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ABSTRACT 

A mathematical model describing the probability for n mines or prospects 

occurring within an elementary unit (cell) of an area has been referred to as an 

occurrence model. Estimation of parameters of occurrence models has been plagued 

by the effect of area delineation on the parameters. Moreover, incompleteness 

of exploration creates a bias in parameter estimates. This study proposes that 

when the model is to describe the probability for occurrence of mines or prospects, 

the appropriate area is a metallogenic unit of mining district scale. Accordingly, 

this study examined the delineation of area by successive expansion of a polygon 

seeking that size of area which provides the best fitting of a truncated and effort

adjusted exponential model. However, estimation of occurrence model parameters 

was found to be sensitive to location of polygon on the cluster. Consequently, 

this approach was abandoned in favour of geologically-defined metallogenic units 

referred to as Intrinsic Samples. Truncated and effort adjusted occurrence models 

were fitted to Intrinsic Samples which included the mining districts of the Walker 

Lake Quadrangle of Nevada and California. 

The estimated model for each metallogenic unit is used to estimate the gold

silver metal endowment of the unit. This represents a departure from previous 

studies, e.g. Allais, in which a single parameter estimate from a control area 

is used to estimate the mineral endowment in all parts of a large study area. 

Furthermore, the study addresses the issue of economic truncation of occurrence 

data used in exponential model construction. Because a metallogenic unit is less 

than completely explored, estimated parameters based on observed occurrences 

provide a biased description of the number of occurrences present (i.e. endowment). 

The transition from sample to endowment (population) parameter is achieved by 

parameterizing the exponential model for a metallogenic unit on exploration effort 

deployed in a unit area. Thus, fitting the model to observed data and evaluating 

it at infinite effort yields the model for gold and silver metal endowment in a 

metallogenic unit. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Research objective 

The objective of the present study is to develop a model of mineral occur

rences which can be used to estimate the potential supply of gold and silver metal 

from Tertiary epithermal sources in the Walker Lake Quadrangle of Nevada. In 

recent years, interest in increasing gold supply has been fueled principally by the 

substantial gold price increases following the 1934-1968 period when prices were 

held at artificially low levels. Higher resource price coupled with new ore treatment 

technology has substantially increased the resource quantity and triggered new ef

forts to discover and develop gold reserves. In general, precious metal output from 

Tertiary epithermal sources accounts for a fair proportion of the total precious 

metal production in the Walker Quadrangle. This percentage is expected to rise 

as the geology of these deposits becomes clearer and new gold mineralization is 

uncovered in epithermal zones. 

1.2 Motivations 

The motivations for appraising the quantities of a given mineral commodity 

in a specified geographic area are varied, and the method of appraisal and form 

of the results depend on the reasons for the study. These studies may be done to 

determine resource adequacy by comparing the resource quantity estimated to be 

present in an area to the projected cumulated demand for the resource in a specified 

future time horizon. Other reasons include the determination of alternative uses 

for public or private lands, or the establishment of the best national transportation 

network. These are the reasons often cited by government agencies responsible for 

national resource policy. For these purposes, the resource estimation result may be 

stated in some aggregate form, such as tons of mineralized rock or metal. Although 

the reason for this study is not necessarily to determine adequacy, the results may 
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be expressed in broadly similar terms. With regard to the Walker Lake Quadrangle, 

which is the focus of intense study due to its high precious metal productivity and 

potential, the result should be of interest to mining firms interested in precious 

metal exploration. 

1.3 The metallogenic unit as a basis for resource analysis 

Mineral resources in the earths crust are known to be concentrated in geo

graphic zones called metallogenic units. These units are called provinces, belts or 

districts depending on their size. A metallogenic unit may be broadly considered 

to be a strongly mineralized area that contains specific types of deposits and ge

ologic, structural and other features that are genetically related. Individual units 

range in size from mining districts to large belts measuring several hundreds of 

square miles. In evaluating the resource potential of a given area, it is therefore 

important to identify the ore bearing areas, delineate their borders and then esti

mate potential supply from each unit. This is the approach adopted in this study. 

Metallogenic units in the study area are isolated, and the gold and silver potential 

of selected units are estimated separately. Potential supply from the entire Walker 

Lake Quadrangle is the sum of supplies from all identified metallogenic units. The 

metallogenic units in an area generally form a nested hierarchy of zones in which 

smaller belts are enclosed in successively larger ones. It is thus left to the analyst 

to select the appropriate scale for analysis. The scale selection problem, is resolved 

by considering the size of the study area and the objectives of the study. In this 

study, the selected unit for analysis is called the Intrinsic Sample, or simply IS, and 

the focus will be on the delineation of Intrinsic Sample borders and the estimation 

of endowment and of potential supply from each (IS). 

1.4 Resource categories 

The following definitions are intended to help establish the relationship be

tween potential supply and other resource categories. Given a specified element 

such as gold, and a specific segment of the earths crust, the term resource base 
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is broadly used to describe the total amount of the element present in the crust, 

its physical or chemical form notwithstanding. When attention is restricted to 

minerals that are found in gold deposits the term endowment is used to describe 

the quantity of gold in mineral occurrences that have a certain specified minimum 

tonnage, grade, and depth in the area. The metal (gold) resources of the area is 

the amount of metal in the endowment that could be produced economically at a 

specified price if discovered, while potential supply represents the amount of metal 

in the endowment that could be discovered and produced at a specified price and 

prevailing technology. Potential Supply is not a flow, but a stock measure that 

describes the quantity of material that is estimated to be producible at specified 

price levels. It describes the magnitude of the stock of a mineral by its cost of 

production and is distinguished from dynamic supply , which describes a flow, or 

supply across time in response to changing stock size and demand. Finally the 

reserves of the metal is its total content in all known deposits in the endowment 

that can be produced at current cost, price, and technology. 

The focus of this study is on the estimation of the gold and silver metal en

dowment of each identified Metallogenic Unit followed by the derivation of potential 

supply from the endowment. The term endowment is devoid of any economic or 

technologic connotations, rather it is a physical description of material in occur

rences of a given size, quality and depth. The endowment is considered to consist 

of a number of deposits n, some of which are unknown, and are sought through the 

process of exploration. Only those deposits in the endowment that meet specified 

cost (exploration, development and extraction) criteria may contribute to potential 

supply. Since n is unknown and there are errors inherent in its estimation, the size 

of the endowment and hence of potential supply are considered to be random vari

ables that are appropriately expressed in probability terms. Because the estimated 

endowment may be transformed into potential supply if discovery and extraction 

costs are within acceptable limits, a lot of the modeling effort in potential supply 

analysis is devoted to estimating cost relationships required to transform endow

ment material to potential supply. This study will not estimate cost functions but 

will use aggregate relationships to estimate potential supply. 
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A potential supply model considers three overlapping and interdependent 

stages: exploration, mine development and resource extraction. The derivation of 

potential supply from endowment in a Metallogenic Unit involves the interfacing of 

deposit physical characteristics (size, grade, depth) with economic variables (price, 

cost). The analysis is carried out within the framework of a firm with the objective 

of profit maximization, and, at any point in time, the profitability of the supply 

process depends on current and expected costs and prices. For this reason, the 

formation of expectations should be part of a resource supply model. Also, the focus 

of supply studies is often on additions to supply that result from exploration and 

discovery of new deposits, as well as additions from known deposits. Supply from 

unknown deposits involves considerable risk; therefore a comprehensive resource 

supply model should explicitly consider expectations and risk. rusk arises both 

from non discovery and the possibility that a discovery when made cannot be 

profitably exploited. The present study does not explicitly model risk or price 

expectations. 

A characteristic of non-renewable resources that has a major effect on po

tential supply is the impact of depletion on the cost of future activities. The deple

tion of the endowment, as evidenced by the declining number, size and quality of 

the remaining deposits causes cost increases in all three supply stages. However, in 

supply analysis, constraints imposed on resource production by physical exhaustion 

seldom are considered binding, but resource supply is considered to be constrained 

by economic depletion. Economic depletion occurs when resource quality declines 

and extraction costs and resource price rise to a level where demand falls to zero. 

Potential supply from an IS is ultimately derived from the endowment which 

consists of an unspecified number of deposits with different sizes, grades and depths. 

These critical deposit parameters are called endowment descriptors and they affect 

potential supply because of their impact on the cost of discovery and extraction. 

Great depth severely restricts the part of the endowment that contributes 

to potential supply because the ability to discover deposits declines rapidly with 

depth. Because gold exploration relies heavily on drilling, discovery costs increase 

greatly when deposits occur at great depth. Epithermal gold deposits are found 
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within lOO-1000m of the present surface and show declining productivity with 

depth as the number of lodes and the precious metal content decline. In areas 

devoid of sterile overburden (younger sediments and volcanics), Tertiary epithennal 

deposits are expected to occur in relatively shallow depths, which pennits many of 

them to be exploited economically. 

The minimum economic size of precious metal deposits may be small, be

cause of high metal price, also, larger deposits result in lower supply costs because 

of economies of scale. The process of discovery and extraction result in a gradual 

elimination of the larger and shallower deposits in the endowment, leaving deposits 

that are more costly to find and produce. 

1.5 Scope of study 

The object of this study is the development of an occurrence model and 

the estimation of potential supply of gold and silver in all identified Metallogenic 

Units that satisfy some minimum data I'equirements. The required data are a dot 

map of the MUs showing mine locations and also the production plus reserves data 

for each MU. The MUs at Bodie, Aurora, Monitor and Camp Douglas meet the 

specified conditions and are thus the focus of this study. The basic methodology 

to be described may be extended to any number of units that may satisfy the 

data needs. Since endowment size may be a function of the size of the study area, 

part of this study will be devoted to estimating the area of each MU. A technique 

employing variogram analysis for area estimation will be described. In estimating 

the mineral endowment of a MU, this study lays considerable emphasis on the 

spatial patterns of observed mines. Endowment is estimated by a methodology 

based on the construction of a spatial probability model for one of the endowment 

descriptors namely n, the number of occurrences per unit area. The estimation 

methodology to be explained later is based on the assumption that the observed 

mine count per unit area in a MU is a function of the cumulative exploration effort 

deployed in the area The estimated spatial model parameter will thus vary with 
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cumulative effort level and the model parameter estimated when effort level goes 

to infinity will be related to the total mineral endowment of the MU. 

1.6 Mineral Occurrence Models 

This study is predicated on the construction of a spatial model as a basis for 

estimating the probabilistic metal endowment of each MU. An occurrence model 

is a probability law that describes the distribution in two dimensional space, of 

discrete bodies such as mines (Harris 1967). A spatial model of the univariate 

unconditional type is used, meaning that geology is not explicitly considered in en

dowment estimation. A selected spatial model may imply a random or non-random 

pattern for the mine data to which it is fit. The selection of the proper model form 

is important because it determines exploration philosophy and the search method 

employed. The reason for spatial model construction is the prediction of the num

ber of mines. A spatial model thus uses mine sample data located at or close to 

the present surface to make inferences about the total mine population of an area. 

Since the present study does not explicitly model mine (deposit) depth, the ad

ditional new deposits predicted by the model will be assumed to occur at similar 

depths as known deposits. This appears to be a reasonable assumption for the 

deposits under study. 

The data for spatial model construction is a dot map (Fig.1.1) of the study 

area showing the locations of mines and prospects each defined by its x,y coordi

nates. Most of the work done in spatial studies take a stochastic view of the point 

collection on a map. That is, the spatial locations of the individual points on a 

map are the result of a stochastic process that varies in space and time. The form 

of the spatial model adopted depends on the perceived nature of the generating 

process. For example, if an independent random process is assumed, each unit area 

will have an equal probability of having a point, and the position of the next point 

is independent of the location of the last one. In the real world, environmental, 

physical and economic factors may constrain points to be preferentially located in 

particular areas, and the conditions of equal probability and independence may not 
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prevail. The act of locating one point may thus increase the chances that other 

points will be located close by. The result is a clustering and spatial dependence of 

points. This is the case in the Walker Lake Quadrangle (Figure 1.1) where mines 

are preferentially located in the vicinity of high angle faults. 

Under the equal probability and independence assumptions, the Poisson has 

been used as a spatial model, as was demonstrated by Allais (1957) in his study 

of the Algerian Sahara. Clustering models include the negative binomial used by 

Griffiths (1962) and the negative exponential by Slichter (1960). As demonstrated 

by Allais (1957) and Wilmot (1968), large units of observation such as mining 

districts are well fitted by the Poisson, whereas smaller units such as mines are 

better fitted by clustering models such as the negative binomial. The unit of 

observation in this study is an occurrence, which can be either a prospect or a 

mIne. 

The construction of a spatial model involves the search for a probability law 

that best describes an observed occurrence pattern. The quadrat method used in 

this study provides a useful summary description of an observed occurrence pattern 

and helps provide insight to the generating process. The technique compares a 

two dimensional empirical distribution with a theoretical distribution that fits the 

empirical data and was itself the result of a stochastic process. If the fit is good, 

the stochastic point process is regarded as having generated the observed point 

pattern. In the quadrat method, the area under study is subdivided into cells and 

a frequency histogram of cells with 0,1, ... n mines is formed. The spatial model is 

the probability law that best fits the frequency histogram so obtained. 

1.7 Overview of endowment estimation methodology 

As a prelude to potential supply estimation, a probabilistic estimate of the 

total metal endowment of each MU will be made using Monte Carlo techniques to 

combine endowment descriptors. For each Metallogenic Unit, endowment estima

tion is based upon a spatial model constructed from the observed occurrences in 

the MU (Figure 1.1). The size of Metallogenic Units ranges from 25 to 54 square 
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miles and the Walker Lake Quadrangle covers about 7128 square miles. All known 

occurrences in each MU are represented by their digitized x, y coordinates. Follow

ing Slichter (1960), the negative exponential was selected as an appropriate spatial 

model because of the clustering of mines observed in the study area. (Figure 1.1) 

X fV E(O) (1.1) 

where 

x = number of occurrences observed per unit cell, and X is the random variable, 

o = parameter of the exponential distribution. 

U sing the quadrat methodology, and a maximum likelihood estimation procedure, 

exponential parameters are estimated for each Metallogenic Unit. 

A fundamental assumption of the IS endowment estimation methodology 

is that the observed occurrences count in a unit cell is not the ultimate number 

present, and it is a function of both the cumulative exploration effort deployed in 

the cell and the level of exploration efficiency. 

Consider a generalized pdf for x, the observed number of occurrences, to be defined 

as follows; 

where, 

f(xjO,.A,lny) = 0 (1-~) e-O(l-~)x 
lny 

o<x<oo (1.2) 

o and .A are parameters to be estimated, y is cumulative exploration effort. Clearly, 

lim [f(x;O,.A,lny)] = Oe-ox ,,-00 o<x<oo (1.3) 

In other words, when a region is totally explored, the pdf for observed occurrences 

equals that for occurrences present. But, when less than completely explored, an 

estimate of an exponential parameter, 0', for a standard exponential pdf, f(x; 0') = 
0' eO' x, provides a biased description of the number of occurrences actually present. 

Parameter estimate 0' is biased according to 

0' = 0 (1 -~) 
lny 

(1.4) 
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Accordingly, when the objective is to describe the number of occurrences actually 

present () must be replaced by 

()' 
-.:---~ = () 
(1- ...L) In y 

(1.5) 

If there were no compounding data problems, the study would have used infonna

tion on number of known occurrences and cumulative exploration effort to estimate 

() and .x by search. However because of uncertainties in delineating boundaries, () 

and .x were estimated for a truncated form of the above model using number of 

occurrences only in cells having at least one occurrence, thus 

(1.6) 

for 
1 --...,.--<n<oo 

1- In\ 

and 

where 

k = (100 

()(1-~ )e-8(1-~)XdX)-1 
~ lny 
1- rn';' 

(1.7) 

The foregoing provides a pdf for number of occurrences, n given that In y -. 

00. A pdf for number of mines is determined by using an empirical relationship 

of number of occurrences to number of mines estimated on a sample of known 

Intrinsic Samples. 

(1.8) 

where, 

M = number of mines in IS, 

n = number of occurrences in IS, 

Bo, B 1, B2 are parameters to be estimated 
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Given the distributional parameters for other endowment descriptors like tonnage 

and average grade per mine a probability model for total metal (Au+Ag) endow

ment is constructed for each MU. 

1.8 Limitations of study methodology 

Given the strong spatial association between tertiary epithermal vein pre

cious metal deposits and high angle faults and volcanic and intrusive rocks, the 

metal endowment of a MU might ideally be estimated by an explicit consideration 

of these and other genetic and geologic variables. The methodology applied in this 

study considers these variables in the delineation of Metallogenic Unit boundaries. 

Each MU under study contains an area of high mine concentration considered as 

the control area. Spatial model param~ters estimated on these areas are used to 

estimate the metal endowment of the entire MU. Both control and study areas are 

thus assumed to be geologically homogeneous. This may not be true in a strict 

sense, as statistical studies of the various fields that are genetically related to the 

Metallogenic Units reveal the presence of inhomogeneities within the IS. This may 

translate into different favourabilities for mineralization of different parts of the 

MU. Despite their inhomogeneous character, the relatively small sizes of (12 to 54 

square miles) may ensure that the geology in all parts may on average be similar, 

thus reducing possible bias in the estimated endowment. 

Another factor that may affect study results is the unit to which the spatial 

model is fitted, occurrences in this case. Wilmot defines a mine as a concentration 

of minerals that has a record of production over a small area. A prospect is similar 

except that it is a potential, not an actual producer. A geologic deposit consists of 

one or more mines and, as used by Wilmot covers approximately one square mile 

of land. Ideally, spatial data on deposits would be used in spatial model building, 

but such data are not available; consequently this analysis is based on prospect 

and mine data. 

1.9 Related work 
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Several authors including Allais (1957), Wilmot (1968), Slichter (1960) and 

Uhler (1976) have written about the estimation and use of spatial models in regional 

resource studies. Allais (1957), in his pioneering work on the Algerian Sahara used 

a Poisson occurrence model to estimate the resources of a large unexplored area. 

The object of his study was to compute the expected value of ore-bodies that might 

be found in the area. Because there were no mines in the study area, Allais based 

his spatial model parameter estimates on mining district data in well explored parts 

of Africa, Europe and the U.S.A. These estimates were considered by Allais to be 

the parameter of a Poisson model that he used in estimating the number of mining 

districts that might be found in the Sahara. This extrapolation process, although 

seemingly farfetched, is acceptable when the geology of the control and study areas 

are similar. 

Uhler (1976), attempted to develop a marginal exploration cost function 

for petroleum supply from an oil basin in Alberta, Canada. He proceeded by 

developing a stochastic discovery function for new petroleum reserves that takes 

account of the critical features of non renewable resources that affect their discovery. 

These features include (a) the tendency of the larger deposits to be found first (b) 

the effect of the accumulation of new information, and (c) the effect of depletion 

on subsequent discoveries. Uhler developes an exploration production function 

from which he derives a marginal cost function. Like Allais, he uses probabilistic 

spatial and size models to estimate endowment. Uhler considered the discovery of 

new petroleum reservoirs as a production process in which resources are used up 

in search and new reservoirs are produced as output. Like Allais, he considers a 

three stage exploration model, the first of which describes the number of favourable 

drilling sites located in a unit of time. Uhler's fundamental proposition is that the 

number of such sites found per period is a Poisson variate with mean rate, 8, which 

is a function of the amount of resources allocated to search. The value of the 

parameter 8, thus changes over time as the effort level changes. Thus, the first 

stage of Uhler's model which describes the number of drilling sites, s, located per 

unit of time, has the form; 



where, 

peS 
_ ) _ -BwtB~t 

t - S - , s. 

Bwt = parameter of the poisson process, 
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(1.9) 

In the final stage of Uhler's three stage model, n, the final output of the exploratory 

process is represented as follows; 

(1.10) 

where, 

n = number of reservoirs found in period t, 

.x t = mean number of reservoirs found in period t, 

The gaussian function is used by Uhler to relate .x t to the variables that affect it. 

The form of the function is the following; 

where, 

Ct - 1 = cumulative exploratory footage in time t - 1, 

D t = exploratory drilling footage in time t. 

(1.11) 

Unlike Allais (1957), Wilmot, Hazen, and Wertz (1966) were primarily con

cerned with identifying the the appropriate form of spatial model, which they hoped 

would help the exploration process by increasing the probability of discovery of de

posits at depth in well or little explored regions. Their work concentrated on the 

precious and base metal provinces in S.E Arizona and the Hoover Dam areas. Their 

data ba.c;e consisted of a dot map for mines, deposits, and districts which represent 

random samples from parent populations. The authors suggest that the natural 

process of erosion as well as block faulting in the study area ensure that random

ness prevails. They comment at length on the boundaries of an area on which a 

spatial model is to be constructed. The boundaries may be political or geological. 

When distinct geological (metallogenic) units can be isolated, the results of fits 

in individual units may be compared to see if distributions are similar or not. If 
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dissimilar, the delineated borders are significant. However, the presence of similar 

distributions in individual sub-units does not imply that the borders are not sig

nificant. They found that the negative binomial can be used as a mathematical 

model for the distribution of deposits where a deposit is considered a one square 

mile of land section that contains one or more mines, but as quadrat size increased 

the distribution tended towards the Poisson. 

Slichter et al. (1962) also studied the spatial distribution of mines in the 

South West and Western U.S. and parts of Canada. Their study also found mine 

distribution to be non random, and they proposed the negative exponential as an 

appropriate spatial model. The practical implication of the exponential had been 

stated by Slichter in an earlier study (1960). He interpreted it to mean that there 

are greater chances of finding new deposits in areas where deposits are known 

to exist than in areas where no deposits have been found. In general, the size 

of the study area affects the estimated model parameter because the number of 

barren cells varies with the size of the barren area included in the study area. 

One of Slichter's main contributions to the study of spatial models was a proposed 

solution to this problem. He proposed that the fit be based on the total number of 

cells that contain one ore more deposits and not the total cells in the study area. 

This is tantamount to fitting a truncated distribution to the data. This procedure 

is followed in this study. 
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CHAPTER TWO 

METALLOGENIC CONSIDERATIONS AND INFORMATION 

Introduction 

This chapter considers some features of the study area and of epithermal 

vein deposits that affect the quantity of resources that may be present and the 

the discoverability of deposits. These issues relate to the geologic or metallogenic 

units in which the mineral deposits in an area are located. Assuming that discrete 

centers of mineralization exist, an accurate delineation of the borders of these 

favourable areas is a useful first step in appraising the resources of a region. In 

this study two different approaches to delineating metallogenic units (areas) were 

investigated. The first approach used only properties of the spatial distribution of 

occurrences, identified by variogram analysis, in conjunction with properties of a 

fitted probability model to identify that size of unit which gave the best fitted model 

and at the same time preserved the anisotropies identified by variogram analysis. 

Although this investigation produced useful information about the spatial variation 

of occurrences, it was judged to be inferior to delineation by geological features 

when such information is available. In as much as Harris and Pan (1987) had just 

completed the delineation of metallogenic units, referred to as Intrinsic Samples, by 

multivariate synthesis of geological, geochemical, geophysical and alteration data, 

these were taken as the Metallogenic Units for this study, and it was on these 

units that subsequent research was directed to estimate an exploration-adjusted 

occurrence model. 

In their paper on the relationship between tonnage and grade among copper 

deposits, Singer, Cox and Drew (1975) consider deposits to be geologic units with 

specific boundaries. The area within the boundary is the sphere of influence of 

the earth process that formed the ore bodies, and the size of the resources is a 

function of the magnitude of the generating earth process. Within a delineated 

unit, resources may be estimated as a function of area and the geologic variables 

that are most closely associated with ore. The next part of the chapter briefly 
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describes the geologic setting and characteristics of epithermal deposits that affect 

resource quantity and exploration modeling; finally, the statistical properties of 

vein size, grade, and geometric (length, breadth and thickness) and attitudinal 

parameters (strike, dip) are summarized. 

2.1 Hierarchy of metallogenic units and the spatial scale problem 

The major mineral resources in the crust are concentrated in linear or ir

regular zones called metallogenic belts, provinces, zones or districts, depending on 

their size. A metallogenic unit irrespective of scale is characterized by a specific 

tectonic setting (platform, geosynclinal and zone of autonomous activation) and a 

specific group of genetically related rock units containing specific mineral deposits. 

The presence of similar deposits in similar tectonic settings is due mainly to the 

presence in them of similar rock assemblages. The linkage between rock formations 

and ore bodies may be (a) genetic, when the rocks are thought to be the immediate 

source of the ore elements (b) paragenetic, when the rocks and ore are derived from 

a common source and (c) tectonic when a tectonic event coincides spatially and 

occurs simultaneously with the introduction of ore. 

It is clear from the foregoing that the borders of a metallogenic unit se

lected as a basis for resource analysis may be delineated by tectonic setting and 

rock assemblages. These criteria, when combined with the related geophysical and 

geochemical fields, may result in a reasonably accurate delineation of units. The 

metallogenic units used in this study, called Intrinsic Samples, have been delineated 

by Harris and Pan (1987) based on the above criteria. The delineation procedure, 

to be described later, revealed the existence in the Walker Lake Quadrangle, of 

numerous MUs both in areas of known tertiary epithermal gold-silver mineraliza

tion and in hitherto unknown localities. In estimating the resource potential of 

individual units the following possibilities will be borne in mind: firstly, that some 

units will contain higher metal concentrations than others, and secondly, that not 

all identified units may contain economic mineralization. 
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A major feature of metallogenic provinces is their hierarchical structure. 

This means that successively smaller units are found within larger units. In order 

of decreasing size, one may observe a metallogenic belt, a metallogenic province, 

an ore belt, an ore zone, an ore district and even smaller units. The relationship 

between units is schematically shown in Figure 2.1. Each unit is associated with a 

specific set of tectonic and lithological features. In this study, since the resources 

in individual metallogenic units are to be estimated, the unit for analysis has to be 

selected from the nested hierarchy of spatial units shown in fig. 2.1. 

As the units become smaller, their structure, lithology, and mineralogy be

come less complex, and a specialization in metalization occurs. That is, the smallest 

sized units may contain one formation and a single metal. In a large study area, 

where different sized units exist, mutual relations between them may be observed. 

Sometimes these relations are complicat~d by the mixing of units by faulting. There 

is some evidence of such mixing in the 'Walker Lake Quadrangle. 

Structural unit identification can be considered a critical first step in apprais

ing the the resources of a large region. The selected unit for observation depends 

on the size of the study area and affects the results of the analysis. For example, 

many studies have shown, that corellation coefficients between variables, measured 

on different unit sizes in regional studies change in an erratic manner. Also, mul

tivariate studies in which stepwise regressions are done on variables measured on 

different spatial scales show a different sequence of variable entry, coefficients, and 

significance of independent variables. Interpretation of the results of spatial stud

ies is, therefore, scale dependent since the statistical relationship between variables 

changes with scale. With regard to the theme of this dissertation, a relevant ques-. 
tion is the following: Given an area the size of the Walker Lake lOx 20 sheet, 

what unit size should be selected as a basis for resource analysis? The spatial scale 

problem relates to the effect of unit size on the result of statistical analysis of vari

ables. Variables observed at different scales are measured at different resolutions 

and yield different results due to scale effects. The selected unit size depends on 

the size of the study area, a knowlege of the area and on theoretical considerations. 

As will be made clear in a later section, the units used in this study correspond 



30 

Zone 

Distric _____ ~~-~(J 

.... ---J:Selt 

~--_4~----~ro~nce 

Figure 2.1. Hierarchical structure of a metallogenic belt. 



31 

approximately to the areas of known mining districts or mine clusters in the Walker 

Lake Quadrangle. 

The area of the present study is the Walker Lake 10 x 20 Quadrangle which 

occupies the Southwest corner of Nevada and part of Northeastern California lies 

within the Great Basin of Nevada, which is part of the Basin and Range Province. 

This province contains widespread Miocene and Pliocene volcanics cut by small 

high level Tertiary intrusives. The volcanics are unfolded, unmetamorphosed, and 

heavily faulted. It is in this tectonic environment that the Tertiary epithermal 

precious metal deposits occur. 

The northeast trending cordilleran geosyncline found in the northwest part 

of Nevada is said to have exercised the major influence on the broad distribution of 

metal provinces in the state. Two metal provinces occur within the state, namely, 

an eastern copper, lead, zinc province and a western precious metal province with 

gold, silver, mercury and antimony. The nature of the crust in each province is said 

to be the controlling factor determining the nature of the metals present. In general, 

ancient simatic crust is richer in gold while areas of sialic or continental crust are 

rich in silver. The study area lies within the western metallogenic province. 

Mine clusters in the area are aligned along linear zones of deep fracturing 

and arching. The arching is due to the emplacement of small high level intrusives 

that are genetically related to the mine clusters. An examination of Figure 1.1 

shows Tertiary epithermal deposits occurring in discrete clusters aligned in NW 

and NE directions. Clustering occurs because of the tendency of the valuable 

metal components of ore deposits to concentrate around specific nuclei. In the 

Walker Lake, these nuclei are high permeability, intersecting fault zones located 

in the apical areas of high level Tertiary intrusives. A solution of the spatial 

problem in part involves the selection of the appropriate scale for analysis. The 

total metal endowment of the whole area could be obtained simply by aggregating 

the endowment of individual units by appropriate means. 

The metallogenic unit used in this study is called the Intrinsic Sample or 

simply the IS. In what follows, the IS will be defined, and the method of delineating 

its borders stated. The delineation procedure described draws from the work of 



32 

Harris and Pan (1987). These authors base their border delineation on classical 

tectonic-lithological criteria combined with a comprehensive statistical analysis of 

the geophysical and geochemical characteristics of the metallogenic units. Although 

a variogram methodology for determining the borders and for estimating the areas 

of MUs will be shown, the method of Harris and Pan tends to yield a more reliable 

size of the Metallogenic Unit while the variogram methodology gives, at the very 

best, the area of the fraction of the Intrinsic Sample that has been reasonably well 

explored. 

The concept of Intrinsic Sample is a new one and was introduced in 1987 by 

Harris to denote a fundamental unit of metalization that may be a natural basis for 

resource estimation. The following description of the delineation of IS boundaries 

is based on the work of Harris and Pan, (1987). An Intrinsic Sample is considered 

to be a Metallogenic Unit and a geologic entity which is the locus of deposition of 

high metal concentrations. IS delineation is based on genetic concepts, since its 

metal content is related to one of the earth processes important in its formation. 

The earth process selected is referred to by the authors as the critical genetic factor. 

The genetic factor, whose presence may directly translate into the existence 

of an IS, is a high level Tertiary intrusive known as a heat source. The presence 

of igneous bodies in close spatial association with Tertiary epithermal deposits has 

led to the identification of these igneous bodies as the key genetic element in the 

formation of these deposits. In Nevada, the more common type of vein deposit, 

known as the Adularia Sericite type, rarely shows any physical presence of an in

trusive, but, its presence somewhere beneath the deposit is often confirmed by 

geophysical evidence. A fundamental premise of this study is that all Tertiary plu

tons in the study area are potential contributors to the precious metal endowment 

of the Walker Lake. Each pluton is assumed to be related to at least one Intrinsic 

Sample and the precious metal endowment of the IS may be proportional to the 

size of the circulatory system set up by the heat source. The heat sources consid

ered here are tertiary plutons emplaced at high levels of the crust (6 km or less). 

On emplacement, their associated heat causes an extensive circulation of saline, 

meteoric and connate waters. The heated waters extract metals from the intrusive 
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or other rocks and transport and deposit them in the favourable host rocks of the 

IS. In general, the smaller the heat source, the smaller the circulatory system and 

its metal capacity. The heat source thus can be either a source of metal or of heat, 

and it is absolutely crucial to the formation of epithermal gold-silver deposits and 

for the identification of Intrinsic Samples. 

The idea of metal deposits originating from intrusive bodies is not new, 

and in both older shield areas and the younger Tertiary terranes precious metal 

deposits are found in close spatial association with igneous bodies. Thus, the no

tion that these deposits owe their origins to magmatic-hydrothermal events is well 

accepted. Harris and Pan identify the presence of an Intrinsic Sample using recog

nition criteria which are geologic features that indicate the previous existence of 

the critical genetic factor (cgf), which in this case is heat sources. Simply stated, 

the formation of the the critical genetic factor (cgf), provokes a series of events 

that are genetically related and directly traceable to the cgf. These events leave 

imprints on the rocks in the vicinity of the cgf. For example, the emplacement 

of a heat source creates geochemical, geophysical and geological patterns in the 

rocks in its immediate surroundings. Some of the features, the presence of which 

indicate the occurrence of a heat source and thus an IS, include epithermal gold

silver mineralization, outcrop of tertiary intrusive and hydrothermal alteration. IS 

boundaries were delineated using statistical techniques to identify fields (geochem

ical, geophysical, structural, .. ) that are genetically related to the heat source and 

are coincident in part with one or more recognition criteria. 

For example, element concentrations in rocks in the vicinity of a heat source 

yield specific geochemical patterns that create a geochemical field. In the same 

manner, gravity, magnetic and other fields are created. Harris and Pan delineate 

the limits of individual IS either by the union, the intersection or the synthesis of 

these genetically related fields. The Intrinsic Samples identified by the authors have 

different shapes (round, elliptical or irregular) and sizes, and each is considered a 

random sample from a population of IS. Existing mine clusters or districts are often 

totally enclosed by the delineated Intrinsic Samples, suggesting that the potentially 

mineral bearing area is much larger than is represented by the area of the existing 
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cluster. Figure 2.2 shows the Intrinsic Samples identified by Harris and Pan in the 

Walker Lake Quadrangle by the synthesis method. 

In summary, this section has attempted to explain the scientific basis for 

dealing with the spatial scale problem and has, following the work of Harris and 

Pan, identified a metallogenic unit here referred to as an Intrinsic Sample as a 

basis for resource appraisal. The authors propose a delineating procedure based 

on genetic concepts. An IS theoretically exists whenever the critical genetic factor 

exists or is presumed to exist. The border of each IS is delimited by the union, in

tersection or synthesis of the geochemical, gravity, magnetic, lithologic, structural, 

and alteration fields that are genetically related to the critical genetic factor. 

The size of the resources in an IS is related to its area and to the magnitude 

of the earth processes involved. Within an IS the deposits are rarely found in the 

intrusive but most often in associated volcanics, particularly the andesites. The 

fault zone within each IS is the most favorable site. The size of Adularia type 

deposits is very strongly influenced by the scale and density of faulting. Often, 

the deposits occur in veinlets in the hanging wall side of the fault. Also, hanging 

wall brecciation is present and consists of areas of both high grade bonanza ores 

and low grade high tonnage stockwork and disseminated ores. It is clear from the 

foregoing that the area within an IS may show differing favorabilities to deposit 

occurrence that will not be explicitly considered in this study. This is clearly 

indicated in Figure 2.2 which shows most of the Intrinsic Samples to be subdivided 

into geologic subzones. 

2.2 Characteristics of study area and of Tertiary epithermal precious metal deposits. 

In this section, the deposits that are the object of this study are identified, 

their genesis and tectonic setting briefly described, the producing districts and 

production statistics described, and those features that affect exploration modeling 

and resource quantity indicated. 
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In the study area, a large number of deposits is similarly related to the 

features named earlier, and they sometimes occur in close proximity to one another. 

Some of the deposit types include (a) metal deposits dominated by copper, (b) 

metal deposits dominated by lead and zinc, (c) deposits in Pre-Tertiary rocks 

dominated by gold and silver, (d) deposits in Tertiary volcanics rich in gold and 

silver. A common feature of all four deposit types is that they form lodes or veins 

along active continental margins and may all show large scale rock alteration. 

However, groups a, b and c are exclusively of pre Tertiary age and occur in both 

igneous and sedimentary rocks. These deposits include two subgroups namely: 

lead, zinc, silver, gold replacement type bodies in carbonate rocks and a copper, 

lead, zinc and silver type in skarn or contact metasomatic deposits. The present 

study is restricted to deposits in group d. These deposits and are strictly confined 

to the Tertiary. The main economic metals are gold and silver, with subsidiary 

copper, lead and zinc. Economically, this class of deposits constit.utes an important 

source of gold and silver in the U.S. 

Within the Walker Lake 10 x 20 sheet, a search of the literature reveals 

the presence of Tertiary epithermal gold - silver deposits in the mining districts of 

Rawhide, Bovard Rand, Camp Douglas, Borealis, Aurora ( all in Mineral County, 

Nevada) and Bodie, Masonic, Patterson, Silver Mountain and Monitor ( in the 

adjoining California counties of Mono, Alpine and Touhunne). Aurora is the most 

productive district in Mineral County, having accounted for 40% of the total county 

output. In the course of this study, the potential supply of gold and silver will be 

estimated for those districts (MUs) that meet the minimum data requirements. 

The required information include production plus reserves data and a spatial mine 

location map with sufficient points to allow for statistical analysis. 

The Walker Lake Quadrangle is a focal point of precious metal exploration 

because of the presence within it of a unique structural zone called the Walker 

Lane. Data on precious metal production confirms the unique status of the Walker 

Lane and identifies it as the most prolific gold producer in the Great Basin. Data 

provided by Silberman, Stewart and Mckee (1976) show clearly why the Walker 

Lane is a prime target for precious metal exploration. The data show the following: 
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(a) 84% of all gold produced in the Great Basin comes from the Walker Lane, 

(b) only five large deposits (Aurora, Bodie, Comstock, Goldfield and Tonopah) 

account for most of this output, and two of these deposits, Aurora and Bodie, lie 

in the present study area, (c) Comstock alone is responsible for 58% of all recorded 

production in the Great Basin and 70% of all output in the Walker Lane, (d) within 

the Walker Lane, 98% of all output is from andesites, and (e) of this total amount, 

83% derives from the older subduction volcanics (22 - 6 m.y.). 

The Walker La...~e Quadrangle is part of the Great Basin which was formed 

in the Cenozoic in relation to a subduction zone at the margin of the North Amer

ican and Pacific plates. Subduction ended in mid Cenozoic and was followed by a 

period of extension. The volcanic and intrusive rocks formed during the subduction 

and to a lesser degree, the extension phases of activity are of particular interest 

to this study because of their close spatial and temporal association with Tertiary 

epithermal gold-silver deposits. The subduction volcanics are predominantly an

desitic (22-6 m.y.) and are associated with silicic to intermediate intrusives while 

the extension volcanics (6-0 m.y) are basaltic. The statistics clearly indicate that 

the bulk of the deposits is limited to the andesites of the older volcanic series. 

The Walker Lane shows significant structural and topographic features that 

set it aside from the rest of the Great Basin. This uniqueness has been confirmed 

by trend surface studies of such range features as length, volume, width, height 

and trend. Two significant features that seem to have a strong bearing on the 

metal potential of the Walker Lane are the presence of west or northwest trend

ing mountain ranges and high angle strike slip faults similar to the San Andreas 

fault. The subduction and extension volcanics and their associated intrusives and 

mineralization coincide with the fault zones. 

Epithermal precious metal vein systems are formed from hydrothermal fluids 

originating from silicate melts formed deep in the earths crust. The magmas form 

from both the mafic oceanic crust of subduction zones and the mafic amphibolites 

and the felsic metasedimentary rocks of the lower continental crust. The mafic 

rocks are rich in base and alkali metals while the metasediments are rich in the 
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lighter alkali metals. The partial melting of these rocks is a first step in the ore 

forming process. 

The rock melt originates in a high pressure environment, and water plays a 

crucial role in its formation and subsequent evolution. Initially, the water comes 

from hydrous minerals such as biotite and amphibole, and the volume of melt 

formed is proportional to the amount of water available from these initial sources. 

The composition of the melt varies from granitic to dioritic, and the magma is 

emplaced at high levels within one to ten kilometers of the earths surface. In many 

instances, large volumes of magma are extruded to the surface to form the extrusive 

equivalents of the buried stocks. 

These extrusive and intrusive rocks are found in structurally weak areas in 

near surface environments where many rocks fracture under the intrusive pressure 

to form steeply dipping faults. The formation of a hydrothermal system is critically 

dependent on the existence of a water rich volatile phase at the magma source. As 

the magma cools, the water rich phase separates by a process called resurgent 

boiling and releases a large amount of mechanical energy that is a major cause 

of the fractures in which ores are subsequently deposited. The fractures formed 

may be of the stockwork or vein type or the larger caldera collapse structures that 

accompany explosive volcanism. 

Major epithermal vein districts occur in zones of persistent fracturing in

cluding normal faults, caldera ring fractures, caldera related grabens, and in areas 

of doming and arching. According to Sillitoe (1976) the proper environment of 

formation of epithermal veins is created where the upper parts the volcanic series 

which have been prepared structurally are intruded by felsic stocks. Structural 

preparation includes ring and radial fracturing that occurs during caldera collapse, 

graben formation caused by crustal doming and arching, and faulting caused by 

stock emplacement. The vein deposits are localized in volcanic rocks, mainly in 

andesite but sometimes in rhyolite and rarely in basalt, and igneous stocks that 

accompany the volcanics. Vein deposits seem to form not too long (1 to 3 m.y) 

after the emplacement of the volcanic series. It is suggested that host rock compo

sition may not be a crucial factor in epithermal vein localization. That andesitic 
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and dacitic hosts seem to predominate over rhyolitic hosts may be due to the dom

inance of rocks of intermediate composition in volcanic belts. With regard to the 

relation between ore formation and caldera collapse, there is no evidence relating 

the two. In many mineral districts, studies show that calderas simply act as struc

tural traps for younger vein deposits with which they have no genetic connection. 

In Nevada only two out of thirty calderas have any significant mineralization. 

In this section attention is drawn to the epithermal deposit characteristics 

that are potentially useful in exploration modeling and which are related to the 

quantity of resources that may be present in each Intrinsic Sample. These features 

are the following: (a) The relative thinness of the epithermal zone to which the 

deposits are restricted (b) the volcanic sequence in which the major deposits are 

found, known as the subduction or Pre-Esmeralda volcanics which were later cov

ered up by the younger often barren extension volcanics and the extent to which 

the extension volcanics have been eroded (c) the relationship between vein ore and 

associated breccia, and (d) the relationship of deposit geometry to fault attitude. 

Tertiary epithermal precious metal vein deposits occur at high levels of the 

earths crust at depths ranging from 100 to 1000 meters below the surface. The 

number and the precious metal content of lodes decline with depth as the base metal 

content grows. The vertical extent of deposits is small, averaging 350 meters. In 

the richest districts, the bulk of the ore lies within 500 meters of the surface. 

The older volcanic series is estimated to have produced about 83% of the 

total gold-silver output in the Walker Lane, while the younger series have yielded 

just 1 %. Because the deposits were originally formed in the thin uppermost segment 

of the crust and because of their limited vertical extension, the amount of resources 

in a MU may be a function of the depth of erosion. In general, the areas of deep 

erosion may not be favourable target areas. Deep erosion may be indicated when 

volcanic rocks of different ages are exposed. On the other hand, the exposure of 

small sized intrusives or small areas of older intrusives may be suggestive of limited 

erosion and a high likelihood of deposit occurrence. The situation in the study area 

may have been complicated by widespread block faulting which may have resulted 
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in the mixing of deposits of different ages. Block faulting may also have exposed 

some deposits to erosion, while other deposits may have been protected. 

Deposit shape is to a large extent determined by the geometry of the con

trolling structure, in this case, a high angle fault. In general, the deposits are 

considered to be long narrow bodies with high or low dips depending on the atti

tude of the fault plane to which they are related. The geometric characteristics of 

the deposits are important factors in discovery by drilling. These characteristics 

include attitude parameters such as strike, dip and plunge, and size parameters, 

such as length, breadth and thickness. For analysis of detection by drilling, the 

deposits are considered to be oriented, tabular, dipping bodies with rectangular 

horizontal cross sections. 

Fault related breccias with a veinlike, pipelike, or tabular shape constitute 

part of volcanic hosted deposits. The breccias are located in the hanging wall side 

of the fault and may host the main ore in some vein deposits. In other deposits, 

the ore occurs in veins and stockworks that cut the breccia. In addition to hosting 

some high grade ore, the breccias may host low grade, high tonnage stockwork and 

disseminated ore bodies. Thus, although the classic vein or lode deposit may be 

conceived of as being of high grade and low tonnage (ranging from a few hundred 

to a few million tons), in reality, disseminated and replacement low grade and high 

tonnage ore bodies may be found in different parts of the vein system, depending 

on the type of premineral rocks traversed by the fracture system hosting the vein. 

For example, replacement deposits occur where the fractures traverse carbonate 

rocks, and where silicious sediments are traversed, high tonnage silicious deposits 

are formed as part of the vein system. These low grade orebodies associated with 

vein deposits, may contain tens to hundreds of millions of tons of ore. However, the 

existing production and reserves data base does not reflect this additional resource 

base. The existing data base shows vein deposits to contain a few hundred thousand 

to a few million tons of ore. The reason for this exclusion may have been economic 

as the prevailing low prices of the time precluded the exploitation of low grade 

orebodies. But, the subsequent significant gold price increases and the availability 

of new ore treatment technology have considerably expanded economic resources. 
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2.3 Statistical analysis of endowment descriptors 

Potential supply from each Metallogenic Unit is derived from the population 

of deposits that make up the endowment of the MU. The objective of the follow

ing sections is to describe the distributional parameters of two key endowment 

descriptors, namely deposit size and deposit average grade. A model for another 

key endowment descriptor, n, the number of deposits per unit area, will be pre

sented in the next chapter. A fourth critical endowment attribute, h, the depth 

to deposit top is not explicitly modeled in this study. In this regard, the potential 

supply estimate obtained for each Metallogenic Unit will be assumed to exist in 

depths similar to those of known deposits. These physical deposit attributes (n, t, 

q, and h) are explicitly considered in supply models because of their strong impact 

on deposit discoverability and production cost. The tasks to be performed in this 

section include (a) estimation of distributional parameters for vein deposit ton

nage and grade, including an investigation of possible dependency between these 

deposit attributes, (b) the establishment by regression techniques, of quantitative 

relations between deposit tonnage and geometric deposit attributes such as vein 

length, vertical extent (thickness) and breadth and, (c) the statistical analysis of 

vein attitude parameters including vein dip and strike. The results from (b) and 

( c) are useful in exploration modeling. 

The data base for this study includes tonnage, grade, length, breadth and 

vein thickness data on U.S Tertiary epithermal gold-silver vein deposits from the 

Walker Lane. For each vein, past production is added to estimated reserves to 

yield total ore in the vein. True vein ore is of limited size and rarely exceeds two 

million tons. The tonnage data used in this analysis reflects this fact as most of 

the values are below one million tons of ore. Although this study excludes gold 

and silver deposits that are primarily of the disseminated or replacement type, 

it has been pointed out that the process of vein formation may be accompanied 

by replacement and dissemination to yield large tonnage ores around the smaller 

lode or vein ore restricted to the fracture zone. These additional resources are 

apparently not reflected in the data. 
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Considerable difficulties were encountered in the data collection process. 

Most of the data used in the study was obtained from published literature. Serious 

divergences between data from different sources were observed and clearly indicate 

uncertainty about the published information. Also, the small actual numbers of 

data points used in some of the statistical analyses increases the risk of obtaining 

statistically distorted results. 

2.3.1 Relationship between vein tonnage and other size parameters 

The size, shape and attitude of vein deposits are strongly influenced by 

structure. Since deposit location is controlled by high angle faults, the deposits 

are considered to be long, narrow, oriented, tabular bodies with a horizontal cross 

section and a high or low dip depending on the attitude of the fault plane. An 

accurate description of the geometric form of deposits is useful in detection model

ing, especially in areas such as the Walker Lake where younger barren rocks cover 

older productive formations. 

The main reason for exploring the relationship between between deposit 

tonnage and other size parameters is to construct quantitative models for predict

ing such deposit features as volume, length, or area for an ore tonnage. These 

techniques have been applied in the past by sedimentary petrographers interested 

in establishing predictive relationships between the volume of quartz pebbles (in 

conglomerates) and their axial measurements. 

Drew and Griffiths (1965) (;arried out studies on oil fields in Texas, the 

Denver basin, and Indiana that assign an elliptical geometrical shape to each field, 

and the authors show that the axial measurements and plan area of a field are good 

predictors of deposit size. In Western Canada, oil pool area has been found to be 

the variable that most strongly correlates with reservoir size. These studies thus 

indicate that when a mineral deposit is represented by a specific geometric form, 

the size of the deposit is proportional to the dimensions of the geometric body. 

In the case of vein deposits, variations in vein length, breadth and thickness have 

been found to adequately explain differences in deposit (vein) tonnage. 
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This section uses statistical methods to explore the relationship between 

ore tonnage and vein length, breadth and thickness for data collected on Tertiary 

epithermal deposits in the Walker Lake Quadrangle. The results of such analysis 

are meaningful only if each recorded deposit tonnage is related to the precise vein 

length, breadth and thickness that yielded that tonnage. Although tonnage and 

other size data had been collected on sixty U.S deposits, it was difficult to determine 

the vein dimensions that yielded these tonnages. There were few deposits for 

which both tonnage and geometric parameters were known with certainty. On the 

other hand, there were several tonnage values for which the length and breadth 

parameters were available but highly uncertain. 

In order to obtain tonnage values that are consistent with the geometric 

parameters, the following experimental procedure was adopted. Those deposits 

for which reliable data were available for all size parameters constituted a base 

case data set which were first subjected to simple correlation analysis. Strong 

positive correlations were indicated between logarithmic tonnage values and other 

size variables (length, breadth, and plan area.). The next step in the analysis, was 

the estimation (using the base case data set and stepwise regression analysis) of a 

relationship t = f(v, 1, b, h) between deposit tonnage and geometric variables using 

a translog functional form for function f: 

T = f(V,L,B,H) 

L Q6+Q71nL+Q81n B+QolnH 

where, 

T = ore tonnage, 

L = vein length in meters, 

B = vein breadth in meters, 

V = volume of ore, 

H = vein thickness in meters, 

(2.1) 

(2.2) 
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K = constant term, 

The resulting regression equation is the following 

LnT = -6.01968 + .0605LnVLnH + .15315(LnB?, (2.3) 

R2 = .997 

This equation was then used on the uncertain data set to adjust the tonnage 

values by substituting in it the observed length, breadth and thickness values. For 

each set of these size parameters, the observed and adjusted tonnage values were 

comparable in some cases but widely divergent in others. This analysis yielded 

twenty two sets of vein data, each consisting of a tonnage and the corresponding 

vein length, breadth, and thickness. This data set formed the basis for constructing 

deposit models for tonnage and grade and for exploring relationships between the 

different size parameters. The results of these studies are described in the following 

sections. 

2.3.2 Relations of deposit geometry to deposit size-a motivation for statistical anal

YSIS 

For detection purposes, vein geometry is defined by the shape of the verti

cal projection on the horizontal plane of the portion of the ore body (vein) which 

lies within the range of penetration of the drill. In this regard, vein deposits are 

considered to be dipping, tabular oriented bodies with rectangular horizontal sec

tions. In exploration drilling, each vein or target is in effect reduced to a rectangle 

having dimensions of L and B, which are crucial to the computation of detection 

probabilities. Each target or rectangle is described by three parameters A, R and 

H where 

A=LB 

B 
R=

L 
(2.4) 
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The values of L, B, H and A that correspond to a given deposit tonnage can be 

estimated from regression relationships based on the data generated in the last 

section, given the tonnage-volume relation 

where 

A = Plan area 

R = =target shape ratio 

p = tonnage factor 

t = pAH, (2.5) 

The use of these relations is the inverse of the conventional one, which is the 

combining of physical parameters of a deposit to evaluate either volume or tonnage. 

Here, the simulation of deposit occurrence and features begins with a tonnage of 

mineralized material, t, and its average grade ij. Then, the task is to assign physical 

parameters that are consistent with the tonnage and with the variation of physical 

parameters within the population of epithermal gold-silver deposits. The physical 

parameters are generated from statistical relations that were developed on a sample 

of twenty two deposits, all of which are known to belong to the epithermal gold 

population. Denote the relationship of plan area (A) to deposit tonnage (t) as 

follows: 

E [InA It] = fA (lnt) (2.6) 

Similarly, from statistical data the relationship between t and deposit length, I, 

could be estimated by regression analysis yielding fl(ln t): 

E [lnL I t] = fl (lnt) 2.7) 

Assuming that estimated equations satisfy the assumptions of the general 

linear model, they could be used to create (simulate) a population of deposits, each 

defined by physical parameters. 

(2.8) 



Z "" N (0, 1) 
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(2.9) 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

Thus, given sample values for t and ij, the deposit parameters could be generated by 

the above stochastic and volumetric relations, giving 1, b, and h that are consistent 

with t and ij and variations observed in nature. 

2.4 Frequency analysis of vein tonnage and grade data 

The potential supply estimate from a given Metallogenic Unit is derived 

from the total material that is recoverable from known deposits and unknown 

deposits postulated to exist in the endowment. These estimates are made based 

upon the tonnage and grade parameters that describe the population of deposits 

under consideration. These parameters are computed from the data set generated 

earlier. A frequency analysis of logarithmically transformed size and grade data 

show various degrees of variation from normality based on skewness and kurtosis 

measures. The results of this analysis are shown in Table 2.1. Vein size parameters 

include tonnage, vein length, breadth, and thickness; vein attitude is specified 

by vein dip and strike. The objective of this section is to obtain distributional 

parameters for these variables. The logarithms of size variables as well as their 

products (area, volume) have been found to be normally distributed. Frequency 



Table 2.1. Deposit (Vein) size and grade parameters 

Arithmetic values 

Statistic TON LEN BR H 

AM 1.079 677.2 9.395 283.6 

Mode .270 175.2 6.25 290.0 

Mode .250 122.0 

Variance 10.2 901786.7 73.7 29682.6 

Logarithmic values 

Statistic LTON LLEN 

L11 -1.225 5.679 

Median -1.309 5.157 

Mode -1.386 4.804 

Variance 1.777 1.731 

TON = vein size, tons ore, 

LEN = vein length in meters, 

BR = vein breadth inmeters, 

H = vein vertical extent in meters, 

R = deposit shape ratio, 

LBR 

1.827 

1.832 

.9223 

AUG = gold grade in gram per ton, 

A G G = silver grade in grams per ton, 

LH 

5.44 

5.669 

.5113 

R AUG 

.0602 13.55 

0296 12.0 

.0492 15.5 

.0112 78.8 

LR LAUG 

-3.852 2.305 

-3.579 2.484 

-3.012 2.744 

2.582 .935 

AGG 

283.2 

203.0 

827.0 

91754.2 

LAGG 

4.751 

5.313 

6.717 

3.73 
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histograms constructed for all size variables showed a strong skew that was dimin

ished but not completely eliminated by log transformation. The statistical test of 

normality based on skewness and kurtosis measures did not indicate normality (Ta

ble 2.1). The same analysis performed on raw strike data show a bimodal character 

reflecting the two major fault directions recorded in the Walker Lake. Histograms 

of vein dips also show a bimodal character, with the most common values lying in 

the 55 to 60 and 85 to 90 degree ranges. The strike data was shown to be a mixture 

of at least two normal populations. Other studies (e.g. McCgrossan, 1969) have 

concluded that unimodal parameter (e.g. size) frequency distributions imply that 

deposits belong to a homogeneous geological group. The question as to whether 

the the observed bimodality of strike and dip data indicates the lumping together 

of geologically unlike deposits, is a legitimate one for it is known that both the 

N.W. and the N.E. directions in the Walker Lake host both Pre and Post Tertiary 

deposits. 

The statistical relationship between ore tonnage per deposit (vein) and av

erage grade per deposit was also explored in an attempt to investigate the issue 

of dependency. Other empirical studies on mineral deposits have revealed both 

dependent and independent relations between tonnage and grade. Singer et al 

(1975) have shown using data on copper deposits that all modes of copper oc

curences taken as a unit show an inverse relationship between tonnage and grade, 

implying a large but low grade resource base. However, Singer found no such core

lation within individual deposit types. Studies of Adularia type deposits, which 

constitute the main group of tertiary epithermal vein deposits, show that inverse 

relations between tonnage and grade are rare and that larger deposits are not nec

essarily of lower grade. Another study by Mosier and Menzie (1983a) of a sample 

of epithermal deposits from all parts of the world showed no corellation between 

tonnage and grade. In this study, simple bivariate plots were obtained for variable 

pairs (ore tonnage vs gold and silver grades, silver grade vs gold grade) and signif

icance tests showed no significant corelation between these variables; accordingly, 

this study will assume vein size and grade to be statistically independent and also 

approximated by lognormal distributions. 
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In summary, the objective of this chapter was to generate a data base for 

Tertiary epithermal precious metal deposits and to subject the data so obtained 

to statistical analysis aimed at estimating distributional parameters for key en

dowment descriptors such as deposit (vein) size and average grade. In addition, 

a quantitative relation between deposit tonnage and geometric parameters such 

as vein length is established. The deposit model parameters obtained from data 

may be taken as population parameters if the sample is truly random. In reality, 

mineral deposit samples used in studies of this nature are truncated and are 'non 

random. Truncation results from a sampling process (exploration) characterized 

by preferential selection of large size, a sampling process which fails to detect part 

of the population even when they are present, and the failure to record parts of the 

population that are found. In truth, the true parameters of the underlying deposit 

population and the true relationship between deposit tonnage and grade may be 

obtained only after the effects of economic truncation are eliminated. 
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DELINEATION OF METALLOGENIC UNIT BY OPTIMIZING 
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The section on Intrinsic Samples enumerated the basic ideas involved in the 

delineation of the borders of a metallogenic unit (MU) by genetic principles and 

geologic information. The main objective of this section is to examine another 

methodology for delineating the sample area, one that does not require geologic 

information. The method is based on variogram analysis of spatial variation and 

identifying that size of area which optimizes the fit of a doubly truncated expo

nential model for number of occurrences. The analysis is carried out in two stages. 

The first stage involves the determination of the main axis of anisotropy in the area 

by variogram analysis. The range values from this analysis are used to plot a di

rectional graph yielding a polygonal form which is assumed to be the approximate 

shape on average of the MU. The next step involves the delineation of the borders 

and the measurement of the area of each MU. This is done by superimposing the 

polygon on each mine cluster and fitting a spatial model to the occurrences within 

the polygon area using the quadrat method. In this method of expanding polygons, 

the polygon area is progressively expanded and the fit performed for each new size. 

The chi-square measure is then used to select the polygon size that yields the best 

fit of the spatial model to the mine data. This size, in square miles, is considered 

to be the size of the MU. 

3.1 The distribution of nearest distances between occurrences 

The existence of mine clusters in the Walker Lake is evident in Figure 3.1 

(this figure shows two MUs), and it may be further demonstrated by examining 
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Figure 3.1. The Metallogenic Unit~ at Bodie and Aurora. The open circles mark 

the borders of units. Each unit includes a cluster of gold-silver occurrences. 
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the distribution of distances between occurrences. Points located in a plane may 

show a regular, random or clustered pattern. The point pattern in Figure 1.1 

represents the locations of Tertiary epithermal gold-silver occurrences in the Walker 

Lake area. The term occurrence refers to mines and prospects. The prospects were 

included because they represent the same mineralization as do the mines, thus both 

prospects and mines are considered to belong to the same statistical population. 

Figures 1.1 and 3.1 show a strong clustering and alignment of clusters along specific 

directions. This clustering is due mainly to the congruence of fault systems that 

control mine location. Fracture systems that control the location of these deposits 

include Basin and Range faults, caldera ring fractures, caldera related grabens and 

structural dome faults and fractures. 

A simple test for the presence of clustering in a point pattern distributed 

in a two dimensional plane may be performed by examining the distribution of 

the nearest distances between the points. As is usual in studies of this nature the 

mines are represented by points. In reality, each mine occupies some space and in 

statistical analysis of nearest neighbour distances, the square root transformation 

of distances may be used rather than the raw distances. The frequency plot of 

these distances gives an indication as to whether the points are random, regular or 

clustered. In general, frequencies may be approximated by a normal curve when 

the point pattern is random, and skewed to the left when the points are clustered. 

A frequency histogram (Figure 3.2), constructed (after square root transformation) 

for the nearest distances between Tertiary epithermal gold-silver occurrences in the 

Walker Lake, is skewed to the left suggesting a regular or clustered pattern. In a 

situation where clusters are separated by spaces with a few scattered points, the 

frequency curve of the nearest distance between individuals could be bimodal with 

one mode representing the distances between points within a cluster and the other 

representing the distances between points outside clusters. A poorly developed 

second mode is evident in Figure 3.2. 

3.2 Anisotropy analysis 
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Figure 3.2. A histogram of nearest distances between Tertiary epithermal gold

silver occurrences in the Walker Lake Quadrangle. 
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The methodology described in the following pages will yield a spatial model 

parameter and an estimate of area for each MU. The fitting process will consider 

the shape of the MU, of which the mine cluster is part. It was expected that this 

shape might be influenced by the strong NE and NW lineaments in the area. The 

NE lineament, the older of the two, has been reactivated several times and controls 

the broad distribution of metal concentrations in Nevada. Within the Walker Lake, 

the Walker Lane and the Basin and Range faults follow the younger NW trend. 

The Aurora belt, with a NW, trend is a major producer of Tertiary epithermal 

precious metals. The objective of the variograrn study is to determine which, if 

any, is the dominant structural axis (major axis of anisotropy). Anisotropy, if 

present, should be considered in fitting a spatial model to mine data, because 

pronounced structural trends affect the abundance and location of occurrences, 

causing them to be more persistent in one direction than in the other. It has been 

shown in some studies Journel and Huijbregts (1978 ) that through variogram 

analysis of small sedimentary iron ore deposits, it is possible to make inferences 

about the shape or elongation of the structural unit or basin in which the ore was 

deposited. A similar approach is to be applied to epithermal gold-silver deposits, 

and a variogram analysis, if successful, may be informative about the shape of the 

metallogenic units in which these deposits are located. 

The data base for this analysis is a dot map (Figure 1.1) of the Walker 

Lake area showing the locations of Tertiary epithermal gold silver occurrences. 

For variogram study, the variable of interest is the occurrence count per quadrat 

(subarea). A square grid measuring 4 km by 4 km was used, and the occurrence 

count per quadrat varied from 0 to 78. 

3.3 The experimental variogram 

The variable of interest in the current study is occurrence density or count 

fez) per unit area. The value off(z) depends on its spatial location and orientation. 

The different values of a random variable, such as occurrence count distributed in 
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two dimensional space, reflects an underlying geologic phenomenon such as met

alization. The morphology of this phenomenon may be revealed by variogram 

analysis in which measures of spatial correlation are made along different direc

tions within an area of homogeneous geology in an attempt to identify the geomet

ric form of spatial variation based on the measures obtained. In reality, since this 

study desires to obtain size and shape information on individual metallogenic units, 

the data matrix for variogram analysis should be based not on the entire Walker 

Lake area but on individual metallogenic units (mine clusters). However, the small 

number of data points in many of the clusters makes this approach impracticable. 

The shapes yielded by the analysis of data from the entire area will be considered 

an average across occurrence clusters. 

The neighbouring values of a spatial data series are generally not indepen

dent but are related to one another by a correlation expressing the spatial structure 

of the regionalized variable fez). The main objective of this section is to investigate 

through variogram analysis, the morphology of the metallogenic unit of which a 

cluster of occurrences is a manifestation. The semivariogram function, 1'( h), is 

used to characterize the variability of a regionalized variable in space. A variogram 

computed from actual data is called an experimental variogram and it is defined 

as follows: 
N 

'Y*(h I y) = 2N
1
(h) t; [Z(Xi, y) - Z(Xi + h, y)]2 

where, 

h =distance between data points in meters, 

N(h) = number of sample pairs, 

x, y =x, y coordinates of data points, 

Z(Xi) =the value of random variable at the it" location, 

(3.1) 

The experimental variogram , 'Y*(h I y), measures the variance of the differences 

between the data points locat~d h units apart for a given traverse (y). 

An experimental variogram computed from the occurrence density data from 

the Walker Lake is expected to yield information on the presence or absence of 

anisotropy in the area. If a random variable, such as occurrence density, that 
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reflects a geologic phenomenon such as mineralization, shows the same behavior in 

all directions in space, the phenomenon is isotropic. Anisotropy results when the 

variable changes more rapidly in one direction than in the other, and its presence 

can be shown by comparing the experimental variogram in different directions. 

Usually, orientation effects in the data will appear as strong directional bias in 

the resulting variogram. In mineral bearing areas such as the Walker Lake, this 

directional bias shows the random variable to be constrained in its location by the 

orientation of the mineralizing channels, the high angle faults. Thus anisotropy in 

an area may be caused by structural factors that may be known a priori. In this 

study, the directions of search for anisotropy correspond to the four main structural 

trends inferred from a geological study of the area. Variograms were constructed 

for the NW, NS, NE and EW directions. However, a larger number of variogram 

directions e.g eight may better capture the shape of a Metallogenic Unit. 

3.4 Results of variogram analysis 

The profile of a typical variogram is shown in Fig. 3.3. This form arises 

because the variogram measures the difference between data points h meters apart 

starting from h = O. 'Y* (h) increases because as distance between points increases, 

sample values are less correlated hence their squared differences are larger as h 

increases. When h becomes large, data values become independent of one another 

and 'Y*(h) is constant. The sill is the "I"'Ch) value at which the graph levels off. 

The distance at which the samples become independent of one another and the 

curve levels off, is called the range of influence. The sole objective of the variogram 

study is to measure the range in each of the directions considered. Anisotropy 

is present in an area when the range in different directions varies. The range of 

influence obtained in all directions, when plotted, on the same graph, yields a 

directional graph of the ranges shown in Figure 3.4. The form of the graph reflects 

the geometric shape of the fundamental geologic unit represented by values of the 

random variable considered in the analysis. 
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The experimental variograms obtained in this study are shown in Figures 

3.5 and 3.6. A variogram is said to show continuity when the curve starts from 

the origin and grows gently until the sill is reached. The variograms obtained in 

this study show little continuity as they intersect the y axis and are said to show 

a nugget effect. This happens when data values occur in blobs, that is, very high 

values of the random variable are followed by low values. Within the context of this 

study, these correspond to the known cluster locations with high mine density and 

the intervening areas with few or no mines at all. The fact that the variograms 

for the different directions grow at slightly different rates shows the presence of 

anisotropy in the region. The fact that the curves flatten out and then fall or rise 

suggests the presence of a polynomial trend in the data. Normally, this trend would 

be removed prior to the analysis. However, it may be ignored (Clark, 1978) if the 

range is encountered before the curves rise or fall. In all cases, this condition is 

fulfilled. A theoretical model was then fitted to each of the experimental variograms 

to allow the estimation of the range and other model parameters ( Co, C and a). The 

choice of a theoretical model and the estimation of its parameters is an important 

element in the analysis of regionalized variables. The model identified in this study 

is one that is most commonly used, the spherical model, which has the following 

functional formj 

where, 

Co = the nugget, 

Co + C = the sill value, 

h = the distance between data points in meters, 

a =the range, 

if h < aj 

h?a 
(3.3) 

In general, a spherical model is indicated when the sill of the experimental vari

ogram flattens out. Fitting is done by substituting initial values of a, Co, and C 

from the experimental variogram in the theoretical model and adjusting these 
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values until a good fit is obtained. This process yielded the following range values 

measured in meters: 
Direction 

NW 

NW 

Range 

34,000 

16,000 

NE 23,000 

EW 20,000 

Figure 3.5, shows the variograms for the four directions. The range values are 

similar for the NE, NS and EW directions but distinctly different for the NW 

direction. When plotted on one diagram, these ranges yield a directional graph, 

implying the irregular polygonal figure shown in Figure 3.4. The elongated form . 

of the figure indicates the presence of anisotropy and the major axis of anisotropy 

is the NW direction. Overall, variogram analysis has yielded a fairly elongated 

polygonal shape for the MU. This will be assumed to be the average shape of 

all MUs in the area. However from the closeness of the range values obtained 

for three of the four directions, the MU may be less elongated than is shown in 

Figure 3.4. The statistical work of Harris and Pan show the MUs to be of various 

shapes including round and elongated types, but in the analysis of this chapter all 

MUs have a common shape, but different sizes. Figure 3.6 shows the individual 

variograms and the fitted theoretical curves. 

3.5 Fitting the doubly truncated exponential model to occurrence data 

Having established an approximate geometric shape for a MU, a methodol

ogy will now be described for delineating the border of a Metallogenic Unit. This 

objective is to be achieved by fitting a spatial model to individual mine clusters, 

while simultaneously estimating the size of the MU of which the mine cluster is 

a part. Each MU will be assumed to possess the polygonal form established in 

variogram analysis and the boundary of the MU will coincide with that of the 

polygon. In fitting a spatial model to individual mine clusters, the area of the MU 

is determined by the size of the superimposed polygon. An expanding polygon 
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technique ( see Figure 3.7) is used to determine the unit size that yields the best 

fit based on the chi-square criterion. 

Several model forms, including the negative binomial and negative expo

nential have been used to describe clustered point patterns. Following the work 

of Slichter, (1960) the negative exponential form is adopted in this study. In its 

simplest form the negative exponential model is represented as 

f(x; B) = Be-Ox for 0:::; x :::; 00 and B > 0 (3.4) 

and the general form of the doubly truncated exponential used in this study is 

f'ex; B) = b f(x; B) for a:::; x :5 band B > 0 (3.5) 
fa f( x; B)dx 

If N represents the total possible observations, n, the actual observations and N-n 

is unobserved, the population is said to be truncated if N is unknown. In fitting 

a truncated distribution to data, the objective may be the estimatIon of N, or, 

although N is unknown, the focus may be on the estimation of the distributional 

parameter, B. This study is concerned with the latter objective and will estimate 

B, the parameter of the exponential distribution from a doubly truncated sample. 

The quadrat method (Figure 3.D) is used, and the maximum likelihood es

timate of 8, the parameter of Equation 3.5, is based on the number of cells having 

at least one mine (a = 1). The statistic, X, computed from data and used in 

estimating B is defined as follows; 

_ total occurrences in MU 
x=--~--~~~--~--~---------------number of cells with at least one occurrence 

(3.6) 

The merit of truncating the population from below was first recognized by Slichter 

(1960), who noted that when quadrat size remained constant while the size of 

the study area was changed the number of cells with zero occurrences changed 

arbitrarily as did the value of theta. This problem is avoided by truncation at one 

i.e. a = 1. 
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In the fitting process, the results of the variogram analysis are taken into 

consideration firstly by assuming that the mine cluster (MU) has a polygonal geo

metric form similar to that determined by the variogram study, and secondly, that 

the long axis of the MU is oriented parallel to the NW direction identified as the 

major axis of anisotropy. The analysis starts by determining the optimum quadrat 

size for model fitting. This determination was made on the largest cluster using 

an iterative procedure. For each of ten selected polygon sizes, () was estimated 

using quadrat sizes ranging from 300 to 1200 meters square and the polygon sizes 

varied between one and twenty two square miles. From this exercise, the cell size 

that gave the best exponential fit was selected based on the chi-square criterion. 

The selected cell size was the one that gave the lowest chi-square value with a fair 

amount of consistency irrespective of polygon size. A polygon size was specified by 

stating the length of its longest axis from which the lengths of the three remaining 

axes were computed based on relations obtained from the range values. 

In the next step, the distribution parameter () is estimated for individual 

mine clusters (MUs) using the optimal cell size determined above and different 

polygon sizes. The fit starts with the specified cell size and a small polygon, and 

using an iterative program, the polygon size is successively expanded and the size 

associated with the best fitting truncated exponential is selected as the size of 

the MU. Ten different polygon sizes were used. Polygon expansion (Figure 3.8) 

continued until all or most of the mines that are thought to belong to the present 

cluster are counted. The mechanics of polygon size specification, expansion, and 

model fitting is the following. Starting with an initial polygon size specified by the 

length of its long axis, which is aligned parallel to the NW direction, the polygon 

area is divided into cells, and the exponential model is fitted to the frequency 

counts of cells containing 1, 2, ..... n mines. The next polygon size is obtained by 

incrementing the major axis of the last polygon to the desired size and repeating 

the fit ting after computing the corresponding lengths of the remaining three axes. 

The polygon size selected is the one that gives the best fit. For a given MU, Figure 

3.7 shows some of the steps in the expansion process. It is appropriate, to sound a 

note of caution about this estimation procedure. The results obtained are affected 
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by the location of the polygon center relative to the cluster center. Ideally, cluster 

and polygon centers should be approximately (not necessarily exactly) coincident. 

The model fitting and area estimation tasks were accomplished by the use 

of a computer program called EEP. This program performs the following tasks: 

(a) expresses each of the shorter range values as a fraction of the longest range 

value; (b) specifies the size of the first polygon by the length of its longest axis 

and computes the lengths of the three remaining axes, and, given the coordinates 

of the cluster center, (the same as the polygon center) computes the coordinates 

of the vertices of the polygon and also its area; (c) using a linear equation devel

oped for each polygon side and its slope, computes a constant term for each line 

that will ultimately help determine whether a point lies in or outside the polygon; 

( d) superimposes a grid measuring 600 by 400m over the polygon, constructs a 

histogram of cells containing 1,2, ... n mines, fits the doubly truncated exponential 

to the histogram, and records the 8 value and the polygon size that give the best 

fit. For each iteration, the upper truncation value is considered to be the highest 

occurrence count observed in a cell, (i.e b = highest observed count in a cell in 

current iteration). 

In studies of the present kind, the shape of the study area may be rectangular 

or square, for which counting mines in areas may be relatively straightforward. In 

this study, the adoption of an irregular polygonal form more closely captures the 

shape of the metallogenic unit but it increases the computational effort required 

to determine those occurrences which fall within the polygonal area. The problem 

of counting points within the polygon, was resolved by the method of inequality 

analysis. One linear equation (inequality) of the :5 or ~ type was constructed for 

each side of the polygon. In a geometrical sense, each of the linear inequalities forms 

a closed half space and, the intersection of the eight closed half spaces produces 

the octagonal form used in the analysis. The method of inequalities used here is 

based on the fact that a linear inequality in two variables divides a two dimensional 

space into two regions, one of which satisfies the inequality and is called the feasible 

region. The simple rules of inequality analysis were used to determine the points 

that fall within the polygon. Each occurrence to be counted was represented in a 
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plane by its x,y coordinates. To determine whether or not a point falls within the 

polygon, its coordinates were evaluated vis-a-vis the linear inequalities. Since there 

are eight inequalities, each representing one side of the octagon, any point that lies 

within the octagon, must simultaneously satisfy the eight inequalities. That is, a 

point that falls within the intersection of the set of eight inequalities is a solution 

to the system. A cell whose center fell within the polygon, was considered as lying 

wi thin the polygon. 

3.6 Results of analysis 

The objective of this section was to demonstrate the use of the expanding 

polygon method (Figures 3.7, 3.8) to fit a spatial model to mineral occurrences in 

individual metallogenic units and to determine, based on chi-square analysis, the 

polygon size that gives the best fit. The interpretation of this size and its relation 

to the true size of each unit of metalization have an important bearing on the 

resource potential of each MU. The identified quadrat size for analysis was 600 by 

400 meters. The attempt to fit the negative exponential model to the nine identified 

Tertiary epithermal occurrence clusters failed in some cases because of insufficient 

data points. The model was successfully fitted to clusters at Aurora, Bodie, Camp 

Douglas and Candelaria. Although Candelaria is of pre-Tertiary age it is located 

along identical structural trends as the Tertiary deposits, and its inclusion here is 

for purposes of comparison. 

Selection of the optimal polygon size for each of the four clusters was based 

on chi-square analysis at the 1 or 5% levels of significance. Chi-square values from 

goodness of fit tests are said to be valid only when theoretical frequencies used in 

their computation are equal to or greater than five. Frequencies may be regrouped 

if need be to attain this minimum. In this study, a minimum of two was selected, 

as suggested by some texts. However, such a regrouping seems unwaranted here, 

because the theoretical frequencies were often less than five. In theory, lower chi

square values are indicative of good fits, but values too close to zero are sometimes 

suspect and may be rejected. In this study, some of the smallest chi-square values 
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were produced by the smallest polygon, measuring 1.01 square miles. Such polygons 

were not selected because too few data points were involved. The results of the 

study are summarized in Tables 3.1, 3.2, 3.3, and 3.4. 

Table 3.1 lists for each of the four clusters, at least four possible MU sizes. 

The estimated value of () was used to compute the theoretical polygon size required 

by the full distribution. This computation was done as follows; 

(3.4) 

where FA = full size of mineralized area as specified by theoretical model, 

TA = area based on truncation. Often, it was clear that for a given MU several 

polygon sizes yielded chi-square values that were acceptable at the specified level 

of significance. Thus for each MU, selection of the appropriate polygon or MU 

size (column 2, in Table 3.1) must consider the following facts: (a) the chi-square 

value, (b) for each MU, many of the polygon sizes yield acceptable chi-square values 

at the prescribed level of significance, (c) the approximate number of occurrences 

in each cluster was known before hand, and the polygon size ultimately selected 

should include all or most of the occurrences thought to be associated with the 

cluster. These issues are resolved by noting that although the smaller polygons 

sometimes gave the smallest chi-square value, they are not selected because the 

histograms on which the parameter estimates are based contain too few (2 or 3) 

class intervals. Thus, the larger polygons, based on more complete histograms, 

that meet the chi-square criterion usually are selected. These polygons are likely 

to contain all or most of the mines thought to belong to the cluster. The second 

column in Table 3.1 shows the possible areas of each of the four MUs. For a MU 

like Candelaria, all four chi- square values are significant, and if the lowest value 

of 2.58 were selected, the area of this MU would be 3.03 square miles. 

The areas obtained by the methods of this Chapter are much smaller than 

the values obtained by the statistical techniques of Harris and Pan (1987), shown 

in the fourth column. Thus MUs delineated in this analysis may represent 



Table 3.1. Comparisons of areas of M.Us measured by 

variogram and by statistical analysis 

M.U TA FA BPA X 8 

Bodie 2.02 3.4 28.16 3.73 .2533 

3.03 5.4 3.54 .3014 

4.65 17.8 3.40 .3340 

6.88 20.6 3.13 .4087 

Aurora 2.04 3.8 54.08 2.72 .3943 

3.03 6.7 2.40 .6034 

4.65 10.1 2.37 .6215 

6.88 27.9 2.29 .6830 

Camp Douglas 2.02 5.87 25.63 1.85 .9710 

3.03 9.36 1.93 .9820 

4.65 14.30 1.95 1.030 

9.51 44.9 1.85 1.15 

Candelaria 3.03 5.7 40.69 3.33 .3070 

4.65 8.3 3.12 .3733 

6.88 11.8 3.05 .3969 

9.51 16.3 2.85 .4726 

TA= area (square miles) based on truncated distribution, 

FA = area (square miles) based on full distribution, 

HP A = area (square miles) based on statistical analysis, 

UT = upper truncation value, 

MU = metallogenic unit. 
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Table 3.2. Dlustration of variation in model parameter with changing polygon 

size as quadrat size is kept constant 

TA FA !i e CHSQ UT NCL 

1.01 2.0 4.00 .1239 1.00 8 2 

2.02 3.4 4.10 .0987 0.00 8 4 

3.03 5.4 3.64 .2179 1.67 8 6 

4.65 8.0 3.47 .2663 2.87 8 6 

6.88 11.5 3.35 .3019 2.75 8 6 

9.51 15.3 3.23 .3399 1.643 8 6 

12.34 20.7 3.04 .4018 1.667 8 6 

15.38 25.9 2.81 .4966 3.071 8 6 

18.62 32.2 2.75 .5133 3.071 8 6 

22.26 38.79 2.68 .5394 3.155 8 6 

This table shows, for a given IS, how model parameters change as polygon size is 

varied and quadrat size is kept constant. The primary objective here is selection of 

an optimal polygon size which is to be equated with the size of a MU. Size values 

based on histograms with few, i.e 3 or fewer class intervals are rejected. Moreover, 

the polygon size selected should include most of the occurrences thoght to belong 

to the cluster in question. Thus, the selected size may not neccessarily correspond 

to the lowest chi-square value. 

TA = area, in square miles, based on truncated distribution, 

FA = area, in square miles, based on full distribution, 

UT = upper truncation value, 

N CL= number of class intervals. 
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Table 3.3. lllustration of variation in model parameter with changing quadrat 

size as polygon size is kept constant. 

CELL SIZE X 8 CHSQ UT 

300 2.1390 .8656 3.075 8 

400 2.8519 .4996 7.400 9 

500 3.3478 .4033 3.496 12 

600 4.8125 .1989 8.533 13 

700 5.5000 .1664 12.70 15 

800 6.9091 .1374 1.167 21 

900 7.7000 .0984 4.083 20 

1000 7.600 .1446 1.833 33 

1100 10.5714 .0358 1.250 23 

1200 11.00 .0249 .333 23 

This table shows how model parameters change when polygon size is kept constant 

while quadrat size is changed. This analysis was done on ten separate polygon 

sizes ranging from 1 to 22 square miles. It was on the basis of this exercise that an 

optimal quadrat size was selected for use in the analysis described in Chapter four. 

Given that a histogram contains a sufficient number of class intervals, quadrat size 

selection is based on the chi-square measure and also the number of mines included 

in the polygon. 

CELL SIZE = side of square quadrat in meters. 
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Table 3.4 Effect of varying cluster center location on fit 

x y X 8 UT CHSQ SIZE 

324809 4231793 3.52 .159 7 1.3 4.65 

324809 4230793 3.18 .285 7 1.536 4.65 

325309 4231293 3.35 .223 7 1.95 4.65 

324309 4231793 3.42 .194 7 2.3 3.03 

325309 4231793 3.80 .225 9 .20 3.03 

325309 4230793 3.64 .274 9 2.08 3.03 

324809 4231293 3.70 .250 9 3.90 2.02 

324309 4230793 2.80 .480 9 3.30 4.65 

Effect of changing the location of the cluster center on the fit obtained for a given 

IS. In this exercise, the cluster center is moved about 500 to 1000 meters from 

its designated position and the fit performed for each of the eight new locations. 

These movements cause changes in the values of UT and X which in turn affect 

the values of 8. These changes are reflected in the last column where the optimal 

ploygon size for each location is recorded. The more frequent value of 4.65 square 

miles may be selected as the optimal size of the IS. 

X,Y = x and y coordinates of cluster center, 

SIZE = polygon size in square miles, 

UT = upper trWlcation value. 
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subgeological units within the MU, or they may be considered the fraction of the 

MU that has been thoroughly explored. Harris and Pan delineate. MU borders 

by multivariate techniques involving the union, intersection, or synthesis of the 

relevant fields that are genetically related to each MU. The union method gives the 

largest area. The areas recorded in column four of Table 3.1 are the sizes from the 

synthesis method. 

Table 3.2 shows the complete results for a single mine cluster. The polygon 

sizes used in the analysis range between one and twenty two square miles. The 

smallest polygon, measuring only 1.01 square miles, is related to a histogram with 

only two class intervals, and it is not selected, irrespective of the associated chi

square value. All chi-square values are significant at the specified level. Table 3.3 

shows, for an IS, the effect on the distribution of varying quadrat size as polygon size 

remains constant. A feature of the expanding polygon methodology illustrated in 

Table 3.4 is that the () value for a given cluster may show slight variation depending 

on the location of the polygon center relative to the cluster center. To further 

explore this fact, cluster centers were visually located on a map and their x,y 

coordinates recorded. Table 3.4 shows the effect on the fit of placing polygon 

center in eight different locations 500 to 1000 meters from the initial location. 

There are understandable changes in the values of the required parameters such as 

x, and size. These are related to changes in the value of UT. 

3.7 Summary comments 

This Chapter investigates the epithermal gold-silver occurrences of the 

Walker Lake Quadrangle as a set of points to be represented by a spatial occurrence 

model. This study selected the truncated exponential identified by Slichter et al 

(1962) as the model to be fitted to the occurrences. However, since both visual and 

statistical analysis identify the presence of clusters of occurrences, the approach of 

this study differs from that by Slichter et al and others in that it attempted to 

delineate the cluster and to fit a spatial model to each cluster instead ·of fitting one 
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model to all occurrences of the entire quadrangle. Clearly, this approach requires 

the delineation of each cluster. 

Since the focus of this study is on the occurrence model, the approach em

ployed was to first identify the cluster shape and initial location and then to expand 

that shape and fit a truncated exponential for each size, searching for that size that 

provided the best fit of the truncated exponential. The first problem encountered is 

that most clusters do not have enough occurrences for stable variograms, therefore, 

isotropy was examined using all occurrences within the quadrangle to identify a 

single shape imposed on all clusters. Clearly, patterns of clusters vary considerably, 

reflecting strong structural features and thus variation across the quadrangle; con

sequently a single shape is a serious compromise in methodology. Moreover analysis 

revealed that parameters of the fitted exponential and the optimum polygon size 

are sensitive to location of the center of the polygon to be expanded. Addition

ally, optimum polygon size sometimes excluded occurrences which visually appear 

to be part of the cluster. These problems were judged to be serious in the sense 

that they eroded confidence in any fitted exponential model. Consequently, the 

decision was made to define the clusters on geological grounds and concentrate on 

the spatial modeling of occurrences within these geologically defined areas which 

are the Intrinsic Samples of Harris and Pan. 
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CHAPTER FOUR 

AN EXPLORATION-OCCURRENCE MODEL PARAMETERIZED ON 

EXPLORATION EFFICIENCY AND EFFORT 

Concept 
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The negative exponential model has been shown to provide a reasonable fit 

to the observed spatial mine pattern in each of the Intrinsic samples considered. 

The practical implication of this fact needs to be emphasized because of its possible 

impact on exploration philosophy and planning. It means that the occurrences in 

an area are not uniformly distributed and they are not independent of one another. 

In practical terms, the clustering of occurrences means that if one mine is found 

in a unit area, there is a high probability that other mines may be found close 

by. Thus, in exploring an area in which occurrences are believed to be present, 

although the probability of occurrence of a mine in any cell of the area may be 

small, once the first mine is found, the probability of the second discovery in cells 

close by is higher than in distant cells. 

The observed mine count per unit area is only rarely the ultimate number 

present. Lack of discovery of all mines present is due to the inefficiency and the 

incompleteness of the exploration process. Thus when the objective is a spatial 

model for the number of occurrences present (endowment), estimating the param

eter of the model from observed occurrences yields a biased model. This model 

is biased in that it overstates the probability for zero occurrences and understates 

the probabilities for the larger number of occurrences. 

4.1 Exploration and economic truncation 

The database used in this study, was generated by the exploration process, 

which is analogous to a sampling process without replacement and proportional to 

the sizes of the deposits in the population. Exploration is a non-random sampling 

process because of economic factors that impose a limit on the deposit size that 

may be sought, given prevailing or expected commodity price levels, and because 
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of mans capability to engineer the search. Economic considerations compel the 

explorationist to design a search routine that targets the larger deposits in the 

population. This is a profitable strategy, as most of the resources in an area are 

concentrated in a few large members of the deposit population, also, large deposits 

permit scale economies in production. Truncation in exploration thus results from 

a combination of the purposeful search for specific targets, the fact that large 

deposits constitute large, easy-to-hit targets, and the failure to record discoveries 

that are below the minimum economic size. Of course, because of inefficiencies, the 

process may fail to detect targets even when they are present. The point to be made 

here is that the database available for spatial modeling is incomplete because the 

frequency of the occurrences reported and located on the map (Figure 1.1) is less 

than the actual number present. The database, as in the variogram study, consists 

of gold-silver occurrences (includes mines and sub-economic prospects), and unlike 

the variogram study, clusters are defined as Intrinsic Samples, IS. However, even 

when a database is so augmented, the estimated parameters do not necessarily 

equal population parameters. The estimated model parameters are in truth based 

on a truncated (non random) sample and may be biased. 

4.2 Basic model form 

One way of dealing with these difficulties is to parameterize the spatial 

model on exploration effort and exploration efficiency in such a way that the model 

for occurrences present is the fitted model evaluated at an infinite exploration 

effort. Since the exponential model truncated at 1 has been found to fit well the 

distribution of the number of observed occurrences in cells having at least one mine, 

the desired endowment model is derived from a truncated exponential: 

f(x) = kBe-ox for 1 < x < 00 (4.1) 

where 

(4.2) 
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Let A be an exploration efficiency parameter and y be cumulative exploration effort, 

and define a new variable, n, as 

where, 

x 
n=-:---~ 

(1- 2....) -y(y) 

x=observed occurrences per quadrat given cmnulative effort deployed, 

n=nmnber of occurrences present, 

y=cumulative effort per quadrat, 

A=exploration efficiency parameter, 

and, A < l'(y) and l'(y) is an increasing function of y. 

(4.3) 

Let fen; 0, A, l'(y)) be the model parameterized on efficiency, A, and the effort l'(y). 

This model is related to f( x; 0) through the transformation of variable: Given, 

f(x; 0) = kOe- ox for 1 < x < 00 (4.4) 

and 

f(n;O,>.,I'(Y)) = kOe-O(l-~)n 1 J 1 
1 

for < n < 00 (4.5) 
(1- -yty») 

Given x = n(l - "1~y)' 

Therefore, 

for 

Clearly, 

A 1 J 1= (1--) 
l'(y) 

lim [J(njO,>.,,(y)] = k'Oe-On 
"1(y)-oo 

(4.6) 

for 1 < n < 00 (4.7) 
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Thus by estimating 0 for the extended parameterized model simultaneously with 

A, given observed occurrences and cwnulative effort "Y(y), we also have an estimate 

of the truncated endowment model, kOe-8n , 1 < n < 00. Finally by multiplying 

through by i, we have the full exponential endowment model, Oe-8n , 0 < n < 00. 

It is apparent that if we define a new parameter 0' = 0 (1 - ./y») , f ( n ; , 0, A, "Y( y) ) 

can be rewritten as a simple exponential truncated at (1- lox) Thus, 
-:;m 

f(nj 0') = k'O' e-8'n for 
( 1 )<n<oo 
1- '"t~) 

(4.8) 

where 

(4.9) 

The central point to be emphasized here is that estimation of 0 for the parame

terized model, f( nj 0, A, "Y(y)), simultaneously with estimation of A, given observed 

occurrences and cwnulative effort "Y(y), also estimates the model for endowment of 

occurrences, kOe-8n , because of the limit properties of the parameterized model. 

Having an estimate of the endowment model for occurrences is the necessary con

dition for estimating the number of mines in an IS. 

4.3 An aggregate model 

Some Intrinsic Samples do not have sufficient nwnbers of observed occur

rences to support estimation of the basic modelj consequently, the construction 

and estimation of an aggregate model was investigated. In this case aggregate 

implies a histogram of cells having specified numbers constructed from a set of 

Intrinsic Samples, not individually by IS. This would provide no special problem 

if all Intrinsic Samples had received the same amount of exploration and were of 

the same size. Clearly, this is not the case for the Intrinsic Samples of the Walker 

Lake Quadrangle. Therefore the only way that an aggregate model could be es

timated was to normalize all Intrinsic Samples to standard area and to inflate 
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observed occurrences to endowment occurrences by dividing observed occurrences 

by (1 - "tty») :t: Thus, 

where, 

x = observed occurrences, 

n = occurrences present, 

A = exploration efficiency parameter, 

Yi = cumulative effort per quadrat in the ith IS, 

aj = area of ith IS in square miles, 

A = area of largest IS in square miles, 

(4.10) 

The effect of this normalization is the parameterized aggregate model for 

the ith IS, Ii(n; 0, A, ')'(yd, aj, A): 

where (l-~)(-~..i.) < n < 00, 
"J(lIi A 

Note that the limiting distribution in this case is; 

for (~)<n<oo 

( 4.11) 

(4.12) 

Defining 0i = 0 (:t ), we may write the full endowment distribution as an ex

ponential having a parameter Bi: Oie-e:n. In other words, every IS has its own 

exponential endowment model, but the model for one IS differs from that of an

other only by an area effect, (:t). This reveals the strong assumption underlying 

the use of the aggregate model for the estimation of endowment for a specific IS. 

While this is simplistic and at best a crude approximation, it was necessary to 

obtain estimates for those Intrinsic Samples (Monitor, Patterson, Masonic and Bo

vard Rand) with too few observed occurrences to yield reliable parameter estimates 

by direct estimation of Intrinsic Samples. 

4.4 A proxy for effort 
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Ideally, "Y(y) should be a measure of the intensity of search on a per unit 

(area, volume) basis. For example, if search were only by drilling, "Y(y) could be the 

number of dri11locations per square mile of the IS. Of course, technologies besides 

drilling are used in the search for epithermal gold and silver deposits. Since one of 

these technologies is geoscience, the effectiveness of the various sensing devices has 

varied across time as mans geoscientific understanding has increased. Moreover, 

the capabilities of the sensing technologies have improved markedly over the many 

decades in which exploration has been conducted in the Walker Lake Quadrangle. 

Consequently, even if time series of the levels of the various activities were available 

by IS, a comprehensive description of intensity of search is problematic. 

In spite of these difficulties, a constant price weighted value of all exploration 

activities on Intrinsic Samples would be a useful approximation for the purpose 

of this study. Unfortunately, the information required for this approximation is 

not available. Even partial information, such as the number of drill sites or the 

drilling footage is not available. As an alternative, the use of claiming activities 

was examined, simply because this information is available. However, the effort 

necessary to acquire this information on just one IS was too great for such an 

approach to be feasible for this study. 

The proxy selected, out of necessity, is very crude: the constant pnce 

weighted value of gold and silver production, "Y(y). While very crude, there is 

some justification in a global sense: Assuming explorationists to be knowlegeable 

of the relative potential of the Intrinsic Samples by virtue of their geology and past 

discoveries, on average the Intrinsic Samples with greatest potential will receive the 

greatest exploration. Moreover, in a normalized sense the amount of exploration 

for metals has been found to be proportional to value, averaging about 5% to 6% 

of gross value. Annual expenditures on base metal exploration in Canada have 

been observed to be approximately 5% to 6% of value of production (Zwartendyk, 

1976). For petroleum, these expenditures are a greater percentage of production 

value, averaging about 8% to 10%. Thus, if explorationists are well informed of 

potential resources, exploration expenditure on an IS should be, as a first cut, some 

proportion of value. Given the finiteness of an IS, strict proportionality of effort to 
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production seemed likely to overstate the effort on Intrinsic Samples with a large 

rich deposit, hence, large value, because of the low probability for a second large 

deposit being present within the IS. In other words, the amount spent on explo

ration of large value Intrinsic Samples probably is a smaller percentage of value 

than it is on a small value Intrinsic Samples. Consequently "f(y) probably should 

be a non linear function of y. Arbitrarily In y was selected as "f(y), with parameter 

A serving to scale In y appropriately for effectiveness. 

4.5 Model Estimation 

Individual (Equation 4.8) and aggregate (Equation 4.11) model parameters 

were estimated in a manner similar to that employed in the variogram experiment 

to find 0 for an exponential model. For the first model, Equation 4.8, the data 

base consists of the occurrences within individual Intrinsic Samples while the sec

ond model (Equation 4.11) is applied to the collection of occurrences in a number 

Intrinsic Samples selected for the analysis. The procedure consists of fitting trun

cated exponential models to data on occurrences by finding the values of 0 and .x 
that give the best fit. The quadrat method is used, and with both models, anal

ysis is based upon a count of observed occurrences, x, in each quadrat, a proxy 

for cumulative effort deployed in that quadrat, In y, and a proxy for exploration 

efficiency, A. For the individual IS model, the number of endowment occurrences, 

n, in the cell, given the specified effort and efficiency levels, is computed from the 

basic transformation; 
x 

n=--~ 
1-2L 

In Yi 

(4.13) 

Then, using n in place of x, a truncated exponential is fitted by methods described 

previously in Chapter 3. This is repeated for other values of .x, searching for the pair 

of .x and 0 values which give the best fit to the truncated data. Once 0 and .x have 

been estimated, the parameterized model fen; 0, In y,.x) for an IS defines an infinite 

family of exponential models, one for every value of y specified. For example, some 

of the models to be estimated for individual Intrinsic Samples include the following: 

O(x I Y = y), O(n I Y = y) and O(n I Y = 00), 



where: 

B(x I Y = y)= parameter for observed mine count given current effort level, 

B( n I Y = y)= parameter for number of occurrences present, 

B(n I Y = 00)= parameter associated with endowment in IS, 
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Ultimately, these parameters form the basis for estimating a probability distribu

tion for endowment in each Intrinsic Sample. 

The quadrat method was used to estimate the parameters of Equations 4.8 

and 4.11. Each Intrinsic Sample is subdivided into units the size of the cells used 

in the variogram study. The observed number of occurrences, x, in each cell is 

counted and then converted to n using Equation 4.13. Values of B(x I Y = y) are 

next estimated on x, and B(n I Y = y) and>' are estimated on n. For each Intrinsic 

Sample, the maximum likelihood estimate for B estimated on n is 

and 

1 
B(n I Y = y) = _ l' 

n-~ 
I-In II 

1 
B( n I Y = 00) = -_

n-1 

(4.14) 

( 4.15) 

The B and >. values for an IS were estimated simultaneously using an iterative 

procedure to select that combination of >. and B giving the best fit by the chi-square 

criterion. Estimation was done using a variant of the program EEP called EPF1. 

EPF1 performs the following tasks: (a) reads the inputs (>. values, production plus 

reserves y, for each IS, the coordinates of IS borders, the coordinates of occurrences 

in area), (b) lays a grid measuring 600 by 400 meters over the IS, counts mines in 

each quadrat to give x and converts x to n using Equation 4.13, (c) constructs a 

histogram for the IS on n, and using the specified >. values, fits model 4.8 to the 

histogram data. EPFI repeats the fitting process for each of a set of specified >. 
values. The selected model parameters for an IS is the pair of B and >. values that 

yields the best fit, based upon the chi-square measure. 
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Aggregate model parameters were estimated using Intrinsic Samples at Pat

terson, Masonic, Bodie, Aurora and Camp Douglas. Here, the transformation of 

observed occurrences from x to n was made by 

x 
n=~--~-

( 1 - In .\Yi) :t 
for i = 1,2, ... 5 (4.16) 

Values of n were computed for each of the Intrinsic Samples mentioned above, 

followed by the construction of a single histogram based on the n values from the 

five IS, and the estimation of a single value of -\ and of B. Estimation was carried 

out as before using a slightly modified form of EPFI. 

4.6 Results Of Analysis 

Estimation results for individual Intrinsic Samples based on model 4.8 are 

shown in Figures 4.1, 4.2 and Table 4.1. Table 4.1 shows parameter estimates for 

both x and n for seven Intrinsic Samples. The exploration efficiency parameter -\ 

varies from IS to IS and the B value varies as the effort level changes. That is 

B( x I Y = y) > B( n I Y = y) > B( n I Y = 00) 

These parameter estimates on x are based on the histograms shown in Figure 4.2. 

It is clear from this figure that while the Intrinsic Samples at Bodie, Aurora, and 

Camp Douglas contain enough data points to yield reliable parameter estimates, 

the one at Monitor may not. The parameters in Table 4.1 will be employed later to 

generate data for the endowment model. The three exponential curves plotted in 

Figure 4.1 are for each of the three parameter estimates for Bodie. The exponential 

curve has a slope that varies with the value of B. The smaller the B value, the 

flatter the curve. Since observed occurrences per cell, x, may not represent the 

ultimate total number present in the cell, the actual exponential curve for the full 

population of occurrences is flatter than is shown by the observed occurrences. 

When the value of B is decreased by increasing the effort y, it yields a distribution 

(exponential curve) that is closer to that of the population. In Figure 4.1 the B 

value associated with all occurrences, in Bodie is .2670 i.e. B(n I y = 00), and the 
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Figure 4.1. Plots of the truncated exponential density function f(x) and fen). 



87 

40 4G 

:7)30 :7)30 

~ 
20 ~ 3J ~ 

tT g-el 

&!: 10 &!: 10 

4 • 
• or occu~~enc •• per un~t ~.a 

Bodie 

40 

occu~r.nc •• per un~t orea 

Monitor 

4 
• or occu~renc •• pe~ un~t o~.a 

Aurora 

2 
• or occurrenc •• p.~ unLt orea 

Camp Douglas 

Figure 4.2. Histograms of the spatial distribution of observed occurrences in 

Monitor, Camp Douglas, Bodie and Aurora. 



Table 4.1. Parameter estimates for individual Intrinsic Samples. 

IS !i exy It n eny ~ 

MonHor 1.5357 1.8667 1 2.0667 1.3871 4.0 

Paterson 1.2143 4.667 1 1.5590 3.6347 4.0 

Masonic 1.1600 6.25 1 1.2562 5.7714 1.0 

Bodie 2.8214 0.5490 1 4.7458 .3264 6.0 

Aurora 1.7692 1.3000 1 2.3351 0.9850 4.0 

C. Douglas 1.5686 1.7586 1 1.900 1.4519 2.0 

B.Rand 1.1110 8.9990 1 1.2041 8.3052 1.0 

x=observed occurrences per quadrat, 

Bxy= theta value computed based on observed occurrences x, 

It= lower truncation value, 

n= normalized occurrences per quadrat, 

Bny= theta value for normalized occurrences when Y=y, 

).= exploration efficiency parameter, 

It 

1.3457 

1.2839 

1.0829 

1.6821 

1.3199 

1.2110 

1.0836 

Bnoo= theta value for normalized occurrences given that Y --+ 00, 

IS = Intrinsic Sample. 

6noo 

.9375 

1.7889 

3.9032 

.2670 

0.7490 

1.1111 

4.8990 

88 



89 

curve is flatter than the other curves. The model parameters for Paterson, Masonic 

and Bovard Rand are unacceptable because of insufficient data points. An attempt 

was made to re-estimate these parameters from the aggregate model. 

Aggregate histograms constructed on both x and n are shown in Figures 4.3a 

and 4.3b respectively and the model parameters are shown in Table 4.2. Fig

ures 4.3b and 4.3c are one and the same histogram. Recall that the lower trunca

tion point of 4.3a which is based on observed occurrences x is 1 while it is l-Ju!i 
n~ A 

for 4.3b and 4.3d. The exploration efficiency parameter, A, is much lower .03 for 

the aggregate than for the individual models (1.0 to 6.0). The plots of f(x) and 

f( n) are shown in Figure 4.4. In order to test the robustness of the aggregate 

model parameters shown in Table 4.2, two new histograms (Figures 4.3b and 4.3d) 

were constructed for comparison with Figure 4.3a. The first histogram, shown in 

Figure 4.3b, was obtained from the same five Intrinsic Samples used in constructing 

Figure 4.3a as follows; for each Intrinsic Sample, the aggregate model parameters 

A and fJ shown in Table 4.2 and In y for the IS are used to generate values of n 

for an IS; then the values of n are summed across the Intrinsic Samples to give 

the aggregate histogram shown in Figure 4.3b, which is reasonably similar to Fig

ure 4.3a. The admissible lower truncation value for 4.3b is higher than for 4.3a. 

The second histogram, 4.3d, was formed by using the aggregate model parameters, 

A and fJ, to generate values of n for the two clusters (Paterson and Masonic), whose 

parameters could not be obtained from the individual cluster model, and summing 

these histograms with those estimated individually for Bodie, Aurora, and Camp 

Douglas, whose n values came from the individual cluster model. 

One of the reasons for specifying an aggregate model was to explore the 

possibility of deriving8 v8.Iues for those IS whose parameters could not be obtained 

from the individual cluster model. In this regard, the aggregate model was not 

useful, for as is shown in Table 4.3 the parameter estimates are unsatisfactory 

because the values of A are so small that O(Y = y) and fJ(Y = 00) are about equal. 

This poor performance may in part be due to the fact that in reality exploration 

efficiency in Intrinsic Samples is unequal. 
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Table 4.2. Aggregate model parameters 

Parameters estimated on x (no transformation) 

!i = 1.74306 

9(x) = 1.34579 

It == 1.0 

Parameters estimated on n (transformation) 

It = lower truncation value, 

n = 4.40731 

9(n) = .436163 

.\ = .03 

It = 2.114591 

x = observed occurrences in quadrat, 

n = occurrences present in quadrat, 

). = exploration efficiency parameter. 
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Table 4.3. Parameter estimates based upon aggregate 

(asterisk) and individual cluster models 

Intrinsic Sample (Jny (Jnoo 

Monitor 1.387 .9375 

Paterson· .6987 .6975 

Masonic· .5955 .5942 

Bodie .3264 .2669 

Aurora .9850 .7490 

Camp Douglas 1.451 1.111 

B ovardRand* 1.934 1.930 

(Jny= theta value for normalized occurrences when Y = y, 

(Jnoo = theta value when Y = 00. 
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In summary, this section is a prelude to endowment estimation, having as 

as its objective the estimation of model parameters (for each IS) of one of the 

key endowment descriptors, n, the number of occurrences per quadrat. The use 

of the negative exponential as a spatial model has the following implications: (a) 

the probability of occurrence of mines is unequal in all parts of the Walker Lake 

Quadrangle; (b) the identification of favorable areas improves the prospects for 

exploration success by increasing the probability of discovery. Exponential param

eter estimates are described as a function of exploration efficiency and cumulative 

exploration effort deployed in an IS. For each of the models considered, the re

quired exponential parameters are the values of 0 and A that provide the best fit 

of the model to the spatial occurrence data in the IS. Acceptable parameter esti

mates were obtained for those Intrinsic Samples having sufficient data for reliable 

histograms. For Intrinsic Samples not having sufficient data an attempt was made 

to estimate parameters as realizations of a general, aggregate model parameterized 

on Intrinsic Sample area and effort. The attempt to obtain parameters for the 

remaining Intrinsic Samples from the aggregate model failed; in part this is be

cause all Intrinsic Samples do not have the same A values. The parameters for the 

individually estimated IS models will be used as input in the endowment model to 

be described later. 

4.7 Estimation of metal endowment-a transformation based on occurrences. 

This part of the study ultimately is intended to derive a probability dis

tribution for gold and silver metal endowment in each Intrinsic Sample based on 

the parameter estimates obtained above. This objective is to be achieved in the 

following stages: (a) the construction of a probability distribution for occurrences 

in the whole IS starting with the parameters, 0, and A estimated for each IS from 

Equation 4.8, (b) the derivation of a distribution for deposits (mines) in an IS from 

the distribution for occurrences, and (c) the construction of a distribution for total 

metal endowment in an IS from the distribution for number of deposits and tonnage 

and grade models. Unfortunately, deposits as geological phenomena have not been 
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uniformly delineated for the Intrinsic Samples; although individual veins are well 

described, those veins constituting a geological deposit have not been delineated, 

at least as a mappable unit. Consequently, in order to complete the endowment 

estimation, the mine was used as a proxy for deposit. Clearly, this is a poor proxy, 

because one mine may produce from two deposits and one deposit may support 

more than one mine. Moreover a mine is an economic entity and the economic and 

technologic basis for mining have changed markedly across the time interval that 

exploration and mining have taken place in the Walker Lake Quadrangle. The only 

rationalization for the use of mine as a proxy is that it is the only mappable unit 

available. 

The starting point for metal endowment estimation is the distributional pa

rameters obtained in the previous section for number of occurrences per quadrat. 

To derive a distribution for occurrences for the entire Intrinsic Sample, one proceeds 

first by computing the parameter for the entire IS, based on the initial parameter 

estimate for quadrats within the IS. In this study, the distribution for total oc

currences in an IS is constructed by Monte Carlo simulation using the exponential 

model for number of occurrences in a quadrat. Then, using a quantitative relation 

between occurrences and mines, estimated from district (IS) data, a probability 

distribution for mines in each IS is derived from the distribution for occurrences. 

The term occurrence as previously defined, includes both mines and prospects. The 

metal endowment of an area derives only from mines (deposits). Thus estimation 

of metal endowment requires transforming the occurrence model for the IS to a 

model for mines and the generation of amount of metal for each mine. 

4.8 Estimation of IS probability distribution for occurrences 

Introduction 

The first step in the estimation of metal endowment is the derivation of a 

probability distribution for endowment occurrences for the entire IS instead of a 

quadrat of an IS. Since the objective is the distribution of occurrences present, 

the estimation must be based upon the distribution for number of occurrences 
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present in a quadrat, i.e the distribution when the quadrats are totally explored, 

which is represented by 8(n I y = 00). Basically, given the quadrat distribution 

for 8(n I y = 00), the approach to determining the IS distribution is to sample by 

Monte Carlo methods each quadrat for number of occurrences, given y = 00, and 

then sum these occurrences across the total quadrats within the IS. There are two 

problems that must be dealt with in the implementation of this analysis: the total 

number of cells within the IS that are to be sampled, and the dependency between 

cells of the sample outcomes. 

The total number of cells is an issue because the parameter of the quadrat 

model estimation was based upon only those cells having at least one occurrence. 

Thus accounting for complete exploration requires estimating the number of barren 

cells that are required for a complete, as contrasted to truncated, exponential 

model. This is done in three steps: the first step computes the number of cells, 

EC, required for the complete distributionj the second computes the number of 

barren cells, EZY, given current effort; and the third computes the number of 

barren cells given complete exploration, EZCIN F: 

EC = 00 0111 
Itt fen; 8, Y = y)dn 

fit 
EZY = EC Jo f(nj 8, Y = y)dn 

tt 
EZCINF = EC Jo f(nj8,Y = oo)dn 

where, 

OAf = number of cells observed to have at least one occurrence, 

it = lower truncation value, 

( 4.17) 

(4.18) 

( 4.19) 

Representing the total number of quadrats in an IS by OC, define two fractions F 

and 1(: 

F = 0111 
OC 

APC = 1(.EZY 

( 4.20) 

( 4.21) 



97 

J:t fen; 8, Y = oo)dn 
K = ~':":"t""";"'--------

Jo fen; 8, Y = y)dn 
(4.22) 

K is the fraction of the currently empty quadrats that will have occurrences when 

exploration is complete, F is the fraction of the currently known cells that is miner

alized, and APe is the additional expected productive quadrats when exploration 

is carried to completion. Then, the number of quadrats that contain mines, OM, 

is known and the above computations yield the number of additional cells in each 

Intrinsic Sample that are expected to contain mines if exploration were carried to 

completion, that is, theoretically, when Y ==? 00. Simulation is based upon OM 

and APe, as the total expected occurrences in an Intrinsic Sample is the sum of 

the known and expected occurrences in the additional productive quadrats. 

Table 4.4 provides a summary of the data used in the occurrence simulation 

analysis. Because of their zero APC values, Paterson, Masonic and Bovard Rand 

were excluded from the analysis. The zero APC values for these Intrinsic Samples 

reflect the poor performance of the aggregate model from which the parameter 

estimates for these Intrinsic Samples were derived. The simulation study was thus 

limited to Monitor, Bodie, Aurora and Camp Douglas. The contents of Table 4.4 

are derived from the model parameters listed in Table 4.1 using the Equations 

4.17 to 4.22. In Table 4.4, OC represents the total number of quadrats that an 

IS is divided into prior to fitting of the exponential model, and EC, computed 

in Equation 4.17, represents the number of quadrats theoretically required by the 

exponential model that was estimated from truncated data ( cells having one or 

more mines). In columns 6 and 7, OZ and EZY are the observed number of empty 

quadrats and the number required by the theoretical model respectively, given that 

the exploration of the Intrinsic Sample is not complete. It is thus assumed that 

the deployment of further effort will reveal some of the EZY quadrats to contain 

mines; these additional productive quadrats, APC, are shown in the last column 

of Table 4.4. 

4.9 Transformation of occurrences to mines 



Table 4.4. Database for simulation of occurrences 

and mines in Intrinsic Samples. 

IS OC EC OM AREA OZ EZY EZCINF 

Monitor 179 181 28 19.35 151 153 130 

Paterson 341 34 14 33.82 327 20 20 

Masonic 392 48 25 39.70 367 23 23 

Bodie 262 49 28 27.85 234 21 18 

Aurora 542 95 26 54.08 516 69 60 

C. Douglas 236 296 51 25.64 185 245 219 

B.Rand 101 73 9 12.22 92 64 64 

OC = number of quadrats within IS, 

EC = number of quadrats required by exponential model, 

OM = number of quadrats with mines, 

AREA = area of IS in square miles, 

OZ = number of quadrats with no mines, 

EZY = number of empty quadrats required by the model at Y =y, 

EZCINF = number of empty quadrats required by the model at Y = 00, 

APe = additional productive quadrats, 

IS = Intrinsic Sample. 
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The simulation analysis based on data listed in Table 4.4 uses a program 

called SIM. SIM first constructs a frequency histogram for occurrences in each In

trinsic Sample and then converts it by a transformation into a second histogram for 

mines. In order to convert number of occurrences in an IS into the corresponding 

number of mines, a quantitative relationship was established between the two vari

ables following the plot shown in Figure 4.5. The number of data points available 

for this plot is regrettably small, but the selected model provided a reasonably good 

fit to the data. The following functional form was adopted and successfully fitted 

by non linear estimation methods to mine and occurrence data for nine Intrinsic 

Samples in the study area. 

M = Po - PIP2 

where, 

M = number of mines in Intrinsic Sample, 

n = number of occurrences in Intrinsic Sample, 

Po, PI , P2 = parameters to be estimated 

( 4.23) 

In this functional form, selected by inspection of the plot in Figure 4.5, M, the 

variable of interest, (number of mines) represents a yield or an output in response 

to an increase in the regressor variable n. The estimation of Equation 4.23 using a 

non linear regression technique gave the following result: 

AI = 28 - 29.252607(.975444)n ( 4.24) 

Convergence was fast, and occurred after ten iterations, the standard errors for Po, 
PI and P2 are 0.0, 4.2586 and .0060 respectively. Substitution of n the random 

variable returned by the program SIM into 4.24 yields the corresponding value of 

M. Thus for every number of occurrences in the file generated by the program SIM, 

equation 4.24 gives a number of mines, thereby generating a second file of mine 

outcomes. Processing of this file yields a histogram for number of mines. 

To obtain one value of endowment in an IS, requires one iteration of the 

simulation model, SIM. In the process of executing an iteration, SIM obtains the 

total number of occurrences in the IS by sampling for OM 
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exponential variates and summing across all OM outcomes to obtain the total 

number of occurrences, SUM1, in quadrats actually known to be mineralized, i.e., 

quadrats containing one or more occurrences. Next, APC exponential variates 

are sampled and summed to give the total number of occurrences in the APC 

cells, SUM2. The sum of SUMl and SUM2 produces the total number, OCI, of 

occurrences in the IS for the current iteration. This process is repeated for an IS 

many times, creating a file of outcomesi when all iterations have been completed, 

this file is processed to a histogram showing the distribution of occurrences within 

the IS when exploration is complete. Thus representing the probability model 

for occurrences for the IS when exploration is complete as (f(n)i Y = 00), the 

transformation to number of mines in any iteration can be summarized as 

M = 28 - 29.252607(0.975444)n 

where 
OM OM+APC 

n = Lj-l(rnjiY = 00) + L j-l(rnjiY = 00) 
j=l j=OM+l 

where, 

rnj = number selected at random on (0,1) for the ith quadrat of IS, 

The endowment simulation scheme is shown in Figure 4.6. 

4.10 The issue of dependency 

( 4.25) 

(4.26) 

The foregoing discussion purposefully fails to mention the issue of depen

dency of simulated outcomes from cells within an IS so as to give a clear view 

of the overall procedure. However, when generating a distribution for number of 

occurrences within an IS by sampling the exponential model for number of occur

rences within a quadrat and summing the results, the dependency issue must be 

considered. This study rests on the construction of a spatial probability model for 

an observed occurrence pattern located in two dimensional space. A point pattern 

may be generated by an independent process or by a spatially dependent process. 

The observed clustering in ISs in the Walker Lake Quadrangle is the 



[Stlrt $tmulltiDn 

1-1.1 
.. -0 
...... 1 

Cemput. 
, _1e11/1C'f 

Ie-O 

Ie -Ie. 1 

rft~PI 

Ie, IeM 

J. 
Cen. V1th 
Nol1lnu 

J. 
Cemput. 
81C- I 

ICIC - 0 
IeIC-U+1 

NO 

--""';::;"---NO 

J. _---=--- NO 
I,NS ~=------------~ 

J. 

Figure 4.6. IS endowment simulation scheme. 

102 



103 

result of a spatially dependent process. The act of locating one point (occurrence 

or mine) makes it more likely that other points wi11located close by. 

Clustered point patterns thus show positive spatial autocorrelation, a factor 

that should be considered in endowment simulation. Figure 4.7 is derived from 

Figure 3.9 (in Chapter 3) and shows quadrat counts of the random variable X in 

Aurora (x is the observed number of occurrences per quadrat). The value of X 

in the empty cells is zero and the congregation of non zero values on the left side 

of the area suggests that X shows positive spatial autocorrelation. In endowment 

simulation, the conditions of independence and dependence of simulated outcomes 

are considered. The dependency case requires the computation for each IS, of a 

spatial autocorrelation coefficient (rxx). This coefficient, defined by Moran (1960), 

is calculated for a variable X which consists of the observations Xi for each of n 

contiguous areas. 

where Sxx=the spatial autocovariance of x, 

S;=the variance of x, 

rxx values were not measured (see appendix B) for Intrinsic Samples but a value 

of 0.7 was arbitrarily selected and used in the analysis. Each iteration in the 

endowment simulation model considers both cases (dependence and independence) 

and it is carried out as follows. In a given iteration, let NN be the sampled number 

of quadrats with mines in an IS, and, fen) be the pdf for number of occurrences 

per quadrat when In y -. 00. 

Sample for NN random numbers, rnl, rn2 .... rnNN, converting each into the corre

sponding exponential variate, nj = 1-1 (rnj). For the case of statistical indepen

dence of sampled outcomes in quadrats, the total occurrences in the IS is 

NN 

ml = Lni 
i=l 

In the next stage of the current iteration, the case of partial dependency between 

simulated outcomes is dealt with as follows; for the specified NN quadrats, rnl, 
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rn2 ..... rnNN random numbers are required. Having sampled rnl and converted 

it to the corresponding exponential variate, nl = j-l(rnJ), subsequent random 

numbers are modified to lie within a range (R(L) to R(V») determined by rnl' For 

example, sample rn}, and compute R(U) (upper bound) and R(L) (lower bound) 

from rnl as follows; 

R(V) = 1 - r~Al - rnl) 

R(L) = rnl - (1 - r~%)rnl 

Each of the subsequent random numbers (rn2 to rnNN) is converted to a new 

number, rn·, which lies in the range specified earlier. For example, rn2 is converted 

to rn· as follows; 

and n2 = j-l(rn·). The above procedures are repeated NIT times, where NIT 

is the number of iterations desired. The assumption of independence is relevant 

because quadrats containing 1, 2 ..... n mines are successively sampled. In the de

pendency case, the next outcome depends on what has gone before. 

The output from the SIM program consists of four histograms for each IS, 

two for each statistical possibility, one describing the distribution for occurrences 

and the other the distribution for mines in the Intrinsic Sample. The results of the 

study are presented as follows. The form of the histograms obtained for the two 

statistical possibilities is illustrated using the Intrinsic Samples at Bodie and Au

rora. In addition to presenting some distribution statistics, cumulative frequency 

histograms are also constructed for each IS. 

For purposes of illustration, all of the histograms obtained for two of the 

Intrinsic Samples (Bodie and Aurora) will be presented together with the summary 

statistics for each histogram. Also, cumulative frequency histograms are presented 

for the case of statistical independence in all four Intrinsic Samples to allow prob

ability statements to be made about the occurrence of specific numbers of mines 

(deposits) and occurrences in an IS. Figures 4.8 and 4.9 show the frequency his

tograms for each of the cases, and Tables 4.5 and 4.6 provide the summary statistics 

for each histogram. Considering only the case of statistical independence, Table 4.7 
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converts the histogram information into cumulative frequency distributions. For 

Bodie, for example, the same information in Table 4.7 is graphed in Figure 4.10 for 

number of occurrences. The value of Table 4.7 and Figure 4.10 is that they allow 

the probability of at least n occurrences P( N > n) in an IS to be read directly. 

The mean of each distribution gives the expected number of occurrences 

in an IS. However not much attention can be paid to these distribution statistics 

particularly in cases with skewed histograms (Figure 4.9). The near symmetrical 

form of the histograms in Figure 4.8 is reflected in Table 4.5 where the mean and 

the mode values are almost identical. Table 4.5 also shows the lower limit of the 

range values to vary from 19 occurrences in Monitor to 68 in Bodie and the upper 

limit from 61 to 203 occurrences. Table 4.7 presents the histogram data in a form 

that allows the probabilities for specified numbers of occurrences and mines to be 

read directly. The information in Table 4.7 is also graphed in Figure 4.10. For 

example, Table 4.7 shows that there is a .998 probability of there being at least 

19 occurrences in Monitor or a .089 probability of 45 occurrences at Aurora and a 

.972 probability for the same number at Camp Douglas. 
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Figure 4.7. Quadrat counts showing the number of occurrences per quadrat in 

Aurora. 
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Table 4.5. Statistics on occurrences and mines, case of statistical independence 

of quadrats 

Statistics on occurrences 

Intrinsic Sample Range N Mode u 

Monitor 19-61 38 39 6.16 

Bodie 68-203 118 119 20.82 

Aurora 20-62 38 40 6.82 

Camp Douglas 41-84 59 57 6.63 

Statistics on mines 

Intrinsic Sample Range Sf Mode u 

Monitor 10-22 16 17 1.72 

Bodie 23-28 26 27 .084 

Aurora 10-22 16 17 1.93 

Camp Douglas 17-24 21 21 1.08 
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Table 4.6. Statistics on occurrences and mines, case of partial dependence of 

quadrats. 

Statistics on occurrences 

IS Range iii Mode u 

Monitor 19-91 41 39 11.7 

Bodie 37-240 97 79 36.3 

Aurora 14-79 36 25 12.6 

Camp Douglas 32-119 63 56 17.2 

Statistics on mines 

IS Range AI Mode u 

Monitor 10-25 17 18 3.1 

Bodie 16-28 24 27 2.7 

Aurora 7-24 15 12 3.7 

Camp Douglas 14-27 21 21 2.6 
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Table 4.7. Probabilities for numbers of occurrences and mines, i.e P(N ~ n) 

and P(M ~ m) in MUs. 

Probabilities for number of occurrences in IS 

IS 19 24 30 36 40 46 50 55 59 

Monitor .998 .991 .856 .477 .225 .062 .019 .005 0.00 

IS 68 89 109 129 149 169 189 

Bodie .996 .874 .522 .215 .047 .007 .002 

IS 20 25 31 35 39 45 

.089 

49 

.033 

55 60 

Aurora .996 .962 .752 .533 .218 .005 0.00 

IS 41 45 50 54 61 80 

C. Doug .996 .972 .876 .667 .263 

69 

.128 

76 

.044 .007 .001 

IS 10 

1\Jonitor .99 

Probabilities for number of mines in IS 

11 

.99 

12 

.98 

13 14 15 

.96 .87 .66 

16 17 

.39 .28 

18 

.11 

IS 22 23 24 25 26 27 28 

19 

.03 

Bodie .998 .996 .980 .878 .554 .073 0.00 

IS 11 

Aurora .99 

12 13 

.97 .89 

14 15 

.77 .68 

16 

.47 

17 

.26 

18 

.10 

19 

.06 

20 

.01 

IS 17 18 19 20 21 22 23 24 

C. Doug .997 .989 .940 .819 .485 .162 .023 0.00 

20 

.004 
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Figure 4.10. Cumulative frequency distribution of occurrences in Bodie, case of 

statistical independence. 
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4.11 Estimation of a probability distribution for total undiscovered gold-silver metal 

endowment 

A probability distribution for total metal endowment may be derived from 

the distribution for mines obtained in the last section. This construction requires 

a mine (deposit) model that gives the distributional parameters for deposit size 

and average grade per deposit. Data on mine size is not directly available and was 

approximated in the following indirect manner. Mine size estimates were computed 

for each of nine Intrinsic Samples by dividing production plus reserves (ore) by the 

number of mines estimated to be present in the IS: 

. _ Production plus reserves in IS 
ta - b f' . IS nwn er 0 mmes In 

(4.27) 

where, 

tj is the average mine size in the ith IS. The nine mine size samples so obtained con

stituted the data base for estimating the parameters of the deposit size model. Also, 

the average grades of the mines in the nine Intrinsic Samples provided a data base 

for a deposit grade model. The ranges of ore body size and grade are shown below. 

Deposit Size (tons ore) 1360 to 282380 

Gold Grade (g/t) 1.39 to 52.7 

Silver Grade (g/t) 25.9 to 936.0 

The Intrinsic Sample data used in estimating model parameters are shown in Table 

4.8. Statistical analysis of the mine size and grade data yielded the following 

tonnage and grade models. 

InT '" N(10.6201, 6.1702) 

InAug'" N(2.4756, 1.3629) 

InAgg '" N(4.6345, 1.9195) 

( 4.28) 

(4.29) 

( 4.30) 

Mine size is assumed to be statistically independent of grade, and the estimated 

parameters are considered to also describe the undiscovered mine population within 

the IS. These estimates serve to describe two endowment descriptors namely, t and 



Table 4.8. Database on Intrinsic Samples. 

IS TONS AUG AGG M 

Monitor 5.93 1.37 25.9 21 

Patterson 1.05 22.7 936.0 15 

Masonic .150 10.8 67.5 16 

Bodie .830 52.7 37.4 21 

Aurora 2.57 13.6 135.5 19 

Borealis 2.50 2.48 19.22 1 

Camp Douglas .030 12.5 49.0 26 

Bovard Rand .007 30.0 530.0 5 

Rawhide .750 20.9 314.6 9 

TONS = production plus reserves (million tons ore) in IS, 

AUG = gold grade in grams per ton of ore, 

AGG = silver grade in grams per ton of ore, 

M = number of mines in IS, 

N = number of occurrences in IS, 

AMS = average mine size (million tons ore) in IS, 

IS = Intrinsic Sample. 

N 

43 

17 

29 

79 

46 

4 

80 

21 

114 

AMS 

.28238 

.0700 

.00938 

.03953 

.13526 

2.5000 

.00115 

.00136 

.08333 
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q. Another important physical deposit attribute, depth to deposit top, h, is not ex

plicitly modeled in this study. Depth has a crucial effect on deposit discoverability 

and production economics; it is assumed in this study that deposits in the endow

ment occur within the same depth range as known tertiary epithermal gold-silver 

deposits. 

The following relationship was established between average gold and silver 

grades per mine (deposit). 

In Agg = 2.40534 + 1.05099 In Aug + e 

Jt2 = .588 

SE = .84832 

( 4.31) 

The silver content of mines (deposits) consistently exceeds the gold content. Each 

value of Agg obtained should reflect the error, e, in its computation from a given 

value of Aug. Assuming that 

the error in the computation of Agg given Aug, is accounted for by replacing e by 

u.t: 

E [In Agg lIn Aug] = 2.40534 + 1.05099 In Aug + u.t S
-

P 

where t is a t-distributed random variable. and 

2 
1 + ~ + __ (:.-In_A_u.....;:g;;,...-_In_A_u....;:g~)_-=-

S L: (In Aug)2 _ (l)n ~ug)2 

s = size of grade sample, 

p= number of parameters estimated, 

SE= standard error from regression. 

( 4.32) 

( 4.33) 

Derivation of a probability distribution for gold and silver metal endowment 

for an IS requires another transformation, one which describes a new random vari

able E, as a function of number of mines, n and the ore body size and grade for 

each mine (t, q): 
n 

E = I>i(Qaui + Qagi) ( 4.34) 
i=1 
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where, 

E=total metal in deposits of endowment, 

This transformation was accomplished by a program called ENDW. The es

sential task perlormed by ENDW is to combine variates from the three distributions 

to yield a value for metal endowment, E. The main inputs in ENDW include the 

parameters of the tonnage and grade models (Equations 4.28, 4.29, 4.30) and the 

histogram for n (mines), constructed by SIM. Simulated sampling for n is thus car

ried out on histogram relative frequencies. For example, one iteration by ENDW is 

carried out as follows: the program samples for a value of n (number of mines) and 

then samples t and q n times. The q value sampled is the gold grade. The expected 

silver gra.de given the sampled gold grade is computed from Equation 4.32. The 

computed values of E = (t x (Qau + Qag)) are summed over the n mines to yield 

one value of total gold and silver endowment in the IS. When the specified number 

of iterations has been completed the values of E are organized into a histogram, 

thus 

E '" Histogram 

4.12 Results of analysis 

As in the last section, the distribution for total metal endowment in an IS 

will be presented both in histogram and in cumulative histogram form. Only the 

case of statistical independence is considered and results are presented for the four 

Intrinsic Samples under study. Figure 4.11 shows the frequency distribution of 

total gold and silver metal in the four Intrinsic Samples. The histogram statistics 

are summarized in Tables 4.9 and 4.10. The skew of the histograms in Figure 4.11 

is reflected by the large values of (12 computed on arithmetic data in Table 4.10. 

Conversion of the histograms into their equivalent cumulative frequency form allows 

the probability for different levels of metal quantities to be determined. Cumulation 

of the probabilities (relative frequencies) from the high side yields Table 4.11 from 

which the probability of at least e i.e., P(E ;::: e) may be read directly. The highest 
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probabilities are shown by Aurora which thus far has been the most productive 

district in Mineral County. 



Table 4.9. Statistics for total gold and silver distribution 

in Intrinsic Samples, (log values). 

P+R is production plus reserves, actual metal values are in millions of grams. 

Intrinsic Sample Range E Mode (j P+R 
Monitor 15.5-21.2 17.06 16.8 .0696 16.27 

Bodie 15.9-20.9 17.37 17.3 .0751 18.12 

Aurora 16.3-21.4 17.64 17.4 .0583 15.39 

Camp Douglas 15.2-21.3 17.11 17.10 .0737 15.39 

Table 4.10. Statistics for total metal endowment in IS 

(arithmetic values in grams of metal). 

Intrinsic Sample E (j 

Monitor .32i173E+08 .668349E+ 15 

Bodie .464109E+08 .163619E+16 

Aurora .546212E+08 .120802E+16 

Camp Douglas .356165E+08 .91796E+15 
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Table 4.11. Probabilities for total metal content (log values) of IS, peE ~ e) 

IS 16 17 18 19 20 

Monitor .795 .176 .028 .007 .004 

Bodie .943 .254 .028 .006 .001 

Aurora .981 .457 .074 .021 .003 

Camp Douglas .934 .342 .057 .017 .004 
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Figure 4.11. Frequency distribution of total gold and silver metal endowment in 

Monitor, Bodie, Camp Douglas and Aurora. 
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CHAPTER FIVE 

ECONOMIC ANALYSIS OF ENDOWMENT IN INTRINSIC SAMPLE 

The objective of this Chapter is the estimation of potential supply of gold 

and silver metal from the estimated endowment in an Intrinsic Sample. This ob

jective may be achieved either by a comprehensive analysis of all supply stages or 

by an aggregate analysis in which all stages are not explicitly modeled. Although 

the comprehensive approach may be preferred, a less complex aggregate analysis 

of the interaction between endowment and economic variables will be presented in 

this section. In what follows, the main features of the comprehensive supply model 

will be briefly stated and the highly aggregate approach adopted in this study will 

be presented in detail. 

5.1 Stages in supply analysis 

Mineral supply modeling in disaggregated form requires explicit accounting 

for a series of interrelated activities in a multistage process. The main stages of 

the process are (a) the acquisition of mineral bearing lands through purchase or 

lease (b) exploration and discovery of deposits of the endowment in the area (c) 

economic analysis of discovered deposits by discounted cash flow analysis and (d) 

the development and extraction of economic, (N PV ;::: 0), deposits. Ultimately, 

production from inferred economic discoveries, constitutes potential supply. The 

interplay between economics and the physical characteristics (size, grade, depth) of 

the deposits in the endowment is a crucial factor in this multistage process simply 

because of the great impact that these features have on the ease of discovery and the 

cost of extraction of discovered deposits. In general, larger and shallower deposits 

are easier to find and cheaper to produce. The exploration and production stages 

are clearly related as the decision to explore is influenced by expectations of a 

profitable exploitation of economic discoveries. 

Exploration is centered on the population of deposits in the endowment, 

and a discovery model typically expresses the probability of finding a deposit as a 



121 

function of deposit physical parameters and effort allocated to search. A functional 

form that will be used in this study is the negative exponential; 

where, 

f3I, f32, f33 = parameters to be estimated, 

d = discovery cost in current dollars, 

T = deposi t size in tons of ore, 

h = depth to deposit top. 

(5.1) 

Following deposit discovery, economic viability is determined by discounted 

cash flow analysis. A cash flow model considers economic variables, such as taxes 

factor prices, operating costs, etc, that generally constitute a large component of 

supply price. The economic model expresses discovery cost and production cost 

(capital and operating) in the mining, milling, smelting and refining stages of the 

production process as a function of deposit physical parameters (size, grade, depth). 

A generalized discounted cash flow model has the form; 

N PV = t (PtQt - (I<t + ~t + OCt)) 
t=l (1 + r) 

where, 

J{t = unit capital costs, 

Tt = taxes including state and federal, 

OCt = operating cost, 

N = life of operation, 

Pt = unit price of commodity, 

Qt = quantity extracted, 

r = discount rate, 

N PV = net present value. 

(5.2) 

Any deposit that meets the condition N PV 2:: 0 can be produced if found and 

contributes to potential supply. An essential factor in this multistage process is 
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the interdependence of stages and the explicit connections between costs and phys

ical characteristics of the collective and individual deposits in the endowment. This 

comprehensive analysis of supply is desireable in situations requiring supply elastic

ity measurements, for, elasticity measures based only on the analysis of a selected 

supply stage may be meaningless and misleading. 

A resource study may on the other hand focus its attention on just one of the 

four stages outlined earlier while accounting for the remaining stages using highly 

generalized relationships. Most supply studies are of this nature and have been 

restricted to a detailed modeling of individual stages in part because of difficulties 

encountered in the simultaneous analysis of all four stages. The simplified analysis 

is based on resource theory and includes aggregate variables from the other stages 

of the process. 

5.2 Application of Response Surface Methodology 

The simplified economic model to be presented in the following sections has 

as its objective, the construction for each Intrinsic Sample, of a response function 

f that expresses the potential supply of gold and silver from the IS as a function 

of two economic variables; production cost, c, and metal price, p. Potential supply 

from an IS is thus assumed to be strongly influenced by gold and silver metal price 

and ore extraction cost. The response function method is used to find a suitable 

equation for predicting the level of Potential supply (PS) from an IS given specified 

levels of metal price (p) and extraction cost (c). A two variable model with the 

following general form is thus adopted: 

PS = f(p, c) 

where, 

PS = Potential supply of gold and silver, 

p = gold and silver prices, 

c = unit production cost, 

(5.3) 
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The true form of f is unknown and may be approximated by a polynomial. In this 

study, the degree of approximating polynomial selected is one and the form of the 

estimated model is 

(5.4) 

However, this first order model is only useful for examining the behaviour of the 

response (PS) in a narrow interval of the determining variables (p,c). In this 

interval f is assumed to have no curvature and is thus linear. 

A response function analysis may be performed in two stages, the first involv

ing the specification and estimation of the function and the second or optimization 

stage involves the selection of the levels of the determining variables (p, c) that 

maximize the value of the response (PS), that is, the specification of the optimum 

operating conditions. The optimization problem is not dealt with in this study. 

In summary, the response function method involves the identification of the 

variables that have the greatest impact on the response, followed by the specifi

cation of a model that expresses the response as a function of the determining 

variables. The nature of the function is often unknown and may be approximated 

by a polynomial. Finally the postulated model is estimated using data generated 

in a specified manner. The resulting function may be used to predict the value of 

the response (PS) for any specified levels of the determining variables (price and 

cost). 

The analysis will be illustrated with data on the Intrinsic Sample at Bodie 

and will be carried out in the following steps: (a) estimation of the expected size 

of the endowment ¢len) in an IS , where n is the expected number of occurrences 

in the endowment and ¢len) gives the number of mines (deposits), (b) assigning a 

dollar value to all ¢l( n) deposits in the endowment, (c) optimizing exploration effort 

(discovery cost), i.e determining that exploration expenditure, d, that maximizes 

discovered resource value net of production and discovery costs-of course, value also 

depends on gold and silver prices as well as discovery and production costs-and (d) 

generation of the database for response function construction. 

5.3 Transformation to potential supply from endowment 
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Previous analysis produced a histogram for number of occurrences within 

an IS when the IS is completely explored. The expected number of occurrences, n, 
in an IS is estimated from the histogram as follows 

where, 

Ji = relative frequency in ith class, 

NC = number of class intervals, 

n = expected number of occurrences in the IS, 

(5.5) 

Thus given n, and function ¢, expected number of mines is estimated by ¢(n) 

¢(n) = 28 - 29.252607(.975444)n (5.6) 

where ¢(n) =gives the number of mines associated with n occurrences. 

A gross value in current dollars for ¢( n) may be computed as follows: 

v = ¢(n).vl (5.7) 

where, 

V = gross value of ¢(n) mines in endowment, 

vI = expected net value per mine (deposit) i.e net of production cost but gross of 

discovery cost. 

5.3.1 Models for exploration optimization and mine value 

This section presents models for the estimation of the economic variables 

that are used in the overall analysis. These variables are discovery cost d, unit 

production cost c, net value per mine vI and the gross value V of all deposits in 

the endowment. The analysis will be based in part on a discovery function of the 

form shown in Equation 5.1. This basic form of discovery law may be applicable 

to both individual and aggregate models described in Chapter four. A simplified 
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form of Equation 5.1 is adopted, one that expresses the probability for discovery 

as a fWlction of just one variable, exploration effort, d. The parameter {3 will form 

the basis for obtaining values for the variables in the response fWlction. 

The models described in this section are highly aggregated and are intended 

to describe the process of discovery in an IS and subsequently to compute discovery 

cost and the production cost for the discovered mines in the endowment. The 

basic model form used is the negative exponential shown below; it expresses the 

probability that a deposit will be discovered given its presence, as a function of 

effort. 

F = 1- e-/3d 

where, 

F = fraction of total endowment found ~iven exploration effort d, 

d = effort level required to find F, 

{3 = parameter to be estimated, 

(5.S) 

This model form reflects the reality that some deposits in the endowment are more 

easily found than others while the rest are found with increasing difficulty. 

The first step in the computation of discovery and production costs for an 

IS is the estimation of (3 in Equation 5.S. To achieve this end, define 

where, 

<jJ(n') =number of mines observed, 

<jJ(n) = number of mines in endowment 

V = gross value of <jJ(n') mines in current dollars 

k = fraction of gross value devoted to exploration, 

kV = total effort required to find <jJ(n') mines, 

Let 

n' = n (1-~) lny 

where, 

n' = number of occurrences observed given y, 

(5.9) 

(5.10) 
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n = number of occurrences in endowment 

This equation shows the relationship between the number of occurrences observed 

and the number present; consequently, since number of mines for n' occurrences is 

given by tjJ(n'), we have 

tjJ(n') = tjJ(n) [1 - 2-] 
Iny 

(5.11) 

Setting 5.9 equal to 5.11 and multiplying both terms by value per mine, v', we have 

where, 

d = kV, 

Thus, 

v'.tjJ(n) [1- e-.Bd
] = v'.tjJ(n) (1- :y) 

-In Cn\) 
f3 = --d"---'- (5.12) 

>. and In y are known for each IS and k is set at 5%, that is, it is assumed that five 

percent of the gross value from discoveries is iIivested in exploration. The above 

computation illustrates the result for the individual cluster model. The value of f3 
obtained is assumed to apply to the part of the Intrinsic Sample with a high mine 

concentration which serves as a control area. It has been shown that the mine 

clusters occupy a small fraction of the total smface area of an Intrinsic Sample. 

For each IS, this is considered the control area, and the estimated parameter f3 is 

based on this area. Given the implicit assumption of homogeneous geology in an 

IS, this parameter may be used to analyse the resource potential of the unexplored 

zone outside the control area. . . 
5.3.2 Optimization of search in unexplored parts of IS 

Assuming that tjJ(n), the presumed endowment size in an IS, is known, its 

gross value V may be computed if the value per deposit v' is known. But since 

discovery incurs a cost there exists an optimum exploration and a maximum net 

value for an IS. This optimum exploration expenditure may be determined by 
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fomulating an optimization relation in which the objective is to maximize net value 

of discovered endowment. For the problem at hand, the net value function may be 

formulated as follows: 

where, 

Z = net value of discovered deposits, measured in dollars, 

d = exploration expenditure, 

(5.13) 

The optimum exploration expenditure d·, may be estimated by the opti

mization of Equation 5.13 with or without constraints. In this simplified analysis, 

5.13 is optimized without constraints. Thus taking the derivative with respect to 

the decision variable d and setting the result to zero, gives 

Solving for d·, we have 

dZ _ 
dd = -f3v' ¢(n) [1 - e /3d] - 1 

-f3v' ¢(il)e-/3d = 1 

d. = -In [f3v'¢(n)] 
f3 

(5.14) 

v' is the only remaining unknown variable required for the computation of d·, the 

optimum exploration expenditure. 

In the real world, optimization often is constrained. With the current prob

lem, optimization under constraint would be more realistic and could take the 

form: 

M ax.z = v' ¢(n) [1 - e-/3d] - d 

s.t 

kv' ¢(n) > d 

Estimation of v' 

Since v'is the average value per mine (economic deposit) in an IS, its compu

tation requires some assumptions to be made about (a) the average mine (deposit) 
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size in an IS, (b) the expected average grade of the deposit (both gold and sil

ver grades are considered), (c) some base year gold and silver prices, and (d) the 

production cost of gold silver mines. Thus to compute Vi define, 

Qau, Qag =expected average grades (as proportions) of gold and silver, 

P~u, P~g = base gold and silver prices, 

c = expected production cost in dollars per ounce, 

I = average mine size in IS (tons ore), 

I = multiplier for gold and silver base prices, 

c is given as a ratio of unit cost to unit revenue i.e. c = ~ where, 

G = unit revenue, 

c = unit cost, 

Then 

Vi = [l( G - c)] t 

where, 

and 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

G is a unit revenue from one metric ton of ore. Substituting 5.16 in 5.14, we have 

d = In [,8.(l(G - c)¢>(n)]l 
,8 

(5.19) 

Thus Vi is computed based on the amount of contained metal in a deposit having 

average mine (deposit) size and average grade. In 5.15 the contained metal in the 

average deposit is converted to a dollar value. The aggregate value of the mines in 

the endowment of an IS is obtained by multiplying 5.15 by ¢>(n). 1 is a price multi

plier that allows the base year prices to be varied if need be. The production cost 

variable c nonnally includes the cost of mining, milling, transportation, property 

acquisition and development. The discovery cost d is exploration expenditure for 



129 

those occurrences of the endowment that are discovered. Discovery cost includes all 

direct, general, and administrative costs related to exploration. In the oil industry, 

for example, it includes geological, geophysical costs and drilling of test wells. 

In summary, the last sections have focused on the estimation of economic 

variables that determine the level of potential supply from the estimated endow

ment in an Intrinsic Sample. Computer simulation is used to derive potential 

supply by combining an exploration and an extraction model with the endowment. 

This involves the simulation of exploration, discovery and extraction of deposits 

at different price and cost levels to yield potential supply. The economic variables 

affectin~ supply from an IS are gold and silver prices, (Pau and Pag) and produc

tion cost, c. For an IS the starting point for the estimation of potential supply 

is the optimization of search by maximizing net values of discoveries, giving d*, 

the optimal exploration expenditure. Thus, a regional exploration model is used 

to describe discovery and exploration cost. Then, assuming that all discovered 

deposits are produced at the same time, an extraction model is used to estimate 

the total cost (capital, operating, ... ) of producing the discovered deposits. Thus 

exploration is optimized at the level of the entire IS and extraction cost computed 

for all discovered deposits. Ultimately, two key economic variables, metal price and 

extraction cost are manipulated to provide a database for estimating a response 

function that illustrates the effects of these variables on potential supply. PS is 

thus assumed to be strongly affected by metal price and extraction cost. For any 

specified level of endowment in an IS, the level of potential supply changes as the 

level of the independent variables changes. The generalized form of the estimated 

function is PS=f(p,c). 

5.4. Illustration of method with data on Bodie 

The discussion thus far, has shown, based on the model for individual Intrin

sic Samples, the relationships required for estimating the key variables needed for 

response function estimation. The actual estimation procedure is now illustrated 
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using data on Bodie. The variables and the actual data values used in the analysis 

are listed below. 

Table 5.1. Database for estimating values of /3, c and p. 

Variable Value 

Ai 6.0 

InYi 14.79 

P~u 350.0 

P~g 15.0 

Qau 52.7 

Qag 37.4 

f 39523 

1 .57-1.5 

C .45-1.0 

The analysis starts with the estimation of /3 using Equation 5.12 followed by es

timation of the values of v' and d* using Equations 5.15 and 5.19 respectively. 

Substituting v', d and ¢( n) in Equation 5.13 yields the net value of discoveries: 

Z = (G - c)f¢(n)(I- e-/3d) - d (5.20) 

where, 

G and c are defined in Equations 5.17 and 5.18 respectively. The value of /3 is 

estimated at 0.00308 and Equation 5.8 becomes 

F = 1.0 _ e-O.0030Bd 

The /3 value so obtained is then used to generate values for the variables in the 

response function. The quantity ¢(n) in Equation 5.11 represents the maximum 
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number of mines present in an IS. In general, for any specified effort level "Y(y), if 

¢>(n') mines is observed, endowment, ¢>(n) is computed as follows: 

(5.21) 

The data for the estimation of the response function shown in Equation 5.4, 

was obtained as follows: For the specified total deposits discovered in an IS and the 

presumed average deposit size I and expected average grade Qau, Qag, per deposit, 

five different values of c are randomly selected and the corresponding unit extraction 

cost c (a fraction) is computed. To each of the five cost (c) values is associated five 

different gold and silver prices also randomly selected by modifying the specified 

base prices P~u and P~g using the multiplier I. This manipulation of the variables 

yielded 25 price cost combinations for each of which the corresponding d* value was 

computed, where d* is the effort required to discover ¢>*(n), the optimum number 

of deposits given endowment ¢>(n). Finally, for each price/cost combination, the 

corresponding value of potential supply is computed (Equation 5.25). Thus for 

the specified number of discovered deposits each set of economic variables provides 

a new value of potential supply. The generated variables PS, p and c are next 

subjected to regression analysis. 

The database is thus generated using a 5k factorial design (k=2) in which 

each independent variable is measured at five levels. This experimental design 

ensures that the effect of changing the level of one independent variable can be 

assessed independently of the other. The design matrix (D) indicating the levels of 

the variables used in response function estimation in the study contains 5k rows. 

Five levels of price ranging from 200 to 500 dollars and five levels of unit extraction 

cost in the range 0.006-0.019 are used in the experiment. For each row in D the 

corresponding value of the response (PS) is computed from Equation 5.25 and 

the data subjected to regression analysis. The selected levels of the determining 

variables are; 

p: 200,260,320,380,500 

c : 0.006,0.019,0.008,0.010,0.011 
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and the design matrix for this factorial experiment is 

p c 
200 .006 
260 .006 
320 .006 
380 .006 
500 .006 

D= 

200 .019 
260 .019 
320 .019 
380 .019 
500 .019 

The steps in the computation of the relevant variables are listed below. 

Compute 

v' = (( G - c)) t 

V = (G - c)t</l(n) 

d = In(,BV) 
,B 

PS = v' </I(n)(1 - e-/3d) - d 

The estimated equation is the following: 

PS = 15577.5 + 38.7188p - 1060100.0c 

-2 R = .948 

and, 

PS=total value of potential supply in dollars. 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

Equation 5.26 is the response function and shows how potential supply (ex

pressed in dollars) in Bodie changes with metal price and extraction cost. For 

any specified levels of the independent variables Equation 5.26 yields an expected 

value for potential supply. For example the equation may be used to investigate 

how Potential supply from an IS changes under differing conceivable scenarios of 

extraction cost and metal price. Furthermore, the relation between a response and 
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the determining variables may be represented by a surface (the response surface) 

which may be contoured. The first degree polynomial (Equation 5.4) estimated 

here is the equation of a plane and the contoured surface is shown in Figure 5.1. 
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Figure 5.1 Contour plot of potential supply (dollars) surface. 
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'CHAPTER SIX 

SUMMARY AND CONCLUSIONS 

The object of this study is the estimation and use of a mineral occurrence 

model as a basis for measuring the gold and silver metal endowment of Tertiary 

epithermal zones in the Walker Lake Quadrangle of Nevada. Mineral deposits in a 

large region are located in structural units called metallogenic provinces, belts or 

districts depending on their size. In this study, metallogenic unit is used as a basis 

for resource analysis. That is, metallogenic units in the Walker Lake Quadrangle are 

identified, their borders delineated, and the precious metal endowment of individual 

units estimated. The total precious metal endowment of the entire study area is 

obtained by appropriately summing the endowment of individual units. Potential 

supply is derived from the estimated endowment in a MU by interaction between 

endowment physical parameters and selected economic variables. 

A comprehensive mineral supply model explicitly considers the following 

four stages:(a) property acquisition (b) endowment estimation, exploration and 

discovery of deposits in the endowment (c) property development and (d) extrac

tion and processing of discovered deposits. The present study does not provide a 

comprehensive analysis of these four stages but focuses on the estimation of en

dowment in a metallogenic unit. Potential supply is derived from the estimated 

endowment by the use of aggregate functions to represent the other supply stages. 

The study is thus carried out in the following steps: (a) the identification and 

delineation of the borders of the appropriate sized metallogenic unit in the Walker 

Lake Quadrangle, (b) the estimation of the precious metal endowment of each unit, 

and (c) the conversion of endowment to potential supply by an aggregate analysis 

of discovery and extraction. 

Mineral occurrence models basically yield information on mine density per 

unit area and are thus useful for predicting the possible outcome of an exploration 

project. This study has attempted to deal with some of the factors that affect 

the the usefulness of estimated models. These factors include the identification of 
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metallogenic unit, MU (i.e the study area) and the boundaries of such units, the 

quadrat size used in analysis, and the possible presence of anisotropy in the spatial 

data and its consideration in model fitting. Additionally, the impact of economic 

truncation on the model parameter is analysed. 

The detennination of the scale for analysis and the delineation of the bor

ders of the selected unit size is a desireable first step in a resource appraisal exer

cise. Metallogenic provinces generally form a nested hierarchy of spatial units with 

smaller units enclosed in successively larger ones. The spatial scale problem relates 

to the effect of unit size on the statistical manipulation of variables. In general, 

different unit sizes lead to differing results because variables are observed at differ

ent resolutions. In the final analysis, the selected scale (orebody, ore district, belt 

or province) depends on the analysts knowlege of the study area, the objective of 

the study and on theoretical considerations. 

This study faced problems that can distort the results. The small sample 

size is the first of these problems, and it is suggested that the procedures outlined 

here be considered a demonstration of a methodology that may be applied when 

sufficient data are available. The selection of a MU of appropriate size and the 

accurate delineation of its borders is an important part of the resource model de

scribed here. Since the proposed occurrence model is parameterized on exploration 

effort and exploration efficiency, the lack of data on the customary measures of 

effort (dollar values, drilling footage ... ) led to the use of production plus reserves 

in an IS as a crude proxy. This approximation is rationalized on the grounds that 

Intrinsic Samples that are expected a priori to be well endowed in gold and silver 

metal will initially attract large exploration dollars in proportion to value. Subse

quent search in the IS will be for smaller deposits on which relatively fewer dollars 

may be spent. Thus, it was assumed that strict proportionality of effort to value 

across well endowed MUs is unlikely. This explains the nonlinear relation between 

n and "f(y) used in the study. Finally, the use of the estimated occurrence model 

to measure endowment in parts of an IS outside the control area assumes that 

geological conditions in both areas are similar. Given the heterogeneous nature of 
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an IS as revealed by the work of Harris and Pan, such estimations may be biased. 

This subject requires additional research. 

The first approach investigated for the delineation of MUs utilized the spatial 

variation of occurrences. Each occurrence cluster in the Walker Lake Quadrangle 

was considered to be part of a MU and a variogram analysis was used to construct 

a directional graph based on the occurrences in the cluster. The polygonal form 

obtained was considered to be the approximate shape of the MU. The border of 

each MU was then determined by superimposing the polygon on each cluster of 

occurrences and fitting a negative exponential spatial model to the occurrences 

within the polygon. The chi-square criterion was used to select the polygon size 

that gave the best fit. This is considered the unit size. This method thus uses the 

properties of the spatial distribution of occurrences identified by variogram study 

in conjunction with the properties of the fitted exponential model to determine 

the unit size that fitted the the model best while at the same time preserving 

the anisotropy present in the spatial data. The area measurement methodology 

used, based on variogram analysis, definitely failed to yield the full area of the 

MU. At the very best it may give the area of a subunit that may be interpreted 

as the fraction of the IS that has been fairly well explored. This in itself may 

be useful information for estimating the resources in the rest of the MU. Another 

problem with the variogram approach is that since all MUs do not have enough 

occurrences to allow the measurement of individual variograms, a single directional 

graph was constructed for occurrences in the entire Walker Lake Quadrangle, and 

the resulting single shape was imposed on all MUs. Also, the estimated parameters 

were found to be sensitive to the perceived location of cluster center determined by 

the researcher. These are serious problems of methodology, thus the decision was 

made to use MU borders delineated by Harris and Pan based on geologic-genetic 

concepts. 

Following the work of Harris and Pan, the term Intrinsic Sample is used 

to describe the MU selected as a basis for resource analysis. The Intrinsic Sam

ple is the metallogenic unit whose precious metal endowment is to be estimated. 

Each IS is in reality a geological entity with genetically related fields (geophysical, 
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geochemical, structural, lithological, alteration ... ). The work by Harris and Pan 

(1987) resulted in the delineation of the borders of numerous Intrinsic Samples in 

the Walker Lake Quadrangle by the multivariate synthesis of these related fields. 

The identified Intrinsic Samples were found to be generally coincident with known 

mining districts. The result of the delineation techniques of these authors based 

on geologic-genetic principles was considered to be superior to that from the var

iogram methodology. Thus the unit sizes delineated by Harris and Pan were used 

in the study. 

The main emphasis of the present study is the estimation of the gold-silver 

metal endowment of a MU. The central element in the endowment estimation 

model for a MU is a negative exponential spatial model, having parameter (), fitted 

to the occurrences in the MU. The specified spatial model is parameterized on 

exploration efficiency ..\ and cumulative effort "f(y) deployed in a unit area of a 

MU, and its estimation involves the simultaneous determination of () and ..\. The 

fundamental premise in MU endowment estimation based on a negative exponential 

spatial model is that the observed occurrences per unit area in a MU given the 

cumulative effort deployed is not the ultimate number present. This number is 

both a function of cumulative effort and exploration efficiency. Because the Intrinsic 

Samples are not completely explored, the estimate of the exponential parameter () 

from observed occurrences is biased. The model parameter so obtained describes 

the observed data and varies with the effort deployed and the exploration efficiency 

level. The limit properties of the negative exponential model parameterized on ..\ 

and "f(Y) allow the endowment (i.e. occurrences present) in an IS to be estimated 

by evaluating the fitted model at infinite exploration effort. 

Monte Carlo techniques are used to construct a probability distribution for 

occurrences in an IS. Simulation is based on two groups of quadrats in an IS namely; 

quadrats that are known to contain occurrences and the additional quadrats that 

are expected to contain occurrences at infinite exploration. A distribution for gold 

and silver metal in an IS is derived from the distribution for occurrences. 

The estimated endowment in an IS is converted to potential supply by the 

use of aggregate functions to represent exploration, discovery and extraction. The 
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derived potential supply model is a response function that expresses potential sup

ply from the estimated endowment in an IS as a function of metal price and ex

traction cost. 

The modest contributions made by this study relate to the following two 

aspects of the construction and use of occurrence models in mineral endowment 

estimation. Firstly, the study deals with the problem of economic truncation of 

the data base used in occurrence model estimation. The effect of truncation is that 

estimated parameters based on observed data are biased estimators of the endow

ment population. Parameterizing the model on effort is an attempt to deal with 

this problem. Fitting the model to observed data and evaluating the fitted model at 

infinite effort is an approximation to the model parameter for occurrences present 

(endowment). Secondly, the methodology employed here, emphasizing the isolation 

of individual geologic units for which model parameters are estimated is considered 

another positive element in this study. Other studies have generally used a single 

parameter for estimating the resources in a large region. This is poor procedure, 

as it assumes mine density to be equal in all parts of the study area irrespective of 

variation in geology. Inference to resources in a MU should be based on parameter 

estimates specific to that unit. For example, the study results show that significant 

differences exist between the individual and aggregate model parameters estimated 

on observed occurrences. This implies that mine density (occurrence probability) 

differs in Intrinsic Samples and applying an aggregate parameter to all units as is 

widely done in previous studies results in biased endowment estimates. 

There is room for extension and refinement of the methodology presented in 

this study. For example, any peculiarities in the shapes of individual MUs would 

be captured if variograms are estimated with data specific to each unit. Different 

units may show different degrees of anisotropy, and thus different shapes, thus 

parameter estimates may be improved by constructing variograms for individual 

metallogenic units identified in a study area. Furthermore, assuming that unit 

areas obtained from variogram analysis represent subareas in MUs that have been 

thoughly explored, one may explore the possibility of using this information in 

estimating the the resources in the remaining unexplored parts of the MU. 
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APPENDIX A 

MAXIMUM LIKELIHOOD ESTIMATOR FOR THETA, THE PARAMETER 

OF THE DOUBLY TRUNCATED EXPONENTIAL DISTRIBUTION 

The negative exponential function in its simplest form is 

f(x;8) = 8e-6z o < x < 00 and 0 < 8 < 00 (A.1) 

the general form of the doubly truncated exponential is 

f'(x; 8) = b f(x; 8) for a < x < band 8 > 0 
fa f(x; 8)dx 

(A.2) 

= b 
fa 6e-6zdx 

(A.3) 

8e-6z 
(A.4) 

If Xl, X2, X3, .... xn is a random sample from the doubly truncated exponential dis

tribution and the parameter 6 is unknown, for the observed sample Xl, X2, X3, .... xn' 

the likelihood function is 

n ( 6 -6z ) 
L(O,Xl, ...... Xn) = n e_6ae_ e-6b 

1=1 

( l)n n 
= e-6a _ e-6b 8

n
exp( -8?:: Xi 

1=1 

(A.5) 

and the log-likelihood funtion is 
n 

InL(xl,x2, ..... Xn ) = -nln(e-6a -e-6b)+nln6-8Lxi (A.6) 
i=l 

dIn L nae-6a _ be-6b n n 

--;[8 = e-6a _ e-6b + (j - L Xi (A.7) 
i=l 

Setting the derivative to zero and solving for x, yields 

1 n n n(ae-6a _ be- iJb) 
;; ?::Xi = On + n(e-6a _ e-6b 

1=1 

1 ae-6a - be-6b 
x = 'A + ---:---~ 

8 e-6a - e-6b 

The value of 6 was estimated by using an iterative computer algorithm. 

(A.B) 



APPENDIX B 

COMPUTATION OF r u , THE SPATIAL AUTOCORRELATION 

COEFFICIENT 
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Figure 4.7 (Chapter 4) represents an area (the IS at Aurora) divided into 

quadrats showing the observed counts of the random variable X which is composed 

of observations Xi for each of n contiguous regions (the quadrats). The problem of 

spatial autocorrelation involves the study of the manner in which a single variable 

(x) measured over several regions in space is correlated with itself. If the variable is 

positively correlated with itself, then its presence in one region makes its presence 

in neighbouring regions more likely. The observed clustering of occurrences in the 

Walker Lake Quadrangle is akin to the exitence of positive spatial autocorrelation 

in the ISs. 

In the endowment simulation model, the presence of positive autocorrelation 

should be considered by measuring the spatial autocorrelation coefficient, rZZ1 for 

each IS and using it in the analysis. Spatial autocorrelation analysis measures the 

arrangement of a pattern and a contiguity matrix (made of dij elements of Os and 

Is) derived from the observed pattern is used to represent the specified autocor

relation process. The elements of the contiguity matrix summarize the numerical 

characteristics of the system of contacts between the unit areas (quadrats). The 

nature of the contacts (edge to edge or vertex to vertex) between unit areas must 

be specified by the researcher to reflect the the spatial process (dependent or in

dependent) that is responsible for the observed arrangement of the variable in the 

unit areas. The mode of computation of ru from data is illustrated below. 

The computation procedure may be illustrated using a map pattern that 

includes four unit areas (Figure Bl). Assuming that contact between units is edge 

to edge, Figure B3 represents the contiguity matrix derived from Bl. For example, 

area 1 is in contact with itself and dij=dll =0. Area 1 is also in contact with area 

2 and dij=d12=1. ru is computed from the observed data as follows. 



where 

1 n n 

A=- LLd;j 2 , , 
• J 

A=total number of contacts between unit areas in Bl, 

S u =spatial autocovariance, 

Tu=spatial autocorrelation coefficient, 

x=mean of quadrat counts in Figure B2, . 

S; =variance of x 

,. 
• • • • • 

• .. 
• • • • • • 

Bl: map pattern 

0 1 1 0 

1 0 0 1 

1 0 0 1 

0 l' 1. 0 

B3: contiguity matrix (d;j) 
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5 3 

4 2 

B2: quadrat counts 
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