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“..How then am I so different

From the first men through this way

Like them I left a settled life

I threw it all away

To seek a Northwest Passage

At the call of many men

To find there but the road back home again.

Ah, for just one time
I'would take the Northwest Passage
to find the hand of Franklin reaching
Jor the Beaufort Sea
Tracing one warm line
Through a land so wide and savage
And make a Northwest Passage to the sea.”

Stan Rogers (1949-1983).
From “Northwest Passage™.



ABSTRACT

The application of furzy logic in a GIS framework s a valuable method to assist in mineral resource
assessments (MRA) in areas where data are sparse.  This study uses a digital geological map, backed by
a digital geologizal data model, derived from published legends and reports.  Together they function as a
‘spatial-attritute relational data model” that provides cvidence. in the form of derivative maps, to support
mincral potential according to deposit model criteria. A knowledge-base is created with fuzzy
membership functions linked to the classes of cach derivative map that indicate favourability between
geological features present in the database with those required by model criteria. A fuzzy-logic-based
‘inference net’, as implemented in the GIS modelling language. is used to combine spatial evidence to
determine mineral resource potential for three mincral deposit sub-types: 1) MVT Pb-Zn. 2) Sedimentary
Cu and 3) Sediment-Hosted Sulphides.  This method is shown to be valuable for providing an *audit
tial® for the complex decision-making process associated with resource assessment: it provides a means
for experimenting and testing various hypotheses and viewpoints associated with mineral deposit models,
and mimics some aspect of how geologists determine mineral potential for a region using information
provided in geological maps and mineral deposit model literature,



TABLE OF CONTENTS
1. CHAPTER 1 - INTRODUCTION

1.1. INTRODUCTION

—

1
1.2, BACKCROUND 2
1.3. THESIS FORMAT 4
1.4. ACKNOWLEDGEMENTS. )
2. CHAPTER 2 - EXPERT SYSTEMS AND FUZZY LOGIC s
2.1. FUNDAMENTALS OF EXPERT SYSTEMS 5
2.2, EXPERT SYSTEM APPLICATIONS IN MINERAL POTENTIAL MAPPING 9
2.3. ELEMENTS OF FuzzZy LOGIC. 12
3. CHAPTER 3 - AFPLICATION DESIGN 17
3.1. INTRUDUCTION 17
3.2. CoNCEPTUAL MODEL 17
3.3. LocicaL MoDEL 18
3.4. How THE MCDEL WORKS po)
4. CHAPTER 4 - DATABASE DEVELOPMENT 25
4.1. REVIEW OF AVAILABLE DATA 25
+£.1.1. Geological Maps 2
4.1.2. Geophysical Data 27
4.1.3. Geochemical Data 27
4.1.4. Mineral Deposits and Occurrences. 27
4.1.5. Summary of Data Review 28
4.2, DATABASE REQUIREMENTS. 30
4.3. DATABASE DESICN PROTOCOLS 32
4.4. DATA MODEL FOR THE ‘DATA / INFORMATION” COMPONENT 37
4.5. DERIVATIVE MAPPING PROCESS 43
S. CHAPTER 5 - MINERAL POTENTIAL MAPPING 47
5.1. INTRODUCTION 47
5.2, GENERAL GEOLOGY 47
5.3. MINERAL DEPOSIT MODEL SELECTION 50
5.4. KNOWLEDGE-BASE PREPARATION 51
5.5. MINERAL POTENTIAL MAPPING. 61
5.5.1. MVT Pb-Zn - First lteration 62
3.5.2. MVT Pb-Zn - Second lteration 65
5.5.3. Sedimentary Cu - First Iteration 66
5.5.4. Sedimentary Cu - Second Iteration. 67
5.5.5. Sediment-Hosted Sulphides - First Iteration 68
5.5.6. Sediment-Hosted Sulphides - Second Iteration 70
6. CHAPTER 6 - DISCUSSION
6.1. SIGNIFICANCE OF RESULTS 75
6.2. ANALYTICAL CONSTRAINTS 73
6.3. OTHER APPLICATIONS 80
6.4. CONSIDERATIONS FOR FUTURE RESEARCH 80
6.5. CONCLUSIONS 81

E:



LIST OF FIGURES

FictRe 1.1. THREE DISCIPLINE ARZAS INTECRATED [N THIS THESIS. <4

FICURE2. 1. SCHEMATIC DLACRAM SHOWING BASIC COMPONENTS OF EXPERT SYSTEMS. 7

FIGURE2.2. METHODS FOR DEALING WITH UNCERTAINTY IN AN EXPERT SYSTEM. (SIMPLIFIED FROM Bioxpo, 1991)...7

FIGURE 23. EFFECT OF ¥ VALUES ON COMBINED FUZZYMEMBERSHIP VALUE, Jle, USING FUZZY MEMBERSHIP VALLES
0.60 AND 0.80, ASSICNED TO COAT NUMBER 3 IN THE ABGYE EXAMPLE., (MODIFIED FROM BONHAM-CARTER,
1994). TERMS ARE EXPLAINED IN TENT. i5

Ficurz3.!l. "CONCEPTUAL MODEL’ OF EXPERT SYSTEM FOR MINERAL POTENTIAL MAPPING APPLICATION.
CONCEPTUAL MODEL SHOWS ORGANIZATION OF GEOSCIENCE DATA, GEOLOGISTS' KNOWLEDGE, AND MINERAL
POTENTIAL MAPPING PROCESS AS PRINICPAL COMPONENTS. 18

Ficure 3.2, LOCICAL MODEL OF EXPERT SYSTEM FOR MINERAL POTENTIAL MAPPING USING FUZZY LOGIC. THREE
MAIN COMPONENTS, DATABASE, KNOWLEDGE BaSE AND INFERENCE ENGINE ARE SHOWN IN RELATION TO
VARIOUS GIS SYSTEAL FILES, SOURCE MATERIAL AND PROJECT ACTIVITY (INDICATED BY NUMBERED CIRCLES). .20

Ficure J.3. EXAMPLE ILLUSTRATION OF THE RELATIONSHIP AMONG EVIDENCE MAPS, ATTRIBUTE TABLES AND FUZZY
MEMBERSHIP TABLES.  IN TIMIS CASE, EACH MAP CONTAINS ONLY TWO CLASSES, BUT [N REALITY EVIDENCE MAPS
CONTAIN MAXY CLASSES. 23

FicurE 3.4, ILLUSTRATION OF EFFECT OF COMBINING TWO MAPS, LITHOLOGICAL UNITS AND PROXIMITY TO FAULTS,
WITH ASSOCIATED FUZZY MEMBERHSIP VALUES THAT REFLECT FAVOURARILITY FOR Zx DEPOSIT TYPE POTENTIAL
ACCORDING TO THE CRITERIA "Mineralization occurs as a result of migration of Pb-Zn bearing fluids along
Jaults, Deposits form mast commonly in carbonate rocks, and less commonly in sandstone rocks™.
EXAMPLE COMBINATIONS ARE SHOWN FOR THE FUZZY COMBINATION OPERATORS AND, OR, ALGEBRAIC SUM,

ALGERRAIC PRODUCT ann GAMMA. 25
Ficure 4.1. SIMPLE GEOLOGICAL MAP SHOWING THE RELATIONSHIPS BETWEEN POLYGONS AND CEOLOGICAL UNITS

LISTED IN LECEND. 32
FIGURE4.2. SIMPLE GEOLOGICAL MAP RECLASSIFIED ACCORDING TO PRIMARY ROCK TYPES. 3

FICURE43 EXAMPLE DICITAL GEOLOGICAL MAP SHIOWN WITH ITS TABLE ORGANIZATION AND DATAMODEL. Tiis
CONFICURATION IS FOR ILLUSTRATION ONLY. TRUE CONFIGURATIONS VARY AMONG GIS Axp RDBMS
SOFTWARE DEPENDING ON APPLIED SPATIAL MODEL, PROGRAMMING LANGUAGE, OPERATING PLATFORM AND
CATABASE PROTOCOL.  THE ARROWS INDICATE *LINKED’ FIELDS. 35

PicuRE 4.4, EXAMPLE DATA MODEL ASSOCIATED WITH DIGITAL MAP SHOWN IN FIGURE 3.3 MODIFIED TO INCLUDE MORE
DETAILED DATA ASSOCIATED WITH EACH UNIT. ARROWS INDICATE "LINKED® FIELDS. 36

:-



FIctRE 4.5 RELATIONSIOPS AMONG $SOURCE MAPS AND DOCUMENTS USED DURING G IS DATABASE CONSTRUCTION.
PROCESS INVOLVES AN ANALOGUE TO DIGITAL TRANSFORMATION OF MAPS AND TENT INTO STRUCTURED DIGITAL
GIS DATABASE  GIS DATABASE ALLOWS RAPID, SEMI-ALTOMATED EXTRACTION OF INFORMATION FROM DICITAL
GEDLOGICAL MAP BASED ON STRATIGRAPIIC MODELS PROVIDED IN HARRISON (1991,1993) AxD KERR (1974)...37

FICURE 4.6, "IMPLEMENTATION MODEL’ ILLUSTRATING THE RELATIONSHIP AMONG THE VARIOUS G1S SYSTEM FILES
WITH RESPECT TO EXPERT SYSTEM COMPNNENTS, DATA PROCESSING AND MINERAL POTENTLAL MAPPING PROCESS. 44

FicURES.1 GENERAL PROCESS FOR KNOWLEDGE-BASE CREATIONIN INVOLVES 4 STEPS: (1) EXTRACTION OF KEY
STATEMENTS FROM DEPOSIT MODEL CRITEREA (NARRATIVE), (2) TRANSLATION OF KEY STATEMENTS INTO
*LOGICAL STATEMENTS', (3) DETERMINATION OF DERIVATIVE MAPS TO BE USED AS EVIDENCE FOR THE STATEMENT,
OR SUB-STATEMENT, AND 4) THE ASSIGNMENT OF FUZZY MEMBERSHIP VALUES TO DERIVATIVE MAP CLASSES........ 57

FICURE 5.5A. Mississrt VALLEY Tyre Pu-Zx MODEL - FIRST ITERATION, GIS MODELLING EQUATION AND
INFERENCE NET. 2

FICURE 5.58. MissisSIPP1 VALLEY TYPE PB-ZN MODEL - SECOND ITERATION, GIS MODELLING EQUATION AND
INFERENCE NET. 3

FICURE 5.64. SEDDMENTARY CUPOTENTIAL MODEL - FIRST ITERATION, GIS MODELLING EQUATION AND INFERENCE
NET. 74

FICURE 5.6B. SEDIMENTARY CU POTENTLAL MODEL - SECOND ITERATION, GIS MODELLING EQUATION AND
INFERENCE NET. 75

FicUrRES.7A. SEDPMENT-HOSTED SULPHADE MODEL - FIRST ITERATION, G1S MODELLING EQUATION AND INFERENCE
NET. 76

RcuReS. 78 SepoveNt-HosreEp SULPHIDE MODEL - SECOND ITERATION, GIS MODELLING EQUATION AND
TNFERENCE NET. Yz




LIST OF TABLES

TABLE 2.1, SUMMARY OF KNOWLEDGE DRIVEN METHODS USED IN MINERAL POTENTLAL MAPPING DISTINGUISHED ON
THE BASIS OF KNOWLEDCE REPRESENTATION AND RULES OF INFERENCE 10

TABLE2.2 A FUZZY MEMBERSHIP FUNCTION FOR THE PROPOSITION: "The codt is @pensine. ™ .o 12

TABLE2.2. EXAMPLE FUZZY MEMBERSHIP VALUES (j1x3 AND [xz ) FOR FIVE WINTER COATS FOR TWO FACTORs: CosT
{X1) AND QuALITY (X3). THE FUZZY COMBINATION RULES, AND, OR, ALGEBRAIC PRODUCT, ALGEBRAIC StM
AND GAMMA PRODUCE COMDINED FAVOURABILITY FOR EACH COAT DEPENDING ON DIFFERENT: ievereennssssssssssssnne 13

TaBLE3.1 SUMMARY OF FIVE MLAJOR PROJFCT TASKS PERFORMED IN CONSTRUCTION OF THE PARRY ISLANDS
MINERAL POTENTIAL MAPPING APPLICATION, THE LOCATIONS OF PROJECT TASKS TN RELATION TO SYSTEM
COMPONENTS ARE SHOWN IN FIGURE 3.2 21

TABLE 4.1 REGIONAL GEOLOGICAL MAPS AVAILABLE FOR THE PARRY IsLaNDs. 29

TABLES 424 AND 4.2B.  SUMMARY TABLES OF DATABASE FILES THAT CONSTITUTE DATABASE COMPONENT OF THE
APPLUICATION. TABLE 3.24 SUMMARIZES "SPATIAL COMPONENT' AND TABLE 3.2B SUMMARIZES ATTRIBUTE
COMPONENT. Tz "FiLE TyPE' CODESREFERTO: Q@ - QUADTREE Mar FILE, VA - VECTOR AREs FILE, VL -
VEcTOR LINE FILE, PT - PoINT - Data TABLE, AND LT - Look-UP TABLE 39

TABLE 4.3.4. SUMMARY TABLE OF DERIVATIVE MAPPING PROCESS USED TO MAP ' AREA FEATURE' ATTRIBUTES
ASSOCIATED WITH GEOLOGICAL UNITS. 35

TABLE43A. SUMMARY TABLE OF DERIVATIVE MAFPING PROCESS USED TO BUFFER "LINEAR FEATURE' ATTRIBUTES
ASSOCIATED WITH GEOLOGICAL CONTACTS AND FAULTS. 46

TABLE 5.1 TABLE OF *SEDIMENTARY® DEPOSIT TYPES FROM ECKSTRAND (1984) CONSIDERED DURING MODEL
SELECTION, SHOWING DEPOSIT TYPE, DEPOSIT SUB-YYPE, AND COMMODITIES (ASSOCIATED MINERALS ARE IN
BRACKETS). THE THREE SELECTED DEPOSIT MODELS ARE SHOWN IN BOLDL 51

TaBLE §.24 MINERAL DEPOSIT MODEL CRITERIA FOR MIssISSIPP1 VALLEY LEAD-ZINC TYPE DEPOSITS FROM
ECKSTRAND (1984). KEY STATEMENTS USED FOR THE CREATION OF THE KNOWLEDGE-BASE ARE SHOWN IN BOLD
TYPEFACE 54

TABLE 5.28 MINERAL DEPOSIT MODEL CRITERIA FOR SEDIMENTARY COPPER TYPE DEPOSITS FROM ECKSTRAND (1984).
KEY STATEMENTS USED FOR THE CREATION OF THE KNOWLEDGE-BASE ARE SHOWN IN BOLD TYPEFACE. 55

TanBLE 5.2¢ MINERAL PEPOSIT MODEL CRITERIA FOR SEDIMENT-HOSTED SULPHIDE TYPE DEPOSITS FROM ECKSTRAND
(1984). KEY STATEMENTS USED FOR THE CREATION OF THE KNOWLEDGE-RASE ARE SHOWN IN BOLD TYPEFACE. . 56

TamLx 834  Mississtert VALLEY TYPE PB-ZN DEPOSIT MODEL CRITERIA, LOGICAL STATEMENTS, AND FUZZY
MEMBERSITP SETS. 58

Tanix 53, SEDIMENTARY CU DEPOSIT MODEL CRITERIA, LOGICAL STATEMENTS, AND FUZZY MEMBERSHIP SETS.... 59

TaBLES3C. SEDDMENT-HOSTED SULPHIDE DEFOSIT MODEL CRITERIA, LOGICAL STATEMENTS, AND FUZZY
MEMBERSIIIP SETS. 60

s



ENCLOSURE 1A,

ENCLOSURE 1B.

ENCLOSURE 24
ENCLOSURE 2B,
ENCLOSURE 3A.
ENCLOSURE 3B.
ENCLOSURE 4A.
ENCLOSURE 4B.
ENCLOSURE 5A.
ENCLOSURE 5B.
ENCLOSURE 6A.

ENCLOSURE 6B.

LIST OF ENCLOSURES

Geology and Mincral Showings of the Parry Islands, NWT.

Geological Legend. Correlation Chan, Resource Assessment Domains
(RADs) Map and Location Map.

Data Source Reference Chart.

Digital Geological Data Model.

Derivative Mapping Process.

Fuzzy Membership Tables.

MVT Pb-Zn Model - Inference Net 1.

MVT Pb-Zn Model - Inference Net 2.

Sedimentary Cu Model - Inference Net 1.
Sedimentary Cu Model - Inference Net 2.
Scdiment-Hosted Sulphides Model - Infersnce Net 1.

Sediment-Hosted Sulphides Model - Inference Net 2,

vii



1. CHAPTER 1-INTRODUCTION ‘ 1 I I

1.1. Introduction

A mineral deposit model is defined as “syst=matically arranged information describing the (some or all of
the) essential attributes (propertics) of a class of mincral deposits™ that may be empirical (descriptive) or
theoretical (genctic) (Cox ct. al. 1986).  As a sub-discipline of geology. mincral deposit modelling is still
in its carly stage of development, however, deposit models developed over the past several decades have
been very useful for mineral resource assessment and mineral exploration.  The practice of *mineral
potential mapping” allows a typical mincral resource assessment to portray the potential of a region
according to the relative potential of a various mincral deposit model types.

Whereas most current practices of mineral resource assessment are subjective and qualitative, this thesis
presents onc approach towards more objective and quantitative mineral resource assessment using
geographical information system (GIS) techology.  The power of GIS combined with knowledge-based
systems design provides 2 potentially useful tool for applying todays™ deposit models for exploration and
resource assessment, and further enhances the ability to continue 10 test, refine, or modify existing models,
and develop new oncs,

The objective of this study is 10 research and develop a *prototype’ method that combines GIS and “fuzzy
logic® methodology for mineral potential mapping.  For demonstration purposes, the method is applied
with three example mineral deposit sub-types for the Parry Islands, Northwest Territories.  The results
provide the relative mineral potential for MVT Pb-Zn, Scdimentary Cu, and Sediment-Hosted Sulphide
deposits on the Parry Islands, according to deposit sub-type criteria provided in Eckstrand (1984). The
prototype design provides onc foundation for the development and implementation of a full mineral
deposit modelling system,



1.2. Background

Geologists are accustomed to working with geological maps as an aid to solve many types of geological
problems. Geological decision-miaking frequently invloves either one, or a group. of geologists reading a
geological map and making inferences and drawing conclusions about geological processes.  This is
common practice during the carly stages of mineral resource assessments. ' When geologists are asked to
determing the relative mineral potential for an arca, they examine geological maps. and associated data
and reports. and produce a new map of mincral potential for various commoditics or mincral deposit
tvpes.  Their results are products of their knowledge combined with the information derived from the
geological map and associated reports.  In this process, there are three basic components at work:
geological data, mineral potential criteria (derived from mincral deposit models). and deduction of how
well the criteria apply to the geological map.  The mincral potential analysis involves a reasoning
process that incorporates numerous picces of data, information and knowledge derived from experience.

When this process is applicd using hard copy geological maps by manually tracing the mineral potential
on to a transparent overlay, there are several constraints that limit the results.  First, the manuat process
of racing information on 1o scparate overlays is laborious and time consuming. Geologists involved in
mincral resource assessment usually work with time and budget constraints, so any method that may
automate and speed up this process is worth investigating, Second, the knowledge and decisions made
during the process are difficult to document thoroughly.  The lack of an *audit trail” makes it difficult to
repeat the process, either to duplicate the results given the same data, or to experiment with different
assumptions during the mineral potential mapping process.  In order to overcorme some of these
limitations, geologists have been rescarching the application of Geographical Information Systems (GIS)
technology.

Geological research has bencfited in a number of arcas from the use of Geographic Information Systems
(GIS) and related digital mapping technologics in recent years.  Since the late 1980s, GIS technology has
become more accessible to geologists through PC and workstation-based software, which in turn has
catalyzed developmeni of a large number of digital geoscience databases.  Research in mineral potential
mapping methods has also been catalyzed by GIS technology.  Some of the recently developed methods
include: weights of evidence (Bonkam-Carter et al. 1990), Dempster-Shafer belicf theory (An et al. 1993,
1994; Chung and Fabbri, 1993), arca-weighted logistic regression (Reddy et al., 1992), fractal and multi-
fractal techniques (Cheng, 1994), prospector-style inference networks (Reddy et al. 1992; Bonham-Carter,
et al. 1994), decision trees (Reddy and Bonham-Carter, 1991), and fuzzy logic (An et al. 199]; Bonham-
Carter 1994; Eddy et al. 1993; Wright and Bonham-Carter, 1994). Different methods may be applied in



diffcrent arcas depending pnmarnily on factors such as the type. quality and scale of available data, and the
context in which mincral potential must be portrayved,

Whereas most of these methods are readily available for any tvpe of mineral resource assessment, they
were developed for situations involving *multi-lavered” geoscience datasets,  Multi-layered geoscicnce
datasets comprise not anly geological maps, but also various fypes of geochemical and geophysical layers,
and sometimes evidence of mineralization in the form of locations of mineral deposits and occurrences, or
alteration zones. The application described here is unusual in that it uses a *single-layered” geoscience
dataset comprised solcly of a geolegical map, although a ‘multi-layered’ dataset is preferable where the
data are available. Whereas statistical methods of quantitative mineral potential mapping assist in
identifying relationships between various types of geological patterns among the multiple lavers, the
present application provides a method that simulates some aspects of how geologists determine the
mineral potential of an area based solcly on their knowledge of the geology, and mineral deposit model
criteria.  The objective of this study is to develop a protatype “expert system” application that uses fuzzy
logic as the means for representing knowledge and inferring mineral potential.

Although this application is designed specifically for mincral potential mapping of three specific mincral
deposit sub-types, the general design may be used as a foundation for modelling the potential for other
mineral deposit types; or it may also be used for other application areas such as environmental sensitivity
and resource management decision making.  The fuzzy logic method is applied to the Parry Islands,
NWT, (Location Map, Enclosure 1B), for Mississippi Valley Type Pb-Zn, Sedimentary Cu and Sediment-
Hosted Sulphide potential,

The Parry Istands represenis a suitable test area because the geological data available for this area are
limited to a 1:1,000,000 geological map (Okulitch, in prep.) and associated reports (Harrison, 1991,
Harrison, 1994, Kerr, 1974).  The scale of available geological maps and regional geological reports of
these types is typical of most large regions in the NWT where resource assessment is applied.  The
1:1,000,000 scale geological map is used as a means to express various abstractions of the regional
geological setting of the Parry Islands, and its inferred mineral potential. Limitations of the results of
this experiment are in some ways attributed to the nature and quality of the available data, however, the
furzy logic method is capable of yielding higher quality resuits when more detailed information is used.



1.3. Thesis Format

This thesis represents an integration of three discipline areas: 1) Mineral Resource Assessment and
Mincral Potential Mapping. 2) GIS technology. and 3) Expert Systems and Fuzzy Logic (Figure 1.1).
The Aiscussion in this thesis deals with 2 mixture of these subjects.  Developing a new method for
mincral potential mapging for use in minceral resource assessment is the ultimate objective of the thesis.

The method applics concepts from expert systems using fuzzy logic and implemented with GIS technology
10 meet this objective.

APPLICATION
Miacral Resource Assessment /
Mincral Potential Mapping
Expert Systems / Geographical Information
Fuzzy Logic Systems (GIS)
METHOD TECHNOLOGY

FIGURE 1.1. THREE DISCIPLINE AREAS INTEGRATED IN THIS THESIS.

Chapter 1 - Introduction - provides an overview and scope of the thesis in terms of the objective,
background, and research requirements.  In Chapter 2 - Expert Systems and Fuzzy Logic - a general
introduction to expert systems is presented that focuses on the use of fuzzy logic as 2 method for
knowledge representation and reasoning in decision making.  This discussion establishes the context for
the application of fuzzy logic to mineral potential mapping.

Chapter 3 presents a structured approach for designing the application. This design method involves
progressing from a “conceptual model” to a *logical model’ 1o an *implementation model” for the
prototype application.  The conceptual model identifies thie key components and processes that operate in
the system, and identifies the role of fuzzy logic in the mineral potential mapping process. In the Jogical
model, the conceptual model is enhanced to consider how the components and processes operate in a GIS.



This modcl is used to guide the process for implementing the application, which is introduced in Chapter
4 - Database Development.  The database development process requires careful consideration of the
limitations in existing data, knowledge about the data and mincralization processes. and the ultimate
objective of determining the relative mineral potential for several mineral deposit tvpes.  This process
results in the design of the ‘implementation model” for the system.

Chapter 5 - Mincral Potential Mapp:ing - illustrates how the application is used for mineral potential
mapping.  This is achicved by incorporating *knowledge” in a computerized database, and how the
*knowledge-base”’ is used for determining mineral potential.  Each of three deposit models are iterated
twice to demonstrate the flexibility of the GIS-based fuzzy logic method and illustrate how changes in
mode] assumptions affect the results. A brief discussion on the significance of the results, limitations of
the method. and key conclusions are presented in Chapter 6 - Discussion.
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2. CHAPTER2 - EXPERT
SYSTEMS and FUZZY LOGIC 2

2.1. Fundamentals of Expert Systems



An ‘'expert system' is @ computerized system which utilizes data and knowledge to make decisions
(Biondo, 1991). Most literature on expert svstems technology approact: the subject from the standpoint of
a particular application. which has resulted in a diversity of concepts and architectures. However. there
are some common fzatures of expert systems which are used as models to guide an expert svstem design
process.  Biondo (1991) provides a uscful overview of some fundamental concepts of expert systems that
is consistent with the rescarch and development of expert systems for mineral potential mappirg.  This
section provides a bricf overview of the principles of expert systems to allow clarification of the
relationship between “fuzzy logic™ and knowledge-based mineral potential mapping with GIS.

Expert systems arc designed to assist or mimic conventional decision-making. and are applied in
situations where a computerized method is considered more efficient and reliable than non-computerized
methods.  Decision-making uses data and knowledge combined with information processing and
reasoning. There are four components involved in this concept: 1) Data, 2) Information, 3) Knowledge
and 4) the Decision.

*Data” are considered to be a collection of numbers, facts or symbols. The transformation of data into
“information” is done by some decoding mectanism. The information is then used in conjunction with
“knowledge” 1o make a “"decision™. For example, consider a man in a clothing storc making a decision on
whether or not to purchase a certain winter coal.  The price marked on the coat is $ 59.95, and the
salesperson mentions that there is also a 10 % off sale. The retail price of $ 59.95 is a datum, the sale
price (including tax) of $ 62.09 is information, *This coat is poor quality” is knowledge. and I will not
purchase this coat® is the decision. In this case, knowledge conveys a relationship between the cost of the
coat and a subjective judgment of its quality. The decision to not purchase the coat utilized the original
data, transformed it into information by the equation ((59.95 - 5.99)14+(.15%(59.95-5.99))= 62.09, and
recognized subjectively that the quality was not worth the monetary value. This analogy is developed in
greater detail with fuzzy logic in section 2.3,

Biondo (1990) presented three basic elements for an architecture of an expert system that interact in such
a way to mimic this type of decision-making: 1) A knowledge source, 2) a Knowledge Base, and 3) an
Inference Engine (Figurc 2.1).  The three spheres in Figure 2.1 represent the system componeats in
which knowledge is represented in different forms. The data / information component represents
‘objective’ factual knowledge stored as data and extracted information clements.  The knowledge base
stores ‘subjective’ information about the data that is context sensitive 10 a given proposition. The
inference enginc drives the reasoning process by which various data and information elements and their
associated knowledge-base elements are combined as evidence to preduce a decision.  The knowledge
smu'oemaybctchdasallsoumsofknmvledgcpcminingtou\cdata.thcknowledgc-b&.andthc



reasoning process.  In this sense it is the larger "knowledge source™ from which all three components are
derived,

FIGURE 2.1. SCHEMATIC DIAGRAM SHOWING BASIC COMPONENTS OF EXPERT SYSTEMS.

The architecture of an expert system may vary depending upon the type of application. An important
clement of their design is how these three components interact to mimic decision-making in a given
situation. An ideal setting would comprise a complete database from which any type of information
could be derived.  However, decision-making in the real world is non-ideal due to limitations in the
availability of data, and knowledge about the data and subject of the issue being addressed.

The choice of which reasoning technique 1o usc depends on the nature of the uncertainties in the process
with respect to data and knowledge.  Strict logical reasoning, based on classical Boolean rules using
incomplete data and knowledge, is not possible (Biondo, 1991). Real decision making is usually not
based on such clear certainty of evidence: therefore, a means of logical deduction is required that is
capable of dealing with uncertainties in data and knowledge. Biondo (1991) identified five principal
mathematical methods used in inference engines that are capable of dealing with uncertainty. The
methods are classified into numeric and non-numeric approaches (Figure 2.2),

Approach Mecthods

Numeric Bayesian probability

(Quantitative) Certainty Factors
Dempster-Shafer belief
Fuzz; Logic

Non-numeric Non-monotonic

{Qualitative)

FIGURE 2.2. METHODS FOR DEALING WITH UNCERTAINTY IN AN EXPERT SYSTEM. (SIMPLIFIED FROM
BIONDO, 1991).



A numeric mcthod represents 2 quantitative approach, wheras a non-numeric method represents a
qualitative approach.  Each method contains its own forms of knowledge representation and reasoning
techniques. or combination rules. The combination rules refer 1o the reasoning mechanisms used for
combining evidence in an inference network.  For example, classical logical reasoning uses Boolean
logic. For knowledge representation, each pisce of evidence used 10 support a proposition takes on a
value of either *1 | representing trug, or "0™, representing false. Evidence is combined with
"AND/OR/XOR" rules to reach a conclusion (Copi. 1982).

The numeric methods in Figure 2.2 depart from the classical Boolean logic method in that they allow for
uncerainty in the evidence variabies. These methods can provide the foundation for 3 quantitative
approach to GIS-based mincral potential mapping. The following section summarizes some of their
applications. and establishes the conditions by which fuzzy logic is used in this study.



2.2. Expert System Applications in Mineral Potential Mapping

The methods discussed by Biondo (1991) for use in expert svstems are fundamentally similar to some
mcthods applied in mineral potential mapping.  Because of the spatial context of geoscience data and
knowledge, these methods have been modified for application to mineral potential mapping (Chung and
Fabbri, 1993). One distinction among GIS-based mineral potential mapping methods lies in the data and
information used to drive the process.  Quantitative methods used in GIS-based mineral potential
mapping may be categorized as either "data-driven” or "knowledge-driven”. Data<driven methods
determine mineral potential on the basis of evidence statistically associated with known mineralization,
whereas knowledge-driven methods use expert knowledge of mineralization processes, and combine
geoscientific evidence to determing favourability subjectively (Bonham-Carter, 1994).

Some of the data-driven methods that have been applied successfully include: weights of evidence
(Bonham-Carter et al. 1990), arca-weighted logistic regressicn (Reddy et al., 1992; Agterberg et al. 1993},
fractal and multi-fractal techniques (Cheng, 1994), decision trees (Reddy and Bonham-Carter, 1991) and
ncural-networks (A~ et al. 1993). The principal requirement for the application of data-driven methods
are training sites, or analogues. Data-driven mineral potential mapping requires sufficient known
mineral occurrences in the study area to adequately compare the conditions for mineralization with
geological factors represented in a geoscience dataset.  Mineral favourability is determined quantitatively
by analysing the association between evidence lavers and mineral occurrence locations: the statistical
associations are then used to calculate mineral potential throughout the study region.

Knowledge-driven methods include: Dempster-Shafer belief theory (An et al. 1994, Chung and Fabbri,
1993), certainty factors (Chung and Fabbri, 1993) prospector-style inference networks (Campbell et al.
1982; Reddy =t al. 1992) and fuzzy logic (An et al. 1991; Bonham-Carter 1994, Eddy et al. 1993, Wright
and Bonham-Carter, 1994). Knowledge-driven methods are applied 10 azeas where there is a paucity of
known mineralization, or where quantitative relationships among geological patterns are not clearly
defined. It is also possible for a hybrid of data-driven and knowledge-driven methods to be used inan
expert system as long as a ‘*knowledge-base” is used. For the purpose of this study. only knowledge-driven
methods are reviewed, which are summarized in Table 2.1.



TABLE 2.1. SUMMARY OF KNOWLEDGE DRIVEN METHODS USED IN MINERAL POTENTLAL MAPPING

DISTINGUISIIED ON THE BASIS OF KNOWLEDGE REPRESENTATION AND RULES OF INFERENCE.

Method Applications Knowledpe Representation Inference Rules
1. Dempster- Anctal 1994, Chung and Belief Function (x } and Plausibic Uscs Dempstens’ combination rule that
Shafer Belief Fabbe, 1993. Function {x2) on [0.1] interval, where xj = § treat belicf and plautible fumctions in &
degree of beliek, (1-x3 = degroe of disbelict, | Probabilistic manner.
and (x1-x2¥=d¢gree of uncertainty,
2. Cemanty Chung and Fabbri, 1993. Certainty in evidence s reprosated on [« Uses ANDOR combanation rules and
Faclor 1.1] interval where {-1,0) values represent treats factors by updating pnor
decreasing cortamty, (D,1) values represent | probabilitics with certainty factors
ICTERNE Certainty. associated with cvidence.
3. Prospector Campbell et al. 1982, Prior probabilities amsigned 1o cvidence and | Uses Fuzzy Logic and BAYES
Inference Net Reddy et al, 1992, hypotheses. and likelihood ratios a3 probability updating with AND, OR,
strength of inference between indivadual and BAY'ES combination rules.
evidence-hvpothesis chains.

4. Fuzzylogic Anctal 1991, Fuzzy membership values in the range of Fuzzy combination rules AND, OR,
Bontham=Carter, 1994; Chung | [0.1] arc assigned to evidence in suppoct of { SUM, PRODUCT, and GAMMA
and Fabbei, 1993; Eddy ctal. | a proposition
1993: Wright and Bocham-

Carter, 1994,

Each of these methods is suitable for different applications depending upon the type and quality of
geoscience data available, the type of minezal potential being modelled, and krowledge availability. Each
method employs ‘favourability functions’ that allow the expert 1o express subjectively the degree of
support on favourability of various picces of evidence. The proposition (or hypothesis) is that a location
on the map is favourable for mineral deposits of a particular type. Favoutability functions associated with
different exploration datasets (each one considered to be a piece of evidence) are combined together with
rules. The rules define how conflicting or mutually supportive evidence are merged to give a combined
favourability value. Combined favourabilitics are calculated for each location on 2 map and the result is
a favourability map that represents the potential for mineral deposits of that particular type.  The four
methods in Table 2.1 are similar in that they all use favourability functions and combination rules. They
differ in the nature of the favourability functions and the form of the rules.  For this study, it is important
to establish the distinction between fuzzy logic and the other knowledge-driven methods.

The fuzzy logic method is different from the first three methods in three ways.  First, the fuzzy logic
favourability functions are expressed in terms of ‘possibilities’ as opposed 1o ‘probabilitics’, thereby
avoiding the need to deal with probability distributions (An et al. 1991) or to assume conditional
independence (Biondo, 1990). This is important since it is often difficult 1o determine a probabilistic
relationship between geological features and mineralization.  The possiblity scale, like the probability
scale, is defined over the range [0,1]. but possibilitics need not satisfy probability rules.  Thus the
possibility of an event occurring need not equal 1 - possibility of the event not occurring, as is the case for
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Second, the fuzzy logic favourability functions (also called fuzzy membership functions) express a single
favourability for cach value of a mapped variable being used as evidence.  This is in contrast to the
Dempster-Shafer method which uses a pair of favourability functions (or belief functions) for each
variable: a lower belief function and an upper belief (or plausibility) function. Thus in the Dempster-
Shafer method. each value of a variable used as ¢vidence is associated with two favourabilities: a lower
belief and an upper belief.  This is known as the evidential interval,

Thirdly, a wide variety of combination rulcs have been proposed for combining fuzzy membership
functions.  These rules can express a range of decision-making behaviour, whereas the Dempster-
Shafer, certainty factor, and Bayesian updating rules for probabilities are less flexible.  The following
section describes the favourability functions and combination sules of the fuzzy logic method as vsed in
this thesis.
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2.3, Elements of Fuzzy Logic

Fuzzy logic represents knowledge in the form of 'fuzzy membership functions’ that are assigned to
evidence variables according to a given proposition.  Algebraically, a fuzzy membership finction is a set
of ordered pairs:

{mllixe X ¢)]
where X is variable used as evidence, x is the value of X, and p, is a fuzzy membership value assigned by
an expert 1o x that reflects its level of favourability for a proposition.

As a variation on the above example that invoived the decision to purchase a coat. suppose the customer
would like to select from a varicty of coats that have different costs and qualities, If the first proposition
is to determine whether the coat is good value, the proposition in this case mav be stated: "The coet is
expensive.” A fuzzy membership set would comprise an assigned favourability value for each price
(Table 2.2).

TABLE2.2. A FUZZY MEMBERSHIP FUNCTION FOR THE PROPOSITION: " The coat is expensive.”

COST (x) {x(z)}
$3265 0.25
$45.53 035
$35297 0.60
$62.09 0.7%
$75.88 1.00

This fuzzy set is a numerical representation of the knowledge of the relationship cost and favourability.
However, this is rot the only factor the customer wishes to use for his decision. He will consider the cost
factor combined with a quality factor. To do this, the customer must apply a subjective judgment on the
quality of each coat by assigning a fuzzy membership value to the relative quality values. Table 2.3
shows the values of two fuzzy membership functions that correspond to the cost factor and the quality
factor, for a particular selection of five coats. The final decision requires a reasoning process that
combines the cost factor and the quality factor. In this case, the choice of combination rule will vary
according to the customers® preference.
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TABLE 2.2, EXAMPLE FUZZY MEMBERSIIP VALUES (Jiy; AND j,0 ) FOR FIVE WINTER COATS FOR TWO
FACTORS: COST (X;) AND QUALITY (N3). THE FUZZY COMBINATION RULES, AND, OR, ALGEBRAIC
PRODUCT, ALGEBRAIC SUM AND GAMMA PRODUCE COMBINED FAVOURABILITY FOR EACH COAT
DEPENDING ON DIFFERENT.

Comt ¥ COsT Quality Bzl B2 Fuzzy | Fuzxy Fuzzy Fuxry Fuzxy Fuzzy
(x3} (12} AND OR Product Sum Gamms Gamma
(Y=035) | (Yy=0.19

1 $32.65 Fair 993 030 o | oesen 01918 096 (1) [ kete:] 0D

2 $45.33 Good oxs 060 0 6041) 0x3 () 051 (1) 084 o 036 (1)

3 $ 5297 Verv Good g8 010 060 {1 o300 oam 092 (H oM 032

4 562.0% Good 033 060 033N | ocwen 02113 074 061 (%) oxm

3 $75.838 Verv Good 020 L1 0306 030N 0 18 (% 0RL( 04518 [ Fie))

For demonstration purposes. five fuzzy operators used as combination rules for mineral potential mapping
applications (An et al. 1991) arc employed to demonstrate which coat is most faveurabie according to
different reasoning techniques. They are the fuzzy AND, OR, algebraic PRODUCT, algebraic SUM and
GAMMA combination rules. In each case, the combined fuzzy membership value, p. is a function of the
individual fuzzy membership values pyy and py;:

ke = feomb(Bx1.kx2) {2).

Suppose the customer wants to evaluate cach coat on the basis of its least favourable feature. In some
cases, the quality may be poor, or the price may be expensive. The coat with the minimum fuzzy
membership value determines the favourable of the combination.  The fuzzy AND combination rule is
used to select the minimum fuzzy membership value with respect to cost and quality.  Mathematically,
the fuzzy AND combination rule is simply:

K¢ ™ win (px1.px2) 3)-
Applying this equation to cach item results in coat numbers 2 and 3 being equally more favourable than
the other three (Table 2.2).  The minimum operator effectively screened out the coats that were

considered too expensive or poor in quality. It is a conservative rule, where least favourable evidence
determines the outcome,
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Allernatively, suppose the customer wants to evaluate the combined favourability on the basis of most
favourable evidence.  The fuzzy OR operator achicves this by taking the maximum value of the furey

membership values.  The fuzzy OR operator is expressed mathematically as:

Pe = max (px].px2) ).

In this case, coat number 1 is most favourable, as it received 2 high membership value because of its low
cost. It is casy to identify with the dilemma now facing the customer.  Which reasoning process will he
usc to decide which coat is better ? Most people experience this type of conflict when they are shopping.
Perhaps the customer will recongile the cost and quality factors in a different way.

Recall that the customer first wanted to determine the best buy on the basis of the worst feature of each
coat. There was a tic between coat numbers 2 and 3. Although their final ranking rated them equally,
coat number 2 was assigned a slightly better value on price than the quality valuc of coat number 3. The
fuzzy algebraic PRODUCT opcrator could be used 10 make this distinction, The fuzzy algebraic
PRODUCT is simply the mathematical product of the fuzzy membership values in the set; expressed as:

Ko = Bx1%px2 (6).

As shown in Table 2.2, the fuzzy algebraic PRODUCT produces lower values than cither fuzzy AND or
fuzzy OR. but the values of all membership functions used as evidence influcnce the result, that we see
that coat number 2 is determined to be slightly more favourable than coat number 3.  The fuzzy alpcbraic
PRODUCT results in a value of favourability which is less than or equal to fuzzy membership evidence
value, but the relative rankings of the combined favourability differ from both fuzzy AND and fuzzy OR.
As noted above, the cost value of coat number 2 is slightly higher than the quality value of coat number 3,
which results in a slightly higher ranking,

Another way of deciding which coat is best is to consider that the better features a coat may have, the
better it should be ranked. In this case, the fuzzy algebraic SUM would apply. The fuzzy algebraic SUM
results in 2 combined value greater than or equal to any one component value.  As with the fuzzy
algebraic PRODUCT. the output value depends on the range of values being combined. The fuzzy
algebraic SUM is expressed mathematically as:

Be = 1= ((1- px1)*(1-ux2)) (5).

For this rule, coat number 1 ranks the highest in favourability, second is coat number 2, similar to fuzzy
OR. However, coats 3 and 5 are ranked equally by fuzzy OR, whereas coat 3 is ranked more favourably
than 5 using the fuzzy algebraic sum.  Using the fuzzy algebraic SUM shows that for the mutually
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dependent favourability of cost and quality, ceat number 4 is significantly better, and ranked very closely
behind coats 1 and 2.

Another alternative is 10 allow the conditions of the decision to vary in a range between the fuzzy
algebraic SUM and the fuzzy algebraic PRODUCT. A favourability ranking may be calculated this way
by using the fuzzy GAMMA operator, which is the product of the fuzzy albebraic SUM operator raised 10
the power of y and the PRODUCT operator raised to the power of 1- v, where ¥ A is a parameter in the
[0.1] range. The fuzzy GAMMA opcrator is expressed mathematically as:

Be = [1- (- px1)*L-p)]Y » [x1opa] Y .

Table 2.2 shows favourability rankings for y values of 0.85 and 0.15. Lower y values generally tend
toward a "decreasive’ effect. wheras higher y values tend toward an ‘increasive’ effect.  This eflfect of the ¥
value on the favourability ranking is illustrated in relation to the other four fuzzy operators (Figure 2.3).
For coat number 3. the ranking is 0.83 and 0.52 respectively.

10

00

FIGURE 2.3. EFFECT OF Y VALUES ON COMBINED FUZZYMEMBERSHIP VALUE, [, USING FUZZY
MEMBERSIIIP VALUES 0.60 AND 0.80, ASSIGNED TO COAT NUMBER 3 IN THE ABOVE EXAMPLE.
(MODIFIED FROM BONIIAM-CARTER, 1994). TERMS ARE EXPLAINED IN TEXT.



The purpose of the above example is 1o demonstrate how fuzzy logic may be applied in a tvpical decision-
making process. Fuzzy logic provides a means of representing favourability of evidence, and combining
disparate information sources.  The outcome produces ranked values of favourabtlity that should be used

in a relative sense.  In mineral potential mapping, different operators are used for different combination
rcasoning applied with mineral deposit model criteria.

The above cxample considers different coats as objects for which a favourability ranking must be obtained,
The favourability ranking of each coat is determined on the basis of cost and quality factors associated
with cach coat.  As real objects, coats obviously differ from geological phenomena.  Geological
phenomena, the objects on which mineral favourability is determined, are spatial objects.  Therefore
favourability ranking in mincral potential mapping is applied to point, linc and polygonal objects in
geographic space, and geological variables are considered attributes of these objects.  Mincral potential
favourability is determined for each location of a study area on the basis of a varicty of variables such as
ne<, structural features, alteration zones. geochemical signatures, and other factors.

method allows the modeller to develop an inference network, in which a variety of fuzzy

lo, 4n be einployed together.  The following chapter provides an overview on how fuzzy
logic . «ne=icd ina GIS for mineral potential mapping.
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3. CHAPTER 3 - APPLICATION -
DESIGN 3
3.1. Introduction

The implementation of fuzzy logic for mineral potential mapping requires various types of data,
information and knowledge to be represented digitally in a GIS in various file types.  The process for
implementing most computer applications generally follows three stages of development.  The first stage
determines the “conceptual model” of the system, the sccond stage determines the *logical model”. and the
third stage determincs the ‘implementation model’.  The purpose of the conceptual model is to focus on
the processes that will operate in the system, the logical model advances the conceptual model 1o the
application of a suitable technology, and the implementation model determines the actual design as
implemented with a certain sclection of hardware and software.  This chapter provides a detailed account
of how the application was developed using this approach.

3.2, Conceptual Model

The basic principle underlying the conceptual model is the application of an expert-systems approach for
mincral polential mapping using fuzzy logic. Chapter 2 uiscussed expert systems and fuzzy logic in 2
general form using an example of a customer in a clothing store trying to make a decision on which coat
to purchase.  The design of the conceptual model for mineral potential mapping is more complex:; its
purpose is to identify in detail the various systems components and processes.

Figure 3.1 shows the extension of the conceptual expert systems model as applied in mineral potential
mapping. In this modcl, the *data/information” component is represented by the source data for a study
area, and any derived information that may be used as evidence of potential mineralization. The
knowledge base is represented by an expert geologist who is qualified to pass appropriate judgement on
the potential evidence with respect to sclected deposit models (i.c. define the fuzzy membership
functions). The inference engine is represented by the actual mineral potential mapping process where
the geologist uses a variety of logical inference techniques to combine evidence and determine the most
suitable representation of mineral potential.

In contrast to the example in the Chapter 2, a significant difference in the applicaiton of fuzzy logic to
mineral potential mapping is that the whole process must work on spatial data.  Therefore, the process
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must focus on weighting evidence for potential mineralization in map form.  The next stage tn the

process is to detail the “logicid mode!l” that will provide more detail into the rclationships among the
various sub-components of the system.

FIGURE 3.1. *CONCEPTUAL MODEL’ OF EXPERT SYSTEM FOR MINERAL POTENTLIAL MAPPING
APPLICATION. CONCEPTUAL MODEL SHOWS ORGANIZATION OF GEOSCIENCE DATA, GEOLOGISTS'
KNOWLEDCE, AND MINERAL POTENTIAL MAPPING PROCESS AS PRINICPAL COMPONENTS.

Objective

Duata/

( Information i l
T l
'[ : |

| Knowlsdge Sourze Precess | Predua
t 1
Objective E Subjective |
t
] i

’ !_I Nincral Potential
Maps
Preduct
3.3. Logical Model
The purpose of the logical model is to extend the design of the conceptual model so that the three main

system components arc represented by the various resources that will be used for processing (Figure 3.2).
In this case, the logical model considers an implementation with GIS.  The *dataf/information”
component is represented by analogue and digital data.  The analogue data are comprised of maps and
reports that require digital conversion into a GIS database.  The digital GIS database is comprised of a
‘spatial’ component and an ‘attribute’ component.  Together, they form a *spatial-attribute relational data
model’. The spatial component stores all point, line and area features collected from source maps, while
the attribute component stores ail of the attributes of these features. The content of the attribute
component determines the level of information that can be derived from the primary source maps. The
‘derivative maps" represent ‘information’ that is processed from the source data.  Their purpose is to
separate the information stored in a conventional geological map into various geological themes that are
relevant as evidence of mineral potential.
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The classcs of the derivative maps arc usced as kevs on which to build the *knowledge-base’. The
knowledge base is comprised of a set of tables where the rows (records) are linked to the class value of an
associated derivative map, and the columns (fields) represent the different fuzzy membership values that
are assigned to the map classes on the basis of favourability for a mineral deposit model criteria.  The
derivative map set, along with the knowledge-base, are combined in various wavs in the inference engine
1o determine mineral potential.  The inference engine is represented by GIS modelling equations.

Finally, the output of the sysiem is the mineral potential map. The digital conversion and preparation of
the digital geological database and associated derivative maps is considered an *objective” process since no
new knowledge is introduced by the process.  While the source knowledge may be considered
“subjective” knowledge, all of the irformation produced in the compilation of the database is driven
strictly by the data and knowledge provided in the source documents, and therefore this is considered an
‘objective process’.  The *subjective process” occurs when an expent assigns fuzzy membership functions
to the derivative map during the modelling process.  This process depends on the expert, and is therefore
considered 10 be ‘subjective’.  The mineral potential map is based on a combination of ‘objective” and
*subjective’ processing of data, information and knowledge.

The logical model is a schematic of how the components are organized witha GIS.  The implementation
model defines how the model actually works.  The implementation process requires a number of project
planning tasks such as the sclection and cvaluation of geoscience data and mineral deposit models,
database development, and mineral potential modelling.  These tasks are represented by the numbered
circles in the logica! model in Figure 3.2 and are summarized in Table 3.1,
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FIGURE 3.2, LOGICAL MODEL OF EXPERT SYSTEM FOR MINERAL POTENTIAL MAPPING USING FUZZY
LOCIC. THREE MAIN COMPONENTS, DATABASE, KNOWLEDGE BASE AND INFERENCE ENGINE ARE
SHOWN IN RELATION T0 VARIOUS GIS SYSTEM FILES, SOURCE MATERIAL AND PROJECT ACTIVITY

(INDICATED BY NUMBERED CIRCLES).



TABLE 3.1 SUMMARY OF FIVE MAJOR PROJECT TASKS PERFORMED IN CONSTRUCTION OF THE PARRY

ISLANDS MINERAL POTENTIAL MAPPING APPLICATION.

THE LOCATIONS OF PROJECT TASKS IN

RELATION TO SYSTEM COMPONENTS ARE SHOWN IN FIGURE 3.2,

Task System Application Tasks
No. Component File(s)
1 Database / Spatial Review, compile, and digitize all relevant spatial data,
Information | Component Requires review of all available geological maps, geochemical
and geophysical data, and mineral occurences. Some data
may already be in digitat format, and some geological map
compilation mav be required.
2 | Database/ Attribute Build attribute tables for all maps entered in Task 1. This
Information | Component process pertains to the development of a spatial-attribute
relational data model’ that stores more detailed data about
geological units and structural features in the geological map.
3 | Database/ Derivative From selected mineral deposit model criteria, derive evidence
Information | Maps maps from the spatial-attribute data model. The evidence
maps serve as the information’ component of the system.
This usually involves a varicty of reclassification operations
on the geological map, geochemical and geophysical
anomalies, or buffering significant linear features such as
faults and contacts.
4 | Knowledge | Fuzzy Restate deposit model criteria in the form of logical
Base Membership | expressions using the evidence maps created in Task 3. Build
Tables Fuzzy Assignment Tables for cach evidence map, From the
mineral deposit model criteria, assign a fuzzy membership
value to each class of the map(s) which indicates the
favourability of evidence for the stated proposition,
S | Inference Modelling Identify minsral deposit types that are reasonably possible for
Engine Equations the study area, Select established criteria for each selected

deposit model.  Extract key factors from each deposit model
type for consideration during database construction and
derivative mapping processing.  Write a model equation for
cach mineral deposit mode] which combines the evidence
maps with associated fuzzy membership values following the
logical inference of the deposit model as a whole,

21



3.4. How the Model Works

Mineral potential mapping 1avolves the calculation of relative favourability values for spatial entitics
based on their geological attributes.  In this approach, relative favourability refers 1o ranking mineral
potential of onc area as relatively higher or lower than other areas, but is limited in application to the
immediate study arca.  Thercfore, a value of 0. 75 in the Parry Islands would not necessarily be equal to a
0.75 value in another study area.  The two valuces are numerically equal, but they were derived from
different considerations associated with data and knowledge specific 10 each study area.

A spatial database in a GIS stores multiple attributes (c.g. lithology, structure, age) by scparating spatial
phenomenz into ‘layers’. This is a key requirement for mineral potential mapping because evidence of
mincralization consists of information from a varicty of sources. A geological map is a model of the
spatial distribution of geological features for an arca on the surface of the carth.  Geological maps depict
the patterns of map units that are defined on the basis of rock type and age relationships, plus many other
features such as stratigraphic contacts, faults, folds, and other structural elements. The formation or
deposition of geological units, and subsequent deformation events that Icad to faulting and folding of rock
units may be considered scparate events, yet the geological units and deformational clements occupy the
same space. In a GIS database, geological units and structural features are usually represented as
separate map layers. Many physical and temporal attributes are modelled or analysed in multiple layers
using map combination routincs (Bonham-Carter, 1994).

Suppose a favourability map was required for a region based on criteria for a deposit type such as:
“Mineralization occurs as a result of migration of Pb-Zn bearing fluids along faults. Deposits form most
commonly in carbonate rocks, and less commonly in sandstone rocks®. The proposition is “This location
is favourable for deposits of this tvpe”. Favourability is determined by combining two map layers, A
and B as evidence, where layer A represents lithologic units and layer B represents proximity to a fault
(Figure 3.3).

Each map contains 2 set of polygons that represent # classes. Each polygon has a unique polygon
identifier and a class identifier.  The class identifier provides a link to an *attribute table’ that contains
data associated with each class. The ‘fuzzy membership functions’ are held as ficlds in fuzzy membership
tables, and each class is associated with a fuzzy membership value. Fuzzy membership tables are stored
separately from the map attribute tables in order to maintain the distinction between the
‘data/information’ component and the *knowledge-base’ component.  The favourability of cach location
on the map is evaluated by combining the fuzzy membership functions from the maps. In this case,
equation (2) may be expressed as:



He = feomb(HA.BB) (.

where p. represents the combined fuzzy membership, pa is the fuzzy membership value for map A, and
KB is the fuzzy membership value of for map B.

MAP LAYER "A’ - Geological Units

/ Class | Description Class HA
Class} 1 | cabonste s 1 0.75
/_/ | —
w2 | Sandmone 2 0.50
e L
_/ Cassz
MAP LAYER 'B' - Proximity to Faults 5
| | Can| Dacipion | | | cam| g
Class 1 : —
T 1 <lkm 1 0.35
Class 2 _______’IZ 1+2km —-— ] 2 0.65
Evidence Maps . Atribute Tables | Fuzty Membership
(Spatial Component) . (Attribute Component) | Tables
¢ {Enowledge-base)

FIGURE 3.3, EXAMPLE ILLUSTRATION OF THE RELATIONSHIP AMONG EVIDENCE MAPS, ATTRIBUTE
TABLES AND FUZZY MEMBERSHIP TABLES.  IN THIS CASE, EACH MAP CONTAINS ONLY TWO
CLASSES, BUT IN REALITY EVIDENCE MAPS CONTAIN MANY CLASSES.

A favourability map is produced by combining these maps according 10 the logic implicd in the statement
of critetia.  An intermediate step is required that restates the criteria in the context of the maps used as
evidence; for example: “(Close to Faults) AND( rock types = Carbonate or Sandstone)®. Some degree
of uncertainty is indicated in the proposition by the use of the words "most commoniy”, and * less
commonly”. The fuzzy membership values assigned to each class of map A reflect these uncertainties.
In this case. the value of 0.75 is assigned to the ‘carbonate’ rock type to reflect the knowledge that



"Deposits form most commonly in cerbonate rocks™, and the value of 0.50 assigned to the 'sandstonce’ rock
tvpe reflects the knowledge that "(Deposits form)... iess commonly in sandstone rocks™. The relative

favourability of proximity classes is reflected in the fuzzy membership values assigned to the classes of
map B.

The three components of the expert system environment are used as a model to o: manize data, knowledge
and inference. In Figure 2.4, the data/information component is represented by the evidence maps and
associated attribute tables, and the knowledge base is represented by the fuzzy membership assignment
table. To calculate the favourability for each location in the arca, a 'model equation’ is used to combine

the maps to reflect the complete statement.  Using the criteria stated above, a model equation may be
writlen as follows:

E ZNFAVOR Calculate Zn Favourability using Rock Types and Faults
:Access maps and Fuczy membership tables
xl=table ('fuzzyA' ,class (MAPA) , 'member’) ;
x2=table ('fuzzyB',class (MAPE) , 'mexber') ;

:Combine evidence maps to map favourability using the AND cperator
Efmap=min (x1,x2) ;

:Execute the statement

fmap

This configuration of a geological map, derivative maps used as evidence maps, attribute tables, fuzzy
membership tables and modelling equations form the basic components of the implementation model.
For this project, the Tydac SPANS GIS system was used on an IBM 486 PC with the OS/2 operating

system. Ths modelling equation uscs the convention of the map modelling language used in the SPANS
GIS software.
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FIGURE 3.4. ILLUSTRATION OF EFFECT OF COMBINING TWO MAPS, LITHOLOGICAL UNITS AND
PROXIMITY TO FAULTS, WITII ASSOCIATED FUZZY MEMBERHSIP VALUES THAT REFLECT
FAVOURABILITY FOR ZN DEPOSIT TYPE POTENTIAL ACCORDING TO THE CRITERIA "Mineralization
occurs as a result of migration of Pb-Zn bearing fluids along faults. Deposits form most
commonly in carbonate rocks, and less commonly in sandstone rocks”, EXAMPLE
COMBINATIONS ARE SHOWN FOR THE FUZZY COMBINATION OPERATORS AND, OR, ALGEBRAIC
SUM, ALGERRAICPRODUCT AND GAMMA.



4. CHAPTER 4- DATABASE 4
DEVELOPMENT

4.1. Review of Available Data
Four types of geoscience data are typically used in mineral potential mapping projects: 1) geological, 2)
geophysical, 3) geochemical and 4) mineral occurrences.  This section provides a review of the
availability of these types of data for the Parry Islands and considers their potential usc in terms of data
quality, coverage, scale and applicability to this study. In some cascs, the decision to include or exclude a
particular dataset hinged upon its application 10 a particular mineral deposit type.

4.1.1. Geological Maps
Because this application is focused on mineral potential mapping using GIS. the most critical data
required are provided by a geological map of the Parry Islands. Several criteria were used 10 evaluate the
suitability of available maps includiny: 1) scale, 2) coverage, 3) date of coverage, 4) detail of geological
information and 5) physical quality. Four maps were considered for potential use (Table 4.1). Given
that the study area includes Bathurst, Melville and surrounding islands, the maps must provide coverage
of the entire region, cither individually or in combination.

Okulitch’s (1991) geological map of the cntire High Arctic was considered inappropriate duc to the small
map scale and regional context.  Two other available published maps are Harrison (1991) for Melville
Island, and Kerr (1974) for Bathurst Island. Although both maps are at the same 1:250,000 scale, there is
a noticable contrast in the amount of geological detail. Harrison (1991) shows greater detail of geological
units, and significantly more structural detail than that of Kerr (1974). Also, Harrison (1991) presents the
geology of Melville Island in light of newer stratigraphic and structural models, which are based on
detailed (1:100,000) maps, numerous oil well logs and scismic data. Kerr (1974) based his compilatior:
work primarily or reconnaissance field mapping, and his structural and stratigraphic models were
developed without the benefit of more recent geological interpretation of the Arctic Islands, or the 3-
dimensional data available to Harrison (1991) for Melville Island.

Although these maps provide complete coverage of the study arca, the disparity of geological
representation between these two maps is problematic,  If these maps were to be used, it would be



necessary to recompile both into one, which would require synthesizing older data with newer data.  An
interim synthesis of these maps was prepared by Okulitch (in prep.) as part of a more detailed compilation
of the Canadian High Arctic. Although the map is not as detailed as the maps produced by cither
Harrison (1991) or Kerr (1974). the detail is sufficient 1o serve the purposes of this project. It was
decided that the geological map compiled by Okulitch (in prep.) would be used in conjunction with the
legends and reponts provided by Harrison (1991) and Kerr (1974) as the principal sources for a digital
geological map and associated attnbute data.

4.1.2. Geophysical Data
Many mineral potential mapping projects have used geophysical data as an important element for analysis
(An et al. 1991, Atgerberg et al. 1993, Bonham-Carter, 1994, Bonham-Carter et al. 1990, Chung and
Fabbri, 1993). Geophysical data are used for mineral potential analysis if there is a known or possible
relationship between geophysical signatures and a certain type of mincralization.  Usually, these projects
are site-specific based on map scales in the range of 1:100,000 to 1:10,000. The geophysical data applied
in such studies are gathered at resolutions and coverages compatible with the scope of the application.
However, due to the large geographic extent of the Parry Islands, the only compatible geophysical data
available are in the National Acromagnetic and National Gravity databases available from the Geophysics
Division of the GSC. On the basis of criteria stated for the three depesit models sclected for this study
(see Chapter 5), there was no direct requirement for these data.  Therefore, the available geophysical
data were not considered for use ia this study.

4.1.3. Geochcmical Data
Geochemical data can be valuable for mineral potential studies because they frequently provide a direct
indication of mineralization in a region. However, there have been very few, if any, systematic
geochemical surveys conducted on the Parry Islands.  Only several local surveys have been carried out by
the mineral exploration industry, and their data were held under proprietary status at the time of database
review. The National Geochemical Reconrnaissance Program has the Parry Islands on its agenda, but
additional funding is required 1o fulfill this work (P. Friske, pers. comm. 1993). Therefore, no
geochemical data were available for use in this study.

4.1.4. Mincral Deposits and Occurrences
Only one known mineral deposit occurs in the study arca.  That deposit is the Mississippi Valley Type
(MVT) Pb-Zn Polaris Mine on Little Cornwallis Istand (Enclosure 1A and 1b). Twenty known mineral
occurrences have been recorded, and nine of these are coal.  The remaining sparse mineral occurrences
were mostly discovered by Harrison (1991), on Melville Island. Several other occurrences are noted on
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the Land Use Information Series (LUIS) Maps compiled by Environment Canada and the Department of
Indian and Northern Affairs in 1981 (NRCan, 1981).

Whereas the Polaris Pb-Zn deposit is relatively well documented, the mineral occurrences located on
Bathurst Island are poorly defined and are classified only by element.  The locations of two Pb/Zn
occurrences on the castern portion of the island were obtained from the LUIS maps (NRCan, 1981). This
map scries also provided locations for ninc coal occurrences on Melville and Bathurst islands.  Locations
and full descriptions for the remaining nine occurrences are provided in Harrison (1991).  Five of these
arc base metal (Pb, Zn, and Cu) occurrences, some of the remaining are indireet indicators (S, F, and Ba)
of base metal mineralization (Harrison,1991).

The paucity of mincral occurrence data is the main reason that a knowledge-driven method is required for
this study arca. with respect to the selection of an appropriate mineral potential mapping method as
discussed in Chapter 2. This deficiency of known mineral occurrences precludes the application of any
data-driven methodology. However, the available occurrences provide some direct evidence that
geological processes typically associated with MVT Pb/Zn or Sedimentary Exhalative type mineralization
have taken place (Harrison, 1991). This infei mation influences the selection of three mineral deposit sub-
types (Chapter 5).

4.1.5. Summary of Data Review
It is clear that geoscicnce data available for the Parry Islands are sparse relative to the quantity, quality
and variety of data available to mincral potential mapping of other areas.  In summary, the raw data
feeding this application simply comprise a 1:1,000,000 geological compilation supplemented by locations
of one known mincral deposit, and 20 mincral occurrences.  Given these circumstances, the applied
method must rely heavily on the background knowledge of the geology and mineral potential for the arca.
To apply the fuzzy logic approach, much of this knowledge must be integrated with the available
geological map 1o allow the extraction of information required to create a functional knowledge base. In
view of this problem, the following section provides a more detailed discussion on the database
requirements for mineral potential mapping using only mineral deposit models and a geological map.
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4.2.  Database Requirements

Identifying database requirements is the first important step in creating a functional GIS databasc. The
application of GIS to mineral potential mapping using simply a geological map presents a challenge of
how to adapt to minimal data. The digitization pracess involved in entering a geological map is usually
limited to the application of conveational digitizing and mapping sofiware. However, this study demands
more digital representation of information from the geological map. This information, such as lithology.
age, structure and stratigraphic relatiozships. must be captured in a way that it can be applied as evidence
for mineral deposits. Therefore, it is important to <stablish a framework for how the databasc will
operate in the application.

In order 10 extract as much information from the gealogical map as possible for the creation of a
functional knowledge base, it is necessary to incorporate not only kine and polygon objects representing
geological map patterns, but also specific knowiedge about these patterns that will allow the geological
map to be subdivided into different layers according to the information content. A *spatial-attribute
relational data mode!l’ will capture information from the legend and allow various map modelling
operations to be performed as required by criteria for mincral deposit models.

The following example is used to illustrate application of a geological data model.  Suppose a mineral
deposit model criterion states: “Deposits commonlv form along facies boundaries in carbonate shelf and
deep marine sediments of Devonian age™. This statement requires the extraction of 'facies boundaries’
and units with ‘carbonae and decp marine sediments that are of Devonian age' from the digital geological
map via the geoiogical data model. To extract this information automatically from a digital geological
map, there needs to be some means of determining which geological units on the map contain carbonate
shelf or deep marine sedimentary rocks that are of Devonian age, and which contacts between these units
are actual facies boundaries as opposcd to conformable boundaries, or other types of contacts.

Mineral potential mapping in a GIS requires storing as much data as possible about the geological units
and their contact and stratigraphic relationships in a structured digital format that will faciliate this type
of information extraction. On the basis of this requirement, the database has been created to allow the
following information extraction cperations:

1. Reclassify geological units on the basis of age, rock type, depositional sctting, and syn-
depositional tectonic sctting attributes.

2. Extract specific contacts such as unconformitics and facies boundaries.

3. Extract structural features such as fauits or folds.



Current protocols for creating digital geological maps make these operations difficult. One reason for this
is that during the rapid increase in the application of GIS in geoscience over the past decade. geological
maps have been digitized and entered into geoscience databases as stand-alone products.  To date their
most frequent use has been simply for more rapid, and state-of-the-an computerized mapping. publication
and data archiving. As a result, most computerized geological maps are digitally structured as static
representations of their parent hard copies. Most of the digital structuring and coding of geological
features is suited for cartographic requirements and not for extracting geological information or geological
data modelling.

Other reasons for not structuring map legends with digital geological data models are: (1) the rather weak
relational database capability of many comunercial GIS, and (2) the high cost of data modelling and
capture. Very little research has been done on this subject in geology, mainly because GIS is still in its
infancy and applications that demand structured map data have to date been few.  The database
requirements for this application suggest that a new approach must be developed for entering, storing and
managing a digital geological map database. This requirement must be fulfilled using the tools provided
in GIS technology, and built on established technical protocols. The following section outlines a set of
database design protocols for a digital geological map using conventional GIS and RDBMS concepts.
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4.3.  Database Design Protocols

Geological maps are typically entered into a GIS database as 2 mosaic of polygons. and cach polyvgon has
an identificr, and a map unit or class identifier (Figure 4.1). The unit identificrs are related to a digital
legend that provides the unit name, and in some cases, the relative age of the unit. a descriptive list of
rock types, and possibly other characteristics. In this format, the polygons represent the ‘sparial
component’, the legend data represents the ‘attribute component', and the unit identifier is the key that
links the two components.

1 « Orunis / Devonuen

= =COrmws f Archan

3 - Limesooe / Cambnan
4= Sarxdstors / Stharan.

5 = Shale ! Ordovician

FIGURE4.1. SIMPLE GEOLOGICAL MAP SHOWING THE RELATIONSHIPS BETWEEN POLYGONS AND
CEOLOGICAL UNITS LISTED IN LECEND.

As an example, suppose there is a requiremcent to reclassify the map shown in Figure 3.1 according to
three primary rock types: 1) igneous, 2) sedimentary and 3) metamorphic. The operation is usually
performed on the map with the assistance of a ‘reclassification’ routine. At this stage, a geologist would
assign to each unit on the map a value of 1, 2 or 3, representing igneous, sedimentary or metamorphic
rock types respectively.  The new map would appear as in Figure 4.2, Although this is a small task for
simple maps such as the one shown in Figure 4.1, complex geological maps would involve exhaustive and
often redundant data processing, with continual reference to hard copy material such as legends, cross-
sections or text.

32



FICURE 4.2. SIMPLE CGEOLOGICAL MAP RECLASSIFIED ACCORDING TO PRIMARY ROCK TYPES.

The reclassification example shown in Figure 4.2 is straight forward. But suppose there is a requirement
to map all units that contain carbonate rocks. which were deposited in an unstable shelf margin
environment, and are bound by either facies boundarics or unconformities. Not only would the geological
map require the digital storage of information on rock types and tectono-stratigraphic environmenis, but it
would also require the storage of information on unit boundaries. In essence, the geological map would
have to contain data that provides much more digital information than just the unit name and text
description.

A 'digital geological data modc!® involves the integration of a digital geological map with a digital
attribute database that provides more detailed data for geological units and their stratigraphic
relationships. In RDBMS technology, the concept of a *data model’ is used as a schema for organizing
data in the most efficient possible way to suit a particular application (ESRI, 1993). The integration of a
geological map with this type of database requires the development of a two-component "spatial-attribute
relational data model’, which some refer to as a "geo-relational data model’ (ESRI, 1993).

In a ‘spatial-attribute relational data model’, the digital geological map represents the spatial component,
and the digital geological data model represents the attribute (non-spatial) component. Intermsofa
product specification, the spatial component represents a digital description of the distribution of
geological units and structural features in space, and the attribute component represents a digital
description of the attributes of the geological units, including their stratigraphic and structural
relationships.



As a simple example. the digital file organization for the map in Figure 4.1 is presented in Figure 1.3, 10

illustrate three basic levels in the architecture of GIS data. At the top level, the digital map is composed

of a mosaic of polygons that contain data associated with the polvegon number and a vnit identifier. The

next level illustrates the table organization of the polygon data and unit attributes. Underlying these two
levels is the conceptual data model.  The data model serves as a database design protocol that determines
the type of information that is obtainable from the database.

In RDBMS terms, the poly_id table contains the relationship between the urit identifier (unit_id) and the
polygon identificr (poly_id). In this table, the poly_id serves as the key field. The key field represents
an index field in the database where every entry corresponds to an individua! potvgon. The vnit_id ficld
in the poly_id table represents the ‘parent field' that provides the relational ability to link the Iegend table
to the poly_id table through the unit_id field (child ficld) in the Iegend table.  The unit_id ficld in the
legend table is the key ficld that has the same field format as the unit_id ficld in the poly_id table. The
difference between the two locations is that a value can be entered more than once in the poly_id table,
whereas a value can only be entered once in the legend ficld because it is the key ficld in this table.

The use of a data model is a common approach adapted in RDBMS to minimize duplication of data entry,
simplify editing and provide a clean and unambiguous description of data relationships. In the above
example, the legend table contains information on rock type only. SPANS GIS will allow any description
of units to be cntered 2 legend, although the space allowed is usually limited to only one "Description’
ficld, containing not more than 40 characters in width. In some software, an associated field for
supplementary narrative information is available. This configuration limits the ability 1o moddl the
geological map from various viewpoints. There is no capacity in this configuration to enter other
attributes of the units in a structured database environment that would allow easy extraction of more
detailed information associated with specific geological clements.

To enhance the data associated with cach unit, suppose the data model is modified so that more fields arc
added to the legend table to allow the entry of more detailed information associated with each entity.
Such fields could include depositional age, rock types, depositional environment, etc.  The data model
shown above might then take on the form as shown in Figure 4.4.

The fields that are added depend on evaluating the information requirements of the application, and the
data available. The following section provides a detailed discussion of how the spatial-attribute relational
data model concept is applicd through the integration of the geological map (Okulitch (in prep.)) with
additional legend and report data of Harrison (1991,1994) and Kerr (1974).



Poly ¥-2
Units -3

Polys -1
Unitw-2

Polyn -5
Unit# -4

Poly# -6
Unit#-5

Digital Geological Map

Poly_id Table Legend Table

Poly_id | Unit_ia Unit_id | Description
2 Table Organization
Child Ficld
Key Ficld  Parent Ficld
Poly_id Table Legend Table
Field 1 - Poly_id - Key Ficld Fickd 1 - Unis_id - Ky Ficld
Field 2 - Unit_id - Parent Field Field 2 - Desription - Data Ficld Data Model

FIGURE4.3 EXAMPLE DIGITAL GEOLOGICAL MAP SHOWN WITH ITS TABLE ORGANIZATION AND DATA
MODEL. THIS CONFIGURATION IS FOR ILLUSTRATION ONLY. TRUE CONFIGURATIONS VARY
AMONG GIS AND RDBMS SOFTWARE DEPENDING ON APPLIED SPATIAL MODEL, PROGRAMMING
LANGUAGE, OPERATING PLATFORM AND DATABASE PROTOCOL. THE ARROWS INDICATE ‘LINKED’
FIELDS.



Poly_id Table Legend Table
Poly_id | Unit_ Unit_id | Description Age Rock Type Setting
1 Granile Devonian Ignoous S<type
2 Gociss Sil. - Dev, Metemorphic Amphibolite
3 Lmestoae Carboniferous | Sodimentary Reef
4 Saadatoac Ond Sodimentary Shelf
5 Shals Onrd, Sedimentary Basin

Poly_id Table

Legend Table

Ficld 1 - Poly_id - Key Ficld
Ficld 2 - Unit_id - Parcat Ficld

Ficld 1 -Unit_id
Field 2 - Description - Data Ficld

- Key Ficld

Ficld 3 - Age =Daeta Ficld
Field 4 « Roek Type - Data Ficld
Ficld 5 - Sctting -Data Fidd

Table Organization

Data Model

FIGURE 4.4. EXAMPLE DATA MODEL ASSOCIATED WITH DIGITAL MAP SHOWN IN FICURE 3.3 MODIFIED TO
INCLUDE MORE DETAILED DATA ASSOCIATED WITH EACH UNIT. ARROWS INDICATE “LINKED’

FIELDS.



44.  Data Model for the ‘Data / Information’ Component

The data model for the *data/information” sysiem component comprises three physical components:

1) the spatial component, 2) the attribute component and 3) the source reference component. Together
they function as a spatial-attribute relationa! data model that is used to extract information from the
geological map while preserving the lincage of the information processing.  The information extraction
process generates a set of derivative maps that function as the building blocks for the creation of the
knowledge basc and evidence for mineral potential. This model is created on the basis of the protocols
established in the previous section.  The three components are presented in Enclosure sets I{a and b) and
2(a and b), and their inter-relationships are illustrated in Figure 4.5.

Sou s T
ource Documents Attribute Component A
Kerr :'. .
L asy N | Eaclosure 2a m _ Enclosure 2b
Mdiville Isl. Harrison / Legend :
" (1991, 1994) N T Endclosure 1b
: RADs Map :
Kerr
1974)
\ lelitch geology Geological ||
Humison AP | [ M® | Enclosure la :
(1991) LUIS Maps
Spatial Component
Mevi (1981) | o po
Bathurst and s oo eeeeeennen ’
Source Maps Melville Ll SPATIAL-ATTRIBUTE RELATIONAL DATA

Analogue Digital

FIGURE 4.5 RELATIONSHIPS AMONG SOURCE MAPS AND DOCUMENTS USED DURING GIS DATABASE
CONSTRUCTION. PROCESS INVOLVES AN ANALOGUE TO DIGITAL TRANSFORMATION OF MAPS AND
TEXT INTO STRUCTURED DIGITAL GIS DATABASE. GIS DATABASE ALLOWS RAPID, SEMI-
AUTOMATED EXTRACTION OF INFORMATION FROM DIGITAL GEOLOGICAL MAP BASED ON
STRATIGRAPHIC MODELS PROVIDED IN HARRISON (1991,1994) AND KERR (1974).

The database building process involves an analogue to digital conversion of source maps and documents
into a structured GIS database, Textual data from Harrison (1991,1994) and Kerr (1973) were
synthesized in the tables shown in Enclosure 2A.  The data shown in these tables form the basis for
coding attribute variables that were entered in the geological data model (Enclosure 2B). The digital
geological map (Enclosure 1A) and the geological data model (Enclosure 2B) form the spatial and
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attribute components of the database respectively.  The data source reference chart (Enclosure 2A)
presents a means for tracking and verifying atribute data with their source documents.  The legend,
location map, correlation chart. and map of resource assessment domains (Enclosure 1B) complement the

geological map and the geological data model as a graphical representation of stratigraphic relationships
stored in these components.

Tables 4.2A and 4.2B summarize the GIS-database files that constitute the spatial and atribute
components of the database. The spatial component comprises a digital geological map (Enclosure 1A)
which is separated into four layers: 1) geological units, 2) faults, 3) folds and 3) mincral occurrences.

The geological units layer is stored as an ‘area’ spatial data tvpe (quadtree raster structure in SPANS GIS).

The faults and {olds are stored as vector files. and the mineral occurrences are stored as a point-attribute
file.

There are two primary types of tables in the attribute component: 1) Data tables and 2) Look-up Tables.
Each of the fields in the data tables contain variables represented in numeric form.  Each field has an
associated look-up table that contains descriptions for the numerically coded variables. The arrows

pointing from the ficlds in the data tables to the look-up tables indicate the parent-child relations between
tables.

The attribute component is a sct of relational tables that are keyed on the geological unit class values of
the geological map. This set of tables stores data that describe the *unit attributes’ and boundary
relationships' associated with geological units.  The synthesis of stratigraphic data provided in Harrison
(1991,1994) and Kerr (1974) allowed the entry of the fotlowing ‘unit’ and "boundary’ attributes in the
geological data model. The unit area attributes include 1) age, 2) rock types, 3) depositional setting, and
4) syn-depositional tectonic setting. Tiwo additional ficlds record simplified age and lithology
classifications; ‘ageclass’ and 'litclass’. The age class codes were derived directly from the age range of
cach unit. The lithology class codes were created to group the major classes of rock types that occur in
the sequence.  The boundary attributes contain information on where facies boundaries and
unconformities occur,

The *clement relations diagram' in the lower right comer of Enclosure 2B maps the database file structures
and their relationships. Each filc is presented according 10 its respective file structure and  described in
terms of a short field name, long field name, ficld type and width. The first ficld in each table represents
the key field for which a relation is set to another data table, or an associated look-up 1able,



ot

SIUN JAIIN3FTU03 USIWIRG AJILIOJUOXIN UB SUosaM5] | < $2N[¥A Ul J30EYS
V213 ‘axnbas puosas 7, “souanbos sl s ) pournuos sty sURaW |, “uasaid J0U 51 JIUN ) SUTAUE 0, SNjTA M| “EIHILLIGIIOUN

HqeL

JO SUGTIEO0] AL PUR ‘25ULINS |¥ UIAUOP JUNLTEISSE 22100521 Y313 1N} ISU0S SIUN YOTYM SHNPI ORiv Aeim 6 X 9 ¥ 51 2197 sTy), 10 qga.L/vaL Lus oY 2ouanbag
TAALVEL) OFUTT
P DALY TAAAYTLIITE LLITT - 3P0j2ut 531901 dn-oo] PRI sI| VN NOOBGIST JO S5m)s 3 1 yustoduses inqtnie
31 0) 7EqUITp A Jo juauodinos (eieds 3 I I 51 dews, plarg o patay 1 1] ‘13pows TIep (931301098 A ug ajqm sapT
A v suotung 2| sy, suonealisvels adies o3 pue x14) o0z paipyduns pun Fuips a1uop (ruoiusodap-uls Buis [vuoinsodap
sy 3201 523w L2:m0] pue axkin *urew jun VolAXIGE it ‘sT]> drw Fuipajoul mun [r3180jesT |j sof suotdip papod sunUo) 1a gaL/vaLian qeL, neQ 2Evy
uopdpasaq 3dsy 34 G ] dhLL

ANINOIWOD ALAUINLLY - AUy 2q¢L,

BOUILNID0 212 JO SUOHdLDSIP WITU0S splay Fureusas sy, Ajansadsas
BuoL, "ITL, put U0LIOY, SPI3L) 3 U1 SARUIPICD ApIIFUO] PUY APNIIT) PUR ‘LIXGUINU LOLIOYY SU P3303S 31 Juatodwod [Hieds o ‘o s UL ‘a(idead J9133q 51 31f 200 up W Fndaay ‘Kaesedas suauodiuos
ainqune pue [riieds 2 20018 01 3jqissod 513 ARO[V " ATGRITP (D ¥ UI K Kiod Jof [oojosd UoLA0S B st 1YL Tibtodod JINGUT pUT [rTds Jo 2INXILLE ¥ 51 31 $2UXUN00 Jeasuiw L (1)

FHUN [E3¥0103d YiLn SIOUILIND0

wwoury Futlennosse pur (e|daip 10) pasy]  SINLLNI0 pUs 1150d02p [RISUNL BUOLRY [(# O SUCHKTLIZEIP PUT SUOI[E30] A{) RIEIUO)) 1d ALVHEL 0N | (1) souunog (raugy
XLA 7 JOLIENVS PO NITAOL SLINVAS 5% wsodind ires 31 aoj parsy suluils (¥ Jo AyauuosT pus Uo(ieac] ) suiaiio)) 1A NIAOLDONASS S0l udg
NIA/JOL SLINVAS v¢ sysodind siws 341 3of paspy wul]3(10v (19 Jo A7iauioad puv UOJI0] ) w0 TA XIANIOLILNYS Ry
ney o) Ajrwixoad o) 21E1puT Y sdrul 531nq
o1e3123 o) purw Lejdsip sop pasn st 3y sy, ('dasd n) yotjeog) wols (pauytsseiaun) npney (v Jo Anauosd pus uoireso] A suinuo) TA XLAMOLSLINVAS njne4
(v amsopsug) indino styde o1 AiiTnb yTNy so7 pasn +1 9)1y SILL Ivilic] ¥21¢ J003n 2 U1 WB9%3 JVIY YDOBQH ¥ #ung YA XiadoLN20HaIa i) (17301050
"mun (3801097
20J 3uop s Raxdo Juif|dpowt puv (enS]rue |3 0] pasn 31 3y Sy L 1ruwo) dew 2npenb g syun (wi3010d8 9¢ jo 3Br00 ¥arY ') dVIN'ND0¥Q3d aiun |widojoap
uopsaq T 214 aplL

ININOJIHOO TVILVdS - BT’y 3q¥l,

ATHV], dN-HOO] - 171 ANY “A19V L VLIV( - INIOJ - Ld ‘4114 ANIT HOLIIA - TTA ‘T YEUY HOLYIA
“ VA AN YN 43H0GVOD - O (0L HA4AY SAA0D FdAL A1, ML “ININOJINOD ALNGIELLY SAZIYVIVINNS 87°C A1V ANY , ININOJINOD TVILY4S,
SAZIVINKNS YVI'E A'IBY], 'NOLLYDITddY HHL 40 ININOJINOD ASYEYLVA FLNLIISNOD LVHL 54114 ZSVEVLYA 40 STIGVL AUVININNS  "87'F ANV YT'$ 8319V,




or

"PUadaL, pRY #) U} w0l idLs3P 2334331 331101 FUTpuodia 03 1Y 3p0d SURLUIN YO PRI PIIY X 51, PRY FUBRPY AIN0S
2 puw ‘plag wuared ) 11 PIAY 205U, Y “3GEI 2OUSLNI0O (RLIUNL K} U] P3L) SORUILL, A} 1 PIIINLY $IP0d M) S0f 2q¥) dn-300] 3y 1 11 441 vaL sonrl SsuUmssg (rruljy
P PRy A v
vordisap w1 200310320 [riouity Juipuods 00 € 5Ty 2p0d SUALNU YT PI3Y PITYS H{) 51 STRP3, PJ2Y S pus ‘ppa1) Waned 341 1 3{qm sad()
FABLN0 [FRUI 31 Ul 2y AAGUIU 3] -GN 20u3UNs00 (RuIw 2y i Py A, ) U posaus s9poa ) sof 2|qe dn-yoo) g 11 g0.L/vaLLonm FUAIN0 (WUl
Uy, ploy M u PRI 27w suordinap digsioiiv}>a 93¢ Suipuodsaliod RL P17y PITP 24 8 VP, e
P12 20 pUR *spay 2 red A 20 GHILLAVIL LYY U1 9190 9E [V "Aears 3wl uotiv)31 33 st pasapsa $9pod Ay Joj 2jqn dn-yooy 2y 1 €81/ VALLUVNT | $d(] digsuonsiay 33y
“pusda) Py Ut pasajua s} bofdiionep s 33ut 33w Juipuodiaios AL P13y PI AN 51,353, PIALI o) pUT Pj3Y ET TR
tuared 20 st EIETLAVELL LGN U1 PJ2Y S3vjoade, 3y L -a1qe mivp JasTius ) Jo pPat) 53129T, 4 U1 pasapud $9p0d o) Jo) H{q dn-3oof gy iy | g1/ vaL v duey 2By
"PUITIL PIY A UE P 3 wolLsap sxe)d AZojory| JuipUodsaliod B[ Pl PIIYD M 5t SSE(S, plaLE A pue “pPYY 2[qVL BONNRIIST|D
W red 2 s8IV AL LGN U1 PIY STRPUL 3YL, 31qF1 VIEP JISTUI A JO PI3IE STE|INL ) UT PaL2IL2 $3p03 M Joj 2jqu di-yoof oy | 11 SUL/VELDIITT | AL oy paunphuis
"puada), 3y 3 ur paiza vy wondisp Funis ool Juipuodianos L, PIAY PIIYY #) 31 2[q¥1 SIY) U)SI)3, P31 {1 pus ppaY QYL SRS SU0PIL
Wared 21 5§ RL/VEL, LCTIN U1 PI3Y 19501001 H11, 3[qW) VIEP JOIVU 301 U} o1 W30U}03), L UL pa1awsa $9p03 a3 Jo0) 9|qW) dn-3oo) oy 11 g4.L/vaLroiawm Jruopisodap-uly
"PUIE3, piay 1 U1 p2a3ua sy voldisssp Jurnies [vU0]iis0d3p uiptiodssbed H1 pi3Y PHYS ) 5] S[GW SI1 UL SSEP, B3y {1 pUt pPaLf AqeL
rersed 200 8 EHELAVELLLCHIN UL P2y Jsodap, 901, 21980 WEP JORTU M) 1 PITJ 1950Up, P U1 P2421Ua $9P0d ) 50 2qw) dn-o0) L Il qaL/valdiamt | unes pruomsedag
puada PRy Ay w1 pasaiua st uolTioap adfy 301 Fuiplodssos HL P PILY? 341 1 3{qW) 1) Uy S¥¥]5, PI31) 1 pUR sppay) wased
e sp)ay adii-pos AL "GN VIEP 3rvus 21 U] PIIW $2p03 (GOYNL . COUNLTOIL', 1o4IL) P1aLs 2ds 201 a1 Jo 21w dnxoo] ay I, ] gL/ vaLram lquL 32dey ¥ 2y
"PUIT3L, 3L 1 ) PASIIT ST
uotkl1sosop awin |#31301033 Juipodsatios () P Pt A 31 G¥I SIY U1 STEP, PI3L A1 pUw Py 1udred A 2se ALVEL LG U
3pIPY pBeszvol pue 2Feisddn, L 21qer viep sksn Ay Ut 38vsdwo), pue 3Twaaddn, sppats st ut pasiae $epod ) soj 2jqvl dn-xoo] 2y 11 HEL/VELINLLOT | qe1, auny sifojoap
“AITPUNOQ SI1IE) ¥ JO BOIE0]
A EANEINPUI | < $INea U1 2FURYd v 212 “S1WS PUOIIS AN, T, SHINY 1L Y1 udsaadas f, Juasasd jou £ Jun sy suraw g, JO anjea
Y OFIIUN 3411007500 UAINIR] N0 SILUTPUNOG TIIT) 2124w 21e1pu) sanjwa s 1 doxa ‘el / VAL LYS 01 Sejiiuts 51 21qm sy 1a QUL/VELLIHS | oqul suofiay sapr]
uo(jtadsag LT Al AL

(p,)u03) ININOIWOD ALNGIYLLY - 9Ty 3qu],




The data source reference chan (Enclosure 2A) documents all data clements entered in these tables as
provided in cach straligraphic model proposed in Harrison (1991,1993) and Kerr {1974).  This chan
demonstrales the migration of data ¢lements from their source documents to the various tables through the
key 'mapclass’ ficld which represents the units in the geological map legend.  The upper left box contains
data provided in stratigraphic models for Melville Island as interpreted by Harrison (1991,1994). The
lower left box contains data provided in stratigraphic models for Bathurst Island as interpreted by Kerr
(1973). The larger right box contains the list of units provided by Okulitch (in prep.) as part of the
regional geological compilation. The lower right box contains the units as shown in the geological map
of the Parry Islands study area, as digitized for this project.

Harrison (1991) provides a detailed legend and correlation chart associated with the map of the Geology
of Melville Island. These data are supplemented by 2 simplified model in a more recent publication
(Harrison, 1994). Kerr (1974) presented a stratigraphic mode! as a “Table of Formations' which shows
the chrono-stratigraphic positions of geological units and their boundary relationships in terms of
locations of unconformities and facies boundaries. This table is supplemented by the legend of Map
1350, which provides more detailed data on rock types.

The unit attributes extracted from «hese data sources include the unit abbreviation, name, rock types, age
ranges, depositional and syndepositional tectonic scttings. These attributes are assigned to the geological
units on the geological map in one of three possible modes as indicated on the legend in Enclosure 2A.
The first mode is a ‘direct assignment’ for units where there is consistent agreement among the
stratigraphic models of Harrison (1991/1994) and/or Kerr (1974), with the location, identification and
geometry of the unit boundaries on the geological map compiled by Okulitch (in prep.).

The second mode is "assigned by group’. In some cases, Okulitch (in prep.) simplified the unit boundaries
on the map by grouping units or sub-units. or some units were grouped during digital structuring in this
project to conform to data presented in the synthesized stratigraphic model (Enclosure 18). In these
cases, the attributes represent a combination of the source unit attributes.  For example, Okutitch (in
prep.) compiled the Parmy Islands Fm. as one unit, whereas Harrison (1991) showed the Pany Islands Fm.
as a group of sub-units that contain their own specific rock types.  All of the rock types listed by Harrison
(1991) for the sub-units of the Parry Islands Fm. were entered as the rock types for the Parry Islands Fm.
as compiled by Okulitch (in prep.).

The third modc of assignment is 'non-assignment’. Some units from the Okulitch legend were not

assigned because they occur outside of the Parry Islands study area (the legend applies to the greater
wesiern High Arctic, not just the Parry Islands). Some units in the Harrison tables were rot assigned
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because they were too small to depict on the Okulitch compilation. or they were only observed in sub-
surface data.  Some units in the Kerr tables were left unassigned due to updating of mapped units from

more recent mapping activitics on Bathurst Island (Qkulitch. pers. comm. 1993).

This approach 1o databasc design of a digital geological map and geological data model allows various
information extraction routines to be performed. In a GIS. the process of spatial information extraction is
commonly referred to as ‘derivative mapping’.  The following scction presents the G1S operations
performed 10 extract a sct of cight ‘derivative maps' that are used as the building blocks on which the
knowledge base is ercated.
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4.5. Derivative Mapping Process

Mapping mincral potential with mineral deposit models requires the extraction of geological features from
the database 10 be uscd as evidence for mineral potential.  Many mineral deposit models have criteria that
are based on geological features such as the age and type of host rock, the presence of faults or other
tectonic activity, stratigraphic relationships. etc.  This section details the process of extracting a set of
cight derivative maps.  These maps will be used as evidence to map the favourability of mineralization
according to stated criteria for three mineral deposit models.

Three basic types of GIS transformations were used to generate the eight derivative maps: (1)
reclassification of geological units, (2) buffering specific geological contacts, and (3) buffering favlts.
These transformation processes are used to create two types of derivative maps.  The first type considers
multiple attributes associated with cach geological unit as ‘arcas features’.  The second typc considers a
proximity factor to lincar features' such as geological contacts and faults. Tables 4.3A. 4.3B and
Enclosure 3 summarize the transformation processes involved in the derivation of each map. Table 4.3A
summarizes the area-feature transformation processing. Table 4.3B summarizes the linear-feature
transformation processing.

In essence, the area-feature transformation involves recasting the geological unit areas in different
displays according 1o the attributes of cach unit. This allows derivative maps to be created that re-cast the
geological setting of the study arez in terms principal rock types. depositional age, depositional setting,
and syn-depositional tectonic setting.

The process involved reclassifying the geological units using the attributes of the geological units stored in
the attribute componcnt of the database.  The look-up tables for the various attribute ficlds are used as
legends for cach map.  As shown in Enclosure 3, different patterns emerge as the geological units are
portrayed according to their various attributes.

The lincar-feature transformation process involves buffering lincar features such as specific geological
contacts and faults. These derivative maps allow proximity to linear features to be a factor for mineral
potential evaluation. In this study. proximity maps were generated for facies boundaries, unconformitics
and faults. The proximity-to-faults map was produced simply by transforming its vector format file into
an arca format file with a buffering routine. The proximitv-to-facics-boundaries and unconformities
maps required preprocessing for the extraction of these contact types from the geological map. The facies
relations table and the sequence-relations table were used for this preprocessing.



The derivative maps produced for this study represent only a portion of the tvpes of maps that are
extractable from the datsbase.  This set of derivadive maps wers produced in response to mineral deposit
model criteria of the selected deposit models.  The relationship of the derivative maps to the spatial-
atribute relational data model is illustrated in Figure 4.6 along with the remaining application files and
system components.  The derivative maps represent the “information” portion of the “data/information”
component of the system.  The next task involves creating the *knowledge-base” and “inference engine'
components of the system.  Chapter § - Mineral Potential Mapping, discusses how three mineral
deposit models were selected and used as the knowledge source for these two components.
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5. CHAPTER 5- MINERAL
POTENTIAL MAPPING 5 |

5.1. Introduction

Chapter 4 discussed the development of the *data/information” component for the Parry Islands
application and the derivation of a subset of maps that portray clements of the geology on the basis of
lithology, depositional age, depositional setting, syn-depositional tectonic setting. and proximity to faults,
unconformitics, and facies boundaries.  This chapter discusses how the GIS database is applied for
mincral potential mapping with fuzzy logic through the creation of the knowledge-base and inference
cngine components.

The knowledge-base represents an expert judgement on how favourable the geological features
represented by the classes in each derivative map comply with mineral deposit model criteria.  The set of
derivative maps combined with the knowledge-basc represent a collection of individual layers of evidence
for mineral potential. The evidence is processed through an inference engine that combines the various
maps in response to various combination rules inferred from mineral deposit models. Because the
selection and implementation of combination rules is a subjective reasoning process, each model is
iterated twice to demonstrate the flexibility of the system to reprocess the data in response to an alternative
vicwpoint or interpretation of how the evidence should be combined. In order 1o gain a full appreciation
of how the process works, it is important at this stage to review the geology of the Parry Islands and
reasons for selecting the three deposit models: MVT Pb-Zn, Sedimentary Cu, and Sediment Hosted
Sulphide deposits.

5.2.  General Geology

This discussion of the general geology of the Parry Istands is derived from syntheses provided by Harrison
(1991.1994) and Kerr (1974). supplemented by the regional compilation work of Okulitch (in prep.).
This combination of data provides a comprehensive view of the geology of the Pu.ty Islands in a regional
context, which is of principal concern in this study.  Considering that the contents of the digital GIS
database are derived from these sources. this discussion focuses on regional aspects of the geology of the
Parry Islands as represenied in the GIS database,
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For mineral potential mapping purposes. the study area is partioned into nine Resource Assessment
Domains (RADs) (Enclosures 1a-b). At surface, cach domain exhibits contrasting stratigraphic and
structural features that are taken into account during mincral resource assessment.  For cxample, the
Cornwallis Fold Belt (RAD 5) exhibits angular unconformities between formations that have conformable
contacts in the West-central Bathurst Island (RAD 4), and Southeastern Melville Island {(RAD 3). This
stratigraphic feature is illustrated in the cross~correlation chart (Enclosure 1B), however. the unit
boundaries were not symbolized on the geological map prepared by Okulitch (in prep.).  Therefore, the
RADs allow “logical” stratigraphic and contact relationships to be considered during the modelling
process. It is also important to distinguish structural and stratigraphic features of each domain to avoid.
Or at least minimize, misrepresenting arcas that may contain distinct features.  This is reflected in the
organization of the correlation chart presented in Enclosure 1B, 2nd also permits reference to these
domains for discussion on relevant geological events.

The Parry Islands are underlain almost exclusively by sedimentary rocks of the Franklirian and Sverdrup
successions {Enclosure 1A).  The Franklinian succession comprises a thick marine scquence (~ 7 km) of
intercalated carbonate and clastic sedimentary rocks deposited on a tectonically unstable continental shelf-
margin. The younger Sverdrup Succession compriscs in part an equally thick sequence of sedimentary
rocks deposited in a clastic/carbonate shelf, and in part by rocks deposited in a pelitic shelf and a fiuvial-
deltaic environment.  The two successions are separated by a regional angular unconformity, which
developed during the Ellesmerian Orogeny.  The unconformity approximates the boundary between the
southern Parry Islands Fold Belt and the northern Sverdrup Basin. A third minor succession of recent
clastics includes the Beaufort Fm, a portion of which remains on southeastern Meldville Island.

The only known non-sedimentary rocks found on the Parry Islands are late-Cretaccous igneous dykes and
sills discovered in the salt dome arcas of the northern part of Sabine Peninsula on Mclville Island. and as
an ir.egular blocky patch of intrusions on the southeastern portion of Bathurst Island. Although the
intrusions are approximately the same age on both islands, their significance to the regional geological
setting is not ¢lear.

The Franklinian Succession comprises the Thumb Mountain and Irenc Bay Formations of Ordovician age
through to \ue Late Devonian Griper Bay Group. The Thumb Mountain and Irene Bay formations
contain limestone and dolomite with lesser shale and anhydrite deposited on a stable carbonate shelf,
They are succeeded by the starved-basin-type rocks of the Cape Phillips Formation, which includes
siltstone and shale interlaycred with dolomite, limestone and chert deposited during Late Ordovician to
Late Silurian time. These units intcrcalate with the Canrobert and Ibbet Bay formations, which contain
sediments deposited in a decper offshore carbonate shelf and slope and starved basin envisonment.



The remaining portion of the Franklinian Succession was deposited when several significant tectonic
cvents caused multiple folding and thrust patierns throughout the region.  The Cornwallis Fold Belt
(approximately the arca of RAD 5) developed in response to the Boothia Uplift, which affected the rocks
on castern Bathurst Island.  The uplift occured in multiple phases, which resulted in erosion in the near
and onshore areas, and deposition further offshore.  This is reflected in the angular unconformable
contacts between the Bathurst Island and Stuart Bay formations, and between the Stuart Bay and
Disappointment Bay formations in the Cornwallis Fold Belt.  The rapid facies changes between the
Bathurst Island and Stuart Bay, and among the Disappointment Bay, EIDS and Blue Fiord formations, are
also indicative of the tectonic instability of this region during Eariy to Mid-Devonian time,

Numerous N-§ striking vertical faults developed throughout the Cornwallis Fold Belt, and are cross-cut by
E-W oriented thrust faults developed as part of the Parry Islands Fold Belt to the west.  On Enclosures 1a
and Ib, the ages of these faults are not differentiated because of generalization during the compilation
process.  This is unfortunate because the relative ages of faults to host rocks is an important element to
consider for modelling the Sediment-Hosted Sulphide deposit type potential.  The impact of this on the
quality of the results is discussed further in Chapter 6.

A significant spatial-temporal overlap occurs between the development of the two fold belts that resulted
in the complex folding and fault patterns that contrast eastern Bathurst Island with West-central Bathurst
Island (RAD 4). The influence of the Boothia Uplift dampened toward the west, which permitted
development of the E-W oriented, southerly verging fold thrust patiern that characterizes West-central
Bathurst Island (RAD 4) and Southeastern Melville Island (RAD 3). This fold belt is less prominen. in
Southwestern Melville Island (RAD 2) where numerous normal faults prevail. A rifting event of the
Sverdrup Basin occured during later Carboniferous and Early Permian time that resulted in the
development of the Canrobert Hills Fold Belt (RAD 1).  In this area, numerous tight cast-west trending
folds are cross-cut by normal faults. and the Canrobert, Ibbet Bay, Blackely and Cape de Bray formations
are exposed,

The Sverdrup Succession comprises the Otto Fiord Fm through to the Eurcka Sound Fm and Cretaceous
igneous intrusions. Several periods of tectonic instability related to rifting of the Sverdrup Basin resulted
in several angular unconformities within the sequence, and occasional normal and thrust faults in the
Sproule and Sabine peninsulas (RADS 6 and 8), and Cameron Island (RAD 9). The St. Arnand Hills
(RAD 7) are characterized by the presence of the Canyon Fiord Fm and the Belcher Channel and Sabine
Bay formations (undifferentiated on Enclosure 1A).  This represents a significant angular unconformable
toundary with the Franklinian rocks in Southwestern Melville Island (RAD 3). A notable feature of the
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Sverdrup Succession are the circular evaporite intrusions on the northern tip of Sabine Peninsula. These

rocks occur along with the Cretaceous igneous rocks that have intruded along diapiric fault plancs.

5.2.  Mineral Deposit Model Selection

The selection of mineral deposit models, and their respective criteria, may involve using published
empirical and gencetic modcls for various commoditics and deposit sub-types. supplemented with expert
knowledge of the geological favourability of a given study arca (Eckstrand. 1984; IAMG, 1994: Jefferson,
1994; Scoates et al., 1986; Singer 1981,1993). The scope of this project is to demonstrate how various
deposit model criteria are applied to a geoscience dataset with fuzzy logic 10 determinc the relative
favourability for mincral potential. Therefore, for demonstration purposes, the selection of mineral
deposit models and modcl criteria is limited to those provided in Eckstrand (1984).

Given that the geology on the Parry Islands is predominantly sedimentary, the review and selection of
deposit models is limited to sedimentary deposit types.  There are several deposit types, and associated
*sub-types’, listed in Eckstrand (1984) whose criteria contain reference to geological feawres that maich
reasonably well with geological features on the Parry Islands (Tabie 5.1).  To demonstrate the flexibility
in applying different models with fuzzy logic, three deposit sub-types were selected: 1) MVT Pb-Zn, 2)
Sedimentary Cu, and 3) Sediment-Hosted Sulphide. These three deposit sub-types were selected because
their geological characteristics match well with the geology on the Parry Islands. Most of the geological
features mentioned in the three sub-types are extractable from the database as derivative maps to build
evidence for mineral potential.  The criteria for each deposit sub-type is presented in more detail in the
next section.

It is important to note that the criteria provided in Eckstrand (1984) for the three selected deposit sub-
types are treated as deposit ‘types’ as opposed to deposit ‘models’.  Generally, deposit types represent a
collection of descriptive information about a group of known mineral deposits that share similar
characteristics enough 1o be classified in the same group. A deposit model is 2 collection of information
that extends the descriptive information to 2 level where at least one possible process of formation is
described.  In short, a deposit type is descriptive in its information content, and a deposit model is more
genctic and carries more of a predictive context. In this thesis, the criteria from deposit sub-types
provided in Eckstrand (1984) are used as the basis for the deposit modelling aspect of the predictive
mineral potential mapping process.  Two itcrations of each deposit sub-type is applied to demonstrate the
impact of changing assumptions about how the various descriptive factors should be combined to
construct a deposit model.



TABLE 5.1 TABLE OF ‘SEDIMENTARY" DEPOSIT TYPES FROM ECKSTRAND (1984) CONSIDERED DURING
MODEL SELECTION, SHOWING DEPOSIT TYPE, DEPOSIT SUB-TYPE, AND COMMODITIES (ASSOCIATED
MINERALS ARE IN BRACKETS). THE THREE SELECTED DEPOSIT MODELS ARE SIIOWNX IN BOLD.

Deposlt Type Sub-tvpe / Sccondary Sub-tvpe Commoditica {
1. Evaporites and Bnnes 1.2 Marine NaCl, Kcl, pvpsum H
2. Stratiform Phosphate (Phosphorite) 4.2 Miogcoswnclinal P{U.F.V)
4.b Platformal P(UE.V)
5. Placer Uranium, Gold 5.1 Pritic Palecoplacer Uranium. Gold U. Au
3.2 Placer Gold Au
6. Stratabound Sediment-Hosted Lead, 6.1 Misslssippl Valley Type Lead-Zine Pb, Zn (Ag.Cd)
Zinc, Copper, Uranium
6.2 Sandstone Lead Pb (Zn, Ap. Cu. As. Ni. co)
6.3 Sedimentary Copper Cu (Ag. Co)
7. Chemical-Sediment-1losted Gold 7.c Stratiform Purite Au (Ag Cu)
7.d Chert-Sulphide Au (Ag. Cu) -
8. Clastic-Sedumicent-Hosted Gold 8.1 Carbonaccous Shale / Carbonale-Hosted | Au (As, He Ag. Sb. Ti)
Gold
9. Stratiform Sulphide, Barie 92 Scdiment-1losted Sulphide Zn.Pb.Agbariic (Cd. Cu,
Sa)
9.3 Scdiment-Hosted Barite Ba

S.4. Knowledge-base Preparation

Representing the knowledge of the minera! potential involves combining the knowledge of the geology of
the study area with knowledge of mineral potential as presented by criteria in the mincral deposit models.
This process requires that fuzzy membershiy values [0,1] be assigned to the classes of each derivative map
to indicate the favourability cach geological feature has with criteria statements.  There are four steps in
this process:

1. The sclection of key statements from deposit sub-type criteria,

2. Translation of the key statements into *logical statemcats®,

3. Determination of which derivative maps will be used as evidence to support the
statcment, or sub-statement, and

4. Assignment of fuzzy membership values to derivative map classes in fuzzy assignmeat
tables.

Tables 5.2A-Ce show the three selected deposit models as presented in Eckstrand (198%). They represent
the knowledge source on which the knowledge base is created.  The author of each deposit model present
their criteria in a systematic categorical fonmat that describes common properties among many of the *sub-
type’ deposits that comprise cach model (Tables 5.2A-C).  Some of the categories provide information
that do not have direct significance to the modelling process in this study (¢.g. Examples, Importance,
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Form of Deposit). The only categorics that were consi fered for the extraction of Key statements for the

creation of the knowledge-base were those that contained reference to mappable geological features,

The key statements extracted from each model description (shown in bold in Tables 5.2A-C) were used as
the knowledge source on which 1o build fuzzy membership tables linked to the set of derivative maps.
The process involved in building the knowledge base is illustrated in Figure 5.1. The key statements
(column 1, Figure 5.1) were translated into ‘logical statement’ (column 2. Figure 5.1). The logical
statement syntax refers to the derivative map containing a feature class that best described the geological
feature mentioned in the narrative statement. Depending on the structure and complexity of the
statement, cach logical statement was deciphered to determine which derivative maps would be required
(column 3), and identify the fuzzy membership sets that were required to represent a portion of the
statment (column 4).

Fuzzy membership values in the range of [0.1] were then assigned to each class for each derivative map
on the basis of how well the geological feature described what the statement implied. These values were
entered in a series of data tbles that are keyed on the class values of related derivative maps. The example
in Figure 5.1 shows only one column of fuzzy membership values, however, as implemented :n the
application, each table contains many columns of fuzzy mermbership values that correspond to the fuzzy
set identifiers in column 4 of the model tables (Enclosure 3b).

In the case that a statement makes reference to a geological feature that is not contained in the database, it
is given a “null’ fuzzy set to indicate missing data, and therefore cannot be used as a favourability factor
during the modelling process. Testing this method identified other problems associated with geoscience
data, in that not all geological features mentioned in model criteria may have been observed in the study
area, or have been represented completely in the database.  Furthermore, there are frequent ‘adjective’
8aps between terms mentioned in narrative criteria that cannot be incorporated in the logical statements
(e.g. “brecciated dolomite”) because many legend descriptions lack a systematic scheme for attaching
adjectives 1o rock type descriptions. This must be considered when assigning the fuzzy membership
value to 2 given unit. The assigned value should reflect the possibilities that a given map class
corresponds to the adjective. In most cases, this is not possible because of inconsistencies in legend
descriptions and textual interpretations. Therefore, the assigned fuzzy membership values reflect this
adjective gap. For example, if 2 legend description for a geological unit explicity and consistently stated
that the unit contained ‘exclusively’ brecciated dolomite, then that unit would be assigned a high
membership value (e.g. 0.99). If, however, the legend did not meet such strict requirements, the report
text would be scarched to see if the author noted breccia 1o occur anywhere in the unit in question.
Depending on the nature and extent of the breccia, as described by the author, a aembership value



commensurate with the breccia description would be assigned to this unit.  If, however, the report text

makes no mention 2f brecctia in this unit, then a lower membership value would be assigned (e.g. 0.65).

A good example of how fuzzy combination rules work is in the application of statements that make
reference to stratigraphic position of host rocks relative to certain boundary types.  For example, a MVT
Pb-Zn narrative criteria such as “Unconformities within carbonate sequence (ore horizon will be below
unconformities”, may be translated to a logical statement such as : *Rock types' = Carbonates .AND.
‘Unconformities’=close. The unconformities map in this experiment shows proximity 10 unconformitics
as buffers at | km intervals, where the fuzzy assignment values of the intervals range from 0.95 (within 1
km) to 0.05 (more than 10 km). The fuzzy *AND" operator will take the lowest of the two values
assigned for the ‘Rock Types® map, and the ‘Proximity to Unconformities” map. Therefore, when the
two are combined, a sandstone unit that lies sratigraphically above a carbonate unit will receive a low
assignment value (e.g. 0.05), and the carbonate unit may receive a high value (e.g. 0.95). Even though
some of the sandstone unit is just as close to the unconformity as some of the carbonate unit, the region
occupied by the sandstone unit will receive the lowest value of the combination (0.05) while region
occupied by the carbonate unit will be high (0.95) when it is close to the unconformity, but will decrease
as & function of distance from the unconformity (to 0.05).

This process was applied for the three deposit models as shown in Tables 5.3A-C. The fuzzy membership
tables that contain the fuzzy membership sets (i.e. the knowledge-base) are shown in Enclosure 3b.



TABLE 5.2.1 MINERAL DEPOSIT MODEL CRITERLA FOR MISSISSIPPI VALLEY LEAD-ZINC TYPE DEPOSITS
FROM ECKSTRAND (1984). KEY STATEMENTS USED FOR THE CREATION OF TIHE KNOWLEDGE-BASS
ARE SHOWN IN BOLD TYPEFACE.

6. STRATABOUND SEDIMENT-HOSTED LEAD, ZINC, COPPER, URANIUM

6.1 MISSISSIPP] VALLEY LEAD-ZINC

COMMODITIES
ENAMPLES:
Canadian - Foreign
IMPORTANCE

TYPICAL GRADE,
TONNAGE

GEOLOGICAL
SETTING

HOST ROCKS OR
MINERALIZED ROCKS
ASSOCIATED ROCKS
FORM OF DEPOSIT,
DISTRIBUTION OF ORE
MINERALS

MINERALS: Principal ore
mincrals

» Associated Minerals
AGE, HOST ROCKS

AGE, ORE
GENETICAL MODEL

ORE CONTROLS, GUIDES TO

EXPORATION

AUTHOR

Pb. Zn(Ag Cd)

Pinc Point and Polaris, N, W.T.: Newfoundland Zinc, Nfid.; - }iburnum Trend and Old Lead Belt
Distnicts, Missourt; East Tennessee Disinct, Tennasses: Stlenan Drsinct, Poland

Canada: sbount 30% af lead-zine production.

World: major source of lead and zinc in U.S.A., Poland and Austria.

Daa for individual deposits are difficult to obtain becaitse of lack of production records and the fact that,
m magy disticts, deposits tend 1o be intercornocted, Best estimate for most deposits: 3 10 10% combined
Pb-Zn, 1 1o 10 million tonnes.

In platform carbonate successlons. Commonly, but not always, located between a zone of tectonke
instabllity characterized by vertical movensent (conunonly called a “hinge Une™ and marked by
rapld lUthologicul facics changes such as i a reef froat, or edge of » sedimentary basin), and the
tectonlcally stable platform.

Carbonate rocks, gencrally highly brecciated dolomite.

Most comunonly limsestone: leas shale, sandstone and evaporites.

Foem: highty isregular in shape, usually discordant on deposit-scale but stratabound on a distrct-scale,
Distribution of ore mincrals: mostly as openspace filling in highly brecriated dolomite in which sphalerite,
especially, shows colloform texture, Also, commonly dissemninated with secondary carbonate ganguc;
occasionally massive, coarsely crystalline aggregates.

Sphacrite, palena.

« Fyrite. marcasite, dolomite, calcite, lesser amounts of quartz, barite, flourite, chalcopyrite.

Casada: Helikinn to Carboniferous; mest abundant In early to mid-. sleczole.
Foreign: malnly Cambrian to Triasslc,
Not known with any certainty.
Mﬂmgb“mgmadcmmhnbmmdﬂ..geobﬁmdomkmhphyﬁ%him
why Mississippi Valley deposits are where they are...” (Ohle, 1980, p. 163), fluld inclusion studles
suggest ores were precipitated from low temperature (commonly 80° - 150° C) brines. A conwnoaly
dudnndclhbu:dmﬁw&duuﬂh@(l%ﬁ)hﬂwhwh«ebyﬂnkhuowm
shdehulmadjnummlheplufomumwlkmudunhpudpnndumm
during early diagenesls, and n other cases long aficr Uihification of hust rocka.

No comsensus on genetic models hence 0o consensus oa ore controls, or guides. However, one or more of

the following features are commonly associated with these deposits:

1.  Secondary breccis In doloslte. ~===znted by white sparry Zolomite,

2 Umnufomhktﬂ&hwhmaqm(onhrhonwmhbehwwmmL

3. Rech

4. Carbonate-shale and limestone-dolomite facies changes,

S Bxsement high(s).

[ % Omsmotwmﬁ&hmmmup«wmmw
larstification as evidenced by brecelation, thinning of carbonate strata, local Increase ln
concentration of buoluble residue material.

D.F. Sangster




TABLE 3.Z= MINERAL DEPOSIT MODEL CRITERIA FOR SEDIMENTARY COPPER TYPE DEPOSITS FROM
ECKSTRAND (1984). KEY STATEMENTS USED FOR THE CREATION OF THE KNOWLEDGE-BASE ARE

SHOWN

IN BOLD TYPEFACE.

6. STRATABOUND SEDIMENT-HOSTED LEAD, ZINC, COPPER, URANIUM

6.3 SEDIMENTARY COPPER
6.3.a Paralic marine (Kupferschiefer-type)
6.3.b Continental {Red bed-type)

COMMODITIES
EXAMPLES:
Canadian - Foruign

IMPORTANCE
TYPICAL GRADE,
TONNAGE
GEOLOGICAL
SETTING

HOST ROCKS OR

FORM OF DEPOSIT,
DISTRIBUTION OF ORE
MINERALS

MINERALS: Principal ore
mincrals

« Associated Minerals
AGE, HOST ROCRS
AGE,ORE
GENETICAL MODEL

ORE CONTROLS, GUIDES

TO EXPORATION

AUTHOR

Cu(Ag Co)

(63.8) Redstonc, N.W.T. - Kupferschiefer. Poland-Germany: Zambin and Zairean Copperbelts: Udokan,

USSR : White Pine, Michigan; Spar Loke, Montana: Creta, Oklahoma.

{63.b) Dorchesier, N.B. - Dzhetkangan, U.S.S.R.; Nacimiento, New Mezico.

Canada: No cconomic deposits in Canada but large deposits in United States near Canadian border.

World: 13% to 20% of world copper production and reserves; primarily from a few larpe districts such as

Zambian and Zaircon Copperbeits; Lubin, Polan: and Dzheskazgan, USSR

(6-3.8) Highly variable. 1.0 10 5.0% Cu and 1 10 30 g Ag/torme; 5 to 500 million tonnes. Cobalt is an

important byproduct in Zambian and Zairean Copperbelts.

(63.b) 1 ta 2% Cu.and 1 10 30 g Agtoanc, | 10 10 million tomes.

Coutintental or shallow marine scdimentary rocks deposited In low latltude, arid and semi-arid

envircnments. Evaporites occur in the section.

(6.3.a) Anoxic marine rocks overlie or are interlayered with redbeds.

{63.5) Anoxic fluvial and lacustrine rocks overlic or are intertayered with vedbeds.

{63.2) Carbonacrous claystone, slltstone, sandstone, mard, limnestone and dolomite.

{6.3.) Carbonaceous sandsione, conglomerate, claysione and siltstonc.

Redbeds, evaporites.

Concordant or pencooncordant zones of disseminated sulphides, mainly tabular or blanket-shaped, but also

channcl-like or linear. Typical lateral extent of mincralized beds is of the order of kilometres; typical thickness,

0.51030m. Sulphides are commoaly zoncd both vertically and laterally, showing part or all of the following
scquence (upward and outward from the base of the orebody): rative copper, chalcocite, bornite, chalcopyrite,
galena, shpalerite, pyrite.

Chalcopyrite, bornlte, chalcoclte, native copper, corrollite,

-})-rirc.m.m{bhidc.ardumrockfamngmmbofndimmroahmhmqmn:fdd;par.

carbonates, clays

Early Proteroxolc (about 2.25 Ga) to Tertiary. Only after the formation of undisputed redbeds.

The same as, or slightly younger thast, host rocks.

Diagenctic subsurface brines (probably derived from evaporites) extracted copper from avallable

bascment rocks or sediments, transported It through oxidized beds, and precipitated it by reduction in

anoxic sediments. Early dingenctic pyrite was a common reductant.

1. Lowlatitude, arid, coatinental and shallow marine sedimentary seavences.

2.  Source of copper such s copper-bearing basement anvd/or scdiments.

3. Extensive redbed or other oxidized aquifer system and adjacens pyritic, earbonaceons host rocks.
The typical sites of ore deposition differ In the two subtypes: (63.a) the base of a major marine
traasgressive unlt overlying redbeds; (63.0) the permenble lower parts of fining-upwards

4 bmﬂeuﬂngofﬂpﬂda(hdhﬂuthﬂﬁenhenﬂdngqﬂmmm
phenomena).

R.V. Kirkham




TABLE 5.2C MINERAL DEPOSIT MODEL CRITERLA FOR SEDIMENT-HOSTED SULPHIDE TYPE DEPOSITS

FROM ECKSTRAND (1984). KEY STATEMENTS USED FOR THE CREATION OF THE KNOWLEDGE-BASE ARE
SHOWN IN BOLD TYPEFACE.

9. STRATAFORM SULPHIDE, BARITE

9.2 SEDIMENT-HOSTED SULPHIDE

COMMODITIES
EXAMPLES:
Canadian - Foreign

IMPORTANCE

TYPICAL GRADE,
TONNAGE

GEOLOGICAL
SETTING

HOST ROCKS OR
MINERALIZED
ROCKS
ASSOCIATED
ROCKS

FORM OF
DEPOSIT,
DISTRIBUTICON OF
ORE MINERALS

Principal ore mincral
~Astociated
Afinerals

AGE, HOST ROCKS
AGE, ORE
GENETICAL
MODEL

ORE CONTROLS,
GUIDES TO
EXPGRATICN

ALTHOR

Za. Pb, Ag. barite (Cd, Cu, Sn)

Sullivan, Cirque, B.C.; Faro, Howards Pasx, Tom and Jason, Yukon; Walton, N.S. is probably & deposit of this type,
comparable to Silvenmines, Ircland. - Balmat, New York: Broker Hil M. Isa and MeArthur Raver, Australia; Broken Hill
ond Gamsberg. South Afnca: Rammelsberg and Meggan, West Germany: Stivermines and Tynagh. Ireland.

Canada: i 1977-78, 16%» of the zinc, 5% of the lead and 10% of the silver produced in Canada was from this type of deposit,
These proportions will probably increase tn the future.

World: currently, the bulk of the world's known reserves of zine and bead in deposits of this type ocour in Australia, Canada,
and South Africa.

Range (and weighted average) of 38 world cxamples: 4 10 550 (av. 60) million tooncs; 0.6% 10 18%e (av. 7.3%) Zm: 0.3% 10
13% (av. 4.0%) Pix nil to 1.0% {av, 0,1%) Cu; trace 1o 180 ghonne (av. 48 glonnc) Ag.  Some deposits have large reserves
of barite ansociated with the sulphide ores. ¢.g. Walton, N.S. (now closed) produced about 4 million tonnes BaSO,.  Megpen,
Germany produced about 7 million tonnes BaSQO,.  Anvil district deposits (e.g. Faro), Tom and Jason, Yukon and Cirque,
B.C. hawe substantial barite contents.

‘Within sccond order, often tectonleally (growth fault) controlled sedimentary basins situsted In a coatinental rise,
contincntal shelf, or intrecontinental marine basin.

Deep marine chtic sedimentary rocks (shales, slitstones, fine to cosrse prained turbldites), starved basin lthofacies
{carbonaceous to siliccous shales, chert), shallow marine lithofacies (calcareous shales, carbonstes).

Sedimentary breccias and conglomerates, especially in the stratigraphic footwall; talus from synsedimentary fault scarp.
Sulphide zone may be overlain by, or pass laterally into, chemical sediments, particularly chert and baritite. Minor
amaounts of voicanic rocks, expecially tuffs, recognized in host rocks of some deposits.  Discordant foeder zone may be
silicified, carbonatized, tourmalinizel  Increase in biogenic activity near hydrothermal vents may be indicated by increase in
carbon, silica and phosphorous content of agociated rocks,

Concondant interbedded layers of sulphide and host rocks form mineralized bodies whose lateral extents are tens 10 hundrods of
times greater than their thicknesses, Ores are typically bedded on & scale varying from » few microns 10 severa! centimetros.
individual sulphide beds are often monomineralic. Relaticcly small “feeder conex™ discordant to stratilorm mineralization
have been identified in many deposits. PbZn, Cu/Zn, Zn/Ba ratios of the stratiform mineralization typically decrease away
from the feeder 2one,

Sphalerite, galena, barite.

- Quare, pyrrkocite, pyrite, chalcopyrite, marcasite, arsenopyrite, sulphosols. caxsiterite

Canada: Sullivan, 1.43 Ga: Northern B.C.-Yukon, 0.55-0.34 Ga: Australia, South Africa, 2.0-1.7 Ga: Europe, 0.33-0.36 Ga,

Same as host rocks.

Depasition In a brine pool In u second order bastn. Discharge iemperature of fluids is generally less than that of velcanic-

associaled deposits {9.1) i.c., probably in the range 150-250 degrees C.  Hydrothermal activity is associated with tectonie

activity, manifested by growth faults, slump breceiss, ciz.  Some deposits may be a product of Jow heat flus discharge or
seepage of stratafugle water (c.g., derived by compaction of underlying sedimentary pile) into » enxinic, starved busin
environment.

1.  The majority of deposits are spatially sssociuted with ntracostinental or continestal margin buasing - usually
thick successions of clastic sedimentary rocks.

2. Second order busits are prime exploration targets, and are recognized by local lthological facies that are
additional or exotic to the regional lithologic.! successlon, and raphkt Iateral facies change.

Evidence of syndepaaltional tectonlc activity: growth faulta, fault scarp talas, slump and sllde breceias.
Tectonlcally active 2onc may represent reactivation of basement faults.

4 Evidence of syndepositional grothermal sctivity: presence of voleanle rocks in the successlon, wsually Jocal fiows
or thin (i horizons; presence of other chemical sedinsents of bydrothermal origin (e.g. chert, barithte,
scdlmetits enriched In iron and manganese), or of blogenic origls resulting from hydrothernml activity (e.g.
sedbents eariched In carbon, phosphorous, and sillen).




Original sttement;

In plstform carboaste succesal o

v. but not always, located between & 2oae of tectone tnstability characterized
by vertical movement (commonly czllcdt“h.lngeﬂne" and marked by rapld lithological facies changes such &3 at a reef

frent, or cige of a sedimentary basin), and the tectonienlly stable p!:xfom

'

Extractied Statement (Rarrative) Logical Statement Derivative Maps Used Fuzxy
Membership
“In platform carbonate siceessions. .. located (Depositional Sctting' = - Depositional Sctung Mia
between a zone of tectonic instability platform carbonates, = Tectonic Setting Mis
characterized by vertical movemncent (hinge -AND. Teclonic Seuting'= | - Proximity to Facies Boundarics Mi7
line” marked by rapid lithologial facies instability,} AND. (closc | - Proximity to Fanlts Mig
changes such as at a reef front, or edge of 2 to Fauhs" OR. closc 1o
sedimentary basin), and the tectonically stable | Facies Boundarics')
rorm.”
v !
g:: Depositional Sctting {M,,) éllz: Tectonic Setting (M}
1 Allavial Fan 0.05 1 {Trailing Margin Subsidence 0.40
2 Fluvial-Dehaic 0.05 2 |Unstable Shelf Margin 0.65
3 |Carbonate/Clastic Shell 0.80 3__IForeland Subsidence 0.73
4 Pelitic Shelf and Slope 0.08 4 |Ellesmerian Orogeny 0.75
3 _ |Carbonate Sheif and Slope 0.95 3 __!Sverdrup Basin Rifting 0.75
6 Restricted Shelf 0.05 6 |Melvillian Transpression 0.65
F Starved Basin 0.05 7 IMcivillian Tmst;ugm 0.65
g Submarine Fan 0.05 8 [Pazsive Postrift Subaidence 0.55
S |1 Intrusion 0.0% 9 _Jincipient Rifting 0.55
10 [Glacial / Post.Glagial 0.05 10 _{Eurckan Orogeny. 043
11 _{Fuvial-Dehaic/Carb. Shelfand Tlope | 0.50 L1_ |Stable Platform 0.05
12 {Fluvisk-Deltaic/Carb-Clastic Shell 030 12_ |Boothia Uplif 0.95
13 [Submarine Fan/Pelitic Shelf 0.08 13_|Unrelated 005
- v
Map | Proximity to Fa ies {M,;} Map | Proximity to Saults (M3}
Class Boundary Class
1 10 - 500 metres 0.95 1 [0+« 500 metres 0.95
2 [500 - 1000 metres 0.8% 2 {500 - 1000 mctres 0.85
3 [1000 1300 metres 0.75 3 {1000 « 1300 metres 0.7%
4 11500 - 2000 metres 0.60 4 300 - 2000 metres 0.60
5 2000 - 2500 metres 0.50 5 (2000 - 2500 metres 0.50
6__|2500-3000 metres | 0.40 6 |2500-3000 metres | 0.40
7 13000 - 3500 metres 030 7 |3000 - 3500 metres 0.30
8 13500 - 4000 metres 0.20 3 |3500 - 4000 metres 0.20
9 13000 « 3500 metres 0.10 9 |4000 - 4500 metres 0.10
[_10 1> 4500 metres 0.05 10_}> 4500 metres | 008

FIGURES.! GENERAL PROCESS FOR KNOWLEDGE-BASE CREATIONIN INVOLVES 4 STEPS: (1) EXTRACTION
OF KEY 5T ATEMENTS FROM DEPOSIT MODEL CRITEREA (NARRATIVE), (2) TRANSLATION OF KEY
STATEMENTS INTO ‘LOGICAL STATEMENTS", (3) DETERMINATION OF DERIVATIVE MAPS TO BE USED

= ASEVIDENCE FOR THE STATEMENT, OR SUB-STATEMEN", AND 4) THE ASSIGNMENT OF FUZZY
MEMBERSIIP VALUES TO DERIVATIVE MAP CLASSES.

57



85

o TELIITL SnP1531 QN ORUT JO UOIIEAUIII0S
£ JrEaL [130] ‘IRNS RU0G S Jo Juruunn uoiTI0
Aq paouapiag sW UotIeayNsiey AQ pausio) asotp Ajjvisadss

RONN nne4 o Awinosd - #0{3a SYNLJ, “s20usnbas arvoqed ap unpw >ddy Auw josoedsuadp, 9
‘(s apns
[p211ydos8 wof uonpuiiofut
(rian) | dovasof sayio saainbay) vivp oy - o rinN) Sy ooy, ¢
ALIAOP,FUCISHUT]
18y S HR0IPA] - "INSAT0GIEI2 F)U) Ko, o STUTYS $2138) SUUWOOP-WOREALI] PUVY IMS-HIFUOGIRD.
TN () poy sardoiranl) J33y = sxd{ | Yo R M
pIE T SHNULOJUOINY 0) SN0l « 50[=, SHIULOJUONRY], o {FuLOSUoUN MO} 2q
(X£.114 sxdi}] ooy - NV snruoqm) « sxd{] ooy, [11% UOTLIOY 230) 2ou2nbat JjFUOGIES UILILW SIUUOJUONY, ‘T
‘{saps Lro)pi0qu}
puo playf woif uopowigfuy SANOLop uofisaopds; o)
CrinNt Jo vuriof saiyio sannbai) oiop oy - TIinN K1reds 23w £q pausuizo Hinuojop us B13030q Lwpuodesg. | SIpML) ‘S0 e MO
« F40J 5o Jo Lol
25y% Juo) sase 2010 U3 puw “sisauadeip L res Buunp e
‘fraipnys Liojosoquy w01 U3 pareNdasd spRIUW 230 A pUB *wjevoges uuojield A1 o)
puo pravf wof uonousiofuy W2ufpe sutseg opnys was) pArurdiso sauuqg - S1g njeaxhu)
(rinN Jo sutsof 13410 1a5inbas) vlop ON - trinn ;o) wol) pandidasd 239m 5220 159TTns spngs oisnpaul ping ° <, PPpojy A1)
LOIRTL] 0) UTHQUT,) ((B312204)
*210202(RJ-PIU
19N 23y suonisodap - | atsseuy o1 uenpp)) = 23y ruotsed, | o) £jres tn wirpunqe fsows snoi3j1uoge) o) URIYH (vprus) ul), ooy pso| ‘Hly
volezijraui apaldodjeyy
b2 "3jnOY ARG IR "HlLLOOP
1SN U 307pA] - ‘ayrearews anidd » un pospa), | aieddoorys ‘aiunoy) ‘aitreq - ‘ap3jes ‘aiwolop useareut Sualy, SR PV I0STY
uclien| N
kN Si)) Y0P - vu2jrd so ‘A jeyds = suup poipa, raped ounpeyds, | sy MG pdpung
$2)104rA2 JO "SUOPPUTT (KIS o S100deAd
Y1y sad(] yoop - 2 ~vul = 6] 0y, SUORPUTS “I|ryr A[UOURLIOS $53] 2U0SALI| AJuounuos Bojy, 130} pPrIYPOITY
- ) P0Y PATIRIIUNY
€23y € g ey - siwofop g = g€y, oy, = 2WIO10p PAIBIA2IG Ay *04 AvuoqeD), 40 ©30Y isoll
. s|nef o1 Apurvosy « (nop-gaprpunog wpvg, | ucopiegd a1qups A)jwatuoia s pur (uiseq Arepannpas ¢ Jo 3dpa
LI sa1sepunog] sa1on4 of Awivorg - | HO" F0p-0r4) ANV (ANpqesuy | 30 W0y 1221 ¥ 18 57 yons s:3ury sa1oug (rafBojoiu) pides £q paysmu
shin Buniag dyuoag - = Audg uopag, ANV ‘rruogre | sunf a8uity) wawsaout 8214 Aq pozLapRIIg A)liquisu) Sfuolsa)
Pl Buinag [ruoinsoda] - usoneld « Junpag pruotisodsg,) JO9UO2 ¥ U22M}A] PINEIO]™ TUOISSAONT )TiicqEd Uofivld uf, Supys exdojoan
)i Aring P[] sdmiy 5]JWAL(] G EHET] FA[JRLINL) JUHUIEIE PRI ALOAIRLD BHNPD

1A% SINSHARWHIN AZZ4 ANV 'SINAWALYLS 1VIID0T *YINFLIND TRAON LISOJAA NZ-84 3dAL AATIVA JISSISSIIN  YE'S A'16Y L




10

(r2ipuas ol toqu) puv play

frinx wof uonvuttofir o siiof o (rustousyd a[ess-ody 2am nuaps Surzywssunu
13410 saunbas) vyop oy - riny ap 1eys duneatpur) soprydns jo Juiuoez apes-3ry,  p
R0 feany spremdn-Bupuy
Jo sired samo] afqraunsad sp - ((spagpas) (rusunuo))
PP
Budjsaso vopssaduen sofsus Jo 5vq - (oulmiy tieivg)
“-adqns 4q saf)ip saus
821263 [e1an) Jo nred Jjqeautiad fetdAy - 9§02 3904 sNo0TUOGE SLld uaonlpe
1£8,y U W0l - | uoismdnes sofnu jo 25%q Spqpas = SHUM POPAL | pu wanke spinbe pazipixe 20 Jo pagpM MISUINY,  'E
‘(tapnis Lot raqup puo praif T
Crins woif wonvuriofu fo surtof < TREALIPIS JOpUst
134t sanbai) piop oN - TinN yauareg Suureaq-raddos s ne saddod jo saauneg, 'z
:UINDIS ATVUALIpIs o SOMIINDIS AtTjunLpos uojjriodsy
k18 Juinag prvonsodsq - mof|rys ‘prjusunuos = Aunig fruoimsodag, SULITL MOyjetfs pUt |FiLAIos ‘pLI ‘Spnins) mor), L | ©) BB 'R0 U] 310
« WTLNPI UGLALOS ¥ sem 2UAd dppuadep
A3 susunpos sixouw 1 uofionps Aq 1§ primidisasd
) ‘apns Ciotvioqo) puo ppayf PUT “spaq panipixo Y3nang 1 papodaunn ‘SuACIpIs
(rinw woif vonvilioful fo swiaf 50 100 JUAUITEG JqUiiear Woig addos paownxs (saivodess
12410 sarnbas) bivp oy - (TinN} woy) pasup Ajqeqosd) sauuqg asepnsqns snuade(, PPORN AHipusry -
19y
23y euonisody(] - Arriia ), o) dtororpag Ajivy = 23V [ruontsodx(, Kimnsaf 03 (vD §7°Z Inoge) djozoriesd ey o0y poj( iy
1§y
WU Y0 - Lol ra1jesuiy 3ptiding ‘2edd = suun) yoompay, ‘wpiydins sapo ‘aukd. STAGIY PV oSty
1" uoIeZI RIMIW 28|(o4red ‘43ddod aaniru
L) Y20 - 110917y *nusoq dtaidodey ) = SIUL) $07pal, o A[oLres 13ddad aatieu “apsodfrys “iwoq juidesyny ), spusaunpy pedpupd
1551
S, Y30 - £2500deA2 SPEPIY = SUU) R20MH], «SuodrAs spagpay. XY pAsOY
1) aivswofduos *ajniiojop oAU o 1R0[3103 *3wojop DY PrTeau Y
DT R H ‘[FTUS *JUOISPUTS *H0IRI|13° OS] =, STIUMN) NOOIPIEL, | “U0IMULY ‘eI ‘2U0ISPUTS ‘U015 “2UoiiT|2 sMoaNuoge)), o o0y 1s0]]
« IR0 Ity PAIaLR[2UL 258 JO 21|1240
0 ULPTIYY pure (eLAn]) dotsy - ((spagpal) (BuaUING))
rl Bunbog jruosodaq) - AP TP (P pasale| Iy
’ UL MO|ITYS / [FRRUINGY & JUIIS rucliisodx], 318 30 2111340 Y30J AULTUL HNOUY - (AULITJY l[Ered)
il OO A U] 3300
2 sxddy, yooy - 1U0dIAT TUAUU0ILAL PLIS-LLSS PUT PLIT ‘apnilie] Mo
Ho THUN Y20p2g) + | Spaqpas wnuodesd = s3d€ L ypoy, YO s youpag, | U pausodap mpsas Amusustpas sULITUS mOJ|TYS S0 [Vuatiiuo)), Tupiag (eadofesny
15 Aring RO TV EN] s e doy (2A])18LIvU) JUARI)R)E PIRIIT] Xi033)8) *HAB.)

*$148 dINSHANINAIN AZZ14 ANV ‘SINFWALVLS TYDIDOT *YIHALMD 14A0N 1150434 N AYYINIWIOAS '8¢'C FTdV]L




09

_184]i5 puv SnoJoydsoud VOGITS Ul e
poyouu - 303) Hxanor prauapopSy wog Juynsar nidue u.anx_
Jox Annc-nﬁ______xa:ob U PR SIS ouiueq uays 379)
v Tu0 |FULXIOIPAY JO RUNLIPIS [EIAUN SN0 JO 32U53d 'suozLIoY
N3 YT J0 SNoY) [R0] TR ‘UCIER0ONS M) U Y0 HUTHON JO
L8y sad{) ys0y - UAUIPIS (BIWAP = $3d() voy, | aouesasd Auripe jruuanosd jruciisodapuds jo a0uapiny, r
o FYNEJ JUNLUISTG JO LUONEATIOTH Jusasda) Avus 2007
BERY wneg 0) fIumolg - AT A B30I ] $913391q api|s pum duin)s ‘snjer dreas yne) ‘njne)
SERY Fuipog w0y - #0)3a NYOTL, YO SV = Juinag Suopa], ipwoud e v 210123 jruchitsodapu (s Jo Jourping, ‘€
_aaurp
008) (92 17 pides pue ‘voissaoons (efojouy [ruorfar sy o;
$3LpUnof] X JO [FUOIUPPE 378 P S3158) JearBoporsy) jesof £q paridoon am
Lty 120074 0 Apunxon - F50[3= SAUTPUNOY SAITS, puv ‘nadm torjrsoldxa Sutsd 2w Anseq 2200 pUORS, 'z
(s> = s2di | W0y, ) ' FI00S AITIIUIPIS D1$¥)3 JO SUOTISIONS
FlEs Fuiyag (ruoyiodaq) - ANV (surseq ud i prusiucd B Ajenst - aareq uidnng [RusTue) 10 [FuRueoRuL uojesopday o)
18y sadi ) poy - “surseq [RUUNUosRA = Buag [ruoliisodaq)) 1w pajeisosse A[feneds s spsodop o Aol oy, ‘L[ sapmospdjue) M0 8
- o WESUUIOJIAUD UIFEG PALTELS “JUIXNJ € OJU) 1R
a@ngmiens jo a3vdoas 0 T reynipaing - ww09aq dwnjs ‘njne
Bl |nef oL Anwixoyy (#0pr= 0y 4,) 102 £q pagsajiueus *A3a 1100 310013] tLw PaTRISOTTE 8t NA1R
vLg Buinag [euongsody(] « ANV {urseq paareis = Supieg jruopisodagh.) | ruuaposp = tiveq 5pio puadas v uj ood auwq ¥ uy uoliisodag, PPOIN NIy °L
€95 2dy |vuoritsodayj - TE) 09€  *D 0007 = #3V [rwolitsoda, <%0 09€ " 01 ¥ 00OL "' 30y jroq] 4y 9
UONVZIEIAT
asysted “syesoyding ‘nuddousure s o NUI)ISTEY
ISy nHun) 303 - “aialdoajeys apadd ‘aioyra(d = siufy osparl, | mjeson s ‘aiuddoustn aiseamu aiuidos g audd ‘anoyudd. AU PATIOTTY 5
UOl ¥z iU
IS S} o0 - 21ueq ‘vusrd ‘audeigds o st 0pAL, 210 "ruaed audeyds, | simaaupy 210y rdpupy oy
ANTY PAUT PAP "FURUDIE [EAUAD NG Ut By Apinsfied
A Situp) yroipag - "SNIEL IRALO[FU0D SY1093q = ST 0], “FIUMUITEIS |RINUMGD - ‘snjm - ‘esxuoBuod pus w339, Pfiol pavjosey ¢
(ULTW 0] |FLS ISYq PIATEYS S IS¥]3 2ULIFW o (SIITUOGIED "SI[ RIS SNOANI| ¥} BIIOEJOH] -
rZy Buniag pruolisoda - daop = Juiliag |ruokisod (L} dO ( sa1kucqre autizut moj (v (L4 '$3|eys SN0AJ[1S 0] IN0TUOLIRI) SALDRJOLN] Bi30Y pargieaauly
ity sl g0y < | paa 'spIgIn uom STy w sXACL 0H) | UISTq pALms (S1IpIGIn) U0 ‘Rpys) STl ouLvw dax]. 40 B304 10| ‘T
8ls siine4 o) Kurrxox] - (9013, myne4, YO < 15Yq FULTW [VRIUTII0NU]
s Butpg o3 - aaw = Buniag oiuopat,) ‘AN (Viseqautnew | 50 fjgs (NUAIMUOD I8 [NUNUNUOD ¥ U) PITENIIS SU}TTq AMmUALIpYS
rly Juinag pevorsodaq - i ‘asu Jeuunuod = Bunig [ruoniseda) polfon0d {1y masB) AIJrU01) WY *13pI0 PUOIIS LTI, Juppeg peailojoas) 1
1S Arng | pasq) sdepy Iapwapaq[ T L 4 (3A)I%1avh) W83 paRaing [0 TSR]

*SLAS JINISHADNAN AZZNA ANY *SINTINALYLS TYIIDOT 'YINZ LMD TAGON LISOJA0 2a1A'TNS AF LSO -INANIQAS “I€'¢ATaV],




55.  Mineral Potential Mapping

Mineral potential mapping is the final stage in the process that involves building the inference engine to
determine mineral potential for the three sclected deposit models.  The inference engine is creater using
the GIS modelling language that combines derivative maps (linked 1o fuzzy membership tables) 1o map
the mineral potential for each of the three deposit sub-types. Figures 5.5a - 5.7b. and Enclosures 2a - 4b,
represent two iterations for cach of the three deposit models.  The figures are provided for discussion
purposcs, while the enclosures provide interim views of the resulis at each node of the inference nets.

In the figures below, the GIS modelling language code for the inference net is shown in the box on the left
with a graphical presentation of the inference net on the right.  Each deposit model was iterated twice to
demonstrate the flexibility for mapping mincral potential using different assumptions, The difference in
assumptions arc reflected in the different combination rules applicd in each iteration without altering the
contents of the knowledge-base (fuzzy membership tables) or the database (derivative maps), Itis
important to recognize that the experimentation performed in these models is limited 10 changing
assumptions in tl« inference net ondy. It is possible to experiment further by changing the contents of
the knowledge base (by assigning new fuzzy membership values), or the contents of the database (such as
using a different geological mag).

Each model is created on the basis of combining various factors for potential mineralization. The model
factors were derived primarily from the categories provided in Eckstrand (1984), and were supplemented
for modeis that have known deposits in the study area.  These criteria have been grouped into the
following categories:

Associated with Known Deposits
Geological Sctting

Host Rocks and Associated Rocks

Ore Mincrals and Associated Minerals
£ge of Host Rocks

Genctic Model

Guides to Exploration.

The decisions regarding the selection of combination rules for combining evidence for each model are first
based on using any combination rule suggested by logical statements. This applies mostly to the
combination of various fuzzy scts 1o produce evidence associated with individual factors. However, the
rules applied to combine all factors in the final result are usually not spelled out in the deposit models, but
may be implicit in the mode! description.  The choice of combination rule is often quite arbitrary, and is
usually a balance between the fuzzy AND and the fuzzy OR rules. Generally, mineral potential mapping
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and mineral exploration lean toward the use of OR rules (the presence of any positive evidence is enough
to trigger interest), but sometimes the co-occurrence of evidence is essential, requiring the use of the fuzrzy
AND rule. With fuzzy logic. the GAMMA operator is particularly useful because the choice of value of
the y parameter allows the modeller to choose from a spectrum of outcomes that range from the fuzry
algebraic PRODUCT thruough fuzzy AND to fuzzy OR and the fuzzy algebraic SUM at the other
extreme.  The following sections discuss how the inference nets for each iteration of cach deposit model
were created.  In some cases, a radical change in assumptions did not affect the results greatly, and in
other cases, 2 slight change in the scquence of combinations changed the results dramatically.

5.5.1. MVT Pb-Zn - First Iteration

The key statements extracted from Eckstrand (1984) for the MVT Pb-Zn model combined with available
data allowed six factors 10 be considered.  Each factor represents knowledge of significant geological
features of MVT Pb-Zn deposits.  i.. the case of the MVT Pb-Zn model, Factors 2 - 6 were provided by
Eckstrand (1984), and Factor 1 is an overriding factor that considers the influence of geological units
associated with one known MVT Pb-Zn deposit in the study arca.  The Polaris mine on Little Cornwallis
Island is hosted by the Thumb Mountain and Irenc Bay formations, and s associated with the Cape
Phillips Fii.  Thercfore, Factor 1 is included to elevate the potential of all arcas where these units occur,
overriding the favourability bascd on deposit model criteria alone.  The following discussion describes
the logic and results of the model, and should be read with Enclosures 4 A.B, Figures 5.5A.B, and
Enclosure 3B (fuzzy membership tables) open for reference.  Note that the actual GIS modelling
statements are shown in Figures 5.5A.B.

In Factor 2, the geological setting, evidence was combined strictly according to the rules explicit in the
logical statement. Node 1 represents the combination of {M..} and {M.,} with the fuzzy AND operator
to reflect the sub-statement: “Depositional Setting=platform carbonates, AND. Tectonic
Setting=instability”. The combination of {M,»} and {M..} (node 2) used the fuzzy OR combination to
reflect the sub-statement: “close fo Faults .OR. close 1o Facies Boundaries™. Enclosure 2A shows the
results of these two nodes.  In essence, the map shown at Node 1 indicates the relative favourability of
arcas where the depositional sesting characteristics of the rocks in the arca involved the deposition of
platform carbonates in 2 tectonically unstable arca.  High ranking values resulted for Eastern Bathurst
Island because this area contains carbonate units affected by the Boothia Uplift in the Cornwallis Fold
Belt. The map shown at node 2 indicates the relative favourability for being close 1o either a fault ora
facies boundary. Again, eastern Bathurst Island ranks very high due to the influence of the Cornwallis
Fold Belt.
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The calculation of node 3 involves using the fuzzy AND operator to combine the results of nodes | and 2.
Recall from Chapter 2 that the fuzzy AND function maps the minimum of a sct of values. This is
demoenstrated well in the map at node 3 because it shows castern Bathurst Island remains highily
favourabic. where as most of Mclviile Island reccived a lower favourability ranking since the logic of the
model statement dictates that the presence of faults or facics boundarics are only favourable if they exist in
combination with carbonate rocks affected tectonically unstable area.  Therefore, most of the higher
favouability ranking on Melville Island at node 2 is subdued at node 3 due to the lack of favourable rock
types.  And vise versa, the Griper Bay Group rocks that receive a moderate favourability ranking in the

map at node 1 have received a lower ranking in arcas where faults and unconformitics are not present.

Factor 3 considered the host rock types and associated rock types of MVT Pb-Zn deposits.  In this factor,
rock types are considered in a different context than in Factor 1. The model criterion provides a list of
rock types that are hosted by. or are associated with, MVT Pb-Zn deposits.  Whereas Factor 2 considered
*platform carbonates® in the context of depositional setung, Factor 3 lists the specific rock types
‘carbonates’ and “dolomites” as host rocks, and “limestone, shale, sandstong or evaporites” as associated
rock types.  Evidence for the occurrence of these rock types is found in the “rock types® derivative map.
In this case, the two fuzzy membership sets linked with the *rock types' derivative map, {M,} and {M,,}.
were combined with the fuzzy SUM operator to increase the net favourablity on the basis of favourable
host rocks and associated rocks coexisting in the same location.  The result of this combination is shown
in the map at node 3.  Most of the arca received high favourability because of the broad range of
favourable rock types common in the study arca.  (Note: Iteration 2 considers this factor in a different
manner).

The next factor considered the presence of ore minerals and associated minerals.  The fuzzy membership
sets {M.,} and {M,.} indicate evidence for all geological units that contain known occurrences of ore
minerals and associated mincrals respectively.  As with Factor 3, the fuzzy SUM operator was used to
combine these fuzzy sets to increase the net favourability of locations where both ore minerals and
associated minerals were observed,

Nodes 6 and 7 present the calcutations of favourability according to Factor 6, which considers *guides to
cxploration’. Fuzzy scts {Ma»} and {Ms,} are combined with the fuzzy AND operator to map the
favourability of the logical statement: “Rocktvpes=carbonates AND. close to unconformities”. This
reflects the explicitness of the *union® relationship between rock types and unconformities in the original
statement: “Unconformities within carbonate sequence”. The map at node 6 shows the relative
favourability for locations where carbonates occur with, or are close to, unconformities.



The other fuzzy scts in Factor 6 refer to evidence for other guides to exploration (Table 4.3A). Node 7 is
a calculation of the net favourability of al! evidence associated with the geological features that are
suggested as guides to exploration.  These fuzzy sets were combined using the fuzzy SUM operator under
the assumption that wherever any of the geological features coexist, the favourability ranking will be
higher. In effect. the result is that most of the Parry Islands receives high favourability (node 7) for this
factor since the guides to exploration represent a range of rock types and features that are common

thronghout the study arca. (As with Factor 3, this Factor is treated in a different manner in the second
iteration).

The next node (node 8) in the inference net combines all factors, which now includes the age of the host
rocks as a factor (Factor 5), but excludes the overriding factor of units with known deposits. At this level
in the net, the decisions for applying certain combination rules become more subjective since the
combination rules are not as explicit in the deposit model as a whole as it is within individual statements
and sub-statements provided in model criterion.  For experimentation purposes, the fuzzy GAMMA
operator was used to combine all deposit model factors.  The y value was sot 5o 0.85, which tends
towards an “increasive’efect of all factors, but not as extreme as the fuzzy SUM.  In this case, the
assumption is that the favourability ranking of arcas will increase if the inputs are all favourable. In
essence, the function is not quite a direct average of all factors, nor does it simply take the best value
available 10 an arca. The GAMMA operator creates an output favourability that is a compromise of the
input favourabilitics; but if y is large, say 0.85 or greater. the output can be greater than any on input, if
several inputs are large and reinforcive. —

Factor 1 is finally combined with the output of node 8 {at node 9) using an overriding fuzzy OR. As
stated above, Factor 1considers all arcas where the Thumb Mountain and Irene Bay, and Cape Phitlip-
formations exist and is uscd to override the other factors based on deposit model criteria.  The
significance of this result is discussed below in comparison with the result of the second iteration of the
MVT Pb-Za model.



£.5.2. MVT Pb-Zn - Sccond Iteration

The approach Laken in the second iteration was to return to the first iteration and examine locations in the
inference net where some alternative combination rules might be considered.  For example, the
combination rules for the logical statements associated with nodes 1,2.3, 5 and 6 are reasonably explicit in
the model criteria.  However, nodes 4. 7, and 8 uscd combination rules that were more arbitrary,
Therefore, the inference net was altered for the sccond iteration at nodes 4,7, and 8 as shown in Figure
5.5B and Enclosurc 2B.

For node 4 (both itcrations), the first iteration applied the fuzzy SUM opcerator to assign a favourability if
cither favourable host rocks or associated rocks occur, which elevates the favourability for areas where
both favourable host rocks and favourable associated rocks occur.  As an aliernative assumption . in the
sccond iteration the fuzzy AND was applicd so that both host rocks and associated rocks need to be
favourable to reecive a combined favourability ranking.  The result is shown in the map at node 4.

While the reiative favourability for both host rocks and associated rocks remains moderately high for most
of the study area, because the net favourability of these 2 maps tends to be correlated, the net favourability
ranking is more subdued in the second iteration than the result at node 4 in the first iteration.

Another modification applicd for combining evidence associated with guides to exploration (Factor 6,
node 7 - first iteration, node 8 - second iteration). In the first iteration, the fuzzy St was used under
the assumption that an area will reccive a favourable ranking if there is any evidence of geological
features suggested as guides 10 exploration, and the net favourability ranking would increase at locations
where there is compound evidence.  The fuzzy GAMMA operator was applicd, with y = 0.75. If effect,
this causes the favourability ranking to be suppressed in arcas where there is conflicting evidence, and
greatly reduces the overall favourability of the guides to exploration factor.

The next change in the design of the inference net involved considering geological setting (Factor 2) and
favourable rock types (Factor 3) in isolation from the rest of the mode] factors (node S - second iteration).
With this assumption, geological favourability may be considered scparately from areas with known
mincralization. The fuzzy SUM operator was used to combine evidence of favourable geological setting
with evidence of favourable rock types under the assumption that if either favourable geological setting or
favourable rock types occur, the favourability ranking would be high, and the net ranking would be higher
in arcas where both factors were favourable simultancously. The result is shown in the map at node 5.
This map is used in combination with Factor 5, age of host rocks, and the map at node 8 (guides to
exploration) to produce a net geological favourability map (node 10). These maps were then combined in
turn with the fuzzy GAMMA opcrator (y=0.75). The resulting map considers geological favourability in



the context of mutually supportive evidence as suggested by the maps at nodes 5, § and Factor § (age of
the host rocks), and areas with conflicting evidence are taken into account,

Finally, units with known ore (¢.g. galena) and associated minerals (c.g. pyrite) (Factor 4) were combined
with units with known deposits (¢.g. Polaris) as the final overriding factor. This was donc by applving
the fuzzy OR function to the combination of Factor 1, bedrock units associated with known MVT Pb-Zn
deposits, with the map at Node 6. bedrock units with known mincral occurrences.  The resulting map
shown at node 9 shows the distribution of bedrock units with cither known deposits or ore minerals.

This map, which is considerably different from Factor 1 on its own, is combincd with favourable
geological setting (node 10) to produce the final map at node 11, The fuzzy OR operator was used in the
samc way as the first iteration give precedence to the units with deposits or ore mincrals over the factors
derived from deposit model criteria,

5.5.3, Scdimentary Cu - First Iteration

The key statements provided by Eckstrand (1984) for the Sedimentary Cu deposit sub-type combined with
available data allowed five factors to be considered for modelling Sedimentary Cu potential, There are no
known Sedimentary Cu type deposits in the study area, therefore, there is no overriding factor as in Factor
1 of the MVT Pb-Zn models. The inference net is designed strictly on the basis of the criteria provided
in the Sedimentary Cu model within the constraints of the information provided by the databasc.

The map shown at node 1 shows the favourability with respeet to specific rock types (redbeds) associated
with favourable geological setting. In this case, the fuzzy sets {C..} and {C.,}were assigned to derive the
most evidence possible from the databasc through linkage with the *bedrock units” and ‘rock types®
derivative maps. The rcason for this is that although redbeds arc accounted for in the *bedrock units®
map through the ‘rock types® ficlds in the geological data model, they are not accounted for in the general
‘rock types’ derivative map legend.  The fuzzy OR operator was used to combine evidence, yielding
favourable zones where either condition oceurs.

Factor 2 considers cvidence for favourable host rocks and associated rocks, as shown in the map at node 2.
In this case the fuzzy AND operator was used to combine cvidence, so that areas are favourable only

where host rocks and associated rocks are both favourable. For Factor 3, (presence of ore minerals or
associated minerals) the fuzzy SUM operator was applied to allow the presence of cither ¢lass of minerals
to be considered favourable. The main reason for this choice is tc <.nphasise the importance of the
reference to “other sulphides” in the extracted statement under the *Associated minerals® category (Figure
5.4A). Also, since there are no known Sedimentary Cu deposits in the study arca, the known presesnce of



ore minerals represents the closest factor for evidence of potential Sedimentary Cu mincralization. The

result is shown in the map at node 3.

The next set of nodes in the network (nodes 4 and 5) were derived under the assumption that any criteria
that made direct reference to ‘redbeds” would be considered separately from other factors.  Here, the fuzzy
SUM operator was used 1o combinc the evidence of nodes 1, 2 and fuzzy set {Cu,: } (Tables 5.3B. 5.4A).
The map shown at node 4 provides evidence of redbeds, along with evidence of presence of favourable
host rocks (node 2). and favourable stratigraphic position (fuzzy set {Cuw, }. Factor 5). The favourable
host rocks include claystone, siltstone, sandstone, marl, limestone, dolomite and conglomerate. The main
assumption is that if there is evidence of redbeds, the net favourability is increased in the presence of
favourable host rocks, but the occurrence of favourable host rocks is also considered moderately
favourable.

The map shown at node 5 provides evidence for factors associated with depositional setting and the age of
the host rocks. In this case, the fuzzy sets {C..}and {Cu.}consider depositional setting in two contexts.
In the first context, the geological sctting category considers “Continental or shallow marine sedimentary
rocks”, whereas the second context considers “...continental and shallow marine sedimentary sequences”.
There is an apparent contradiction in the deposit model concerning the mutual relationship between
‘continental’ sedimentary rocks and ‘shallow marine’ sedimentary rocks. Therefore, the fizzzy sets {Ci.}
and {Cu.} reflect the uncertainty in the fuzzy membership values assigned to the depositional settings
map classes.  Another factor in this deposit model is the favourable age of the host rocks. The specified
age range is carly Proterozoic 1o Tertiary. This range covers more than half of geological time, and most
of the time of the development of the rocks in the Parry Islands. Therefore, because these factors are not
particularly relevent in this context, they were combined with the fuzzy PRODUCT operator io decrease
the influence on the final result.

The final map shown at node 6 is a fuzzy OR combination of the results at nodes 4 and 5, In this case, the
net relative favourability considers the higher ranked results associated with evidence of redbeds and
associated rock types, and in absence of this, favourability on the basis of the less influcntial factors
associated with continental and shallow marine sequences, and the age of the host rocks.  Note that
tectonic setting, proximity to faults, unconformities and facics boundaries are not considered for this
model.

55.4. Scdimentary Cu - Sccond Iteration

The design of the sccond iteration of the Sedimentary Cu mode! considers the cffects of assumptions
regarding the relationship between redbeds and favourable host rocks in the first iteration. In the first
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iteration (Enclosure 3A). the maps shown at nodes 1. 4 and 6 (result) are very similar. Therefore, it is
clear that the rule used for combining evidenee for node ! weighs heavily in the final result.  In the first
iteration, the fuzzy sets {C,,} and {C.,} were used to provide evidence for the occurrence of redbeds or
evaporites, but they are linked to two different spatial representations in the *bedrock units' and “rock
types® derivative maps.  The fuzzy sct {C,,} linked to the *bedrock units” map provides evidence for
bedrock units that contain only redbeds or cvaporites.  However, the fuzzy sct {C..} linked to the *rock
types’ map provides the same evidence. but on the basis of any group of bedrock units that may contain
redbeds or evaporites.  Therefore, for the second iteration. the two evidence maps are considered
separately.

The maps shown at nodes 1 and 2 (second iteration) are the same maps shown at nodes 2 and 3 in the first
iteration. The map shown at node 3 is a fuzzy SUM combination of the fuzzy sets {C,,} and {C.,} and
the map at node 1. This map provides evidence for redbed association more directly than the map at
node 1 in the first iteration. The map at node 4 is similar to the map at node 5 in the first iteration with
the addition of the fuzzy set {C,,}. In this case, the vague association of redbeds and cvaporiles in the
broad classes of the “rock types™ map legend is considered in the same context as the depositional setting
and age df host rocks factors and is given less weight.  Again, the fuzzy PRODUCT is used as the
combination opcrator to decrease the cffect of these less influential factors in the final result.  The final
result map is shown at node 5. It is obvious that a change in the first assumption in the first iteration
causes a dramatic change in the net result map.

5.5.5. Secdiment-Hosted Sulphides - First Iteration

Six factors were considered in determining the potential for Sediment-Hosted Sulphide depesits,  As with
the Sedimentary Cu model, there are no known Sediment-Hosted Sulphide deposits in the study arca,
therefore, the criteria used in the six factors are restricted to the key statements extracted from Eckstrand
(1984) as applied to the dalabasc.

The combination nules applicd to produce the maps shown at nodes 1 and 2 (Figure 5.7A. Enclosure 4A)
were provided explicitly by the logical statement derived in the geological setting catcgory (Table 5.3C).
The map at node 1 is a fuzzy OR combination of the fuzzy sets {S,,} and {S.}, 0 reflect the sub-
statement: “tectonic setting=active .OR. close to faults”. The result of this combination is combined
with fuzzy set {Si} with the fuzzy AND operator to produce the map shown at node 2, which represents
the evidence for Factor 1. In effect, this map shows the relative favourability for the complete logical
statement: *(Depositional setting = continental rise, shelf, marine ba.w'n) AND. ftectonic setting = active
.OR. clase to faults)"”.



It is important 1o nole, as mentioned above in Section 5.2, that it is unfortunate that the ages of fults are
not indicated on the geological map, therefore, they were not differentiated in terms of their timing of
development with respect to the deposition of tie host rocks. In absence of this information. the only
way (o treat this statement is 1o consider the “possibilities” that some of the faults on the map arc growth
faults that developed syn-tectonically with the host rocks.  The map at node 1 reflects this broad
uncertainty about which areas were actually affected by growth faults. However, the original statement
requires such faults to co-¢xist with continental rise, shelf, or maring basin depositional setting. By
combining the sct {S,,}. which refers for favourable depositional setting, with the map at node 1. the

resulting favourability is considerably adjusted as shown in the map at node 2.

The map shown at node 3 is the result of combining fuzzy scts {Su} and {Ss.} with the fuzzy AND
operator to reflect the logical statement: “Rock tvpes = shales, siltstones, turbidites, chert, carbonates,
AND. Depositional setting = marine clastics, starved basin, shallow marine™. The evidence for Factor 2
is provided by combining the result at node 3 with the fuzzy set {S,,} with the fuzzy SUM function.
Because this combination rule is not explicit in the mode! crileria. the fuzzy SUM function was applied
under the assumption that while either host rocks or associated rocks are considered favourable, the net
favourability ranking should increase in arcas where both conditions occur.  The map shown at node 4
provides evidence for favourable host rocks and associated rocks.

The map shown at node 5 provides evidence for Factor 3, the location of bedrock units with known ore
minerals and associated minerals. This map was calculated by combining fuzzy sets {Su} and {Sy} with
the fuzzy SUM operator.  The assumption is similar to the one used to produce the map at node 4. The
presence of both ore minerals and associated mincrals at the same location is considered more favourable
than cither occurrence type alone.

Factor 6 considers geological features discussed in a genetic model.  The genelic models provided in the
MVT Pb-Zn and Sedimentary Cu deposit models refer to geological features and processes that do not
correspond directly to geological features represented in the database.  They ar< local features that require
detailed ficld investigation and laboratory rescarch to provide evidence for mineral potential. The genetic
model provided in the Sediment-Hosted Sulphide deposit model, however, makes roference to some
regional geological features that are extractable from the geological map. The map shown at node 6
provides evidence of favourability for starved basins and proximity to faults. The fuzzy SUM operator
was used to represent the favourability of locations where dﬁ:cr condition is true, and increase the net
favourability in arcas where both conditions are true.
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Factor 7 is a complex combination of fuzzy sets {Suzt. {Sual 1861 { S 1. {Su ). and tSa:}. The fuzey
CR opcrator was used to calculate the map shown at node 7. which provides evidence for the first guide to
exploration. The fuzzy OR operator was used since the relationship between the depositional setting and
the reference 10 clastic sedimentary rocks is not explicit. therefore. evidence of cither feature is considered
favourable. The map shown at node $ was also calculated using the fuzzy OR operator to allow cither
units with tectonically active depositional settings or the presence of faults to represent arcas that were
tectonically active. The maps at nodes 7 and 8 were combined with fuzzy scts {Se-} and {So:} with the
fuzzy SUM operator 1o produce the map shown at node 9. The fuzzy SUM operator was used as a means
10 provide a favourable ranking for evidence where cither of the guides to exploration occur, and to
increase the net favourability ranking in arcas where favourable evidence co-exists.  The result map
shown at node 9 provides a high favourability ranking for most of the study arca because the criteria used
in Factor 7 refer 1o geological features that are common throughout the arca, and their favourability
rankings are compounded with the fuzzy SUM operator.

The next stage in the design of this inference net is to combine the evidence from the various factors to
produce 2 final result.  The rules for the combination of all factors are not explicitly stated in the deposit
model, therefore, the assumption used is to allow cvidence for all factars to weight equally, except for
evidence of known mineralization (Factor 3). The fuzzy GAMMA function was used to combine factors
1.2,4,5.and 6, using a ¥ value of 0.85. The GAMMA function was used to compensate for areas where
the evidence of the various factors arc conflicting.  This map (node 10) was combined with the map
shown at node 5 with the fuzzy OR function to allow the occurrence of bedrock units with known
mineralization to take precedence over the remaining factors.

5.5.6. Scdiment-Hosted Sulphides - Second Iteration

From a review of the result of the first itcration, combination rules at some nodes in the inference net were
changed. Most of the initial factor calculations remain unchanged, except for Factor 7 where the fuzzy
CR operator is used in place of the fuzzy SUM operator to combine all evidence for geological features
considered as guides to exploration (map shown at node 9).  The fuzzy OR operator was considered the
only alternative since the individual guides to exploration criteria refer 10 geological features that are
diver..2, and the presence of favourable evidence from any source was considered important.  This
comubination still results in a relatively high favourability ranking for the entire study area, as is the case
for the result shown at node 9 in the first iteration,

However, an alternative assumption in the combination of all factors with regard to the influcnce of the
genetic model factor may produce dramatically different results.  In this iteration, the fuzzy GAMMA
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function was wsed to combine all factors except for factors 3 and 6. A v value of 0.35 was used (o preduce
the map shown at node 10, thereby depressiig the overall favourability levels. This map was then
combined with Factors 3 and 6. also with the fuzzy GAMMA operator, with y = 0.85. In cffect, this
sequenice of GAMMA combinations streng:hened the influence of Factors 3 and 6 over other factors, and
allowed a moderately “increasive’ favourability where favourable ¢vidence co-exists.  This was done
under the assumption that bedrock units with known mineralization, starved basin environments, and the
presence of faults should take precedence in influencing the results, without completely excluding other

factors for mineralization.
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6. CHAPTER 6 - DISCUSSION

6

This thesis demonstrates one method for using GIS in mincral potential mapping projects. The expent

6.1.  Significance of Results

systems approach using fuzzy logi~ implemented in a GIS mimics some aspects of how geologists
conventionally determine the mineral potential of an arca on the basis of comparing favourable geological
setung according to mincral deposit model criteria.  Each iteration of the three deposit models are
different appro.ximalions or cstimations of the relative mineral potential of the Parry Islands, and it is

tmportant that the results are used in context of the various constraints applying 1o this type of study.

The mineral potential maps produced with this method are *relative” estimations of favourability, which
means that the favourability at each location in the study area is rated relative tc the favourability of other
areas. Although this method is considered a “quantitative” approach to mineral potential mapping, the
results are not estimations of mincral potential in absolute quantities such as tonnage or volume. With
respect to the approach used by the Geological Survey of Canada (GSC), the type of mineral potential
maps produced by the fuzzy logic method arc similar to those of Phase 1 Mineral and Energy Resource
Assessments (MERA) (Scoates, ct. al. 1986).

The great advantage of this approach lics in the ability to produce an *audit traii’, so that given the same
assumptions and parameter settings, exactly the same results can be produced from repeated trials. It
also provides a framework for cxperimentation, examining the ffects of making changes to the inference
network and to the weighting functions (fuzzy membership tables). This greatly aids in describing how a
particul. r favourability rating is achicved, and puts a complex decision-making process on to 2 more
*accountable’ footing.

6.2.  Analytical Constraints

The limitations of results of this experiment lic mostly in the source data that was used, not necessarily in
the method.  There are inherent limitations in all types of geological data, and caution should be used
when applying the fuzzy logic method, or any other method. It is important to treat various geological
data in context with the method and objective of any application of the data.  For the fuzzy logic method,



as applied with the geological map used in this thesis, these inherent characteristics of a 1:1,000.000
geological map impase scveral constraints on the quality of the results,

For example, some deposit model criteria that make reference to local or fine scale geological features
could not be treated due to the limits of the scale of the geological map and shortcomings of the GIS
database. This is an inherent limitation associated with cartographic techniques used in geological
compilation. The geological map used in this study was compiled at 1:1,000,000. If one assumes that
the smallest feature detectable by a human cye is 0.2 mm, then at this scale, the smallest feature that may
be represented accurately would be no smaller than 20 metres, which represents the maximum precision
of mappable features.  The software used in this analysis would allow a maximum resolution of 47
metres, which translates to 0.47 mm at 1:1,000,000.

The limitation of scale is not the measure of the geo-positional accuracy or the accuracy of the attributes of
the geological features. It is common practice in the cartographic design of geological maps to
generalize many types of geological features.  Thercfore, the accuracy of the database varies according
10 the type of feature.  As discussed in Chapter 4, it is determined that the boundaries of the geological
units are more accurate than the locations and geometries of linear features such as faults and folds.
Grouping all fault types in 10 one category, and transforming their representation from lines 1o buffers
compensates for this discrepancy.  As a result, the positions and attributes of all geological features
represented in the database are considered equally accurate, at the expense of generalizing primary
observations made by Harrison (1991,1994) and Kerr (1974).  One reason for the output favourability
maps having large areas showing relatively high 10 very high favourability is because the geological
features represented in the database arc geographically targe.

Another constraint is the variability of the types and scales of geological features mentioned in mineral
deposit model criteria, which means that not all mineral deposit models could be applied equally. Itis
important to consider the compatibility of the representation of geological features in the database in
context with the types of features mentioned in deposit model criteria.  Mineral deposit models that have
criteria defined on the basis of local deposit scale geological features could not be applied with the
database created for this application. This would require database updating and integration with finer
scale geological data, and would not be practical for regional resource assessments.

The results of this study have provided guidance for future geological and geochemical surveys of the
Parry Islands (Anglin, pers. comm., 1995). The task of updating the geological map and geological data
mode] with new data, or the addition of new layers to the database such as geochemical data would not be
complicated.  Further, updates to the existing knowledge base and inference engine could also be made
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1o model new results in light of new evidence for mineral potential.  The inclusion of data that provide

evidenee for some of the fine scale features., such as geochemical data, would certainly help delincate the
mincral potential 1o smaller arcas.  Further. identification of more accurate positions, geometry and age
relationships of faults would certainly increase the quality of the results,

6.3.  Other Applications

In essence, the design of this application provides a foundation for any application that requires
qualitative decision making based on weighting spatial criteria.  Other applications could be applied in
environmental sersitivity, land use, site selection, cost/distance analysis, or even the management of ficld
projects.

One application of this method would be to use the cxisting database for land use and resource
management decision making. The results of this application will be used as one factor for deciding the
best location for a National Park for the Parry Islands (Jefferson, pers. comm). Finding the best location
for a National Park involves weighting various biological, geological, and cultural criteria.  These
criteria could be entered into the database as scparate lavers in a similar way that the derivative maps

operate in this application. A separate knowledge-base and inference engine could be created 10 decide
the best location of a park,

Environmental sensitivity mapping projects could also 1ake advantage of this method.  Given that the
environment has different sensitivitics to different types of development activitics, it is logical that
environmental factors would be weighted differently for different potential impacts. This would futher
provide a basis for conducting environmental impact asscssments (EIA). InanEIA. 2 varicty of
environmental factors arc evaluated according to a particular development activity. where the valuc of
various environmental phenomenon is weighted relative to the potential impact. For example, the
impact on a Caribou migration route would be different for acitivitics associated with developing a
National Park than they would for the development of a major highway. In most cases, the impact rating
would involve weighting spatial phenomenon and analysing potential impacts by combining various
factors according to a model,

6.4. Considerations for Future Research

This application provides a foundation for a variety of future research activities.  First, on the technical
level, this application was designed and implemented in the SPANS GIS system. In this sense, the
application represents a prototype expert system. A more sophisticated expert system would require the



development of customizable software that could be tailored for different applications. This could be

provided by GIS software vendors as a modulc to an existing GIS, or it could be developed indcpendently.

One limitation of this application is that the results are based on the views of onc expert. 1t would be
worthwhile investigating the requirements for using different subjective views from a panel of experts.
This approach would be advantageous because the integrity of the knowledge-base would be enhanced by
diverse viewpoints and exparience.  The problem of determining how various viewpoints would be
pooled in the modelling process presents an interesting opportunity for further research.  Monte-Carlo
Simulation and Influence Allocstion Processing techniques (Stanley, et. al. 1994) could provide a
framework {or developing a new approach using fuzzy logic as the means of knowledge representation

and inference.

6.5. Conclusions

This study demonstrates onc method for determining mineral resource potential of an area by using fuzzy
logic to integrate geological data with mineral deposit modelling ina GIS.  This methed could be
implemented formally in the mineral resource assessment toolbox, and/or applied to other application
areas such as environmental sensitivity and land-use decision making. The following conclusions
highlight the key benefits and limitations of the fuzzy logic method as applied 1o mineral potential
mapping:

Benefits Limitations
L. It provides an “audit trail* for complex decision- 1. As with many other methods vsed in mineral
making. This provides better quality control potential mapping, good quality results are
and accountability in the decision-making attainable on the condition that the data used is
process, suitable for the deposit type criteria and the
deposit modelling process,
2. It provides a powerful means of constructing
model outputs with great efficiency to test 2. Additional processing of geological data is
alternative viewpoinis and hypotheses. required to create a digital geologicat data
model that is suitable for the mineral deposit
3. The “spatial-attribute relational data model’ types being considered,
provides an cfficient means for deriving
information from the spatial database. 3. The relative favourability ranking scheme
Therefore, the same database could be used . applies within the study area only, which means
directly to investigate other geological that results of one study area cannot be
problems, compared directly with results of other areas
- that used the same method,

4. The combination rules provided by fuzzy logic
are designed to reflect human thought patierns
typical of qualitative decision-making, and
provide more flexibility for combining evidence
according to complex relationships among
cvidence variables,
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Spatial-Attribute Relational Data Model

Digital Geological Map Digital Geologi
(Spatial Component) (Attribute

- N o e e

i

! LAYER FILES

i 1 - Geological Units BLDROUK. MAP

! 2<Fauits STEAULTS TOP VIX
3.Folds STANTI STSYNU TOP VTN

4. Miaeral Qccurrences MOC TBA'TBS

a
\ AN
Derivative Map Processing
[ 1] Reclassifying Geological Units

Class values of ¢ach geological unit in BEDROCK.MAP

arereclassified according to one of the fields in one of the
‘datatables” in the geological data modet.

[[_2 ] Buffering FaciesBoundaries
and Unconformities

SEccitic contact types are extracied by first reclassifyving
BEDROCK.MAP with values assigaed for facies relationskips
orsequence refationships. Theboundaries ofthe arcasofthese
mapi arc then extracted by transforming the rasterarea file toits
vectorarca file equavaleat. The vectors are buffercdat 0.5 km
imervalsioa S kmthreshold.

[ 3 | Buffering Faults

The faults vecior fle is buffered at 0.5 km intervals
to a 5 km threshold,

ENCLOSURE 3A. Derivative Mapping Process.
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FACTOR 1
Bedrock Units
with Known Deposits

FACTOR 2
Geological
Setting

FACTOR 3
Host Rocks
and
Associated Rocks

FACTOR 4
Ore Minerals and
Associated Minerals

FACTOR 5
Age of Host Rocks

FACTOR 6
Guides to Exploration
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ENCLOSURE 4A.
MVT Pb-Zn Model
Inference Net 1.
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ENCLOSURE 4B.
MVT Pb-Zn Model
Inference Net 2.
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