INFORMATION TO USERS

The most advanced technology has been used to photograph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.
The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning the original, beginning at the
upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge.
Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher
quality 6" x 9" black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

U·M·I
University Microfilms International
A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor, M148106-1346 USA
313/761-4700 800/521-0600

Order Number 90146'15

Concepts and methods of multivariate information synthesis for
mineral resources estimation
Pan, GUQcheng, Ph.D.
The University of Arizona, 1989

Copyright ®1989 by Pan, Guocheng. All rights reserved.

U·M·I

300 N. Zeeb Rd.
Ann Arbor, MI 48106

1

CONCEPTS AND METHODS
OF MULTIVARIATE INFORMATION SYNTHESIS
FOR MINERAL RESOURCES ESTIMATION

by
Guocheng Pan

Copyright @Guocheng Pan 1989

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF MINING AND GEOLOGICAL ENGINEERING
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
WITH A MAJOR IN MINERAL ECONOMICS
In the Graduate College
THE UNIVERSITY OF ARIZONA

1989

2

THE UNIVERSITY OF ARIZONJI.
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have read

the dissertation prepared by ___G~u~o_c=h~e=n~g~P~a~n~_____________________________
entitled

Concept and Methods of Multivariate Information
Synthesis for Mineral Resources Estimation

and recommend that it be accepted as fulfilling the dissertation requirement
for the Degree of

Doctor of Philosphy
--------------~~--------------------------------------

DeVerle P.
Date

J. M.
Date 7
D. E. Myers

(

1'/ /;---r?J_1&
__

~TDate

Final approval and acceptance of this dissertation is contingent upon the
candidate's submission of the final copy of the dissertation to the Graduate
College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.
DeVerle P. Harris
Dissertation Director

Date

3

Statement by Author
This dissertation has been submitted in partial fulfillment of requirements for
the degree of Doctor of Philosophy at The University of Arizona and is deposited in
the University Library to be made available to borrowers under rules of the

libra~y.

Brief quotations from this dissertation are allowable without special permission, provided that accurate acknowledgement of source is made. Requests for
permission for extended quotation from or reproduction of this manuscript in whole
or in part may be granted by the copyright holder.

Signed:

~~~~

____~__~~~__________~

4

Acknowledgements
This research was made possible by a grant (#14-08-0001-G1399) from the
United States Geological Survey. The major contributions and successful conclusion
of this study could not have been achieved without the wise counsel of the author's
principle advisor, Dr. DeVerle Harris and that of the other members of his dissertation commitee, Dr. Richard Newcomb, Dr. Michael Rieber, Dr. Donald Myers, and
Dr. John Guilbert. Special acknowledgement is made of the assistance provided by
Dr. David Menzie, Dr. Lawrence Drew, and Glenn Allcott. I wish to acknowledge
contributions to this research made by John Earnhardt, Wilson Tetevi, Yinghong
Miao, Robert Vagnetti, and Tianchi Wang. An equal debt of gratitute is owned to
Dr. Keith Long and Dr. Gyoo Jeon for their most generous help for preparation of
maps and illustrations. Finally, I wish to acknowledge encouragement and support
provided by Alice Yelverton.

5

Table of Contents
Cha.pter

page

.......

List of Figures

9

List of Tables

11

Abstract

12

...

Chapter 1 A Brief Review on the Mu.ltivariate Techniques
for Mineral Resources Appraisal

• • . • .

Chapter 2 Fundamental Aspects of Mineral Resources

14
18

2.1 Stochastic nature of mineral endowment

18

2.2 Scarcity and giant deposits

22

2.3 Hierarchical structure

23

. .

2.4 Economic truncation and translation

25

Chapter 3 Some Crucial Controversal Issues on Quantitative
Appraisal of Mineral Resources

•.

27

3.2 Representation of geoinformation

28
30

3.3 Integration of genetic concepts with occurrence geodata

31

3.1 Sampling issues . . . . . . . .

Chapter 4 Some Unifying Geoscience Theories

33

4.1 Genesis of ore deposits . . .

33

4.2 Tectonics and metallogenesis

36

Chapter 5 Geoscience Information System

42

. .

42

5.2 Geochemistry

45

5.3 Geophysics .

48

5.4 Other geoscience information .

52

5.1 Geology

Chapter 6 The Notion of Intrinsic Samples

53

6.1 Overview of intrinsic samples . . . . .

53

6.2 Representation of geoscience information

56

6
6.3 Definition of intrinsic samples

61

6.4 Identification of intrinsic samples

64

Chapter 7 Methodology of Geoinformation Synthesis •

73

7.1 Perspective . . . . . . . .

73

7.2 General framework for MGS

74

7.3 General procedure for MGS

79

7.4 A priori weighted and targeted multivariate model

83

7.5 Optimum discretization (OD) method . . . . . .

85

7.6 Coherency analysis and band pass filtering . . . .

88

Chapter 8 General Features of the Case Study: the Walker
Lake Quadrangle . • . . • . . . . • . . .

91

8.1 Major metallogenic features

91

8.2 Genesis of epithermal precious metal vein deposits

96

8.3 Hydrothermal alterations

........ .

8.4 Critical genetic factor and recognition criteria
Chapter 9 Synthesis of Geochemical Fields

9.1 Introduction

• • • • .. . ..

. . . . . . . . .

98
100
102

102

9.2 Estimation of anomalous sources

103

9.3 Selection of control areas . . . .

114

9.4 Identification of geochemical signatures

116

9.5 Delineation of geochemical fields and targets

126
136

Chapter 10 Synthesis of Structural Fields

10.1 Patterns of faults

136

10.2 Extraction of structural descriptors

137

10.3 Synthesis of structural fields . . .

140

Chapter 11 Synthesis of Gravity Fields

........

145

11.2 Power spectrum and filtering of error .

145
145

11.3 Separation oflocal and regional anomalies

148

11.4 Coherency analysis and band pass gravity

151

11.5 Delineation of gravity fields . . . . . .

155

11.1 Framework for gravity analysis. .

7
11.6 Relations of mass and fields . . . .

Chapter 12 Synthesis of Magnetic Fields

...

156

....

157

12.1 Delineation of magnetic fields

157

12.2 Separability of shallow and deep sources

164

Chapter 13 Synthesis of Combined Geophysical Fields

172

13.1 Overview . . . . . . . .

172

13.2 The Poisson model in brief

173

13.3 Combined geophysical fields .

176

Chapter 14 Delineation of Intrisic Samples by Information
Synthesis Methods
14.1 Perspective

• • • • . • . . • • . .

180

. . . . . . . . . .

180

14.2 ISs delineated by the UIG method

181

14.3 ISs delineated by the SIG method

183

Chapter 15 Delineation of Stochastic Intrinsic Samples by
A Two-Stage Logistic Model
15.1 Perspective

191

. . . . . . . . . . . . .

191

15.2 Procedure for delineation of stochastic ISs

192

15.3 Diagnostic measures for logistic model

193

15.4 Delineation of stochastic ISs . . . . .

197

Chapter 16 Partitioning Intrinsic Samples into Information Zones
Based upon Conditional Exceptionalness Principle
16.1 Motivations and concepts . . . . . . . . . . . . . .

228
228

16.2 General procedure for identification of information zones
in intrinsic samples . . . . . . . . . . . . . . .

231

16.3 Identification of information zones in stochastic ISs

236

Chapter 17 Geology-Exploration Endowment Models for
Simultaneous Estimation of Discoverable
Resources and Endowment

249

17.1 Introduction . . . . . . . . .

249

17.2 Development of geology-exploration models

250

17.3 Validation of model estimates

255

. . . . . .

8
17.4 Selection of initial parameter values
17.5 A synthetic example

. . . . . . .

258
260

17.6 Estimation of number of epithermal gold-silver

265

mineral occurrences

Chapter 18 Summary and Conclusions

• • • . • • . .

283

Appendix A Weighted and Targeted Multivariate Criterion

286

Appendix B Definition of Power Spectrum

290

Appendix C Filtering of Errors

292

References

.........

• • • •

294

9

List of Figures
Figure
Page
6-1 General procedure for identification of intrinsic samples
. . 65
6-2 Idealized model of an intrinsic sample . . . . . . .
70
7-1 Definition of resource potentials . . . . . . . . . .
75
7-2 Comparision between the new and conventional approaches
77
7-3 Methodology of geoinformation synthesis . . . . . .
78
7-4 Representation of total mineral resources . . . . . .
82
8-1 Index map of case study: the Walker Lake quadrangle
92
8-2 Lake Cenozoic faults and hydrothermal alterations .
94
9-1 Network of the stream basins in the Walker Lake
105
9-2 Transportation models of elements in drainage basins
107
9-3 Diagram for the notation of the transportation model
109
9-4 Factor plots for gold-silver mineralization
120
9-5 Factor plots for copper mineralization
123
9-6 Factor plots for mixed mineralization . .
125
9-7 Power spectrum of synthesized geochemical scores for
gold-silver model . . . . . . . . . . . . . . . . . . . . . .
129
9-8 Filtered synthesized geochemical anomalies for the gold-silver model
130
9-9 Optimum discretization for gold-silver mineralization . . .
132
9-10 Optimum discretization for copper mineralization . . . .
132
9-11 Epithermal gold-silver deposits and their potential targets
133
134
9-12 Porphyry-skarn copper deposits and their potential targets
10-1 Power spectrum for synthesized structural scores
141
10-2 High pass and filtered synthesized structure anomalies
143
11-1 Flow diagram for the delineation of gravity fields
146
11-2 Power spectrum for gravity . . . . . . . . . . . .
147
11-3 High pass gravity anomalies with second vertical derivatives
149
11-4 Low pass gravity anomalies continued downward 4000' . . .
150
11-5 Coherency analysis between geochemical and geophysical fields
153
154
11-6 Band pass gravity anomalies . . . . . .
158
12-1 Framework for analysis of magnetic field .
160
12-2 Power spectrum for filtered magnetic data
162
12-3 Band pass magnetic anomalies . . . . .
170
12-4 Refined power spectrum for filtered magnetic data
177
13-1 Correlation anomalies between gravity and magnetics
178
13-2 Ratio of magnetization and density contrasts .
182
14-1 Intrinsic samples delineated by UIG method
187
14-2 Distribution of synthesized information scores

10
14-3 Optimum discretization for information scores
14-4 Intrinsic samples delineated by SIG method
15-1 General procedure for delineation of stochastic ISs
15-2 Partial residual plots for model MIN
15-3 Leverage measures for model MIN
15-4 Leverage measures for model INT . .
15-5 Leverage measures for model ALT. .
15-6 Sensitivity measures for variables in model MIN
15-7 Sensitivity measures for variables in model INT .
15-8 Sensitivity measures for variables in model ALT
15-9 Probabilities for mineral occurrences (MIN)
15-10 Probabilities for Tertiary intrusives (INT) . . .
15-11 Probabilities for hydrothermal alterations (ALT)
15-12 Leverage measures for model CGF . . . . . .
15-13 Sensitivity measures for variables in model CGF
15-14 Probabilities for heat source (CGF) . . . . . .
15-15 Optimum discretization for probability of CGF
15-16 Stochastic ISs delineated by a two-stage logit method
16-1 General procedure for recognition of information zones.
16-2 Histogram for the first factor .
16-3 Histogram for the second factor
16-4 Histogram for the third factor
16-5 Histogram for the fourth factor
16-6 Information zones identified in stochastic ISs
17-1 Relation between bias and discrepancy of parameter estimates
17-2 MRSS values for Poisson and exponential models . . . . . .
17-3 Fitting the number of mineral occurrences by
truncated Poisson and exponential models . . . . . . . . . .
17-4 Estimated endowment in terms of number of mineral occurrences

189
190
194
203
205
206
208
209
211
212
217
218
219
222
223
225
226
227
237
244
244
244
244
247
264
269
271
281

11
List of Tables

Table
9-1 Results of quantitative transportation analysis
9-2 Eigenvalues from three Pijk models
9-3 Eigenvectors from the model I .
. 9-4 Eigenvectors from the model II
9-5 Eigenvectors from the model III
9-6 Prior weights for the WTMC models
9-7 Estimated coefficients (v) for WTMC models
10-1 Coefficients estimates from WTMC model .
15-1 Summarized results of the initial estimates for three models
15-2 Summary of diagnostic results for three models
15-3 Results of the three refined models
16-1 Eigenvalues . . . . .
16-2 Factor loadings . . . . . . . . .
16-3 Rotated factor loadings . . . . .
16-4 Sorted and rotated factor loadings
17-1 Hypothesized data set . . . . . .
17-2 Parameter estimates for the synthetic example
17-3 Estimation of endowment and discoverable resources
17-4 Collection of geological and exploration descriptors
17-5 Fitting the number of mineral occurrences by
Poisson and exponential models . . . . . . . . . .
17-6 Selected geological variables by stepwise Logistic model
17-7 Eigenvalues from factor analysis
17-8 Geological factor loadings
17-9 Factorized data sets in control zones
17-10 Parameter estimates for Poisson-Logistic model
17-11 Endowment estimates in control zones . . . .
17-12 Resource and endowment estimates in study zones

Page
113
118
118
119
119
127
127
140
199
213
215
239
239
240
240
262
262
262
266
270
270
273
273
275
277
277
280

12

Abstract
This study introduces a new methodology referred to as geoinformation syn-

thesis for multivariate evaluation of mineral resources and integration of diverse
geoscience data. The most critical component is the development of the notion of

intrinsic samples and the methods for their delineation. Intrinsic samples replace
grid cells which are conventionally employed as the basic information reference.
Grid cell sampling has imposed several serious limitations on the geoscience and
genetic information that can be objectively related to mineral endowment. Methods based upon intrinsic samples moderate to a certain extent these problems and
bring the critical genetic information into the geoscience information system which
forms the basis for the quantitative evaluation of minral resources.
The second major component in this new methodology is the integration of
factors describing exploration effects with other geodata and mineral endowment
estimation; this combination effectively reduces the possibilities of biases in the
estimates of mineral endowment and recoverable resources due to the incomplete
knowledge on the control area and imperfect analogy with study areas.
The third component is the use in the quantitative models of synthesized
geoinformation, which is considerably enhanced, instead of using directly the original measurements (geodata). Several multivariate techniques are proposed and
employed for synthesis of diverse information and estimation of mineral endowment, including a priori weighted multivariate criterion, optimum discretization,
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coherency analysis, multidimensional scaling method (Pijk), filtering analysis, and
geochemical transportation models.
These methods were developed, tested, and demonstrated on an actual case
study of the epithermal gold-silver deposits in the Walker Lake quadrangle of
Nevada and California using various data sets available for this region: geochemical,
structural, gravity and magnetic, lithology, and alteration. Finally, the estimation
of endowment in terms of epithermal gold-silver mineral occurrences is given for
some selected intrinsic samples or information zones identified in the Walker Lake
region.
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Chapter 1
A Brief Review on the Multivariate Techniques
for Mineral Resources Appraisal
The subject of this study is restricted to the use of improved multivaria.te
methods to estimate mineral endowment; consequently, the brief review of relevant
previous work presented in this section will be focused upon the major advances and
developments in disaggregate multivariate approaches, although some of these major
historical contributions had been documented in some previous studies (Harris and
Carrigan, 1981; Harris, 1984; Harris and Agterberg, 1981; Agterberg, 1981; Singer
and Mosier, 1981; Wang and Pan, 1986).
It is generally accepted that the multivariate evaluation of mineral resources

was initiated by Harris (1965) who applied the multiple discriminant analysis coupled with factor and regression models to evaluate mineral wealth potentials of the
neighboring area between Arizona and New Mexico in terms of aggregated dollar
values; this approach has been popularized as the Harris model. In the following
two and half decades since Harris' pioneering work, contributions to the multivariate
estimation of mineral resources have increased greatly, as reflected by the mounting
number of publications about dissaggregate methods of mineral assessment. Major
contributions are summarized briefly in this section.
Most standard statistical techniques of multivariate analysis have been applied to solve problems of mineral resource estimation. Probably, the most frequently employed techniques include the various algorithms of multiple regression
models (Agterberg et al, 1969; Sinclair et al, 1970; Agterberg et al, 1972; Chung
and Agterberg, 1980; etc.). Agterberg et al (1972) applied stepwise regression to
quantified geologic and geophysical data based on inter-grid areas to evaluate the
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potential of the Abitibi area of the Canadian shield for its copper and zinc resources and to identify broad regional targets for mineral exploration. Among the
applications of discriminant analysis and other classifica.tion techniques are those
by DeGeoffroy et al (1970). Prelat (1977) used discriminant analysis as a. means of
predicting mineral occurrences in central Norway.
In addition to these standard statistical techniques, a number of new and

modified multivariate models have been introduced and applied, to evaluate resource potential. Probably, of these models, the best-known one is a modified form
of principle components and is currently referred to as characteristic analysis (CA).
This method was originated by Botbol (1971), whose motivation was the integration
of regional data on geology and geochemistry, as well as geophysics. To date, many
authors have used this method mainly to identify promising targets in a study region that is either poorly investigated or well-explored for a wide variety of deposit
types (Sinding-Larsen et al, 1981; McCammon et al, 1983). McCammon and others
(1983) proposed a so-called generalized CA model in which the established model
is progressively expanded by adding cells to the control cells that were initially selected for model identification. This approach is useful mainly for selection of most
favorable targets in a region where an insufficient number of contol cells is available. Another noticeable improvment of characteristic analysis is the development
of probabilistic descriptions of favorability based upon the associations between a
weighted combination of geologic variables with deposit occurrence (McCammon
et al, 1983; Pan, 1985a). The most recent development of this method is due to
Pan (1985b) and Pan and Harris (1989a) who proposed the so-called decomposed
and weighted characteristic analysis (DWCA). This procedure enhances considerably the capability of the conventional CA model for quantitative evaluation of
mineral resources. Some other modified CA versions also have been introduced,
such as those by Reddy and Koch (1988). Griffths proposed a method for integrating geologic information and predicting resource potentials termed the 'regional unit
value' method which facilitates comparision of different regions based on similarities
of lithologic-time units (Griffths, 1978; Griffths et al, 1988).
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Another significant advance is the introduction of several nonlinear regression
models, such as logistic and Poisson models (Chung and Agterberg, 1981, 1988).
The multivariate logistic model was popularized soon after its first application in
geology because of its unique capability of relating probabilities for the occurrence
of mineral deposits to diverse geologic information. Agterberg and others recently
developed new probabilistic techniques of integrating multiple geologic and geochemical patterns for mineral exploration (Agterberg et al, 1988; Bonham-Carter
et al, 1988). The method seems appealing in light of its capability of integrating
geologic features and appears particularly useful for regions where data are missing. Singer and Kouda (1988) also applied a Bayes analysis to integrate spatial and
frequency information in the search for Kuroko deposits of the Hokuroku district in
Japan.
In recent years, several papers have been published on the diagnostic analysis

of geologic data and statistical models. Agterberg (1988) applied a number of wellknown diagnostic measures for linear regression models to the mineral resource data.
Wrigly and others (1985) systematically demonstrated several diagnostic methods
for logistic models on data for petroleum and natural gas.
In addition to advances in the multivariate techniques and other objectivedriven assessment methods, descriptions of new uses of computer techniques also appear in recent literature. These new approaches handle the diverse geodata through
connecting statistical models to image analysis (IA) and artificial intelligence (AI).
This promising area highlights a new direction for development of improved methodology for quantitative estimation of mineral resources, particularly for facilitating
integretion and enhancement of diverse data and implicit geoinfol'mation. Hart et al
(1978) poineered the application of a rule-based computer expert system referred to
as 'PROSPECTOR', which is a computer-based consultant for mineral exploration
consisting of semantic networks encoded as computerized deposit models. The work
by Harris and Carrigan (1981) and Harris (1984) is important because it was the
first expert-type system to be successfully used to estimate mineral endowment.
Moreover, the system was employed to identify and measure biases and hedging by
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unconstrained subjective resource estimation by expert geologists. More recently,
Koch and Papacharalampos (1988) developed an expert system named 'Geovaluator' to help geologists estimate mineral endowment of large areas for mineral exploration and government planning. At the same time, Fabbri and Kasvand (1988)
focused their attention on the interface between image processing and expert or artificial intelligence system for the integration of diverse geoscience data from maps
and other forms of digital imagery.
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Cbapter 2
Fundamental Aspects of Mineral Resources
The concept of mineral resource is many faceted, including physical and
chemical properties of mineral deposits, as they occur naturally in the earth's crust
and economic properties created by man's socio-technical production system and
the demands for mineral materials derived therefrom. The discussion here presented
focuses upon four aspects of mineral resources that are fundamental considerations
in construction of quantitative models for mineral resource assessment: stochastic nature of deposit occurrence and discovery, scarcity and significance of giant
deposits, the hierarchy of process in deposit formation, as well as truncation and
translation of the natural population of deposits by economics of exploration and
exploitation.

2.1 STOCHASTIC NATURE OF MINERAL ENDOWMENT
Most of the past and current studies of the quantitative evaluation of mineral
resources has been constructed and applied on the basis of the common assumption
that resource descriptors and at least some of the geologic processes behave more
or less according to certain stochastic rules. The asumption seldom is challenged,
although controversies have continued over three decades, for example, the types
of the stochastic laws that govern the true distributions of geochemical element
concentrations (Harris, 1984; Allais, 1957; Brinck, 1972; Vistelius, 1960). This
seems to indicate that the assumption that some geological processes are to some
extent stochastic and follow certain stochastic patterns has been widely accepted,
although it is premature to assert that all of the geoscence features have stochastic
properties. It is useful to examine this notion before investigating specific stochastic
laws for particular geologic events, the use of statistical models to estimate mineral
resources, and the probabilistic descriptions of resource descriptors.
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Any earth process can be categorized into one of the following three kinds
of phenomena: deterministic, stochastic, and others which are neither deterministic nor stochastic. A deterministic feature is the one whose spatial or temporal
behaviour follows an exact law, which is referred to as a function. Geoscientific investigations have shown that geological features rarely are of this type. A stochastic
feature is one that does not follow any basic law or deterministic function exactly
and requires probability laws to describe random errors.
In his famous 'Ideal Granite Model', Vistelius (1972) showed that the crystalization of minerals, such as potassium felspars, quartz, as well as plagiociclase
contained in the 'ideal granite' are essentially governed by some stochastic functions variant in space and time. It has been proved mathematically that there is
a three-dimensional 'packing of particles' such that the three mutually perpendicular directions exhibit the Markov property in each direction with identical transition probability matrices in the three directions (Vistelius and Harbaugh, 1980).
Another significant contribution due to Vistelius is his gravitational stratification
package model (1981). In the study of red beds of the Cheleken Peninsula, under
certain assumptions, Vistelius showed rigoriously that the sequence of red beds with
two distinct states, S (arenaceous beds) and A (argillaceous beds), is a homogenous
reversible Markov chain of second order, with the partial transition through A being
first order Markov and the partial transitions through S being second-order Markov.
Sedimentary sequences have been regarded generally as some types of cyclic processes which are associated with certain Markov properties (Schwarzacher, 1969;
Hattori, 1976; Pan, 1987a, 1987b). Pan (1987b) demonstrated that many sedimentary sections can be treated as homogeneous stochastic processes if no significant
depositional discontinuities or structural unconformities occur in the sequences and
that homogeneous sedimentary processes can be decomposed uniquely into the sum
of independ.ent reversible and unidirectional stochastic flows.
These contributions helps to resolve some fundamental and crucial controversial issues regarding the application of stochastic models to mineral resource
estimations, although some concerns can not be satisfactarily dealt with without
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more research. A partial conclusion drawn from these preliminary works should be
that at least under certain

conditio~

.. orne

0/ the

geologic or earth processes are

roughly governed by stochutic laws. However, it would be incorrect to associate

the earth processes with the stochastic laws through one to one relations, since the
random properties of geologic events generally are space and time dependent.
Observations on geologic features in certain spatial and temporal settings
are the outcomes of a sequence of geologic processes superimposed during crustal
evolution and initiated by inner energies of the earth, biomosphere, atmosphere, as
well as other universal forces. Conceptually, there exist two levels of the cause-effect
relations among the geologic events, crustal evolution and initial forces, that created the earth. The earth commonly represents the entity of earth processes, e.g.,
crustal movement, magmatic intrusion, migration of the ore-bearing fluids, mineralizations, erosions, etc., while geologic events, such as lithologic phases, hydrothermal
alterations, geologic structures, formation of ore deposits, etc., are outcomes of the
processes. Let
cesses, and

0},02, ••• ,0"

Zl, Z2, ••• , Zm

denote the k initial forces, /}'

12, ... , fp the p earth pro-

the m geological features, including resource descriptors.

Then, the cause-effect relations may be conceptualized as follows:

(2 -la)
Zi

=

hi(h,h, ... ,/p), i =

1,2, ... ,m.

(2 -lb)

Formulation (2-1) implies that the original forces are the direct causes of the
crust evolution represented by a series of geologic processes which in turn are the
direct causes of the geologic features (outcomes). Since some of these geologic features are resource descriptors, such as number of deposits, quantity of endowment,
etc., relation (2-1) states that a mineral deposit is the resultant of a sequence of the
superimposed geologic processes. The functions g/s and hi'S are generally random,
since at least some of the original forces or geologic processes are stochastic.
A fundamental question is what are the basic statistical methods for describing the inherent relations between the geodata and resource descriptors given that
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geoscience information is stochastic? To answer this question, one needs to keep
in mind the basic cause-eft'ect relations (2-1) and that there does not exist any
cause-effect, besides the syngenetic or parallel relation, between the resource descriptors and other geological features. For example, both of alterations and copper
mineralizations resulted from the same process of magmatic intrusion into the wall
rocks. Since current knowledge of the original forces is very limited, it would not
be realistic to discover relaHons g;'s in (2-1). Assume that the random portions of
the earth's processes can be isolated from the deterministic part, the following two
sets of auxilliary relations must be considered :
VI

=

4>1(h,h, ... ,fp) + fl, 1= 1,2, ... ,d,

xj = tPj(h, 12, ... , fp) + ej,
where

VI'S

j

= 1,2, ... , n,

(2 -2)
(2 -3)

are the resouce descriptors, x;'s are other geologic freatures and

fl'S

and e;'s are the random errors. However, a further difficulty arises because our
knowledge of earth processes is also limited. What one can observe in practice
is only the geological features, x j'S and maybe part of the resource descriptors.
Although there is no direct casual relation between the mineral resource descriptors
and other geologic features, the syngenetic and concurrent relations will assure some
indirect information from the geologic features about the resources. Accordingly, if
n is much greater than p, a feasible solution for mineral resource estimate must be
completed in two steps:

(i) factorize out the h, 12, etc. from relations (2-3);
(ii) substitute these estimates of the factors into relations (2-2) and finally
derive the estimates for the multivariate resource descriptors.
The first step of the manipulation is exactly analogous to factor-like analysis,
constructing significant geologic factors, whereas the second step is a regressionlike analysis, predicting the resource descriptors. Consequently, factor-like models
and regression-like analysis are two types of fundamental statistical means 'USeful
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for quantitative mineral re"ource
co~idered

~"e""ment,

and other variow method" may be

a" complementary.

2.2 SCARCITY AND GIANT DEPOSITS
The activities of mineral resource assessment and mineral exploration have
been motivated chiefly by the economic and social pursuits. Constantly growing
economic and social demands require greater amounts of raw materal, including
nonrenewable mineral commodities. The conduct of mineral resource exploration is
predicated upon the expected economic rent from the discovery of new deposits. An
increase in price of a mineral product, which is equivalent to the sum of the marginal
rent and marginal extraction cost, indicates that the mineral resource has become
scarce. A basic perspective of both geologists and economists is that mineral resources are scarce materials in the crust as they occupy only an insignificant portion
of crustal material; otherwise, there would be no need for mineral exploration and
resource appraisal.
Any major ore deposit may be regarded in principle as an anomalous or
rare phenomenon usually characterized by one or more geological, geochemical, and
geophysical features. Consequently, signatures of significant endogenic mineralization are anomalous and exceptional geologic settings (Gorelov, 1982). In particular,
the giant deposits are extremely rare events created by an exceptional combination
of earth processes. Rareness of the giant deposits is reflected in both spatial and
temporal dimensions. Significant concentrations of a metal usually have a strong
affinity correlation with particular geologic formations, epochs, as well as metallogenic environments. The view generally held is that the genesis of the giant deposits
is controlled by particular regularities that differ from those controlling the formation of medium and small-size deposits of the same composition. It is also thought
that the tectonic position of huge deposits appears to be controlled by a so-called
'ore-controlling structure' (Tomson et al, 1984).
Giant deposits often dominate reserves and production. It is not uncommon
for a few supergiant and giant deposits to constitute over 50% of the total metal
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recoverable under cun'ent economic and technological conditions; accordingly, the
metal quantity in small size deposits is almost negligible (Laznicka, 1983; Wang and
Pan, 1987). Conversely, typically giant deposits constitute an insignificant part of
the total number of ore deposits.
Thus, the scarcity of a mineral resource is essentially determined by the fact
that few of the giant deposits exist in the crust, but that the few that do exist
dominate strongly reserves and production. Accordingly, the economic significance
of mineral resource estimation is strongly predicated upon its capability of locating
and inferring the existence of the giant or large mineral deposits through delineating the associated geologically anomalous regions of the crust. Unfortunately,
quantitative techniques employed in the past have failed to deal with these important particulars satisfactorily, mainly owing to inability of capturing the nature of
these exceptional contraints, since these unique deposits rarely exhibit familar or
common statistical properties.
Although the experience of exploration is that the discovery process of deposits is size-biased, meaning that giant and large ore deposits tend to be discovered
at the earlier phases of the exploration, potentials for large deposits of metals still
exist in various geologic environments. Improvement in locating such deposits or
in estimating these resources requires conjunctions of improved genetic, tectonic,
and other unifying geoscience theories with improved methods for the extraction of
geoinfonnation from diverse geodata and improved quantitative models for inference
or estimation.

2.3 HIERARCHICAL STRUCTURE
The geologist's view of an ore deposit generally differs from that of economist.
Economists tend to consider an ore deposit as being a continuous geologic phenomenon, but it is discretized by applying a set of economic regularities, while geologists often perceive a deposit to be a discrete geologic phenomenon with anomalous
concentration of one or more valuable elements (Agterberg, 1981). Physical mechanisms of ore genesis suggest that the continuity of ore concentration is meaningful
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mainly in a relative sense. High magnitude of element concentration in host rocks
often contrasts sharply with concentrations in ElU1Tounding wall rocks. This perspective may be partially illustrated by the DeWijs' scheme of element enrichment in a
deposit, which was extended by Brinck (1972) to describe element concentrations
within the crust. Another well-known hypothesis is Skinner's bimodel proposition of
element distribution which asserts that a gap exists between the mineralized grade
and crustal abundance (Skinner, 1976; Harris, 1984; Singer et al, 1980).
Although the continuity of statistical distribution of grades seems to differ
conceptually from that of spatial and temporal distributions, they are in fact closely
related. For example, if the proposition is accepted that the grades of an element
are continuously distributed in space and time, the continuity of the statistical
distribution of these grades can be automatically invoked in certain environments,
and vice versa. This assertion may be explained by the requirement that samples
must be takeQ. in a uniform and continuous manner from the population of interest.
Metallogenic and tectonic studies depict elements to be concentrated in geologic terrains of different scales, such as ore shoot, ore body, ore district, ore belt, ore
province, etc. (La.znicka, 1983). This hierarchical structure of ore formation seems
to indicate that continuity exists within each of these scales, while discreteness of
ore concentrations can be seen between these different scales. For instance, an ore
district may be viewed as a continuously anomalous region within an ore belt, but
the individual deposits included in that same district are discrete geological phenomena. This perspective carries strong implications as to sampling procedures and
the organization of data for the estimation of mineral potentials. Thus, a specific
project of resource estimation focused upon the ore deposits of certain valuable
elements formed and confined in a particular dimensional scale requires an appropriate sampling scheme of that same scale. For example, a new ore body developed
within a deposit may be considered as mineral potential at the deposit scale, while
a new ore deposit discovered in a district is regarded as mineral potential at a district scale. When appraisal is aimed at predicting the mineral potentials at the

25
district scale, the sampling scheme must accommodate the geological and mineral
continuity at the corresponding hierarchical level.
2.4 ECONOMIC TRUNCATION AND TRANSLATION.

The effects of economic truncation and translation on mineral resources data
have been recognized in the recent decade or so, and a thorough of discussion of
these has been given by Harris (1984). These phenomena reflect an important fact
that mineral resources generally are a dynamic function of relevant economic and
technologic constraints, including price of product and costs associated with various
production phases, such as mining, milling, smelting, as well as refining. Available
data on mineral deposits generally are truncated by a cost surface which is defined
in terms of physical features of the deposits and technological states. In other words,
the collection of mineral deposits reported reflects only t,he truncated fraction of the
entire population of mineral deposits. Thus, use of these data directly unavoidably
results in biased estimates of mineral resources, as the characteristics of the resource
distribution derived from the partial data set only are a distorted representation of
deposits as they occur in nature.
The importance of translation as a distortion varies with the mineral commodity and the maturity of the exploration activity (Harris, 1984). In general, the
greater variation of the grade within deposit (intra deposit grade variance), the
stronger the translation effect, and vice versa. It is also true that the longer the deposit has been mined, the greater the reserve additions and the more representative
the revised ore tonnage and grade data are of the geologic deposit. In fact, the two
different kinds of economic effects are closely related. A large economic truncation
distortion would lead to a strong translation effect.
In order to resolve these difficulties, Harris (1984) suggested a possible remedy: treating the truncation effect requires first identifying the truncation relationship, and second the explicit consideration of this relationship in the estimation of
parameters, one of which is the correlation of deposit tonnage with grade. Although
several attempts have been made to overcome the difficulty in practical studies by
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employing more sophisticated mathematical methods in mineral endowment estimation, the problem remains to be explored further, as estimation of the cost relation
is still based on the truncated data..
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Chapter 3
Some Crucial Controversal Issues
on Quantitative Appraisal of Mineral Resources
Although in one sense considerable progress is apparent in the use of multivariate techniques for evaluation of mineral resources since Harris' poineering work
in 1965, much less success has been made in creating estimates that are or have been
used in mineral exploration and mineral policy decisions. Even though quantitative
estimation of mineral resources was initiated by objective methods, most resource
appraisals that have been mandated by governing bodies for the purpose of mineral
policy evaluation or land use decisions have been made using subjective methods.
Concurrent with these studies, objective methods were designed and demonstrated,
but few were adopted. Perhaps, this is a natural evolution of the science of mineral
resource prediction, because geologists in general have been slow to adopt quantitative methods, and even slower to substitute objective and quantitative analysis for
all or part of subjective analysis. Thus, there was a need to demonstrate methods
that could be used to estimate undiscovered mineral resources and the need for a
'learning period'. However, to some extent, this reluctance represented the dissatisfaction by geologists for the at-best low, and sometimes trivial, level of geoscience
information captured by quantitative variables and related to mineral descriptors
by multivariate models. Simply stated, mineral resource estimates by quantitative
and objective methods will not improve significantly until more geoscience information is related in more appropriate ways to the descriptors of mineral resources.
Major difficulties that have hindered further development have been far from fully
attacked, and some of them are even completely ignored. Three major issues are
discussed in the remainder of this chapter.
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3.1 SAMPLING ISSUES
Sampling schemes has been considered to be one of the most fundamental
problems in data compilation , quantification and integration of geoscience information, as well as evaluation of resource descriptors. Quality of an appraised result
rests heavily upon its corresponding sampling scheme. Inter-grid areas have been
unchallenged as the sampling method in the past three decades or so. Natural questions that arise are why should we use this sampling scheme for geologic and mineral
resources and is there a different scheme that captures more geoinformation? However, it may be inappropriate to answer these critical questions before establishing
some general sampling principles. The following principles should be primal and
minimal considerations in sampling processes for mineral resource estimation.
(1) Hierarchical or sequential principles. Mineralizations can be distinguished
at different scales. Accordingly, the most important mineral deposits are closely associated with one or more large scale geological processes, e.g., magmatic intrusive,
regional metamorphism, crustal structural movements, etc. These large scale processes recognized from observations on regional metallogenic phenomena are usually
associated with mineralized zones or districts. Mineralized bodies of smaller scale
are nonhomogeneities within the larger feature and can be identified by synthesizing
information from 'local' anomalies of various kind. A spatial pattern consisting of
many local anomalies is an important factor for identifying a large scale feature. For
example, many local anomalies of the same chemical element or group of elements
distributed within a large area indicate existence of a geochemical province.
(2) Entity Principle. This principle refers chiefly to the spatial relations between sampled units, and the relationship of their sizes and boundaries to naturally
located and bounded geologica,l objects. The amount of information extracted from
a geological feature depends to a large degree upon the form of its quantification.
It is expected that the maximum amount of information would be captured if the

entity of the geofeature is best preserved in quantification. Roughly speaking, larger
mineral resource bodies occupy larger spaces. Consequently, the sampling scheme
must be compatible with scale of the resource units. Obviously, a grid of equal
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size cells as the information reference may obviate information on the entity of a
geofeature and the natural size distribution of mineral resource bodies in space,
especially, when the cell size is smaller than the mineral resource body. Moreover,
when cell size is less than the scale of mineralization, information measurements on
cells violate the requirenent {.;)r entity.
(3) Distribution principle. Each scale (hierarchy) of mineral resource bodies
has its own distribution pattern for its associated population, and this distribution
varies as number, scale, and spatial relation of sample units change. Either the
desired statistical properties or natural patterns are distorted when the sampling
scheme is not appropriate. A reasonable criterion is that the preferred distribution
of mineral resource bodies results when the sampled units are compatible with these
geological features associated with the mineralization of the selected resource unit.
A basic measure of the quality of a sampling scheme is the amount of geoscience information related to mineral resource descriptors that can be captured
and utilized under this scheme. The first principle recognizes that a good sampling
scheme must be able to cope with the hierarchical structures of mineralizations
or ore concentrations. The mineralized geological bodies in different hierarchical
scales correspond to different domains in space and time, which are generally defined by tectonic settings and geological formations. The 'man-made' inter-grid
samplings clearly fail to be consistent with this geological

cri~erion,

since its fixed

two-dimensional and equal-area cells are hardly compatible with the three dimensional naturally bounded geological bodies of various sizes. Moreover, whatever the
cell size selected for a specific hierarchical scale of the ore or ore-bearing formations,
it is arbitrary, because of the natural variation of geologic features of that hierarchy.
The entity principle requires that random samples be taken of the individuals
or elements contained in the population of mineralized or nonmineralized geological
blocks of the same scale and maximum preservation of entity of geological feature
in representation of endowment variations. Apparently the cell sampling approach
often violates this important requirement, for example, when one mineral deposit
is divided by a cell boundary and allocated to more than one cells.
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The third principle requires that the sampling scheme results"in sample distributions which represent well the 'true' population distributions of geological and
resource bodies. Sampling scheme must be compatible with the hierarchy of mineral
resources. It is hard to imagine that a population of geological bodies corresponding to a specific scale can be adequately represented by simply adjusting the size
of equal-area cells, as sizes of mineralized bodies vary up to two or three orders.
Furthermore, the 'true' probabilistic distribution of a particular metal can only be
appoximated by using the geological bodies associated with mineralization as the
basic samples. The quantities measured on the basis of cells may lead to distorted
probabilistic patterns for the metal of interest.

3.2 REPRESENTATION OF GEOINFORMATION
Representation of geoscience information includes the quantification of geological maps and other geological images, extraction of quantitative variables, as
well as other preprocessings useful for mineral resource estimation. Since conventional inter-grid cells generally do not represent naturally bounded geological bodies,
the variables quantified in this manner are not intrinsic. Consequently, they may
not capture well relevant geoscience information and they may not relate well to
mineral resource descriptors. Information that occurs as a field and is closely correlated with resources can be destroyed when it is separated into a number of small
sections by cells. A more comprehensive approach treats each of the various kinds
of geoscience information as a field of a particular type, e.g., geochemical fields,
magnatic fields, etc. Mineralization may also be viewed as a field. A field concept
carries information about features of intrinsically defined three-dimensional geological bodies. Such a field should convey and express more comprehensive geoscience
information relevant to mineral resource descriptors than does a fixed, equal-area
cell.
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3.3 INTEGRATION OF GENETIC CONCEPTS
WITH OCCURRENCE GEODATA
Conventional quantitative approaches to mineral resource estimation may be
classified into three broad and somewhat overlapping categories: crUstal abundance
models (CA), genetic and subjective models (GS), and objective and occurrence
models (00). The major features of the three types of models may be summarized as follows: the CA models are based upon hypothesized density forms of
geochemical elements and estimate resources without consideration of any genetic
and occurrence information (Brinck, 1972; Harris, 1984); the GS models are characterized by the use of genetic knowledge and geologic observations, analyzed either
intuitively by all expert geologist or formally by a computer expert system, and
consist of three major steps: (1) formulation of genetic model, (2) the relating of
geologic observation to genetic processes, and (3) the estimation of subjective probabilities (NURE system, see Harris, 1984; Harris and Carrigan, 1981; Finch and
McCammon, 1987; Golabi and Lamout, 1981); the 00 models are noted by their
emphasis on objectivity of mineral resource estimation by using various exsiting
mineral occurrence data and quantified geologic variables but no genetic information (Harris, 1965; Agterberg, 1972; Chung and Agterberg, 1980, 1988; Agterberg,
1988; Botbol et al, 1978; McCammon et al, 1983; Pan, 198580, 1985b). Since the
CA models are not related to the integration of geodata, our attention is focused
upon the other two categories.
Both of the two type models (GS and 00) have good and bad features.
Needless to say, the genetic hypothesis is crucial in mineral exploration and resource evaluation. Since the genesis of ore deposits is usually constructed on the
basis of man's past experience, imagination, and logical inferrence, it has a natural
connection to subjective probabilistic analysis and expert systems and its potential
predicting power is huge. However, the GS models are subject to certain limita-.
tions: (1) they generally produce aggregated estimations of mineral resources; and
(2) the estimates are less certain and inaccurate due to the bias of the human's mind
and incomplete knowledge on ore genesis, (3) genetic models change as knowledge
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is acquired, and (4) geologists often disaggree on at least some points of a genetic
model.
An obvious and major advantage of the 00 models is objectivity, the extensive use of geologic, geochemical, and geophysical data, and the production of
relatively stable estimates of mineral resources. Since observations on geoscience
information are generally multivariate, it is natural to connect multivariate statistical techniques to data analysis and 00 models. Another notable feature of most
00 models is that they produce disaggregated estimates of resources. However, as
with the GS models, the 00 models are deficient in some regards: (1) they ignore
genetic information in resource analysis; (2) they perform ineffective integration of
geodataj (3) they ignore depths information; and (4) they must deal with limitations
of statistical methods.
According to the forgoing discussion, neither of the GS nor 00 models can
produce the most satisfactory estimates of mineral resources. Quantitative evaluation of mineral resources can not be optimwn unless the two types of models
are appropriately connected. The combination of the two types will give birth to
a new methodology for integration of geodata and resource estimation, which will
be referred to as geoinformation synthesi.9; this methodology will be described in
details in a later chapter.
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Chapter 4
Some Unifying Geoscience Theories
In this chapter, major concepts of selected unifying geoscience theories, including ore genesis, global tectonics, as well as metallogenesis, are reviewed. These
are unifying chiefly because they offer a common ground or framework for describing
origins and inherent properties of ore concentrations in space and time. Since any
reliable estimate of an unknown mineral resource can not be achieved without taking into consideration intrinsic relations between geologic processes, these theories
are also thought of as being fundamental to quantitative resource estimation.
4.1 GENESIS OF ORE DEPOSITS
Modern understanding of ore genesis emphasizes that an ore deposit can
be formed from multiple material sources by multiple genetic processes in multiple
mineralization epochs. Modem ore genesis theories chiefly concern: (i) sources of
ore materials; (ii) chemical and physical processes for element transformation; and

(iii) mechanisms of ore formations, e.g., deposition and enrichment.
Possible material sources generally include the surface of the earth, the upper
crust, the lower crust, the upper mantle, and the universe such as the meteroic rocks.
Modem experimental and analytical techniques, e.g., fluid inclusion methods, stable
isotopes, etc., allow geologists to investigate to a certain extent the most possible
sources of valuable ore components. For example, the ratios of 32 S /34 S are used to
infer material sources. Recognition of enrichment and depletion magnitudes can be
very useful considerations in tracing typical directions of mineral migration and in
locating economic ore formations in mineral exploration.
The concentration of elements to levels present requires the movement of
elements or chemical compounds. Within each of the movement stages, certain
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geologic, geochemical and geophysical regularities must be satisfied if the evolutionary process is to continue and be completed. Critical to this completion are the

physical-chemical micro-features that govern concentrations of ore materials, such
as porosity, permeability, temperature, presure, etc. The interactions of these factors control to certain extent the strength and magnitude of mineralization within a
specific geologic environment. One measure of the efficiency of these interactions is
the mineralization coefficient (volume of the mineralized rock/volume of the entire
rock). Clearly, certain combinations of these factors result in greater mineralization
coefficients. In other words, the mineralization coefficient is generally a function
of the physical-chemical features as well as macroregularities. This perspective is
useful, as it suggests that the information captured by a resource estimation model
would be incomplete unless both macro and the micro genetic features rela.ted to
ore deposits are utilized and appropriately quantified. Unfortunately, such has not
been the case in the conventional estimation of mineral resources by multivariate
statistical methods.
Ore formation usually consists of a series of geological and geochemical processes, such as mobilization of elements, transportation of the ore-bearing fluids,
formation of mineral assemblages, precipitation of ore minerals, as well as preservation of the ore deposits. These principal evolutionary stages are interrelated in both
space and time, and their relation to ore deposits is generally multiplicative, since
the absence of anyone of them would imply absence of ore deposits. Although these
chronological stages conceptualize the framwork of ore genesis, different types of ore
deposits may be characterized by different sequential schemes of geologic processes.
In practice these processes, which are considered to be irreversible, are never directly

observed. Even so, certain indirect evidence of these processes is present in geologic
features formed concurrently with the formation of ore deposits, and these features
are useful in inferring the previous operation of earth processes. For example, the
presence of abnormal amounts of ore minerals is taken as a sure sign of the mineralization process; in the absence of this evidence, a set of geological, geochemical,
and geophysical criteria are found to be associated with the mineralization may be
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valuable in assessing the prospects that the processes of mineralization had taken
place. Thus, ore genesis is inferred by one or more critical genetic factors which, in
tum, may be identified by a number of related recognition criteria that result from
the mineralization-causing processes.
According to the forgoing discussion, the unifying capabilities of the ore genesis in quantitative estimation of mineral resources may be summarized as follows:
(1) Ore genesis theories help to identify one or more critica.l genetic factors
which are necessary conditions for ore formation. Generally, a mineral deposit is
considered to be absent if these genetic factors do not exist.
(2) Recognition of genetic processes indicates a set of recognition criteria
that can be direct

01'

indirect existential evidence for critical genetic factors. These

criteria generally include those geologic features that had been generated during
different evolutionary stages. Conceptually, there exists a minimum number of
recognition criteria that constitutes sufficient condHions for existence of a critical
genetic factor. Absence of these minimum necessary criteria implies absence of the
critical genetic factor, which in tum implies absence of mineralization.
(3) Formulation of a model of the basic genetic mechanism offers a fundamental conceptual framework within which quantitative geologic inferrence is made.
When coupled with quantitative decision and stochastic analysis, probabilistic descriptions for ore occurrence may be made.
Although the forgoing statement indicates that the potential unifying power
of ore genesis theories for mineral resource estimation is great, it should be noted,
however, that genetic theories for most types of ore deposits continue to be modified,
and for some deposit types such models are in a primitive stage. Consequently,
care must be exercised in utilizing ore genesis models for quantitative evaluation of
mineral resources.
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4.2 TECTONICS AND METALLOGENESIS
The advent of plate tectonics revolutionalized man's understanding of the
origins of ore deposits of many types and of many other geological phenomena.
Broad correlation between tectonics and the genesis of ore deposits has long been
recognized (Turneaure, 1955; Hurley, 1975) and is reflected by Guilbert's plate
tectonic classification of ore deposits (Guilbert, 1982; Guilbert and Park, 1986).
This phenomenon was termed as the 'geologic law', i.e., definite types of mineral
deposits show up in definite types of tectonic structures.
As widely accepted, metallogenesis is understood as a unifying geoscience
theory for spatial and temporal relationships between tectonic settings, genetic associations of ore deposits, and distributions of ore formations. This general notion
contains two major components: metallogenic province and metallogenic epoch. A
metallogenic province is defined as a terrain containing mineral deposits that are
characterized, at least broadly, by related mineral composition, form, style,and geologic age of mineralization (Petrascheck, 1965; Guilbert and Park, 1986), while a
metallogenic epoch is usually understood as a time-span corresponding to formation
of a regular group of mineral deposits of different genetic types and belonging to
a single tectomagmatic cycle (Rundqvist, 1984). Metallogenic province may refer
to a region that extends to thousands of kilometers in one direction and therefore
may be considered as the first scale of metallogenic units for quantitative resource
estimation. With respect to tectonic environment, Petrascheck (1965) distinguished
the provinces in the metamorphic shields, in the stable mantles (platforms), and in
the orogenic belts that have been widely used as the major tectonic units in the
Sovient Union. Some typical features of metallogenic provinces have been summarized by Shcheglov (1979). Only unifying aspects useful for estimation of mineral
resources are considered.
One significant feature of metallogenic units lies in the hierarchical structure
of spatial patterns or zones. A metallogenic province in general can be decomposed into a few metallogenic belts each of which, in turn, consists of a number of
metallogenic districts. A metallogenic belt is usually defined as a large elongated
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ore-bearing structure within which deposits of certain ore formations predominate.
These deposits may be associated with a similar tectonic-magmatic cycle or, in the
case of sedimentary deposits, they may have a common sedimentary genesis. The
metallogenic district, which has been considered as the basic unit, and constitutes
parts of belts and provinces, has an appearance of a linearly stretched ore-bearing
structure within which deposits of a single characteristic formation are localized
(Shcheglov, 1979). The metallogenic district has been further decomposed into ore
districts, which are understood to be

ore-b~ng

terrains making up parts of the

metallogenic district within which deposits of a single formation or genetic type
usually prevail. These metallogenic zonations may parallel the hierarchy of mineralization units. The main objective of the analysis of metallogenic zonation is discernment of specific types of ore-bearing regions that are characterized by particular
associations of ore deposits. Establishment of the metallogenic hierarchy should be
based upon a structural-formational principle that segregates ore-bearing areas with
due consideration given to peCUliarities of their tectonic development and the nature
of geologic formation. Even though this structural-formational approach has been
advocated and used by Soviet geologists for years, the identification of metallogenic
belts and districts within a province is still a very difficult task. Tvalchrelidze (see
Shcheglov, 1979) firmly believes that metallogenic zonations should be based upon
tectonic zonation, and classification of metallogenic provinces should be based upon
the principle of similarity of magmatic and ore formations prevalent within these
tectonic boundaries.
The structural-formational principle produces an interesting conceptual basis for analysis of metallogenic zones, but there arises an obvious question of how
well such zones conform to those delineated using quantitative methods. Specifically, quantitative analysis of the correlation of sedimentary cycles, tectonic settings,
magmatism and mineralizations should be the basic means for metallogenic zonation analysis. Consequently, similarity analysis based upon quantitative analysis
and analogies may provide better results than the simple use of the structuralformational principle alone.
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Metallogenic units of various dimensions are governed by certain tectonic
and formational factors, and their combination constitutes the set of necessary conditions for prognosticating mineralization. One major task in metallogenic analysis
is to delineate the boundaries of various metallogenic units and to establish the
structural, lithological, and geochemical regularities characterizing mineralization
within these units. The most important criterion of boundary determination is
tectonic settings. For example, different groups of deposits are characteristic of
principle elements of the crust: platform, geosynclinal-folded zones (cratons), and
regions of autonomous tectonic-magmatic activization (orogens). Within the range
of these major tectonic settings, definite groups of useful minerals are confined to
more local structures. For example, within various tectonic zones of folded regions
there stand out more local structures, such as anticlines and synclines, characterized
by specific groups of ore deposits. The hierarchy of these tectonic settings serves
as a critical indicator for discerning metallogenic units of different spatial dimensions, including provinces, belts, districts, etc.. The first order approximation to the
boundaries of these different metallogenic units can then be derived from integrating various atributes (spatial extensions, distributions, as well as associations) of
these tectonic elements. Needless to say, boundaries delineated in this step are still
fuzzy, since the tectonic regularities are of only general significance and might be
disturbed by superimposed tectonic cycles, although a common tectonic evolution
and movement are prerequisities of other relevant geological activations (magamatism, metamorphism, mineralization, etc.) that constitute geologic and ore bearing
formations. Derivation of precise boundaries of mat allogenic units, particurlarly, of
smaller ones, such as districts and belts, must be predicated upon the quantified
uniformities or similarities of geologic and ore formations. These uniformities, however, are basically referred to as spatial conformities of ore and geological formations
with tectonic movements. In other words, the different formations contained within
one metallogenic unit must conform to the same tectonic setting in a broad sense.
Obviously, there are many different ways to construct metallogenic zonation,
even given the same tectonic-formational approach. A logical and operationally
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useful approach is one that allows the scientist to utilize hierarachy in a sequential
manner from larger metallogenic units to smaller ones. In other words, the boundary
of the largest units is delineated in the first step based on global or regional tectonic
and formation conformities. Within this unit, the second level units are identified
in the large unit according to the more local structural and geological consistensies.
The procedure is continued until the smallest zones are completed.
Generally, the occurrence of a broad metallogenic unit, such as a province,
is relatively definite, but its boundary is often fuzzy. Conversely, identification of
a smaller metallogenic unit, as a district is less certain, but the boundary of the
unit is relatively more distinct. This statement is essentially consistent with the
findings made by Noble (1970), that is, minor deposits form fields and swarms of
deposits with random patterns, whereas major and giant ones are regularly situated in the centers of intersection of ore-controlling structures of definite orientation.
Accordingly, metallogenic zonation analysis could be predicated upon the following two principle components: deterministic analysis and statistical techniques. By
recognizing the regional or global tectonic features and consistencies of geological
and ore formations, deterministic anology could be applied to delineate spatial and
temporal boundaries of major metallogenic units. With respect to smaller units,
e.g., metallogenic districts, statistical techniques could be employed to delineate
boundaries probabilistically, based upon heterogeneities of structural background
and geological and ore formations. In practice, however, direct detail and more
local information on both tectonic settings and formations is usually insufficient
for firmly drawing the boundaries of metallogenic units of small scales, such as,
districts. Consequently, direct and indirect information, such as geological, geochemical, geophysical, remote sensing, etc. must be employed and integrated to
estimate boundaries probabilistically.
The study of mineralization processes in time has shown the importance of
considering the extent of spatial distribution and intensity of occurrence of particular minerals, rocks, ores, and geological and ore formations during particular
time-spans. A distinct feature in the development of all of tectonic and geological
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processes in a metallogenic province is their repeated occurrence that permits the
recognition of rhythms in mineralization, derivation of rocks, ores, and complexes
(Rundqvist, 1981, 1984). Mineral deposits of the fl8JIle type, developing in similar geologic settings but at various geologic times or during tectono-magmatic or
tectono-sedimentary cycles show different extent of mineralization. Deposits of a
particular metal exhibit distribution maxima in geological evolution, due to a combination of both endogenous and exogenous evolution factors. The accumulation
maxima of ores of a particular composition in different time-spans are represented
by different genetic and formational types. Each genetic type and each ore formation pass from its origin, through maxima development to attenuation and even
dissipation.
In certain tectonic settings maximum accumulations of various metals

through times show a general order: Fe, Ti, Ph Cr , Co, Ni, Cu,Zn, P6, W, Sn, Mo,
A .. , H g , A g • This pattern traditionally referred to as the 'constructive series' reHects
a simple rule: the less abundant a particular element is in the crust, the more time
is required for its accumulation into an economic concentration. This generalized
pattern is of world-wide significance as it has been observed in large metallogenic
units. Care must be taken when the rule is applied to more local metallogenic units,
such as districts, deposits, etc. However, the giant and unique ore deposits should
be those formed during major epochs of maximum accumulation of a particular
kind of ore. These empirical findings are important for metallogenic analysis and
mineral resource appraisal. Collectively, they suggest the following procedures: (i)
using geochronological data and clarkes, identify the major evolutionary episodes
for maximum accumulations of a set of elements and then associate these epochs
with the pertinent geological and ore formations; (ii) isolate favorable sections of
the ore-bearing or ore formations; correlate these sections with particular tectonic
or structural settings; and then identify typical tectonic-formational criteria which
are closely associated with the ore epochs; (iii) based upon typical correlations between epochs, ore formations, as well as regional tectonic environment, statistical
analogies may be used to construct spatial-temporal relations for predicting mineral
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potentials in unknown regions which exhibit a tectonic-formational history similar
to the known units.
Although implications of the foregoing procedures are profound, major difficulties exist in their practical applications. One of these is that the timimg of the
deposits and lithologic units often remains uncertain due to repeated processes of ore
concentration. Moreover, at the present time, the available data on element clarkes
for major geologic time spans are still inadequate to perform such a quantitative
analysis.
Most of the metallogenic provinces share a common feature of polymineralization, i.e., anomalous concentrations of a group of elements that are closely
associated in spatial distribution. In general, geologic and ore formations developed
in the same metallogenic unit are often characterized by the same or similar geochemical signatures and certain, associations of elements. This geologic-geochemical
phenomenon has been referred to as 'the law of package mineralization', which
contains two principle components: typical combination of polymetallic mineralizations in space and genetic concurrence of different types. This 'law' is important,
as it provides a conceptual framework for estimating mineral potentials of certain
elements from other closely associated elements and to infer potentials for mineral
deposits of related genetic types.
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Chapter 5
Geoscience Information System
In order to quantify and integtate geoscience information effectively in min-

eral resource estimation, the information of different geofields on resource properties, quantities, and boundaries of mineral endowment units must be identified and
classified comprehensively. This consideration is crucial in both theoretical analysis and practical applications, as the geoscience information system plays a central
role in the entire resource estimation methodology. Significant progress in resource
estimation can not be made until geoscience information is more fully extracted
and synthesized. This chapter relates to Chapter 4 in that the identification of
small scale metallogenic and estimation of their mineral endowment require geoinformation and this information derived from various geodata analyzed vis-a-vis
metallogenic principles and geoscience.
5.1 GEOLOGY

Geologic information provides a firm foundation upon which other geoscience
fields, e.g., geochemical, geophyical fields, etc., can be reliably interpreted and synthesized. Some geologic information, like outcrops of certain spatially associated
lithological units together with their correlations with tectonic settings and mineral
occurrences, is direct and prior knowledge about the presence of ore formations,
which is in tum valuable information for the delineation of metallogenic units.
Regional and Local Structures
Local or regional structures, including faults and folds, are especially important information for locating ore deposits, delineating zones of anomalous mineralizations, and identifying boundaries of geological units. Based on the 'father-son'
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relations of a fault system, for example, a hierarchy of ore concentrations controlled by certain geologic-tectonic characteristics may be established. However, in
practice, this is often difficult because of structural features superimposed during
subsequent tectonic evolution. Accordingly, different combinations of the structural
fields corresponding to particular overlapped geological epochs must be isolated, so
that the ambiguous correlations with major mineralization processes can be minimized. For example, based upon temporal and spatial associations, the major and
minor fault groups that constitute a complex fault system should be identified and
isolated in order to recognize those that are the major controling factors of ore distributions and formations. Each of these groups may be conveniently classified into
either of the following categories: pregenetic, syngenetic, and epigenetic structures,
which are defined as structures activated before, concurrent, and after formation of
ore deposits, respectively. With respect to their correlations with ore deposits, for
example, pregenetic structures may be irrelevant, whereas the syngenetic are controling and constructive, but epigenetic are usually destructive. Structural relations
to mineralization are complex and can operate differently in different metallogenic
units. One deposit may be localized in several types of geological structure, whereas
ore consentrations in many districts exhibit patterns that are associated predominantly with a single type of structure.
Lithology
Diversity and complexity of lithologies are generally positively correlated
with concentration of ore elements. Since the formation of a large and unique
ore deposit usually requires a long evolutionary history during which many crustal
processes are superimposed, the lithological units associated with such deposits,
together with other relevant features of geological environment tend to be much
more complicated than those with no or minor mineralization. There are two different levels of information about lithologies that are useful in the estimation of
mineral endowment: ore-bearing or ore lithological units and typical association of
lithological complexes. Within a basic metallogenic unit, e.g., mining district, ore
deposits may occur exclusively, or at least preferentially, in certain lithologic units.
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Naturaily, information about the presence of, extent of, or petrologic features of
such units is very important in the estimation of mineral endowment. Spatial and
temporal distributions of lithological units and their correlation with ore deposits
reveal lithological signatures of mineralized areas or ore formations.
Although the question of where ore constituents originate often is rather
illusive, lithological associations may reveal certain information about sources of
metals in ore formations. The ultimate anwser must involve analysis of enrichment
and depletion relativities between neighboring lithological blocks. Although only
rarely does available information permit a firm identification of sources, some modern techniques do provide partial information. For example, a geologist may use
lead isotopes to study ore minerals that contain appreciable lead, sulfur isotopes to
tag sources of those anions, initial strontium isotope ratios to define source volumes
of stocks and batholiths, oxygen and hydrogen isotopes to evaluate water origens,
and stable isotope ratios, e.g.,
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Sn/ 86 Sn, to indicate possible source from either

the crust or the mantle, depending on magnitude of the ratio (Guilbert and Park,
1986; Lin and Wang, 1987). Material balance relations may be useful for inference
about ore sources, using relative quantities of ore mineral added or removed from a
lithological unit, or for inference from a known source to magnitude of metal in ore
formations.

Hydrothermal Alterations
A feature typical of many ore deposits or formations is the presence of zoned
hydrothermal alterations around the mineralized fields, as any ore concentration is
associated with some hydrothermal ore-bearing fluids. Migration of ore-bearing fluids is usually a function of rock porosity and permeability. Movement of these fluids
results in hydrothermal alterations that reflect the effect of geochemical processeschemical reactions between hot fluids and hot or cold wall rocks. New groups of
minerals are formed in place of the old ones during alteration process; some of these
may be ore minerals, which form when useful elements are brought in or activated
from other rocks and deposited in host rocks. The typical associations between
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alterations and mineralizations have been widely established for many different genetic types of ore deposits.

5.2 GEOCHEMISTRY
Nonuniformity is one of the major characteristics of the distribution of chemical elements in space and time due to complex superimposed tectonics and differentiation of the earth, as well as different chemical properties inherent to the various
elements. Concentrations of geochemical elements are enriched in some sections of
the crust characterized by certain tectonic and geologic environments and depleted
in other regions with different environments. This permits geologists to locate and
delineate anomalous formations rich in certain groups of elements, constituting a
possible geochemical province, which is a useful criterion for zonation of metallogenic units. By the same token, a negative geochemical province can be defined
based on those lithological associations where certain elements are depleted.
Both direct and indirect information on mineral resources may be inferred
and extracted from geochemical fields, depending on types of geochemical samples
and analytical precisions. The conventional sources of geochemical data include
rock chips, soils, stream sediments, water, and heavy minerals. A number of modern
techniques have been introduced for collecting geochemical data. For example, the
remote sensing techniques to collect geochemical information (Guilbert, 1982).
Lithogeochemical Sample
Lithogeochemical sampling is one of the most widely used geochemical
prospecting methods. Past geochemical exploration has shown that direction of
element concentrations during movement of ore-bearing fluids is generally guided
by certain trends or patterns. This phenomenon, which has been referred to as
the 'geochemical specification', is particularly apparent in magmatic types of rocks,
meaning that concentrations of specific elements typically exhibit a substantial decrease or increase of the concentration when compared with their clarkes. For
example, elements, Ni, Co, etc. are usually associated with the ultramafic rocks;
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Fe, V, etc. with the mafic igneous rocks; and Nb, Ta, and other HE's with pegmati tic

differe~tiates.

This geochemical characteristic is particularly valuable for

identification of geological formations that contain mineral occurrences, as it offers
a generalized rule of typical 88SOciations of geological bodies in space and time.
Another goal of rock geochemical analysis is to recognize primary aureoles which
originate through diffusion of metals into wall rock around hydrothermal deposits
during ore deposition. They are either enriched or depleted in metallic and other
elements, depending on the mineralization process. A group of genetically related
geological bodies is usually associated with typical geochemical signatures, because
of the involvement of the bodies in the mineralization processes.
Soil Sediment Sample
Mineral deposits or ore formations often exhibit secondary aureoles of certain
elements in adjacent crustal rocks and in soils eroded by the weathering and erosion
of ore formations. Secondary aureoles of various types arise depending on chemical
compositions of deposits and wall rocks, and according to hydrothermal alterations,
tectonic environment, and weathering intensities. Residual soils generally reflect the
primary distribution pattern of selected elements in underlining parent lithologies
expanded in a recognizable fashion, but superimposed on it are the effects of many
surface processes. Some of these processes tend to make element distribution more
homogeneous in the soil and thereby tend to subdue the primary pattern, and others tend to form vertically differentiated horizons (soil formations). This dynamic
system is further complicated by removal of elements during weathering and soil
formation. The effects of all these factors on the formation of anomalies in residual soil are best understood by consideration of some basic physical and chemical
charateristics of anomalies in soil. It has been documented that the most important
of these characteristics include (i) the mode of occurrence of the indicator element,

(ii) the form and magnitude of anomaly, (iii) the homogeneity of pattern, and (iv)
variations with depth (Rose et al, 1979).
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Stream Sediment Sample
Prospecting for stream sediments has been widely used for detecting promising areas for detailed geological investigation and mapping in a relatively large study
region. One important application of stream samples is to recognize sources of ore
elements that may be mineral deposits or mineralized areas rich in these elements.
The data from these geochemical samples are indirect information on localization
of ore-bearing or ore formations, as element anomalies of this type originate' from
depositions of these elements carried by the moving stream. A successful interpretation on the stream data must be predicated upon the following four components:
(i) delineation of the influential regions that are usually defined by the drainage
basins of various scales, (ii) construction of typical associations of ore elements and
background geologies, (iii) connection of these data to rock sampled data and other
geochemical information, and (iv) correction of the element concentrations based on
transportation patterns of these major elements. Although this exploration apporach has been successfully applied to mineral prospecting, it is subject to a number
of constraints: (i) primary mineral sources are often ambigueous, as anomalous
concentration of elements can be from either primary ore deposits or the wall rocks
located at the two sides of the stream banks, (ii) indication of true anomalous locations is usually fuzzy because of the dynamic nature of stream system, (iii) data
collection is sometimes too much constrained by the drainage network.

Heavy mineral sample
Heavy mineral samples are particularly useful for delineating primary aureoles. There are two types of heavy mineral samples: artificial and stream. Artificial
samples are valuable for mineral potential, rock and ore genesis, and primary aureole analysis. However, costs associated with sampling and analysis are much greater
than for many other methods. Heavy mineral sampling from streams is much more
indirect than the artificial method. In analyzing samples from a dissected and complicated stream network, the influence of sediments of the main stream must be
considered. Information from these samples is more or less ambiguous and indirect,
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but it helps to identify not only typical 8BSOciations of major elements, and also
mineralogical signatures for locating primary favorable targets.

5.3 GEOPHYSICS
The information content of geophysical data varies considerably, depending
on the thickness, composition, status of sedimentary rocks overlying crystaline basement, complex degree of superimposed geologic history, etc. Naturally, the most reliable interpertation can be derived where the basement rocks either outcrop directly
or are overlain only by Quaternary sediments. The transfer function of sedimentary
cover, apart from its thickness, is greatly affected by the stratification of lithological
units with different densities and other physical and chemical properties. In many
exploration cases, the obvious relations between geophysical anomalies and physical
features of geologic bodies are blurred due to the frequent alterations of lithologic
compositions and mineralogical associations. Heterogeneities of sedimentary covers,
which are not associated with the mechanism of deep structures, suppress useful
information (Bogoslovsky et al, 1983). The effect of variations in the thickness of
sedimentary covers on deep geophysical investigations may be explored by filtering
and signal/noise analysis. Detailed areal geophysical prospecting verified by drilling
and outcroped rocks can also provide certain information on such heterogeneities
including various properties and relations of geologic objects.
In any event, geophysical fields have been proven to be very useful in investigating basement morphologies in areas covered by thick sediments, inferring
concealed and deep-seated geologic structures, and in delineating geologic objects,
such as intrusives and mineralized bodies.

Gravity Fields
An effective use of gravity fields, like other fields, rests upon establishment
of a set of signatures that characterize forms, sizes, depths, as well as masses of
various geologic objects and their relations to mineralization. A reliable use of
gravity field, however, requres geological information and understanding to reduce
errors in interpretation of the field.
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The most direct information derived from gravity fields is the density of
geological bodies. The isostatic residuals characterize the relative differences of
spatially distributed geologic bodies and approximate roughly the weighted average
densities of lithological units that occur at depth at an observational point. Hence,
a gravity high would indicate that the geologic objects in that neighborhood have
higher average densities than the others that surround them. Conversely, a gravity
low indicates that those bodies involved possess relatively low average

den~ities.

Average rock densities vary considerably with geological phases, such as porosity,
water saturation, hydrothermal alterations, metamorphism, fracturing, and mineralization that have been superimposed on the basis geologic bodies. Because
of the heterogeneities in rock densities created during complicated geological processes, even the same lithological unit in different spatial locations may produce
different gravity anomalies, and different lithological units may give similar gravity fields. This non-unique correspondence can cause serious difficulties in geologic
interpretation, regional comparisons, and delineation of geologic bodies, but these
shortcomings may be compensated for, at least in part, by the joint consideration of
gravity field with other relevant geofields. Conceptually, a higher density resolution
of lithologies would lead to better accuracy in identication of geologic boundaries,
since anomalies are highly contrasted. Difficulties, however, do occur when density
resolution between the adjacent lithological unit is so low that the differences of
these anomalies are mostly blurred. This problem may be reduced somewhat with
the use of enhancement techniques.
The scale of a gravity anomaly is usually a good indication of the size of
a geologic object. But the anomaly scale can be affected not only by the size of
geologic object itself but also by the depth of source, A source with large mass at
shallow depth generally produces a very broad and strong anomaly, and a source
with small mass at considerable depth generally produces a small and weak field.
A mechanical factor that influences the features of gravity map is data density.
Data density exerts a strong influence on the size of geologic bodies that can be
identified. Very sparse data may cause considerable loss of important details about
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smaller lithological units related to mineralized bodies. Determination of object
sizes is clear-cut only if that body is isolated from all others in space. This problem
may partly be lessened with the help of inverse techniques and other tools, such as
second vertical derivative, but it never is resolved to perfect satisfaction.
Since gravity fields are influenced strongly by those objects near the surface
generally having high amplitude and short wave length, the features of gravity
fields, especially residual fields, are important to identification of intrinsic geologic
bodies. Furthermore, mineral endowment at some scale must be influenced by size
of geologic bodies. Consequently, mass of geologic body is valuable information for
estimation of mineral endowment. Under certain conditions, the mass of an object
that produces a gravity field can be estimated from a gravity field.
A serious limitation in conventional methodologies for resources appraisal is
the lack of information on the third dimension (depth), subsurface geologic features.
Gravity fields, like other geophysical fields, carry certain information about depth
of sources. Geologic objects including mineral deposit, as defined, is 3-dimensional
in nature. Besides the delineation of boundaries, several other objectives might be
achieved by considering the third dimension, such as depth prediction for objects,
separation of shallow and deep sources, revealing roots of faults associated with
mineralization, etc.
Magnetic Field
Magnetic fields, like gravity fields, have been applied extensively to field
surveys for many types of metallic deposits, especially large iron deposits and oil.
Additionally, magnetism is useful in small scale mapping of regions having extensive
vegetation or alluvial cover. In magnetic studies, digital aeromagnetic data are
processed and synthesized with other geofields to delineate target areas for certain
mineral deposits.
Basically, magnetic fields carry information similar to that of gravity fields
in the sense of its usefulness in delineating geologic bodies, for they provide information about the third dimension of geology, ranging from magnetic susceptibilities
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of rocks to sizes of geologic bodies, boundaries and masses of lithologies, and depths
to sources. The direct information in magnetic fields is about the magnetic susceptibility of rocks, and all interpretations of magnetic anomalies must be based upon
this feature. This feature reflects lithologies from which the fields originate and is
thus useful for distinguishing boundaries of geologic units.
Magnetic flux density varies considerably from acidic to ultramafic rocks
and from igneous to sedimentary and to metamorphized rocks, reHecting differences
in iron content and mineral forms in the various rock types. The magnitude of
deviations in magnetic fields is much greater than that in gravity fields; therefore,
magnetic data produce higher resolution anomalies, and present much more complex
fields. This affects the use of such fields in two ways. A beneficial effect is that
fields provide more information about the heterogeneities within geologic bodies;
on the other hand, inverse solutions are difficult for complex fields.
Smaller geologic objects can be defined by magnetic than by gravity anomalies because of higher resolution. In this regard, size information in magnetic data
is richer than in gravity fields, but the definition of size is more complex. For example, magnetic properties are non-uniform in volcanic rocks, especially in basalts
and andesites, varying not only in magnetization but also in magnetized directions.
Some volcanic rocks may cause very strong anomalies in one plane; other produce
weak anomalies but fluctuate strongly in another plane. Thus, a determination of
size for our purpose might be approached better by means of statistical techniques
than by conventional, deterministic inverse modeling.
Like gravity fields, an important role of magnetic fields in the definition
of geologic bodies is the providing of information on the third dimension. Scales
of anomalies are related not only to the size of geologic bodies, but also to the
depth of sources. The same scale and type of anomalies might be produced from
different lithologic units located at different depths. Different scales and types of
anomalies possibly are associated with both differences in lithology and buried depth
of geologic bodies. Although these complexities present difficulties in determination
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of depth, some powerful statistical tools have been proposed for dealing with this
task (Spector, 1968; Spector and Grant, 1970).

5.4 OTHER GEOSCIENCE INFORMATION
Besides geologic, geochemical, and geophysical prospecting methods discussed above, there exist a number of other approaches, which deserve attention.
For example, remote sensing techniques, which are widely applied in regional mineral exploration. Five major aspects of these techniques in application to geologic
investigations have been reported by Allum (1981), including (i) as a tool for finding
certain surface mineral depositsj (ii) to find extensions to known mineral deposits;

(iii) to find new deposits in the same general area as known deposits; (iv) as an
exploration method to be integrated with other methods such as geophysics and
geochemistry in an exploration programj and (v) as a method of selecting geologically favarable areas for particular types of deposits when planning an exploration
program.
Although remote sensing methods are useful, their use in mineral exploration
is subject to some limitations. One major constraint is its penetrating capability,
i.e., sensing images underground. Basically, use of this method in mineral exploration is restricted to outcroped or nearly outcroped deposits or associated features.
The methods can be very effective in very remote, lighty explored areas having their
alluvial cover. Another major difficulty is ambiguity in the sensed images as the
sensing is highly influenced by features of landscapes and algricultural vegetatiansj
thus, the images recorded by the sensing instruments, such as the landsat, can be
considerably blurred in terms of features of underlying geologic bodies.
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Chapter 6
The Notion of Intrinsic Samples
6.1 OVERVIEW OF INTRINSIC SAMPLES
Concept
As discussed previously, the inter-grid of cells conventionally employed as
the basic sampling scheme for quantitative mineral resource evaluation has been
found to have a number of serious drawbacks. Resolving these difficulties seems to
be vital for improving mineral resource assessment. The grid of cells constitutes a
quantification scheme; in other words, it is a reference upon which geoscience and
resource information are quantified and integrated. Such a scheme produces a sample of cells, each cell described by multiple attributes; these attributes are geologic
features and resource characteristics of the cell. Besides, being an artificial unit
described by geological and resources, these measures themselves are functions of
size and form of cells, both of which usually are arbitrarily determined. Clearly, the
population represented by this sample does not possess a natural physical analogue.
Accordingly, any direct connection between geoscience information and resource descriptors through grid cells tends to result in poorly defined estimates of mineral
resources and mineral endowment.

In contrast with a population of cells having multiple attributes, consider a
population in which each member consists of a set of genetically related objects, e.g.,
igneous intrusives and associated altered host rock, and each member is described
by fields of the related geologic objects. Here, mineral resource descriptors and
geoscience measures are attributes of a group of geoscience fields which in turn are
attributes of a set of genetically related geologic bodies. Such a scheme employs a
sampling reference for quantification and integration of geoscience information that
is intrinsic to the earth.
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Naturally, improvement over the traditional cell approach is based upon samples from populations of geologic bodies genetically related to the mineral resources
of interest. For convenience, such a natural sample is termed an intrin.9ic "ample (IS). An intrinsic sample may be formally defined as being a repre"entation of
the natural population cOn.9i"ting of a "et of genetically related geologic objecu that
are wually defined by their geofield" (Harris and Pan, 1988). Each member from

the population represented by an IS constitutes an independent set of individual
geologic objects that are genetically related to each other and mineral deposits,
although generally only some of these members contain ore deposits and mineral
resources. Moreover, although a particular member of a population of ISs contains
mineral deposits, it may not be uniformally mineralized everywhere within its volume. In other words, a mineral endowment unit (MEU) generally is a subset of an
intrinsic sample.

Critical Genetic Factor
Any mineral deposit or mineralization can be considered as an anomalous
concentration of one or more elements or their chemical compounds when compared to crustal materials. This anomalous region originated from anomalous genetic processes or their superposition during certain geological epochs. Usually,
a genetic model consists of a hierarchy of earth processes-from preconditions to
post mineralization preservation-which acted during one or more previous time
spans and as such these processes are not observable. Instead, the geologist must
infer their previous existence and operation using observable indirect evidence, e.g.,
geologic features, geochemical suites, hydrothermal alteration, aeromagnetic and
gravity anomalies, etc.
Since particular genetic processes were initiated and developed under certain
specialized circwnstances, existence of mineralization, as a significant outcome of
the processes, must also be conditional upon these relevant circwnstances. In other
words, whether an anomalous concentration of a metal exists in a region depends
solely upon the existence of certain necessary conditions during crustal evolution.
Although there might exist a nwnber of such necessary conditions for a particular
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genetic process or mineralization, one, or at most a few of them, is referred to as
critical. For convenience, this (these) critical or necessary condition(s) is called the
critical genetic Jactor{&} (CGF). The idea of CGF does not rest solely upon one

factor being more important or critical than another in the formation of a mineral
deposit, because unless all genetic factors are present, there is no mineral deposit
or mineral endowment. Criticality, as used here, rests more upon the idea that the
CGF arises from few, preferably only one, earth process and that those feratures
formed by that process can be detected reasonably well by conventional sensing
technologies, e.g., magnetics, gravity, geochemistry, and geology mapping. If this
CGF is not present, the intrinsic sample is considered to be absent. For example, for
a mineral deposit related to magmatic fluids, the heat source that drives intrusion
may be treated as the CGF for identification of the ISs associated with the deposits
of this type.
Generally, only a single CGF is necessary for identifying samples that are
intrinsic for mineral deposits of a single genetic type, wheareas more than one CGF
may be necessary when there is more than one genetic type of interest.
An IS can be further understood to be a member of a population consisting
of sets of geologic objects genetically associated with the CGF, each set being a
member of the IS population. Individuals from the population are called known
ISs if the related CGF is directly observed, while others are unknown or predicted
when the CGF can not be observed directly, but is inferred to exist because of the
presence of geologic fields related to the CGF and to recognition criteria.

Critical Recognition Criteria
The CGF often may be identified as a process, based upon geoscience; conceptually, it may be an abstraction, instead of an observable feature. In order to
make the CGF concept workable in practice, a set of special geologic features which
give firm evidence of the previous existence and operation of the CGF are established. Such a feature is here termed a critical recognition criterion (CRC). Each of
these CRCs constitutes a sufficient condition for existence of the CGF. Any spatial
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location at which one or more CRCs occur is by definition a location within an
intrinsic sample. Without loss of generality, both CGF and CRC can be treated as
binary variables. Let

e

be a CGF and "'1,"'2,. ..

,"'k be k CRCs. Then, we define
(6-1)

CRCs are generally those geologic features which are outcomes of the previously
operative geologic processes and their mutual interactions. Mineralization associated with the genetic deposit type of interest obviously is one of the CRCs and a
sufficient condition for the existence of an IS. According to relation (6-1), it also is
obvious that a location in an IS does not require the presence of a specific number
of the CRCs, so long as at least one of them occurs at that location.

6.2 REPRESENTATION OF GEOSCIENCE INFORMATION
GeoCeatures and Geodescriptors
Define geofeature (GF) as a geologic, geochemical, geophysical, lithologic,
structural, mineralogical, or geomorphic feature of the earth's crust.

Consider

geodescriptors (GDs) as the elementary quantified descriptors of a geofeature.
Clearly, geodescriptors provide a means for the application of mathematical methods. Consider, for example, the computation of area of outcrop or length of fault
within a cell, which are common quantified variables, hence GDs, computed for
cell-based resource studies. A very important consideration in the IS methodology
is to not collapse the dimensionality of the geofeature and the geodescriptors until
spatial variation of all geodescriptors from relevant geofeatures has been described
and jointly analyzed for useful information.
Marginal Geofleld
A general geofield essentially conveys geoscience information in the second
level (GDs being the first level), and is usually constructed from GFs quantified
in the first stage, i.e., GDs. Roughly speaking, a geofield can be u.nder"tood a" a
"et of valu.es of one or more GD" that characterize the "patial variation" of a GF.

As defined, information content of a geofield is richer than the collection of GDs,
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as it places more emphasis on the entirety of geoscience information and captures
information about spatial variations and associations of GDs.
As spatial phenomena, geologic features of a crustal region generally are 3dimensional, although some may be observed in one or two dimensions. Denote by
the expression basic physical unit (BPU), the three dimensional section for which geological descriptors are measured. The following section, which gives mathematical
definitions of fields and defines mathematical operations on fields extends the· BPU
to the mathematical domain,

Vw ,

centered at location w, where w

= (WI,W2,W3).

Let W denote the collection of all central locations, w, within domain V. Then,

V =

UwEW VW

'

Suppose that m GDs, xl,

X2, ••• , X m ,

are measured at location

w in V w. Let zw(v) be the field value of vw and related to m GDs through the
following relation:

(6 - 2)
Designating Zo as a cutoff, we define a set

Wo

= {w;zw > Zo,w E W}.

(6 - 3)

Finally, based upon the above notations and definitions, a geofield, denoted by

F.(zo), given cutoff Zo may be defined by
F.(zo) = {zw; wE W o}.
Given a new cutoff value z~

:f. zo, we may define one or more new fields.

(6 -4)
If z~ > zo,

the new field values of the geofeature are all greater than the new cutoff, i.e.,

Zw > z~ > Zo. It is not always true that a higher cutoff value produces a greater
number of fields than a lower cutoff. In general, any cutoff value that falls within
the finite range, [min(zw), max(zw »), results in at least one field in a specified 3dimensional region that consists of a number of geofeature values at contiguous
locations in BPUs. At each of these locations, the field value of the geofeature is
larger than the given cutoff. Trivially, when the given cutoff is greater than the
known max( zw), there is no field within the given region.
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In actual mineral resources appraisal, the study region is often large and

usually consists of a number of fields associated with a particular kind of geofeature
for a given field cutoff value. Selection of a desired cutoff value plays a crtical role
in use of geofields for delineation of ISs; this is discussed further in a later section.
The BPU, essentially referred to as the elementary component of an IS, is usually
determined by density of sampled data. In other words, the BPU associated with a
particular location is defined by the influential volume of the sample taken at that
location. Consequently, regular sampling results in BPUs of a constant size, while
irregular sampling produces BPUs of different sizes. Finally, although the method
for derivation of the field value for a particular geofeature may vary according to
specific objectives and data availability, one principle that must be followed arises
from the requirement that the field value computed from the geodescriptors must
reflect the major properties of the geofeature. It also may be useful to note that
the above definition of a geofield, which is generally suited to three dimensional
geologic objects, can be naturally adapted to the cases of two or one dimensional
spaces so long as the BPU is appropriately modified.

Optimum Marginal Geofleld
In order to maximize the utility of a geofield, selection of the cutoff value
for delineating the field can not be arbitrary; conceptually, it must be determined
by employing some external information beyond the field itself, since optimality of
the field, generally, can not be self-defined. There does not seem to be a universal
definition for an optimum geofield. However, a method that has proven to be very
useful is to define the geofield in order to maximize the correlation between the
field and an external decision variable, which is usually selected on the bases of the
major objectives of the investigation. For mineral resources appraisal, candidates
for the decision variable include endowment descriptors, mineral occurrences, etc.
Suppose that a decision variable (y) has been selected. Let Zo be an arbitrary
number and ro(z,y) be the sample correlation over all paired sample observations
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(Zi' Yi) such that Zi > Zoo Define Zo to be a number such that ro(z,y) takes on its
.
val ue wh
·I.e.,
maximum
en Zo ·
= zo,

ro = maz zo {ro(z, y)}.
Then, define an optimum location set, W·, given the optimum cutoff zo, as follows:

W· = {w;zw > zo, we W}.

(6 - 5)

The optimum geofield, given the selected decision variable y, is, then, defined as:
(6 - 6)
According to the definition given above, 'optimality' of a geofield is relative
to or conditional upon a selected decision variable (y). There is no method for
precisely quantifying the amount of information contained in an optimum geofield
in an absolute sense; however, there are quantitative descriptions of qualities of an
optimum geofield. For example, one such descriptor is the maximum correlation
value ro, defined previously. H the maximum correlation between field values and a
decision variable is not large enough, then, a qualitative conclusion would be that
the optimum geofield does not contain much information about the properties of
decision variable y and, therefore, this geofield is not very useful for the selected
objective. On the contrary, if the correlation is large, this optimum geofield contains
important information about the decision variable.
The selection of the decision variable plays an important role in defining an
optimum geofield and maximizing the utilization of geoscience information. In mineral resource estimation, the definition of geofields is usually optimized by means
of maximizing the association between the field variable and a selected mineral
endowment descriptor in order to produce the best estimation of mineral endowment. Similarly, when the purpose is to define and delineate ISs, the best geofield is
generally derived by maximizing the correlation between the field variable and the
selected CGF or some CRCs. More generally, the concept of optimum geofield can
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be extended to a set of selected decision variables, instead of one. To realize such
extensions, Y is replaced by a set of decision variables, and the correlation measure
p is redefined as the multiple correlation between the field and the set of decision

variables.
Information Geofttlld
The fields defined above contain only the marginal information of a separate
geofeature relative to some targeted decision variables. Apparently, the extraction
of information in this manner would not be optimal because the different geofeatures are usually more or less correlated and can not be completely separated one
from another without contradiction or redundancy. Moreover, important spatial
variability may be missed if each field is examined in isolation. Accordingly, further
steps must be taken to capture the joint information from the correlated geofeatures
in addition to their marginal fields. Such a goal basically requires the definition of
the third level of information extraction-information geofield&. For brevity, information geofields will be referred to simply as information fields.
An information field is essentially a set of information values synthesized
from spatial geofield& of all relevant geofeatures. Thus, an information field can be

considered to represent a synthesized geofeature. Many demonstrations of multivariate techniques for the estimation of endowment have taken information on the
GDs as given. In contrast, the definition of an information field takes various GFs
as given, but information about the geofeature itself must be synthesized. In general, the following steps are needed to define an information field: (1) collection and
definition of geofields, (2) selection of decision variables, and (3) synthesis of the
geofields.
Suppose that there exist p geofields corresponding to p different GFs. Denote
Z

= (zt, ... ,zp)'

as field values of the p GFs and Y

= (YI, ... ,Yt)'

as t selected

decision variables, where t is generally assumed to be not greater than p. Then,
the synthesized information values S = (51, ...

,5d are conceptually related to the

p geofield values and t decision variables as follows: S = fJ(Zj V), where for the jth
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element in S,
8 j,

8j

= '7j(Z; V), i = 1,2, .•. , t, implying that the information value,

represents one of the synthesized geofeatures from the original p geofields with

respect to the t decision variables. To illustrate this concept, the following presents
a possible practical construction for estimating S:
8j

= Z,8(pj(Z, Y», i = 1,2, ... , t,

(6 -7)

where pj(Z, Y) is the jth orthogonal component of the maximum canonical correlation between Z and Y and ,8 is a column vector of the optimally estimated
coefficients.
Having defined the synthesized information values

8j,

information field can

be readily defined following the same procedure as before. Conceptually, an information geofield associated with any cutoff information value is a function of Z and

Y. Define location set,
WJ

W7, for a given cutoff s~ as

= {w;Sj(w) > s~,w E W}, i = 1,2, ... ,t.

(6 -8)

Denoting A( s~) to be the jth information geofield, given cutoff s~, A( s~) is defined
by:
A(s~)

= {Sj(w); Sj(w) > s~, wE W}, j = 1,2, ... , t.

(6 - 9)

The definition of information fields shows that the amount of geoscience
information that they carry depends solely upon the level of correlation between
the geofields and the selected decision criteria and the quality of the correlation
measure represented by r. Furthermore, it should be noted that the total number
of types of information fields synthesized from p original geofields with respect to t
selected decision criteria is generally equal to t (t

< p), as long as all of the decision

variables are statistically independent.

6.3 DEFINITIONS OF INTRINSIC SAMPLES
As defined previously, an IS is a collection of genetically related geologic
objects. Thus, an IS is by nature three dimensional, as geologic objects are defined
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in three dimensional space. Consequently, an IS may be further understood as a 3-D
representation of genetically related geologic objects; in practice ISs are delineated
from synthesized information geofields. Naturally, a precise delineation of an IS
should be predicated upon an appropriate combination of information fields, as
each of these fields represents only a partial image of the related geologic objects.
Since CGF is a necessary and sufficient condition for delineating a unique IS,
in order to delineate an IS, one needs to develop the quantitative relations between
information geofields and these CRCs. Using the notation introduced previously,
an IS may be delineated by either of the two methods described below: unification
of information geofields (UIG) and synthesization of information geofields (SIG).
UIG Method. Delineation by this approach is made in two major steps: (1)
definition of the location sets associated with the optimun information fields, and (2)
combination of these sets. The first step is similar to that described previously for
defining optimum marginal geofields. Given information values, Sj (j = 1,2, ... , t),
and the selected CRCs, Y = (WI,"" ,Wt)', the optimum information cutoff values,

8j (j = 1,2, ... , t), are selected such that the correlations between the scores and
decision variables are maximized, i.e.,

1I'(8j)

= maxa; {r(sj, V)},

j = 1,2, ... , t.

(6 -10)

Using these optimum cutoff values, the optimum location set for each of the t types
of information fields is defined by

w; = {w;Sj(w) > 8j,W E W}, j = 1,2, ... ,t.

(6 -11)

Then, combination of these location sets yields:

(6 -12)
where symbol ® represents certain unifying operations between the optimum information geofields, such as, union, intersection, etc ..
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Finally, an IS is defined

DB

follows:

IS =

(6 -13)

UwEW. V w •

SIG Method. This approach employs three major steps. First, create the
synthesized scores (s) by combining the t information geofields in such a way that
the correlations between information fields and the CRCs are maximized. This may
be represented simply by the general functional relation:

S

= g(S17 ••• , Stj Y). One

of many possible explicit constructions is linear:

(6 -14)
where c·

= (ei, ... ,en' are the optimum coefficients determined by the criterion:
7I"(c·) = maxc>o{r(S, Y)},

(6 -15)

Second, find the optimum cutoff for the synthesized information values s, s· ,
and then, define the optimum location set, W·:

W· = {s(w)js(w) > s·, wE W}.

(6 -16)

Finally, an IS is defined in the same form of equation (6-13) with replacement of
the set W· by the one defined in (6-16).
Although the two definitions look very different, both employ the basic rule
of maximizing information of geofields with regard to a set of CRCs. In this sense,
ISs are optimally delineated, and information contained in each of these fields about
genetically related geologic objects is considerably enhanced beyond the information in the original geodescriptors and beyond the information of all marginal fields.
It should be noted that the quality of ISs delineated through information geofields

depends upon both the information of these fields about the genetically related geologic objects and the methods of information enhancement. Finally, it must be
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emphasized that ISs
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defined in this section are geologic bodies in a three dimen-

sional space, but this definition can be readily adapted to one or two dimensional
space, by making appropriate modifications in definition (6-13).

6.4 IDENTIFICATION OF INTRINSIC SAMPLES
General Framework
As described in previous sections, the major elements of the IS concept include CGF, CRCs, multiple GFs, and various geofields. Delineation of IS requires
the construction of a general framework of analysis that associates appropriately
these principle elements. Using the definitions given earlier, the general procedure
for identification of an IS is outlined in Figure 6-1, from which a few features can
be readily seen. The most pronounced one is that the CGF constitutes the nuclei
of the entire system, bridging between fundamental geoscience theories (ore genesis, tectonics, and metallogenesis) and the delineation of ISs. The second is the
emphasis given to the selected CRCs, which connect the original geofields and information fields, to the ISs. In principle, both CGF and CRCs are determined by
observed field relations and by metallogenic models. There is still another feature
in the figure that merits comment: the direct inputs for identification of IS are
various geofields, representing important geofeatures, instead of the geodescriptors,
even though the later are the basic quantification of the geoscience information.
Although each of the geofields is generally constructed from a set of geodescriptors
of some geofeature, a field may sometimes be derived from a single geodescriptor.
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Figure ~1 General procedure for identification of intrinsic samples.

Fj's are geologic features.
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Intrinsic Samples, Geologic Bodies and Geoflelds
Each kind of geofield represents certain geofeatures of geologic bodies within
the earth's crust, and the anomalies of each kind delineate boundaries of these geologic bodies within certain contexts. Conditional upon presence of a CGF, each
individual geofield is contained within an IS either in part or in total. Since an IS
is genetically related to a CGF, its delineation is consistent with the boundaries
of some geologic bodies and may be a part of those bodies, for a geologic body
associated with a CGF may be homogeneous with respect to one geofield and nonhomogeneous with respect to another. For example, an IS may coincide with a
homogeneous, small intrusive that hosts mineral deposits, whereas an IS may include only a part of a large mass of intermediate volcanics that possesses a zone of
hydrothermal alteration. In this later case, the hydrothermal alteration zone constitutes a nonhomogeneity of the larger mass, and the nonhomogeneity itself produces
geofields. Similar argument indicates possibilities that one geologic body composed
of one lithologic unit may contain several ISs because of separate nonhomogeneities
associated with a CGF. On the other hand, one IS may include several geologic
bodies, each of which may be internally homogeneous in terms of its involvement
with the same CGF and with geofields. For example, the boundary of an IS could
be delineated by synthesis of several different geofields that are produced by the
contact of two different lithologic units if evidence of the CGF is found and the two
lithologic units both were involved in the evolution of the same genetic process.
The delineation of an IS may also be influenced by geologic bodies at different
depths. Anomalies of some geofields, such as geophysical, consist of contributions
from geologic objects at one depth superimposed upon contributions from those at
other depths, even though high-pass filtering may have been applied to depress the
effects from deep sources. Clearly, geologic objects at different depths could modify
both scale and form of the anomalies of geofields as perceived at the surface. The
consequences of such modification may be positive if the geologic bodies at depth
are associated with the same observation of the CGF; however, such modification
may be misleading if the sources at one depth have nothing to do with the CGF,
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for this effect may cause an imprecise definition of an IS. Therefore, anomalies of
geofields, especially those sensed from the geologic bodies at depth, must be used
with care for the identification of ISs, minimizing distortions from ambiguities.

Comments on Methods for. DeUneation of Intrinsic Samples
VIG Method. This method consists of three major components: (1) select a
CGF and a set of CRCs on the basis of ore genesis and metallogenesis; (2) define
a set of information geofields by means of optimum discretization with respect to
background CRCs; (3) delineate the IS by unification of these information geofields.
Conceptually, variations of the VIG approach are derived from adoption of
different unification methods in the last step stated above. Practically, there are
two important variations: union and inter&ection (logical operators). The union
variation rests upon the assumption that boundary information of an IS can be
decomposed into the sum of a set of linearly independent components, each of which
is characterized by a certain type of geofield definable in space. The delineation of
an IS is the inverse problem; that is, given a set of information geofields, delineate
the boundary of the IS by union of all geofields optimally defined.
The intersection method delineates ISs by intersection of all information
geofields. Clearly, an IS defined by the intersection of geofields would be smaller
than and included in the IS defined by the union of geofields.
Both variations are supported by genetic relations, but the intersection approach is more sensitive to errors and carries a much greater risk of excluding from
the IS crustal material that should be included. Conversely, the union of geofields
most assuredly includes crustal material that does not cont.ain mineral endowment.
These two errors are analogous to the type 1 and type 11 errors in that one can
not be decreased without causing an increase in the other. Another analog can be
drawn using factor analysis, in which the set of factors extracted from arithmetric
data is analogous to the union of geofields, while the set of factors extracted from
logged data is analogous to the intersection of geofields.
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Although these analogies are useful, there may be a a priori reasons for
favoring unions over intersections. One such reason has already been mentioned,
the sensitivity of the IS boundary to errors and imprecisions in the delineation of
the separate geofields. This argument may be strengthened by noting that

the~e

geofields relate to only the CGF, and that the subsequent estimation of mineral

endowment will require that the other genetic factors be considered. In effect,
mineral endowment estimation requires the intersection of geofields of all major
genetic factors. This intersection undoubtedly will define a much smaller field than
that of the IS based upon the union of geofields of the CGF alone. For appraisal
purposes, it seems better to not incur the greater risk of m.Tor that attends the use of
the intersection of geofields, because subsequent analysis of the other factors in the
process of estimating mineral endowment will reduce the sample space. It should be
noted, however, that if the analysis were being performed to support exploration, a
larger size of IS increases exploration cost at the next stage.
SIG Method. This method differs from the UIG in that the former defines the
ISs by optimally discretizing the synthesized information fields after the information fields are optimumly combined, while the latter follows the inverse procedure;
that is, define the ISs through unifying the optimum geofields after these fields are
optimumly discretized. In general, to define ISs by the SIG method, the following
three major steps must be accomplished: (1) select the CGF and CRCs based upon
the relevant ore genetic and metallogenic theories and major objectives; (2) synthesize the relevant information geofields to produce a combined information geofield
with respect to the set of CRCs; (3) delineate the IS as the optimum synthesized
information geofield derived through the optimum discretization of the synthesized
fields based upon the CRCs.
Theoretically, variations of the SIG method arise from different methods
of optimum synthesization of the information geofields vis-a-vis the selected decision GFs (such as CRCs). Although this step attempts to integrate the geofields,
it is different from the last step of the UIG method, as the latter combines the
marginal geofields that have been already optimally defined prior to the unification.
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Therefore, one can see that the UIG method emphasizes the optimum definition of
marginal geofields, ignoring interrelations between the different geofields, whereas
the SIG method focuses on the optimum extraction of geoscience information from
all geofields by considering the field correlations when these fields are synthesized.
Consequently, the SIG method may be preferred to the UIG for delineation of ISs.

Idealized Model of an IS
In order to illustrate the concept of and delineation of IS, an idealized model

for epithermal vein deposits is constructed and shown in Figure 6-2. The model
assumes that epithermal vein deposits are hosted in intermediate igneous extrusives which are superimposed upon older sedimentary rocks. Acidic or intermediate
igneous bodies intruded the sedimentary rocks and subsequently were covered by
volcanic flows from the main magma chamber at depth. On the surface, hydrothermally altered volcanic rocks are found at a few places, indicating the existence of
an unexposed heat source at depth. Heat source has been selected as the CGF.
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Figure 6-2 Idealized model of an intrinsic sample.
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Because of the diffusion of the ore elements from the concealed ore deposits,
a sharp geochemical anomaly is pronounced near the left-hand side of the surficial
volcanic dome. Similarly, fr&ctures developed in the volcanic rocks constitute a
structural anomaly, and the synthesis of fractures and other information delineates
the structural field. Owing to intrusives underlying the volcanic rocks, a gravity high
is observed because of the lesser densities of the adjacent rocks, e.g., limestone. The
magnetic field is greater and much more complicated over the paleo magma because
of its greater iron content and magnetic susceptibility and because of irregular
igneous bodies. The intrusive caused a weak magnetic low at the left-hand side,
even though the volcanic rock above the intrusive offsets it to a certain degree. A
relative magnetic high on the right-hand side is due chiefly to a volcanic cap, with
lesser influence from deep igneous intrusives. The sedimentary rocks have a near
zero magnetic susceptibility. Using synthesis and discretization techniques, an IS
is defined by both union UIG and SIG method. The IS of AB is delineated by the
SIG approach and A' B' by the union method. Several features of this idealized
model merit special emphasis.
First, the boundary of an IS is more or less fuzzy, but for existing data, an
optimum identification can be approached if relevant information is captured. Since
information never is complete, the boundary has a stochastic element, which is introduced in statistical treatments and in identification of the boundaries of various
geofields. The fuzzy property of the boundaries derives chiefly from imprecise geoinformation, the generation of which often ignores important details and ambiguities
in the original concepts.
Second, a 'best' delineation of an IS is achieved through the best synthesis
of all meaningful geofields. This so-called 'best' implies that geologic objects that
comprise the mineral endowment are homogeneous with respect to CGF and that
the mass of 'waste'

mat~rials

is minimized in the IS. Anyone of the four different

geofields shown in Figure 6-2 captures some information about the IS, but misses
other information important to the delineation of the boundary of the IS. Imprecision or distortion of the IS would be almost inevitable if it were delineated using
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only one of the fields. It is intuitive that the synthesis of more meaningful geofields
produces a more precise definition of an IS.
Finally, the forms of ISs are related to all characteristics of the geoscience
environment, i.e., morphology of geologic objects, contacts between the objects,
depth to geologic bodies, etc.. A precise definition of an IS can be reached only
through optimum synthesis of geoinformation about both shallow and deep geologic
objects or their geofieJ.ds, because geophysical information from depth is meaningful
only when it is integrated with geochemical and other geologic information and
when collective information of the multiple data sets that is relevant to mineral
endowment is synthesized.
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Chapter 7
Methodology of Geoinformation Synthesis
The basic procedure and major elements of the new methodology, referred
to as geoinformation

~ynthe~i3,

are developed in this chapter. Some relevant mul-

tivariate techniques for the new approach are also briefly described. These models
include the weighted and targeted multivatiate criterion, optimum discretization
technique, coherency analysis and band pass filtering.

7.1 PERSPECTIVE
A number of methodologies of resource estimation have been developed over
the past decades to quantify gecscience infonnation of various kinds and to estimate some aspects of mineral endowment. These methods have employed various
multivariate approaches to relate geologic variables to mineral resoucre descriptors
on the basis of a grid of regularly spaced cells as observational units. Of special
interest have been the models that describe uncertainty about endowment descriptors, e.g., probability for the number of mineral occurrences within a cell (Harris,
1984; Agterberg, 1981; McCammon, et al, 1983). However, geoscience information
captured by the quantitative variables and multivariate models are sometimes atbest low or even trivial. Mineral resource estimation by quantitative and objective
methods will not improve significantly until more geoscience information is quantified and related in more appropriate ways to mineral resource descriptors. Major
problems that hinder the further development include the following:

• Use of inter-grid cells as information reference destroys or distorts geoscience information about variations of mineral endowment in space.
patterns of mineralizion are oversimplified.

Complex
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• Separation of genetic from occurrence models significantly discounts tbe
predicting power of quantitative and objective metbods for estimation of mineral
endowment.

• Since quantification of geoscience information is based on cells, tbe incurred distortion would be transferred to tbe next stage of integration in relating
geologic features to mineral endowment. EfIective metbods for relating geoscience
information represented by geologic features to mineral endowment descriptors are
rare.
• The lack of geoinformation on tbe third dimension (deptb) is anotber critical factor. Overlooking deptb information of geologic objects severely inhibits tbe
ability to make precise estimation of mineral endowment bosted in three dimensional
geologic bodies.
To lesson these difficulties, a new systematic approach for mineral resources
estimation, referred to as methodology of geoinformation synthesis (MGS), is proposed and described in this chapter. The MGS combines genetic models and occurrence models; its goal is to increase the use of geoscience information by representing geodata in terms of optimum information geofields and interrelating these fields
to mineral endowment descriptors through important genetic factors. The term,
geoinformation synthesis, is not meant to imply the creation of new or extra geoin-

formation in an absolute sense, for new or extra information is never created simply
by processing or interpretation. But, relative to the task of mineral resource estimations, a structured and synergistic use of information from all available geodata
extracts more relevant information than is available from all sources separately.

7.2 GENERAL FRAMEWORK FOR MGS
Terminology
Resource Potentials of Deposit Scale. This category of potentials refers to

those ore bodies, which have not been discovered, within a discovered mineral deposit. In other words, the sources of this potential is the unknown mineralization
of an identified mineral deposit partially known (see Figure 7-1a).
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Re"ource Potential" of Di"trict Scale. This class of resource potentials refers
to the undiscovered mineral deposits within a partially explored mineral district.

.

.

In other words, the source of this potential is the unknown deposits of an identified
mining district (Figure 7-1b).

,al
MINERAL DISTRICT

KNOWN DEPOSIT

DEPOSIT POTENTIALS
MINERAL DISTRICT

DISCOVERED DEPOSIT

DISTRICT POTENTIALS

Figure 7-1 Definition of resource potentials: (a) resource potentials
of deposit scale; (b) resow:ce potentials of district scale.
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Primary variable (PV). A primary variable is defined 88 a GD of some GF or

synthesized GF and it is treated as explanatory information to be correlated with
variables of other types. The conventional term, independent variable, is a special
kind of PV, when variables are mutually and statistically independent. The PV is
a more general concept, including not only well-controlled geologic variables, but
also intercorrelated random variables. Accordingly, this is a more useful concept,
as geologic measurements are rarly deterministic or totally independent.
Background Variable (BV). A background variable is a GF and is used as a

basic information reference for extraction of geoinformation from primary variables.
Selection of BVs relies solely upon major objectives and enhancement of certain
geologic properties. Without employment of certain BVs, synthesized GFs or fields
are less informative and even meaningless. In many cases, BVs are selected from
recognition criteria and other features related to mineral resources.
Objective Variable (OV). Objective variables are usually mineral endowment

desriptors for mineral resources estimation, and other features to be directly estimated. This term is basically equivalent to that of the 'dependent variables'
conventionally used. OVs differ from BVs in that they are directly related to GDs
or synthesized GFs, not just as conditions of information enhancement like BVs.
Framework of the MGS
The geologist performs integration of geodata implicitly, drawing upon his
science, experience, visual capabilities, and useful heuristics. Our objective is to
devise objective and quantitative approaches to geodata analysis that imitate, at
least in principle, the rich integration and synthesis that takes place in the mind of
an expert geologist. Figure 7-2 shows the major differences of the new approach
from conventional ones. Figure 7-3 is a framework of the MGS, showing several
unique features.
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Figure 7-2 Comparision between the new and conventional approaches.
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Figure 7-3 Methodology of geoinformation synthesis.

79

The most unique characteristic of the MGS is the use of intrinsic samples
to substitute for inter-grid cells as the basic information referrence for constructing geoscience relations. The second feature lies in the use of unifying geoscience
theories-ore genesis and metallogenesis, which help to unify diverse geodata prior
to quantitative synthesis. The third is that geofields or synthesized information
fields, not original data, are considered as the basic representation of geoscience
information and linkage between geodata and mineral endowment. The fourth emphasizes the roles of background variables in information synthesis for enhancement
of certain aspects of geoinformation.

7.3 GENERAL PROCEDURE FOR MGS
The entire MGS involves many phases of geodata analysis, from data collection, quantification of geoinformation, synthesized geofields, delineation of intrinsic
samples, to estimation of mineral resources. Ten major stages are identified and
described below.
(1) Construction of Original Geoscience Information System (OGIS) by digitizing, collecting, interpreting, and preprocessing raw geodata in digital, map, and
other image forms. The OGIS contains geodata of various types, e.g., geology,
geochemistry, geophysics, remote sensing, exploration and production, reserve, etc.
Usually, these geodata are expressed in terms of GDs or GFs quantified either regurlarly or irregularly across the entire study region. Prior knowledge of expert
geologists and unifying geoscience theories should be maximally employed in this
stage, so that useful information can be formulated and inferred beyond existing
and directly recorded data.
(2) Classification of Geodata. Geodata contained in the OGIS are sorted and
classified into four categories: primary, background, exploration, and objective. The
primary set generally consists of several subsets, each of which contains a number
of GDs that characterize a particular GF. Similarly, the background set is also
constituted by a few subsets, each of which characterizes special information to be
enhanced. The first background subset is used to derive GFs or geofields through
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combining original GDs in the primary set. The second subset, including those GFs
closely associated with objective variables (mineral resource descriptors), is used to
create synthesized information geofields from original geofields. The third subset,
containing selected recognition cretiria, is employed to delineate intrinsic samples.
Data set of the third category, containing information about exploration
efficiencies, is crucial f.or construction of geoscience relations between mineral endowment and geodata, as, without consideration of these data, estimates of mineral
endowment are biased. The objective variables contain information about productions and reserves of known mineral deposits or distritts, including mineral resource
descriptors.
(3) Generation of Geofields. Geofields for various GFs are generated from the
primary data set synthesized with the first background variable set. Representation
of geodata by fields achieves much more comprehensive information.
(4) Identification of CGF and CRCs. On the basis of ore genetic and other
geoscience theories, a CGF is first identified for delineation of ISs. This is a crucial
task, as this allows the use of unifying geological theories in integration of geodata
and estimation of mineral resources. To recognize CGF in practice, a set of CRCs
must be identified to serve as the necessary conditions for existence of the CGF and
ISs.
(5) Selection of Control Areas. Several stages in this methodology require
selection of control areas, including generation of geofields, creation of information fields, delineation of ISs, and estimation of mineral resources. A control area
selected should: (a) have the highest density of mineralization of the selected genetic type and contain no, or at most few, deposits of other genetic types, (b) be
most thoroughly explored in terms of the mineralization of interest and other earth
processes and their outcomes, (c) be representative in terms of the spectrum of
available data and contain various geologic variables, and (d) be large enough to
contain a number of samples sufficient to represent the entire population and define
quantitative relations.
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(6) Creation of Synthesized Information Fields. Given the second background variable set, the geofields derived above are further synthesized to produce
information fields. The power of original individual geofields to predict variations
in mineralization is considerably enhanced by capturing information about interactions with background variables.
(7) Delineation of Intrinsic Samples. ISs are delineated from synthesis of
information fields with the third background variable set (CRCs) through two major
steps: combination of information fields and discretization of the combined field.
(8) Quantification of Synthesized Primary Data Set. A set of synthesized
GDs is quantified from information fields. This set together with exploration variables are employed for estimation of objective variables. In many cases, it is useful
to factorize the synthesized GDs to eliminate collineatities among GDs and reduce
dimension of the variable space. For similar reasons, exploration variables may also
be factorized to reduce the dimension of the exploration variable space.
(9) Construction of Geoscience Relations. Data on control areas are collected for both synthesized primary and objective variables. Then, the geoscience
relations between primary and objective variables (mineral resource descriptors) are
constructed. The estimated model is validated prior to its use to estimate mineral
endowment beyond the control areas.
(10) Estimation of Mineral Resources. The tested model is applied to both
control and noncontrol ISs; mineral endowment and potentials are estimated. Mineral resource potentials are classified in Figure 7-4.
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Figure 7-4 Representa.tion of total mineral resources.
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7.4 A PRIORI WEIGHTED AND TARGETED
MULTIVARIATE MODEL
Motivations
The primary motivation for this model is the need for a criterion which can
be utilized to synthesize diverse geodata with certain priori identified background
variables. The basic task is to generate a set of synthesized scores from GDs so as
to represent GFs at different spatiallocationsj the magnitudes of the synthesized
scores characterize the strength of correlations between primary and background
variables. This model is useful for two purposes: (i) derivation of original geofields
and (ii) creation of synthesized information fields.
Conceptually, factor analysis may be employed for this analysis. The new
technique, however, is favored for several reasons. First, scores generated by factor analysis or other traditional methods generally do not represent associations
between combined geologic variables and background variables, as these methods
condense data structures only by considering inter-correlations among primary variables. Second, without emphasis on certain background features, factor scores are
not sharp enough to recognize boundaries of geofields and ISs. Third, prior information and weights can not be employed by factor models.

Model with A Single Background Variable
Let X =

(Xt,X2, ••• ,Xm)

sample points and W

=

(Xij)n.m

be observations of m variables at n

= diag(wll,w22, ... ,Wmm ),

Wjj

> 0,

j

= 1,2, ... ,m be

prior knowledge on the m variables. Denote t' = (tI, t2' ... ' tn) as a background
variable. Define

(7 -1)
where s is a vector of synthesized scores. Given prior knowledge, W, and background variable t, s is directly dependent upon v. In order to compute the scores
we must estimate the vector v. Thus, finding the best s is equivalent to finding the
best selection of v with respect to t.
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By maximizing the correlation between X and t, under certain constraints,
v is found by solving the following generalized eigen-problem (Appendix I):

Hv = l(t'Qt)Gv,

(7 - 2)

where Q = 1- (l/n)J, G = WX'QXW, H = WX'Qtt'QXW, and J = (l)nxn.
Since the rank of H is one, the eigenvector BBsociated with the first eigenvalue
is the unique and best estimate ofv. Substituting this estimate into equation (7-1),
the best synthesized scores for n locations are then produced. It is seen that the
nonzero eigenvalue is the squared correlation between the synthesized scores and
background variable:

(S'Qt)2
l = (t'Qt)(s'Qs)'
implying that the model maximizes the correlation of synthesized scores with the
background variable.

Model with Multiple Background Variables
Suppose that p (> 1) background variables are selected: T = (tij )n*p =

(th t2' ... ' tp). Without loss of generality, assume that the p background variables
are linearly independent and number p is less than m, number of the geologic
variables. Define p-dimensional scores:

S=XWV,
where V =

(Vjl;)mxp

=

(VI, V2, ••• , vp),

(7 -3)

p-dimensional unknown coefficients.

Under a criterion similar to that used previously, but with necessary modifications for increased dimensionality of V, the best coefficients V are derived from
solving the following generalized eigen-problem (Appendix I):
p

HVj

= lj(Lti.Qtl;)GVj, j = 1,2, ... ,p,

(7 - 4)

1;=1

where H

= WX'QTT'QXW,

eigenvalue.

G and Q are defined previously, and lj is the jth
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The following results are readily obtained:
•
IIs'QTII 2
>'j = (s'.Qs. )(}:P i' Qt )' J = 1,2, ... ,p,
J

J

1:=1 If

k

showing that the j'h eigenvalue is the j'h squared partial correlation between the ph
synthesized score vector and the p bwground variables. As in factor analysis, the
first few vectors of the synthesized scores representing most information of original
geologic variables about the bwground variables are of special interest. Finally,
the p-dimensional synthesized scores are computed by substituting the estimates
of coefficients, V, into equation (7-3).

7.5 OPTIMUM DISCRETIZATION (OD) METHOD
Motivation
Some major geological problems requiring discretization include anomaly
and background separation, delineation of mineral targets, selection of geological
variables, and enhancement of geoinformation. In addition, discretization is also
useful for unifying diverse geodata for implementation of some statistical techniques
for mineral resource estimations, e.g., characteristic analysis (Botbol, 1971). The
common task of discretization problems is to find one or more critical threshold
values. Often-used methods include (1) the frequency methods; (2) second vertical
derivative; and (3) trend analysis of residuals.
A basic principle for optimum discretization is to enhance as much as possible the information of the measure being discretized about a background variable.
Conventional approaches to discretization are not optimum in terms of this principle, as they define the critical cutoff values only by features of the measurement
itself, without considering external information.
The present motivation for use of OD methods is to define geofields, synthesized information fields, and ISs. Three nonparametric OD techniques, isolated
weight method, entropy information method, and rank correlation method, are proposed by Pan and Harris (1989b). Only the entropy information method is described
below.
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Suppose that the measurement x being discretized is observed on a sample of
size n: x E [xo,xO), (xO

> xo). A qualitative variable y is selected as the objective

feature, which is observed on the same sample: y E {y!, Y2,"" Y.}, where Yj (j =
1,2, ... ,8) are the single numbers. Let P(Yj) (j = 1,2, ... ,8) denote the occurrence
probability for value Yj. Then, the entropy, H(y), ofy and the conditional entropy,
Hx(Y), of yon x are defined as follows:

•

H(y) = - LP(Yj)lnP(Yj),

(7-5)

j=1
II

Hx(Y) = - LP(Yjlx) lnp(Yjlx).

(7 - 6)

j=1

In equations (7-5) and (7-6), when p(Yj)

= 0, we assume that P(Yj)lnp(Yj) = O.

On the basis of these definitions, the relative entropy infonnation of x on y is
introduced as follows.
Define the relative entropy infonnation on y contained in x as (Pan and Xia,
1988):
p(x -. y) =

tlI(x -. y)
H(y) ,

(7 -7)

where tlI(x -. y) = H(y) - Hx(Y).
A large value for p indicates a strong dependency of y on x, and vice versa.
Because of uncertainty about x, the relative entropy information p(x -. y) is also
uncertain. Therefore, its mean value is computed:

p(y) =

J

p(x -. y)g(x)dx,

(7 - 8)

where g( x) is the probability density for x.
Now consider a discretization of x into m subintervals, each of which is associated with a probability g(Xi) where Xi is the median of interval i (i = 1,2, ... , m)
and E~1 g(Xi) = 1. Thus, equation (7-8) can be written in the following fonn:

(7 - 9)
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Using Bayes formula, we have

and

(7 -10)
Let nij be the number of observations for which x takes values within the
subinterval i and y takes value Yj (i = 1,2, ••• ,m and j = 1,2, ... ,8). Then, the
maximwn likelihood estimates of the relevant probabilities are
nij
n.j
ni.
P~( Xi IYj ) = , P~()
Yj = , 9~()
Xi = - ,
n.j

n

n

(7 -11)

The maximum likelihood estimator for the mean of the relative entropy information is

~( ) _ 1- E~l Ej=l nij In(nij/ni,)
p y -

~"

(/)'

LJj=l n.j In n.j n

(7 -12)

The basic objective of this approach is to choose a scheme for discretizing
the interval Xo < x < xO into m (m

> 1) subintervals. This is equivalent to

determining m - 1 threshold values by selecting a set of m - 1 critical cutoff values
within the range [xo, xO] such that the estimated relative entropy information of x
on the objective variable y is maximized. Such a scheme is considered as the best
discretization of x into m subintervals with respect to y.
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7.6 COHERENCY ANALYSIS AND BAND PASS FILTERING
Coherency Analysis
One of the most critical tasks in the delineation of ISs is informa.tion synthesis of different GFs or geofields. In this analysis, completion of this task relies
heavily upon construction of intrinsic relations between geochemical and geophysical features or fields. Coherency analysis is useful in this regard.
Let x and y (scalars) denote two GFs and denote hxx, hyy, and hxy as their
auto-spectrum and cross-spectrum densities, respectively. Then, the coherency
function between the two GFs, wxy(u), is defined as follows (Priestley, 1981):

( )

_

wxy u -

Ihxy(u)1
[h xx (u)h yy (u»)1/2'

(7 -13)

where u is the wave number.
If power spectral densities are smoothed, then w xy (u) is called the smoothed

coherency function between x and Yj otherwise, it is referred to as the raw coherency
function.

The cross-spectral density is complex-valued in general and may be

written as:

hxy (u) = Cxy( u) + iqX)'( u).
Thus, (7-13) may be rewritten as:

(7 -14)
The coherency function in (7-13) can be extended to two-dimensional GFs:

Ihxy( u, v)1

wxy (
u,)
v = [h xx (u,v )hyy (u,v )]1/2 '

(7 -15)

or,
2 (

)

wxy u, v =

c!y(u,v)+q!y(u,v)
hxx ( u,v )hyy (U,V ).

(7 - 16)
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The statistical significance of the coherency spectrum may be tested. A test
for zero coherence at frequency u has been derived from the analogy of the correlation case (Priestley, 1981). It is shown that, under the hypothesis that Iwxy(u)1 = 0,
the following holds:

where m

= 0.5(N/cw -

2m lwxy (u)12 ~
1 - Iwxy ( u)12 - F2 ,4m,

1); Cw

= 271" f":", W~(u)du; WN(U)

(7 -17)
is a spectral window

selected to smooth the spectral densities; N is number of observations; and F2 ,4m the
F-statitic. Tables and graphs for constructing confidence intervals for coherencies
are available (Priestley, 1981).
The physical meanings of coherency are intuitive and may share some logic
in common with the concept of correlation in the space domain. By analogy an
intuitive appreciation of coherency like correlation is its measurement of similarities
between GFs. Coherency differs from correlation in that it is based upon the cross
power spectrum, while correlation is based upon covariance. Coherency at a specified frequency has only to do with the power spectral energies at that frequency,
regardless of the energies at other frequencies. In contrast, correlation is affected
by all of the data in the fields.
A potential field presents compound effects of energies from various sources
and frequencies. The power spectrum recollects the features of geologic objects
according to magnitudes of their energies in the frequency domain and is rich in
information on the depth of sources and on the distinction of regional and local
components. IT the coherency between two geofields is statistically significant for
a particular band of frequencies, then the sources of the two fields at this band
are likely to be the same objects. On the other hand, if coherency is very low for
a particular band of frequencies, the two fields are said to be incoherent and are
believed to be from objects that differ in that band by either energies or form.

Band Pass Filtering
Band pass filtering is a kind of filter designed in such a way that it allows

all frequency components in a band (11, h) to pass through unattenuated, but all
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other frequency components are theoretically completely suppressed. This form of
filter is particularly desirable when selection of a band from one field is needed
that retains the most important information about some background variable. The
cutoff frequencies

II and h may be identified through coherency analysis of a GF

to a background variable.
There are at least two ways to achieve band pass filtering. One of them is
to employ a filter designed specifically for that purpose. The other is to repeat
the use of low or high pass filters, so that a band pass is achieved by multiple
filtering. Accordingly, joint use of coherency analysis and band pass filtering would
be very powerful in synthesizing of diverse geoinformation and delineation of fields
and ISs. This analysis plays a critical role in the synthesization of geophysical and
geochemical fields.
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Chapter 8
General Features of the Case Study:
the Walker Lake Quadrangle
The Walker Lake quadrangle comprises the area between 38° and 39° North
latitude and 118° and 120° West longitude, and includes parts of the states of
California and Nevada (Figure 8-1). Parts of this quadrangle exhibit epithermal
gold-silver mining districts. Accordingly, this quadrangle is selected as a case study
of the use of geoinformation synthesis and intrinsic sample methodologies for the
estimation of epithermal gold and silver resources.

8.1 MAJOR METALLOGENIC FEATURES
Tectonic Setting
Major tectonic settings of epithermal precious metal deposits include island
arcs, continental arcs, leaky transform faults along continental margins, and continental spreading or rifting environments (Bagby and Menzie, 1986). The Walker
Lake quadrangle is located at western edge of the Great Basin, part of the Basin
and Range province of the western U.S., which includes Nevada and parts of adjoining states (Figure 8-1). The Walker Lane, which is approximately coincident with
the California-Nevada border, is a major structural feature and is considered to be
the site of large-scale, right-lateral displacement that is occurring as fault slip and
as pervasive large-scale drag (Silberman, et al, 1977). Major strike-slip faults cut
Miocene and younger volcanic rocks in some parts of the Walker Lake quandrangle,
indicating that a major part of the movement is probably middle and late Cenozoic
In

age.
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Figure 8-1 Index map of case study: the Walker Lake quadrangle.
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Strong faulting took place in the Walker Lake quandrangle during the late
Cenozoic time; these faults divide the quadrangle into several topographic domains.
In general, the major front range faults in the NE, NW, NNW central portion of the

Walker Lake quandrangle bound the tectonically active fronts of major mountain
ranges.
Igneous Activity
During the Cenozoic, igneous activity, largely extrusive, produced varied
assemblages of volcanic rocks, including bimodal basalt-rhyolite sequences. Associated with these rocks in space and time are a variety of hydrothermal precious-metal
mineral deposits, e.g., epithermal gold-silver vein deposits. The igneous intrusives
include various Tertiary acid and intermediate subvolcanic rocks and some shallow mafic intruded rocks. Most Tertiary volcanic rocks rest unconformally upon
pre-Tertiary metamorphic and granitic rocks.

Lithology
The spectrum of lithologies is wide, ranging from the Precambrian I&etamorphic rocks of the basement to the youngest volcanic eruptions of QuatemaryTertiary basalt, but the most abundant rocks are Mesozoic intrusives that developed
chiefly in the areas of the California part and along the NNW major faults. The second most abundant lithologies are Tertiary volcanic rocks, including andesite-Iatite
flows and rhyolite-dacite tuffs, which are major host rocks for epithermal gold-silver
deposits; most mineralized belts are associated with Tertiary andesite-Iatite flows.
Tertiary intrusives consisting of intermediate and mafic subvolcanic and hypabyssal
rocks, as well as some rhyolitic rocks, outcrop in the Tertiary volcanic flows.
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Mineralization
A number of types of mineralization have been found in the Walker Lake
quadrangle, including epithermal precious vein deposits, porphyry and skarn deposits, and placer deposits. More than seven different elements are found in the
mineralization: gold, silver, copper, lead, zinc, tungstin, and iron. Mineralizations
of different types appear to be zoned. Major porphyry and skarn copper deposits
are distributed chiefly in the northern part of the Walker Lake quadrangle, whereas
epithermal gold-silver vein deposits have been found mainly in the south and west
of the region. In addition to these two typical belts of mineralization, a transitional zone, where mineralizations of different types co-occur, lies between the two
belts, mainly containing silver (gold)-lead and copper-gold (silver). This zonation
of mineralization is essentially coincident with patterns of lithological distribution,
i.e., from north to south, the age of rocks changes from older (pre-Tertiary) to
younger (Tertiary).
The most widespread volcanic rocks of the epithermal gold-silver belt consist largely of lava flows, tuff breccia, and intrusive plugs of dacitic, rhyolitic and
andisitic compositions. These Tertiary volcanic rocks host most of the epithermal
gold-silver deposits and occurrences. Granitic intrusive igneous rocks of Jurassic,
Cretaceous, and other pre-.Tertiary ages are widely observed in the porphyry and
skarn copper belt and closely associated with copper deposition. The intrusive rocks,
with which copper deposits are associated, range in composition from granodioritic
to grantic tending to be dominantly granodiorite and quartz monozonite.
Possible interpretations of the origin of mineral belts in the Walker Lake
include (1) transverse zones of lateral faulting developed in Mesozoic and Tertiary
time and interactions between two major structural zones of NNW and NE faults,
and (2) linearity of Tertiary igneous zones which might originate from weaknesses
in pre-Tertiary basement rocks.
Epithermal mineral belts are subdivided into zones: Homer and Aurora,
Candelaria and Camp Douglas, Monitor and Mogul, Silverroad Kentuck and Pine
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Grove, and Cicit Ct and Rand Bovard zones. These zones are strongly controlled
by fracture systems. Mineralized areas occur in clusters along deep fracture zones
found in the eroded tops of arched structures. Disposition of the precious metal
districts is, therefore, not accidental or random, but is determined by well defined
structural features that exist within the mineral zones. A fundamental factor which
is of value in locating new exploration areas is that the mineral deposits occur
in areas of deep fractures. Some of the best areas in which to search for new vein
deposits are the existing mineral districts and areas between districts where deposits
may lie concealed under a cover of alluvium, post mineral volcanic rocks, and thrust
plates.

8.2 GENESIS OF EPITHERMAL
PRECIOUS METAL VEIN DEPOSITS
Initially described by Lindgren (1933), epithermal deposits were considered
to be hydrothermal deposits formed in the shallow volcanic environment at temperatures of 50 0 to 2000 and at moderate pressures. Lindgren considered epithermal
deposits to have been formed from hot ascending waters carrying emanations from
ignous bodies in what could be called subvolcanic terranes. The moderate temperature and presure of formation of these deposits suggest that the maximum depth
of formation is approximately 1000 m.
Epithermal precious metal vein systems are generally believed to be formed
from hydrothermal fluids originating from silicate melts formed deep in the earth's
crust. Hydrothermal fluids having the potential to transport metals are considered
to be saline aqueous solutions that may also come from metamorphic water and
deeply penetrating groundwater or from an associated magma. It is not necessary
that a single igneous body served as the source of heat, fluids, and metals. While
an igneous body is necessary for the heat, fluids and metals may derive from other
rocks.
Major epithermal vein districts occur in zones of repeated fracture, including
normal faults, caldera ring fractures, caldera related grabens, and in areas of doming
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and arching. In western U.S., epithermal vein deposits are thought to be spatially
related to late structrural stages of caldera development. In some regions, however,
uncollapsed volc~c cones are known to host deposits. Some, but not all, concentric
and radial faults that host mineralized veins are related to caldera formation.
Vein deposits are found in volcanic rocks mainly of andesite composition,
but sometimes in rhyolite and rarely in basalt of mid to late Cenozoic age. In many
cases there is no observable relation between ore deposits and intrusive rocks to
which they are allegedly related. However, use of geophysical data might indicate
the presence of related intrusives underneath the volcanic rocks.
Radiometric studies show that vein deposits are formed not too long after the
emplacement of the volcanic series, perhaps 1-3 m yrs after. It is also suggested that
host rock composition may not be a crucial factor in epithermal vein localization. It
seems due to the dominance of rocks of intermediate composition in volcanic belts,
that andesitic and dacitic host rocks appear to predominate over rhyolitic hosts.
With regard to the relationship between ore formation and caldera collapse,
there is no conclusive evidence to relate most vein deposits to caldera collapse. In
many mineral districts, studies show that calderas simply act as structural traps for
much younger vein deposits with which they have no genetic connection.
Important features of the genetic and occurrence models for epithermal goldsilver deposi ts are the intrusion of a silicic magma (heat source) into a pile of volcanic
and (or) sedimentary rocks and the presence of porous rocks which allow the development of convecting geothermal waters (Bagby and Menzie, 1986). Geothermal
processes that influence ore deposition include the following (Bagby and Menzie,
1986): (1) circulating, hot alkali chloride waters, (2) boiling of these waters in the
surface environment, and (3) mixing of ascending alkali chloride waters with descending, oxidized either acid or neutral meteoric waters. Thus, the source of ore
materials in epithermal vein deposits seems to be either intruding magma or volcanic host rocks, or both. The precious metals that may be leached from volcanic
rocks are activated and transported by hot fluids along structurally weak belts and
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deposited where favorable geologic environments were available. Part of the evidence for this point is that some deposits cut across more than one flow and many
of the deposits are capped by post mineral flows. Mineral deposition seemed to
follow the extrusion and solidification of the lava in which the vein occurs and preceded the overlying lavas. Besides cutting the lava flows, some of the veins also cut
underlying much older rocks. Such deposits are thought to have a deeper source
than those that occur exclusively in volcanic rocks. These deposits usually occur
near or in the volcanic centers.
8.3 HYDROTHERMAL ALTERATIONS
Hydrothermal alteration originates from geochemical processes as chemical
reactions between hot fluids and host or wall rocks form new minerals in place of
old ones. Some of these new minerals may be ore minerals, which form when useful
elements are brought in or activated from other rocks and deposited in host rocks.
The evidence of close association between alteration and mineralization has been
widely observed in hydrothermal metal deposits.
The Walker Lake Data
A map of the hydrothermal alterations was produced for the Walker Lake

quadrangle through field evaluation of a limonite map that was compiled from
digitally processed images from the Landsat satellite Multispectral Scanner (MSS)
(Rowan and Purdy, 1984). The authors claim that the limonitic bedrock areas
were extensively evaluated in the field. Each area examined was categorized as
being either altered or unaltered. In a few areas of limonitic sedimentary and
meta-sedimentary rocks, the origin of the limonite was not clear, and a decision
as to whether or not it was a product of hydrothermal alteration was based upon
comparision of the normal mineral content and texture of the lithologic unit with
that of the limonitic exposure. Hydrothermally altered rocks that are not lim.onitic,
such as bleached silicified and argillized rocks, were not consistently distinguished
in the Color-Ratio Composite (CRC) images (Rowan, et al, 1977). These rocks
were mapped during field evaluation, especially in areas having vegetation cover.
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Distribution and Delineation of Alteration Zones
The map of hydrothermal alteration in the Walker Lake quadrangle, revised
from that of Rowan and Purdy, is shown in Figure 8-2. Hydrothermally. altered
rocks are widespread in the Nevada part of the region, but sparse in the California
part. Approximately 30 percent of the limonitic areas proved to be altered (includes skarn deposits). Argillized rocks, including sericitized rocks, are the most
widespread type, accounting for approximately 32 percent of the total area consisting of altered rocks. Silicified rocks, complexly related argillized and silicified
rocks, as well as other miscellaneous altered rocks (e.g., hematite, skarn, etc.) are
also found throughout the study area. Rowan and Purdy (1984) classified the
alteration in the Walker Lake quadrangle into four major belts: (I) the northwesttrending Walker Lane alteration belt; (2) the west northwest-trending Sweetwater
Mountains-Garfield Plat alteration belt; (3) the northeast-trending Markleeville
alteration belt; and (4) the northeast-trending Aurora Bodie Hills alteration belt.
The Walker Lane alteration belt is closely associated with Tertiary rhyolitedacite tuff, Tertiary andesite-Iatite flows, as well as other Tertiary shallow mafic
and intermediate intrusives. The altered rocks in this belt are much less distributed
in Mesozoic meta-sedimentary and meta-volcanic rocks that dominate exposures
to the southwest in the Gillis Range. The second belt is distributed chiefly in the
areas of Quaternary-Tertiary basalt, andesite-Iatite flows, Tertiary sedimentary
rocks, and other Mesozoic meta-sedimentary and igneous rocks. The third belt,
which occurs in the Markleeville area, is closely related to the large mass of Tertiary
andesite-Iatite tuffs, which is also the main lithologic background of the AuroraBodie belt.
Some of these belts, like the Walker Lane belt, exhibit patterns consistent
with the distribution of faults; the distribution of other belts are consistent with the
distribution of mines or prospects found in the area. Heterogeneity can be found
within each belt, making it possible to delineate subclusters, as indicated in Figure
8-2. These features apparently originated from the igneous activity and structural
events which created small scale faults.
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8.4 CRITICAL GENETIC FACTOR
AND RECOGNITION CRITERIA
Critical Genetic Factor
A genetic model in its most generalized form consists of several major earth
processes which are here referred to as genetic factors. Since epithermal deposits
are formed from hot and heat fluids that, in the Walker Lake quadrangle, were
supposed mainly from magmas, heat "ouree is selected as critical genetic factor
(CGF). Selection of heat source as the CGF is further rationalized by the fact that
geologic objects formed by shallow intrusives provide reasonably good signatures
that permit their detection. Moreover, heat source as the CG~'" is sufficiently general
to accommodate mineralization by hydrothermal fluids that are derivatives of the
magma or by formation fluids activated the heat flow from the magma. Preserved
subareal volcanic terranes exhibit surfacialland forms that facilitate identification
of the previous existence of the CGF (heat source); these include stratovolcanoes,
calderas, moors, lava flow dome complexes, radial fracturing, and porphyritic to
glassy igneous intrusives. FUrthermore, under certain conditions magmatic and
gravity fields may give evidence of the geologic objects that comprise the subareal
volcanic terrane.

Critical Recognition Criteria
Delineation of ISs requires first the identification of heat sources, which must
be identified by a set of recognition criteria. These are 'deterministic criteria',
meaning that their presence establishes with complete certainty that that location
is contained within an IS. In general, recognition criteria are dictated by the CGF
and selected on the basis of ore genetic theory and metallogenesis. In the case of
epithermal gold-silver deposits in the Walker Lake area, critical recognition criteria
selected were for heat sources:

• Epithermal gold and silver mineral deposits or prospect (MIN). This criterion includes only epithermal gold-silver deposits or occurrences formed during
Tertiary time.
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• Tertiary intrusives (!NT). These intrusives resulted from the Tertiary igneous activities are acid-intermediate-mafic in composition, including rhyolitedacite subvolcanics and hypabyssal rocks .

• Hydrothermal altera.tions (ALT). This criterion is an important indicator for the existence of heat source. The epithermal deposits in Walker Lake are
closely associated with strong and widespread alterations of different types, such as
silicification, argillization, hematitation, etc.
The rationale for the above is self evident. If anyone of these criteria is
satisfied at a location, then this location is considered to be within an intrinsic
sample. Of course, more than one criterion may coincide or overlap; such is the
case for known epithermal gold-silver deposits.
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Chapter 9
Synthesis of Geochemical Fields
9.1 INTRODUCTION
The data available in the Walker Lake region includes 815 rock samples, 1116
stream-sediment samples, and 1005 bulk-sediment nonmagnetic heavy-mineralconcentrate samples. All three types of samples were analyzed for Fe, M g , C a, Ti,
M n , A g , A .. , Au, B, B a, Be, Bi, Cd, Co, Cr, C u , La, Mo, N6, Ni, P6, 5 e , Sn, 5 r , V,

N, Y, Zn, Zr, and Th using a six-step semi-quantitative emission spectrographic
method. Some elements with low detection levels, such as, Zn, 56, Cd, Bi, Au, etc.,
also were analyzed by using atomic-absorption spectrometric analysis.
The rock samples are utilized chiefly in this study for recognition of the
amomaly sources of difi"erentelements, even though they are not employed as an
input to quantitative analysis, because the number of the samples is insufficient
for a spatial analysis in such a large region. The measurement of heavy-mineral
concentrates is not fully considered here either, because their analytical precision is
much lower than the other two types, and the number of samples is also less than
the stream sediment even though the concentrates playa similar role as the stream
sediment data. Therefore, stream sediment measurements are employed as the only
input for the statistical analysis described in later sections of this chapter.
Three stages of analysis are summarized in this chapter on geochemical fields.
The first stage of analysis is to examine the transportation patterns of a few major elements in both qualitative and quantitative ways. A quantitative approach
is proposed to trace mineral sources of anomalous elements in stream samples by
means of connecting transportation rate to distance of element displacement from
its source, current element concentration, and slope of transportation surface. The
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second stage is to analyze inherent associations among elements and identify geochemical signatures for three types of mineralization environment in the Walker
Lake quadrangle, including epithermal gold-silver deposits, porphyry-skarn copper
deposits, and mixed occurrence, UBing a multidimensional scaling method, referred
to as the'Pajl: model (Pan and Harris, 1989c). In this stage, some genetic associa.tions
may be understood by employing this technique. The last stage uses weighted and
targeted multivariate criterion (WTMC) to generate synthesized scores from which
geochemical fields are delineated by employing an optimum discretization (OD)
model. Accordingly, exploration targets for epithermal gold-silver and porphyryskarn copper are selected.

9.2 ESTIMATION OF ANOMALOUS SOURCES
Delineation of Stream Basins
This analysis considers chiefly stream-sediment measurements which are UBUally analyzed at the level of stream basins. Division of stream basins from smaller
scales to larger scales in the traditional way, however, has created some problems
for analysing element associations in space, because the hierarchy of basins from
small to large often has been inconsistent. Spatial associations between elements
can only be shown correctly by a consistent comparison among stream basins at the
same scale. Otherwise, arbitrary associations might be created.
A different procedure of stream-basin division is employed in this study.
The first step is to define hierarchy and scales of streams in the region of interest.
Definition starts from the main stream, and then the second main streams, etc.,
until the smallest branches of streams are defined. The second step is to identify the
stream basins with the first order (largest scale) rivers whiCh were identified in the
first step. Nine first-order basins were identified in the Walker Lake quadrangle. For
the next step, second order basins are delineated in each of these first order basins.
A total of 45 such basins were delineated in this region. This sequential procedure
is performed until the lowest order basins are defined for the whole Walker Lake
quadrangle, and a network of the hierarchical stream basins is formed (Figure 9-1).
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On the basis of this network, several elements, Au, A g , C., Pb, Zn, and M n, were
qualitatively examined.
The anomalies of gold and silver are closely associated in space, distributed
in the southern part of the region, and arranged along NW and NE directions which
are spatially consistent with the occurrence of the epithermal gold-silver deposits.
The anomalies are small or scattered. The only inconsistent occurrence of the silver
anomalies is found in the Marrle Mountain and Mina NW areas of the western part,
where gold anomalies are absent.
The copper anomalies, which have much larger scales, are distributed widely
throughout the northern part of the region, but the strongest ones are found in
the Wellington, Yerington and Schurz quadrangles, where the magnitude of copper
reaches 200 ppm, and no gold anomalies occur although some weak silver anomalies
in this area are found.
The lead anomalies are most closely associated in space with gold and silver anomalies and occurrence of their deposits. These anomalies are not found in
the northern part of the region where copper anomalies are strongest. Another
pronounced feature of the lead anomalies is a zoned pattern which appears to be
related to geological structures, such as, fault zones. This geochemical-structural
association might be very useful in the support of a genetic relationship between
faulting, volcanism, and mineralizations.
The zinc anomalies, which are much weaker than those of lead, are distributed chiefly in the eastern part of the region, where some copper and silver
anomalies also are present, but they are not found in regions where copper and gold
anomalies typically occur.
The molybdenum anomalies are not very significant, even though some weak
anomalies are found in the western part where some zinc anomalies occur. One
significant feature is the absence of molybdenum anomalies in typically gold areas;
the more interesting feature, however, is the weak molybdenum anomalies in the
areas of strong copper anomalies.
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Qualitative Analysis of Transportation Patterns
Since stream. sediment anomalies may be displaced from their sources, they
need to be 'corrected' by transforming the data from present locations to .possible
source areas. this poses the problem of finding these probable material sources. It
is obvious that a desirable solution to this problem must involve the construction
of a transportation model for each element of interest. Such a model provides an
estimate of the distance from the data location to its possible source. Clearly, many
factors, such as, topographic feature, chemical stability of element, erosion, stream.
form, etc., affect element displacement from source. Even so, an approximation
to the transportation pattern may still be feasible and meaningful, provided that a
typical region can be appropriately selected as a basis for construction of the model.
It is not important to estimate transportation distances for all elements involved,

but it is necessary to obtain the transportation patterns for several elements of our
major interest.
Attention in this study is focused mainly on transportation models for gold,
silver, and copper. Two .regions which show pronounced patterns are selected as
a basis for the analysis. Here these regions are in Aurora and Powell Mountain
quadrangles. The constructed transportation models for copper and gold and silver are displayed in Figure 9-2. Several useful results are summarized as follows:
(1) Steeper slopes of surface produce smaller rates of decrease in magnitude of
anomalies, implying that a longer distance of transportation is incurred; (2) The
transportation rate of gold is estimated as 0.04 ppm/km given the slope angle of
around 30° , and for this slope, the transportation rate for silver is about 2 ppm/km;
and (3) The transportation rate of copper for a slope of 20° is about 3.5 ppm/km.
These results are estimated directly from qualitative transportation models. Under
these simplified conditions, the possible sources of anomalies along stream. basins
may be estimated.
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Figure 9-2 Transportation models of elements in drainage basins.
a. transportation model {or copper;
b. transportation model for gold and silver.
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A Quantitative Transportation Model
Let

Xo

be the element value at the origin (or source), I the distance between

the current position and the origin, a the slope angle at the current location (see
Figure 9-3). Assume that transportation rate, r, is described by the function

r = q,(x, I, a),

q,:

(9-1)

where x is the current element value.
Conceptually, the transportation rate should be negatively associated with
the distance between the current location and origin and the current slope angle.
It is also intuitive that a larger current element value would lead to a larger rate

of transportation in neighboring positions. On the basis of these concepts, assume
that r in (9-1) has the following function form:

r

= ~~ =

-80x[1 sin a( h, 1)]-1,

(9 - 2)

or
dx = -80
dl
,
x
1sin a(h, I)

(9 - 3)

where 80 is called the transportation coefficient. Suppose that an approximate
transportation distance I is from 1 to

l:~

(distance is in meters). Then, given the

anomalous value x at the current location, the traced value at the origin could be
estimated by the following equation integrated from (9-3):
xo=xexp{80

1'"
1

1
7sin-1a(h,/)d/}.

(9 - 4)

If we assume further that the slope angle is constant everywhere along the stream,
i.e., a =

0'0

(constant), then, equation (9-4) can be simplified to the following

explicit form:

(9 - 5)
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Figure 9-3 Diagram for the notation of the transportation model.
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In equation (9-5), four quantities are unknown:
parameters, however,

Qo

Zo,

'%, 8

0,

and Qo. Of these

may be estimated by the average slope of the stream. The

method for determining 80 will be described later. Accordingly, there are only two
unknown parameters left in equation (9-5). Clearly, this is an undefined problem
and the equation can not be solved unless more conditions are considered. One way
of resolving this problem is to consider several transportation models for a set of
elements simultaneously. Suppose that we consider two transportation models for
two elements denoted by A and B, respectively. The problem, however, remains
undefined because there exist three unknown quantities in the two equation system.
Therefore, to define the problem completely, the third condition must be sought. In
order to find such a condition, let us assume that the two elements to be very closely
associated in the mineralization and transportation so that a relation can be welldefined between the two elements by means of appropriate statistical treatments.
Denote this relation by function p. Summarizing the above discussion, the following
system of equations is constructed:
,(A)

(A) _ x(A)I'ifnao

Zo

-

0

(9 - 6a)

,(B)

(B) _

Xo

-

(B)lifnao
x
0

(9 - 6b)
(9 - 6c)

Determination of 8 may be achieved at least in two different ways. One of
them is to select a known stream basin from which the quantities, x, Xo, ao, and Ix
can be well-determined. Substituting these parameter values into equation (9-5),
80 can then be evaluated. Clearly, this approach is useful only when a stream basin
containing at least one sample and a mineral source at its upper side exists in the
study area and this known region is representative. Such known regions, however,
offen are not available in many practical cases. Another approach of estimating the
same parameter may be based upon a stream basin which is not necessarily known
in terms of containing known mineral deposits or sources although it is required to
contain at least several samples along the major branch of the streams. Suppose
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that the stream basin selected for these purpose contains n samples distributed
along its main stream and the values of the element concentration are denoted as
Xl, X2, ••• , X n •

We also assume that the distance and the angle a along the path

between each pair of the sampled locations are precisely measured and denoted by Ii
and

ai

(i = 1,2, ... , n). Rearranging the terms in equation (9-5) and substituting

the measured quantities into the equation, the estimate for 80 is obtained for the
ith

pair of samples as follows:

(9 -7)
where the sampled location i - I is considered as an imaginable mineral source and
the value

Xi-l

the average concentration of the element of interest at this source,

which is responsible for the anomalous value

Xi

at the location i. Consequently, the

value of 80 may be estimated by computing the arithematic mean:
~

1

~~

80 = - - L- 8i.
n -1 i=2
In practice, it may be more appropriate to employ the 80 estimated from the pair
of sampled locations which are closest to the expected source of the anomalies.
The region which has been considered in the qualitative analysis for the epithennal gold-silver deposits serves as an example of the quantitative approach of
tracing the source of a geochemical anomaly in stream samples. In order to make
the problem completely defined, gold and silver anomalies in this region are simultanously considered. The data observed at sample locations A, B, and C ( Figure
9-20.) are shown in the first five columns in Table 9-1. In the same table, some
known infonnation about the source of the anomalies also is given for the purpose
of testing the new model. Using equation (9-7), the values for the transportation
coefficient 8 in both gold and silver models are estimated on the basis of the data
provided in Table 9-1, and they are shown in the columns 6 and 7 of the same table,
respectively. The two transportation coefficients estimated for the gold model are
very close in magnitude, indicating a relatively homogeneous depositional behavior
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of the gold due to its less sensitivity in changes in various physical and chemical
conditions during movement along water. The estimated coefficients for the silver
model, however, differ significantly in size, implying that the element is less stable
with respect to changes of transportation conditions. Moreover, the fact that the
coefficients for gold are much less than those for the silver suggests that the silver element and its related minerals have a larger rate of deposition than the gold
during transportation.
Prior to solving the problem, the relation between gold and silver noted by
equation (9-6c) must be specified besides estimation of the transportation coefficient. A scatter plot shows that gold concentration is linearly related to silver in
the stream samples in the Walker Lake area. Therefore, the linear function for p
is adopted in the following analysis. In order to estimate the coefficients in the
linear equation, 16 samples from the anomalous areas are collected and a simple
linear regression analysis is performed. The result is shown at the bottom of the
Table 9-1, showing the high correlation (0.8106) between the gold and silver. The
regression is highly significant at level 1% according to the F-test (FI ,14 = 26.828).
Consequently, with the help of both the known and estimated parameter
values, a nonlinear numerical solution is given to the set of equations defined in
(6) and the estimated distance to the source (0) from point A together with the
estimates of the gold and silver concentrations at the source are all listed in the last
three columns of Table 9-1. It is encouraging that the estimated distance is 2531 m
which is very close to the true distance 2648 m., showing the usefulness of the new
approach. The quantity of the estimates of gold and silver, however, can not be
judged about their qualities, chiefly because of insufficient information at present
time.
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9.3 SELECTION OF CONTROL AREAS
Two major zones of mineralization in the Walker Lake quadrangle are identifiable. One of them is a gold-silver mineralization zone which exhibits a major strike
along the north-west and comprises a series of north-east subzones in the southern
part of the region. The other is a porphyry-skarn copper mineralization distributed
in the northern part along the north-west and east-west directions. These zoned
mineralizations suggest a separation of two major populations. In addition, a mixed
occurrence, Cu(Mo)-Ag(Au} also exists in the transition zone between the these two
major types of deposit. It is useful for us to select this type of mineralization as an
additional 'population' to compensate for possible losses resulting from consideration of only two types when an evaluation of geochemical signatures is performed.
Accordingly, three geographical regions were selected as control areas (Figure 9-1).
(1) The control area for epithermal gold-silver deposits (longtitude 118.9119.4 and latitude 38.1-38.5) which is located chiefly at the Bodie 15' quadrangle
in the southern part of the Walker Lake quadrangle. This control area has a few
features that are useful for quantitative analysis. The number of sample points is
97.

The anomalies of gold and silver (greater than their detection levels: gold
is zero and silver is 0.5 ppm) are almost completely consistent in their spatial
distribution. This feature is important as the consistent distributions of the two
elements is evidence of common genetic relations.
Host rocks of this deposit type in this area are chiefly Tertiary dacite, rhyolite,
andesites, and some other acidic-intermediate intrusives, representing the genetic
relation of the epithermal vein type deposits to Tertiary volcanic and subcolcanic
processes. Strong hydrothermal alterations, chiefly argillaceous and siliceous, are
spatially associated with the occurrence of the gold-silver deposits.
Most gold-silver deposits are found in extensively faulted areas. Local (contrasted with regional) faults are classified into two major groups, NNW and N E,
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and in some localities appear to be associated with the occurrence of Au-Ag deposits
in this area.
Several strong lead anomalies are spatially associated with gold and silver
anomalies, providing some evidence for common genesis by volcanism. The area
has very weak copper and molybdenm anomalies, and only weak anomalies of zinc,
which suggests an inherent separation of these two groups.
(2) The control area for the porphyry-skarn copper deposits (longiitude
118.9-119.4 and latitude 38.55-38.95), which is located in the Wellington, Yerington, and Schurz 15' quadrangles in the northern part of the Walker Lake area.
The number of sample points is 86.
The area has strong copper anomalies which are spatially associated with the
porphyry and skarn deposits. Host rocks of the copper anomalies are chiefly Cretaceous intrusive rocks of monzonite or granodiorite composition, and batholiths.
Strong skarn alteration zones are found iii" tbjs region, in association with the skarn
copper deposits. No significant silver-copper' and no gold-silver or gold-copper
anomalies can be found in this control area. Lead and zinc anomalies are also very
weak.
(3) The control area for mixed occurrence of copper and silver deposits
(longtitude 118.1-118.6 and latitude 38.25-28.65) is located chiefly in Douglas and
Luning 15' quadrangles in the eastern part of the Walker Lake area. The number
of sample points is 72. The anomalies of gold and silver are not quite coincident in
spatial distributions. Copper anomalies are not so strong as those in the northern
part of the region.
Significant lead anomalies also are found in this region, which reveals some
mixed geochemical features.

Another pronounced feature is the molybdenum

anomalies, which are not usually found in other regions. In addition, some noticeable zinc anomalies are present. Host rocks are chiefly Tertiary volcanic rocks
with some acidic and intermediate intrusive rocks. Various types of hydrothermal
alterations are present.
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9.4 IDENTIFICATION OF GEOCHEMICAL SIGNATURES
The Pijk model, which was introduced by Pan and Harris (1989c), basically
deals with the quantification of complicated relations among geochemical elements,
including triple and nonlinear associations, as contrasted with the standard pair
wise correlations and linear associations. The model is based upon the following
generalized correlation measurement:

where

Xti

is the observation of variable i on sample t and Xi is the mean value of

variable i. Therefore, the Pijk method may be considered as a generalization of the
usual factor analysis. This section will describe the application of this new model to
the three sets of geochemical data selected earlier. The geochemical signature that
characterizes each of the three mineralization environments also will be examined
by means of this technique. According to the provisions of chemical analysis and
geochemical evidence, 14 elements, including Au, A g, cu, P6, Zn, Fe, C a, S6, Zr,
V, Bi, M o, Be, and B, are taken into consideration in the analysis of Au - Ag type,
C u (Mo) type, and C u (Mo) - Ag (Au) type.

One of the important objectives of Pijk model is to find the 'best' associations
of the mineral elements that are treated as trace elements of interest (e.g., Au, A g ,
Cu), usually having low detection levels. Direct use of these elements as mineraliza-

tion indicators often leads to underestimation of potential targets, especially when
potential resources are hosted in rocks at depth, and the elements of interest diffuse slowly. Sometimes, no anomalies of these elements can be detected even when
mineralization is known to be present. In certain geochemical environments, it is
useful to find and employ some other elements which are genetically associated with
the main elements as indirect indicators of mineralization or of potential targets.
Another purpose in application of the Pijk model to geochemical data is to identify
geochemical signatures for the three types of environments; these are useful in understanding genetic relationships of different types of mineralization environments
associated in space.
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The Piji model was applied to each set of the three types of deposit selected
in the previous section. The eigenvalues produced by the

Piji

model for the three

control data sets are listed in Table 9-2. The magnitudes of first three eigenvalues
in each column are much larger than other values and therefore, the eigenvectors
associated with the first three eigenvalues are retained for each of the three models
(Tables 9-3, 9-4, and 9-5). Thus, the variables (elements) measured in each set
are scaled in a lower dimension Euclidian space, which can be visually displayed
in the several selected two-dimensional planes. The 14 elements are plotted on
the combined plans of factors, which are shown in Figures 9-4 to 9-6. From these
figures several features are observed for each of the three models.

Epithermal Gold-Silver Deposits
The most pronouced feature shown in Figure 9-4a is that Au and Ag are very
closely associated, and the same association is also observed from Figures 9-4b and
9-4c. Thus, the gold and silver associations in epithermal gold-silver deposits also
appears to characterize the association of gold and silver in spatially distributed
geochemical samples taken from stream sediments of the Walker Lake area.
Element Pb also is very close to the gold and silver group in all factor plots
(Figure 9-4), suggesting a common genesis This result is consistent with the qualitative observations discussed above. It is observed that Pb is an element typical
of some intermediate-acidic volcanic rocks, such as Tertiary andesite and rhyolite,
etc., which are the major types of the host rocks for the gold-silver deposits in the
Walker Lake quadrangle. Thus, from the genetic point of view, it may be that during the evolution of epithermal fluids Pb had been concentrated as the gold-silver
were deposited.
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Table 9-2 Eigenvalues from three Pi;" models
No.

Model I

Model II

Model III

1
2
3
4
5
6
7
8
9
10
11
12
13
14

4.6430
1.4990
0.9781
0.3915
0.0000
-0.2173
-0.3840
-1.6880
-1.7070
-2.3610
-3.3330
-3.9180
-4.7000
-5.0670

2.7600
1.2880
1.1720
0.9703
0.8045
0.5907
0.4621
0.1447
0.0616
0.0000
-0.0661
-0.3390
-0.6416
-0.9069

2.2430
1.6460
1.3170
1.1390
0.8166
0.6719
0.2718
0.0000
-0.6981
-0.9585
-1.7300
-1.8830
-3.0820
-5.7920

Note: Model I is for the gold-silver deposits
Model II is for the copper deposits
Model III is for the mixed occurrences
Table 9-3

Eigenvectors from the Model I

No.

1

2

3

1 (Au)
2 (Ag)
3 (Cu)
4 (Pb)
5 (Zn)
6 (Fe)
7 (Ca)
8 (Sb)
9 (Zr)
10 (V)
11 (Bi)
12 (Mo)
13 (Be)
14 (B)

0.3828
0.3933
-0.0271
0.4907
-0.2027
-0.2896
-0.2315
0.2705
-0.2889
-0.2858
-0.1192
-0.1123
-0.0723
0.0918

0.0104
0.0331
0.4215
0.1152
-0.1143
-0.0766
-0.0766
0.1419
0.2309
0.3039
-0.1763
-0.3238
-0.6221
-0.1940

-0.0890
-0.0988
-0.3111
-0.3019
0.0251
0.0057
-0.0174
0.8736
0.0099
-0.0052
0.0962
0.0061
-0.0630
-0.1302
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Table 9-4 Eigenvectors from the Model II
No.

1

2

3

1 (Au)
2 (Ag)
3 (eu)
4 (Pb)
5 (Zn)
6 (Fe)
7 (Ca)
8 (Sb)
9 (Zr)
10 (V)
11 (Bi)
12 (Mo)
13 (Be)
14 (B)

0.1024
0.3397
0.4214
-0.3560
0.0325
-0.3283
0.0630
-0.2714
-0.0351
0.1158
0.3471
-0.4281
0.1787
-0.1818

-0.0683
-0.7378
-0.7378
-0.0794
-0.0313
-0.0228
0.0668
-0.0953
0.3279
0.2257
0.4947
-0.1096
-0.0470
0.1064

0.7976
-0.1463
-0.0919
-0.0676
-0.0058
-0.0253
-0.0840
-0.1223
0.1904
-0.5049
-0.0041
0.0040
0.0926
-0.0831

Table 9-5 Eigenvectors from the Model III
No.
1 (Au)
2 (Ag)
3 (Cu)
4 (Pb)
5 (Zn)
6 (Fe)
7 (Ca)
8 (Sb)
9 (Zr)
10 (V)
11 (Bi)
12 (Mo)
13 (Be)
14 (B)

1
-0.2881
'0.0462
0.6443
-0.1842
0.0553
-0.1042
0.2388
-0.1170
-0.2418
-0.2266
0.4330
-0.2710
-0.0674
0.0811

2

3

-0.1787
-0.1185
-0.0864
0.0042
0.6278
-0.0714
0.1746
0.3139
-0.0642
-0.1951
-0.3998
-0.1071
-0.1071
0.3664

-0.0771
-0.1550
-0.6450
-0.0387
0.1241
-0.0133
0.0870
-0.0331
-0.0676
-0.0729
0.6723
-0.0796
0.0621
0.2370
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Figure 9-4 Factor plots for gold-silver mineralization.
( a) factor 1 and factor 2;
(b) factor 1 and factor 3;
(c) factor 2 and factor 3.
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Element C u appears to be isolated from all other elements. particularly, this
element is separated from the gold-silver association in all of the factor plots (Figure 9-4), strongly suggesting that occurrence of copper anomalies may be related
to some spatial and temporal factors that differ from those related to gold-silver
mineralization. FUrthermore, if the first coordinate represents gold-silver mineralization and the second copper concentration, then, the two mineralization processes
of gold-silver and copper appear to be independent. This inference seems to support the fact that the two mineral zones, gold-silver and copper which have been
reported in the Walker Lake region, are not only separated in space, but also originated during the different epochs. The copper zone was formed in some pre-Tertiary
time, while the gold-silver zone were formed during the Tertiary.
Another typical association is the cluster of elements Fe, Zr, and V in Figure
9-4. They possibly represent an environment of more mafic (chemically) volcanism.
According to the characteristics of their separation from the gold-silver group in
Figures 9-4a and 9-4b, one may consider that the two groups of elements are
negatively related, as they are not only isolated, but also distributed near the two
ends of the first factor (coordinate). This phenomenon can be readily interpreted
when differences in the lithologies associated with the two groups are taken into
consideration. Although this is also supported by the full observations in the Walker
Lake, a convincing interpretation of the result can not be given without additional
information.
Porphyry and Skarn Copper Deposits
One interesting and typical feature of the porphyry-skarn environment is
the relation between gold and silver. All plots in Figure 9-5 show the separation of
the two elements, which sharply contrasts their close association in the gold-silver
model. This statistical feature suggests that geochemical behaviour of gold and
silver differ significantly in the epithermal gold-silver and porphyry-skarn copper
mineralization environments. This feature may be considered as an important geochemical signature for identifying the two different types of mineralizations in the
Walker Lake area.
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Although separation of copper from gold is constant in all three plots in
Figure 9-5, copper does show a certain association with silver in Figure 9-5b, suggesting another difference between the two major environments. In Figure 9-5b,
element Mo is also closely associated with copper besides silver, revealing the typicai relation between C u and Mo in porphyry and skarn copper deposits. It must be
pointed out, however, that these associations may be false, as the same pattern is
not seen in the other two plots (Figures 9-5a and 9-5c).
The clustering pattern among elements P6, Fe, 56, and Mo in porphyry and
skarn mineralization environment was not found in epithermal gold-silver model
and may reflect intermediate or mafic subvolcanic or intrusive lithologies. It seems
to be somewhat unusual that Zn does not appear to be associated with P6 in the
skarn mineralization environment.
The clustering pattern between elements Zn and Co. is separated from element Bi. This result differs from that in the gold-silver mineralization, where these
three elements were found to be closely associated.
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Mixed Occurrences
The most interesting phenomenon in this analysis is the relations between
gold and silver and between copper and gold and silver. Figure 9-6 shows that
elements Au and Ag are relatively close in distance, although they are not so close as
in the gold-silver model. Element C. is far separated from both gold and silver and
even isolated from all other elements, suggesting that copper mineralization is still
very different from gold-silver deposits even in the mixed zone. The overall relations
among the three elements, Au, A g , and C., are meaningful and informative, as
they reveal certain unique geochemical signatures different from either of the two
mineralizations.
Another feature pronounced in Figure 9-6 is the constant clustering relation
among Au and elements Ph, V, M o, Zr, Fe, as well as Be, representing some mixed
associations of the elements typical of both of the individual mineralizations. In this
clustering group, element Ph has been found to be the most important geochemical
signature of the epithermal gold-silver mineralization, whereas element Mo is considered as an important indicator of the porphyry and skarn copper mineralization.
The two indicators are combined the mixed mineralization environment.
According to the foregoing interpretations, the Pijk model has produced useful results, showing different geochemical signatures in three different control sets.
Some advantages have been shown when this result is compared with that derived
from the usual factor analysis (Pan and Harris, 1989c).
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9.5 DELINEATION OF GEOCHEMICAL
FIELDS AND TARGETS
One task in this study is to generate geochemical scores and delineate geochemical fields. These scores characterize magnitudes of geochemical concentration.
Having obtained the scores in the study area, geochemical fields are delineated by
using OD techniques to separate anomalous scores from background scores. This
analysis is made separately for each of the two major environments and then exploration targets are selected.

Generation of Geochemical Scores
For the present purpose of delineating geochemical fields for the two major
types of deposit, enhancement of the existing information, especially information
about unique influences of some geochemical features on mineral occurrences, is
strongly needed. Sharper information produces a clearer definition of geochemical
fields. The WTMC model is used in this analysis to synthesize geochemical measurements for epithermal gold-silver deposit, porphyry-skarn copper deposit, and
mixed occurrence, although targets are predicted only for the first two types.
Use ofthe WTMC model requires selection of background variables: (1) gold
and silver anomalies are enhanced by taking t as the vector of sums of the gold and
silver concentrations; (2) copper anomalies are enhanced by taking t as a vector
of the copper concentrations; (3) copper and silver anomalies are enhanced for the
mixed occurrence and by taking t as a vector of sum of copper and silver concentrations. In addition, weights are assigned subjectively to geochemical variables on
the basis of qualitative analysis and the Pij" (see Table 9-6).
Based upon these data, synthesized geochemical scores are generated by
application of the WTMC model to each mineral population. The estimated coefficients for each type are shown in Table 9-7, where elements listed with

'*' have

been eliminated in the subsequent calculation of synthesized scores, since their coefficients are very small, meaning that their contributions are negligable. From Table
9-7, typical combinations for the three types of deposit are summarized:
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Table 9-6 Prior weights for the WTMC models
No.

A.-A, Type

C. Type

Mixed Type

1 (Au)
2 (Ag)
3 (Cu)
4 (Pb)
5 (Zn)
6 (Fe)
7 (Ca)
8 (Sb)
9 (Zr)
10 (V)
11 (Bi)
12 (Mo)
13 (Be)
14 (B)

0.3333
0.3333
0.2000
0.2667
0.1333
0.0667
0.1333
0.2667
0.1333
0.0667
0.2667
0.0667
0.0667
0.2667

0.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.4000
0.4000
0.4000
0.3000
0.3000
0.1000
0.2000
0.2000
0.2000
0.1000
0.2000
0.2000
0.1000
0.3000

Table 9-7 Estimated coefficients (v) for

WT~IC

models

No.

Au-A, Type

C u Type

Mixed Type

1 (Au)
2 (Ag)
3 (Cu)
4 (Pb)
5 (Zn)
6 (Fe)
7 (Ca)
8 (Sb)
9 (Zr)
10 (V)
11 (Bi)
12 (Mo)
13 (Be)
14 (B)

0.4955
0.7408
0.0646
0.3820
0.0742
-0.00680.0398
0.1432
-0.0320-0.01630.1391
-0.00430.00410.0850

0.0000
0.0784
0.9022
0.1961
0.1830
-0.1046
0.1022
0.0457
-0.06270.03590.2005
0.0608
-0.1654
0.0148-

0.2222
0.5044
0.6077
0.3455
0.2500
-0.1210
0.1516
0.1116
-0.1271
0.00790.07730.1045
-0.00170.2486
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• For gold-silver mineralization, lead has an especia.lly large coefficient in
the weighted linear function. This feature is consistent with the

Piji

analysis. A

typical conbination of the elements is Au-Ag-P6-S6-Bi, which is a closely related
set of variables.
• For copper mineralization, copper is greatly enhanced, having a coefficient
of over 0.9, which also shows the uniqueness of the copper anomalies as they relate
to other anomalies in this region. The typical association of the elements is C u -

(Pb-Ca-Bi)-Be-Zn' in which bars at the top of Be and Zn represent a negative
association of Be and Zn with other elements in the group.
• The mixed type reveals typical associations different from the other two
types: Cu-Ag-Au-Ab-Zn-B-Fe-V.

In the following step, the synthesized scores are generated for each sample
location by evaluating the equations on the geochemical values. The geochemical
scores are filtered because of the presence of noise (random error). A cutoff frequency, 0.37 CPM (cycles per mile), is indicated by the power spectrum of Au - Ag
scores (Figure 9-7). Then, Lavin's filter (Lavin, 1967) is applied to filter out noise
with frequencies higher than 0.37 CPM. Similarly, a cutoff frequency, 0.385 CPM,
is obtained for scores for copper, and noise is filtered by applying the same technique. The spatial distribution of the filtered scores for gold-silver are plotted in
Figure 9-8. The coincidences of anomalies of the synthesized scores with deposit
occurrences is excellent.
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Figure 9-7 Power spectrum of synthesized geochemical scores
for gold-silver model.
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Identi8cation of Exploration Targets
A pattern of anomalous high scores is considered to be an exploration target.
Thus, identification of targets requires separation of anomalies from background.
This is done by optimum discretization (Pan and Harris, 1989b), which basically
identify a cutoff value which maximizes the match of anomaly with mineralization
in the control area. The optimal discretization method based upon entropy information is employed to determine the optimum cutoff for defining boundaries. The
discretization results for the two type of geochemical scores are displayed in Figures 9-9 and 9-10. The best cut points for the synthesized scores are determined
by the values at which the discretized synthesized scores have the largest entropy
correlation with background variable t. Finally, by applying these cutoff values to
the entire data set of the Walker Lake quadrangle, geochemical fields are delineated
and plotted in Figures 9-11 and 9-12, showing the following patterns:
Almost all of the known epithennal gold-silver mining districts are delineated
by the discretized geochemical anomalies, such as Aurora, Bodie, Camp-Douglas,
Pine Grove, Patterson, Mosonic, Candelaria, ect., although the predicted anomalous areas are much larger than areas of mineral districts. The only exception not
predicted by geochemical fields is the Silver Mountain district where few strong
gold anomalies have been found. The most probable reason for such an exception
is due to the deep-seated ore deposits, as the anomalous concentration of elements
are unlikely eroded off ore bodies and transported down the main streams. Under
these circumstances, stream sediment samples would not indicate the presence of
mineralization in the underlying ore body.
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Figure 9-11 Epitherinal gold-silver deposits and their potential targets.
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Figure 9-12 Porphyry-skarn copper deposits and their potential targets.
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Most major porphyry and skarn copper deposits discovered in the northern part of the Walker Lake quadrangle are delineated by the copper geochemical
fields, e.g., Yerington district, Santa Fe district, etc. Some of these anomalies are
spatially coincident with the occurrences of some base metal deposits, indicating
their similarities to the porphyry-skarn copper deposits, probably either in genesis
or host lithologies. Another feature is that the anomalous copper areas are much
smaller than those of the gold-silver anomalies, although the number of the former
anomalies is larger than the latter. In addition, within the Walker Lake region the
two types of geochemical anomalies rarely overlap.
Gold-silver anomalies are distributed chiefly in the southern part of the
Walker Lake region and along the noth-west direction in the western part of the
region and the north-east direction in the eastern part, whereas copper anomalies
are mainly located in the northern part of the area and distributed along the northwest direction. These suggest that there exist two geochemical-structural zones in
the Walker Lake region, each of which controls one of the two major types of mineralization. Many epithermal gold-silver vein deposits have been found in the zones
that has been extensively faulted or folded. The two gold-silver anomalous zones
trending NE in the eastern part are very pronounced, suggesting that formation of
these epithermal gold-silver deposits is closely associated with the two structural
zones. The more interesting feature is that gold-silver anomalies located along the
two zones are separated with a nearly equal distance.
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Chapter 10
Synthesis of Structural Fields
Structure patterns, especially of faults, have been recognized as important
factors controlling some characteristics of epithermal gold and silver mineralization, such as spatial distributions, scales, and morphologies of vein deposits. Some
kinds of mineralization are almost constantly associated with fractures or faults
that channel the ore-bearing fluid to the place where useful minerals are deposited,
either by replacement or by fracture filling. Faults can be characterized by several
features, such as strike, dip, scale, and depth; each of these features, can be related to descriptors of mineral resources. For the purpose of delineating intrinsic
samples and information synthesis, faults may mark boundaries of geologic units
or objects (fault blocks, concentrated fault belts, underlying intrusives, etc.), as
well as possible fractured and porous zones (intersections between major and minor
faults).

10.1 PATTERNS OF FAULTS
Four major structural trends have impacted strongly the concentration of
epithermal vein deposits in the area.

The most typical one is a NW trending

pattern in the northern part, consisting of two subsets of faults: one is NW in the
northeast, and the other is NNW trending in the northwest (see Figure 8-2). These
NW trending faults are a part of the Walker Lane feature, which is a recognized
major structure in Nevada. The fault passes through Tertiary rhyolite-dacite tuff
and is associated with some Tertiary intrusives. The NNW trend, however, consists
of four parallel major fault zones marked by Mesozoic acidic or intermediate igneous
rocks in the west and Quaternary sediments in the east.
The second major trend of the faults consists of a NE trending structural
element that is found throughout all of the area and is comprised of four parallel
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structural zones. This structural element is discontinuous along each of the zones,
as it consists of the alignment of a large number of minor faults; it is commonly
observed in the Tertiary and mesozoic lithologies. The third trend is the NS trending
alignment of faults that is found in the central area. This element is the least
developed.
Another important feature is that the large scale NNW faults are cut in
places by minor NE faults, indicating the timing of the formation of the two groups
of faults. The major faults seem to disappear in the south, where the patterns of the
minor faults are the most complicated. It may be possible that other deep-seated
faults exist but can not be observed because they are marked by extensive fault
systems of much less magnitude or covered by younger volcanism.
The overall pattern of the faults in the Walker Lake area reflects previous
existing stress fields. A reasonable interpretation is that the NNW and EW trending
systems resulted from EW tensional stresses. Late in the tectonic evolution of the
region, as direction of the tension shifted to northwest, NE trending faults were
generated.

10.2 EXTRACTION OF STRUCTURAL DESCRIPTORS
Structural fields, like other geofields, should be analyzed for relevant information by means of data enhancement and information synthesis, stressing the
relations between faults and epithermal mineralizations. To generate structural
descriptors useful in describing these relations requires sampling of fault data by
a scheme that captures spatial information about structure. Although cells have
been the usual choice for this particular purpose, a data window was selected in this
study. A data window is moved across the map to compute values of selected features, especially to capture important structural information. The most important
reason for selection of a moving window is that it takes into account influential effect
of the structure of a much larger area upon a smaller reference unit. For instance,
a major fault might affect a very large zone adjacent to it; this effect could not be
fully captured using the usual cell sampling scheme. Of secondary importance is
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reduction of the boundary effect (due to the finiteness of the map) by a moving
window, especially when the size of the window is much larger than the grid size for
the digitized data. The last argument is that the degree of smoothness of the field
can be controlled by adjusting window size, a larger window size producing a high
degree of smoothness of the field. Delineation of an IS at a certain scale requires
smoothness of the field in order t<;l reveal regularized structural features.
Window size must reflect the distribution of faults and known mineral deposits. Faults are classified into two categories, major and minor, for different
magnitudes of faults sometimes reflect different kinds of genetic relations. In this
case, 7.5 miles' is selected as the cutoff for major and minor faults, chiefly because
the maximum axial length of known mineral districts is about 6.0 miles. Accordingly, faults having length greater than 7.5 miles are classified into the group of
major faults, while those having length less than 7.5 miles are classified as minor
faults. On the basis of fault classification, the window size selected is 5.0 miles.
This size assures that major faults can not be completely included in one window,
because the cutoff of 7.5 miles is larger than the diagonal distance of the moving
window. It should be noted that for convenience in computation, the shape of the
window was specified to be square.
Generation of variables is a major task in the synthesis of structure fields.
For consistency with other geofields, digitally described faults were represented on
a 55 x 55 matrix of grid intersections. With the aid of a computer program, ten
structural descriptors were generated from the digital data:
TNMF1: Total number of minor faults within the window. This descriptor
represents the densities of the minor faults and may relate to the number of epithermal veins, for some epithermal gold-silver deposits are found in the fractures
of the extensively faulted areas.
TLMF1: Total length of minor faults contained in each window. This measurement quantifies absolute extensiveness of fractures by minor faults; extensiveness also may be related to density of mineralization in epithermal veins that may
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host gold-silver deposits. A larger total length may provide more room for the
formation of mineralized veins.
TNMF2: Total number of major faults in each window. Major faults may
have deeper roots, or may be deep-seated, providing certain access to heat sources
concealed at depth, such as Tertiary intrusives. Thus, this measurement may carry
important indirect information about the existence of heat sources at depth, and it
may be a critical factor in the identification of intrinsic samples and estimation of
endowment.
TLMF2: Total length of major faults contained in each window. This quantity, again, carries information about heat sources and potential mineralization.
RMDM: Reciprocal of minimum distance to major faults from the center
of the window. Usually, a smaller value of distance indicates an area having had
greater tectonic disturbance; consequently, it should be favorable for mineralization
and the presence of intrinsic samples. In practice, this measurement was modified
to 1/(d + c), where d is distance, and c is a small positive value for the purpose of
robustness.
NFNE: Total number of faults trending northeast (15° - 75°); this variable
characterizes chiefly the minor faults, because the scales of faults of this trend are
usually very small.
NFNW: Total number of faults trending northwest (285° -105°); this system
of faults consists chiefly of the faults associated with the Walker Lane and includes
doth major and minor faults.
NFEW: Total number of faults trending east-west (75° - 105°); this system
consists of minor and a few major faults in the Excelsior Mountain area, and some
in the southern part of the area.
NFSN: Total number of faults trending south-north (345° -15°) characterizing chiefly major faults in the northern part of the area.
TNFI: Total number of fault intersections in each window. This measurement characterizes structural disturbance and is useful in the identification of heat
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sources. Intersections include both those of minor faults and those of minor with
major faults.

10.3 SYNTHESIS OF STRUCTURAL FIELDS
Synthesis requires the selection of a control area, one (or more) background
variables, primary variables (descriptors), and variable weights in order to employ
the WTMC model described in Chapter 7.
Since we are interested in delineation of ISs for epithermal gold-silver deposits, the same area used in the synthesis of geochemical feature is selected as a
control area. The synthesized geochemical feature for gold and silver deposits is considered to be a reasonable background for synthesis of structure features, because
geochemical anomalies are highly coincident with epithermal gold-silver deposits.
Unit weights for the ten variables were employed, chiefly because limited
prior knowledge did not indicate anyone feature as being of more importance than
others. In addition to these basic preparations, The ten descriptors are standardized
so as to remove the impact of different magnitudes on measures of correlation. The
number of data points in the control area is 324. Application of WTMC method to
this data set yields the estimated coefficients for structural descriptors listed in Table
10-1. The corresponding eigenvalue for this estimate is 0.1452, which equals the
maximum correlation coefficient between the descriptors and background variable
in the control area. Given the large number of degree of freedom, this value is
statistically significant.
Table 10-1 Coefficient. Estimates £ram WTMC Model

No.

Measurement

Coefficient

1
2
3

TNMFI
TLMFl
TNMF2
TLMF2

0.1404
0.1000
0.1037
0.1049
-0.0431
-0.15i;
-0.1415
-0.i;36
-0.i1S8
-0.0060

4

5

RMDM

6
7

NFNE
NFNW
NFSN
NFEW
TNFI

8
9
10
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Synthesized structure for grid intersections outside of the control area but
within the Walker Lake quadrangle are generated by computing scores for each of
the grid, using the above coefficients.

High Pass Synthesized Structure
Like other geofeatures, structure may also be enhanced by frequency analysis, giving more insight into the features and providing some unique means to
handle particular problems that are difficult within the spatial domain. One of
these benefits is the filtering of errors that are associated with the process of generating synthesized structure, such as digitization of map, transformation of data
types, computation precision, etc. Another feature of analysis in the frequency domain is that filter, e.g., low-pass and high-pass, can enhance selected features and
suppress others,
To facilitate enhancement and error filtering, the power spectrum for synthesized structure is computed and is displayed in Figure 10-1. The logarithm of
normalized power (energy) for errors (see Appendix B) is calculated to be -9.9,
and the corresponding cutoff frequency is 0.41 CPM. Use is made of Lavin's filter
(Lavin et al, 1969) to obtain a noise-free field by filtering out the noise, frequencies
higher than 0.41 CPM.
Removal of regional features motivates the use again of Lavin's filter to enhance surfacial or shallow structural influences by passing the frequencies higher
than 0.03 CPM in the filtered frequencies. The second vertical derivatives of the
high pass structure is plotted in Figure 10-2.

Synthesized Structural Pattern
Synthesized structure highs are produced chiefly by high fault densities or
high total magnitudes of minor faults, while structure lows are due chiefly to NNW
trending major faults, which represent tectonic weakness. Thus, both structure
highs and lows preserve certain geologic information, except when structure lows
are in the areas of alluvial cover.
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Figure 10-1 Power spectrum for synthesized structural scores.
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Significant alignments are produced by the ordered arrangements of structure
highs and lows; these clearly represent trends of fault zones, such as the Walker Lane
and NNW major faults. Therefore, the ordered zones of structure highs and lows
indicate the existence of zones of tectonic weakness.
There is a relation between structure fields and lithologic formations, for
example, the association of structure highs with Tertiary andesite-Iatite flows and
with hydrothermal alterations. This association seems to verify a genetic relations
between lithologic units, alterations, and structural complexity.
Synthesized structure also is associated with epithermal gold-silver mineralization. Some epithermal gold-silver districts, such as Masonic, Bodie, etc., are
found in structure highs. Other districts, such as Aurora, Camp Douglas, are associated with structure lows, indicating tectonic weakness like intersections between
NNW major faults and NE minor faults. Still others, such as the Pine Grove district, occur in areas exhibiting a mixture of structure highs and lows, indicating a
combination of density of faults and minimum distance to major faults.
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Chapter 11
Synthesis of Gravity Fields
11.1 FRAMEWORK FOR GRAVITY ANALYSIS
Isostatic data for the Walker Lake area (3447 observations) are irregularly
distributed throughout the entire region. To facilitate further processing, the data
were interpolated to a grid. Considering the number of observations and their
precision, along with the scale of the map, the data were interpolated onto a 55 by
55 grid using the technique of bivariate interpolation proposed by Akima (1978) and
an IMSL computer program. Using this 55 by 55 data array, a series of procedures
were performed to derive the gravity field to be used in the delineation of intrinsic
samples and estimation of mineral resources. The sequence of processing is shown
in Figure 11-1.

11.2 POWER SPECTRUM AND FILTERING OF ERROR
The power spectrum for the gravity field in the Walker Lake quadrangle was
computed and is shown in Figure 11-2. Preparatory to processing of the signal, noise
associated with the power spectrum must be suppressed. This requires calculation
of the energy level. Even though a precise definition of error can not be readily
made, it may be estimated empirically. A reasonable assumption is that the error
is limited to five percent of the maximum variation in the field, since the maximum
variation in the Walker Lake quadrangle is about 10 units of contour levels. This
assumption leads to CNN(O,O) = 0.403 (see Appendix C). Taking the logarithm of
the ratio, energy ceiling (Ec) of -13.2 was derived (see Appendix B); the frequency
cutoff for this error ceiling is estimated to be 0.32 CPM. Frequencies higher than
0.32 CPM are believed to be noise to be removed using a filter derived by Lavin's
method.
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Figure 11-1 Flow diagram for the delineation of gravity fields.
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11.3 SEPARATION OF LOCAL
AND REGIONAL ANOMALIES
By examining the power Bpectrum in Figure 11-2, frequency 0.04 CPM was
selected as the frequency separa.ting regional and local anomalieB. The use of Lavin 'B
technique leads to the Beparation of the signal into two partB, high-pass and lowpass; these anomalies are diBplayed in Figures 11-3 and 11-4, respectively. For
the purpose of interpretation, the low-pass anomaly field iB continued 4000 feet
downward toward the sources (as the average depth was estimated from magnetic
field to be about 4200 feet; thiB estimation is diBcusBed later). The low-pasB field is
produced chiefly by sources at depths greater than 4000 feet; these sources constitute
large geologic bodies. The high-pass field is produced primarily by Bhallow and
small geologic objects, revealing the following features:
Very pronouced linear features in the high-pass field are highly coincident
with observed structures, NW and NNW linearities that occur in the northern part
of the area. In the western part of the region, these linearities change directions
from NW in the east to NNW. Associated with each of these pronounced linearities
is a distinct pattern of anomalies: anomaly highs are ordered at the left side of
the linearity, and anomaly lows are linearly distributed on the right side. These
properties suggest that the linear features may be caused by faults that dip toward
the east in normal cases. In the southern part, some NE linearities are weakly
indicated; these too may be due to faults, because the observed faults in this area
are chiefly minor ones and show complicated patterns.
Most strong gravity lows in the area are produced by thick sedimentB and by
low density volcanic rocks, while most gravity highs are caused by intrusives and
volcanic rocks developed mainly in the Tertiary. The heavily-faulted Walker Lane
exihibits features that are relative highs.
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Many of the known mineral districts, e.g., Aurora, Monitor-Mogul, and Candeleria are located on gravity highs or flanks and noses of gravity highs. Some
others, e.g., patterson, are associated with the gravity lows of tectonically weak
zones. These locations are found chiefly in those borders of the NW (NNW) major
faults that are intersected by NE or EW minor faults, presenting good conditions
for transporting of gasses and solutions and for heat flows.
The scales of anomalies in the low-pass field are much broader than those
in the high-pass field. As indicated previously, low-pass fields are characterized by
features of large and deep geologic bodies, while the high-pass field reflects shallow
and small geologic bodies.
A very large gravity low occurs in the low-pass gravity field. Several known
epithermal Au-Ag mineral districts are located on the flanks around this large
feature. One possible interpretation of this feature is that it is a zone of tectonic
weakness in the basement which consists of downfaulted crustal blocks. Around
the edge of these blocks there are a series of fault systems which might provide
good transportation channels for heat and solutions carrying dissolved metals to
surface or to shallow levels. When physical and chemical conditions were favorable,
gold-silver minerals were concentrated in or near these zones.
The high-pass field was continued downward in order to examine the depths
of faults. After continuation to 3000 feet, the major faults still do not disappear,
suggesting that their roots may be in the basement. Minor faults in the southern
part of the region totally disappear, indicating that the faults are limited chiefly to
near-surface lithologies.

11.4 COHERENCY ANALYSIS AND BAND PASS GRAVITY
The coherency concept was presented in Chapter 7. This section describes
the analysis of coherency of gravity and geochemical fields. Specifically, the correlation was computed in the frequency domain of gravity and geochemical fields.
Correlation was computed using the high-pass gravity field and synthesized geochemical scores for epithermal gold and silver. At first glance, the two fields have
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little in common. However, coherency analysis reveals the existence of some inherent
relations, either in genetics or from compositional characteristics of lithologies.
Geochemical field was selected as a background variable for coherency analysis for several reasons. First, a geochemical field is direct information about the
existence of mineralization, hence an intrinsic sample. Thus, it qualifies as prior
knowledge and as a useful reference in the control area for analysis of geophysical
fields. Second, high geochemical scores matched very well with the distribution of
known mineral districts. Third, geochemical anomalies result chiefly from composition characteristics of minerals and lithologies and, therefore, provided a reasonable
way to compensate, to a certain degree, for ambiguity in interpretation of geophysical fields. For example, a band of significant coherency between the geochemical
and gravity fields can be used to indicate the range of intrusive bodies that are
ansociated with mineralization, even though intrusives may be of different depths.
Lastly, but not least, discretization of the synthesized geochemical anomalies to
delineate field provided an acceptable first approximation of mineralization fields.
The auto power spectra of geochemical and gravity fields and their cross
power spectrum were smoothed using the Tukey-Hamming window (Priestley,
1981). After these smoothed spectra were transformed to polar (one dimensional)
form, the coherency between the two fields was computed using equation (7-13);
coherency is shown in Figure 11-5. Subsequently, the statistical significance of
each computed coherency was calculated according to equation (7-17). The result
showed that a coherency of 0.22

[w~lI( u)

= 0.22] is statistically significant at the

90% significance level. On the basis of this result, a band was selected from 0.05 to
0.525 RPM (radians per mile), which consists chiefly of the low frequency part of
the high-pass field. The filtered field for this band was produced by repeated use
of Lavin's filter, as displayed in Figure 11-6. Several features can be observed from
the map.
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The gravity anomalies are much enhanced. This enhancement is useful because it leads to a more consistent delineation of boundaries of ISs. Gravity highs
are closely associated with geochemical highs and, thus, the mining districts, such
as Aurora, Camp Douglas, Candelaria, Monitor-Mogul, etc., with a few exceptions,
such as the Patterson district. Some of the gravity anomalies are pronounced in
contrast to others or to background, while some of the linearities which showed
clearly in the high-pass anomalies are lost in the band-pass anomalies. This may
be a tradeoff between good and bad, but more has been gained than has been
lost because of the enhancement of those gravity fields of geologic objects that are
most coincident with mineralization. This is valuable for the use of gravity data to
delineate ISs, where no mining districts are known.

11.5 DELINEATION OF GRAVITY FIELDS
Delineation of gravity fields of the band-pass anomalies is needed for delineation of ISs. This requires finding an optimum cutoff value that separates field
from background. Some techniques, such as optimum discretization described in
Chapter 7 can approximate such a solution in a statistical sense. Another means is
calculation of second vertical derivatives that provide a zero boundary representing
inflection points of field. The method of second vertical derivatives may be better
choice for defining gravity fields, because geophysical fields exist only in a relative
sense: a gravity high in one area may not be a high in another area when compared
with the adjacent anomalies.
Selection of the second vertical derivative method presents some new difficulties, the most relevant and important one being that the zero boundary is usually
too broad for delineation of ISs. To overcome this difficulty, some consideration
is given to a statistical means for identifying critical values higher than the zero
line. Let d and v be the horizontal distance between the zero line and the center
of an anomaly, and the center value of the anomaly. Then, a gradient might be
described by v / d. Generally, the larger the ratio v / d, the more the zero line should
be adjusted, and vice versa. This idea may share some properties in common with
standard deviation rule commonly used in geochemical studies in which critical
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value is defined on the basis of means and deviations. Adoption of this method
yields both gravity highs and lows. However, some anomalies in the Walker Lake
quadrangle delineated as gravity lows are meaningless for defining ISs, although
some others are useful since they originate from zones of tectonic weakness. After
excluding these meaningless ones, all others are shown in Figure 14-1.

11.6 RELATIONS OF MASS AND FIELD
Gravity lows are distributed chiefly in the areas of Tertiary andesite-Iatite
flows that consist of flows, volcanic breccias, and lavas of intermediate composition.
Some of these are host rocks of the epithermal gold-silver deposits s e.g., Bodie
district. In the Monitor-Mogul district, Tertiary andesite-Iatite flows produce a
broad gravity high due to the presence of Tertiary rhyolite-dacite subvolcanics that
provide heat sources to activate precious metals. A few other gravity lows are
associated with Quaternary-Tertiary locally basaltic cinder cones, zones of tectonic
weakness, like heavily faulted areas, and contacts of bodies of different lithologies.
Most gravity highs are in broad areas, such as Tertiary sedimentary rocks
(sandstone, conglomerate, etc.), Tertiary intrusives (shallow, hypabyssal intrusives,
rhyolite-dacite intrusives, etc.), and exposed Mesozoic intrusives. Some other highs
occur in regions of Tertiary andesite and latite rocks intruded by other igneous
rocks.
Epithermal gold-silver deposits are associated with various lithological units
and gravity fields. Most of them, however, are distributed in gravity highs. One

.

significant feature is that Tertiary andesite-Iatite flows intruded by Tertiary igneous
rocks is the most important lithological environment for epithermal gold-silver deposits in the Walker Lake quadrangle. Another important feature is that zones
of structural adjustments and contacts between bodies of Tertiary rocks are very
favorable for the concentration of gold and silver by epithermal processes.
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Chapter 12
Synthesis of Magnetic Fields
Several sets of digital magnetic data were acquired for the Walker Lake quadrangle sufficient to cover the whole region. The most useful data set is the draped
data for the Nevada part; these data describe the total magnetic field on a surface
1000 feet above ground (Kucks and Hildenbrand, 1987). The other four sets cover
portions of the California part of the quadrangle: Hoover-Walker Lake, Mokelumne,
Dardanelles, and Sweetwater. Each of these sets describe the total magnetic field at
a constant elevation above ground. Because each of these sets in California covers
a small region and were standardized, they were merged with the data in Nevada.
Due to the high density of data in each set, the total number of observations in the
merged set was reduced to fit the capacity of data processing algorithms.

12.1 DELINEATION OF MAGNETIC FIELDS
Analytical Framework
The merged data set was gridded to a 55 by 55 data matrix (array), consistent
with other sets, using the bivariate technique by Akima (1987). The data first
were processed to give magnetic fields as if they had been measured at the earth's
pole. Subsequent to reduction to the pole, error filtering was performed. Then, the
coherency of magnetic fields with geochemical fields was computed, followed by high
and band pass filtering. Processing of the data on magnetic fields of the Walker
Lake quadrangle is sketched in Figure 12-1. Use of draped data for the Nevada
part to separate shallow and deep sources is described in a later section.
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Figure 12-1 Framework for analysis of magnetic field.

159
The central task is delineation of magnetic fields that are most associated
with geochemical fields and this was done in the same fashion as for gravity. Accordingly, a frequency band of magnetic fields was identified which exhibited the highest
coherency with frequencies of geochemical scores. The second vertical derivative of
the selected band was computed to emphasize boundaries or contacts of geologic
bodies and to delineate fields for delineation of ISs.

Filtering of Errors and High Pass Field
Total magnetic field intensity comprises two components: the earth's geomagnetic field, and perturbation of this field by crustal sources. Because our interest
is limited to those sources that occur in the upper crust, the geomagnetic field must
be removed. Adopting a strategy similar to that outlined by Spector (1968), an
equation for a plane was fitted to data selected from stable areas, i.e., areas that
are free from complexities in this magmatic field. The fitted plane was then

~ub

tracted from original field, and the resulting field was the subject of subsequent
processing.
Prior to further processing, magnetic data were reduced to the pole, because
low inclination in southern latitudes causes the peaks of anomalies to be shifted away
from the centers of magnetized objects and presents difficulties with interpretation
of shapes and with identifying the locations of geologic objects that are sources of
the anomalies.
Subsequent to reduction to the pole, the complete data set in the Walker
Lake quadrangle was processed for its power spectrum. The error component was
estimated to be +0.5, in accordance with assumption of a 5 percent maximum error.
The control interval was five units. Computation of critical energy yielded a value of
0.4 CPM as the critical radian distance, meaning that greater frequencies are noise
(error). Lavin's filter was then used to suppress those values at a frequency greater
than 0.4 CPM. The power spectrum of the filtered field was recomputed, showing
spectra from two populations of sources: regional, deep objects, and local, shallow
objects (Figure 12-2). In order to retain the anomalies caused by the local, shallow
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sources and suppress those produced by the regional, deep sources, a high pass filter
(Lavin's) with a critical frequency of 0.05 CPM was applied to the noise free data.
Coherency analysis was applied to this bigh pass field, along with geochemical field.
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Figure 12-2 Power spectrum for filtered magnetic data.
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Coherency Analysis and Band Pass Anomaly
AIgway (1968) used coherency analysis in his study of geophysical fields; he
was motivated by his desire to find 'similarity' between observed magnetic and theoretically calculated, pseudomagnetic fields, based upon the Poisson's equation. The
coherency of the two anomalies were computed and the 'similarity' was apparent.
His purpose for doing this was chiefly to test the utility of density estimation.
The goal of this synthesis is to find and enrich features in 'common' with
different geofields. Such information is useful in identification of boundaries of ISs.
Coherency analysis is useful for this purpose. Accordingly, the coherencies between
the high pass magnetic anomaly derived above and the synthesized geochemical
anomalies were computed.
The coherence spectrum for the high pass magnetic field and filtered geochemical anomalies is displayed in Figure 11-5, from which a high coherency band

(0.01-0.65 RPM) was selected, for which coherency is statistically significant. The
band pass is nearly equivalent to a second low pass of the first high pass field, and
it is produced by repeatedly employing the Lavin's filter to the high pass anomalies (Figure 12-3). Coherence spectra of the magnetic and gravity anomalies with
geochemical anomalies share a very similar pattern, demonstrating the intrinsic
relations between two geophysical fields.

Relations between Mass and Field
The overall pattern of the band pass anomalies is very complex. But a
relationship between the spatial distribution of anomalies to exposed lithologic units
and mining districts is pronounced. In general, magnetic anomalies in the Walker
Lake quadrangle (Figure 12-2) can be associated with four geologic circumstances:
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• Mesozoic intrusive-associated magnetic highs. These anomalies are moderate in magnitude and in scale. The strength of the band passed magnetic field
of these anomalies ranges generally from 300 to 1000 'Y. The magnetic highs of
this group of anomalies show linear alignments along zones within which Mesozoic
granitic and basic intrusives outcrop; these appear to have little association with
gold-silver deposits.
• Quaternary alluvium-associated magnetic lows. The distribution of these
anomalies is consistent with that of Quaternary alluvium or sediments occurring
along faults and within the region of Walker Lake. Residual magnetic intensities
for these lows are small, ranging generally from -100 to -500 'Y. Clearly, these
anomalies are not related to the occurrence of epithermal deposits.
• Tertiary volcanic-associated magnetic anomalies. Anomalies of this type
constitute an appreciable part of the Walker Lake region. Both magnitude and
scale of these anomalies are large. The magnetic magnitude oscillates from -1200
to 1500 'Y. These oscillating anomalies are closely associated with Tertiary acidic
and intermediate volcanic flows, e.g., rhyolite, dacite and andesite flows, that host
most epithermal gold-silver deposits discovered in the region. Complexity of the
anomalous pattern reflects chiefly lithologic heterogeneity and formation mechanism
of volcanic flows.

• Hydrothermal alteration-associated magnetic lows.

The magnitude of

these anomalies generally ranges from -500 to -1000 'Y. All of the known mining
districts except Candelaria district are closely associated in space with these magnetic anomalies. Hydrothermally-altered rocks are clearly the geological source of
these magnetic lows. This observation basically reflects the fact that hydrothermal
alteration demagnetized Tertiary volcanic rocks within mining districts.
Delineation of Magnetic Field
Two methods that are useful in delineating the band pass ma.gnetic field are
optimum discretization and second vertical derivatives. For reasons similar to those
advanced for analysis of gravity, the second approach is adopted to delineate band
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pass magnetic fields to be used in the identification of ISs. H a constant "critical
contour is used to define fields, the scale of defined units varies considerably. Some
of them are very large and others are very small, due to heterogeneity in lithologic
formations. Therefore, the same statistical treatment used in the gravity analysis
is adopted.
Magnetic fields defined in this way may not necessarily derive from the same
lithologic units, but they are rather homogeneous in their association with geochemical anomalies. Thus, they are either from the same kind of lithologies or from a
combination of lithologic units having similar magnetic properties. The delineated
magnetic fields are shown in Figure 14-1.

12.2 SEPARABILITY OF SHALLOW AND DEEP SOURCES
Geologic objects, such as igneous intrusives, often underlie a thick sequence
of rocks. Estimates of the thickness of the overlying rocks can be very useful as a first
step in additional processing to 'look' under them for specific objects. Of course,
this often is complicated by many unknown physical properties of the objects and
the overlying rocks. However, a separation of sources and the selective examination
of a specific class of sources seems to be much more promising with the advent of
a statistical approach to power spectrum analysis of magnetic fields proposed by
Spector (1968), at least for certain geologic circumstances. Spector (1968) noted
that anomaly patterns which are suitable for depth analysis are usually quite rare.
What is required is an approach to interpretation which does not depend upon
finding individual anomaly pat terns and is independent of direction of magnetization
or anomaly orientation, but which makes use of all of the data within a given area
in finding an average depth to magnetized sources. This idea is especially useful in
systematic evaluation of geolofic objects in basement rocks that underlie sequences
of sedimentary rocks.
Draped Magnetics
When elevations vary considerably throughout a region, depth estimation of
deep sources is improved by using data that have been 'draped' on the topography
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at a constant elevation above the surface throughout the region. The magnetic
data in the Nevada part of the Walker Lake quadrangle were draped by Kucks and
Hildenbrand (1987) using a technique called 'chessboard' developed by Cordell, et al
(1985). The data were draped to an elevation of 1000 feet above the surface. Data
originally observed on a level surface were continued on to ten levels using FFT,
during which a low-pass filter was applied to the data in order to remove shortwave
length noise enhanced by the downward continuation process. The set of data in
the Nevada part was derived from merging different sets using the one-dimensional
splining techniques described by Bhattacharyya, et al (1979).

Computation of Power Spectrum
Spector and Grant (1970) hypothesize the following: 'the ground is assumed
to consist of a number of independent ensembles of rectangular, vertical sided parallelepipeds, and each ensemble is characterized by a joint frequency distribution
for depth h, width a, length b, depth extent t, and direction cosines of magnetization L, M, N'. According to this hypothesis, magnetic field, after the removal of
the main geomagnetic component, consists of a large number of overlapped individual anomalies caused by several ensembles of blocks having various dimensions and
magnitizations.
On the basis of Bhattacharyya's expression (Bhattacharyya, 1966), Spector
derived the power spectrum of the total magnetic field in polar form over a single
rectangular block.
(12 - 1)
where

r = (u 2 + V2 )1/2, 0 = tan-l (u/v),
S(r,O) = [sin(arccos 0)/ arccos O][sin(br cos O)/br cos 0],

R}( 0) = n 2t( I cos 0 + m sin 0)2,
RHO) = N 2 + (L cos 0 + M sin 0)2 ,
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and I, m, and n are direction cosines of the geomagnetic field vector To, and k is
the magnetic moment vector.
Equation (12-1) may be rewritten in the following form:
E(r,8)

= cH(h,t)~(a,b)R(T,k),

(12 - 2)

which is a product of the three functions of depth and extent, horizontal size of the
block, as well as directions of geomagnetization and magnetization. c is a constant.
Since the geometric parameters involved in (12-2) are our major interest, discussion
will focus upon the functions H(h, t) and S2(a, b).

Estimation of Depth to Deep Sources
The factor H involves two parameters, depth and thickness, of the block
model. Depth (h) is the vertical distance from the surface to the upper plane of
the geologic object, whereas thickness (t) is defined as the vertical distance between
the upper and lower planes of the object. Factor H is, again, a product of the two
functions of depth and thickness. Both are exponential functions. For the depth
factor, several features may be observed. Assuming everything else being equal,
a zero depth of the sources (on the surface) would produce a maximum power
energy (E), while an infinite depth of the sources would contribute nothing to the
power energy function. The most important feature, however, is the fact that the
natural logarithm of polar power energy would be linearly dependent on depth of
the sources. If either factor is held constant, this relation makes it possible to
estimate the depth of the sources through calculation of the slope of the logarithm
of power energy as a function of radial distance. In this special case, depth can be
computed simply from the slope (p.):
h = -O.5p..

(12 - 3)

The second function in factor H is thickness of the source, about which similar observations also can be made. Everything else being equal, a zero thickness of
the sources would contribute nothing to the power energy, while an infinite thickness
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(the case of bottomless prism) would produce a maximum power energy. Apparently, a finite, but non zero, thickness would modify the assumption of linearity of
the logarithm of power energy (E), which implies that the estimate of depth by

(12-3) would not be precise. The precision of the estimate is determined by the
magnitude of the influence of finiteness of thickness.
The factor 52 in (12-2) also makes a contribution to the power energy and
modifies the linearity assumption for the logarithm of power energy, for it does
not have an exponential form. Two isolated effects are involved in the factor: one
of them is a function of the length and the other is a function of the width of the
geologic object. These functions are smous, decreasing as length and width increase,
and contribute more to power energy in low frequencies than in high frequensies.
The last factor that may influence the precision of a depth estimate by (12-3)
is R{T, k) which depends upon the orientation of geomagnetic vector and upon the
observation of magnetization vector. The influence of this factor on depth prediction
may not be as significant as that of the other parameters because of the relative
homogeneity of the inclination and declination when the study area is not extra
large.

Correction of Spectra for Finite Size
There are several factors that influence the precision of depth estimation.
Spector (1968) proposed the use of statistical models in order to obtain an average
estimate of the power spectrum. He postulated that the parameters involved in
the model are statistically independent of each other and distributed rectangularly
over a specified range. With these assumptions, the average power spectrum is the
product of the averages of the terms in equation (12-1).
By u.ssumimg that the average values of inclination and declination do not
vary significantly for a moderately large number of bodies,

Ri might be reasonably

regarded as being equal to R~, such that R{T, k) = R}{ 8) in equation (12-2). Then,
reduction of the field to the north magnetic pole in the frequency domain would
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eliminate factor R(T, k) from the average function of power spectrum. Therefore,
the influence of this factor on depth prediction could be reasonably well removed.
The averaging of the thickness factor introduces a peak into the spectrum;
this position shifts toward smaller wave numbers with increasing values of mean
thickness. IT most of the geologic bodies are extended to such depths that the
model can be approximated by the bottomless prism case, the peak of the spectrum
would disappear. In this situation, it is precise to use equation (12-3) to estimate
the mean depth of the geologic bodies in the area. In general, finite thickness,
however, influences the spectrum function, especially in low frequencies. But if the
average depth, h

> 0.5 mile, and ratio t/h is also greater than 1.0, the spectrum

for the finite thickness case could be approximated reasonably well by bottomless
models, especially in their high frequencies. In many cases, it might be appropriate
to utilize the model for a bottomless prism for depth estimation of intrusives.
The effect of horizontal size in factor 8 2 may be more significant than other
factors. The mean size of the bodies is given by:
(12 - 4)
The effect in equation (12-4) tends to taper spectrum toward higher frequencies, i.e.,
speed up its decay. If poles or dipoles are assumed to be the models of sources, this
tapering effect would be null. But for other models, such as that for a bottomless
prism, this factor is significant and requires correction; otherwise, depth may be
significantly overestimated. This correction can be made by using equation (124) or the curves given by Spector (1968) to calculate values for

52

at different

frequencies. The estimate of depth can then be made from the slope of the corrected
spectrum that is derived from substraction of 52 from the original power spectrum.
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Case Study-Walker Lake Quadrangle
Only part of the draped data in Nevada were used to examine the population(s) of sources and subsequently to estimate depth to the deep sources. First,
the field was reduced to the North magnetic pole in order to eliminate the effect of
factor T and to facilitate interpretation; subsequently, computation of the critical
energy yielded a value of 0.4 CPM as the critical radial distance. Lavin's filter was
then used to suppress those values at a frequency greater than 0.4 CPM. The power
spectrum of the filtered field was recomputed and is shown by the lower curve in
Figure 12-4 , which shows spectra from two populations of sources: (1) regional,
deep objects, and (2) local, shallow objects. In order to retain the anomalies caused
by the local, shallow sources and suppress those produced by the regional, deep
sources, a high pass filter (Lavin's) with a cutoff at 0.04 CPM was applied to the
noise-filtered data. Since the spectrum in low frequencies might be distorted by
finiteness of the thickness of the sources, the average depth to deep sources, estimated to be 1.9 ± 0.1 miles, was estimated from the slope of the spectrum at higher
frequencies. This is certainly an overestimate of the average depth, because the
effect of average horizontal size of geologic bodies is completely ignored. Therefore,
a size correction is needed.
Unfortunately, values of average length and width of sources can not be
obtained from any direct way. However, by assuming that the anomalies on the
observational plane characterize to a certain extent shapes of sources, an estimate for
size parameters can be obtained through measuring and averaging the two dominant
axes of each typical anomaly. Such a procedure produced for the Walker Lake
quadrangle (using both highs and lows) an average size estimate of 1.6 square miles.
On the basis of this value, the spectrum was corrected and is shown in Figure 12-4.
Finally, average depth of the sources is estimated from the new spectrum to be
1.2 ± 0.1 miles.
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Figure 12-4 Refined power spectrum for filtered magnetic data.
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Two populations of sources are indicated by the power spectrum, deep and
shallow. From coherency analysis, we know that the highest coherency between
magnetic and geochemical fields is found at the low frequencies of the high passed
magnetic field. Although low frequencies at the surface may originate from shallow and deep sources, the analysis above suggests that shallow sources dominate
contributions to the field, because the depth of 1.2 ± 0.1 miles to the deep sources
diminishes contributions to the field from bodies of required size due to attenuation.
In light of the subvolcanic environment for the formation of epithermal gold

and silver deposits, it is useful to conceive of the two populations to consist of major
igenous intrusives, e.g., stocks, which are the sources of subsidiary magmatic bodies,
e.g., near surface volcanic systems and apophyses of the major igenous intrusives.
If such a conception were valid, a map showing the magnetic and gravity fields of
the small subvolcamc bodies, those highly related to mineralization, against the
fields of the deep sources, measured at or near the sources, the so-to-speak 'mother
magmas', would provide useful information for resource and endowment estimation.
This would call for (1) the design of low pass filter, (2) the continuation of the low
pass field to average depth of deep sources, and (3) plotting of the coherent fields on
continued fields of the deep sources. However, because of the incomplete coverage
of the Walker Lake quadrangle by magnetic data, the decision was made to use
the gravity fields instead. The results from the magnetic analysis of depth and
populations served as guides to the separation of populations.
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Chapter 13
Synthesis of Combined Geophysical Fields
13.1 OVERVIEW
The interpretation of geophysical fields is subject to serious ambiguity problems, especially when only one individual geophysical field is involved. This limitation greatly hinders the use of geophysical fields in mineral exploration and endowment prediction. However, this difficulty may be moderately diminished through
combining individual geophyical fields to produce combined fields. The use of the
well-known Poisson theorem to combine geophysical anomalies has been demonstrated with case studies (Kanasewich and Agarwal, 1970; Chandler, et al, 1981).
Kanasewich and Agarwal (1970) used the theorem to determine anomaly source
magnetization-to-density ratios. Wilson (1970) demonstrated that this theorem
can be used to separate interferring anomalies if physical properties of sources are
known and is useful in investigating source heterogeneity and deformation.
Although the Poisson theorem is theoretically limited in application to the
analysis of isolated anomaly sources, Chandler, et al (1981) has extended the application of the Poisson theorem to the analysis of multi source gravity and magnetic
anomalies by imposing a moving window on the data sets. This approach is meaningful in an average sense no matter how small the size of moving window. The
goal of the moving window method is to produce two different combined geophysical anomalies: the correlation between gravity and magnetic anomalies and the
ratio of estimated magnetization to density contrasts. These combined anomalies
were obtained by a simple linear regression using the data within each window.
Linear regression is constructed between the first vertical derivative of gravity and
magnetic responses reduced to the pole.
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13.2 THE POISSON MODEL IN BRIEF
The relationship between gravitational and magnetic potentials arising from
a common, isolated source is given by:

T = (1/G)(6J /6p)(ou/oi) ,

(13 -1)

where T is anomalous magnetic potential, U anomalous gravitational potential, 6J
anomalous source magnitization, 6p anomalous source density, i direction of source
magnitization, and G universal gravitational constant.
In practice, the Poisson theorem (13-1) is usually modified to describe the

relationship between total field magnetic intensity anomaly reduced to the pole (Tz )
and first vertical derivative of gravity anomaly (og/oz):

Tz = (1/G)(6J /6p)(og/oz).

(13 - 2)

For the linear relationship to be valid, the isolated single source must have a
uniform ratio of magnetization and density contrasts. According to relation (13-2),
the ratio of magnitization to density (6J/6p) for a single anomalous source can be
determined at any common point by combining its gravity and total field magnetic
anomalies, calculating first vertical derivative of gravity, and reducing the magnetic
data to the pole, taking into account the direction of magnitization (induced plus
remnant). Chandler, et al (1981) have proposed that if regional-scale anomalies
with wavelengths much greater than those of the isolated source are present in the
data, Poisson's relationship can be approximated by

,

Tz = ao + {l/G)(6J/6p)gz'

(13 - 3)

where ao is approximately constant and account for anomaly base-level changes
caused by long-wave length anomaly components and g: = og/oz.
In the general case, any segment within a moving window would contain
interfering anomalies from multiple geological sources in the neighborhood of the
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center of the segment. But, if the window size is small enough, the geological
background would be fairly uniform, and (12-3) would chiefly reflect associations
between the two geophyical anomalies from the main source. Therefore, the linear
regression of the field values at common spatial locations within the segment would
then produce the estimates of ratio 6J/6p of the dominant source and the correlation
coefficient between the two geophyical fields within the window. In order to use a
moving window approach, one needs to assume that values of gravity and magnetic
fields in the window are associated with the coincident geologic bodies and that
reduction of the magnetic fields to the pole is appropriate. These assumptions
are difficult to evaluate. With these limtations in mind, one must be careful in
interpreting estimates from a Poisson window analysis.

Interpretation or Combined Fields
Generally, the correlation coefficient between gravity and magnetic fields
characterizes the degree of coincidence of the geologic sources responsible for the
two fields. Therefore, this quantity would enhance the roles of the two individual
geophysical fields in geological interpretation and raise the resolution of geophysical
images. In the case where gravity and magnetic anomalies result from the same
dominant source, the correlation coefficient would be very large, close to one. On
the contrary, if the two geophysical anomalies are associated with different geological
sources having diverse physical properties, then, the correlation coefficient would
approach negative one. The more the two geological sources responsible for the two
geophysical fields are coincident, the greater the correlation value and vice versa.
Use of the correlation coefficient in the interpretation of the properties of geologic bodies reduces to certain extent ambiguities present in interpreting geophysical fields. However, in order to avoid overstating the usefulness of this measure, we
should be aware of the fact that the correlation carries no additional information
other than degree of coincidence of geological sources. Although correlation yields
a clearer definition of geologic boundaries, magnitude and sign of the correlation
are less informative about properties of geologic bodies. Determination of the important range of correlation must be based upon prior empirical knowledge on the
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geological environment involved. For instance, a perfect match of two geological
sources for two geophysical fields might be found in a pre-Tertiary lithology region,
which is not relevant in identifying favorable areas for epithermal gold-silver mineral deposits. Information gain from the combined measure is likely traded off to
certain extent by los sing certain power of the individual geophysical fields in discriminating meaningful geological bodies. This tends to indicate that the combined
field is complementary to, instead of being a substitute for the original fields ..
The ratio 6J /6p, computed from the slope of the linear regression line, is
much harder to interprete due to the balancing property of the two contrasts.
A larger ratio does not necessarily indicate higher magnetization contrasts of the
source to its surrounding objects. Similarly, smaller values do not imply with certainty higher density contrasts of the source. More precisely, this ratio is not a
definite indicator for physical properties of a source, as it is a function of the physical properties of both the source and associated rocks or bodies. In addition, there
exists an infinite number of different combinations that produce the same ratio
value. However, in certain circumstances, this ratio does carry some information on
hetergeneities in lithologies. For example, if lithologies in an area are very diverse
and complex in formation and compositions, the field of the ratio associated with
the same region will generally also be very complicated. Such areas as those where
rocks are extensively faulted and hydrothermally altered would be associated with
such a complex ratio field.
In some other areas exceptional in terms of certain geological features, ratio

values can be uniquivocably interpreted, with the assistance of some relevant prior
information. Furthermore, an accurate 6J/op estimate provides an initial constraint
useful for interpretation of the original geophysical fields in further steps. If the
regional distribution of density and magnetization is known for the rocks outcropped
in an area, an accurate oJ/0 p estimate can be used to assign possible lithologies to
locally concealed gravity and magnetic sources.
Simultanous interpretation of the two combined geophysical fields will increase considerably the discrimnating power of the information about geologic
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sources relative to examination of the measures individually. For example, the
correlations can provide a reasonable reference for validation of the ratio estimates.
The high correlations associated with an area imply that the linear regression model
is significant and meaningful in representing the two physical properties due to their
common sources and little interference from the country rocks. In such an area., the
ratio estimates are reasonably accurate.

13.3 COMBINED GEOPHYSICAL FIELDS
The Poisson window approach described above was applied to the gravity
and magnetic fields in the Walker Lake quadrangle. Since the major interest of this
study is in shallow geologic objects, both high pass gravity and magnetic anomalies
are employed in this combined analysis.
With referrence to the sizes of geologic bodies and number of data points
for statistical analysis, a square window with size of 5 by 5 miles was selected in
this analysis. A regression equation is obtained for each window. The first vertical
derivative of gravity has been arbitrarily assigned as the independent variable in
the regression analysis. Using this regression equation, the correlation coefficient
and Sj /Sp (slope) are estimated and associated with the center of the window. The
window is, then, shifted one grid position along a row and the process is repeated.
This operation is continued until the entire study area is covered. Finally, the spatial
distributions of the correlation field and the contrast ratio field are, respectively,
shown in Figures 13-1 and 13-2.
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The correlation field seems to be associated with epithermal gold-silver mineral environment in more than one way. The most pronounced feature is that typical
mining districts, e.g., Bodie, Aurora, Masonic, Patterson, are located at those regions where gravity and magnetic fields are positively correlated. Some of these
districts, e.g., Masonic and Patterson, show strong associations with correlation
values as high as 0.8-0.9, implying that the geological sources for gravity and magnetic fields in these areas are highly consistent. Other mining districts and mineral
occurrences, e.g., Silver Mountain, are formed at the traversing nodes between possitive and negative correlation fields. Still, there are a few other mineralized areas,
such as the Homer district, which are associated with negative correlation fields.
Interstingly, many patterns observed above for the correlation field also apply
to associations of the ratio field with epithermal environment. For example, mining
districts, Bodie, Aurora, Masonic, Pattern, etc., are significantly associated with
positive ratio fields ranging from 2.4 to 4.8. Some other districts, such as Silver
Mountain, are on the boundaries between positive and negative ratio fields. These
obvervations suggest that correlation and ratio fields share some similarities due
to common geologic sources. Highly correlated gravity and magnetic fields are
generally related to consistent sources and these sources tend to produce positive
and less complex ratio fields.
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Chapter 14
Delineation of Intrinsic Samples
By Information Synthesis Methods
14.1 PERSPECTIVE
A geologic object or one of its fields is delineated by its contrast with surrounding masses with respect to a specific property, e.g., physical, chemical, mineralogic, lithologic, fault density, etc. Accordingly, lithologic bodies are distinguished
by mineral composition, rock properties, and age; mineral deposits are delineated
by concentration of useful elements; mineralization zones may be bounded by geochemical and alteration halos; etc. All of these special features generally could be
called 'anomalies', because they clearly contrast with background. These generalized anomalies, which are represented by geofields, may co-occur or partly associate
with each other in space. One of these fields may not be sufficient by itself to determine an IS, because the IS is founded upon the presence of a CGF and more than
one type of anomaly may be needed to determine the CGF field. For this reason,
genetically related anomalies should be combined so as to produce 'the best' definition of an IS. Clearly, successful delineation of an IS requires that anomalies or fields
can be delineated from background precisely in space and that these anomalies are
related to CGF. The CGF and CRCs were selected in Chapter 8.
Two different approaches for delineation of IS were described in Chapter
6: Unification of information geofields (UIG) and synthesization of information
geofields (SIG). Based upon these definitions, two types of ISs are identified in the
Walker Lake quadrangle, given heat source as the CGF. Conceptually, both of these
types of ISs are essentially deterministic in nature, as the probabilistic structure in
the definitions of ISs has not been established. However, the intrinsic property of
any spatial location is in fact probabilistic, because of the stochastic nature of the
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boundaries of each of the genetically related geofield. Therefore, in addition to
delineation of these two kinds of ISs in this chapter, a method for delineation of
stochastic ISs based upon SIG method also will be introduced in next chapter.

14.2 ISs DELINEATED BY THE UIG METHOD
The ISs are delineated by the UIG method through the following two steps:
(1) define individual optimum geofields by applying optimum discretization to each
synthesized GFs; and (2) delineate ISs by unifying these individually defined optimum geofields when at least one geofield contains one or more recognition criteria
of the critical genetic factor (CGF).
The ISs delineated in the Walker Lake quadrangle by the UIG method are
based upon four synthesized GFs: filtered synthesized geochemical scores, high pass
synthesized structural scores, band pass gravity, and band pass magnetics. The
definition of geofields in the first step by means of OD methods requires selection
of background geofeatures. In this study, the background feature for delineation
of geochemical field is the Au

+ Ag concentration, while the background variable

for the structure field is the synthesized geochemical scores. Gravity and magnetic
fields are defined by the modified second vertical derivative method. The second
step of delineating ISs uses the principle of maximizing spatial conformities among
the four geofields at locations with occurrence of at least one recognition criterion.
The ISs of the Walker Lake quadrangle that were delineated by the above approach
are shown in Figure 14-1, showing several pronounced features.
First, boundaries of most known mineral districts are approximated quite
well by the union of all four optimum geofields, except for the IS of the Candelaria
district, which is delineated to be much larger than the explored area. The sizes
of the delineated ISs vary from 8 to 25 square miles; the shapes are very complex,
varying from almost a circle to a narrow ellipse.
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Second, most of the estimated ISs are hosted in Tertiary andesite-Iatite flows
and tuffs, rhyolite-dacite flows, as well as other Tertiary intermediate and mafic
intrusives and subvolcanic rocks. The Tertiary intrusives have been identified as
evidence of heat sources, which either introduced gold and silver through fluids
emanating from intrusive or activated gold, silver, and possibly lead, present in the
Tertiary volcanic flows and redeposited them in veins along fractures or sheer zones.
Third, the delineated ISs seems to form several alignments that are clearly
associated with the structural zones. Some are located in major fault zones and
zones of structural weakness marked by the intersections of major and minor faults.
Finally, because of the union of different geofields, the large size of ISs sometimes leads to greater heterogeneities within the geologic objects included within
an IS. Furthermore, because of the large vatiation in size of the ISs, their scales
may not be quite consistent with respect to the hierarchy of metallogenic units.
Clearly, such a feature would more or less discourage the use of these ISs as the
basic sampling units for estimation of gold-silver resources, as good sampling units
must be defined in the same metallogenic scale.

14.3 ISs DELINEATED BY THE SIG METHOD
Procedure in Brief
ISs are delineated by the synthesis method by the following two major steps:
(1) create information scores by synthesizing the existing geofields of various kinds
using the set of recognition criteria as background variables; and (2) delineate the
boundaries of ISs by defining the optimum synthesized information scores.
The first step of this procedure can be realized by applying the WTMC
method described in Chapter 7 to the original geofields, given a group of multiple
background variables (critical recognition criteria), and synthesized scores are then
generated, representing the values of the synthesized information field. Delineation
of ISs in the second step is completed by optimum discretization of synthesized
scores, given a background variable.
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Background variables play critical roles in both synthesis of geofields and
optimum discretization of synthesized scores. Selection of these variables depends
chiefly upon their uniqueness in delineation of ISs. Besides selection of background
variables, prior weights also may be assigned to the individual geofields involved in
the synthesis so that more important anomalies are emphasized in the synthesizing
analysis. The synthesis of geofields against background variables would produce
contrast scores based upon the comprehensive weight coefficients. Larger contrast
scores represent more probable presence of ISs, while smaller ones imply lower
possibilities for their existence.

Data
In the delineation of ISs in the Walker Lake quadrangle, six primary GFs and
three background variables (critical recognition criteria) are selected and employed.
The six geofields include the following:
Geochemical Score (Xl ): synthesized from 14 chemical elements from stream
samples and filtered for noise.
Structural Score (X2): synthesized from 10 structural (faults) descriptors and
filtered for the high pass score.
Gravity Anomaly (X3): band pass gravity based upon coherency analysis of
high pass gravity and geochemical score to identify the frequency band of highest
coherency, for which the band pass filter was designed.
Magnetic Anomaly (X4 ): band pass magnetics, based upon the same processing as that for gravity.
Correlation Value (X5): correlation coefficients of gravity with magnetic
anomalies, computed using the Poisson window technique.
Ratio Value (X6): combined geophyical field, representing ratios of magnetization and density contrasts of source estimated from gravity and magnetic anomalies using Poisson window technique.
The background variables (geofeatures) selected are the following recognition
criteria:
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Number of Mineral Occurrences (Yl ): number of epithermal gold-silver mineral occurrences (mines plus prospects).
Area of Hydrotheanal Alterations (Y'z):

hydrothermally altered areas in

square kilometers.
Area of Tertiary Intrusiyes (Ya): outcropped Tertiary intrusives in square
kilometers.
It may be useful to distinguish two categories of ISs: known and predicted.

An IS where at least one of the CRCs is directly observed is a known IS, whereas
an IS with no directly observed CRCs is referred to as predicted (unknown) IS.
Generally, a predicted IS is delineated by the synthesized information field when
this field pattern exhibits many features in common with known ISs.
To delineate ISs, a control area is selected, which provides a sample of observations for individual GFs involved in this analysis. The control area chosen is
the same as that used in geochemical and structural analysis. All of the 6 GFs and
3 background variables are recorded and collected in the control area; two data sets
are therefore derived for further analysis.

Generation of Information Scores
WTMC is applied to synthesize enriched information from the six data sets.
Given unitary priori weights, i.e., equal weights for each of the six data sets, WTMC
yields estimates of three nonzero eigenvalues: 0.2256, 0.0107, and 0.011. Corresponding to these nonzero eigenvalues, three eigenvectors are derived, which result
in three synthesizing equations:
SI = Xl - 0.0277x2

+ 0.7215xa -

S2 = -0.596Ox I - 0.0535x2
Sa = 0.8892xl

+ 0.3373x2 -

0.0780)4 - 0.2040xs

+ 0.0534xa -

+ 0.0633x6,

0.4413x4 - O.8878xs

0.4997xa - O.0737x4

where Sic'S are the synthesized information scores.

+ X6,

+ Xs + 0.2843x6,

(14 - 4)
(14 - 5)
(14 - 6)
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These synthesized information scores may be regarded as enhanced and concentrated information of the primary GFs about heat sources. The relative importance of these three models is judged according to the relative magnitude of
their corresponding eigenvalues, as the eigenvalues define the squared correlation
coefficient between the synthesized scores and background variables. Consequently,
the larger the eigenvalue is, the more important the corresponding equation is, and
vice versa. Accordingly, equation (14-4) represents the most important synthesized
score, due to its eigenvalue of 0.2256, which accounts for more than 95 percent of
the total variation in the primary data sets with respect to heat source. The other
two equations defined in (14-5) and (14-6) colectively represent only 5 percent of
the total variations. This result is not surprising, since there exist high collineairies
among the three background variables.
The synthesized scores defined by equation (14-4) represent chiefly synthesized geochemical score and band pass gravity anomaly, while the second equation
in (14-5) represents the combination of combined geophyical features (correlation
and ratio) and geochemical score. Because of its small eigenvalue, the third equation

(14-6) is of little geological significance; it may reflect noise or other uninteresting
geological associations. Accordingly, the final synthesized information score is:

(14 - 7)
where coefficients Al and A2 are the eigenvalues associated with scores
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and

82,

respectively. Based upon equations (14-4) and (14-5), the synthesized information
score in (14-7) is computed across the entire Walker Lake quadrangle and is plotted
in Figure 14-2.
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Delineation of ISs
The OD technique, described in Chapter 7, is applied to the synthesized
information score in the control area to determine the critical value (cutoff) by
which an anomaly is separated from background. The background variable for the
OD method is defined as follows:

where variable z is binary background feature;
from the three CRCs and are defined as:

Zk

Zk'S

are binary variables transformed

= 1 if Yk > 0; 0, otherwise, k = 1,2,3.

The result of the OD analysis is shown in Figure 14-3, suggesting that the
optimum cutoff score is around 14.06, where the entropy correlation is maximized.
The ISs are delineated by applying this optimum threshold to the entire Walker
Lake quadrangle and are shown in Figure 14-4.
The synthesized information fields show high resolution between the ISs and
their surrounding regions, giving rise to high precision in boundary delineation for
the ISs. These boundaries have been partly enhanced by maximizing the correlation
between the individual GFs and the CRCs, which preserves the high contrast of the
known ISs to background environments. Most estimated ISs are located in the areas
of Tertiary andesite-Iatite flows, rhyolite-dacite tuffs, and Tertiary intermediate and
mafic intrusives, with extensive faults. Most of these identified ISs are associated
with evidence of heat sources and share geologic environments similar to known ISs
having known mineral endowment units.
The number of identified ISs is much smaller than that recognized by the UIG
approach, but the sizes and forms are much more homogeneous than the previous
ones. The ISs shown in Figure 14-4 are only those that are considered to be
associated with the epithermal environment; other delineated units which are not
related to epithermal deposits are excluded from further consideration, e.g., some
ISs located in the northern part of the Walker Lake quadrangle.
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Chapter 15
Delineation of Stochastic Intrinsic Samples
by A Two-Stage Logistic Model
15.1 PERSPECTIVE

In the previous chapter, intrinsic samples (ISs) were delineated by (1) multivariate information synthesis, based upon multiple background features, and (2) the
field union method. This chapter introduces a two-stage logistic model to delineate
stochastic ISs.
By definition, the existence of a recognition criterion at a spatial location
ensures that that location is within an IS, but the boundary of the IS still is not
known. Consider, for example, the outcrop of a Tertiary intrusives. Clearly the
outcrop area is within an IS, but probably, some of the area around the outcrop
also is within the same IS because of the likelihood that at depth the intrusive
extends laterally underneath the surface rocks. Consequently, the location of the IS
boundary is uncertain. One way of representing such uncertainty is to assign each
spatial location a probability for presence of one or more recognition criteria based
upon the values of geofields and synthesized information fields at that location.
In other words, a conditional probability is assigned to each location and these
contigious probabilities greater than an critical cutoff value constitute an IS.
The necessary and sufficient condition for the existence of an IS for epithermal gold-silver mineral deposits was specified as the presence of the CGF, which is
heat source, meaning that

~y

region which contained a heat source is by definition

within an IS. In the absence of direct observations of a heat source, the presence of
an IS must be inferred indirectly from patterns and intensities of information fields.
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The probabilistic evaluation of some response variable recorded in a spatial
region, for instance, mineral occurrence, is not new. Some relevant works have
been reported in the literature of the past ten years (Chung, et al, 1980). The work
reported in this chapter, however, is somewhat different from those in terms of both
concept and procedure. First of all, IS is based upon genetic concepts. Accordingly,
the probabilistic measure expresses the possibility for existence of the CGF, and
its spatial domain constitutes the IS. Finally, multiple background variables, such
as the set of recognition criteria, are used to delineate stochastic ISs in the Walker
Lake quadrangle. This contrasts with published studies in which a set of variables
are used to predict one background feature, e.g., presence of a deposit. Therefore,
a different and more complex procedure must be adopted to allow an effective
synthesis of multiple dependent response variables and explanarory GFs to produce
a probabilistic measure for ISs.

15.2 PROCEDURE FOR DELINEATION OF STOCHASTIC ISs
Delineation of stochastic ISs requires evaluation of the probabilities for each
of the recognition criteria. Synthesis of these derived probability fields produces
probabilities for the existence of the CGF. Accordingly, derivation of spatial probabilities is achieved through two stages: The first stage establishes relationships
between each recognition criterion (background variable) and GFs by means of a
logistic model. Thus, a logistic model is constructed for each of the three recognition criteria and each model is used to estimate a probability for presence of its
recognition criterion at all sample locations, creating three probability maps, one
for each recognition criterion. The second stage treats these three probabilities as
new explanatory variables and relates them to a new background variable which is
the union of recognition criteria; collectively they represent the CGF and of course,
the response of the IS.
As with any other multivariate technique, an appropriate control region must
be selected to obtain an appropriate sample of the relevant population and to estimate unknown parameters. Often, it is difficult to make a perfect selection of the
control region. Accordingly, the sample may contain some outliers or influential
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observations which may exert an inordinate influence upon the form of model or
parameter estimates, causing deviations of estimated parameters from the true ones
in one way or another. To minimize these problems, diagnostic methods are utilized
to detect the influential data points, if any, and to refine the model. After model
revision, probabilities for all locations within the entire study region are computed.
A stochastic IS consists of a subset of contigous locations having probabilities
greater than an appropriate cutoff value. This cutoff value, which determines how
many locations are included in this IS, is identified by the OD method, based upon
entropy information. A general procedure for delineation of stochastic IS is sketched
in Figure 15-1.

15.3 DIAGNOSTIC MEASURES FOR LOGISTIC MODEL
The usual method for fitting a logistic regression model, maximum likelihood,
has good optimality properties in ideal settings, but is extremely sensitive to 'bad
points' (Pregibon, 1981) and may be greatly distorted by a few outlying responses,
e.g., mineral occurrences, or extremely observations in the explanatory variable
space, e.g., geochemical anomalies. Particularly, data used in regional assessment
of mineral resources are often very noisy and contain some inordinately influential
observations in terms of either the dependent responses or independent explanatory
variables, or both. Several measures for logistic regression diagnostics have been
proposed, such as partial residual plots, sensitivity measure, etc. (see Pregibon,
1981; Landwehr, et al, 1984; Cook, et al, 1982; Wrigley, et al, 1986).

Partial Residual Measures
Partial residual plots have frequently been used to detect the need to improve
linear regression models. An analogous measure for logistic models was proposed
by Landwehr, et al (1984):

y-p

rj

= p'(1- p)

,.
+ Xj{3j,

(15 - 1)
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Figure 15-1 General procedure for delineation of the stochastic ISs.
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where y is an n X 1 vector of observed values of the binary dependent response;

p is

an n

X

1 vector of predicted probabilities;

Pj is a single parameter estimate;

and x j is a n x 1 column vector of a single explanatory variable.
To assess nonlinearity of a variable in a transformed logit model, the partial
residuals are plotted against variable

Xj

values. If the simple regression analysis on

this plot appears to be linear (or, Rj is large), then, the variable in this logit model
can be viewed as a linear component in the explanatory variable set. Otherwise,
the partial residual plot will present an incorrect image of the strength of the relationship between response y and variable

Xj

(of course, conditional upon the other

xs).
In practice, most partial residual plots for logistic models show very complex
scatter patterns, presenting difficulties in assessing the properties of the plots and
relationships between response and explanatory variables, due to the effect of the
dichotamous nature of the response variable. To facilitate interpretation evaluation
of the partial residual plot, some smoothing techniques have to be utilized.
Leverage Measures
Three diagnostic measures are described here: chi-square components, diagonal elements of the hat matrix, and the combined leverage measure. The measures
of chi-square components and diagonal elements of the hat matrix both can be
utilized to identify outlying observations or inHuential data points that degrade
qualities of the parameter estimates in a fitted model.
The chi-square component measure was introduced by Pregibon (1981) as
follows:
(15 - 2)

Xi = [Pi(l - Pi)P/2 '
where Yi is the

ith

probability vector

element of the response vector y; Pi is the

p predicted

ith

element of the

by the model. Clearly, Xi is a sort of standard-

ized residual, meaning discrepancy between the observed and estimated response
probabilities.
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The hat matrix was defined as (Pregibon, 1981; Wrigley, et al, 1986):

(15 - 3)
where X is an n

X

m (n observations and m parameters) matrix of observations on

explanatory variables, and W is a diagonal matrix with elements Wii = Pi(1 - Pi)

(i = 1, 2, ... , n). Usually, the diagonal elements of the hat matrix,
(15 - 4)
are used as a diagnostic measure of the leverage of the anomalous observations.
Large hii values suggest extreme points which may inordinately influence parameter
estimates of the fitted logistic model.
To capture information from both outlying responses and inordinately
anomalous variables, the following combined leverage measure may be preferred:
Vi

. 1 2
= (1 X~hii
~ hii)2' Z = , , ... , n.

The combined leverage measure

Vi

(15 - 5)

combines signals from both the goodness-of-fit

and influence-of-observations and so can be viewed as a measure of the overall
effect of removal of a single observation from the control data set on the form of
the model and estimates of parameters.
Sensitivity Measures
The leverage measures introduced above quantity the overall effect of an
influential observation on all parameters of the model as a whole. A measure of the
effect of removal of a single influential data point on a single parameter estimate,
however, may convey a deeper insight into ways to improve the parameter estimates
and goodness-of-fit of the model. For this purpose, the following index has been
suggested (Pregibon,1981j Wrigley, et ai, 1986):

(15 - 6)
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where Xi is a row vector of explanatory variables in matrix X at the i tla observation.
Vector
its element

Si

Sij

in equation (15-6) contains the residual term at observation i and

(j = 1,2, ... , m) represents the change of estimate fol' parameter i

associated with the ith explanatory variable due to the removal of observation i.

15.4 DELINEATION OF STOCHASTIC ISs
THROUGHOUT THE WALKER LAKE QUADRANGLE

Data Preparation
The Walker Lake quadrangle is used as a case study to demonstrate the procedure for delineation of stochastic ISs for epithermal gold-silver mineral deposits.
The CGF, defined as heat source, is identified by recognition criteria: epithermal
gold-silver mineral occurrence (MIN), Tertiary intrusives (INT), and hydrothermal
alterations (ALT). Each of these recognition criteria is scored as a binary value at
each spatial location within the region. A logistic model was estimated separately
by each of the three recognition criteria.
To construct the logistic models for the recognition criteria, the following
geofields are considered as explanatory variables:
~

Geochemical field (AUAG): This field is derived from synthesis of 14 chem-

ical elements analyzed from stream samples with background feature of the sum of
gold and silver concentration. Noise was removed by filtering in the frequency
domain .
• Structural field (FAULT): Ten measurements had been devised and computed from a digital tape for faults. Synthesis of these variables with the background
feature of synthesized geochemical scores produced the initial structural field. Highpass structural fields were obtained from the filtered structural field using high-pass
filtering techniques .
• Gravity field (GRAV): The irregularly distributed isostatic residuals of the
gravity observations were filtered for noise. The high pass filter techniques were
then applied to remove regional effects. Then, in order to find the frequency band
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of the field that carries the maximum. information about geologic bodies genetically
related to epithermal gold-silver deposits, the filtered data were processed through
a band pass filter for which the passed frequencies had significant coherence with
geochemical field.
e Magnetic field (MAG): This field is band pass magnetic field derived in a
way similar (coherency analysis) to that for gravity.
• Ratios of the estimated rock density/susceptibility (RATIO): Using the
Poisson relation and moving window rechnique, a combined analysis of gravity and
magnetic fields was performed to estimate ratios of estimated rock density and magnetic susceptibility contrasts by comparing pseudogravity field with the measured
gravity field.
e Correlation between magnetic and gravity field (CORR): The combined
analysis of gravity and magnetics by a Poisson window also produced correlations
between gravity and magnetics.
Having constructed the set of the explanatory and response variables, an
area is selected as control, consisting of the major mining districts that contains
typical epithermal gold-silver deposits. The three logistic models were estimated
on the data for three mining districts.
Initial Logistic Models for Recognition Criteria
The non-linear logistic models were fitted to the data sets for the three
response variables, MIN, INT, and ALT, using six explanatory variables. The results
are compiled in Table 15-1. Variables introduced into the models are significant at

the 0.10 level.
Variables, AUAG, GRAV, and RATIO, are introduced into the MIN model.
Parameters estimated for AUAG and GRAV are both positive, suggesting their
positive associations with epithermal gold-silver mineral occurrences, while the parameter for RATIO is negative, implying an inverse relationship.

Table 15-1 Summarized results of the initial estimates for the three models.

Hodel INT

Hodel HIN
E.planatory
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AUAG

Coefficient
0.00659
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-11.350

!
pI

2.781

16.926

0.01075

2.574

24.271

1.163

1.375

-0.03076
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In the INT model, variables AUAG, FAULT, MAG, and CORR are used. It
is observed that the Tertiary intrusives are closely associated with high geochemical
anomalies and structural scores. Variable CORR, which is used in the second step,
is also positively related to Tertiary intrusives.
All variables except for CORR are used in the ALT model. AUAG and GRAV
carry positive coefficients, as in the MIN model. This is consistent with prior expectations, for the occurrence of hydrothermal alterations is closely associated with
strong geochemical anomalies, especially gold-silver anomalies, and gravity highs.
The parameter for MAG is negative, suggesting significant demagnetization by hydrothermal alterations. RATIO possesses a relatively high T-statistic. FAULT,
negatively associated with alterations, appears to be perplexing, because strong
hydrothermal alterations are observed to be consistent with highly faulted areas in
the Walker Lake region. However, a careful examination of correlations of FAULT
with other variables shows FAULT is correlated with AUAG (R2 = 0.12), lending
some credence to this perplexing result.
AUAG is used into in all three logit models in the first step of selection, with
a dominant contribution to the goodness of fit of models. This characteristic is compatible with the notion that heat source is the CGF in the process of mineralization
for epithermal gold-silver deposits.
Model ALT shows the largest chi-square improvement (30.89), while model
MIN gains the least (21.27). Chi-square improvement depends not only on the total
number of observations in the sample, but also on the number of the explanatory
variables introduced into the model. In general, a model that contains more significant variables will have a bigger total chi-square improvement. However, the
differences of total chi-square improvements among the models result chiefly from
the different contributions of variable AUAG to the models, even though the difference in numbers of the introduced variables is responsible for some improvement.
The index p2 in the last row of Table 15-1 is called the index of goodness of
fit for model, which is analogous to the R2 statistic (coefficient of determination).
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Index p2 is defined as the ratio of maximized likelihood values (Domencich, et al,
1975; Wrigley, 1985):

1- lnA(,B)
p lnA(,Bo)'
2 _

(15 -7)

where A(P) is the maximum likelihood of the fitted model and A(,Bo) is the maximum likelihood of the model which contains only the constant term in the logistic
regression. For the fitted model, lnA(,B) will always be a smaller negative number
than In A(,Bo), and the ratio of the two maximized loglikelihoods will lie between
zero and one. The closer to zero this ratio is, the larger is p2, and the better is the
fit of the model.
As Wrigley et al (1985) noted, although p2 ranges from 0 to 1, its values
tend to be considerably lower than those of the R2 index, and they should not be
judged by the standards of what is normally considered 'a good fit' in conventional
regression analysis. Thus, the values in the last row of Table 15-1 may not indicate
a very poor fit of the model.

Identification of Influential
Observations for Models MIN, INT, and ALT
The first question to be considered is if the model is appropriate. In other
words, is the logit transformation of the responses of the recognition criteria well
explained by a linear combination of the explanatory variables? Then, given that
the model is appropriate, the second question to be considered is what data exert
great influence on parameter estimates? Finally, an investigation is made of the
sensitivity of a single parameter estimate to the removal of influential observations.
Partial Residual Plots
The partial residuals in equation (15-1) for all of the three logistic models
were computed and plotted against observation in Figures 15-2a to 15-2c; these
plots exhibit a number of important properties. One of these is that the scatter
patterns of the partial residuals for all three models are rather complex, making
the identification of the diagnostic patterns or trends difficult. The partial residuals
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appear to align or concentrate along two clusters, showing a strong effect 'of the
binary response variables and presenting difficulties in interpretation. One way to
improve the situation suggested by Wrigley et al (1986) is to smooth the residuals
by retaining the median value of a moving window. The approach used here was to
replace the residual at each observation by the average value of a moving window.
A window of size 5 was employed to compute a set of the average values by moving
the window through every residual for each model. The smoothed (solid) lines
in Figures 15-2b and 15-2c strongly suggest that GRAV and RATIO are linearly
related to mineral occurrence through logit transformation. The smoothed line in
Figure 15-2a, however, appears to be slightly curved, suggesting some possibility
of a loss of information by logit transformation. But, the key question is whether
the inappropriateness of the transformation is significant or not. To answer this
question, the set of explanatory variables was expanded to include two new variables,
squared AUAG and logged AUAG, and a stepwise procedure was used to infer the
logistic model under the same significance level of 0.10. The result shows that
the originally estimated model is unaltered by the addition of the two nonlinear
variables, suggesting that the curvature is insignicant.
Similarly, partial residuals computed for each of the variables for models
INT and ALT show that the logit linear transformation is appropriate for all of the
variables in these two models.

203

-------------------,
- r l ... IIDllUI, DI-.sTie I\DT

I

•

I

~

.

•••

• v..-., AUAO

_ _ _ _ _ _ _ _ _ _ _ _ _-..1

._-- ._._-------,

---_._--------,
""1", IIDllUI, DI-mle I\DT

·oo

.
,.

.: ,...

..

..

,. .• ...

r

,•

. ,I....--..------J,.l
___...I
....
..

'..

!,~~~=--~~~~-~-:-----=
... .... - ..
·w.....,uno

----------------------------------

Figure 15-2 Partial residual plots.

204

Leverage Measures
The three leverage measures introduced previously were computed for all
three models. The results for model MIN are depicted in Figures 15-3a to 15-3c.
The chi-square components are shown in Figure 15-3a from which no inordinately
anomalous observations are isolated. Figure 15-3b shows the pattern of diagonal
elements of the hat matrix. Observations 205, 206, 224, and 241 are the most
influential, implying that the removal of those observation may impact significantly
the goodness of fit of model MIN. The combined leverage measures are plotted
against the number of observation in Figure 15-3c, showing that the most anomalous
observations are nwnbers 17, 186, and 188.
A careful examination of the output residuals and the input data shows that
the highly influential nature of observation 17 is due chiefly to a large residual
(0.75) caused by the inordinately low value of variable RATIO at that observation.
That of nwnber 186 is due to the large residual (0.800) caused by the extremely
large gravity value. Similarly, for number 188, the large probability estimate for
no occurrence of the response variable is caused mainly by the large geochemical
anomaly. For other observations, such as 16, 18, 31, etc., it is chiefly due to the
very high value of RATIO. As result of the analysis, nwnbers 17, 186, and 188 are
of particular importance in improving of the goodness of fit for the model and the
stability of parameter estimates.
The three measures computed for model INT are shown in plots 15-4a to
15-4c. The chi-square components in Figure 15-4a do not suggest any observations
that are of particular importance for their potential influence. The measure in (154), however, suggests that nwnbers 187, 188,241, and 259 are isolated as influential
points, of which number 188 is of particular importance, for it is the only one in
Figure 15-4c having a high leverage value. A careful examination reveals that there
is no Tertiary intrusive at 188 but that the logistic model for INT produced a large
probability (0.89) for INT due to an extremely high geochemical anomaly.
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The same measures computed for model ALT are plotted in Figures 15-5a to
15-5c. Both Figures 15-5a and 15-5c show that observation 241 is associated with
the largest standardized residuals, suggesting that the removal of this observation
would lead to a significant improvement of the goodness of fit, Numbers 13, 14, 187,
and 259 also are identified as moderate by influential points. Outlying properties
of numbers 187 and 259 derive from the same source as that identified for model
INT. For numbers 13 and 14, model ALT estimates very small probabilities for
the presence of hydrothermal alterations due to their small geochemical anomalies
and very negative RATIO values. In summary, for improvement of model ALT,
observations 241, 187, and 188 should receive special attention.
Sensitivity Measures
The sensitivity measures defined in equation (15-6) were computed for all
variables in model MIN are shown in Figures 15-6a to 15-6c. Figure 15-6a shows
that the coefficient for AUAG is sensitive to the removal of observations 187, 188,
224, and 241. Removal of any of these observations would cause a change of more
than 10% in the standard error of its parameter estimate. These observations are
found to associate with large residuals due to extremely high geochemical anomalies. Numbers 187 and 188 are of particular significance, because deletion of any
one of them would increase the associated parameter estimate by more than 20%
of its standard error. Figure 15-6b for GRAV shows that observation 186 is most
influential. Deletion of this observation would increase the parameter estimate by
about 11% of its standard error. The next most influential observations include
136 and 310; simultaneous omission of these would essentially cancel effects on the
parameter estimate. Figure 15-6c shows that the parameter estimator associated
with RATIO is sensitive to the removal of observation 17, the deletion of which
would cause a significant decrease of the parameter estimate. The next most influential observations include 35 and 36, the deletion of which also would weaken the
strength of RATIO.
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Figures 15-7a to 15-7d show the sensitivity measures for model INT. In
Figure 15-6a, observation 188 is the only one standing out

88

being an extremely

influential points for AUAG. Removal of this observation would weaken the strength
of variable AUAG by about 45% of its standard error. The parameter estimate for
FAULT is sensitive to the removal of observations 103, 119, 210, and 229. The
removal of anyone of them would modify the parameter estimate by less than 12%
of its standard error. Figure 15-7d suggests that observations 188 and

23~

may

exert some impact on the stability of the parameter estimate for CORR.
Sensitivity measures for model ALT are plotted in Figures 15-8a to 15-Be.
Figure 15-8a shows that the parameter estimate for AUAG is sensitive to the removal of observations 241 and 259. Removal of either of these tends to weaken the
strength of AUAG in model ALT. The complex pattern in Figure 15-8b suggests
weakly that observations 105, 172, 259 and 304 may merit investigation for their
potential impact on the parameter estimate for FAULT. The most influential observations suggested by Figure 15-8c include 184 and 244. However, simultaneous
removal of both of' them would cause a little change in the parameter estimate for
GRAV. The parameter estimate for MAG is sensitive to the removal of observations
13, 191, 192, 209, 210, and 259. But, the removal of any of them would cause little
change in the parameter estimate. As is seen in Figure 15-Be, observations 13, 14,
and 241 influence strongly the parameter estimate for RATIO.
Summary of Diagnostic Results
To present a overall picture of the diagnostic results, the identified influential
observations are categorized in Table 15-2 according to their levels of priority for
possible removal.

211

SENSITI,lTr DeC111 IlJII IlIYIIUSlvtS

5CItS ITIVIn oecTII FOIl IlITIIIJ5lvtS

!
I.

!

..•
II

U,

....'

...

I •• '

...

til .•

De" ...

.... lI"anc...."CJ15

.,i
!
a.1

....

I.' a.1 ....... ,... ,. . . . . . . . . . . . . . . . . . ...
.. ~~~~~~~~----------------~
..... II" DnCIIWIIICJ15

• V_AUAC

~

V....... 'AULT

SEIISITIYlTr DllCTII FOIl IIIYIIUSIVC5

5[1IS1 TIYI n oecT" rCJI INTIIUS I vtS

.i

I

'" .......... .I."
............... ...
"'~----~------------------------~
. . . II" CllD'lllTICJ15

• v..w.WAC

.. v....... C'OIIA

Figure 15-7 Sensith·ity meaSures for variables in model INT.

212

••

11.1

.....

...

••.•

. . . . .IoU

&1'1'

..... "~II11e

... ••

sa.

• V...w.AUAC

I~
·~'.-'~D~A~M~A~.~A~'&~'~oaA~~_~A~~~'~.~.'-_~A~W~.'

..... ar

DIlDMI'IIIIe

~ V....... FAULT

i

·t"':-:.~.':--:M:!":A:--:.:r:A~'.!:':A:-::_~.,:-::,u:-::'~"':-:'-::_:-:.'-::_~'-:"~A
..... "1IISDI'tft1l1lCS

c v..,...CRAV

~

.{-..-:-,~aA:!':""~":!":A:--:aA!':"'"~'.!:':.':-::IIIA~-:::""~':!~:-:A-::""::-_::::-.'~WA:=:
..... ar C8DWITIIIe
4 V _ ....C

Figure 15-8 Sensitivity measures for variables in model ALT.

Table 15-2 SUlllmary of diagnostic results for three models.

Observations Considered for Removal
Model

First Influential Set

Second Influential Set

MIN

{17, 186, 181, l8S}

{16, 18, 31, 205, 206, 224, 241}

INT

£119, 188, 259}

{187, 241, 103, 229, 210, 238}

ALT

{13, 14, 186, 241, 259}

{105, 172, 191, 192, 209, 210}

'"w....
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Refined Logistic Models
Based upon the comprehensive results described above, the logistic models
for MIN, INT, and ALT in Table 15-1 are refined by removal in a stepwise manner
of the influential observations listed in Table 15-2. The first improvements are
achieved through simultaneous removal of the observations in the first influential
set. Additional improvements are sought through deletion of one observation at one
time from the second influential set. Then, the observations found to be significant
in the second set are retained and added to the first set for joint removal. The
criterion for inclusion of observations from the second set with those of the first
set is improvement in the chi-square statistic. When removal of one observation in
the second set creates an increase of more than 5% of the initial total chi-square
improvement, it is added to the first set. The refined models obtained by this
procedure are compiled in Table 15-3, suggesting the following comments:
The sets of the explanatory variables in the three models are not changed. In
other words, the removal of influential observation does not change the structures of
the models. Thus, removal of the influential observations modifies only parameter
estimates, not the optimum combination of significant variables.
Removal of influential observations cause significant improvements in all
three models. The gains of total chi-square improvements for models MIN, INT,
and ALT are 52%, 36%, and 102%, of the original, respectively. The variable AUAG
still is dominant in all three models.
The overall goodness-of-fits are much improved. Values of p2 for models
MIN, INT, and ALT are increased from 0.06 to 0.15, from 0.07 to 0.12 and from
0.09 to 0.20, respectively. Accordingly, the magnitudes of index p2, together with
the degree of freedom (in Table 15-3), suggest that the fits of all three models are
very significant.

Ta.ble 15-3 Resulls of the three refined models.
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Most t-statistics are increased in the refined models except for that associated with variable RATIO in model MIN. This fact suggests that the removal of the
identified influential observa.tions significantly improves the credibility of parameter
estimates.
Finally, the models refined in the control region are applied to the entire
Walker Lake area and produce probabilistic maps (Figures 15-9 to 15-11) for the
three recognition criteria. Larger values in the maps represent greater possibilities
for the occurrence of the recognition criteria.

Initial CGF Model for Heat Source
The CGF (heat source) is defined as the union of binary responses for the
three recognition criteria:

CGF= MIN V INTVALT.
Then, using the three probabilities derived above as explanatory variables, a logistic
model is fitted to the responses of the CGF. Subsequently, the model is refined in
much tha same fashion as was the models MIN, ALT, and INT. The initial estimate
for the CG F model by the stepwise procedure is as follows:

Logit(pi) = -1.3893 + 3.3702xil + 1.1463xi2 + 2.0798xi3
t-statistics

(-3.5570)

chi-square improvement

(1.0800)

(0.9640)

(1.7740)

(1.6980)

(0.6000)

(25.080)

total chI-square improvement S = 27.378
maximized log likelihood A(fi) = -206.699
goodness-of-fit p2

= 0.090; degrees of freedom DF = 324 - 3 = 321

(15 - 8)
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In equation (15-8), variables

XI, X2,

and Xa represent probabilities for MIN,

INT, and ALT, respectively. All three explanatory variables were included in the
equation, given a significant level of 0.10. The chi-square contribution by variable
Xa

far exceeds contributions of

variables

Xl

and

X2

X2

and

Moreover, estimated coefficients for

Xa.

have relatively low t-statistics. The overall goodness-of-fit of

the model to the data (p2 = 0.07) seems to be poor, although the degrees of freedom
(321) is large. Accordingly, improvement of both goodness of fit and stability of
parameter estimates for the initial CGF model is needed.

Identification of Infiuential Observations
The plot of chi-square components for the CGF model in Figure 15-12a
shows observation 259 to be poorly fitted by the model. The CGF model estimates
a probability of 0.943 for the CGF occurring at sample point 259 with no supporting
evidence for this probability, giving a chi-square of -4.066. Figure 15-12b, the plot
of leverage measure in (15-4), suggests that observation 31 has high leverage due
to the extremely large probability for

Xl,

which accounts for the large residual

associated with that observation. Combined measure (15-5) shown in Figure 1512c suggests that the most influential observation is 259, which also was identified
in Figure 15-12a. The next most influential observation is 315, which is associated
with a large residual. The CGF model produced a probability for this observation
as large as 0.759, but the CGF response is zero.
The sensitivity measures in equation (15-5) are plotted in Figures 15-13a to
15-13c. Figure 15-13a suggests that observations 13, 17, 31, 35, 36, and 315 are
influential on the parameter estimate for

Xl.

Removal of these observations would

cause a change in the parameter estimate of at least 10% of its standard error, even
though none of these observations stand out prominently. Figure 15-13b shows a
very complex pattern; nevertheless, it suggests that observations 22, 23, 31, 91, 168,
221,239, and 320 may be influential on the parameter estimate for

X2.

Observation

221 is of particular importance, for its deletion would significantly increase the
second parameter estimate. Figure 15-1Jc suggests that the parameter estimate for
X3

may be sensitive to the removal of observations 22, 23, 91, 98, 221, 259, 303,

221
and 315. Of these observations, 259 is of particular significance, for omitting this
observation would weaken substantially the parameter estimate.
In summary, the identified influential observations can be grouped into two

sets. Observations in the first set offer the greatest potertial for further refinement
of the CGF model; this set includes observations 259, 31, 315, and 221. The second
set contains observations 17, 35, 36, 22, 23, 73, 91, 98, 303, 168, 320, and 239.

Refined CGF Model
Following the same procedure described previously for refinement of the models for MIN, ALT, and INT, the CGF model is refined by the removal of observations
31, 221, 259, 315, 22, and 73. The result obtained by re-estimating of the model
with these observations deleted are derived below.

logit(pi) = -2.2222 + 9.3755xil + 1.7048xi2 + 3.0442xi3
t-statistics

(-4.0440)

chi-square improvement

(2.2040)

(1.0410)

(4.7580)

(1.0900)

total chi-square improvement S = 40.130
maximized log likelihood A(fi) = -181.254
goodness-of-fit p2

= 0.16; degrees of freedom DF = 316

(2.3250)
(34.282)

(15 - 9)
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The overall goodness of fit for the revised CGF model is greatly improved
by removal of 6 identified influential observations (index p2 increased from 0.09 to
0.16). The revised model appears to fit the data reasonably well, given the large
degrees of freedom ofDF=316. A large increase in the total chi-square from 27.378
to 40.130 also signals a significant improvement in the goodness of fit. Significant improvements of parameter estimates associated with all three explanatory
variables are indicated by the notable increase in the t-statistics over those of the
initial model. The 92% increase of the t-statistic for the parameter estimate for
Xl

is of particular significance. Contributions from all variables are enhanced, for

their parameter estimates are significantly increased. Modification of the parameter
estimate for

Xl

is particularly pronounced, as it increased from 3.3702 in the initial

model to 9.3755 in the new one.
Finally, the refined CGF model (15-9) is applied to the entire Walker Lake
region to produce a map (Figure 15-14) showing the probabilities for the CGF-heat
source.

Delineation of Stochastic ISs
The probabilities for the CGF are processed through the optimum discretization technique previously used to delineate information fields or anomalies (Pan and
Harris, 1989b) to find a critical cut value which is optimum in the sense that it maximizes conformity between the probabilities for CGF and the binary CGF response
on the control areas. The result of optimum discretization is shown in Figure 15-15,
which reveals the critical cut of the probabilities to be 0.41. In other words, when
probability for the CGF is cut at 0.41, the match between the response of heat
source and the probability fields for heat source is maximized.
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Having found the optimum cutoff, the probability distribution is discretized
into the two sets of fields over the entire Walker Lake region. One set includes
stochastic ISs, which consist of the spatial points having probabilities greater than
0.41, while the other consists of spatial locations not associated with ISs. The
distribution of the delineated stochastic ISs is shown in Figure 15-16.
There are 98 'stochastic ISs identified in the Walker Lake area. Size of IS
varies from 10 to 80 square kilometers. All of the known ISs in the mineral districts
except for Silver Mountain are well defined , but in some mining districts, such as
the Aurora district, the delineated ISs are much larger than the mineral districts.
Most of the 98 ISs are found at locations where at least one of the three recognition
criteria occurs. The others that do not contain any known recognition criteria are
predicted stochastic ISs.
Finally, it should be noted that not all of the stochastic ISs delineated in the
Walker Lake area are in the epithermal environment. Elimination of those not in
the epithermal environment reduces the number of the stochastic ISs.
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Figure 15-15 Optimum discretization for probability of CGF.
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Chapter 16
Partitioning Intrinsic Samples into Information
Zones Based upon Conditional Exceptionalness Principle
16.1 MOTIVATIONS AND CONCEPTS
The guiding principle in the IS methodology is to identify members of a
population. Geoscience information is synthesized and employed so that all observations contained in an IS are similar to each other but anomalous in comparision
to the surrouding sample locations (background) in terms of the synthesized GFs.
Clearly, while sample locations within an IS are common vis-a-vis the information
synthesized for the delineation of the IS boundary, heterogeneities within an IS may
exist vis-a-vis other geoscience information.
The ISs delineated in the Walker Lake area exhibit certain heterogeneities,
the degree of which varies with the spatial sizes of the ISs and the diversities of
lithologies, structures, geochemical and geophysical fields. Because of these local
variations, an entire IS generally can be divided into a few subregions each of which
is characterized by its anomalous or exceptional features in terms of combination of
one or more geological variables which reflect one or more geological processes. Each
of these subregions, referred to as information zones (IZs), may represent a different
favorability for the formation of mineral endowment. Identification of IZs within
ISs will substantially improve endowment estimates in terms of both accuracy and
precision. When other geodata exist which carry information about one or more
other genetic factors, e.g., host rocks, such information is both relevant and useful
for delineation of IZs and for subsequent estimation of mineral endowment.
Identification of IZs can be made using the principle of exceptionalness. Formation of ore deposits, especially huge deposits, is regarded as a very rare geological
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event in the history of crustal evolution. Considering the low concentration of many
elements, e.g., 65 ppm for copper, in common crust rock, the presence of a large
acc~ulation

(1 to 10 million tones for copper) of metal at concentrations that are

mined today requires enrichments by 100s or 1000s times crustal concentrations and
the accumulation of metal from a large amount of common crustal material into a
relatively small volume. Commonly, this concentration and accumulation is seen as
requiring the successive operation of several enrichment-depletion stages (Vistelius,
1960; DeWijs, 1951, 1953; Brinck, 1967). Since these subprocesses rarely take place
at the scale and strength required to form an ore deposit, their joint (sequential)
occurrence could be considered to be a very rare event in both space and time.
IT we assume that each of these subprocesses is stochastic, mineralization process
is also stochastic, and formation of an ore deposit is a random event. Given that
this assumption is true, the concept of rareness of ore deposits is equivalent to the
smallness of the probability for formation of a mineral deposit.
The concept of rareness can be comlPared to that of exceptionalness described
by Gorelov (1982). Some other terms found in literature carrying similar meanings
include atypicality, uniqueness, anomaly, etc. It is apparent that the idea of exceptionalness is not new. The conventional analysis of anomalies, such as residual
separations in trend analysis, is an application of the same idea. But exceptionalness
provildes a more general concept about a rare event.
Gorelov (1982) pointed out that the most general feature of major commercial deposits is that the geological structures of their ore fields are exceptional and
anomalous compared with those of neighboring areas. Although the central idea
of this statement is certainly correct, the concept of exceptionalness seems to be
less complete and accurate than it should be. Exceptionalness of a geologic object
is defined by a collection of relevant GFs or GDs. For instance, exceptionalness
of an ore fields is based upon measurements on a set of important GFs related to
mineralization. These recorded features are synthesized to produce a measure characterizing exceptionalness of the ore fields. The measure is associated directly with
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the GFs instead of the deposits, meaning that the area is exceptional in terms of
these GFs.

In the case of only one simple geological measurement, the principle of exceptionalness would be theoretically equivalent to that of the conventional anomaly
analysis if the anomalous observations are determined by means of measuring the
distance from the mean based upon a histogram for the geological measurement.
A slightly more general case is that of multiple GDs from a single GF. Gorelov
(1982) demonstrates this category of exceptionalness analysis. A comprehensive
measure of exceptionalness for ore fields was devised using eight geophysical descriptors, all measured from the same geophysical field. The index given by Gorelov is
conditional upon the geophysical field. Ideally, an unconditional measure for exceptionalness of ore field should be based upon all of the relevant geofields. However,
such a measure usually can not be obtained because of the incompleteness of geological knowledge.
The most general case in exceptionalness analysis is predicated upon a comprehensive consideration of a set of GFs related to the formation of ore deposits,
or more generally to a selected object. Generally, any single geological attribute is
usually insufficient to make inference about a rare event. For instance, an anomaly
indicated by a geochemical sample from an outcropped rock does not provide sufficient evidence for existence of a deposit, because the geochemical anomaly may be
due to surficial geochemical processes. In analysis of exceptionalness, it is appropriate to construct optimum combinations of geological, geochemical, and geophysical
features.
The principle of conditional exceptionalness based upon multivariate GFs is
used in the next to develop a general procedure for delineation of IZs within ISs.
This approach is demonstrated on the stochastic ISs delineated in Walker Lake
region.
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16.2 GENERAL PROCEDURE FOR IDENTIFICATION
OF INFORMATION ZONES IN INTRINSIC SAMPLES
Factorization and Normalization
Suppose that m GFs are observed from geological, geochemical, and geophysical fields on n individuals (such as cells). Assume that all features are more or less
related to a CGF (e.g., hea.t source in the Walker Lake area) in one way or another
and that the individuals are sampled from those in a control region. Assume that
information on CGF can be decomposed into k geological factors, each of which can
be expressed by a combination of a set of GFs. Geological factors can be extracted
by factor analysis. Suppose that application of factor analysis to geodata produces
k

«

m) geological factors which contribute significantly to explaination of the total

variations in the data and are highly associated with CGF.
Factor analysis may present difficulties if factors are selected exclusively by
order of eigenvalues or by some a priori percent of common variance explained by a
subset of factors. Some factors that are less significant in terms of common variance
may play an important role in identification of IZs, for they may have received large
weights of some very rare GFs. To avoid a loss of important information, care must
be taken to examine statistical contributions and uniqueness of the involved GFs,
when retaining factors for subsequent analysis.
After geological factors have been extracted, factor scores are computed for
each sample location, producing a set of data that reflects the different possible
geological processes that comprise the ISs. Prior to computation of scores, m GFs
are transformed into new ones having the same zero mean and unitary standard
deviation.
Since the retained factors are orthogonal, their scores may be viewed as outcomes of independently valued geological processes related to the CGF. However,
experimentation has shown that histograms constructed directly from these scores
are usually very ragged and complex in form, presenting difficulties with interpretation of exceptional properties of the factors. Furthermore, each of the scores of one
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factor computed at one sample location characterizes typicality for that observation
in terms of the same factor. Thus, exceptional properties at each sample location
are characterized by k geological factors. Logically, if a location in an IS is exceptional, it is exceptional in terms of one and only one of the retained factors in the
sense that contributions from other factors to the measure of exceptionalness are
negligible. As a matter of fact, if the original scores are utilized directly, a location
may be multi-labeled, meaning that it is exceptional in terms of more than one factor. This would complicate, if not defeat, the use of the principle of exceptionalness
to partition an IS into non-overlapping IZs. To moderate such difficulties, factor
scores at each location are normalized to one by using the following transformation:
Sij

=

e

llij

It
'"
"-'t=1

'

i

= 1,2, ... ,nj j = 1,2, ... ,k,

(16 - 1)

ell;'

where Sij and Sij are the original and normalized scores at location i for factor j,
respectively.
Measure Sij characterizes typicality of location i with respect to geological
factor j. A large normalized score for one factor implies small values for other
factors. Thus, a location identified to be exceptional in terms of one geological
factor should not be exceptional in terms of the other factors.

Construction of Histograms
In the next step, an attempt is made to construct a density distribution for
each normalized factor score. In general, there are two ways to achieve such a goal.
The first approach is to assume some theoretical form of density function for each
of the geological factors. Then, the parameters involved in the theoretical function
are statistically estimated under some optimum criterion. However, the true density
distribution form for each factor may be difficult to identify. In some cases, even if we
could find a density function that fits the data well, its parameters may be difficult
to estimate. Moreover, even when a well-behaved density is fitted, the parameter
estimates sometimes are strongly affected by a few influential observations in the
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data set. Finally, estimates of the unknown parameters may be poor when the
control region is heavily contaminated.
The other approach, which is used here, is to construct histogrmns from
normalized scores obtained from the control region. One advantage of this empirical approach is that no theoretical assumptions are needed for density functions,
and, therefore, there is no need to estimate unknown parameters. Furthermore,
exceptional observations appear to stand out more from the histogram than from
a fitted model. On the other hand, because of less smoothing, a few erratic observations may cause some distortion of the estimate for the number of exceptional
observations based upon a histogram.

Determination of Exceptional Intervals in A Histogram
Suppose that k histograms of normalized scores are constructed. the frequency in each interval of a histogram characterizes the typicality of observations.
The higher the frequency, the higher the typicality of cells having scores in that interval, while the lower the frequency, the higher the atypicality or exceptionalness.
Clearly, this concept is consistent with the common belief that anomalous data are
associated with small probabilities for their occurrence.
Since low probabilities can occur in both tails of a histogram, the question
arises as to whether one side or both sides of the histogram should be regarded as
exceptional intervals. And, if only one side is to be considered exceptional, which
side should it be? IT the histogram is one-tail-structured, then exceptional intervals
must be located at or near the tail. IT the histogram has two tails, the decision is
made according to the correlation between the factor and CGF. IT the correlation is
positive and significant, the upper tail is the candidate for the exceptional interval;
if the correlation is negative and significant, the lower tail contains the exceptional
interval; if correlation is insignificant, both tails mayor may not be exceptional.
The criteria proposed above are appropriate only to uni-model histograms.
The presence of multiple peaks in one histogram would cause certain ambiguities
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in determining exceptional tails, because the histogram may be multi-models. Determination of exceptional regions from these histogram must be based upon some
heuristics besides the criteria given above. For instance, if a histogram displays two
peaks that are clearly separated from each other and the frequency of one peak is
much larger than that of the other one, then the interval associated with the smaller
one may be considered to be exceptional, provided that the location of the smaller
one is consistent with the sign of the correlation between the factor score and CGF.
Having established the principle for identification of the exceptional tails,
a criterion to detennine critical cut points of a histogram is needed. To achieve
this goal, the number of exceptional observations must be determined from the
histogram. Denote pj as the proportion of observations exceptional in the histogram
for factor j. Define the relation:
pj

where

0:

= o:f3Aj, j = 1,2, ... , k,

(16 - 2)

represents the precentage of total area that occurs within ISs in control

area, f3 the total percentage of variation explained by the retained factors, and Aj
the percentage of variations explained by factor j only.
We postitulate that (i) all, or at least majority of the observations within an
IS are exceptional in tenns of factors (including both retained and excluded factors)
except for some noisy observations and (ii) all, or at least the majority of observations outside ISs in the control region are not exceptional in terms of retained
factors, except for some noisy observations. These locations might be exceptional,
but in terms of some uninteresting GFs. On the basis of these postulations, definition (16-2) may be rationalized as follows.
A larger value of Aj implies greater importance of the corresponding factor
in the sense that the

ph

factor is associated with a larger portion of the total

exceptional observations within ISs in the control area than are factors with smaller

AS. Therefore, the factor associated with the largest eigenvalue represents the source
of the greatest heterogeneity present within an IS, the largest area of IZs.
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The parameter ir is introduced into function (16-2) as a conditional discounting factor. Variations contributed by observations outside ISs in the control
area should be excluded from further consideration, although these variations have
already been partially considered by the retained factors. Total variation in the
control area consist of contributions from both observations within and outside the
ISs. However, extraction of factors is unable to separate the two sources; therefore,
parameter a is introduced to approximate this adjustment.
Retained factors account for only a part (usually major) of the total variations in the data structure; other factors excluded are responsible for the remaining
part. These unused variations may be related to some other trivival or uninteresting
GFs. Therefore, a portion of exceptional observations determined by eigenvalues
must be adjusted by using f3 as another discounting factor.
Having obtained Ph the next task is to calculate total (nj) number of exceptional observations in terms of the jth factor, which is easily achieved by multiplication of pj by the total number of observations (N) in control area:
nj=Npj, j=1,2, ... ,k.

(16 - 3)

Having obtained these numbers, a critical cut value for each factor is determined from the corresponding histogram, provided that exceptional tails of the
histogram have been determined. H only one tail is considered to be exceptional,
then the critical cut value is the value at which the total number of observations
counted in the interval between this point and the end of exceptional tail is exactly
equal to number n j. If exceptional observations are distributed in two tails, then a
simple treatment is to divide number

nj

by 2, and then two critical cut values are

determined by following the same procedure for one tail. A similar procedure may
be adopted for determination of critical cut values in even more complicated cases
where a histogram displays more than one peak, as long as the exceptional tails are
known.
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Delineation of Information zones
These Ie cut values make it possible to identify exceptional locations throughout the Walker Lake region for ea.clJ. of Ie factors. By assigning Ie different symbols
to represent exceptional location, IZs of ea.clJ. type can be delineated by contiguous
sample locations having one of the Ie symbols.
Normalization of factor scores may not avoid completely multi-labeling problem. To prevent this problem, some supplementary analysis is needed after cut
values are applied to entire region. One treatment is to give higher priorities to the
geological factors associated with the larger percentage of eigenvalues over those
having smaller percentages. Whenever and wherever a location is recognized as
exceptional in terms of more than one factor, the location is considered to be exceptional in terms of the factor associated with the largest eigenvalue and labeled
accordingly.
To present a clear picture of the entire procedure, the major steps described
for recognition of IZs are summarized in Figure 16-1.

16.3 IDENTIFICATION OF INFORMATION
ZONES IN STOCHASTIC INTRINSIC SAMPLES
The method developed above is applied to epithermal gold-silver deposits
in the Walker Lake quadrangle. The objective is to partition the stochastic ISs
into IZs, given the geoinformation present in ten synthesized variables at all sample
locations, both within and without ISs. Ten variables are described as follows:
AUAG (Xl ): filtered geochemistry derived from synthesis of the 14 elements
sampled from drainage basins.
FAULT (x?): high-pass structure, obtained by synthesis of the ten structural
descriptors related to faults.
GRAV (X3): band-pass gravity, derived from coherence analysis between
high-pass isotatic gravity fields and filtered geochemical fields.
MAG (X4 ): band-pass magnetics, derived from coherency analysis between
high-pass magnetic fields and filtered geochemical fields.
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Figur 16-1 General procedure for recognition of information zones.
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RATIO (X5 ): ratio between rock density and susceptibility contrasts estimated by a Poisson moving window, based upon high-pass gravity and high-pass
magnetic fields.
CaRR (X6): correlation between high-pass gravity and high-pass magnetic
fields estimated by a Poisson moving window.
ROCK (X7): area of host rocks (in km 2 ) for epithermal gold-silver mineral
deposits.
MINF (xs): number of epithermal gold-silver mineral occurrences found
wi thin a cell.
INTA (Xg): area of Tertiary intrusives that outcrop within a cell.
ALTA (XlD): area of hydrothermal alterations found within a cell.
Variable

XI-X6

were used previously to delineate the stochastic ISs, along

with binary forms of variables

XS-XIO,

the recognition criteria. Host rocks include

Tertiary andesite-Iatite flows, Tertiary rhyolite-dacite flows, intermediate subvolcamc and hypabyssal intrusive rocks. Tertiary andesite-Iatite flows are of particular
importance.
Extraction of Geological Factors
Prior to the extraction of geological factors on the control area, all ten of
the variables were standadized to mean zero and standard deviation one. The new
data were then factored using the maximum likelihood algorithm, yielding the set
of eigenvalues listed in Table 16-1.
As indicated in Table 16-1, the majority of the total variations present in
the data set is explained by the first four factors, accounting for almost 97% of
the sum of all eigenvalues for the ten factors. Factor loadings corresponding to
the first four factors are shown in Table 16-2. To obtain a clearer picture, the
MAXVAR rotation technique was applied to the original factors to compute a new
set of loading coefficients in the rotated factor space. These rotated loadings are
shown in Table 16-3.
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Table 16-1 Eigenvalues.
:actor

Eigenvalue

Fl

2.3122

F2

1.':'i38

: 3

.\t

0.3834
0.4110

rs

O.~i05

F6

0.1250
0.0630
-0.0371
-0.1112
-0.1331

'!:'

F7
Fe
F9
tl()

-,
..
:;igenva1ue
0.4683
0.2985
0.1182
0.0832
0.0548
0.0253
0.0128
-0.0075
-0.0225
-0.0310

Cum. £...
0.4683
0.7668
0.8850
0.9682
1.0230
1.0483
1.0611
1.0535
1.0310
1.0000

Table 16-2 Factor loadings.
::umber
of
':ariab1e

Xl
X2
X3
X..

Xs
X6
X7
XII
X9
X IO

~umber

r 1

0.415
-0.157
0.045
0.032
0.329
0.389
0.665
0.529
0.727
0.776

F2

-0.066
0.103
0.076
0.111
0.807
0.788
-0.222
-0.236
-0.211
-0.142

of Factor
F3

0.515
-0.335
0.108
0.218
-0.054
0.016
-0.335
0.131
-0.034
..
-0.113

-

: ..

-0.095
0.330
0.25;
0.353
0.040
-0.096
-0.043
0.276
0.062
,
-0.091

.
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Table 16-3 Rotated factor loadings
~umber

of
rariab1e

~umber

r 1

:{l

0.:35

X2
X3
X..
Xs

-0.071
-/).017
-0.074
0.040
0.078
lJ.i69
'J.512
0.730
0.773

X5

X,

:<8
:\9
:\10

F2
0.075
0.036
0.075
0.097
0.870
0.876
0.030
-0.052
0.052
0.141

of :actor
·3

F ..

0.610

0.135

-0.469
0.009
0.064

0.li6
0.182
0.410
0.059
-0.036
-0.078
0.363
0.129
-0.035

-0.050
0.Oi9
-0.082
0.::'82
O.H:3
0.154

Table 16-4 Sorted and rotated factor loadings.
~umber

of
';ariable

X,
Xs

Xg
X10
Xs
X6
Xl
X2
X3
X..

~umber

of Factor
~

F2

: 3

0.769
0.512
0.730
0.773

•
•
•
•

•

•

*
*

0.363

*
*

0.870
0.876

r 1

•
•
*

•

*
*
*
*

•
•
*
0.610
-0.469

•

•

·10

•
*
*
*

•

*
0.282
0.410
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A cutoff value of 0.25 is selected to sort the rotated factor loadings listed
in Table 16-4 by assigning an asterisk (*) to the loadings smaller than 0.25. The
cut value, selected from the absolute rotated loading coefficients ranked from the
smallest to the largest, is that value which signals a sharp change in the loadings.
Table 16-4 shows that all of the ten variables appear in the four factors. The
first factor is represented chiefly by the following set of variables: number of mineral occurrences (MINF), area of Tertiary intrusives (INTA), area of hydrothermal
alterations (ALTA), area of host rocks (ROCK).
Factor one essentially represents the recognition criteria for heat source. This
dominant representation for the total variations by the first factor indeed offers
support to the notion that heterogeneities within the ISs are the major source of
variations in the data structure of the control area. In addition, variable AUAG
receives a rotated loading of 0.235, which is at the margin of the critical cut value
(0.25) in the first factor. This observation seems to suggest that variable AUAG
may be useful as an indication of heat source, even though it is far less significant
than the other variables in this factor.
The second factor includes two variables: ratio of rock density to magnetic
susceptibility (RATIO), correlation between gravity and magnetic fields (CORR).
This factor, which is characterized chiefly by geophysical fields, accounts for the second largest percentage (29.9%) of the total variations in the data structure. This
is consistent with the genetic model for epithermal gold and silver, because these
variables are reflective of hydrothermal alterations or mineralization. Even though
ISs by definition contain, or are underlain by heat sources and hence are homogeneous with regard to heat source, magmatic, volcanic, and hydrothermal activities
associated with the emplacement of the heat source create nonhomogeneities within
the IS. For example, a hydrothermal phase could disturb a homogeneity in the ratio
of density to susceptibility. Of course, these heterogeneities are compounded by
host lithologies and structure.
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The third factor essentially is represented by filtered geochemical fields
(AUAG) and high-pass structural fields (FAULT). Since structural-geochemical
anomalies are important signatures of vein-type epithermal gold-silver mineral deposits, variations accounted for by the third factor (11.8% of the total variations)
are considered to represent heterogeneities within stochastic ISs due to mineralization processes. That the third factor accounts for such a small portion of the total
variations is at first glance perplexing, because geochemical fields have been

~hown

to be of particular importance in the prediction of epithermal gold-silver deposits
in the Walker Lake region (see Harris and Pan, 1987, 1988, 1989). However, a close
look at the rotated loadings of the four factors rationalizes this result, because variable AUAG also has a significant loading on the first factor, meaning that part of
the influence of the variable is counted in the first factor. Overall, then, the variable
is very important in explaining variation in the data structure.
The fourth factor retained is represented chiefly by the following variables:
band-pass gravity fields (GRAV), band-pass magnetic fields (MAG), and number of
epithermal gold-silver mineral occurrence (MINF), involving both geophysical fields
and mineral occurrences. The presence of mineral occurrences (xs) in this factor
suggests that the fourth factor represents heterogeneities related to mineralized or
altered bodies and is an important component of variation.
In summary, factor analysis shows that the four factors are meaningful with

respect to their geological implication and their representation of data structure,
especially heterogeneities in the ISs. Since each of the ten geological variables is
contained in at least one of the four geological factors, there does not seem to be any
significant loss of information by the exclusion of the remaining factors from further
consideration. Furthermore, in light of the analysis performed above, the statistical
and geological significances of the retained factors are basically consistent, meaning
that a factor that is more important in the sense of statistical significance is also
more important in terms of its geological implications.
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Construction of Histograms
Identification of Exceptional Tails
Scores for each of the four geological factors at ea.cll sampled location in
the entire study region were computed using the non-rotated loading coefficients
(Table 16-2). Then, these raw scores were normalized to sum. to one at each sampled
location. These transformed scores yield much smoother histograms (Figure 16-2
to 16-5).
All four histograms are positively skewed, which seems to suggest that the
observations grouped in the data intervals at the right side of the histograms are
probably more exceptional than those at the left side. To test this possibility,
each of the four sets of transformed scores was correlated with the responses of

the critical genetic factor (heat source) formed by union of the binary responses of
epithermal gold-silver mineral occurrenence, Tertiary intrusives, and hydrothermal
alterations. The correlation coefficients corresponding to the four geological factors
were computed to be 0.29, 0.18, 0.12, and 0.10, respectively. All four correlations
are positive and statistica.lly significant in light of the large size of the control sample
(324), confirming the occurrence of exceptional values of the four geological factors
on the right-hand sides of the histograms.
Identification of Critical Cutoff Values
Examination of factor analysis and factor scores on the control area provides
estimates for parameters a and f3 of 0.42 and 0.97, respectively. These values and
the eigenvalues in Table 16-1 yield the following estimates for p;, according to
equation (16-2):
PI

= 0.42 x 0.97 x 0.468 = 0.19

= 0.42 x 0.97 x 0.299 = 0.12
P3 = 0.42 x 0.97 x 0.118 = 0.05
P2

P4 = 0.42 x 0.97 x 0.083 = 0.03
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Figure 1G-2 Histogram for first factor.
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Figure 16-4 Histogram for third factor.

Figure 16-5 Histogram for fourth factor.
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Multiplication of the fraction Pi by the total number of observations (N) in
the control area gives the estimated number of exceptional sample locations for the
ith

geological factor. Accordingly, we obtain:

nl = 324 x 0.19

~

62,

n2

= 324 x 0.12

~

39

= 324 x 0.05

~

16,

n4

= 324 x 0.03

~

10

n3

The critical (cutoff) value for each of the four histograms is determined in
such a way that the total sum of the observations in the frequency bars, counted from
the extreme right side of the histogram toward the left to the critical value, produces
a number exactly equal to the estimated number (ni) of exceptional locations. For
instance, the critical value for the first histogram (Ft), selected so that the number
of observations greater than this value exactly equals nl

= 62,

is 0.378. This

procedure was repeated for each of the other histograms, giving critical values of

F;

= 0.520,

F;

= 0.475, and

F:

= 0.665.

Delineation of Information Zones
throughout the Walker Lake Quadrangle
Using the critical values and factor scores, each of the sampled locations in
the entire region of the Walker Lake quadrangle was evaluated to determine if it
is exceptional with respect to the four geological factors. Specifically, observations
in the study region were standardized by using means and standard deviations
of the variables computed in the control region. Then, using these standarized
values, factor scores were computed for each of the sampled locations and these
scores was then normalized to sum to 1. A location is considered to be exceptional
if a normalized factor score exceeds its critical value. This is accomplished by
comparing the four factor scores at each location to their critical values. When
none of these scores is greater than its critical value, the location is not considered
to be exceptional, meaning that the IS is homogeneous in the four geological factors.
In order to have a picture of the spatial distribution of exceptional observations, each of the locations in the entire study region was assigned a symbol
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representing the type of exceptionalness: A for factor 1; B for factor 2; C for factor
3; D for factor 4; and 0 for homogeneity, i.e., lack of exceptionalness.

Exceptional subzones consist of contiguous exceptional observations represented by the same symbol (see Figure 16-6). It should be noted tha.t all IZs
delineated in the Walker Lake area are spatially exclusive of each other. Occasionally, the subzones of one type contains a single exceptional location within a
different type. Such locations were ignored.

Discussion of Results
Most of the large ISs are decomposed into more than one IZ. The largest
IS, in the middle and southern part of the region, contains IZs representing all four
geological factors. This result suggests that although these large ISs are relatively
homogenous with regard to heat source, they possess considerable heterogeneities
in four geological factors.
Most of the small ISs contain at most one IZ, and some contain no IZ. In
general, the larger the IS the more heterogeneous it is, and the greater the number
of IZs. The smaller the IS is, the more likely that it is homogeneous and contains
no IZ. In some of the ISs, parts of the IS are left blank, being not exceptional in
terms of any of the four geological factors.
If both total number and area of the IZs of each type are considered, the IZs

represented by the first geological factor are dominant in the study region. The IZs
of the first factor are distributed chiefly in the ISs containing well-known mining
districts, such as, Aurora, Bodie, Patterson, Silver Mountain, etc., aligned along
two major structural belts, one of which trends towards NW in the western part of
the region and the other NNW near Walker Lane in the eastern part of the region.
The IZs located in both of these belts are hosted chiefly in acid and intermediate
volcanic rocks, e.g., andesite, rhyolite, and dacite of Tertiary age. This feature
is consistent with the strong positive correlation between the host rock variable
(ROCK) and the first geological factor.
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IZs of the second and third geological factors are distributed in both large
and small ISs throughout the entire region. In some large ISs, they coexist with
those of the first geological factor, e.g., Aurora and Bodie, probably reflecting some
genetic relationships between the different canonical combinations associated with
the first three geological factors.
Most of the IZs of the fourth factor occur in the smallest ISs, and some of
them are found in the background area outside of the ISs that are outside of the
control area. Furthermore, most of the smallest ISs containing IZs of the fourth type
do not include IZs of any other types, suggesting that the fourth factor represents
geofeatures that are not closely related to the other three factors.
Most of the mislabeled locations are associated with the second and the
fourth geological factor, implying that a certain portion of the total variations represented by these two factors is contributed by the background area outside the ISs.
On the other hand, some of the smaller ISs may be mislabeled by the symbol '0'.
These mislabelings could be due to erroneous delineation of the ISs. Or, mislabeling
could be due to the use of only four of the ten factors, because information about
the other minor geofeatures is lost by using only four factors.
In conclusion, application of the principle of relative exceptionalness to fac-

torized geological information appears to be a useful means of delineating spatial
heterogeneities, which are here referred to as information zones (IZs), within a
consistent geological area. Moreover, interpretation of the factors provides understanding of the geological features of these heterogeneities. Once delineated, IZs can
be useful in directing additional exploration, or the IZs can serve as sample areas
upon which mineral endowment descriptors, geology, and exploration are quantified
to facilitate the objective estimation of mineral endowment and resources. In the
latter case, the sample areas have been defined on geological grounds, as contrasted
to the arbitrary sample areas of a grid.
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Chapter 17
Geology-Exploration Endowment Models
for Simultaneous Estimation of Discoverable
Resources and Endowment
17.1 INTRODUCTION
A multivariate endowment model is essentially characterized by a particular
information extraction strategy for the so-called optimum combination of those
geofeatures most related to variations of endowment. In general, estimation of
endowment in a study region is made through extending the model established in
the control area to the entire study region on the basis of the principle of analogy,
assuming different regions with similar geological environments would have similar
endowment.
Exploration process models differ from endowment models in their emphasis
on exploration information and rare or simplistic use of other geological features. For
example, the most widely cited exploration model is the discovery process model
proposed by Arps and Roberts (Harris, 1984). The virtue of the model is that
discoveries are related to endowment through an exploration efficiency parameter
and the amount of exploration.
Conventional multivariate models constructed and applied under the principle of analogy have several limitations, the most serious of which is that they
produce a biased estimate of endowment due to incomplete utilization of relevant
geological information and complete neglect of important exploration effects. If the
control area were exhaustively explored, if the properties of an endowment were associated with the selected geofeatures in an exact and consistent manner across all
of the sample units, and if different regions having the same geological environment
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would on average contain the Bame magnitude of endowment, then the multivariate
model established on the control area would produce an unbiased estimate of the
endowment. However, as a matter of fact, none of these prerequisites can be readily
validated in any particular region and for any type of mineral deposit. In general, no
relatively large region has been exhaustively explored. Therefore, the endowment
model constructed using imperfect knowledge of the geological environment in the
control area will inevitably tend to produce biased estimates of the resources in the
study region. Furthermore, the relationship between endowment and geofea.tures
for a specific type of mineral resource is usua.lly much more complex than the simple
linear equations which are frequently adopted in conventional multivariate models.
One way of improving conventional multivariate models is to utilize information on exploration as well as geology and to construct a hybrid model, a geologyexploration endowment model. This paper presents two variations of BUch models:
Poisson-Logistic and Exponential-Logistic. The Poisson-Logistic model is demonstrated by a case study on epithermal gold-silver mineral occurrences in the Walker
Lake quadrtangle of Nevada and California.

17.2 DEVELOPMENT OF GEOLOGY-EXPLORATION MODELS
A General Form of the Models
In contrast to conventional models which associate known (discovered) re-

sources directly with geological variabless, the new model that relates discovered
resources, endowment, geology, and exploration is given by:

D(Z, E; (3, 8) = F(Z; (3)G(E; 8) + E,

(17 -1)

where F is the endowment function consisting of geological variables Z =
(ZI! Z2, ... ,zm)', a vector containing m variables, (3 = «(3I! ..• , (3m)', a vector of
unknown parameters; G is the exploration function, consisting of exploration factors E = (el' e2, ... ,ek)', a vector containing k variables, conditional upon the
unknown parameter vector 8 = (8 1 ,82 , ••• ,81.)'; D, the quantity of recoverable
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known resources, is a function of Z and E, conditional upon {3 and 8; and Eis a
stochastic error term that satisfies certain statistical properties.
All of the m geological measurements (Z) and k exploration variables (E)
in equation (17-1) are assumed to be deterministic quantities. In general, the
exploration function G is assumed to be deterministic, but all other terms, D, F,
and

E,

are considered to be stochastic. In general, the form of function D is much

more complicated than the usual linear regression function due to the stochastic
terms F, besides

E.

However, if the effect of the error term

E

is neglected, then,

endowment and discoverable resource would share the same form of probability
distribution.
The function G is required to approach one when exploration factors E become infinite and to approach zero when E is zero. In general, G takes on values
between 0 and 1. Since F is multiplied by G, if G takes a value near or equal to
zero, D will be close or equal to zero, meaning that there are little or no discovered
resources at the current level of exploration. On the contrary, if the function G has
a value close or equal to 1, then recoverable resources approximate the endowment,
except for the random quantity,

E.

The endowment function, F, is predicated upon m geofeatures, given optimum estimates of parameters (3. Thus, if F(Z; (3) is large, discoverable resources
could be sizable, even though the exploration is incomplete. On the other hand,
if F(Zj (3) is very small, meaning there is little potential in the region, then the
discoverable resources are small regardless of the amount of exploration.
To interpret the exploration function G, assume that the mean of E is zero
and

G(E' 8)
,
where jj and

F are

= D(Z, E; (3, 8)
F(Z; (3)

,

(17 - 2)

the means of D and F, respectively. Relation (17-2) shows

that completeness of exploration is the ratio of average discoverable resources to
average endowment. Clearly, the greater the resources discovered relative to the
endowment, the more complete the exploration will be, and vice versa.
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It is readily seen from equation (17-1) that the endowment estimate depends

chiefly on the choice of the form for function F and the information content of the
m geological variables. The estimate for discoverable resources, however, depends
upon both function forms F and G as well as the geological and exploration variables. This does not imply that the endowment can be directly estimated through
geological information only. On the contrary, without knowing the degree of exploration, F cannot be estimated. The functions F and G appear to be independent
terms in equation (17-1), but they are inherently interrelated, because complete
exploration usually leads to greater detail and more accurate information on relevant geofeatures than does incomplete exploration. Therefore, thorough exploration
generally result in a reduction of uncertainty (variance) in endowment estimates.
To simplify the task, endowment is specified as the number of occurrences
of epithermal gold and silver mineralizations, i.e., mines or prospects. Define y
and x as two random variables representing the number of discoverable occurrences
and the endowment of occurrences, respectively. An explicit form of the geologyexploration endowment model (17-1) in terms of number of mineral occurrences is
proposed as follows:
(17 - -3)
where <p is a function of the exploration variables (E) given the unknown parameter
vector 8j and

f

is a random term with zero mean and variance

(72,

independent of

endowment x. Function <p is generally assumed to be positive.
It can be readily seen from equation (17-3) that 8 and x must be simulta-

neously estimated because endowment x is never known in both control and study
regions. Intuitively, direct estimates of both unknowns (8 and x) would seem to
be difficult, for the solution might be ambiguous. To reduce the possibility of
nonuniqueness, certain prior information on the statistical properties of endowment
is useful. This may be achieved by specifying a suitable probability distribution
form for endowment x. There are quite a few different forms of probability distributions which have been frequently used for the numbers of mineral deposits (or
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occurrences), such as Poisson, negative binomial, exponential, etc. The Poisson distribution is particularly suitable for a random variable related to a rare event, such
as the occurrence of mineral deposits, especially when the sampled unit is not large.
The negative binomial distribution has been recognized as being particularly useful
for fitting observed frequencies of mineral deposits (or occurrences) that tend to be
clustered in space. The exponential distribution, has been successfully employed
to approximate discrete histograms of number of mines that are positively skewed
(Sllchter, et al, 1962). Here, the Poisson and exponential models are postulated as
the probability distributions of endowment, which here is specified to be number of
occurrences of epithermal gold-silver deposits.

Poisson-Logistic Model
Assume that endowment x follows the Poisson distribution with parameter
>., that is

=

>.:l: e -'\

" x = 0,1,2, ....
x.
Suppose that the probability for one or more mineral deposits (or occurrences) can
x'" !(Xj>.)

be estimated by m geological variables (Z) through function

.,p,

conditional upon

unknown parameter vector fJ, that is

P(x

> 1) = .,p(Zj fJ) = 1 - p(x = 0).

(17 - 4)

Thus, we have the following relation:

Solving for >. we have
>. = -In[1 - .,p(Zj fJ)].

(17 - 5)

Let w be the number of unitary cells in a sample unit. For example, when>. is
number of occurrences per square mile, w is the number of square miles in the area.
Then, the expectated endowment is
E(x)

= w>. = -w In[1 -

.,p(Zj fJ)].

(17 - 6)
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Equation (17-3) defines the relation of y to Xj assuming that

E

has mean zero and

4> is deterministic, taking the expectation of y yields E(y) = E(x)[1 - e-t/>(EjS»).

Using (17-6) we obtain
E(y) = -w In[1 - t/J(Zj ,8)][1- e-¢(E j 8»).

(17 -7)

Assume further that the currently discovered number (d) of occurrences in the
control region is of the form

d = E(y) +u,

(17 - 8)

where u is a random error with zero mean. Then d is an unbiased estimator of
E(y).
Combining (17-7) and (17-8) produces the following model:
d = -w In[1 - .,p(Zj ,8)][1 - e-4>(E j 8») + u.

(17 - 9)

The total endowment is estimated by the product w In[1-t/J(Zj ,8)], while exploration
completeness is represented by the term 1 - e-t/>(Ej8). Since all of the quantities,
d, w, Z, as well as E, are known in the control area, parameters ,8 and 8 can be

estimated using either a search algorithm or a nonlinear least squares algorithm.

In order to estimate the parameters for the model in (17-9), the functional
forms of .,p and 4> must be explicitly specified. A simple linear form for 4> may be
appropriate for many practical cases. A reasonable choice for .,p may be the logistic
function, which has been widely employed to estimate probabilities for mineral
deposits or occurrences. In this cnse, the endowment can be transformed into a
binary variable, taking value one if there is one or more occurrences in the unit and
zero, otherwise. Accordingly, the following is postulated:
exp(Z',8)
.,p(Zj,8) = 1 + exp(Z' ,8)'

(17 -10)

Consequently, (17-9) can be rewritten as
d = wln[1

,

+ exp(Z ,8)][1 -

,

exp( -E 8)]

+ p..

(17-11)
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Exponential-Logistic Model
IT endowment is exponentia.lly distributed, that is

x'" !(x; a)

= ae- oz ,

x > O.

Then, we have

or

a = -In[1/J(Z; ,8)].
Thus, we obtain

d = -w{ln[1/J(Z; ,8)]} -1 [1 -

e-q,(E;8)]

+ p..

(17 -12)

IT we assume that 1/J is a logistic function and if> is linear, then we obtain the following
model:
d = w{ln[1 + exp( -Z' ,8)]} -1 [1 - exp( -E' 8)]

+ p..

(17 -13)

The parameters in (17-11) and (17-13) may be estimated by ordinary least
squares or maximum likelihood methods. An iterative search procedure, a Newtonlike technique, referred to as modified Levenberg-Marquardt method (MLM), is
employed in the subsequent analysis.

17.3 VALIDATION OF MODEL ESTIMATES
Suppose that estimates for the unknown parameters ,8 and 8 have been obtained by using the MLM algorithm. It is natural to ask about the quality of these
estimates. Useful measures for judging the quality of a nonlinear regression estimate
include: information matrix, t-statistic, Box's bias, and goodness of fit.
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Information Matrix
As in the case of linear regression models, the precision of a nonlinear least
square estimate is usually measured by standard deviations or variances of nonlinear
estimates. The 'information matrix' is defined as H

h.

= (hj'}'X' (I = m+k+l) where

-1. ~ lJ2g(Xi; b}

Jt -

(12 ~
1=1

lJb ·lJbt
J

(17 -14)

'

where b=({3o, {3I, ... ,13m, 8J, ... , lh}' is a parameter vector;
planatory variables observed at observation i:

Xi

=

Xi

is a vector of ex-

(Zi, ei); (12

is the unknown

variance.
The estimate of the information matrix is obtained by substituting the least
squares estimate

b for

b and the estimated residual variance

(,2

for

(12,

with

(,2

=

RSS/(n -I), where RSS is the residual sum of squares, and n -I is the residual
degree of freedom.
According to Ratkowsky (1983) and Kendall and Stuart (1967), each of the
diagonal elements of the inverse of the information matrix defined in (17-14) is a
minimum variance bound for the corresponding parameter and is appropriate to
a class of estimators obeying certain regularity conditions. The elements off the
diagonal are covariances between parameters. Our major interest is in the diagonal
elements which provide us with a means for judging the quality of the parameter
estimates. Sometimes, the information matrix does not exist because the second
partial derivatives do not exist at certain data points.

t-Statistic
Given the assumption that the parameter estimator is normally distributed,
the t-statistic is

t j --

b·J -

b·J
A

Var 1 / 2 (bj}

,

(17 -15)

where the standard error may be estimated by the square root of the asymptotic
variance of the estimator obtained from the inverse of the information matrix.
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Because the estimate of the variance Var(bj) obtained from the information
matrix implies a minimum bound, the t-statistic defined in (17-15) actually measures the upper bound of the corresponding estimate. Therefore, comparision of
t-values associated with different parameter estimates is much less informative for
the nonlinear model than that for the linear model. Further complicating the use of
t-statistic is the fact that although low t-values usually indicate that a parameter
is poorly determined, meaning that confidence intervals involving that parameter
may include zero, a high t-vaIue does not necessarily indicate that the parameter
is well-determined.

Box's Bias Measure
The degree of bias in general depends on the complexity of the functions, the
size of sample, and dependencies between unknown parameters. Significant departure of the function from linearity usually leads to large bias as the in parameter
estimates. Similarly, strong and complex dependencies among unknown parameters
tend to produce large bias in estimates. Box (1971) gave a formula for calculating
the bias:
2

n

n

n

Bias(b) = - : (ECiC;)-1 ECctr{(ECjC;)-IH c},
i=1
1=1
j=1

(17 -16)

OJ

where Ci is the 1 X 1 vector of the first derivatives of function !(Xi; b); and Hi is
the 1 x 1 matrix of the second derivatives with respect to each of the elements of b,
evaluated at Xi, where i = 1,2, ... , n, and at the unknown true parameters.
In practice, to obtain Bias(b) in (17-16),
b and

q2.

b and

fT2 are used in place of

If the bias for an unknown parameter estimator is significantly large,

the algorithm used for estimating the unknown parameters would be considered to
be inappropriate because of the possibility that the parameter estimate is outside
the true parameter region. Box (1971) concluded that in most nonlinear models
the bias is in general small compared with the standard errors associated with the
parameter estimates, and moreover, the biases tend to zero more rapidly than the
standard errors as the sample size increases. Experience with the new technique
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for calculating bias is meager in published literature. Most unfortunate is the lack
of suitable criteria for testing the significance of bias. Therefore, the acceptance or
rejection of a parameter estimate based upon its bias measure must be made by
heuristics.

Goodness of Fit
It is important to determine how well the estimated model fits the data.
Various methods have been developed for this purpose (Daniel and Wood, 1971).
Most of these methods usually involve examination of the residuals, the differences
between the observed and fitted responses. Among the numerous measures employed, the RSS is the most popular. Small RSS values generally indicate good
fits of the proposed model to the data, and vice versa. A modified measure is the

MRSS = [RSS/(n _1)]1/2. Although RSS or MRSS provides measures of goodness of fit, they must be used with care, as Ratkowsky (1983) pointed out, for in
practice a modeler may be misled, especially for small sample sizes, if a decision on
goodness of fit is based solely upon RSS or MRSS. Particularly, when there are
outliers in the influential observations in data set, use of only RSS or M RSS may
lead to incorrect judgements.

17.4 SELECTION OF INITIAL PARAMETER VALUES
For most nonlinear regression problems, the final solution is sensitive to the
initial parameter value and the best solution can usually be found only when the
initial parameter values are close to the global optima. A strategy for the selection
of initial values for model (17-11) or (17-13) is described below.
The number of parameters in () is generally fewer than those in {3. Therefore,
it may be useful to examine strategies for initial selection of the unknown parameters
in two stages, the first of which is to choose initial values for vector () «()O) based upon
heuristics; the second stage is to obtain the 'optimal' initial
based upon

()O

by means of linear statistical methods.

v~ue

for parameters {3
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Exploration completeness as defined by 1 - e- E

,
8

has values between 0 and

1. Suppose that we can identify a sample unit, associated with a well known min-

ing district, that has been most extensively explored. Associate this with the most
complete exploration, meaning a numerical value of one. The completeness of exploration for other sample units is assumed to be less than one. The heuristic strategy
is summarized in the following steps:
Identify one sample unit that has been most completely explored. For convenience, refer to this unit as the 'best' unit. Define an index to describe the relative
completeness of exploration associated with each of the other sample units. One
way of doing this is to employ one or more expert geologists who subjectively rank
and assign relative scores to the sample units. Another approach is to identify BOme
intrinsic measure, reflecting the relative exploration completeness for different units,
e.g., the ratio of number of mineral occurrences discovered in a unit to the area of
the same unit.
Divide each of the index values by the index value associated with the best
unit. If anyone of the regularized index values is greater than one, then set it to
one. Denote this regularized index by v.

,

Set

Vi

= 1 - e-e j 8 or

,

Yi = e/} + f,

where Yi = -In(1 -

Vi);

and

f

(17 -17)

is a random error introduced by the approximations

and subjective judgements, and is normally distributed with mean 0 and variance
(72.

Accordingly, the initial values of (J (6°) are easily estimated by least squares.
The second stage is to select initial values for

p.

Having initial values for 6°,

rearrange the terms in model (17-11) using 6° in place of 6:
(17 -18)
Denote the LHS of equation (17-18) by hi. Then, a further transformation on
(17-18) will produce the following linear equation:
Yi

= Zw + f, , = 1,2, .•. , n,
, f.l

•

(17 -19)
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where Yi = In{hi -1). Since all of the quantities, di, w, ei, as well as 80 , are known
for the control area, hi, Yi, can be computed. Finally, initial estimates po for f:J are
obtained through linear

regre~ion.

Validation of the initial selection based upon this strategy can be made to
some degree through examination of the correlation coefficients or F-rati08 produced in fitting the two linear equations (17-17) and (17-19). Judgement on the
appropriateness of the initial selection is also provided by the nonlinear algorithm
and the stability of parameter estimates. The initial values may be modified and
improved by means of feedback of useful information obtained from performance of
the algorithm.

17.5 A SYNTHETIC EXAMPLE
In order to provide some insights to properties of the nonlinear model defined
in equation (17-11) or (17-13), a synthetical numerical example is hypothesized
and tested. Assume that endowment follows the Poisson distribution, leading to
selection of model (17-11) for the hypothetical data.
Suppose that we have observed two exploration features (k=2) and two geological variables (m=2) on ten sample units (n=1O), giving the data in Table 17-1.
Parameter spaces are fl = (flo, fll' fl2) I and 8 = (81, ( 2 ) I , and their true values are
I

2.00, 0.88, 1.50, 0.90, and 0.62. Substituting the true fl into term w In{l

+ e-e;p)

in model (17-11) produces the true endowment for each of the ten units, which
is listed in the last column of Table 17-1. Similarly, substituting true fl and 8
into model (17-11) produces the true number of discoverable mineral deposits;
these are shown in the 8th column of Table 17-1. The lower and upper bounds
of the unknown parameters 8 and fl are given by 0.0 :5 8i
-5.0

< 5.0, (i = 1,2) and

< fli < 5.0, (j = 0,1,2).
Initial parameter values selected for the first try are 81 = 82 =

flo

= fll =

fl2 = 1.0, which are not far from the actual values. The MLM algorithm is then

applied, giving the parameter estimates, t-values, and bias measures summarized in
Table 17-2. Based upon these estimates, endowment and the number of discoverable
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deposits for each of the units are estimated. These results together with their true
numbers are listed in Table 17-3.
The search algorithm converged on the fifth iterative step for

th~

f)ptimum

solution, yielding MRS S = 0.3470 and 0.7712 at the converged point for the number of discoverable deposits and endowment, respectively. Table 17-2 shows that
parameter estimates 8 and Pboth seem to be very satisfactory, indicating that the
selection of initial values was fortunate. The results provide evidence that if the
initial values for parameters are close to the true values, then the iterative search
algorithm will tend to converge rapidly to a 'best' solution.
Summation of the errors in the two column in Table 17-3 produces totals
0.21 and 4.36 for estimates of discoverable resources and endowments, respectively,
indicating that both estimates are biased toward underestimation of the corresponding true numbers. The bias in the estimate of endowment is much greater than that
in the estimate of discoverable resources, suggesting that bias in the estimate of
f3 may be generally larger than that in the estimate of (J. The underestimation of

endowment is chiefly due to significant underestimates of the parameters f30 and

f32, while both underestimates in f3 and overestimates in (} are responsible for the
underestimates in the number of discoverable deposits.
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Table 17-1 Hypothesized data set
Sample

e1

e2

Zo

Z1

Z2

W

d

Endowment

1
2
3
4
5
6
7
8
9
10

1.5
3.7
1.9
1.1
0.5
1.8
2.8
0.6
0.4
0.9

0.5
0.5
0.5
0.3
0.3
0.3
0.3
0.1
0.1
0.1

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

2.7
4.5
2.2
3.0
2.9
5.8
3.6
4.2
5.9
6.6

3.0
3.5
3.0
3.0
4.0
4.5
3.7
4.9
5.3
5.9

1.0
3.0
2.0
1.0
1.0
4.0
2.0
1.0
1.0
2.0

7.0
32.0
14.0
6.0
5.0
45.0
19.0
6.0
5.0
19.0

9.0
33.0
17.0
9.0
10.0
54.0
21.0
13.0
15.0
32.0

Table 17-2 Parameter estimates for the synthetic example
Parameter

Estimate

True

Error

Bias

t-value

91
92

0.90069
0.71577
1.89469
0.94072
1.35122

0.90
0.62
2.00
0.88
1.50

0.00690
0.09577
-0.10531
0.06072
-0.14878

0.00001
0.00028 .
0.00053
0.00004
-0.00074

128.5
122.6
0.0640
0.0121
0.0010

/30

{31
{32

Table 17-3 Estimation of endowment and discoverable resources
No. of
Zone

--Discoverable Resources~
Estimate Error
True

True

Endowment
Estimate

1
2
3
4

7.0
32.0
14:0
6.0
5.0
45.0
19.0
6.0
5.0
19.0
158.0

9.0
33.0
17.0
9.0
10.0
54.0
21.0
13.0
15.0
32.0
213.0

8.49
32.6
16.0
8.77
10.0
53.7
20.0
12.5
14.6
32.2
208.86

5

6
7
8
9
10

E

• Value is MRSS.

6.95
31.8
14.0
6.14
4.87
45.2
19.2
5.71
5.12
18.8
157.79

0.05
0.02
0.00
-0.14
.0.13
-0.02
-0.02
0.29
-0.12
0.02
0.3470-

Error
0.51
0.40
1.00
0.23
0.00
0.30
1.00
0.50
0.40
-0.02
0.7712-

263
Both bias and difference between the estimated and true parameters are computed and listed in Table 17-2. The absolute bias values are plotted against the
absolute errors in Figure 17-1, with necessary adjustment of the scales. A remarkable feature is exhibited: the relative magnitude of the two quantities is perfectly
consistent, suggesting that a larger bias value corresponds to a larger discrepancy
between the estimated and true parameter values and vice versa. According to
Table 17-2, however, the sign of the bias measure appears to be meaningless for
the signs associated with the two quantities are rather inconsistent. Therefore, the
bias measure is useful for examining the discrepancy of the parameter estimate
in the magnitude sense, and it does not tell whether the model overestimates or
underestimates.
The t-values shown in the last column of Table 17-2 are difficult to interpret, for the values associated with parameter estimates (J are very large while those
associated with parameter estimates {3 are exceedingly small. The possibility for
such a strange outcome is predictable. The major reason for it is related to the
variance, which is estimated by the diagonal elements of the inverse of the information matrix. For example, the last three diagonal elements of the information
matrix are defined by the following second derivatives:
(17 - 20)
where j = 0,1,2. Equation (17-20) shows that the most influential term is the
last ratio which can be very small when z's are large, since all of the parameters
{3 are positive in this synthetic example. If this is the case, then the inverse of

the information matrix will generally produce large diagonal elements associated
with parameters {3, leading to small t-values. A similar argument can be equally
well applied to explanation of the t-values associated with estimates

8.

Since the

t-statistic is very sensitive to the function form and data characteristics, use of such
a measure is restricted to those circumstances in which variances of the estimates
are well determined, or at least uniformly determined for all variables.
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Figure 17-1 Relation between bias and discrepancy of parameter estimates.
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Finally, a natural consern is whether the solution in Table 17-2 is the best
one for all other initial parameter values, or whether other initial values would
converge to the same solution. Clearly, this question can only be partially answered
by examining a few typical combinations of initial parameter values. The search
routine was repeatedly called for each of three different initial selections of parameter
values. The results reveal a few important features: (1) Initial values closer to the
true parameters generally lead to better final solutions, smaller MRSS values, and
fewer iterative steps; (2) When the initial parameter values are too far from the
true ones, the search process either does not converge at all, no matter how many
iterative steps are used, meaning that no solution can be found, or the estimates
represent only local minima; (3) The signs of the initially selected parameters appear
to affect qualities of the solution, but are not as important as one would think,
especially when compared with the effect of changes in magnitude.

17.6 ESTIMATION OF NUMBER OF EPITHERMAL
GOLD-SILVER MINERAL OCCURRENCES
Nonlinear models developed in a previous section are applied to estimation
of the epithermal gold-silver mineral occurrences in the Walker Lake quadrangle
of Nevada and California. The information zones delineated in the Walker Lake
quadrangle in the last two chapters were considered as sample units.

Data Sets
Twenty four synthesized variables quantified from the geological, geochemical, and geophysical fields synthesized; there are listed in Table 17-4. Unfortunately, direct information on exploration completeness is not available at present.
Three combined features are thus considered as proxy variables to explain exploration completeness (Table 17-4). Twenty-five information zones in the Walker
Lake quadrangle are selected as control sample units.
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Table 17-4 Collection of geological and exploration descriptors
GEOLOGICAL VARIABLES
Filtered Geochemical Field
ZI = average of the field
Z2 =standard deviation of the field
Z3 =difference between maximum and minimum values
High-Pass Structural Field
Z4 =average of the field
Z5 =standard deviation of the field
Z6 =difference between maximum and minimum values
Band-Pass Gravity Field
Z1=average of the field
Z8 =standard deviation of the field
Z9 =difference between maximum and minimum values
Band-Pass Magnetic Field
%10 = average of the field
ZII =standard de,-iation of the field
zl2=difference between maximum and minimum values
Field of Density Contrast/Susceptibility Contrast
%13 = average of the field
%1,,=standard deviation of the field
Field of Correlation between Gravity and Magnetics
Zl5=average of the field
Z16 =standard deviation of the field
Host Rock Field
zl7=area of the host. rocks (km2)
Entropy Field- from Factor Analysis
%18 =average of residual entropies
.
Z19 = difference between maximum and minimum residuals
~NF \ (
. - )2]1/2
%20 = [ni-1 ~j=1
I\k Sjk - Sj
Background Field
%21 =average probability of hydrothennal alterations
z22=maximum probability of hydrothennal alterations
Z23=average probability of Tertiary intrusives
Z24 =maximum probability of Tertiary intrusives
EXPLORATION VARIABLES
el =number of mineral occurrences / area of zone (AZ)
e2=area of geochemical anomalies (GA) / (AZ-GA)
f3=area of host rocks in zone (HR) / (AZ-HR)
• where Sj = N F-l E~!; sjk. Sjk is the kth standardized factor score at zone j;
. N F is the number of retained factors; >'k is the ei~nvalue corresponding to factor kj
ni is the number of observations in the ith zone. This factor analysis and de~tion
of entropy residuals are described by Harris and Pan (1989a and 1989b).
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Probability Distributions for Endowment Occurrences
A choice must be made between models (17-11) and (17-13), which best
describes epithermal gold-silver mineral occurrences in the Walker Lake region.
Unfortunately, the information for such a decision is insufficient, because no area
in the Walker Lake region has been exhaustively explored. Accordingly, indirect
information is employed to gain insights about properties of the endowment distribution.
Recall that model (17-3) has three random variables: x, y, and E. It has been
assumed that variable x is independent of error

E,

implying that the distribution of

discoverable resources y is the distribution of two combined independent random
variables. However, by definition, the discovered resource is supposed to be that
portion of the endowment that can be discovered for a given exploration. Thus, if
exploration completeness is accurately quantified, error E should be negligible. Furthermore, if the effect of error E on the distribution form of y is small, compared to
that of endowment, the assumption that y and x follow the same distribution form
may be reasonable. Given that assumption, the information on known occurrences
in well explored control areas can be useful in choosing between the two distribution
forms for endowment.
Specifically, the information zones are divided into equal area cells from which
the distribution of mineral density (e.g., the number of mineral occurrences per cell)
is constructed. Both the exponential and Poisson are postulated for the possible
forms. Then, the goodness of fits of both the exponential and Poisson models are
examined for different sizes of cell to identify that model and cell size that best fit
the data.
The control region, generally, contains a number of empty cells. Because
of incomplete exploration, these cells being empty at the present time does not
necessarily mean that they contain no occurrences. It is appropriate to omit these
cells from the sample and examine truncated distributions. The lower-side truncation at 1 results in the following relations: a =

l/[E~(x)

- 1] for exponential, and
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.x

= E!(x)(1 - e-~) for Poisson, where

Q

and

.x are the parameters in the expo-

nential and Poisson models, respectively, and E~ and E! are their truncated means
(Slichter, et al, 1962; Harris, 1984). Different sets of frequency data were generated
for sizes of cell, with side length varying from 0.5 to 5 miles. The choice of 5.0 as
the upper bound is predicated upon the fact, given the sizes of the intrinsic samples, a cell size larger than 5.0 tends to be insufficient for robust frequency analysis.
Selection of 0.5 as the minimum size is arbitrary, but sizes much smaller than this
are excluded because of error in locational information created in the initial maps
of occurrences and in the digitizing of locations from these maps.
The computed MRS Ss associated with the two models are plotted against
the side length of cell in Figure 17-2, showing that the Poisson model with side
length of 0.5 miles produces the minimum MRSS value. The result for the Poisson
and exponential distributions at this side length are listed in Table 17-5. The
observed and expected frequencies for both models are plotted in Figures 17-3,
suggesting that the Poisson model provides a reasonable fit to the data, while the
exponential fits the data poorly. As a result, model (17-11) is selected as the model
for epithermal gold-silver

occurren~...s

in the Walker Lake quadrangle.

Reduction of Parameter Space
Using 24 geological variables and 3 exploration variables produces a large dimensional parameter space. The parameter estimates for this model might be more
or less ambiguous. Solution ambiguities could be reduced significantly by reducing
the number of unknown parameters (variables). Of course, reduction is useful only
if it can be achieved without a loss of information relevant to the description of
endowment and discoverable resources. Thus, the data structures of geological and
exploration variables must be examined separately to see if dimension reductions
are feasible.
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Table 17-5 Fitting the number of mineral
occurrences by Poisson and exponential models
No. of Interval Mid-Int-Value Observed Freq. Pois. Model
1
2
3
4
5
6
7
8
9
10
Density Par.
MRSS

1.65
2.95
4.25
5.55
6.85
8.15
9.45
10.i5
12.05
13.35

325.00
30.00
18.00
11.00
1.00
1.00
3.00
1.00
2.00
1.00

318.35
52.56
16.73
5.16
0.56
0.05
0.01
0.00·
0.00
0.00
1.27328
7.77092

Expon. Model
224.33
137.60
25.35
4.67
0.86
0.16
0.03
0.01
0.00
0.00
1.30132
46.71427

Table 17-6 Selected geological Variables by stepwise Logistic model
No.
1
2
3
4
5
6
·7
8
9
10

Variable

..tbs. t-Val.

X2 Contrib.

Rank No.-

ZI

2.808
3.353
1.131
3.694
4.051
2.391
1.449
2.532
1.295
2.840

23.912
5.425
2.150
1.856
1.329
5.117
11.525
3.210
17.376
1.421

1
4
7
8
10
5
3
6
2
9

Z6
Z9

Z10
Z14
Z16

Z17
Z18

=20
%24

• The most important "ariable ranks #1, the second #2, and so forth.
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The set of geological variables was reduced in two steps. The first step
was to eliminate those variables that are either unimportant or are highly collinear
with others. Then, in the second step, factor analysis is applied to the retained
geological variables so as to reduce dimensions of the variable space by transforming
to a smaller factor space. For the exploration variables, dimensionality is reduced
directly by factor analysis.
Trivial geological variables may be detected and eliminated by logistic regression applied in a stepwise manner. But, this analysis requires a binary response
for endowment, which is not available even in the control area. Clearly, an error
will not be incurred in those units having at least one discovered occurrence, while
the response recorded for units having no discovered mineral occurrences is less accurate because of incomplete exploration. Therefore, the response variable recorded
at each of the units is only an approximation. The application of a stepwise logistic model to the geological data set leads to a selection of 10 of the twenty-four
variables at the significance level of 0.1 (Table 17-6).
Having completed the first stage reduction of the geological set, factor analysis was applied to the ten retained variables to further reduce the dimension of
the variable space. The eigenvalues computed for the factors are shown in Table
17-7, show:ing that the first four factors account for more thaa 78% of the total
variation present in the data. Accordingly, the first four factors are retained for the
estimation of the endowment model and their loadings are provided in Table 17-8.
The factors are rotated and the rotated loadings are sorted using a threshold value
of 0.25, showing that the first factor represents chiefly area of the host rocks and
standard deviation of the ratio fieldj the second the average of geochemical field and
the exceptional measure (Z20)j the third the maximum probability of Tertiary intrusives and average of residual entropiesj and the fourth the average of the band-pass
magnetic field.
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Table 17-7 Eigenvalues from factor analysis
No. of
Factor

Variance
Explained

Percentage of
Variance

Cumulative
Percentage

1
2
3
4
5
6
7
8
9
10

2.4321
2.0837
2.0337
1,2885
0.8175
0.5322
0.3595
0.1908
0.1826
0.Oi95

24.321
20.837
20.337
12.885
8.175
5.322
3.593
1.908
1.826
0.795

24.321
45.158
65.495
78.380
86.555
91.877
95.470
97.378
99.204
100.000

Table li-8 Geological factor loadings
Variable

Factor 1

Fa~~or

Z1

0.693
0.649
0.628
0.190
0.29i
0.118
0.541
-0.465
0.672
0.191
2.432

-0.452
-0.114
-0.129
-0.602

Z6
Z9

Z10
Z14
Z16
Z17
Z18

Z20
Z24

VP

0~860

-0.106
0.694
-0.390
-0.279
-0.156
2.084

2

Factor 3

Factor 4

-0.176
0.031
0.367
-0.158
0.203
0.746
-0.006
0.655
0.329
-0.840
2.034

-0.387
0.580
0.016
0.598
0.103
0.235
0.209
0.188
-0.519
0.173
1.289
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Data on the set of exploration variables also was subjected to factor analysis.
The eigenvalues obtained are 1.15, 0.18, and 0.04, suggesting that the first factor is
dominant, accounting for more than 83% of the total variations in the data. Thus,
retaining the first factor does not incur much loss of information. The loadings
corresponding to this factor are 0.660, 0.515, and 0.671, showing that all three
variables have sizable contributions.
The new data sets are generated by computing the two sets of factor scores
in each of the zones. The scores for the 25 zones selected as control are presented
in Table 17-9 together with the number of discovered mineral occurrences (d) and
the number of cells of side length of 0.5 miles (w) in each zone.

Selection of Initial Parameter Values
For the reduced data sets, there are only 6 unknown parameters to be estimated in model (17-11): {J = ({Jo, {Jl,. •• , (J4)' and 8 = (81 ), where {Jo is associated
with the intercept term, (Jj with jth geological factors, and 81 with the exploration
factor. Since we do not have expert geologists, we have to use some other alternative
to determine exploration completeness to select an initial value for 8. For a first
approximation, exploration completeness is evaluated by the ratio of the number
of mineral occurrences to the zone area. Then, each ratio is divided by the largest
ratio 2.1008, producing a proxy for exploration completeness (v) for each of the
zones. Then, given v, y = -In(l - v). Finally, the initial estimate for parameter·
8 is given by 80 = 5.6789 by regressing y on the exploration factor score in Table
17-9. The R2 is estimated to be 0.106, which is not as large as expected, partly
owing to the absence of the intercept in the regression model.
In the next step, relation (17-18) and (17-19) are used to estimate initial pa-

rameter values for {J by linear regression, given initial value 8 0 • The result together
with 80 are presented in Table 17-10. The standard deviations in Table 17-10 associated with the first three geological factors are relatively large, suggesting relatively
less stable estimates. The value for R2 is 0.3103, indicating a reasonable fit of the
linear model to the data.
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Table 17-9 Factorized data sets in control zones
No. of
Zone

Geological Factors

FJ

F2

F3

F4

Explor.
Factor

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

-0.7260
-0.4010
-0.4010
0.9272
0.2565
-0.4463
1.9466
-0.6040
2.4834
-0.0.04
-0.5644
-0.6173
-0.1164
-0.5574
-0.5720
-0.4088
-0.4571
-0.4774
-0.0606
-0.6217
-0.440G
3.2119
-0.4796
-0.3553
0.1564

1.8731
0.1355
0.2830
0.1765
-0.4681
-0.1497
-1.8010
0.0021
-0.9061
-2.8282
0.5312
-0.0246
0.6037
0.6678
0.3495
2.3730
-0.2301
-0.0427
-0.0219
1.1516
-0.0728
-0.2606
-0.0712
-0.0377

-0.3691
-0.4963
-0.5836
-0.4258
-0.4098
-1.0268
1.8617
-0.9548
1.6000
2.1497
-0.7497
1.1725
-0.7211
-0.1863
2.0041
-0.6361
-0.3703
-0.5648
-0.4950
0.5725
-0.7052
1.3824
-0.6938
-0.4167
0.1892

-1.7367
0.0337
0.0638
1.4937
0.2589
0.6842
-1.0911
0.6782
-0.1449
-2.3441
0.0967
0.0167
0.8927
-0.5919
-0.3921
-1.0359
1.1130
0.8245
1.2i58
0.4498
0.7909
-2.1158
0.9237
-0.0269
-0.7722

4.8984
3.5370
0.4454
3.6922
0.1093
0.2750
0.0893
0.0474
3.9031
7.1172
0.8593
0.4373
3.9289
3.8553
2.9393
4.3491
0.3663
0.1928
0.5062
0.4715
0.2260
3.1639
0.0160
0.4220
0.2801

-1.319G

-','

d

w

40
3
1
9

39
46
6 .
340.
127
7
27
84
218
84
48
85
92
42
47
25
43
51
133
80
57
132
63
185
128

8
2
1
4
46
98
7
37
13
21
40
25
1
9
4
24

8
91
1
33
33
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Parameter Estimates and Model Construction
Model (17-11) is applied to the data set of Table 17-9. Based upon the initial
parameter values, the parameters are estimated by the MLM iterative algorithm,
leading to a minimum MRS S value of 3.6687 at the converged point, given lower and
upper bounds on the parameters in Table 17-10. The last three columns of Table
17-10 shows the final estimates for the unknown parameters and bias measures,
suggesting the following comments:
• Overall, the procedure proposed for the initial selection of parameter values is successful in finding the desirable estimates for the unknown parameters.
Typically, the initial values selected for parameters (3 associated with the geological
factors lead to final estimates with signs unaltered except for (32'
• The absolute values of the parameter estimates seem to override the initial
values by approximately an order of ten, except for parameter estimate

Po, which

is very close to its initial estimate, suggesting a systematic departure of the initial
selections from the best estimates of the parameters.
• Bias measures indicate variations of the parameter estimates from true values are insignificant. Typically, relative biases (ratio of bias to parameter estimate)
associated with parameter estimates (30, (31, as well as (34 are very small, suggesting
that these estimates are accurate. But, both bias and relative bias measures associated with exploration parameter 8 are relatively high, implying a relatively large
departure of parameter estimates from the true values.
Using the parameter estimates in Table 17-10, model (17-11) is used to
estimate endowment in terms of the number of mineral occurrences for each of the
25 zones in the control area. The results are shown in Table 17-11; these prompt
the following comments:

277

Table 17-10 Parameter estimates for Poisson-Logistic model
Name of Initial
Paramo Value
{Jo

-2.0i873

PI
P4

-0.00142
-0.00149
0.01122
-0.01954

(J

5.6i81

{J2
{J3

Stand.
Devia.

Lower
Bound

Upper
Bound

Est.
Paramo

Bias
BiasI
Measure Estimate

0.00741
0.00502
0.01401
0.00981

-10.0
-5.0
-5.0
-5.0
-5.0
0.0

10.0
5.0
5.0
5.0
5.0
20.0

-1.4534
-0.3192
0.3391
0.5704
-0.8459
8.9003

-0.0018
0.0001
-0.0044
0.0066
0.0003
1.0832

0.0013
-0.0004
-0.0128
0.0116
-0.0003
0.1217

Table 1i-11 Endowment estimates in control zones
#Zone

Disc. Num.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16'
17
18
19
20
21
22
23
24
25

40.0
3.0
1.0
9.0
8.0
2.0
1.0
'4.0
46.0
98.0

i.O
3i.O
13.0
21.0
40.0
25.0
1.0
9.0
4.0
24.0
8.0
91.0
1.0
33.0
33.0

Est. Num.

Residual

Est. Endow. Potential

42.196

-2.196
-5.497
-0.163
-4.586
-0.699
1.510
-4.947
1.446
2.946
-0.129

42.196
8.497
1.185
13.586
13.983
0.536
10.844
7.419
43.054
98.129
8.775
36.766
8.128
17.518
40.654
17.219
3.257
4.694
8.187
26.777
4.980
91.974
4.963
34.910
33.886

8.49i
1.163
13.586
8.699
0.490

5.94i
2.554
43.054
98.129
8.ii1
36.010
8.128
17.518
40.654
1i.219
3.132
3.581 .

8.09i
26.3i4
4.236
91.9i4
0.656
34.094
31.085

-1.iil
0.984
4.872
3.482
-0.654
7.781
-2.132
5.149
-4.097
-2.374
3.746
-0.974
0.344
-1.094
1.915

2
5
0
5
6
0
10
3
0
0
2
0
0
0
1
0
2
0
4
3
0
1
4
2
1
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• Overall, the model fits the number of discovered mineral occurrences well,
as indicated by the small MRSS value (3.6687). The fit in the largest zones with
the largest number of mineral occurrences is generally excellent (such as zones 10,
12, 15, 22), while the fit in some smaller zones having the smallest number of
discovered mineral occurrences is poor (such as numbers 2, 4, 7, 19). One possible
explaination of these discrepencies may be that the exploration proxy variables
may be less representative in terms of completeness of exploration in the

sma.Jl and

occurrence-poor zones.
• Zones having the largest nwnber of mineral occurrences (e.g., 9, 10, 12, 15,
and 22) do not have much potential for additional endowment. But, zones having a
small number of discovered mineral occurrences (e.g., 2, 4, 7, and 19) are predicted
to have significant endowment potential. These results seem to be consistent with
the common belief that a well-explored area in which many deposits or occurrences
have already been discovered has less potential for additional discoveries than one
with only a few discovered occurrences and little exploration.

• In some zones, the number of endowment occurrences predicted is smaller
than the nwnber of mineral occurrences already discovered. This discrepancy may
be due to an inappropriate proxy for exploration measures; exploration completeness has been overestimated in these zones, because of their inappropriate high
exploration factor scores. Generally, for these, the difference between estimated
endowment and discovered mineral resources is very small. If the nwnber of discoverable mineral occurrences is underestimated, then the possibility that estimated
endowment is less than discovered mineral resources increases.
• The swn of residuals (discovered minus estimated discoverable) gives 3.027,
suggesting that the model is slightly negatively biased. In other words, overall,
the estimated model underestimates discoverable resources. This underestimation
results chiefly from the negatively biased estimate of parameter 8. As a result,
endowment is generally underestimated. Again, improvement of the estimate is
predicated upon improvement on the quantification of exploration completeness.
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Prediction of Endowment in Study Areas
Factor scores are computed for the geological factors and the exploration
factor for 29 zones outside the control region. The estimated endowment model
is evaluated on these data, producing endowment estimates in terms of number of
mineral occurrences (Table 17-12). These zones are labeled in Figure 17-4 together
with estimates of endowment and potential, suggesting BOme noticeable features:

• In general, the results show that the larger the zones, the larger is the
estimated number of mineral occurrences. For instance, the largest zones, such as
numbers 1, 2, 19, etc., are associated with the largest number of mineral occurrences.
Some of the small zones are estimated to have no potential, such as zones 3 and 8.
• Some of the zones where no mineral occurrences are observed show numbers
of mineral occurrences to be discovered at the current exploration level, while for
some other zones, the predicted number of discoverable occurrences is very close to
the observed number, e.g., zones 1, 2, 8, and 27.
• Some of the zones have more observed mineral occurrences than are estimated by the model, e.g., zone 19. This contradiction suggests that the model does
not capture sufficient information in these zones, probably due to inaccuracy in the
exploration measurements.

17.7 CONCLUDING COMMENTS
A new type of model, referred to as geology-exploration endowment models,
is proposed. Geological measurements describe mineral endowment, while exploration variables describe the completeness of exploration, and together, they explain discovered occurrences. Two endowment models, the Poisson-logistic and the
exponential-logistic, are formulated. There is a need to develop other variations of
models specifically designed to estimate other endowment descriptors besides the
number of mineral occurrences (or deposits), e.g., tonnage, grade, etc. Clearly,
these descriptors may follow distribution forms different from the Poisson and exponential, e.g., negative binamial and lognormal.
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Table 17-12 Resource and endowment estimates in study zones
No. of
Zones

Num. of
Cell (w)

Obs. Num.
of Occur

Est. Disc
Resource

Endow. of
Occurence

Potential
Occurrence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

1i1.0
89.0
10.0
40.0
37.0
41.0
11.0
18.0
42.0
32.0
81.0
23.0
36.0
52.0
42.0
20.0
49.0
24.0
169.0
34.0
11.0
23.0
20.0
14.0
15.0
48.0
18.0
17.0
30.0

2.0
4.0
0.0
0.0
0.0
0.0
0.0
3.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.0
2.0
0.0
0.0
0.0
0.0
0.0
1.0
1.0
1.0
0.0

1.551
4.044
0.488
2.211
1.597
3.945
0.0
2.343
2.735
2.486
0.0
1.538
3.289
1.226
4.839
0.336
0.0
2.i28
1.203
1.i26
0.0
0.0
0.0
1.802
0.0
2.353
0.i15
0.657
3.608

15.726
12.262
0.488
2.211
1.597
3.945
1.112
2.343
2.735
2.486
1.936
1.538
3.305
1.926
4.840
2.103
5.585
3.936
12.016
4.205
1.769
2.623
2.721
1.802
2.214
2.680
L847
1.609
3.608

14

8
0
2
2
4
1
0
3
2
2
2
3
2
5
2
6
4
10
2
2
3
3
2
2
2
1
1
4
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Box's bias measure has great potential for validation of parameter estimates
for a nonlinear model. Estimation of parameters for a synthetic example showed
that the magnitude of the bias measure is completely consistent with departure
of estimated from actual parameters. But, the sign of the bias measure is almost
meaningless in indicating the direction of the bias.
The exploration variables used here are proxies, hence they are rough and
inaccurate in describing the exploration effort. It is expected that improvement
in the quality of exploration variables would improve considerably the quality of
estimates of endowment and discoverable resources.
The models present possible ambiguities in the nonlinear solutions. However,
both the synthetic example and the case study showed that this ambiguity is significantly reduced when some prior information on the distribution of endowment
is utilized. The amount of ambiguity also is related to the number of unknown parameters to be estimated and the selections of initial parameter values. Reduction
in the number of geological variables plays a key role in reducing ambiguities in
parameter estimates.
Selection of initial parameter values also was shown to play an important role
in the final solution of the model. An initial value close to the true value usually
results in a rapid convergence to the best solution. When initial values are far from
true values, the algorithm produces either local minima or no solution at all. The
procedure for the initial selection of parameter values proposed in this study seems
to be appropriate and successful in finding a satisfactory solution.

283

Cbapter 18
Summary and Conclusions
This study develops a new methodology referred to as Geoinformation Syn-

thesis for objective multivariate evaluation of mineral resources. The major goal of
this study is to increase the"geoscience information level in multivariate relations
between explanatory geological variables and mineral endowment descriptors. Conventional objective methodologies for the estimation of mineral resources have not
been widely used in practical problems of mineral resources estimation, because
of (1) the effort and time which they require, and (2) their insufficient and inefficient use of geoinformation. Limitations in previous objective methods and models
include the following:

• Grid sampling limits the geoscience and genetic information that can be
extracted from the geodata and destroys or distorts geoinformation and relations
between such information.
• Geological, geochemical, geophysical, and other geofeatures had not been
effectively integrated with unifying geoscience theories, particularly ore genesis and
metallogenesis.
• Analogy, which is a fundamental means of geologic inference of mineral
endowment of unexplored regions, has been too simplistic in that it has neglected the
effect of exploration. Since there does not exist any crustal block of regional size that
has been totally explored, the use of a partially explored region as the analogue for
the estimation of mineral endowment without consideration of exploration produces
biased estimates of endowment of the study region.
• Diversity of geoscience data collected from various sources has not been
treated appropriately. Since the original measurements of geofeatures cany various
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levels of geoinfonnation and noise, use of the measurements directly as explanatory
variables masks important relevant information and produces contaminated, blurred
associations of geofeatures with endowment descriptors.

• Little information on the tbird dimension (depth) of mineral endowment
has been captured in the conventional models. The geodata collected from some
sources, e.g., geophysic.s, cany certain levels of the information on the depth and
are valuable for estimation of mineral endowment.
The methodology of geoinformation synthesis developed in this study offers
explicit treatments for the first four issues discussed above. The last issue, that of
the third dimension, is only implicitly considered.
The concept of intrinsic sample (IS), defined as a set of genetically related
geologic objects or their geofields, is introduced as a vital notion of sampling and
replaces the grid cell used in conventional methods. ISs are derived from synthesis
of information fields which are defined on geofeatures or geodescriptors. Two basic
methods, unification of information geofields (UIG) and synthesization of information geofields (SIG), are proposed to delineate ISs. Another variation of the SIG
method is the two-stage logistic model. All three of these approaches are applied
to the epithermal gold-silver deposits in the Walker Lake quadrangle. Major steps
in the application of these methods include: (i) identification of a critical genetic
factor and a set of critical recognition criteria, (ii) generation of various geofields
and information fields by processing of geochemical, gravity, magnetic, structure
data, and (iii) the union or synthesis of these fields.
Ore genetic theories are incorporated into the mineral occurrence information
by selecting a suitable genetic model and identifying genetic factors to be used in
the synthesis of diverse information and the delineation of ISs. With regard to
this issue, only a single genetic factor, heat source, was used as the critical genetic
factor for delineation of ISs for epithermal gold-silver deposits in the Walker Lake
quadrangle.
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Considerable effort in this study was devoted to the processing of original
data to delineate ISs and to enhance that information content of geodata that is important in explaining variation in mineral endowment. An important procedure in
that regard is the use of background variables to identify 'best' transformations and
combinations of the original measurements which are enriched in information about
earth processes and mineral endowment. These variables are used in three different
stages of analysis: (i) generation of geofields from original geodescriptors, (ii) creation of synthesized information fields, and (iii) delineation of ISs. Upon completion
of these stages, synthesized geodescriptors are generated which are the explanatory
variables in multivariate models constructed to estimate mineral endowment.

In order to approximate unbiased estimates of mineral endowment, the multivariate model is expanded to include exploration effort. This geology-exploration
endowment model describes discovered resources as a function of geology and exploration effort. Mineral endowment is the value of discovered resources when exploration effort is infinite. By including both geological information and exploration
completeness, this model compensates for incomplete knowledge in the use of analogy. Two model variations, Poisson-logistic and exponential-logistic, are derived
for prediction of endowment in terms of number of mineral occurrences. But, only
the Poisson-logistic model is applied to the epithermal gold-silver endowment in
the Walker Lake quadrangle, based upon the stochastic ISs and zones identified
within the ISs by conditional exceptional analysis.
This study treats the third dimension superficially in that it did not explicitly
estimate depth and volumes of various lithologic or geologic bodies. Depth was
considered only implicitly by extensive uses of geophysical data (gravity, magnetic,
and their combined fields). Significant improvements are expected when the third
dimension is treated explicitly and effectively utilized in the estimation of mineral
resources.
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Appendix A
Weighted and Targeted Multivariate Criterion (WTMC)
Model with A Single Backround Feature
Given the observation of m geological variables on n sample points: X =
(XI,X2"",Xm) = (Xij)nxm, and prior knowledge on these variables:

diag(WI,W2,""Wm), Wij

> 0 (j = 1,2, ... ,m). In order to enhance certain in-

formation, we also select a background feature t = (tl.t2,"" t n )'. Let

Denote

n

q = ~)Si

- SO)(ti -

to),

i=1

Equivalently,

,

-

q = (s - so) (t - to)
1
,
1
= (XWv - -JXWv) (t - -Jt)

n

,
,
1
= v WX (1- -J)t,
n

where J = (l)nxn.

,

W =

,

where H = WX Qtt QXW and Q = 1 - (l/n)J.
Consider variances a 2 and

/3 2 :

n
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,

=vGv,

,

where G = WX QXW, and,

fJ2 = t' Qt.
We want to maximize cr 2 under the constraint

0 2 f32

= 1.

After introducing

a Lagrange multiplier, it is sufficient to maximize

L(v,,\)

= v'Hv -

'\[(v'Gv)(t'Qt) -1].

The first-order conditions are:

8L
BY

= 2Hv -

,
2'\(t Qt)Gv = 0,

8L
,
,
8'\ = 1 - (v Gv)(t Qt)

=0,

or

Hv = '\(t' Qt)Gv,

,

(A-I)

,

(v GV)(t Qt) = 1.

,

Assuming that n > m, then rank( G) = rank(WX QXW) which equals
the column rank of X. Thus, if the m variables are linearly independent, then

rank(G) = m, and the inverse of G exists. Then (A-I) can be rewritten as

Hov = '\v,
where Ho = G-IH/(t'Qt).
It is readily seen that 1

< rank(Ho)

~

rank(H)

< rank(t) < 1, which

implies that rank(Ho) = 1. Unfortunately, Ho is not symmetric even though H
is. An asymmetric matrix may have complex eigenvalues and eigenvectors, which
presents some difficulties.
The problem can be attacked another way. IT a symmetric matrix G is
positive definite, then G can be rewritten in the form:

,

G=RR,
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where R is triangular.

Thus, the generalized eigen-problem (A-I) can be re-

formulated

= ~,.v,.,

H,.v,.
where H,.

(A-2)

= R-IHR- 1 , V,. = Rv, and >.,. = ~(t'Qt).

Multiplying both sides of equation (A-I) by v', we obtain v'Hv -

A(t'Qt)(v'Gv), leading to the following:

~

v'Hv
(5' Qt)2
= (t'Qt)(v'Gv) = (t'Qt)(s'Qs)'

which is the correlation between synthesized score

8

and background feature t.

Model with Multiple Background Features
Suppose that p (> 1) backgound features, T = (tIt ... , tp), are selected. Let

(A-3)

S=XWV,
with unknown coefficients V =
Let

e=

v p ) = (Vjk)mxp.

(VI, ••• ,

S' (I - ~J)T. If y is the trace of matrix

ee' , then

p

y = Lv~Hvj,

(A-4)

j=1

,

,

where H = WX QTT QXW.
If A = S' (I - ~J)S, then its trace is
p

a2

~v'.Gv·
- L.J 1
"
-

(A-5)

j=1

where G = WX' QXW. Similarly, the trace of B = T' QT is
P

~'
b2 = L.J
tjQtj.

j=1

(A-6)
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Using (A-4), (A-5), and (A-6) and a Lagrange multiplier, the objective
function is
I'

I'

I'

L(V, A) = Lv~Hvj - A[(Lv~GVj)(Lt~Qtj) -1].
j=1
j=1
j=1

'(A -7)

Taking the first-order partial derivatives of function L with respect to v j'S and
setting them to zero, we obtain
I'
HVj = '\j(L t~Qtj)Gv;, j = 1,2, ... ,po
j=1

(A-8)

Multiplying by Vj on both sides of equation (A-8), we obtain

(A-9)

ph score and p background features.
Generally, it is found that 1 > '\1 > '\2 ~ ... > AI' > o.

which is the multiple correlation between the

Suppose that G is positive definite. Then G may be written in the form
R'R. Thus, the generalized eigen-problem in (A-8) may be rewritten as:

HrVrj = '\rVrj, j = 1,2, ... ,p,

(A -10)
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Appendix B
Definition of Power Spectrum
The power spectrum is obtained from the Fourier transform. H Z(x,y) is
defined on the 2-dimensional plane, then the following Fourier transform pair interrelate the responses of geofields in space and frequency domains:

(B -1)
and
Z(fz;,fy) =

L: L:

Z(x,y)e- 2'11'i(f"Z:+/'Y)dxdy,

(B-2)

where fxand fy are the frequencies in x and y dimensions, respectively.
The power spectrum is defined as

(B -3)
where

Z·

is the complex conjugate of ~~.

Since scale is not important, definition (B-3) is usually normalized and converted to a logarithm, giving E' (fx, fy), referred to as the energy spectrum:

(B-4)
In reality, a geofield is always observed in a finite region and is digitized
on a rectangular grid at equal intervals AX and AY in the X and Y dimensions.
Thus, the integrals in equations (B-1) and (B-2) must be computed using two
dimensional discrete Fourier transforms. The desired precision can be achieved if
the digital intervals are sufficiently small, so as to minimize the distortion and loss
of information. The power spectrum defined in (B-3) or (B-4) may be visually
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displayed in either a two-dimensional map or one dimensional polar form in which
power is plotted against radial distance in either cycles/mile or radians/mile.
Definition (B-3) in fact is just a simple kind of spectrum, called the auto
power spectrum, that describes the pattern of power or energy for an own field.
Auto correlation in the space domain and auto power spectrum (normalized) in
the frequency domain form a Fourier transform pair. Thus, some principles for
the interpretation of the auto correlation of a field may also apply to auto power
spectrum in some different manner.
The cross power spectrum, a more general form of the power spectrum,
describes the associated pattern of the power of two different fields (see Priestley,
1981). The cross correlation and cross power spectrum also form a Fourier transform
pair; the logic of interpretation to the cross correlation may be applied to the cross
power spectrum.

292

Appendix C
Filtering of Errors
We will assume that Z( x, y), may be written as the sum of a signal component, Zit (x, V), and a uncorrelated noise component, Zn(x, V):

Z(x, y) = ZIt(x, y) + Zn(x, V).

(C -1)

Denote A as the area of the map. Using the definition of the auto covariance function
and assuming independence of Zit and Zn, the following is obtained (Spector, 1968):

C(p, q) = Cu(p, q) + Cnn(p, q)c5(p, q),
where c5 is a delta function and

C(p,q)= lim Al
A-co

JI

JA

G(x,y)G(x+p,y+q)dxdy.

Since Cnn(O, 0) is the expectation ofthe squared noise field, if we assume that
the noise follows a truncated normal distribution N(0,0'2), then this expectation
can be calculated as follows:

E(N 2) = Cnn(O, O) =

1
£

=

£

1:

x 2f(x; 0', e)dx

x2 f(x/O')
O'[F(e/O') - F(_e/O')]dx.

(C-2)

Here, we assume that the distribution of noise is truncated at the right hand point
e and left hand point -e. F is a cumulative distribution function.

Since (C-2) is not in a closed form and an analytic result carmot be derived,
the numerical integration must be used. The expectation is a function of the bound
e and variance 0'2. The variance describes the deviation of the random error relative
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to zero and is a function of several factors, such as instrumental precision, environmental disturbances, etc. White noise, which is also called a purely random process,
is considered as a sequence of uncorrelated variables. For the sake of practical usage, however, we have no strong reason to reject the assumption of unit variance
for this purely random process. IT this is so, equation (0-2) will be reduced to the
following form:

(C-3)
where

cl)

and 4> are the standard normal cumulative distribution and density func-

tions, respectively.
Apparently, the expectation Cnn(O, 0) is a monotone increasing function of E.
For consistency with the normalized power spectrum, the energy (0-3) contributed
by the white noise should be normalized:

- ( ) Cnn(O, 0)
Cnn 0,0 = E(O,O) ,

(C-4)

Equation (0-4) will serve as a cutoff for a given bounded region ±f that helps to
identify the level of the noise energy dominant at high frequencies. Since the noise
is assumed to be a purely random process, its power spectrum is flat, i.e, has a
~-

constant value at all frequencies larger than the cutoff. A successful recognition of
the cutoff will allow noise to be filtered out from the field, using some appropriately
devised filter.
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