bus|jopouti 0)do] Azany uy Io)ou] jeiwalys008, mnm.so_mn dow u.a_voE.uEm mv_._ 1 x&”«__.::ﬂ;u
nauny Ailiqeqoxd pojeinojes ay) o) paje[ol a3 suoTjoNy Jol2q Jayeyg-sajsduwaq moy Futmoys omay Les o Xod oajuiayd
SO 2P pUB 01159 )51y i) U949 dsone oy Supmous By 88p ol Xodumjpes
ujepotu of30] Azzny i pattiquiod o1v sduus 23UoPIAD UoNEI[E 9 A0Y SuLMOUs Jou uu:&u.__m“ Lo 1 xadumyjaq
s1s0d5p SHHA 40 Em:m“uveE a180] Kzzmy 1 ,10}o8] woyeId)[B, Sumoys deut aEipounaju] mwm.mM xwm._ jae
a180] £zzny uy " sde 1) Ned uohieiaje [eop) Jo ucopwd pus 4301028 0pO0Z:( B..::-E._m Jo dewt ¢ : wn.:u e
: 1 posn sdei uEh“M_n%s $2[ns voFUIqUI0 ‘sddutts 35UapiAd UMIaq SN Bugmous au 2audajuf w.mm.mw xmmagﬁ_u
2 §]]i5 )1 ot "
11is 2)i[bu0) dluBdjoAqns Jo £e[1240 Yilm (%) Wmiss)o] awoqiy jo dew 7L8'osl x&.“m____“
uopdussaq (sa1{q) o718 autruN S[if AMydLg

(MVYd 130D st :H_Em 18uLio) sy} Surpoddns A)jnn AUe yjal pamala oq AewI) JELLIO) Xo0- PIEpUE)S Ul ,59]1} oIjoid,, JO Isi]



[4a]

SIWHA {iiw togjesiosse wnwndo ot m_.m.;ﬂ._ wayjed Jupnots Joj sanauSeut Juatpead (earpas Jo dew Lreulq

L9k xod-quissudus

‘ v2JB UoSIApUY-1os]YD JoJ sopaudsw justpra3 [ea1uaa jo dew 1€6'001 xod-woaudw

sisodop SWHA iLw vonersosse wmwndo sip uiamny tuaped Suwmoys sapauSeul play (e jo deut Lroulq s0Z'ob xad-quojudu
sapjpudewr play [v10) Jo duw pLT'6L xaduaudw

SPOIAL UONVUIqUIOs JUIa1J1p JO sI[nsa1 Sutediiod Ut pasn XLneus Jo aplfs 859'sk xad-xuewt

poyiaw oiss21321 ansiFo] thia pajerdosse (ps £ 4 1500} Hjuwpasun a2yl pLz'os xad-aunado)

poypaut woissa131 ansy3o] Jo s)[nsal Joj (suonerssp piepuss) duut toua 9LT'9l1 Xod-apisadog

(dEp SNVAS Ut posn) Uopjensuowsp uoissaIdas alistiay 10J opjis pud juoy AL xadpapdo]

potpout uolssai3as onsiZo] Suisn woly Bunnsal [enuajod SINA $19°011 xod-3ugo)

B21B LOSIIPUY-J2S[Y7) UL sucnedo] ajdures juatipas axe| 996'9% xod-wadursyg

Ansiuians008 JuaWwipas axu| 10§ 521038 £0d Jo dew Areurq PRE‘Hr xad-qaugady|

Ansywayroa8 uawipos oxe| 1oj 521098 £ Juaueduwo) jediound jo dew 910K xad-ougady)

Anstayf3023 Juautpas oxe] Joj 521038 7 Jo dow Aruig 8Te'sh xadqouzadyy

© Ansjuai3003 yuaunpas axe| Joj s21008 g juauodwo)) jedidutig jo dewt £9¢'sP Xadrauzadyg

 Ansiuaya0o8 juawipos 9Xe| Jof 621005 1Dd JO dow Arouiq S19'vp xod-qaugody(

Anstwaya0a8 Juawipos axe| Joj 52503 | juauodwo;) fediuted jo dew S6T'LY xad-auodyy

sisodap SIWHA Burisoy Jo) ojqumoavg jsows woped Butmons sonjea uz paduy jo dywt Areuiq 909'th xod-quan Sy

‘ s{[1 uf uZ, Jo sanjea Jof [raeu pasuy £81°08 xoduzuj3dry

susodap SIWHA Sunisoy Joj sjqemoagy isowr wiaped Buimols sanjua q4 paduy jo dewt L1ouiq Lelsy xad-qqdu8ny

$[In trf qf Jo sanjea Sof jemuu poSuy 119414 xod-qdudny

sysodop SINHA Sumsoy Joj s[quinoasy jsour woyed uwmoys sanjea n) paduy Jo dew Amuiq 1pE'Sh xad-qnauj@ry

s|(n Ul n) Jo son|ua So| [eayvu pasiLry WIS xod noujdry

: Furjjepows jeyuajod [e23UlW 230poNUL 0y 3pI|S Pud JUCL) 1os‘st xodunnug

ar30] AZznJ 1 pauIqUIOD 13 10)28] 1231 9Y) 0) Pajejs sdawl 25UIPJAD OAYy D) Aol Bugaroys 19U 23U253jU1 gLv's xXad-yameay
potpaw a130] Azzny ay) ul pasn 20)08) 18y, a1f) Butsot(s dsw a)BIpouLIAIUL 705°18 xod-ompeay

susodsp SHA Funsoy sof woped wnwpdo Summoys Aias3 jusjpesd [eatioA Jo dour Lieuiq sel'op xad-qgzounsd

‘ SISEH]> §Z 0| pAL)IssE]d3L sonjua L)farsd Juoipesd [BajpaA Buimoys dew sk1's8 xadrgzaussd

PoIv UOSIAPUY-(asiy) ) Joj K1awd 108nog Fummonys dew 668'rF - Xodudqaeid

potpaw 2180] Azznj ay ug pauiquiod axe sdewl 2uap1Ad [BsAYdead ¢ ol solf Fupmoys jau 2dualajul reg'cl - xoddrysusyds
poiptaw o18o] Azzny oty ug posn 20308) [eaisAydoad,, oy Bulmays dew ajuipoundjuy oFs‘oL Nod-ompsyd3

sisodap SWHA J0J [2powr 2530}0a3 (rap! Suimons Ucoped B PUB OOHOTZ:| 19 4801028 payyyduns Sutaeys dew 088°6L Xad-pouroa8
123tys deur UosIPUY-[asIYD) AU J0J 0OOT: 1 1w ABoj0ad payiduits Buimoys dew £O°EL xad-[a1]023

sysodap SWHA 3unsoy Iof sysaas ofise|21ued[oA sew o) 2oussip umwigdo iy Butaoys dew Areuyq l'sh xaufqgagoa8
1231 deus uossapuy-19siyD) oY) UJ 5301 o})SB[OIURI|0A SLJBUI 0} S124Juq dduB)sIp Sulmoys dew 1£2°89 xadzag[oad
wondussacq (s9)hq) oz1s aump ajLE amdg




()
“

Iy Uoszapuy-[asiyy 2y uj s)isodap odL) SYA Jo uonudo] ££9'c0 xad dapsura

{poyiowr 2ouapiaa jo s)ySiom) sjydraa o) onp Ljupepanm $19°001 xad'smoum

poliaur 22uap1AD Jo sId1am 0) P2)ejol LJUTUMIIUN S[e)0) 6Ts'rL xad-jojoum

poIdws 2UIPIAS JO §) 1o J0J {oun [w0) £ 1504) Aujuposun aanear Suiaoys dew S6T°09 xadaum

(poyiaw sauaptaa jo siydam) mup Fuissjw 0y aup Lugepssun Furmoys dew LOV'LL Xdd-woun

poYIaLt 22uapIAa jo siY1am ul Ljurepasun Sunenojes 1§ suopmba Sumoys spigs 6L0'0F xad repaoum

8218 UOSIOpUY-[asiy) 1Y) Jo) duws uonedo] ajdwes |(n [£6°8¢ xod-dwsqn

SPOLI2UL INOJ [[B WolJ 5)[NSaI Uo pastq seale jod1e) [unudjod Lo0'1L -Xod'prodm

sisodap SINHA Sunisoy Joj say4p s1uajoauss 0) osuwsip umwpdo o) Fugsoys dew Lreuig 919'¢s xadqy{puts

ease £pn)a Jo uoneso] Sutmoys dew ELL'OE Xod-amepnjs

a130] Azznj uisn pouiqiuod a5as Jojogy spyduidyens ot o) pajejas sdeur asuapias moy Sutsoys 1au d3udIJUY 008zt xad'jaunns
Buyapous 9130] Azzny uy pasn 10j08) apydwsSiyuns, oy Suvoys douws ayeipauia)iy £L6'0L xod-ogjins

sdews aredie oy pasn suonenbo Jua1313§203 uoysfLIe YU pajySiam pats seuneads SuLmoys opys R806'LE xad-roa1s
sisodap SIWHA s ATA AL Jo uoliejoosse wnwydo a1y Sutaey woaped ayy Sumoys dew A1euiq 600'891 xulqszials
SI55D[I T OJU| PALIFSU]IAI ATA HOGHR PaY [uj0) jo dout S9E°r91 xad'szjas

ea1e axfe] moug uj Burddew eijuajoed [riouruz o} apifs uonanpoxu| rATN 4 xad [ 21opiis

sisodap SWHA Tunsoy zoj s[jis o)feu0) 03 d3umsip winwydo Supmoys deur Kreuiq s0L'st xad-qunqjps

_§[[15 d)jEuo) oluBIjoAqns Buipumolms s1ajng sauw)sip jo dew 09E‘r9 xad:nqqis

193fozd [erpusied [esauiuz gi0 v Sunususapdur ug ssasoxd days anog o1y Sulquasap spijs L6’y xad'ssasond

sitsodap SWIIA pue A1A possososd a1y Jo uonersosse umwido jo waped Suwnoys dewr vulg 0LE'OF xadqgzijadu
SS5B[D CT 0) PALJISSE]221 J7TA SWioqLR passadoid £67'Lhl xod-gzjiadu

susodsp SWIHA puw vonesale edl]is Jo uoljesosse wnwiydo jo wayed Sutmoys dew Liwulq 429'sk xad-qais)peu

WaL) pUNOJe SIUOZ 13[)1q SIUB)EIP puw Lofjeia)]e wajjis Fupquyxs seom dew 19¢'€L Xod-osypeut

w3Y) punole saloz Iafjnq aste)sip pue vonea)je suid Sunignpxa seare duew 905'69 xod-ofdyjeu

sisodop SINFIA Y sauoz vonesayje adid jo uonerdosse wnumdo jo wayed Sumoys dow Ko 888'ch Xadqadd)feu
W) pUnoIe §aU0Z 19)jnq sauesip pun uonws)ie adid Suriqiyxa seare dow 118Es xod-addypeu

sisodop SINHA Yiiw uoperajje ad<) uoxy jo uonejoosse unwiido jo wraped Butmoys dew Areuiq Flo'Ly xad-qoopeu
W) PLNOIR $2U0Z 13]JNq IU)SIP puw uonjeI2)|e UoJ) Su)iqIXa seate Jo dew L80"9L xadoa)iBu

susodap SWHA hiin topesa)je ad€) ajopida Jo uonerzesse wnwydo Jo wayed Suwmoys dew £reug ¥59'vp xad-qadaypeu
watf) pUnase SAU0Z J3JNG 2IE)SIP puw vojerd)|e ad5) ojopids Surnguyxe seam jo dew £EK'LS xad-adajpeu

sitsodop SWIIA Yils uonwiaye apede Jo uonsiosse umwdo jo wioyed Suimoys dew Lisutg 7Ls'ph xod-qadejeu
W2 pUmole s124Jnq Sauejsip pue vone)e jnede Suniquyxs seors jo dew LTLTS xXad-odeyeu

vaIv UosIapuy-[as1y) oy ut (adsy SNA Suipnjour) suonjeso] yisodop (eaupu Furmoys dew 0Eb'9s xad'sdapims
uoyduosaq (sa1fq)oz1g SUmN °ju ampld




poyout 22uapia2 Jo siyom Susn [unuajed SINA SLOPTL xod-zswaoom

poytaw uotssasfal o115130] pu PoYISW DIUIPIAD J0 SPYBIOM WO3) 5)[1SI UDAM)AY F2UIIIJIP Bumoys deus LIS xad-adojaon
POYIOW 2IUDPIAD JO SIYBIaA JOJ OPI|S PUD JU0I) 158'59 xadujaos

oddns JaJeys-13)sdiia(| pine POYIGUE 2IUIPIAD J0 SYS1a WY 55T UdINAG s2audIaY P Butmoys dew L8001 xad-dnspaom
a3ty ats pue you[q pappfduns u spisodap SWA LTI xad-mqdapsia

uotduasag (sa{q) oz 2N o1 am)Ng




‘Contents of Appendix C «Compact disk» consists of the digital
geoscience data and related information compatible with SPANS GIS,
required to carry out the mineral potential modeling applied in
this thesis.

If you have any questions please contact the author at

Danny Wright
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