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ABSTRACT 

This study proposes a multivariate statistical model for mineral endowment and 

estimates the model parameters for epithermal precious metal deposits in the Walker 

Lake l°x 2° quadrangle of Nevada and California. 

The multiple regression model developed in this study is utilized to describe 

mineral endowment as a function of quantified geology. Geology and mineral 

endowment are quantified on consistent geological areas or intrinsic samples, which 

represent a homogenous multivariate population whose members are statistically 

independent. 

A new, geologically-defined mineral endowment descriptor, volume of 

mineralized rock (VMR), is proposed, which is defined as the total volume of rock 

exhibiting anomalous concentrations of metallic and non-metallic minerals occurring 

within a particular type of mineral deposit present above a specified maximum depth 

in the crust of a region. 

The proposed model incorporates an externally-defined measure of mineral 

exploration completeness in an exploration model to mitigate problems of information 

completeness inherent in regression models applied under the principle of analogy. 

The geodata variables employed as dependent variables in the regression model 

include primary geodata and synthesized information variables representing lithology, 

geochemistry, geological structure, and geophysics. A variable representing alteration 

mineralogy is developed using remote sensing satellite data. A radiometric correction 

---- ----- ----------------
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is applied to Thematic Mapper (TM) data, and image processing techniques are 

employed to construct color ratio composite images, which are input into a maximum 

likelihood classifier to produce a map of mineral alteration. 

A regression model having a linear form is estimated for epithermal precious 

metal deposits in the Walker Lake 1°x 2° quadrangle and employed to predict 

volumes of mineralized rock. These estimates are useful for mineral exploration and 

mineral resource assessment. The model predictions in the study area indicate that 

the best exploration potential for deposits of the epithermal environment in the Walker 

Lake 10 x 20 quadrangle is in the south-central and southeast portions of the 

quadrangle. For resource assessment, the estimated volumes of mineralized rock, as 

descriptions of the physical entities of mineralization, provide inputs to an approach 

which would model the economics and technology necessary to transform this 

mineralization into mineral resources. 



17 

CHAPTER 1 - INTRODUCTION 

1. 1 Perspective 

Land-use decisions facing society today often require consideration of the 

value associated with various alternatives such as recreation, real estate development, 

timber or mineral resource development. One approach for determining mineral 

resource value is to first describe the physical entity of mineralization and then to 

model or simulate the economics and technology that transform mineralization into 

mineral resources. Such an approach necessitates the quantitative modeling of 

endowment, a wholly physical concept defined as the amount of a metal or mineral 

contained in deposits having minimum specified physical characteristics such as grade 

and tonnage. This dissertation is concerned with the modeling of mineral endowment 

as a function of geology. 

1.2 Study Objectives 

The objectives of this study are: 1) to develop a multivariate regression model 

for mineral endowment, and 2) to estimate the model parameters for epithermal 

precious metal deposits. The model will then be employed to estimate the endowment 

contained in epithermal precious metal deposits within the Walker Lake 1°x2° 

Quadrangle in Nevada and California. 



1.3 Overview of Modeling Approach 

As mineral endowment bears no influence of economics or technology, and 

can therefore be viewed as solely a function of geology, there is an appeal to 

modelling the relationship between endowment and features indicative of geologic 

environments and processes. One way of estimating endowment as a function of 

geology is the use of multivariate statistical models. These are a form of analogical 

reasoning in which a model is developed on a control area containing known 

mineralization and then employed for extrapolation to a geologically similar study 

area. 
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Multivariate statistical resource models as previously employed have failed to 

yield unbiased estimates of endowment. This is primarily a result of the resource 

descriptors chosen for modelling and information completeness problems with respect 

to the dependent variable. This study proposes a multivariate statistical model of 

mineral endowment which: 1) estimates a new measure of mineral endowment, 

volume of mineralized rock; and, 2) mitigates the problem of incomplete information 

on the dependent variable. 

Previous studies have employed multivariate methods to estimate various 

resource descriptors as a function of geological observations. These models did not 

provide estimates of endowment, as the resource descriptors estimated were not free 

of the influences of economics and technology. Improved models of mineral 

resources as a function of geology should result if the resource descriptor modelled is 



truly a measure of endowment, one which is uncontaminated by the effects of 

economics and technology. This study proposes the use of volume of mineralized 

rock (VMR) as an improved endowment descriptor. 

19 

Difficulties with information completeness in multivariate statistical resource 

models arise primarily from the use of control areas that are incompletely explored. 

Multivariate models estimated on incompletely explored control areas will tend to 

underestimate endowment because the values of the dependent variable will be less 

than the true endowment. In order to avoid biased estimates, the control areas 

employed for model construction should be completely explored, with no remaining 

unknown resources. Completely explored control regions rarely, if ever, exist. Some 

method of correcting for incompletely explored control areas is needed. In this study, 

a solution to the information completeness problem is proposed in which mineral 

exploration activity is used to model exploration in the control areas. 

1.4 Organization of Dissertation 

This dissertation consists of ten chapters and three appendices. Chapter Two 

reviews and discusses previous studies employing statistical resource models to relate 

observations on geology to a mineral resource descriptor. 

This is followed in Chapter Three by the discussion of a conceptual framework 

for the research. Chapter Three explores: 1) the choice of endowment descriptor to 

be used as the dependent variable in the multivariate model; 2) information 

-- -----.---
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completeness concerns with respect to the dependent variable; 3) the sampling units 

on which endowment and geology are quantified, and 4) the quantification of geology 

required to construct the independent variables for the model. 

In Chapter Four the mathematical theory for the endowment and exploration 

models is developed. Techniques for model parameter estimation are presented along 

with a summary of the overall modelling approach. 

Data requirements of the endowment and exploration models are discussed in 

Chapter Five. This chapter includes examination of the data required to estimate 

volume of mineralized rock and the geodata needed to construct the independent 

variables for the endowment model. Data necessary for estimation of the exploration 

model parameters are also discussed in detail. 

Chapter Six presents the geological aspects of the model demonstration for Au

Ag deposits of the epithermal environment in the Walker Lake lOx 2° Quadrangle 

(California and Nevada). Included in Chapter Six are sections describing the genetic 

aspects and occurrence characteristics of epithermal precious metal deposits, the 

regional geology of the Walker Lake Quadrangle and known epithermal mineralization 

in the quadrangle. 

Chapter Seven presents the quantification of geology for the model. This 

chapter discusses the delineation of the sampling units, the derivation of model 

variables from synthesized information variables, the lithological variables and the 

construction of a variable for alteration mineralogy using remotely-sensed satellite data. 
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Chapter Eight examines the quantification of the mineral resource descriptor, 

volume of mineralized rock. This involves estimation of the exploration model 

parameters, determination of cumulative discovered mineralization, the use of buffer 

zones for estimating area of mineralization, the estimation of vertical extent of 

mineralization and the calculation of volume of mineralized rock. 

Regression model estimation and results are presented in Chapter Nine. These 

sections are followed by discussion of model predictions for the control and study 

areas. 

Chapter Ten examines the contributions made by this study, draws conclusions 

about the approach and results, and presents suggestions for improvements, as well as 

selected topics for future research. 

The main body of the dissertation is followed by three appendices containing: 

A) exploration index numbers and index density values for the consistent geological 

areas; B) inferred vertical extent of epithermal mineralization in the consistent 

geological areas, and C) a list of independent variable names and their descriptions. 

A list of references cited in the dissertation follows the appendices. 

1.5 Summary of Model Results 

The regression models estimated for mineral endowment of epithermal 

precious metal deposits in the Walker Lake 1(> x 2° quadrangle lead to the conclusion 

that a linear model form is the most appropriate. In the fifty-one estimated linear 
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models having high adjusted-R2 values, certain variables are frequently present. 

These frequently-occurring variables represent information on rock type, alteration, 

gold geochemistry and magnetics. 

One linear regression model was chosen for mineral endowment prediction 

based upon adjusted-R2 
, residual diagnostics and positive predicted mineral 

endowments. 

The selected model for volume of mineralized rock (VMR) is: 

VMR = 261165.369(aummgnst) + 370.750(tsg) 
[22.191] [15.773] 

- 19097888.990(auagstd) + 1588.101(tb2) + 45.170(tr2) 
[-5.833] [5.999] [2.538] 

- 475.574(tr3) + 2.465(altfltmn) 
[-4.560] [3.661] 

adjusted-R2 = 0.9884 

The numbers in the square brackets are the t-statistic values for the coefficient of the 

variable immediately above in the parentheses. The adjusted-R2 value for this model 

is 0.9884, indicating a very good fit to the data. The specific variables present in this 

model represent several factors of epithermal mineralization as it occurs in the Walker 

Lake quadrangle: gold mineralization (auagstd and aummgnst), faulting (altfltmn), 

alteration (altfltmn) and Tertiary heat sources (tr2, tr3, tsg and tb2). Specifically: 

auagstd = the standard deviation of the Au/ Ag geochemical scores for a eGA; 

aummgnst = auagmean x magnstd, that is, the product of the mean of the 

--- ---- -- ----
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Au/ Ag geochemical scores for a eGA and the standard deviation of the 

filtered magnetics values for a eGA; 

altfltmn = alterat x fltmean, the product of the area of alteration within a 

eGA and the mean of the fault variable for a eGA; 

tr2 and tr3 = rhyolite flows and shallow intrusive rocks of 9 to 22 my and 5 

to 9 my, respectively; 

tsg = the area of Stanislaus Group rocks in a eGA, these are 9 to 10 my latite 

flows and quartz latite ash-flow tuffs, and, 

tb2 = 9 to 22 my basalt flows. 

This model yields predicted volumes of mineralized rock in the control areas 

which are positively correlated with the total volumes of the consistent geological 

areas employed as sampling units. 

The estimates of volumes of mineralized rock for deposits in the epithermal 

environment made in this study are useful for mineral exploration and resource 

assessment. The model predictions in the study area indicate that the best exploration 

potential for deposits of the epithermal environment in the Walker Lake lOx 2° 

quadrangle is in the south-central and southeast portions of the quadrangle. For 

resource assessment, the estimated volumes of mineralized rock, as descriptions of the 

physical entities of mineralization, provide inputs to a second-stage analysis which 

would model the economics and technology necessary to transform this mineralization 

into mineral resources. 

----------- --
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CHAPTER 2 - REVIEW OF RELATED WORK 

2.1 Statistical Resource Models 

Statistical models relating geological variables to a resource descriptor, such as 

mineral value, numbers of deposits or tonnage of metal, have been constructed in a 

variety of forms. The first such multivariate statistical model was developed by 

Harris (1965), who employed multiple discriminant analysis to relate geological 

variables measured in 20 mile square cells to classes of aggregate mineral wealth 

expressed as gross metal value. This enabled the calculation of probabilities for cell 

membership in six value groups. A similar analysis was performed by DeGeoffroy 

and Wignall (1971), in which a generalized Bayesian classification procedure was 

used to classify cells as belonging to one of two aggregate mineral value groups. 

Other models for mineral value include the multiple regression analyses of Kelly and 

Sheriff (1969) as well as Sinclair and Woodsworth (1970). 

Statistical models for the estimation of numbers of deposits or occurrences 

include those of Agterberg and Cabilio (1969) and Chung and Agterberg (1980). 

Agterberg and Cabilio (1969) explored the relationship between density of gold 

occurrences and geological variables in a portion of the Superior Province of Canada 

using multiple regression analysis and trend surface analysis of cell-based data. 

Chung and Agterberg (1980) employed Poisson and logistic regression analyses to 

estimate numbers of occurrences and probabilities for occurrence, respectively, using 

-- .--- ---- -------------- --- ---
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measurements on rock types in cells. 

2.2 Sinclair and Woodsworth (1970) 

In the published literature there are relatively few examples of the use of a 

statistical model relating observations on geological environments and processes to a 

resource descriptor in a quantity form, such as the amount of metal or tonnage of ore. 

One example is a study by A.1. Sinclair and G.1. Woodsworth (1970) of an area in 

British Columbia, Canada. Mter an analysis of previous studies, the authors 

concluded that a more useful analysis would result if the study were limited to one 

type of deposit within a confined study area. The objective of their analysis was the 

estimation of exploration potential for copper-Iead-zinc-precious metal veins in a 2048 

square mile area. 

The sampling units for the study were 128 cells of 4 miles square, obtained by 

superimposing an arbitrarily placed grid on an area near Terrace, B.C. For each cell, 

12 geological variables were measured. The measurements were primarily taken from 

geologic maps, with a very limited number of measurements based on new fieldwork. 

The measurements included: 1) four variables consisting of the percentage of the cell 

underlain by specific rock types (eg. plutonic) and specific formations (eg. Hazelton 

Group); 2) four variables consisting of distances from the centers of the cells to the 

nearest outcrop of specific rock types or formations; 3) total length of igneous 

contacts in a cell; 4) distance from "cell center to nearest point on the axis of east-
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west re-entrants" (Sinclair and Woodsworth, 1970), and, 5) two structural variables 

consisting of total length of major fracture zones in a cell and distance from cell 

center to nearest major fracture. Three variables relating to mineralization were 

estimated for each cell: average grade of ore expressed in dollars per ton; total ore 

tonnage of all deposits plus ore reserves, and ttJtaJ value calculated as the product of 

total tonnage and average grade. 

The authors specified two groups of control cells, used to develop multiple 

regression equations relating the mineralization variables to the geological variables. 

One control group was selected so as to include: 1) most of the known Cu-Pb-Zn-Au

Ag vein deposits; 2) geology representative of the entire area and 3) the most well

explored parts of the area. These control cells were contiguous. The second control 

group comprised 28 cells containing all of the known deposits in the area. Some of 

the cells in this control group were contiguous, others were not. 

Prior to performing the regressions, each of the variables was subjected to a 

mathematical transformation such that the frequency distributions of the transformed 

variables were near-normal, with approximately equal variances. This was done to 

allow the calculation of confidence limits for the regression estimates. Stepwise 

multiple regression was employed to estimate equations for each of the three 

mineralization variables as a function of the geological variables. At anyone step, 

the stepwise method includes only those variables most strongly related statistically to 

the dependent variable. 
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The authors stated that results from regression analysis based upon the 28 cells 

containing all of the known deposits were "statistically non-significant and did not 

seem reasonable geologically" (Sinclair and Woodsworth, 1970). These results were 

not discussed further. 

The multiple correlation coefficient (R2) values for the regression equations 

from the first control group (35 cells) were 0.473, 0.582 and 0.280, for total dollar 

value, total tonnage, and average grade in dollars per ton, respectively. The authors 

indicate that the equations appear to be reasonable geologically. The three regression 

equations were used to extrapolate figures for average grade, total dollar value and 

total ore tonnage to all of the cells. The extrapolated values were assigned to the 

centers of the cells and contoured to produce exploration potential maps. The 

authors concluded that multiple regression analysis is effective in determining the 

geological variables that are correlated with measures of mineralization and that this 

type of analysis could be improved through the use of more detailed geological 

information. 

2.3 Agterberg et al. (1972) 

Agterberg et al. (1972) produced estimates of the amount of zinc and copper 

metal in 40 km square cells in the Abitibi area of Canada. The area of interest was 

first gridded into 644 cells that were 10 km square. For each of these cells, ten 

geological variables were measured. These variables included percentages of various 



28 

rock types (7), total length of banded iron formations, average Bouguer anomaly and 

regional aeromagnetic anomaly at the center of each cell. To these variables were 

added 45 more, comprising the products of all possible pairs of the ten measured 

variables. The mineralization variables for each cell consisted of the base-lO 

logarithm of total metal tonnage of production plus reserves, yielding two values for 

each cell, one for zinc and one for copper. The mineralization variables were 

constructed based only upon deposits which had at least 1000 tons of production plus 

reserves of zinc and/or copper. The authors state that nearly all production and 

reserves in the region are from deposits of this size or greater. 

The data were subjected to a multiple regression analysis in which the 

dependent variable was the logarithm of total tonnage and the independent variables 

consisted of the 10 measured and 45 constructed geological variables (total of 55). 

All 644 cells were used in determining the regression equation. Cells with no known 

production and reserves were assigned a value of zero. Stepwise multiple linear 

regression was employed to estimate the regression coefficients. The final regression 

equation estimated the logarithm of tonnage of copper metal as a function of 26 

variables. 

The authors extended the analysis to estimate a probability index for 

undiscovered mineralization in a cell. This extension is based on the assumption that 

the metal tonnage calculated for each cell was the product of the probability for 

occurrence of a deposit and the average deposit size. Employing this assumption, the 

-----_. __ .... _. -- ._-_ .. _--------------
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calculated value for each cell was divided by the average deposit size (obtained from 

those cells containing deposits - equal to 4.31 for copper) to obtain an approximate 

probability of occurrence for each cell. The authors recognized that this approximate 

probability was actually an underestimation of the true probability because of the 

presence of undiscovered deposits in the area. Had the regression equation been 

developed on an area for which all deposits were known, the estimated probability 

would approximate the true probability of occurrence. 

In order to adjust the probability estimates, a very well-explored sub-area was 

chosen as a control region for which it was assumed that all deposits had been 

discovered. For this control area, the approximate probabilities for each cell (as 

determined by the regression equation) were summed. The ratio of the number of 

cells known to contain deposits to the sum of approximate probabilities was used as a 

scaling factor (equal to 1.35 for copper) to inflate the approximate probability values 

derived from the regression equation. Thus, the predicted number of cells with 

deposits would equal the actual number of cells with deposits in the control area. The 

scaling factor was used to adjust the probabilities for all 644 cells. 

The adjusted probabilities were summed for a 4 cell square moving window 

and contoured. These smoothed 16-cell sums represent "the probable number of 10 

km x 10 km cells with metal per surrounding 40 km x 40 km cell" (Agterberg et aI., 

1972). An estimate of the expected tonnage of copper for each 40 km square cell was 

obtained by mUltiplying the 16-cell sums by the average amount of copper production 



plus reserves in the control cells (those with at least 1000 tons of production and 

reserves). The same analysis was applied for zinc. 
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The authors state that the technique is limited by several factors including: 1) 

lack of detailed geological variables, such as additional geophysical data, alteration 

data and mineralogical indicators of ore; 2) the inability of the variables employed in 

the study to capture regional geological features, such as those relating to plate 

tectonics and metallogenesis; 3) estimation problems due to difficulty of defining 

homogenous multivariate populations; 4) the essentially two-dimensional nature of the 

study, whereas mineralization is a 3-D phenomenon and 5) bias due to incompleteness 

of mineral occurrence information resulting from variation in mineral exploration 

across the area. 

2.4 Notable Aspects of Previous Studies 

2.4.1 Grid-based Cells 

All of the studies discussed above employ grid-based equal-area cells as the 

basic sampling and prediction unit. The cell sizes varied from 4 miles square to 20 

miles square. The rationale for a particular cell size was discussed in only two of the 

studies. Harris (1965) chose a cell size of 20 miles square, "since this seemed small 

enough to define reasonably well the relationships of geology to mineral wealth and 

yet large enough to contain the largest of the mining districts". In addition, Harris' 

analysis required the cells to be large enough so that each cell could contain the 
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structural (fault) variables used in the multivariate discriminant analysis. Agterberg 

et al. (1972) employed cells of 6 miles square. The choice of cell size in the other 

studies was either patterned after similar studies or arbitrary. 

2.4.2 Geological Variables 

The geological variables employed in the studies discussed above were all 

measured from maps and/or derived from measured mapped data. Most commonly 

used were variables which are cell percentages of exposed rock types or particular 

formations. For some studies (Chung and Agterberg, 1980; Agterberg and Cabilio, 

1969) these were the only geodata employed. All of the models included age data in 

the form of cell percentages of specific age rocks. Structural data on faulting and 

folding were present in three models (Harris, 1965; DeGeoffroy and Wignall, 1971; 

Sinclair and Woodsworth, 1970). Only one model (Agterberg et aI., 1972) included 

geophysical data, in the forms of average Bouguer anomaly per cell and regional 

aeromagnetic anomaly at cell center. None of the models employed any direct 

geochemical measurements; geochemical data were indirectly present in the form of 

rock type. To capture complex interactions between combinations of the variables, 

the model of Agterberg et al. (1972) included derived variables that were products of 

measured variables. 

-- ---------
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2.4.3 Resource Descriptors 

The resource descriptors used in the studies varied widely. Mineral value 

aggregated across deposit types was estimated for three of the studies (Harris, 1965; 

Kelly and Sheriff, 1969; DeGeoffroy and Wignall, 1971). The first two of these 

estimated gross value of metal-bearing deposits, and the third included industrial 

minerals as well as metals in the gross value estimation. Resource descriptors of 

deposits containing only certain metals were estimated in two cases. Agterberg and 

Cabilio (1969) estimated the density of gold occurrences, while Agterberg et al. 

(1972) estimated the expected metal tonnage of copper and zinc. The most restricted 

resource descriptors were those limited to a particular deposit type. Chung and 

Agterberg (1980) were concerned with the number of occurrences and probability of 

occurrence for volcanogenic massive sulfide deposits. The models of Sinclair and 

Woodsworth (1970) were limited to polymetallic (Cu-Pb-Zn-Au-Ag) vein deposits for 

which they estimated ore tonnage, total dollar value and average grade in dollars per 

ton. 

2.4.4 Incomplete Information 

Two of the studies (Harris, 1965; Agterberg et aI., 1972) attempted to deal 

explicitly with the problem of incomplete information with respect to the dependent 

variable. Harris used: 1) life-cycle models of production data to estimate the amount 

of resources in a cell implied by the full cycle of production; 2) expanded geology (by 

-- ------ ------------------- ---
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inflating exposed geology to represent geology of the entire cell, smoothed to 

accommodate adjacent cells) and 3) alluvial cover to represent incomplete exploration. 

Agterberg et aI., as previously discussed, adjusted their model estimates through the 

use of a control area which was assumed to be fully explored. 

2.4.5 Analytical Techniques 

The multivariate statistical techniques used were most commonly some form of 

regression analysis (Agterberg et al. , 1972; Agterberg and Cabilio, 1969; Sinclair 

and Woodsworth, 1970; Kelly and Sheriff, 1969; DeGeoffroy and Wignall, 1970; 

Chung and Agterberg, 1980). Other multivariate techniques such as trend analysis 

(Agterberg and Cabilio, 1969), multiple discriminant analysis with Bayesian 

classification (Harris, 1965) and generalized Bayesian classification (DeGeoffroy and 

Wignall, 1970) were employed to a lesser degree. 

2.5 Pan and Harris (1991) 

One multivariate statistical endowment model differs significantly in some 

aspects from those discussed above. The model, developed by Pan and Harris 

(1991), is referred to as a "geology-exploration endowment model". This model is 

meant to simultaneously estimate discoverable resources and endowment. Perhaps the 

two most important aspects of this model are: 1) the nature of the sampling units 

employed in the analysis and 2) the explicit consideration of the effect of mineral 

-------------- ---
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exploration on information completeness in the control areas. 

The sampling units employed by Pan and Harris are a strong departure from 

the grid cells employed in previous studies. Multivariate statistical analyses in 

general require sampling units which represent a homogenous multivariate population 

whose members are statistically independent. These conditions are not satisfied by 

arbitrary grid cells. To meet these conditions, Harris and Pan (1987, 1991) 

developed what they call intrinsic samples or consistent geological areas (CGAs). 

CGAs are delineated through an objective analysis of primary geodata and synthesized 

information. The geology of the CGAs is consistent with respect to a particular 

genetic model of mineralization. 

The CGAs represent an intrinsic sample, meaning a set of genetically related 

geological bodies. Quantifying the geology of CGAs approximates the quantitative 

description of samples of natural geological phenomena. In contrast, the 

quantification of the geology for a cell describes the cell, which is not a natural 

geological phenomena, but an arbitrary, nongeologically-based unit. The nature of 

the CGAs ensures a great increase in the geological information captured by 

quantified geology because it describes the properties of genetically related geologic 

objects. The principal motivation for developing the Intrinsic Sample Methodology 

(Harris and Pan, 1987) was to increase the level of geoscience information in 

multivariate geostatistical models for resource assessment, such as the model to be 

constructed in this dissertation research. 

-- -- -----------------
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The CGAs and sub-areas known as information zones were the sampling units 

for the Pan and Harris (1991) model. The information zones were delineated based 

on extracted geological factors (Pan, 1989; Harris and Pan, 1990; Harris and Pan, 

1991) and using the concept of exceptionalness (Gorelov, 1982). 

The general form of the geology-exploration endowment model is: 

where: 

D(z,e;~,e) =F(z;~)G(e;e) +€ (1) 

D is known discoverable resources as a function of a vector of 

geological variables, z, and a vector of exploration variables, e, 

conditional on parameter vectors p and 0; 

F is the endowment function of the vector of geological 

variables, z, conditional upon parameter vector p; 

G is an exploration function of exploration variable vector e; 

f is a random error term. 

The exploration function G is constrained to values between 0 and 1, and must 

approach a value of 1 as exploration goes to infinity. In this way, with zero 

exploration, there are no known discoverable resources and at an infinite amount of 

exploration, the entire endowment is discovered. 

Pan and Harris (1991) propose two specific versions of the geology-exploration 

endowment model which require assumptions as to the probability distribution of 

endowment and discoverable resources. The two regression models, Poisson-logistic 
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and exponential-logistic, are used with factor scores obtained from a factor analysis of 

enhanced, filtered and synthesized geological variables that were derived from 

primary geodata. These models simultaneously estimate discoverable resources and 

endowment in the form of numbers of occurrences. 

2.6 Distinctive Aspects of the Current Study 

The current study adopts the Intrinsic Sample theory developed by Harris and 

Pan (1987) and employs: 1) the CGAs delineated by them in the Walker Lake 

quadrangle and 2) variables derived from some of their synthesized information 

variables. However, the current study differs considerably from their work in three 

important ways: 

1) it develops a geologically-defined endowment descriptor; 

2) it develops an externally-defined measure of exploration completeness; and, 

3) it adds to the synthesized variables a newly-developed alteration variable 

and lithological variables. 

-- --- ---------------
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CHAPTER 3 - CONCEPTUAL FRAMEWORK 

3.1 General Statement 

The objective of this study is the construction of a multivariate statistical 

model for mineral endowment. The model is to relate mineral endowment to 

observations on geology using multiple regression analysis. Stated in its most general 

form, mineral endowment, E, is a function of a vector of quantified and synthesized 

geological variables, G: 

where: 

E=f(GiP) 

f is an endowment function; 

f3 is a vector of parameters to be estimated using 

control areas. 

(2) 

Given this structure for the analysis, several concepts require examination. 

These include: 1) the choice of endowment descriptor to be used as the dependent 

variable; 2) completeness of information with respect to the dependent variable; 3) the 

sampling units to use for the multiple regression model and 4) quantification of 

geology required to construct the independent variables to be employed in the model. 

These will be discussed in the sections to follow. 
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3.2 The Endowment Descriptor 

As originally defined by Harris (1984), endowment is II •• , that quantity of 

mineral in accumulations (deposits) meeting specified physical characteristics such as 

quality, size, and depth. II This definition contains no reference to economics or 

technology; therefore, endowment is solely a physical concept. Changes in economic 

conditions or technological innovation will not affect the endowment of an area. 

Endowment exists irrespective of, and is not changed by human activities. In 

selecting an endowment descriptor to be estimated as a function of quantified geology, 

it is necessary to choose a wholly physical measure uncontaminated by economics or 

technology. 

As discussed in Chapter 2, previous multivariate resource studies have 

estimated such measures as number of occurrences, tonnage of ore, total dollar value 

or quantity of metal. The first three of these are clearly not endowment descriptors. 

Number of occurrences does not meet the definition of endowment because it does not 

describe an amount of mineral or metal. Tonnage of ore and total dollar value are 

both a function of economics and therefore cannot describe endowment. The quantity 

of metal can act as an endowment descriptor, but is poorly suited to the objective of 

modelling endowment as a function of quantified geology. It is true that pure metals 

commonly occur in certain types of deposits and are sometimes major components of 

the mineralization. However, even in these kinds of deposits, quantity of pure metal 

is an inadequate representation of the overall mineral deposit from a geological 



standpoint. Furthermore, in most metalliferous deposits the metals are present 

primarily in mineral compounds and pure metals are not a direct function of the 

mineralizing processes. What is required for this study is an endowment descriptor 

that represents a natural phenomenon resulting from the interactions among the 

processes and geological environments necessary for the accumulation and 

preservation of a mineral deposit. 
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So, what is a mineral deposit, fundamentally? It is generally agreed that a 

mineral deposit is an anomalous accumulation of one or more minerals within the 

earth's crust. In a mineral deposit, the minerals of interest (ore minerals) and 

accompanying material (gangue minerals) are distributed in various forms and 

concentrations within a body of host rock. The phenomenon of mineralization can 

thus be thought of as a volume of rock within which is distributed anomalous 

concentrations of various minerals. A mineral deposit is therefore, fundamentally, a 

volume of mineralized rock. 

In order to employ volume of mineralized rock (VMR) as an endowment 

descriptor it is necessary to define it more rigorously. A general definition of VMR 

is: the total volume of rock exhibiting anomalous concentrations of metallic and non

metallic minerals occurring within a particular type of mineral deposit present above a 

specified maximum depth in the crust of a region. This definition honors the 

definition of endowment presented above: 1) volume is a measure of quantity; 2) 

physical characteristics (mode of occurrence, maximum depth, anomalous 

-._--- .. _.- _ ... _-_ .. _-------------- --- _._-
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concentrations) are specified and 3) no reference is made to economic or technological 

conditions. The specific definition of VMR for the objectives of this study is: the 

total volume of rock exhibiting anomalous concentrations of metallic and non-metallic 

minerals occurring within epithermal precious metal deposits to a depth of lOOOm. 

3.3 Analogical Reasoning, Information Completeness an:d Mineral Exploration 

Statistical resource models, such as the one to be developed in this study, are 

applied under the principle of analogy. In this mode of reasoning, inferences are 

drawn about the unknown mineral resources of an area based upon comparison to one 

or more geologically similar areas known to contain mineral resources. Analogical 

reasoning has long been employed in mineral resource assessment and is one of the 

fundamental tools of mineral exploration. In mineral exploration, geological features 

such as rock alteration or geochemical anomalies known to be associated with a 

specific type of deposit are used as guides in the search for new deposits of the same 

type. In the construction of a statistical resource model, the parameters of the model 

are estimated based upon control (analogue) areas within which data are available for 

both the independent and dependent variables. The independent variables are 

generally quantified observations on geology and the dependent variable is often a 

resource descriptor. The estimated model is then used to extrapolate the value of the 

dependent variable to study areas that are geologically similar to the control areas. 

In order to estimate an unbiased endowment model using this approach, it is 

--------------------
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necessary to have complete information on the dependent variable (the endowment 

descriptor) within the control areas. In this context, an unbiased model refers to one 

which does not tend to underestimate the resource descriptor. If model parameters 

are estimated based upon a control area for which only a portion of the endowment is 

known, it is clear that the model will tend to underestimate endowment when applied 

to a study area. Complete information on the endowment of an area will be available 

only if the area has been completely and exhaustively explored, leaving no chance for 

remaining undiscovered mineralization. 

Mineral exploration and development are generally motivated by economic 

profit (at least in the market economies). Because of this, discovered mineralization 

for a given area will almost always represent something less than the area's 

endowment. Economically and technologically marginal and sub-marginal 

mineralization will be incompletely explored, leaving a portion of the endowment 

undiscovered. Therefore, endowment is not observable; we can only observe 

discovered mineralization. If an unbiased endowment model is desired, some method 

is required for estimating the endowment of a control area based on its discovered 

mineralization. 

The link between endowment and discovered mineralization is mineral 

exploration. As exploration activities proceed in an area, some portion of its 

endowment will be discovered. A model relating endowment, mineral exploration 

and discovered mineralization could be employed to estimate the endowment implied 
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by the amount of discovered mineralization and the level of mineral exploration in an 

area. Such a model, as elucidated in the following chapter, is used in this study to 

provide a means for overcoming incomplete endowment information in the control 

areas. 

3.4 Sampling Units 

Multiple regression analysis requires sampling data from some population. 

The sampling units employed for a multiple regression model of mineral endowment 

must meet the statistical assumptions of regression analysis in addition to honoring the 

natural characteristics of the population of mineralized bodies making up the mineral 

endowment. 

The assumptions of multiple regression require a set of statistically 

independent observations from a homogeneous multivariate population. Statistical 

independence means that values of variables observed in one population member are 

uncorrelated with the values observed in other members. A multivariate 

homogeneous popUlation exists when the variables observed in the members of the 

population are from a common joint distribution. The sampling units used in this 

study should represent, as closely as possible, a homogeneous multivariate population 

whose members are statistically independent. 

Mineral endowment is composed of a sct of mineral deposits or volumes of 

mineralized rock distributed within the earth's crust. For most types of deposits, 
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there is a wide variation in the size of individual mineral deposits. According to the 

statistical tonnage models for Comstock-type epithermal vein deposits published by 

the U.S. Geological Survey (Cox and Singer, 1986), deposit tonnages range from less 

than ten-thousand metric tons to nearly one-hundred million tons. The shapes of 

mineralized bodies also vary greatly, depending on local geological conditions. The 

sampling units used must reflect this natural variation as well as the spatial 

distribution of mineralization in the crust. 

Most previous multivariate statistical models of mineral resources have used 

sampling units consisting of cells based upon a regular grid. Sampling units of this 

type cannot represent a homogeneous multivariate population when applied across 

areas of heterogeneous geology because they are arbitrary and not based on geological 

considerations. Statistical independency is also very difficult to achieve with grid cell 

sampling units because geological features often overlap cell boundaries, creating 

dependency between adjacent cells. As a result of their fixed size and shape, grid 

cells cannot represent variations in size and shape of mineralized bodies. Finally, the 

spatial distribution of mineralized bodies is not well-represented by a regularly

distributed grid of cells. 

A type of sampling unit which meets the requirements discussed above for 

multiple regression endowment models has been developed by Harris and Pan (1987, 

1991). It is referred to as the "intrinsic sample" or "consistent geological area 

(CGA)". These CGAs are delineated through an objective analysis of primary 
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geodata and synthesized information. Their geology is consistent with respect to a 

particular genetic model of mineralization. The eGAs generally delineate district

sized areas related to a single mineralizing system. A set of eGAs reflects the 

variation present in the natural population of a particular genetic type of mineralized 

bodies. Such a set also represents a homogenous multivariate population whose 

members are statistically independent. In this study, eGAs delineated by the intrinsic 

sample methodology developed by Harris and Pan (1987, 1991) will be employed as 

the sampling units. 

3.5 Quantification of Geology 

In order to construct the regression model, geological features of the control 

eGAs relevant to the formation and preservation of mineralization must be quantified. 

The purpose of this quantification of geology is to describe the eGAs with variables 

that will allow the mUltiple regression model to capture the relationships between the 

resource descriptor (volume of mineralized rock) and the geological features, as well 

as interrelationships present among the geological features. To accomplish this, the 

variables employed must describe: 1) the geological environments present within a 

eGA; 2) the geological features within a eGA resulting from mineralizing processes 

and 3) complex interrelationships between and within these two sets. 

The information describing these relationships and interrelationships is 

implicitly present within a primary geodata set, such as geochemistry, geophysics, 
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lithology, structure and mineral alteration. Information, as here used, refers to that 

knowledge about a phenomenon of interest that is collectively contained by multiple 

sets of data. Thus, abundant data may he rich or poor in information. Clearly, when 

available data collectively contain no knowledge about the phenomenon of interest, no 

amount of processing can create information. However, the information content of 

multiple data sets may be dispersed and disjointed. An example of this is the 

information about epithermal mineral deposits that is contained in geochemical 

concentrations and electromagnetic field potentials. Moreover, the extraction of 

information may require unification by relevant principles of science. Information 

synthesis is the name given to the process and procedures employed to extract the 

collective knowledge of multiple data sets about the phenomenon of interest. 

Accordingly, these procedures employ: 1) relevant geoscience to explore the jointness 

of basic data sets as they relate to the phenomenon of interest, and 2) various 

statistical methods to extract, weight, comhine and quantify the joint information. 

In the course of delineating CGAs Harris and Pan (1991) constructed several 

synthesized geological variables containing enhanced information describing the 

mineralization of the CGAs. These synthesized variables will be employed in addition 

to primary geodata in the construction of the multiple regression model in order to 

more fully describe the mineralization present in the CGAs. 

The forms of the variables to be employed in the analysis must be chosen so as 

to describe the geological aspects with respect to the basic population unit of analysis, 
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the CGA. Some types of geodata are commonly represented on a point or grid basis, 

with values at each grid intersection point, as is the case with some of the data for 

this study. The CGAs represent areas and therefore contain more than one grid 

intersection. In order to describe a variable as it relates to the entire CGA, the 

variable values of the individual grid intersections have to be combined in some 

manner. In the combination of the grid values, it is important to capture the 

magnitude of the variable within a CGA, as well as its variation across the entire 

CGA. Accordingly, in this study, numerical values of the variables are means and 

standard deviations of values at the grid intersections falling within a CGA. Certain 

other geodata, such as lithology, are most commonly represented as areas on maps. A 

particular CGA may encompass several rock types or formations. In this study, areal 

geodata will be represented as the total map area of the variable falling within the 

boundaries of a CGA 



CHAPTER 4 - DEVELOPMENT AND ESTIMATION OF MODEL 

4.1 Development of Model 

The conceptual framework described endowment (E) to be a function of 

quantified geology: 

where: f is an endowment function, 

G is a vector of quantified and synthesized geological 

variables, and 

f3 is a vector of parameters to be estimated using 

control areas. 

(3) 

Although the endowment model f(G;fi) is the objective of this study, it cannot be 

estimated directly because endowment is not observable. Instead, we can only 

observe cumulative discovered mineralization (0). 
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Cumulative discovered mineralization (0) can be thought of as a function of a 

vector of geological variables (G) and cumulative exploration (x): 

D=<I>(G,x;P) (4) 

where: ¢ is a function to be specified, and, 

----------- ---- - _. 
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f3 is a vector of parameters to be estimated using the control-

area CGAs. 

In a very general sense, the function ¢ is of a form such that: 

1 imi t [<I> ( G I )( ; ~ ) ] 

)(-+00 
= fj = E 

00 (5) 

In this framework, endowment (E) is the limit of discoverable mineralization (D) 

when cumulative exploration (x) approaches infinity. 

Discovered mineralization is a result of: 1) the presence of mineral endowment 

in an area and 2) mineral exploration activity which discovers a portion of that 

endowment. Mineral endowment is a wholly physical concept and exists in an area 

because of the interaction between geological processes and the geological 

environment. Mineral exploration is an activity of man and is subject to economic 

and technological influences. The strong differences between the two factors of 

discovered mineralization suggests that the function describing cumulative discovered 

mineralization, ¢(G,x;f3), is separable as the product of two functions, f(G;f3) and 

O(x), describing mineral endowment and mineral exploration activity, respectively. 

------------ .. _---- --
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This separation can be stated as: 

(6) 

where: 

1 imi t [e ( X )] = 1 
x-+oo (7) 

The function 8(x) represents completeness of mineral exploration in an area. 

As the cumulative amount of mineral exploration (x) in an area approaches infinity, 

the area becomes completely explored. When the area is completely explored ( e(x) 

= 1 ), all of the mineral endowment has been discovered. At any intermediate level 

of exploration, the cumulative discovered mineralization will be equal to some 

fraction of the endowment. 

Equation (7) can be restated as: 

f(G;~) =<I>(G,X;~) e (X) 
(8) 

As stated above, the endowment model f(G;fi) is the objective of this study, but it 

cannot be estimated directly because endowment is not observable. However, we can 

observe discovered mineralization, which is observations on ¢(G ,x;fi). 

If function e(x) were known and values of x were available, observed 

cumulative discovered mineralization, f> and e(x) provide an estimate of endowment E: 
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~ 

D 
E= 6(x) =f(Gi~) (9) 

Once E has been estimated for a set of control areas, it can be used along with 

quantified geology to estimate the vector of coefficients f3 using multiple regression. 

Then, given data for the geological variables in a set of study areas, the estimated 

model can be used to estimate the endowments of the study areas. 

4.2 The Exploration Model, 8(x) 

Mineral exploration can be thought of as a process which transforms 

endowment into discovered mineralization. If an area is completely unexplored, no 

discovered mineralization will exist. If the area is exhaustively explored, then all of 

the endowment will have been discovered, that is, transformed into discovered 

mineralization. For any intermediate level of exploration, the cumulative discovered 

mineralization will be equal to some fraction of the endowment. This is expressed 

above in Equation (6) and can be restated as: 

15= E . e eX) (10) 

where: IS is cumulative discovered mineralization; 

E is endowment; 

8 is a function describing exploration completeness. 



The exploration function O(x) must take on values between 0 and 1. The 

function must equal 0 when x (the cumulative amount of exploration in the area) 

equals 0 and must approach the value of 1 when x approaches infinity. In this way 

when an area is exhaustively explored (x equals infinity), O(X) is equal to 1 and the 

cumulative discovered mineralization is equal to the endowment, i.e., all of the 

deposits have been found. The function, O(X), should accurately depict how 

exploration completeness changes as cumulative exploration effort increases. 
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As mineral exploration progresses in an area, the easily-found deposits are 

discovered first and the more obscure, more difficult-to-find deposits are discovered 

later. This process, known as discovery depletion, results in an ever-increasing 

amount of exploration being required to find deposits as exploration proceeds. This 

effect is demonstrated graphically in Figure 4.1. Although discovery depletion is 

partially mitigated by technological change, its general effect persists. An exploration 

model having the general shape of the curve in Figure 4.1 can be used to describe 

exploration completeness as a function of the amount of mineral exploration effort. 

A function having this shape and meeting the mathematical requirements stated 

above involves an exponential kernel: 

6(i) =(l-e -(X~ (11) 

where: a is an exploration parameter having a positive value; 

x is a variable denoting the cumulative amount of exploration. 
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Figure 4.1 - The relationship between cumulative discovered mineralization (0) and 
cumulative amount of exploration (x). 

This general functional form has previously been used for modeling mineral 

exploration activity (Harris et aI., 1970; Pan and Harris, 1991) and has also been 

used to model the petroleum exploration process (Arps and Roberts, 1958; USGS, 

1980; Lucki and Szkutnik, 1989). 
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Using this kernel, which provides an estimate of exploration completeness, the 

exploration model becomes: 

(12) 
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or, stated with endowment on the left hand side: 

(13) 

This equation states that endowment in an area is equal to the cumulative discovered 

mineralization in that area divided by the completeness of exploration in the area. 

Provided that a good estimate of a can be obtained, this equation allows the 

estimation of endowment (E) within the control areas, using available information on 

cumulative discovered mineralization (0) and the level of cumulative exploration (x). 

Having an estimate of E for the control areas provides a means for estimating the 

endowment function, f(G;f3) -- see Equation (9). Since the estimation of f(G;f3) 

ultimately is dependent upon an estimate of a, the following section examines the 

estimation procedure. 

4.3 Estimation of Model Parameters 

4.3.1 Exploration parameter (a) 

In order to use Equation (13), the value of the exploration parameter (a) must 

be known or independently estimated. Let the variable EC represent exploration 

completeness: 

(14) 

------ --- ---- -----------------
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Knowing the values of x and EC for a set of sampling units, it is possible to estimate 

the exploration parameter a using linear regression. First, Equation (14) is 

manipulated into a form amenable to regression: 

(l-e -(X~ =EC (15) 

(16) 

ax = -In(l-EC) (17) 

If the variable z is equated to the right hand side of Equation (17) then: 

z=ax (18) 

With Equation (17) expressed in this form, it is possible to regress z on x and 

thereby obtain an estimate of a. Given an estimate of a and values of x and D, 

estimates of endowment (E) can be obtained for each CGA of the control area simply 

by evaluating Equation (13): 

E= fJ 
(l-e -(X~ 

(13) 



4.3.2 Parameter Vector (f3) 

Given estimate E and observed geology G for each of the control CGAs, the 

parameter vector 13 can be estimated by multiple regression analysis: 

where: 

E=f[G;P1 

G is a vector of geologic observations, and 

13 is a vector of parameters. 

(When f is linear, G = [1, gl,···,gol, 13' = [bo,b1,· .. ,bol 

and E = Gf3'.) 

(19) 

Given the regression estimate of 13, an estimate of endowment (E) can be made for 

every CGA in the study area simply by evaluating Equation (19) on the vector of 

geologic observations (G) for each CGA. 

4.4 Summary of Model Estimation 

The overall model estimation process is shown schematically in Figure 4.2. 
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The first step in the process is the estimation of the exploration parameter (a) with 

linear regression, using a subset of the control area CGAs for which exploration 

completeness (EC) and the amount of mineral exploration (x) have been determined. 

Next, the exploration completeness values are estimated for the entire set of control 

area CGAs using the exploration function and the amount of mineral exploration (x) 

for each CGA. Then, the endowment in terms of volume of mineralized rock (VMR) 

-------- -- -------------------
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Figure 4.2 - Schematic diagram of the model estimation process. 

is estimated for the control area CGAs with the exploration model, hased on 

exploration completeness (EC) values and cumulative discovered mineralization (0). 

The endowment model parameter vector (ft) is then estimated on the control area 

_ ..... __ ._------_ ..... _ ... --- .. -.-----------
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CGAs using multiple regression with the geodata variables and the estimated VMRs. 

Finally, the estimated endowment model is used with study area geodata to 

extrapolate the volume of mineralized rock to each study area CGA. 

57 
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CHAPTER 5 - DATA REQUIREMENTS OF THE MODEL 

5.1 Perspective 

Parameter estimation for the models developed in Chapter 4 necessitates 

consideration and compilation of several datasets. The estimation of parameter vector 

f3 of the endowment model entails data for the dependent variable (endowment 

descriptor) and independent variables (various geodata) on the control area CGAs. In 

order to generate estimates for the endowment descriptor (VMR) in the control areas, 

the exploration model requires data on cumulative discovered mineralization (0) and 

cumulative amount of mineral exploration (x) for the control area CGAs. The 

estimation of the exploration model parameter (a) demands data for exploration 

completeness and cumulative amount of mineral exploration (x) for a subset of the 

control area CGAs. Finally, the use of the estimated endowment model requires 

geodata on the study area CGAs. The following sections discuss these data 

requirements in detail. 

5.2 Data Required to Estimate Volume of Mineralized Rock 

The dependent variable for the multiple regression endowment model is VMR, 

the volume of mineralized rock. As described in Chapter 4, a model of mineral 

exploration activity will be used to estimate VMR for the control area CGAs using 

data on cumulative amount of mineral exploration (x) and cumulative discovered 

-- .. -~--------~. -~- ---- ------
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mineralization (D). 

5.2.1 Cumulative Amount of Mineral Exploration (x) 

Ideally, the measure of cumulative amount of mineral exploration used in an 

exploration function, such as employed in this study, would be specific to the type of 

mineralization being modelled. Exploration for one type of mineral deposit may have 

little effect on exploration completeness with respect to another deposit type. The 

location of the mineral exploration would have to be explicitly and accurately captured 

because mineral deposits are spatial objects with a specific geography, and the 

geography of deposits is determined by geologic factors. Since mineralization is also 

three-dimensional in character, the ideal exploration measure would represent the 

amount of mineral exploration within a volume of the earth's crust. The ideal 

measure would be consistent across time and space. A related notion is that the 

measure would embody changes in mineral exploration technology which have had an 

impact on effectiveness. In order to be employed in an exploration function, the 

measure would have to be quantitative in form. While it is easy to specify 

characteristics of an ideal measure of mineral exploration effort, it is quite difficult to 

find an observable measure having all of these characteristics. 

Information on the amount of mineral exploration in an area can be obtained 

from a variety of measures, some of which are presented in Table 5.1. 



Table 5.1 - Some measures of amount of mineral exploration. 

exploration drillhole footage 
number of mines and prospects in a district 

monetary value expended on exploration 
duration of exploration programs 
amount of exploration activities (mapping, sampling, etc) 
numbers and types of exploration permits 

mining claim staking and turnover 
leasing and options activity 
amount of patented area within a district 

The measures listed in Table 5.1 vary widely in their information content, 
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availability and usefulness with respect to the modelling objectives of this study. The 

types of measures listed include physical quantities, extent and intensity of exploration 

programs and land-use patterns. 

Drillhole footage is one of the best single measures of amount of exploration. 

It is a three-dimensional sampling for specific mineral deposit information at a known 

location. Drillhole footage is a consistently measurable quantity across time and 

space. Most of the other measures provide much less direct information. 

The second group in Table 5.1 consists of measures deriving from mineral 

exploration programs. The great majority of mineral exploration information in the 

u.s. is contained in the private files and reports of exploration and mining 

companies. This information is not generally publicly available in specific form. It 

------- ---- -_. ---- .--. --------------
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has usually been acquired at great expense, and firms are reluctant to yield 

information which they believe could compromise their competitiveness. Even if this 

information were available, much of it would not be useful for the modelling 

objectives of this study. Any monetary value measure would probably exhibit 

problems with consistency. It is unlikely that a dollar spent on exploration by one 

company would represent the same amount of exploration as one spent by a different 

firm. Likewise, the effectiveness of exploration activities undoubtedly shows great 

variation across exploration teams and companies. With the exception of drillhole 

data, it would probably be extremely difficult to derive a useful measure of mineral 

exploration effort from private exploration program data. 

The third group represents land-use pattern data. These are generally a matter 

of public record and can be obtained from local, state and federal agencies. An 

attempt was made to obtain a record of claim-staking and turnover activity for mining 

districts in the Walker Lake Quadrangle. This was not successful for several reasons. 

The primary difficulty with the claim records has to do with verifying the geographic 

locations of the claims. Until recently, claim holders were not required to provide 

survey information and exact locations for unpatented claims. The corner posts and 

location monuments on the ground served as the true location of the claims, thus, in 

most cases, requiring field verification in order to ascertain actual location. The 

amount of time which would be required to search the great volume of paper 

documentation is another reason the attempt was unsuccessful. For one county alone, 



the claim records filled an entire wall of the county records archive. Only recently 

have claim-staking records been filed in an electronic form that would allow a rapid 

search. Other problems with the attempt had to do with claim names and district 

names changing through time, claim district boundaries that did not conform to 

mining district boundaries, an inability to determine the type of mineralization being 

claimed and changes in sizes and types of claims through time. 
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As a result of the limitations and problems described in the paragraphs above, 

opinions of expert mineral explorationists who are familiar with an area are often the 

only practical source of information on the amount of mineral exploration. Such 

opinions, if elicited properly, may be the best source of information. Usually, the 

level of information contained in the mind of an expert far exceeds that of publicly 

available data and may also be better than that of aggregated private data. This is 

especially so if the explorationist chosen is very familiar with the area and deposit 

type of interest. If this is the case, they will be knowledgeable of past exploration 

programs and reports on the area. They often will have personally visited the area 

and noted their observations. In the course of their investigations, they will have 

spoken to other explorationists and will have exchanged information. Therefore, a 

properly structured and supported elicitation of their opinions can provide very good 

information with respect to the amount of mineral exploration in an area. 

The measure of amount of mineral exploration used in this study is an 

exploration index density (EID), which represents the amount of mineral exploration 



per unit volume. This quantity is obtained by dividing a subjectively estimated 

exploration index value for a CGA by the volume of epithermal environment 

represented by the CGA. The density form is necessary because the CGAs vary in 

volume. Details as to elicitation of the exploration index and calculation of BID for 

the CGAs are provided in Chapter 8. 

5.2.2 Cumulative Discovered Mineralization (0) 

The exploration model requires data on the cumulative discovered 

mineralization (0) for the control area CGAs in order to estimate their mineral 

endowment. Since mineral endowment in the model is to be expressed in terms of 

volume of mineralized rock, 0 must be the cumulative discovered volume of 

mineralized rock for each control area CGA. 
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The best determination of the cumulative discovered volume of mineralized 

rock in an area would require detailed information with respect to discoveries made in 

all exploration activity that has been conducted in an area, ranging from the work 

done by initial prospectors through to the most recent drilling and mine development 

activities. If all deposit discoveries in a mining district were made by one firm and 

recorded in a careful and detailed manner, it would be a simple matter to compile the 

information, assuming the firm allowed access to its records. However, this is very 

rarely the case. Detailed mineral discovery information is difficult to obtain from 

records because: 1) it is present in disaggregated form in private exploration and 
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mining company files; 2) the records have been lost or destroyed, or 3) the 

information was never recorded. Because of these and other factors, in most cases, 

the only practical means for determining cumulative discovered volume of mineralized 

rock in an area is to estimate it from physical evidence of mining and exploration 

activities. In this study, estimation of cumulative discovered volume of mineralized 

rock is decomposed to: 1) the estimation of area of discovered mineralization and 2) 

the estimation of vertical extent of mineralization. When appropriately defined and 

estimated, the estimate of the cumulative discovered volume of mineralized rock is the 

product of these two estimates. As each of these two estimates poses special 

estimation problems, they are discussed separately. 

5.2.2.1 Surface Area of Discovered Mineralization 

Mining activity in an area is evidence of discovered mineralization. Historical 

and current mining activity is indicated by the presence of mine workings including 

prospect pits, shafts, adits, open pits, tunnels and mine dumps. Mine development 

activities such as drilling and trenching also generally indicate the presence of 

discovered mineralization. Mine workings are marked on maps using various 

symbols. Except for open pits and mine dumps, point or line symbols are utilized to 

mark mine workings. In most areas, discovered mineralization exists to some extent 

in the area surrounding the mine workings. If an area of influence could be ascribed 

to the mine-working symbols on the map, this would provide a means for obtaining 



65 

the surface area of discovered mineralization based on physical evidence. 

For the purposes of this study, radial buffer-zones will be constructed around 

mine-working symbols marked on U.S. Geological Survey 7 1/2 ' topographic maps. 

The areas of the buffer-zones will be summed in order to estimate total surface area 

of discovered mineralization in the control area CGAs. Details concerning the 

construction of the buffer-zones are provided in Chapter 8. 

5.2.2.2 Vertical Extent of Mineralization 

The vertical extent of the mineralization present in an area is highly dependent 

on the type of mineralization being modelled and the post-mineralization history of the 

area. For most epigenetic deposit types, a characteristic range of depth of deposit 

formation is inferred from the temperatures and pressures of ore formation. 

Following the mineralization process, the mineral deposit may be buried deeper or 

exhumed by various geological process. 

The best information on the vertical extent of mineralization can be obtained 

from exploration drillholes extending to the bottom of mineralization. In the absence 

of detailed drilling data, geological inference is a good way to determine the vertical 

extent of mineralization. If the area has had little post-mineralization deformation, 

inferring the mineralization thickness may be relatively easy, using alteration zoning, 

tluid inclusion data, regional erosional history and geomorphological data. For areas 

with complex deformational histories, this task will be more difficult. In this study, 



the vertical extent of mineralization in the CGAs will be inferred by an economic 

geologist based upon a deposit model and geological information. 

5.2.3 Data Necessary for the Estimation of the Exploration Parameter (a) 
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Having values for cumulative amount of mineral exploration (x) and the 

cumulative discovered volume of mineralized rock (0), the only remaining item 

necessary to utilize the exploration model is the exploration parameter (a). In order 

to estimate this parameter, as outlined in Chapter 4, data on (x) and exploration 

completeness (EC) are required for a subset of the control area CGAs. 

Exploration completeness for a particular mode of mineral occurrence within a 

specific geographic area is probably the most difficult to obtain of all the data 

required for this study. To begin with, no records are kept of exploration 

completeness. Even the concept is alien to most mineral explorationists. It is easy to 

discuss the endpoints of the measure: no exploration activity means the area has zero 

exploration completeness and an area is completely explored if all of the underlying 

crust has been mined out. However, between these two endpoints, it is most difficult 

to determine exploration completeness. Even so, given that an area with discovered 

mineralization also has had abundant mineral exploration and is, therefore, 

geologically well-known, exploration completeness could be determined using expert 

opinion. This would require the expert to be very familiar with the geology of the 

area, the types and amount of mineral exploration activities and discovered 
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mineralization within the area. This is the approach taken in this study; values for 

exploration completeness for a subset of control CGA's will be estimated using expert 

opinion. 

5.3 Geodata Needed to Construct Independent Variables for the Endowment Model 

The mineral endowment model is intended to describe the relationships 

between the natural phenomena of mineral endowment and geology. This is the 

reason for choosing volume of mineralized rock as the endowment descriptor (VMR) 

and for quantifying endowment and the geodata on the CGAs, a set of sampling units 

honoring the natural characteristics of the population of mineralized bodies making up 

the mineral endowment. Such a modelling philosophy requires the geoscience data 

employed as predictor variables to be observations on geological features resulting 

from the interaction of the mineralizing processes with the geological environment. 

The selection of geodata variables is also highly dependent on the type of 

mineralization being modelled, as genetic and environmental factors vary widely 

across deposit types. In this study, the predictor variables for the endowment model 

will include both primary and synthesized information. 

Primary geodata are direct observations on geological features. Representative 

types of primary geodata include: 1) measurements on geophysical fields such as 

gravity and magnetic; 2) lithology; 3) areal extent of alteration mineralogy and 4) 

measurements on geological structures. 
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Synthesized information results from processing and integrating primary 

geodata so as to enhance correlation with the environmental and genetic factors of the 

deposit type of interest. The use of synthesized information allows the extraction of 

additional information from the primary geodata set. Techniques used in data 

synthesization include multivariate weighting and targeting (Pan, 1989) and coherency 

analysis in the frequency domain. Examples of synthesized information include 

weighted and targeted geochemical and structural scores and the Poisson correlation 

between gravity and magnetic fields. The use of synthesized information in an 

endowment model should lead to improved results over an analysis based solely on 

primary geodata. 

The selection and construction of specific primary geodata and synthesized 

information variables employed as predictor variables for the endowment model are 

discussed in Chapter 7. 
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CHAPTER 6 - GEOLOGICAL ASPECTS OF THE MODEL DEMONSTRATION: 

PRECIOUS METAL DEPOSITS Of THE EPITHERMAL ENVIRONMENT IN THE 

WALKER LAKE 1 ° X 2° QUADRANGLE, NEVADA AND CALIFORNIA 

6.1 Model Demonstration 

The multiple regression model for mineral endowment proposed and developed 

in the preceding chapters will be demonstrated on Tertiary epithermal precious metal 

deposits within the Walker Lake 1° x 2° map sheet. The area and deposit type for 

the model demonstration were chosen based on the existence of a we11-developed data

set, resulting from data-gathering efforts by the U.S. Geological Survey and others, as 

weB as previous resource assessment research (Harris and Pan, 1987, 1991; Pan and 

Harris, 1991; Wilson-Bahun, 1990). 

6.2 Precious Metal Deposits of the Epithermal Environment 

The term epithermal was first employed by Lindgren (1922) to classify 

hydrothermal deposits "Formed by ascending hot waters near the surface in or near 

effusive rocks at relatively low temperature and pressure." As such, the word 

epithermal refers to an environment of deposition and not directly to the deposits. In 

this document, the term "epithermal deposit" refers to a mineral deposit of the 

epithermal environment. Since Lindgren, many workers (Burbank, 1932; Schmitt, 

1950; White, 1955; Wisser, 1966; among others) have added much to the body of 

-------- ---- ---
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knowledge concerning these deposits. More recent reviews of this type of deposit 

(Sillitoe, 1977; Buchanan, 1981; Berger and Bethke, 1985) provide excellent 

summaries of the salient features of deposits of the epithermal environment, and are 

the sources for the following summarization of the environmental and genetic aspects 

of epithermal precious metal deposits. 

6.2.1 Deposit Occurrence Characteristics 

Mineralization in the epithermal environment is most often in the form of 

veins, although stockworks, breccia pipes and disseminated ore also occur commonly. 

Ore textures are mainly indicative of open-space filling, with banding and 

crustification as very frequently occurring textures. Replacement textures also exist, 

but are less common. 

The deposits are emplaced at depths of up to about 1000m. Vertical extent of 

mineralization in veins ranges up to 1000m, but averages about 350m. Ore 

mineralization often diminishes abruptly at depth, with gangue minerals and structures 

persisting downward for some distance. 

Host rocks for the deposits are commonly extrusive volcanic rocks having 

andesitic to rhyolitic compositions. Few deposits earlier than Tertiary in age exist. 

This is mainly a function of the erosion of these near-surface deposits. 

The rocks adjacent to epithermal deposits are nearly always altered. Adjacent 

volcanic rocks commonly exhibit a propylitic alteration assemblage consisting of 

-------- - - -- .- -- _._._----------_. 
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chlorite, pyrite, epidote, albite, carbonates, sericite, illite and montmorillonite. This 

propylitic alteration is usually widespread and often is a regional occurrence that pre

dates the mineralization. In felsic host rocks, veins are often bounded by a selvage of 

silicified, albitized, adularized or sericitized material. Many deposits also exhibit 

conspicuous alunite, sericite, kaolinite, illite and montmorillonite alteration adjacent to 

veins. The oxidation of pyrite in the weathering process often produces prominent 

supergene gossans above these deposits. 

Ore mineralogy in epithermal deposits is typically complex, with sulfosalt 

minerals most characteristic. Ore minerals present in these deposits include argentite, 

proustite, pyrargerite, tetrahedrite, stephanite, base metal sulfides, stibnite, various 

gold and silver tellurides, electrum, native gold, and cinnabar, among others. Quartz 

is the dominant gangue mineral, with pyrite, barite, calcite, adularia, rhodonite and 

rhodochrosite occurring in varying amounts. Both ore and gangue minerals usually 

have a fine-grained texture. 

Most ore deposits of the epithermal environment are found in island arcs or 

continental margins above subduction zones at convergent plate boundaries and in 

close association with volcanic and hot spring activity. 

6.2.2 Genetic Aspects 

Active geothermal systems are generally accepted to be analogues of 

epithermal ore deposits. Abundant evidence exists to support this analogy. Many 
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features of these ore deposits, including geochemical patterns, composition and 

isotope chemistry of fluids, alteration mineralogy, physical features, geotectonic 

position and temperatures, are similar to those observed in active geothermal systems. 

Additional evidence for the validity of this analogue exists in the observation in active 

geothermal systems of similar concentrations of ore elements common to epithermal 

deposits. 

The formation of epithermal ore deposits requires sources of ore metals, heat 

and fluids, structural preparation of host rocks to form fluid conduits and sites for ore 

deposition, and means for the transportation and precipitation of ore metals. The 

duration of the ore-forming processes must also be sufficient to allow the 

accumulation of mineralization. Finally, the mineralization must be preserved to 

some extent. 

Information from isotope studies indicates the source of ore metals is either the 

host volcanics, a combination of the host volcanics and the sub-volcanic basement, or 

underlying intrusive stocks and deep intrusions, as shown in Figure 6.l. 

Sources of heat for these deposits are inferred to be felsic intrusions at depth. 

The formation of the deposits often occurs from about 1 m. y. to 3 m. y. after the 

deposition of volcanic host rocks, although in some cases ore deposition occurred as 

much as 15 m.y. after accumulation of host rocks. 

Fluid inclusion data indicate that ore-forming fluids generally have low 

salinities ( < 3 eq. wt. % NaCl) and low temperatures (lOO-300°C). Information from 
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Three possible models for generation of epithermal 
vein deposits in volcanic rocks: a) mcteoric water 
circulating through volcanic pile; b) meteoric water 
circulating through sub-volcanic basement; 
c) circulation of meteoric water and magmatic fluids 

Figurc 6.1 - Three possible genetic models for epithermal systems (after Sillitoc, 
1977) 
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stable isotope studies shows that ore fluids have a major component of meteoric 

water in most deposits with a contribution from magmatic water in some deposits, and 

magmatic water dominating in a few cases. 

Epithermal deposits commonly occur in fractures resulting from caldera 

development, regional faulting and structural activity related to the intrusion of stocks. 

The transportation of ore components is by means of convective cells of ore

forming fluids. In these convective cells, mainly meteoric water circulates through a 

fracture system in a volcanic stack. The water is heated and dissolves the metals, 

chlorides, sulfur and alkalai ions. The lighter, hot fluid rises through fractures in the 

host rocks where it there cools. Ore minerals are then precipitated primarily by the 

physical and chemical effects of the boiling and/or mixing of ore fluids. The duration 

of hydrothermal activity in the systems is from 0.5 m.y. to 2.5 m.y., inferred mainly 

from K-Ar dating of alteration and gangue minerals. 

The scarcity of pre-Tertiary epithermal deposits is a function of the near

surface position of epithermal mineralization. Post-mineralization cover contributes to 

the preservation of the deposits, although many are probably eroded immediately after 

deposition. 

6.3 Regional Geology and Crustal Evolution in the Walker Lake lOx 2° Quadrangle 

The Walker Lake lOx 2° quadrangle lies along the border of California and 

Nevada (see Fig 6.2). The area contains portions of the Sierra Nevada Batholith and 
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Figure 6.2 - Location map for Walker Lake 1" x 2" Quadrangle 
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eastern Great Basin, which includes Basin and Range terrane and part of the Walker 

Lane tectonic belt. The Walker Lake quadrangle has a complex geologic history that 

reflects its location on the western margin of the North American continent. Current 

understanding of the development of this continental margin includes episodic 

accretion of island arc and oceanic crust with accompanying compressional tectonics, 

as well as periods of subduction and associated magmatism. These processes have 

resulted in a wide variety of rock types within the quadrangle. 

Two basement terranes underlie the Walker Lake 1° x 2° quadrangle: the edge 

of the North American craton and the accreted Paleozoic arc terrane known as 

Sonomia. 

The North American craton edge, as defined by the initial Sr ratio 0.706 line 

of Kistler and Peterman (1978), is present under a small area in the far south-central 

to far south-east part of the quadrangle. The edge of the sialic continental crust was 

formed by rifting in late Precambrian time (Stewart, 1972, 1976; Burchfiel and Davis, 

1972). The rifting formed a passive continental margin with shelf subsidence and 

accumulation of sediments until the early Triassic (Stewart and Suczek,1977). 

Sonomia, according to Speed (1977, 1979) is a microplate consisting of Paleozoic arc 

sequences accreted to the continent sometime in the early Triassic. The rock types 

are mainly island arc volcanic rocks and sedimentary rocks derived from the arc 

rocks. These rocks outcrop in the southeastern part of the Walker Lake quadrangle in 

the Mina, Nevada area as the Permian Black Dyke Formation, the Mina Formation 



and the Candelaria Formation (Speed, 1977). 

Subsequent to the accretion of Sonomia to the North American craton in the 

Triassic, an active margin began with development of a continental magmatic arc 

resulting in magmatic activity from the Late Triassic to the Late Cretaceous in the 

Walker Lake quad. It was during this period of magmatism that emplacement of 

plutonic rocks in westernmost Nevada and the Sierra Nevada Batholith occurred 

(Speed et aI., 1988). 

The Cenozoic was a period of widespread igneous activity in the region. 
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According to Silberman et ai. (1976), three Cenozoic assemblages of volcanic rocks 

are present in the Great Basin area. These are a calc-alkaline intermediate lava and 

silicic ash-flow tuff assemblage (43 to 17 my), a bimodal basalt-rhyolite assemblage 

(17 to 0 my) and a calc-alkaline suite of dominantly intermediate composition (22 to 6 

my). Representatives of all three assemblages are present in the Walker Lake 

quadrangle. 

The onset of extension in late Oligocene time resulted in the formation of the 

Basin and Range terrane and further development of the Walker Lane belt. Stewart 

(1988) suggests that the Walker Lane belt of right-lateral faulting in the western Great 

Basin may have been initiated in Late Triassic or Jurassic in response to oblique 

subduction. 

During the Quaternary period in the area of the Walker Lake quadrangle, 

pluvial lakes formed in nearly all of the closed basins. The pluvial lakes were at their 

------ -- ----------------------
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maximum extent in late Wisconsin time, when ancestral Lake Lahontan attained a 

maximum depth of approximately 180 m at Walker Lake. The Walker Lane belt was 

also tectonically active throughout the Quaternary as evidenced by faults in the Lake 

Lahontan Allogroup (Morrison, 1991). 

Section 6.4 Epithermal Mineralization in the Walker Lake 1° x 2° Quadrangle 

Epithermal mineralization is present throughout the study area. Major known 

districts of epithermal deposits include Monitor-Mogul, Patterson, Masonic, Aurora, 

Bodie, Borealis, Bovard-Rand and Camp Douglas (see Figure 6.3). Several minor 

districts such as Silver Mountain also occur within the quadrangle. 

Host rocks for the epithermal deposits are primarily felsic to intermediate 

volcanic rocks of Oligocene to Pliocene age including rhyolite, dacite, andesite and 

quartz latite as flows, tuffs and plugs. Associated Tertiary sedimentary units and 

much older plutonic and metamorphic rocks are hosts in some districts. The age of 

mineralization in the deposits ranges from 23my to 5my. Ore in the deposits 

comprises base metal sulfides and sulfosalts, native silver and gold, tellurides and 

argentite-acanthite. Gangue minerals are mostly quartz, calcite, sericite, pyrite, 

adularia and chlorite. Various ore morphologies exist across the districts, including 

vein, stockwork, disseminated, breccia and spring-vent deposits. Most ore is 

structurally controlled by northeast- and northwest-trending, steeply-dipping faults and 

fractures, some associated with calderas. Host rock alteration assemblages typical of 
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epithermal mineralization are present in all districts. 

Considerable variation exists across the epithermal deposits in the study area, 

with both the acid-sulfate and adularia-sericite sub-types, as well as the hot-springs-

type, represented in the area. In some cases mineralization of the epithermal 

environment overprints earlier mineralization. 

Production from epithermal deposits in the study area began in the late 1850's 

with the discovery of deposits at Monitor and Bodie, and continues to the present day. 

Much of the production occurred before 1900. Table 6.1 shows ore production and 

grades for some of the major districts in the Walker Lake quadrangle (Mosier et al., 

1986). 

Table 6.1 - Ore production and grades for some of the epithermal districts in the 
Walker Lake quadrangle 

District Ore Tonnage Grade 
(metric tons) (g/t) (%) 

Au Ag Cu Pb Zn 
Aurora 1. 7x 106 19.0 203.0 
Bodie 7.57x105 58.0 41.0 0.007 0.17 
Bovard 6800 30.0 532.0 0.25 0.02 
Masonic 1.4x105 12.0 74.0 0.02 
Monitor 1.663x106 2.5 49.0 0.0007 0.0040.005 
Patterson 9.5x105 2.4 1029.0 0.009 0.008 



CHAPTER 7 - QUANTIFICATION OF GEOLOGY ON THE WALKER LAKE 

EPITHERMAL CGAs 

7.1 Perspective 

81 

In order to construct a multiple regression model of mineral endowment, 

geological aspects relevant to the formation and preservation of mineralization must 

be quantified. The purpose of this quantification of geology is to describe the 

geology of the sampling units with numerical values (variables) that will allow the 

multiple regression model to capture the relationships between the resource descriptor 

(volume of mineralized rock) and the quantified geology, as well as interrelationships 

present among the geological variables. 

Multiple regression models are estimated on a sample from a particular 

homogenous multivariate population whose members are statistically independent. 

For this study, a sample must be drawn from a population representing epithermal 

mineralization. This population must reflect the characteristics of epithermal 

mineralization with respect to scale, distribution and the variation in morphology 

present in the natural population. The consistent geological areas (CGAs) for 

epithermal Au-Ag deposits in the Walker Lake quadrangle, delineated with objective 

methods by Harris and Pan (1991), represent such a population. 
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7.2 Delineation of Consistent Geological Areas 

As explained by Harris and Pan (1991), there were four steps in the 

delineation of the CGAs in the Walker Lake quadrangle. The first step involves 

analyzing primary geodata from a control area in which epithermal precious metal 

deposits are known to occur. The control area selected by Harris and Pan was a 

portion of the Walker Lake quadrangle containing the Aurora, Bodie and Homer 

epithermal precious metal deposits, located in the south central part of the map sheet. 

Within this control area, the primary geodata were analyzed to determine 

"mathematical transformations of one of more geodata sets that are useful in 

discriminating between consistent geologic areas and nonconsistent geologic areas 

(background)" (Harris and Pan, 1991). The application of the mathematical 

transformations yielded synthesized information variables, which are enhancements 

and combinations of the primary geodata. 

The second step in the analysis was the identification of an optimal threshold 

for each information variable. The thresholds were used to discriminate between 

anomalous areas and background areas. The thresholds were selected so as to 

maximize the match between the control areas and anomalous areas. 

The mathematical transformations and thresholds determined in the analysis of 

the control areas were applied to the remainder of the Walker Lake lOx 2° in the third 

step to outline anomalies for each information variable. 

Finally, the information variable anomalies were resolved through the use of 

------- -- ---- -----------------
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two-stage logistic probability analysis and optimal discretization to delineate the 

consistent geological areas. The forgoing is an extremely simplified description of the 

methodology and the reader is referred to Harris and Pan (1991) for full details. 

Harris and Pan (1991) identified a total of 98 CGAs in the Walker Lake lOx 

2° map sheet. Of these, 20 were eliminated as sampling units for this study based on 

erosional levels precluding the existence of Tertiary host rocks. An additional 14 

were eliminated from the set based on known mineralization, leaving a total of 64 

CGAs (see Figure 7.1) to be used as sampling units for the multiple regression 

model. The multiple regression model will be estimated on a subset, a control sample, 

of these CGAs. 

7.3 Geodata Variables 

The following sections describe the construction of the independent variables 

used in the construction of the multiple regression model. The variables discussed 

describe the lithology, alteration mineralogy, geochemistry, geophysics and structural 

geology of the CGAs. 

Geological data are very well suited to representation in a geographical 

information system (GIS) because of their spatial nature. The benefits of using a GIS 

to build a geological database include the ability to integrate geodata of different 

scales and the ease with which the data can be displayed and analyzed. Accordingly, 

in this study, a public domain GIS was employed. The system used is the Geographic 
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Resources Analysis Support System (GRASS) originally developed by the U.S. Army 

Corps of Engineers Construction Engineering Research Laboratories (CERL). The 

specific version is 4.1. The GRASS source code was downloaded from CERL through 

the Internet and compiled on a 80486 PC with the Interactive Unix operating system. 

7.3.1 Lithological Variables 

In the Walker Lake quadrangle, epithermal mineral deposits are hosted mainly 

by andesite, rhyolite and dacite of Tertiary age. Some deposits are in other Tertiary 

volcanic rocks, including quartz latite flows and tuffs of various compositions. 

Because of the relative restrictive age and composition of host rocks for epithermal 

deposits in the Walker Lake quadrangle, lithology should be useful in predicting the 

volumes of mineralized rocks resulting from epithermal mineralizing processes. The 

lithological variables used in this study are the areas in square meters of map units 

within the boundaries of each CGA. Map units not present in a CGA are given a 

value of O. 

For consistency, one geological map (Stewart et al., 1988) was used to 

determine the map unit areas. This map is a compilation of many larger-scale maps 

and has a scale of 1:250000. The original line work used to produce the map was 

obtained from the U.S. Geological Survey. This mylar was scanned and submitted to 

an auto-vectorizer program which determined preliminary vector boundaries for the 

map units. Following this, the vector map of unit boundaries was imported into 

-.-- .- .. -_.- --- ---------------
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GRASS. The portions of the map falling outside the CGA boundaries were removed. 

The resulting vector map was "cleaned up" by comparing it to the original line work 

of the geological map on mylar and removing spurious lines. Polygons representing 

the various map units were labeled. The labeled vector geological map was then 

converted to a raster geological map having 28.5 meter square rasters. Finally, areas 

of map units within each CGA were computed and stored as ASCII files with a 

combination of GIS tools and Unix shell scripts. 

7.3.2 Geochemical Variables 

Geochemical anomalies of gold and silver are often associated with epithermal 

deposits. The extent and intensity of geochemical anomalies should therefore be 

useful in the prediction of the volume of mineralized rock. The geochemical 

variables used in this study are derived from the synthesized Au-Ag scores 

constructed by Harris and Pan (1991). The synthesized Au-Ag scores were 

constructed through a data synthesis of 1116 stream sediment samples collected and 

analyzed for Fe, Mg, Ca, Ti, Mn, Ag, As, Au, B, Ba, Be, Cd, Co, Cr, Cu, La, Mo, 

Nb, Ni, Pb, Sr, V, W, Y, Zn, Zr and Th by Chaffee et aI. (1980). These 

geochemical data were adjusted for transportation effects by Pan and Harris (1990) 

before data synthesis. 

The data synthesis employed the Weighted and Targeted Multivariate Criterion 

(WTMC) (Harris and Pan, 1987; Pan, 1989). Briefly, this technique "weights the 
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geochemical values according to relationships identified in a multidimensional scaling 

analysis, and it weights sample locations by the sum of gold and silver concentrations 

so as to enhance the use of the multiple element values to describe gold and silver 

anomalies" (Harris and Pan, 1991). The transportation-adjusted stream sediment 

geochemical data from a control area containing the epithermal precious metal mining 

districts of Aurora, Bodie and Homer were analyzed with the WTMC model to 

determine a linear equation used to integrate the geochemical data to a synthesized 

variable. This WTMC equation was then applied across the area to produce a 

synthesized geochemical variable, the synthesized Au-Ag scores, for each intersection 

of a 55 x 55 grid across the Walker Lake lOx 2° quadrangle. Figure 7.2 summarizes 

the processing of geochemical data by Pan and Harris (Harris, 1990). 

As indicated above, the geochemical variables employed in this study are 

derived from the synthesized Au-Ag scores of Harris and Pan (1991). For each of 

the 64 CGAs, variables consisting of the sums, means and standard deviations of the 

synthesized Au-Ag scores were constructed. The first step in this process involved 

the construction of GRASS site-lists of the data locations (grid intersections) falling 

within each CGA, by filtering the locations with masks constructed for each of the 64 

CGAs. Then each CGA site-list was analyzed with a univariate statistical GIS tool 

which computed various statistics on the Au-Ag synthesized scores for that CGA. 

Finally, using Unix shell scripts, the values for the sum, mean and standard deviation 

of the scores were extracted from the statistics files and output into ASCII files. 

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



Figure 7.2 - Processing of geochemical data by Harris 
and Pan (Harris, 1990) 

7.3.3 Structural Variables 

In the formation of epithermal deposits, the existence of faults and fractures 
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are very important as both fluid conduits and loci of mineralization. Because of this, 

structural information is very useful for the prediction of epithermal endowment. The 

structural variables employed in this study area were derived from the synthesized 

structural scores calculated by Harris and Pan (1991). They utilized a file of digitized 

fault data obtained from the U.S. Geological Survey and employed a moving window 

of 5 miles square to generate 10 structural variables shown in Table 7.1. 



Variable 

TNMF1 
TLMF1 
TNMF2 
TLMF2 
RMDM 

NFNE 
NFNW 

NFEW 
NFNS 

TNF1 

Description 

total number of minor faults within window 
total length of minor faults within window 
total number of major faults within window 
total length of major faults within window 
reciprocal of minimum distance from the center of window to a 
major fault 
total number of faults trending northeast (15°-75°) within window 
total number of faults trending northwest (285°-345°) within 
window 
total number of faults trending east-west (75°-105°) within window 
total number of faults trending north-south (345°-15°) within 
window 
total number of fault intersections within window 

Table 7.1 - Ten structural variables employed by Harris and Pan (1991) 

These 10 structural variables were synthesized with a WTMC model using equal 

variable weights and targeted to the synthesized Au-Ag scores on the control area. 

The resulting WTMC equation was then applied to the entire Walker Lake 

quadrangle, yielding a 55 x 55 grid of synthesized structural scores. These scores 
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were then transformed to the frequency domain using Fast Fourier transformation and 

filtered to remove noise. A high pass filtering was then performed in order to 

" ... enhance the relations of the filtered structural information to epithermal gold-silver 

veins ... " (Harris and Pan, 1991), resulting in high pass synthesized structural scores. 

Structural variables for this study were derived from both the synthesized 

structural scores and high-pass synthesized structural scores of Harris and Pan (1991) 

for each of the 64 CGAs using GIS tools and Unix shell scripts with the same process 

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



used for the geochemical variables (see Section 7.3.2, p. 86), thus yielding four 

structural variables for each CGA. 

7.3.4 Geophysical Variables 
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One of the primary factors in the formation of epithermal mineral deposits is a 

heat source, inferred in many epithermal districts to be an intrusive body at depth. 

Geophysical data contain important information about the size, composition, depth and 

geographical location of geological bodies beneath the earth's surface. Consequently, 

geophysical variables should be most useful in a model used to predict epithermal 

mineral endowment. The geophysical variables for this study were derived from the 

synthesized geophysical variables constructed by Harris and Pan (1991). These 

synthesized variables include magnetics, gravity, as well as the Poisson ratio and 

Poisson correlation between gravity and magnetics. 

7.3.4.1 Magnetics Variables 

The synthesized magnetics variables of Harris and Pan (1991) were 

constructed from several sets of digital magnetic data (Kucks and Hildebrand, 1987; 

USGS, 1979a, 1979b, 1981, 1982). These data were combined and gridded onto a 55 

x 55 grid to match the other synthesized data. The data were reduced to the pole and 

filtered for errors. The coherency of the magnetic data with the synthesized 

geochemical scores was calculated in the frequency domain and was followed by band 



pass filtering. Figure 7.3 (Harris, 1990) shows schematically the processing of the 

MERGED MAGNETIC DATA INTERPOLATION 

55 BY 55 MATRIX REDUCED TO POlE 

POLED MAGNETIC DATA SPECTRAL ANALYSIS 

PONER SPECTRUM LAVIN'S FILTER 

FILTERED MAGNETICS REGRESSION 

GEOMAGNEnCREMOVED LAVIN'S FILTER 

HIGH PASS MAGNETICS COl-I. TO GEOCHEMI. 

COI-lERENCY SPECTRUM SIGNIFICANCE TEST 

BAND PASS MAGNETICS CONTINUED DOWN 
TO 1000 FT 

Figure 7.3 - Processing of magnetic data by Harris and 
Pan (Harris, 1990) 

magnetic data. The description provided here is highly simplified and the reader is 

referred to Harris and Pan (1991) for additional detail.. 

Magnetics variables consisting of the means and standard deviations of the 
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synthesized magnetics, band-pass magnetics and high-pass magnetics were constructed 

for each of the 64 CGAs using GIS tools and Unix shell scripts with the same process 

as described for the geochemical scores. 
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7.3.4.2 Gravity Variables 

Measurements of isostatic gravity residuals (Plouff, 1982) were the basis of the 

synthesized gravity variables computed by Harris and Pan (1991). They first 

interpolated the data onto the same 55 x 55 grid used for the other synthesized 

variables. The data were filtered and smoothed in the frequency domain using fast 

Fourier transformation. High-pass filtering and a coherency analysis were performed 

in the frequency domain of the high-pass gravity and synthesized 

geochemical scores to identify that frequency range of gravity that is most 

conformable with geochemical anomalies. Band pass filtering was then performed to 

extract those conformable frequencies. The second vertical derivative of the band

pass field was then calculated in order to emphasize boundaries. Figure 7.4 is a 

schematic diagram of the gravity processing employed by Harris and Pan (Harris, 

1990). As with the magnetics, the description provided above is highly simplified, 

and the reader is referred to Harris and Pan (1991) for additional detail. 

For this study, gravity variables consisting of the means and standard 

deviations of the band-pass, low-pass, high-pass and second vertical derivative of the 

band-pass were constructed for each of the 64 CGAs using GIS tools and Unix shell 

scripts with the same process as described for the geochemical scores. 

7.3.4.3 Combined Magnetics and Gravity Variables 

The final synthesized geophysical variables constructed by Harris and Pan 

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



Figure 7.4 - Processing of gravity data by Harris and 
Pan (Harris, 1990) 

(1991) that are used to derive variables for this study are the Poisson ratio and 

Poisson correlation between gravity and magnetic data. The Poisson correlation 

variable was computed using a 5 mile square moving window and computing the 

correlation coefficient between the high-pass gravity and the high-pass magnetics by 

performing a simple linear regression of the magnetics on the gravity for the grid 

points falling within the window. The correlation coefficient was assigned to the 
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center grid point of the window. The window was then moved one grid position and 

the analysis repeated. This was performed across the whole Walker Lake quadrangle 
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yielding a 55 x 55 grid of Poisson correlation data. The Poisson ratio is the slope of 

the regression line and was calculated with a similar process. See Harris and Pan 

(1991) for more detail. 

Means and standard deviations of the Poisson correlation and Poisson ratio for 

high-pass magnetics and high-pass gravity were constructed for each of the 64 CGAs 

using GIS tools and Unix shell scripts with the same process as described for the 

geochemical scores. 

7.3.5 Alteration Mineralogy 

As discussed earlier (Section 6.2.1), epithermal precious metal deposits often 

exhibit conspicuous hydrothermal alteration haloes and/or gossans in adjacent country 

rocks. Hydrothermal clays such as montmorillonite, illite, and kaolinite are 

components of the alteration haloes. The gossans are composed of various iron 

oxides. The presence of a gossan or hydrothermal clay alteration minerals are strong 

indicators of the presence of epithermal mineralization, and, as such, alteration should 

be included in a model for prediction of volume of epithermal mineralization. 

7.3.5.1 Mapping Alteration with Remotely-Sensed Imagery 

Remote sensing has been employed for alteration mapping, beginning as early 

as 1974 with the study by Rowan et al.. In their study, Rowan et al. (1974) 

employed ratios of Landsat Multispectral Scanner (MSS) images to map iron-stained 
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rocks associated with hydrothermal alteration in the Goldfield mining district in south-

central Nevada. The Thematic Mapper (TM) instrument, first launched on Landsat 4 

in 1982, represents an improvement over the earlier MSS instrument in that it has 

seven sensing bands and a 30 meter resolution. Landsat TM data have been utilized 

for mapping of hydrothermal alteration in several studies, including Ma et al. (1991) 

and Amos and Greenbaum, (1987). 

The spectral properties of gossans and hydrothermal alteration clays allow 

them to be distinguished from other earth material through the use of remotely sensed 

multispectral imagery. Figure 7.5 shows the spectral reflectance curves for unaltered 

rock, hydrothermally altered rock and iron oxides, as well as the sensing bands for 

the Landsat Thematic Mapper instrument (Lee and Raines, 1984; Sabins, 1987). 

Differences in the spectral reflectances of the various materials provide the basis for 

their discrimination with remotely sensed multispectral imagery. 

One way to take advantage of the differences in spectral reflectances to 

distinguish hydrothermal alteration and gossans from adjacent unaltered rocks is to 

form ratios between spectral bands. For example, consider the top graph in Figure 

7.5. A ratio of TM band 3 to band 1 would yield larger values for pixels composed 

of iron-oxide-stained rocks than for pixels composed of other rocks. Likewise, 

referring to the bottom graph in Figure 7.5, a ratio of TM band 5 to band 7 would 

yield larger values for pixels containing hydrothermal clays than for pixels of 

unaltered rock. Images comprising band 3 to band 1 ratio values would be relatively 
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bright in areas of iron oxide staining and darker elsewhere. Similarly, band5/band7 

images would be brighter in hydrothermally altered areas than in other areas. 

Band-ratio images containing information about the presence of hydrothermal clays 

and gossans associated with epithermal mineralization can be combined into single 

images. These are images in which the band-ratio values for three band-ratio images 

are assigned to blue, green and red to produce color ratio composite (eRC) images. 

In this kind of image, areas with rocks having different compositions appear as 

different colors. In other words, pixels containing hydrothermal clays or iron oxide 

would have characteristic colors, thus allowing such pixels to be distinguished from 

those of unaltered rock. 

eRe images composed of various band ratios can be examined by the human 

eye to subjectively determine which areas exhibit hydrothermal alteration and iron 

oxide. An objective and more defensible method for such a determination is to use a 

supervised maximum likelihood classification algorithm. In this algorithm, the 

statistical properties of pixels known to contain hydrothermal alteration and iron 

oxides are first determined. Then, pixels of unknown affinity are compared 

statistically to the known pixels and classified as altered or unaltered based upon the 

probability of membership in the altered class of pixels. In this study, the alteration 

variable for the multiple regression model is the area (m2
) for each eGA classified as 

altered by a supervised maximum likelihood classification algorithm. The following 

sections describe the image pre-processing and processing steps required to obtain a 



classified image. A flow diagram of these steps is shown in Figure 7.6 . 
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Figure 7.6 - Diagram of image pre-processing and processing steps for this study. 
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7.3.5.2 Image Pre-processing, Radiometric and Geometric Corrections 

The imagery selected for the construction of the alteration variable was 

acquired by the Landsat Thematic Mapper instrument. This instrument gathers data 

in 7 spectral bands at a spatial resolution of 28.5 m. The Walker Lake 1°x 2° 

quadrangle is covered by parts of three TM scenes: Path 43 Row 33 (Tahoe); Path 

42 Row 33 (Hawthorne) and Path 42 Row 34 (Mono). Acquisition dates for the 

scenes used in this study were June 28, 1984 for Tahoe, and July 7, 1984 for 

Hawthorne and Mono. The two eastern quarter-scenes of the Tahoe image, the full 

Hawthorne scene (4 quarter-scenes) and the two northern quarter-scenes of the Mono 

image were obtained from the U .S.Geological Survey and the Desert Research 

Institute at the University of Nevada at Reno. These images were obtained in the "p" 

format, which has been corrected for systematic distortions and resampled to the 

Space Oblique Mercator projection. 

Before processing the images to allow the discrimination of altered rocks, 

several pre-processing steps were necessary. The first entailed mosaicking the 

quarter-scenes using a GRASS mosaicking routine. Following this preliminary step, 

the image was corrected radiometrically and geometrically. The radiometric 

correction is necessary to obtain ground surface reflectance values needed to form 

meaningful band-ratio images. The geometric correction is essential to rectify 

geometric distortions present in the imagery. 

Radiometric correction is the process by which sensor output values are 
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translated into surface reflectance values. In order to accomplish this, the image 

(sensor output) values have to be corrected for attenuation of the radiation due to 

atmospheric effects, as well as the solar and sensing geometry. 

Figure 7.7 shows a highly simplified sketch of a remote sensing system. For 

sensor 

Sunlight 

Incident radiation 
(with attenuation factor) 

Reflected energy 

~ain element of refiectance 

-"""""",,~, 
Figure 7.7 - A simplified remote sensing system (after Lillesand and Kiefer, 19R6) 

this system, the source of the radiation is the sun. The incident radiation on the 

surface is made up of direct sunlight as well as skylight. The radiation detected at the 

sensor is made up of energy reflected from the surface and energy contrihuted from 
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the atmosphere. What is required to calculate useful band-ratio images is the surface 

reflectance, p, which is the ratio of the energy incident on the surface to the energy 

leaving the surface. This is not what is output by the sensor; therefore, radiometric 

correction of the image is necessary. Because the area of the Walker Lake lOx 2° 

quadrangle is covered by parts of three separate Landsat TM scenes acquired on two 

different dates, it was necessary to perform three separate radiometric corrections, 

one for each scene. 

The spectral reflectance of the earth's surface can be derived from 

relationships presented by Slater (1980), and expressed by Moran et al. (1992) as: 

where: Pg). = spectral reflectance of the surface 

LSA = spectral radiance at the sensor 

Ld,\ f = upwelling atmospheric path radiance 

'iVA = atmospheric transmittance along the path from the 

surface to the sensor 

'iv. = atmospheric transmittance along the path from the 

sensor to the surface 

EOA = exoatmospheric solar spectral irradiance on a surface 

perpendicular to the sun's rays 



E.u. ~ = downwelling atmospheric spectral irradiance at the 

surface 

Oz = angle of incidence of direct solar flux onto the earth's 

surface. 
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In order to use this equation to calculate the spectral reflectance of the ground 

surface, Pg;.. , values of the variables on right-hand side of the equation must be 

obtained. The pixel values in a TM image represent the sensor output in digital 

counts, ranging from 0 to 255. Using the sensor calibration values, published by 

EOSAT (Markham and Barker, 1986) it is possible to compute the spectral radiance 

at the sensor (Ls,) from the digital counts. The values of exoatmospheric solar 

irradiance for the TM bands are given in the same EOSAT publication (Markham and 

Barker, 1986). Using date, time, and latitude and longitude, the value of Oz can be 

calculated. The remaining four terms necessary for the calculation of spectral 

reflectance are L.u.,ivA,iz). and E.u.~. In order to obtain values for these terms it is 

necessary to employ a radiative transfer code (RTC). 

Radiative transfer codes use data on atmospheric conditions and site 

characteristics to calculate path radiances and transmittances for specified paths 

through the atmosphere. The RTC used in this study is PC-TRAN7 (ONTAR 

Corporation, 1989), based on LOWTRAN7 developed by the U.S. Air Force 

Geophysics Laboratory (Kneizys et aI., 1988). Required inputs to LOWTRAN7 

----- -- ----- ------------------
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include atmospheric component profiles of temperature, pressure and concentration, 

atmospheric path geometry, and atmospheric aerosol distributions. 

Surface meteorological reports were obtained for Lake Tahoe, California and 

Hawthorne, Nevada for the image-acquisition dates of June 28, 1984 and July 7, 1984 

respectively. Radiosonde data were obtained for the atmosphere above Winnemucca, 

Nevada for both dates as well. Because detailed atmospheric data necessary for input 

to LOWTRAN7 were not available for the areas of the specific Landsat scenes, data 

representing a standard simulated atmosphere were used. Examination of surface and 

radiosonde data for the image acquisition dates indicated that the mid-latitude summer 

simulated atmosphere was appropriate (Moran, pers. comm., 1994). 

Using PC-TRAN7, path radiances (Ed).~ ,Ld).) and transmittances ('l"v). ,'l"z).) were 

calculated in TM sensing bands 1,2,3,4,5 and 7 for the three TM scenes. Values of {}z 

were calculated for the latitudes and longitudes of the three scene centers for the date 

and time of image acquisition using algorithms published by the U.S. Naval 

Observatory (Nautical Almanac Office, 1984). Values for Eo). for the TM sensing 

bands were obtained from LANDSAT Technical Notes (Markham and Barker, 1986). 

Using Equation 21 together with gain and offset values necessary to convert image 

values into Ls).' (Markham and Barker, 1986) radiometric calibration equations were 

derived for each TM sensing band which could be used to translate TM digital counts 

(image values) into ground surface reflectance values. A separate set of these 

equations was derived for each of the three scenes. Using a GRASS image algebra 
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routine the radiometric calibration equations were applied to each pixel in 6 TM 

sensing bands (1,2,3,4,5,7) of the three TM scenes, yielding 18 images representing 

ground surface reflectance values. 

Following the radiometric correction, a geometric correction was applied to 

the images in order to obtain a planimetric image. This process involves analyzing 

ground control points across the images. The image coordinates of the ground control 

points in the distorted images are determined as well as their coordinates from 

planimetric maps. The two sets of coordinates are analyzed using ordinary least 

squares regression to determine coordinate transformation equations relating the 

geometrically correct coordinates to the distorted image coordinates. The coordinate 

transformation equations are then applied to the distorted images, resulting in 

planimetric images. 

Control points were chosen in each of the three scenes and UTM coordinates 

for the control points were determined using 7.5' USGS topographic maps. An affine 

transformation using nearest-neighbor sampling was performed on each scene using 

GRASS routines. Overall RMS errors for the three scenes were 14.70 m(Tahoe), 

14.50 m (Hawthorne) and 14.19 m (Mono), approximately one-half pixel. 

The final stage in the image pre-processing was the mosaicking of the 

radiometrically and geometrically corrected portions of the three scenes into one 

image covering the area of the Walker Lake lOx 2° quadrangle for each of 6 bands 

(1, 2, 3, 4, 5, 7). This was accomplished with the GRASS mosaicking routine. The 

---~- -~~ -------------------



resulting six images were the basis for the image processing to discriminate altered 

rocks. 

7.3.5.3 Image Processing, Color Ratio Composite Images and Classification 
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The six band images were used to calculate all 15 of the possible ratio 

combinations. The ratio images were compared to maps of alteration (Diner, 1983; 

Clark, 1977; Chesterman et aI., 1986; and Rowan and Purdy, 1984) to select the 

ratio images most useful for distinguishing epithermal alteration. The 3/1 and 2/1 

ratio images best highlight iron oxide stained rocks and the 5/7 ratio image best 

highlights hydrothermal clay alteration. Accordingly, the 3/1, 2/1, and 5/7 ratio 

images were selected for use in constructing color ratio composite images. 

An attempt was made to distinguish silicified areas from those of hydrothermal 

clays and iron oxide using color ratio composite images. This was unsuccessful, 

mainly because of mixing between the various types of alteration. 

The six possible CRC images were examined and the best CRC image for 

discrimination of the altered areas was 2/1, 5/7 and 3/1 as red, blue and green 

respectively. In this image (see Figure 7.8), epithermal alteration appears as a 

mixture of orange and green colors. 

The image shown in Figure 7.8 was input to the GRASS maximum likelihood 

classification algorithm using signature classes developed from known hydrothermally 

altered areas and gossans at three training sites in the Bodie (CGA #344), 

----------------------
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Figure 7.8 - Color ratio composite image of band2/bandl (red), band5/band7 (blue) 
and band3/bandl (green) 

--~ - - ~- ----~ - ~~ - -~ ~~- --- ~~ ----------------- --
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Isabella(CGA #244) and Monitor/Mogul(CGA #133) mining districts. The training 

sites consisted of 271 pixels in the Bodie mining district, 448 pixels in the 

Monitor/Mogul district and 716 pixels in the Isabella district. The classified image 

was filtered with a 3x3 pixel majority filter which replaced the center pixel in the 3x3 

window with the most frequently occurring pixel class. This procedure removed 

noise from the classified image. Finally, the classified and filtered image was masked 

to include only altered areas of Tertiary volcanic rocks within in the CGAs (see 

Figure 7.9). In Figure 7.9, the white areas within the CGA boundaries represent 

unaltered non-Tertiary rocks, the yellow areas represent unaltered Tertiary rocks and 

the red areas represent altered Tertiary rocks. Using a combination of the GRASS 

map layer coincidence routine and UNIX shell scripts, areas (in square meters) of 

alteration within each CGA were extracted from the classified image and output to 

ASCII files. Thus, the alteration variable for the multiple regression model is the 

area in square meters of altered Tertiary volcanic rocks for each CGA. 

-- ---- ---------------
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Figure 7.9 - Classified image showing areas of altered Tertiary volcanic rocks within 
CGAs in the Walker Lake Quadrangle. 

------------ ------ -- ._-- --- ---
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CHAPTER 8-QUANTIFICATION OF THE MINERAL RESOURCE DESCRIPTOR 

8.1 Relevant concepts 

The objective of this study is to relate a mineral endowment descriptor, 

volume of mineralized rock, to quantified geology. The population on which the 

geology is quantified comprises a set of consistent geological areas (CGAs). A subset 

of the population of CGAs is used as a control area, upon which a model is estimated. 

The estimated model is then extrapolated to the study area, the remainder of the 

population of the CGAs. This approach requires complete information with respect to 

the levels of the mineral endowment in the control CGAs in order to estimate an 

unbiased model. A model constructed on a control area for which mineral 

endowment information is not complete will tend to underestimate mineral endowment 

when applied to the study area. 

Mineral endowment information for an area is complete when the area is 

exhaustively explored and no mineral endowment remains to be discovered. Control 

areas are generally incompletely explored. In order to mitigate bias in a model 

resulting from an incompletely explored control area, the level of exploration 

completeness in the control area must be accounted for in the construction of the 

model. This can be achieved through the use of an exploration model which 

determines the level of exploration completeness in the control areas and provides 

estimates of endowment for control areas. These estimated endowments, representing 

---- --- --- -------------------
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complete information on the control areas, are then used with the quantified geology 

of the control areas to estimated the multiple regression model of endowment. 

8.2 Estimation of the Exploration Model 

The relationship used in this study to estimate endowment, as developed in 

Chapter 4, is: 

where: 

fj 
E=----

(l-e -~X) 

E is mineral endowment; 

IS is cumulative discovered mineralization; 

(22) 

a is an exploration parameter having a positive value; 

X is a variable denoting the amount of cumulative exploration. 

This equation states that endowment in an area is equal to the cumulative discovered 

mineralization in that area divided by the completeness of exploration in the area. 

Exploration completeness is given by the denominator of the right-hand side of 

Equation (22), which is known as the exploration kernel. Of course, the use of 

Equation (22) to estimate endowment requires measures of exploration completeness 

for CGAs having discovered mineralization and an estimate of parameter a. These 

are described in the following sections. 



8.2.1 Exploration Completeness 

In order to estimate exploration completeness for the control areas, it is 

necessary to determine the value of a, the exploration parameter. As explained in 

Chapter 4, this can be done using regression and the values for x (cumulative 

exploration) and EC (exploration completeness) for a subset of the control CGAs. 
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As introduced in Chapter 5, the measure of cumulative exploration, x, used in 

this study is an index of exploration density, obtained by dividing a subjectively 

estimated exploration index value for a CGA by its total volume. The density form is 

required because the volumes of the CGAs are different. As a result, an absolute 

amount of exploration in one CGA represents a different level of exploration 

completeness than the same absolute amount in another, different-sized CGA. 

The exploration index was estimated for the 64 CGAs by Donald G. Strachan. 

He was highly recommended by his professional peers as one who is very 

knowledgeable about the epithermal deposits, exploration potential and exploration 

activity in the Walker Lake lOx 2° quadrangle. Mr. Strachan has worked as a 

consulting geologist in the area of the Walker Lake lOx 2° sheet on exploration and 

development projects for epithermal deposits for 15 years. He is the author of a 

section in a U .S.G .S. publication on the Borealis, NV epithermal precious metal 

deposit (Strachan, 1985). 

The elicitation of the exploration index values was preceded by a thorough 

review of all available information with respect to geology, mineral exploration and 

---- --- --- -- --------------
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development, mine production and geographic locations of the CGAs. This included 

examination of: 1) topographical, geological, geophysical and geochemical maps; 2) 

mining district reports; 3) mineral production records; and, 4) field notes. The 

extensive private files and reports of Mr. Strachan were also drawn upon for the 

information review. The 64 CGAs were then placed in a relative ranking based on 

the absolute amount of mineral exploration for epithermal deposits within each CGA. 

This was done through a consideration of geochemical and geophysical prospecting as 

well as exploration drilling. Once Mr. Strachan was satisfied with the relative 

ranking, index numbers were assigned to all CGAs. This was accomplished by first 

assigning an index value of 50,000 to the CGA with the highest ranking (#413 -

Aurora) and a value of 1 to the lowest ranking CGA (#134). Then, index values 

were assigned to those in-between by considering the amount of exploration they had 

received relative to Aurora. The exploration index density values were then 

calculated by dividing the exploration index values by the volumes of the CGAs. The 

exploration index numbers and the exploration index density values for the complete 

set of 64 CGAs are presented in Appendix A. 

Values for exploration completeness (EC) were elicited from Mr. Strachan for 

5 CGAs with which he was most familiar. As was the case with the exploration 

index elicitation, all available relevant data were reviewed in detail prior to the 

elicitation of the EC values. The exploration completeness for the CGAs were 

estimated through a consideration of how much exploration for epithermal deposits 
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had been done in an area relative to the amount Mr. Strachan considered necessary to 

exhaustively explore the area. The CGA identification numbers and estimated 

exploration completeness values are: #413 - 32%, #133 - 39%, #426 - 17%, 

#325 - 16% and #415 - 15%. 

In order to estimate the value of a, the parameter of the exploration kernel, 

Equation (22) was rearranged into the following form: 

(xx= -in (l-EC) (23) 

Then the right-hand side of Equation 23 was represented by z and rewritten as: 

z=(Xx (24) 

Values for z = -In(l-EC) were calculated using Strachan's estimate for EC, 

o ~ EC < 1.0 . Then z was regressed on the values of exploration index density (x) for 

the 5 CGA's, yielding an estimate of parameter a. The estimated equation is: 

z = 0.186822 + 133038.7 (x) 
(3.446) (2.724) (25) 

r2=0.71 

The numbers in parentheses under the coefficients are the t-statistics. A plot of 

exploration completeness (EC) versus exploration index density with the best-fitting 

line are presented in Figure 8.1. 

-- --- -- --------------------- - --
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Figure 8.1 - Plot of actual and fitted values of z = In (l-EC) and exploration index 
density x 
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As noted above by Equation (25), the model form estimated is z = (Xo + (XIX, 

not z = (XIX. The reason for this is strictly statistical; the better-fitting modc\ 

requires a nonzero intercept. The nonzero intercept implies some positive \cvcl of 

exploration completeness even when exploration effort is zero. This docs not 

necessarily counter the conceptual modelling approach which assumes that when there 

has been no exploration, the exploration completeness is zero. It may mean that 

incidental or casual mineral exploration effort is not captured in the measure of 
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mineral exploration employed in this study. This may imply that there is some base 

level of exploration that was not considered by the expert. Another way of viewing 

this might be that there exists some base level of information about mineral 

occurrence, even in areas considered to have no formal mineral exploration. 

Another possible explanation has to do with the type of function used for the 

exploration kernel. A continuous function has been employed for modelling mineral 

exploration, whereas the actual process may proceed in a discontinuous manner and 

may be more accurately described with some sort of step function. In this 

framework, the nonzero intercept of the best-fitting line would mean that some initial 

amount of exploration must be conducted before a discovery is made. 

In order to estimate exploration completeness for a CGA it is first necessary to 

rearrange the equation and insert the parameter values: 

EC = 1 - (e (-0.186822 - 133038.7 (x) ) (26) 

Equation (26) is utilized to calculate values for exploration completeness that 

will be used to intlate the dependent variable, cumulative discovered mineralization, 

to reflect complete exploration in the control CGAs. This mitigates bias in the 

endowment estimation that would otherwise be introduced by using incompletely 

explored control areas. 

Exploration completeness values for the control area CGAs, estimated using 

Equation (26), are presented in Table 8.1, arranged according to increasing 



CGA Exploration Completeness 

134 0.1704 
434 0.1704 
225 0.1705 
221 0.1708 
227 0.1710 
323 0.1724 
242 0.1732 
343 0.1734 
243 0.1744 
325 0.1792 
223 0.2022 
426 0.2026 
415 0.2036 
412 0.2127 
413 0.2177 
321 0.2196 
344 0.2292 
244 0.2993 
133 0.3971 

Table 8.1 - Exploration completeness values for 
control area CGAs. 

exploration completeness. It is interesting to note that 10 of the CGAs have 

exploration completeness values which are essentially at the level of the intercept 

value (0.1704) and another 7 have only marginally higher values. Only two of the 

control area CGAs have exploration completeness values appreciably above the 
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intercept level, with the highest value at only 39.71 percent. If the exploration model 

is accurate, this implies the control area CGAs could bear a substantial additional 

amount of exploration for epithermal deposits before exploration could be considered 



to be complete. 

8.2.2 Cumulative Discovered Mineralization (0) 

The exploration model (Equation 22) requires a measure of cumulative 

discovered mineralization (0). The form of 0 must be consistent with the form of 

the endowment descriptor, volume of mineralized rock (VMR), as introduced and 

defined in Chapter 4. Thus, 0 will be the cumulative discovered volume of 

mineralized rock. This measure will be obtained by multiplying the area of 

discovered mineralization by its vertical extent. 

8.2.2.1 Estimating Area of Discovered Mineralization Using Buffer Zones 
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As discussed in Chapter 5, the surface area of discovered mineralization will 

be estimated by ascribing an area of influence to mine symbols on the map. 

One way to do this is through the use of buffer zones, as illustrated in Figure 8.2. 

In this approach, a radius is used to mark an area surrounding a point location. Then 

the area within the radial buffer zone is measured, yielding a surface area of 

discovered mineralization. The difficulty with this approach is defining the 

appropriate radius for the buffer zone. This problem is solved indirectly by searching 

for an optimum buffer zone radius by computing the volumes for each of several 

buffer zones. Then for each buffer zone, the relation of the volumes to geology is 

examined statistically to find the best buffer zone radius. The selection of the 



Figure 8.2 - An example of radial huffer zones constructed around points. 

optimum huffer zone radius is discussed in more detail in Chapter 9. 

The point locations of the map symhols for prospect pits, shafts, adits, 

tunnels, drillholes, and open cuts in areas of known epithermal mineralization were 

digitized from USGS 7.5' topographic maps. In areas where the type of 

mineralization was not known, field examinations were conducted to determine 

whether or not epithermal mineralization was present. A total of 19 CGA's were 

found to contain discovered epithermal mineralization. After the point locations of 

appropriate map symhols were digitized, a GRASS routine was utilized to construd 

radial huffer zones with radii of SOm to 350m in SOm increments around the point 

118 
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locations. The areas of the buffer zones falling within CGA's were determined with a 

GRASS spatial statistics routine. A Unix shell script was then used to extract the 

areas of discovered epithermal mineralization for each buffer-zone radius into a set of 

ASCII files. This yielded 7 files, each containing estimates for surface area of 

discovered mineralization in each of the 19 control area CGAs, calculated for one 

specific buffer zone radius. 

8.2.2.2 Estimation of Vertical Extent 

The final piece of data necessary to estimate the cumulative discovered volume 

of mineralized rock in the control area CGAs is the vertical extent of epithermal 

mineralization. The vertical extent was inferred for each of the CGAs by a consulting 

economic geologist, Donald Strachan. The inferred vertical extents are based upon a 

consideration of a model of deposits of the epithermal environment, structure, 

alteration mineralogy, ore and gangue mineralogy, geomorphology, regional erosional 

history, as well as temperature and pressure information where available. The 

vertical extent of epithermal mineralization in the 64 CGAs, as inferred by Mr. 

Strachan, ranges from 30 m to 910 m. A complete listing of the inferred values is 

presented in Appendix B. 

For each control area CGA, the vertical extent of mineralization was 

multiplied by the estimated surface area of discovered mineralization to obtain 

estimated discovered volume of mineralized rock. 
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8.2.2.3 Volume of Mineralized Rock 

Estimates of endowment, in the form of volume of mineralized rock, were 

calculated for the 19 CGAs known to contain epithermal mineralization using the 

following equation: 

or, alternately: 

where: 

fj 
E = VlvlR= ------,---------:-:-

(l-e (-0.1.8622-1.33038.7 (x))) 

A"h E = VMR= ------,---------:-~
(l-e (-0.1.8622-1.33038.7 (x))) 

A is area of discovered mineralization 

h is vertical extent of mineralization. 

Values for the numerator of the right-hand side of Equation (27), D, 

(27) 

(28) 

cumulative discovered mineralization, in the form of cumulative discovered volume of 

mineralized rock, were obtained by multiplying area of discovered mineralization by 

vertical extent of epithermal mineralization. Values for the denominator of the right-

hand side of this equation, exploration completeness, were obtained using the estimate 

of the exploration parameter (a) and the cumulative amount of mineral exploration (x) 

in the form of exploration index density. 

Seven different radii (50, 100, 150, 200, 250, 300, 350 m) were used to 
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construct buffer zones for the determination of area of discovered mineralization, 

yielding a set of seven VMR values for each of the 19 CGAs known to contain 

epithermal mineralization. These VMR values represent estimates of the endowment 

of epithermal mineralization in the 19 control CGAs, to be used as dependent 

variables in estimation of a multiple regression model of mineral endowment. 
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CHAPTER 9 - ENDOWMENT MODEL ESTIMATION AND RESULTS 

9.1 Conceptual Quantified Model in Brief - A Recapitulation 

In this study a multiple regression model is utilized to describe mineral 

endowment as a function of quantified geology. Geology is quantified on a 

population of consistent geological areas (CGAs). The multiple regression model is 

estimated using a subset of the CGAs as a control area and the estimated model is 

then extrapolated to a study area consisting of the remainder of the population of the 

CGAs. 

The assumptions for the use of multiple regression require that the sampling 

units upon which geology and the endowment descriptor are quantified represent a 

homogenous multivariate population whose members are statistically independent. 

For this model demonstration, a sample must be drawn from a population representing 

epithermal mineralization. This population also should reflect characteristics of 

epithermal mineralization with respect to scale, distribution and the variation in 

morphology present in the natural population. The consistent geological areas 

(CGAs) for epithermal Au-Ag deposits in the Walker Lake quadrangle delineated with 

objective methods by Harris and Pan (1991) represent such a population and are used 

in this study. 

The explanatory variables used in the multiple regression are quantified on the 

CGAs. For the model demonstration, geological aspects of the control CGAs relevant 
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to the formation and preservation of epithermal mineralization must be quantified. 

The variables employed must describe: 1) the geological environments present within 

a CGA; 2) the geological features within a CGA resulting from epithermal 

mineralizing processes; and, 3) complex interrelationships between and within these 

two sets. 

A set of primary geodata such as geochemistry, geophysics, lithology, 

structure and mineral alteration implicitly contain information describing these 

relationships and interrelationships. This information can be highlighted by 

integrating primary geodata so as to enhance correlation with the genetic and 

environmental factors of the target mineralization type, thus yielding additional, 

synthesized geological variables. An integral part of the delineation of the epithermal 

CGAs for the Walker Lake quadrangle by Harris and Pan (1991) was the construction 

of synthesized geological variables capturing additional information about the 

epithermal mineralization. In order to more fully describe the epithermal 

mineralization, these synthesized variables as well as primary geodata will be used as 

explanatory variables in the regression model. 

The endowment descriptor to be used as the dependent variable in the model is 

the volume of mineralized rock (VMR) resulting from the interaction of mineralizing 

processes with a geological environment. However, since VMR cannot be observed 

directly, it has been estimated by dividing volume of discovered mineralization by 

exploration completeness. Since the estimate of volume of discovered mineralization 
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depends on the radius of influence ascribed to each indicator (e.g. prospect pit), there 

are several estimates of VMR for each CGA, one estimate for each radius of 

influence. Thus, the basic data submitted to regression analysis can be represented 

schematically by Table 9.1. 

Table 9.1 - A schematic representation of the regression model data. 

Possible Dependent Variables 

VMR1 
(50m) 

VMR2 
(100m) 

VMR 
(350m) 

Independent (explanatory) Variables 

The endowment estimates (VMRs) and the primary and synthesized geo-variables (Gs) 

for the control CGAs are then submitted to multiple regression to construct a model 

of mineral endowment. Once estimated, this model will then be extrapolated to the 

study area CGAs to obtain mineral endowment estimates in the form of volume of 

mineralized rock. 

9.2 Regression Model Estimation 

The estimation of the parameters of the multiple regression model was 

accomplished through the use of the SPSS-PC+ statistical computer package. The 
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ASCII files of the independent and dependent variables were retrieved into SPSS-

PC + and parsed into the correct format. 

Using the transformation utility of the program, selected multiplicative 

combinations of the independent variables were calculated and added to the basic 

dataset. The combination variables constructed were selected based upon a 

consideration of genetic and environmental factors expected to occur jointly in areas 

of epithermal mineralization. These variables were included in the analysis in order 

to capture non-linearities in the relationships between the independent variables and 

the dependent variable. An example of four of the multiplicative combination 

variables with descriptions are shown in Table 9.2 

Table 9.2 - Four examples of multiplicative combination variables with descriptions. 

Combination 
variable 
name 

altauagm 
alt tal 
tlthmtmi 

aummgnmn 

Description 

product of alteration and mean of Au/ Ag scores 
product of alteration and early Tertiary andesitic rocks 
product of mean of high-pass fault scores and Tertiary 
mafic intrusives 
product of mean of Au/ Ag scores and mean of magnetic 
field 

Additional combination variables were constructed using the Tertiary 

lithological units. These variables consist of: 1) grouped lithotypes, such as all 

Tertiary mafic rocks or all Tertiary rhyolites, and 2) lithologies grouped according to 
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age, such as all early Tertiary rocks or all late Tertiary rocks. These variables were 

included in the analysis in an attempt to capture relationships of ages and 

compositions of rocks to mineral endowment. A complete list of the names of all of 

the independent variables employed in the multiple regression analysis, along with 

their descriptions, is presented in Appendix c. 

Stepwise selection of variables was employed to select the most useful and 

significant variables from the large list of independent variables. This is a process in 

which at each step the independent variable with the highest partial correlation with 

the remaining unexplained variance of the dependent variable is added to the model 

and then any predictor already in the model whose F-statistic value is below a 

predetermined limit is dropped. Through the use of variable transformations, three 

functional forms were fitted using the stepwise least squares procedure: linear; log

linear; and log-log. 

In order to determine the optimum buffer zone radius, each of seven sets of 

the dependent variable (calculated using radial buffer zones of 50, 100, 150, 200, 

250, 300 and 350 m) was regressed separately against the large list of independent 

variables using stepwise variable selection. 

9.3 Regression Results 

The regression equations resulting from the strictly linear functional form 

provided the best models as judged by adjusted-R2
• The adjusted-R2 of the best log-

-- ---- ------
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linear model was 0.48 and the best log-log model had an adjusted-R2 of 0.53. In 

contrast, the strictly linear models generally had adjusted-R2 values greater than 0.75. 

The size of the buffer-zone radius had a significant effect on the model fits as 

judged by adjusted-R2. The model fits were poor for VMRs calculated from buffer 

zones with radii greater than 250m, generally resulting in adjusted-R2 values less than 

0.85. For VMRs calculated from buffer zones with radii less than 250m, the model 

fits were much better, with adjusted-R2 values generally ranging from 0.94 to 0.99. 

Within this restricted range of 50m to 250m, there were no clear patterns in adjusted

R2 values that would point to one particular buffer-zone radius as better than the 

others in the range. 

The stepwise regression procedure yielded fifty-one linear models whose high 

adjusted-R2 values indicated good fits to the data. In order to narrow the field of 

possible models, various plots of the model residuals were examined for indications of 

statistical problems, such as heteroscedasticity, spatial autocorrelation, correlation of 

residuals with dependent and independent variables, and non-normally distributed 

residuals. Models exhibiting any of these problems were discarded. This greatly 

reduced the number of models under consideration. The field of possible models was 

further reduced by discarding models without a balance of geodata types. For 

example models consisting entirely of geophysical variables or lithological variables 

were discarded. Finally, the predicted VMR values were examined, and the model 

yielding the greatest number of positive predicted VMR values was selected to use for 

-~--- ~---- ----------~----~ ---



128 

estimating mineral endowment. 

The selected model is: 

VMR = 261165.369(aummgnst) + 370. 750(tsg) 
[22.191] [15.773] 

- 19097888.990(auagstd) + 1588.101(tb2) + 45.170(tr2) 
[-5.833] [5.999] [2.538] 

- 475.574(tr3) + 2.465(altfltmn) 
[-4.560] [3.661] 

adjusted-R2 = 0.9884 

The numbers in the square brackets are the t-statistic values for the coefficient of the 

variable immediately above in the parentheses. The adjusted-R2 value for this model 

is 0.9884, indicating a very good fit to the data. A 50m buffer-zone radius was used 

to calculate the control area VMRs for this model. 

The first and last variables in the equation are compound variables, each 

consisting of products of two variables: 

aummgnst=auagmean x magnstd, that is the product of the mean of the Au/Ag 

geochemical scores for a eGA and the standard deviation of the filtered 

magnetics values for a eGA; and, 

altfltmn=alterat x fltmean, the product of the area of alteration within a eGA 

and the mean of the fault variable for a eGA. 

The other variables in the equation represent the following: 

auagstd - the standard deviation of the Au/ Ag geochemical scores for a eGA; 



129 

tsg - the area of Stanislaus Group rocks in a eGA, these are 9 to 10 my latite 

flows and quartz latite ash-flow tuffs; 

tb2 - 9 to 22 my basalt flows; 

tr2 and tr3 - rhyolite flows and shallow intrusive rocks of 9 to 22 my and 5 to 

9 my, respectively. 

These variables represent a balance of geodata types in that several kinds of 

geoscientific information are present including geochemistry, geophysics, lithology, 

structure and rock alteration. The specific variables represent several factors of 

epithermal mineralization as it occurs in the Walker Lake quadrangle: gold 

mineralization (auagstd and aummgnst), faulting (altfltmn), alteration (altfltmn) and 

Tertiary heat sources (tr2, tr3, tsg and tb2). 

Figure 9.1 is a plot of the residuals of the model versus the dependent variable 

values. The plot shows no evidence of heteroscedasticity or correlation between the 

residuals and the dependent variable. Figure 9.2 is a normal plot of regression 

standardized residuals for the model. The plot indicates the residuals have no 

significant departures from normality. Figure 9.3 is a plot in x-y space of the residual 

values. The distribution of negative and positive residual values in this plot indicates 

an absence of spatial autocorrelation in the model. 
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Figure 9.3 - Plot of model residuals in x-y space 

As mentioned above, the stepwise variable selection procedure yielded 5 I 

linear models, 50 of which were rejected for statistical reasons or because they 

predicted negative endowment values. A total of 76 variables out of the complete set 

of 16R were present in the 51 linear models. Table 9.3 shows the most frequently 

occurring variables and the number of times they entered into models. Five of the 

cleven variables represent lithology. Alteration is present in three of the variables. 

Geophysical measures are present in four variables, and one variable retlects 

-------------------- -.-
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Table 9.3 - Variables occurring frequently in 51 linear models 

Variable Frequency 

TSG 42 
TB2 36 
ALTERAT 23 
MAGNSTD 19 
TR3 20 
AUMMGNST 20 
ALTFLTMN 19 
GRVBNSTD 16 
GRVLWSTD 14 
TR2 12 
ALT TMI 10 

geochemical information. Six of the seven regressors in the final selected model 

occur frequently in the overall linear model set. 

9.4 Discussion of Model Predictions for Control Area CGAs 

The actual and predicted volumes of mineralized rock, residual values, total 

CGA volumes and exploration completeness for the 19 control area CGAs are 

presented in Table 9.4, sorted according to increasing predicted VMR. 

One of the more noticeable aspects of Table 9.4 is that the estimated VMRs 

for control area CGAs 133 and 134 are negative. The negative values are an artifact 

of the linear regression model and primarily reflect the presence in these CGAs of 

large areas of map unit tr3 (rhyolite flows and shallow intrusive rocks of 5 to 9 my), 

which carries a negative sign in the regression equation. 
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Table 9.4 - Actual and predicted volumes of mineralized rock, model residual values 
and total CGA volumes for the 19 control areas 

Predicted Total CGA 
CGA VMR VMR residual Volume Exploration 
Number (m3

) (m3
) (m3

) (m3
) Completeness 

----------------------------------------------------------------------------------------------------
134 1.959 x 107 -1.095 X 108 1.291 X 108 9.609 X 109 0.1704 
133 2.125 x 108 -8.965 X 107 3.021 X 108 8.337 X 109 0.3971 
415 5.958 x 107 4.590 X 107 1.368 X 107 5.535 X 109 0.2306 
412 3.142 x 107 7.721 X 107 -4.578 X 107 1.652 X 1010 0.2127 
243 6.387 x 106 8.506 X 107 -7.867 X 107 3.552 X 109 0.1744 
323 3.101 x 108 1.887 X 108 1.214 X 108 1.662 X 1010 0.1724 
227 2.498 x 108 3.397 X 108 -8.996 X 107 1.678 X 1010 0.1710 
225 1.873 x 108 3.540 X 108 -1.667 X 108 2.709 X 1010 0.1705 
434 1.787 x 108 3.806 X 108 -2.019 X 108 9.215 X 1010 0.1704 
221 1.091 x 109 4.008 X 108 6.902 X 108 2.845 X 1010 0.1708 
343 2.527 x 108 4.581 X 108 -2.054 X 108 6.945 X 1010 0.1734 
244 3.656 x 108 5.396 X 108 -1.773 X 108 1. 773 X 1010 0.2993 
223 7.485 x 108 5.793 X 108 1.692 X 108 1.191 X 1010 0.2022 
242 1.065 x 109 1.007 X 109 5.781 X 107 3.607 X 1010 0.1732 
321 1.770 x 109 1.824 X 109 -5.395 X 107 5.446 X 1010 0.2196 
426 2.363 x 109 2.345 X 109 1.825 X 107 5.372 X 1010 0.2026 
325 4.501 x 109 4.464 X 109 3.747 X 107 7.429 X 1010 0.1792 
413 4.569 x 109 4.502 X 109 6.685 X 107 1.134 X 1011 0.2177 
344 7.496 x 109 7.557 X 109 -6.128 X 107 5.789 X 1010 0.2292 

-----------------
Sum 9.72 x 107 

The sum of the residual values is positive, 9.72 x 107
, indicating a tendency 

of the model to underestimate mineral endowment. One reason for this tendency may 

be that the 50m buffer-zone radius employed to calculate the VMRs used to estimate 

the model is slightly too small, yielding low calculated control area VMRs. Another 
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possible reason for the tendency may be that levels of exploration completeness in the 

CGAs may be underestimated. This could be due to incorrectly estimated levels of 

amounts of exploration or exploration completeness in the five exploration model 

control area CGAs or to incorrectly estimated levels of amounts of exploration in the 

19 endowment model control area CGAs. 

Comparing total CGA volume to predicted VMR reveals that a positive 

correlation exists between the predicted VMRs and the total CGA volumes for the 

control area CGAs. This is geologically reasonable, as larger mineralizing systems, 

represented by larger CGA volumes, tend to produce greater volumes of 

mineralization. 

Table 9.4 also shows that, generally, larger VMRs are predicted for CGAs 

that are more completely explored. Given the structure of the model, the reason for 

this is probably that these CGAs are more completely explored because they have 

more favorable geology than other areas. The combination of more favorable geology 

and higher amounts of exploration would yield larger discovered volumes of 

mineralized rock for these areas. These would translate into larger estimates of 

mineral endowment, thus yielding a regression model predicting larger VMRs for the 

more completely explored CGAs. CGA numbers 412 and 415 do not fit this general 

pattern. This is may be due in part to the fact that a portion of the volume of 

discovered epithermal mineralization lies outside the boundaries of these CGAs and 

was not considered in their estimated VMRs. 
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9.5 Discussion of Model Predictions for Study Area CGAs 

Predicted volumes of mineralized rock, total CGA volumes and ratios of VMR 

to total CGA volumes for 45 study area CGAs are presented in Table 9.5, sorted 

according to increasing predicted VMR. The predicted VMRs are also presented 

graphically in Figure 9.4. The predicted volumes range from 1.157 x 106 m3 to 

4.135 x 109 m3
• Five of the study area CGAs (numbers 112, 442, 213, 215 and 236) 

have negative predicted VMRs. As in the case of the negative VMRs for two of the 

control area CGAs, for interpretation purposes, these negative values can be 

considered as zero. The least squares estimation procedure in combination with the 

collinearity existing among some of the variables yielded negative coefficients for 

certain variables, which in some cases resulted in negative predicted VMRs. This 

could have been avoided by choosing a final model with a log-log or log-linear form, 

but a linear form was selected because it yielded a much better fit to the data. 

Unlike the case with the control area CGAs, there is no significant positive 

correlation between the predicted VMRs and the total volumes of the CGAs. This is 

contrary to the expectation that larger mineralizing systems, as represented by 

volumetrically larger CGAs, will produce greater volumes of mineralized rock. 

An examination of the ratios of predicted VMR to total CGA 

volumes for the study area CGAs shows a range from 0.0001 to 0.9226. However, 

all except 5 of the study area CGAs have a ratio of less than about 0.06. This 

indicates that the predicted volumes of mineralization for the study areas generally 
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Table 9.5 - Predicted VMRs, total eGA volumes and VMR/CGA volume ratios 

CGA VMR CGA Volume VMR 
Number (m3

) (m3
) CGA Volume 

------------------------------------------------------------------.------------
112 -7.220 x 108 1.819 X 1010 -0.0397 
442 -1.222 x 108 1.578 X 1010 -0.0071 
213 -8.164 x 107 3.714 X 109 -0.0220 
215 -5.342 x 107 2.863 X 1010 -0.0019 
236 -5.261 x 107 8.795 X 109 -0.0060 
418 1.157 x 106 6.408 X 109 0.0002 
431 2.490 x 106 1.664 X 1010 0.0001 
212 4.084 x 106 1.898 X 1010 0.0002 
228 7.687 x 106 2.363 X 1010 0.0003 
437 9.192 x 106 1.624 X 1010 0.0006 
417 9.941 x 106 1.528 X 109 0.0065 
433 1.025 x 107 1.269 X 1010 0.0008 
427 1.760 x 107 3.344 X 1010 0.0005 
411 2.249 x 107 2.663 X 1010 0.0008 
231 3.419 x 107 1.664 X 1010 0.0021 
322 3.496 x 107 9.317 X 108 0.0375 
224 3.792 x 107 2.264 X 1010 0.0017 
326 4.612 x 107 3.383 X 1010 0.0014 
147 5.490 x 107 2.132 X 1010 0.0026 
414 7.041 x 107 1.266 X 1010 0.0056 
432 8.736 x 107 1.292 X 1010 0.0068 
234 8.805 x 107 3.015 X 1010 0.0029 
416 9.480 x 107 4.209 X 109 0.0225 
214 9.907 x 107 1.551 X 1010 0.0064 
111 1.088 x 108 2.636 X 109 0.0413 
436 1.088 x 108 2.075 X 109 0.0524 
235 1.190 x 108 5.260 X 109 0.0226 
424 1.308 x 108 1.361 X 1010 0.0096 
435 1.394 x 108 1.481 X 1010 0.0094 
141 1.664 x 108 1.081 X 1011 0.0015 
421 2.051 x 108 3.521 X 109 0.0582 
241 2.780 x 108 2.211 X 1010 0.0126 
131 2.982 x 108 2.457 X 1010 0.0121 
423 3.376 x 108 2.929 X 109 0.1155 
144 3.561 x 108 2.676 X 1010 0.0133 
222 4.438 x 108 1.782 X 1010 0.0249 
226 4.477 x 108 4.613 X 1010 0.0097 
327 5.834 x 108 3.142 X 1010 0.0186 
345 6.050 x 108 3.232 X 1010 0.0187 
324 8.784 x 108 2.034 X 1010 0.0432 
425 1.098 x 109 9.337 X 109 0.1176 
346 1.309 x 109 1.419 X 109 0.9226 
422 1.311 x 109 4.008 X 1010 0.0327 
441 4.028 x 109 2.024 X 1010 0.1990 
132 4.135 x 109 1.831 X 1010 0.2258 
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occupy relatively small proportions of the CGAs, as is the case with VMRs in the 

control areas. The 0.9226 proportion for CGA number 346 primarily reflects its 

extremely restricted vertical extent of epithermal environment (approx. 30 m) which 

results in a relatively small total CGA volume. Table 9.S also shows that the 

mineralized proportion of a CGA tends to increase with increasing predicted VMR. 

This is reasonable in that CGAs with more favorable geology are expected to have 

proportionately more mineral endowment than those with less favorable geology. 

The predicted VMRs, model variable values and exploration index values for 

the CGAs with the ten highest predicted VMRs are presented in Table 9.6. The table 

shows the VMR predictions are driven primarily by the aummgnst, auagstd and 

altfltmn variables, as the lithological variables (tsg, tb2, tr2, tr3) are sparsely 

represented in these CGAs. The two largest predicted VMRs, for CGA numbers 132 

and 441, reflect mainly their large aummgnst values. Given the selected model 

equation (page 128) and the variable values for these CGAs, it is clear that aummgnst 

is the controlling variable for the predicted VMRs in these CGAs. This variable is 

the product of the mean of the Au/ Ag geochemical scores and the standard deviation 

of the filtered magnetics values. The prominence of this variable indicates the 

importance of information on geochemical anomalies and magnetics as exploration 

tools for epithermal deposits in the Walker Lake quadrangle. 

Of these top ten ranked CGAs, one is in the northwest area of the quadrangle 

(near the Monitor/Mogul district), three are in the southeast (near the Camp Douglas 

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



Table 9.6 - Predicted VMRs, model variable values and exploration index values for the study area eGAs 
with the ten highest predicted VMRs 

eGA VMR aummgnst tsg auagstd tb2 tr2 tr3 altfltmn Exploration 
(x106

) (x104) (x104) (x104) (x104
) Index 

---------------------------------------------------------------------------------------------------------------------------------------
222 4.438 x 108 1925.59 0 3.0948 0 0 0 0 85.0 
226 4.477 x 108 1729.53 0 0.2177 0 0 0 8.09 25.5 
327 5.834 x 108 1398.73 1.36 4.2593 0 0 41.01 -488.61 25.0 
345 6.050 x 108 3027.52 0 6.1203 0 0 4.06 -2006.92 57.0 
324 8.748 x 108 4047.96 0 12.0074 0 166.9 0 -1010.46 300.0 
425 1.098 x 109 3888.83 0 11.4901 19.01 0 0 10.64 825.0 
346 1.309 x 109 5661.17 0 8.79 0 0 0 69.80 105.0 
422 1.311 x 109 5707.49 0 8.96 0 0 0 -325.10 36.0 
441 4.028 x 109 22570.04 0 97.75 0 0 0 -3.77 9.0 
132 4.135 x 109 19285.46 0 35.28 0 0 33.79 -2716.95 1800.0 

...... 
W 
10 
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district), three in the south-central area (near the Bodie and Aurora districts), two are 

in the northeast corner of the map sheet and one is in the southeast (see figure 9.5). 

From this, the conclusion could be drawn that areas in the south-central and southeast 

parts of the Walker Lake quadrangle, mainly near the Bodie, Aurora and Camp 

Douglas districts, have a more favorable exploration potential for epithermal 

mineralization than other areas of the map sheet. CGA numbers 441 and 422 (see 

Figure 9.5) appear quite promising in terms of exploration potential, as they have 

received low absolute amounts of exploration and have the second and third highest 

predicted VMRs of the study area CGAs. 
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CHAPTER 10 - CONCLUSIONS 

Several contributions to estimating mineral endowment using multiple 

regression techniques have been made by this study. The use of the volume of 

mineralized rock as the dependent variable in the multiple regression model may be 

the most significant. The excellent regression model fits are partly a function of 

using an endowment descriptor that is free of the contamination of economics and 

technology, and which more closely represents the natural phenomena resulting from 

the interaction of mineralizing processes with the geological environment. 

Another contribution relates to the problem of bias resulting from incomplete 

information with respect to the dependent variable in multiple regression endowment 

models. This problem was alleviated in this study through the use of a dependent 

variable that was adjusted for completeness of mineral exploration. The use of an 

exploration process model to perform the adjustment allowed information about the 

amount of mineral exploration to be used to determine exploration completeness. 

Because the control area data on volume of mineralized rock were adjusted with an 

externally-defined measure of exploration completeness, predictions made using the 

model are free of bias resulting from incomplete information. 

The regression models benefit strongly from the inclusion of synthesized 

information variables in the dataset used to construct the equations. These 

synthesized information variables result from the integration of primary geodata such 
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as geochemistry, geophysics, lithology, structure and mineral alteration in such a way 

so as to enhance their correlation with the genetic and environmental factors of the 

target mineralization type. 

Finally, the use of the consistent geological areas developed by Harris and 

Pan(1991) as sampling units represents a vast improvement over the grid cells 

employed in most previous studies of this type. These consistent geological areas 

represent a statistically independent, homogenous multivariate population that closely 

reflect the natural characteristics of mineralization with respect to scale and 

distribution, and as such contributed strongly to the success of this study. 

One major disadvantage to the use of a multiple regression model to predict 

mineral endowment is the extensive data requirements. This study was possible only 

because of the existence of an excellent dataset that represents many person-years of 

acquisition and compilation. In many areas such well-documented control areas do 

not exist and results of a similar type of study probably would not be comparable to 

this study. 

The regression models in this study were estimated using 19 control area 

CGAs. This fact combined with the relatively heterogenous lithologies across the 

control area CGAs resulted in regression models containing lithological variables 

having values of zero in a substantial percentage of the CGAs. A more robust and 

statistically satisfactory analysis would result from model estimations based on a 

greater number of control area CGAs. 

__ 0-- _0 ___ 0 ______________ _ 
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With respect to the specific variables employed in the model demonstration, a 

much better representation of the influence of geological structure is possible. 

Improved structure variables would necessarily reflect variations in tectonic 

characteristics across the Walker Lake quadrangle. 

The analysis could also be improved with respect to the exploration model. 

The use of an exploration variable more closely related to the discovery of 

mineralization, such as exploration drilling footage, would yield better estimates of 

exploration completeness. The exploration model would also greatly benefit from a 

more formalized and structured elicitation of expert opinion. A varied group of 

experts providing information about the amount and completeness of mineral 

exploration would be much better than relying on a single expert, even though the 

single expert is very well qualified and highly regarded for his expertise. 

The estimates of volumes of mineralized rock for deposits in the epithermal 

environment made in this study are useful for mineral exploration and resource 

assessment. For exploration geologists, the absolute sizes of the estimated 

endowments are not as important as the relative magnitudes. These along with the 

estimates of the exploration amounts are useful for prioritizing areas for exploration. 

For resource assessment, the estimated VMRs, as a description of the physical 

entity of mineralization, provide inputs into further analyses that would model the 

economics and technology necessary to transform this mineralization into mineral 

resources. 



Further research topics include: 1) methodologies for economic analysis of 

volume of mineralized rock, and 2) improvements to the exploration model, as 

discussed above. 

-~~.-- ---_ .. --_._-------------- --
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APPENDIX A 

Exploration index numbers and exploration index density values for the complete set 
of 64 CGA's 

CGA Exploration Index Exploration Index Density 

111 330.0 1.252 x 10.7 

112 65.0 3.573 x 10.9 

131 60.0 2.442 x 10.9 

132 1800.0 9.830 x 10.8 

133 20000.0 2.399 x 10.6 

134 1.0 1.041 x 10.10 

141 150.0 1.388 x 10.9 

144 45.0 1.682 x 10.9 

147 2.0 9.382 x 10.11 

212 93.0 4.900 x 10.9 

213 50.0 1.346 x 10.8 

214 120.0 7.736 x 10.9 

215 100.0 3.492 x 10.9 

221 92.0 3.234 x 10.9 

222 85.0 4.770 x 10.9 

223 3500.0 2.940 x 10.7 

224 90.0 3.975 x 10.9 

225 27.0 9.967 x 10.10 

226 25.5 5.528 x 10.10 

227 87.0 5.186 x 10.9 

228 310.0 1.312 x 10.8 

231 7.0 4.207 x 10.10 

234 135.0 4.477 x 10.9 

235 75.0 1.426 x 10·s 

236 700.0 7.959 x 10.8 

241 140.0 6.332 x 10.9 

242 2500.0 2.495 x 10.8 

243 500.0 3.660 x 10.8 

244 22500.0 1.269 x 10.6 

321 25000.0 4.591 x 10.7 

322 4.0 4.293 x 10.9 

323 305.0 1.835 x 10.8 

324 300.0 1.475 x 10·s 

325 6000.0 8.076 x 10.8 
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eGA Exploration Index Exploration Index Density 
--------------------------------------------------------------------------------------
326 5.0 1.478 x 10.10 

327 25.0 7.956 X 10-10 

343 1900.0 2.736 x 10-8 

344 32000.0 5.528 x 10-7 

345 57.0 1.763 x 10-9 

346 105 .0 7.402 x 10-8 

411 180.0 6.758 x 10-9 

412 6500.0 3.935 x 10-7 

413 50000.0 4.411 x 10-7 

414 750.0 5.922 x 10-8 

415 1700.0 3.071 x 10-7 

416 29.0 6.891 x 10-9 

417 30.0 1.946 x 10-8 

418 8.0 1.248 x 10-9 

421 3000.0 8.520 x 10-7 

422 36.0 8.983 x 10-10 

423 73.0 2.498 x 10-8 

424 25.3 1.859 x 10-9 

425 825.0 8.836 x 10-8 

426 16000.0 2.979 x 10-7 

427 48.0 1.436 x 10-9 

431 54.0 3.245 x 10-9 

432 26.0 2.012 x 10-9 

433 420.0 3.311 x 10-8 

434 14.0 1.519 x 10-10 

435 15.0 1.013 x 10-9 

436 17.0 8.194 x 10-9 

437 12.0 7.390 x 10-10 

441 9.0 4.446 x 10-10 

442 11.0 6.971 x 10-10 
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APPENDIX B 

Inferred vertical extent of epithermal mineralization in the 64 eGAs 

eGA Inferred Vertical Extent (meters) 

111 121.92 
112 579.13 
131 822.97 
132 822.97 
133 182.88 
134 152.40 
141 914.41 
144 914.41 
147 914.41 
212 457.21 
213 152.40 
214 457.21 
215 457.21 
221 762.01 
222 914.41 
223 457.21 
224 914.41 
225 914.41 
226 914.41 
227 762.01 
228 914.41 
231 914.41 
234 762.01 
235 152.44 
236 152.40 
241 457.21 
242 762.01 
243 152.40 
244 457.21 
321 609.61 
322 30.48 
323 822.97 
324 883.93 
325 731.53 
326 914.41 

-- ------- ---------------- ----
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eGA Inferred Vertical Extent (meters) 

327 914.41 
343 914.41 
344 762.01 
345 914.41 
346 30.48 
411 914.41 
412 914.41 
413 762.01 
414 609.61 
415 304.80 
416 121.92 
417 91.44 
418 152.40 
421 91.44 
422 457021 
423 91.44 
424 670.57 
425 91.44 
426 609.61 
427 762.01 
431 762.01 
432 762.01 
433 762.01 
434 914.41 
435 914.41 
436 60.96 
437 914.41 
441 457021 
442 670.57 
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APPENDIX C 

List of independent variable names and their descriptions 

Variable Name Description 

Geochemical and geophysical variables 

auagsum 
auagmean 
auagstd 
fltmean 
fltstd 
flthimean 
flthistd 
gravmean 
gravstd 
grvbnmean 
grvbnstd 
gravdrmea 
gravdrstd 
gravhimea 
gravhistd 
gravlwmea 
gravlwstd 
magnmean 
magnstd 
mgnbnmea 
mgnbnstd 
mgnhimea 
mgnhistd 
pscrmean 
pscrstd 

psrtmea 
psrtstd 

sum of the Au/ Ag geochemical scores 
mean of the Au/ Ag geochemical scores 
standard deviation of the Au/ Ag geochemical scores 
mean of the fault scores 
standard deviation of the fault scores 
mean of the high-pass fault scores 
standard deviation of the high-pass fault scores 
mean of the processed gravity values 
standard deviation of the processed gravity values 
mean of the band-pass gravity values 
standard deviation of band-pass gravity values 
mean of the 2nd derivative gravity values 
standard deviation of the 2nd derivative gravity values 
mean of the high-pass gravity values 
standard deviation of the high-pass gravity values 
mean of the low-pass gravity values 
standard deviation of the low-pass gravity values 
mean of the processed magnetics values 
standard deviation of the processed magnetics values 
mean of the band-pass magnetics values 
standard deviation of the band-pass magnetics values 
mean of the high-pass magnetics values 
standard deviation of the high-pass magnetics values 
mean of the Poisson correlation between gravity and magnetics 
standard deviation of the Poisson correlation between gravity 
and magnetics 
mean of the Poisson ratio between gravity and magnetics 
standard deviation of the Poisson ratio between gravity and 
magnetics 
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Lithological variables 

qundiff 
qb 
tal 
ta2 
ta3 
ta4 
tbx 
tjs 
tmi 
tr1 
tr2 
tr3 
tr4 
tri 
ts1 
ts2 
ts3 
ts4 
tsc 
tsg 
ttl 
tt2 
jip 
kip 
mzip 
kjtrmzp 

tb4 
tb3 
tb2 

alterat 

area of undifferentiated Quaternary rocks 
area of Quaternary basalt flows 
area of 22 to 30 my Tertiary andesites 
area of 9 to 22 my Tertiary andesites 
area of 5 to 9 my Tertiary andesites 
area of 2 to 5 my Tertiary andesites 
area of Tertiary tectonic and sedimentary breccia 
area of Tertiary Jacks Spring tuff and associated tuffs 
area of Tertiary mafic and intermediate intrusive rocks 
area of 22 to 30 my Tertiary rhyolitic flows 
area of 9 to 22 my Tertiary rhyolitic flows 
area of 5 to 9 my Tertiary rhyolitic flows 
area of 2 to 5 my Tertiary rhyolitic flows 
area of Tertiary rhyolitic intrusive rocks 
area of 22 to 30 my Tertiary sedimentary rocks 
area of 9 to 22 my Tertiary sedimentary rocks 
area of 5 to 9 my Tertiary sedimentary rocks 
area of 2 to 5 my Tertiary sedimentary rocks 
area of Tertiary sandstone and conglomerate rocks 
area of Tertiary Stanislaus Group latite composition rocks 
area of 22 to 30 my Tertiary silicic ash-flow tuffs 
area of 9 to 22 my Tertiary silicic to andesitic ash-flow tuffs 
area of Jurassic intrusive and plutonic rocks 
area of Cretaceous intrusive and plutonic rocks 
area of Mesozoic intrusive and plutonic rocks 
area of Cretaceous, Jurassic, Triassic, Mesozoic and Paleozoic 
undifferentiated rocks 
area of 2 to 5 my Tertiary basalt flows 
area of 5 to 9 my Tertiary basalt flows 
area of 9 to 22 my Tertiary basalt flows 

area of Tertiary hydrothermally altered rocks 

Composite lithological variables 

tmaf 
tfels 
tash 
tsed 

sum of area of tal, tb2, tsc, ta2, ta3, tb4, ta4 and tmi 
sum of area of tr1, tr2, tr3, tjs, tr4 and tri 
sum of area of ttl and tt2 
sum of area of ts1, ts2, ts3 and ts4 

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



tbas 
tand 
trhy 
t1 
t2 
t3 
t4 

sum of area of tb2,tb3 and tb4 
sum of area of tal, ta2, ta3, ta4 and tsc 
sum of area of trl, tr2, tr3. tr4, tsg and tri 
sum of area of all 22 to 30 my Tertiary rocks 
sum of area of all 9 to 22 my Tertiary rocks 
sum of area of all 5 to 9 my Tertiary rocks 
sum of area of all 2 to 5 my Tertiary rocks 

Multiplicative combination variables 

tal ta2 
tal ta3 
tal ta4 
ta2 ta3 
ta2 ta4 
ta3 ta4 
tal tsl 
ta2 tb4 
ta2 tb2 
kip_tmi 
kipsqrd 
kip_tr3 
alt_qb 
alt_qund 
alt_tsg 
alt tr3 
alt tal 
alt ta2 
alt ta3 
alt ta4 
alt tb2 
alt tb4 
alt tbx 
alt_tjs 
alt tmi 
alt ttl 
alt trl 
alt tr2 
alt tr4 
alt tri 
alt tsl 

product of areas of tal and ta2 
product of areas of tal and ta3 
product of areas of tal and ta4 
product of areas of ta2 and ta3 
product of areas of ta2 and ta4 
product of areas of ta3 and ta4 
product of areas of tal and tsl 
product of areas of ta2 and tb4 
product of areas of ta2 and tb2 
product of areas of kip and tmi 
square of area of kip 
product of areas of kip and tr3 
product of areas of alterat and qb 
product of areas of alterat and qundiff 
product of areas of alterat and tsg 
product of areas of alterat and tr3 
product of areas of alterat and tal 
product of areas of alterat and ta2 
product of areas of alterat and ta3 
product of areas of alterat and ta4 
product of areas of alterat and tb2 
product of areas of alterat and tb4 
product of areas of alterat and tbx 
product of areas of alterat and tjs 
product of areas of alterat and tmi 
product of areas of alterat and ttl 
product of areas of alterat and trl 
product of areas of alterat and tr2 
product of areas of alterat and tr4 
product of areas of alterat and tri 
product of areas of alterat and tsl 
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alt ts2 product of areas of alterat and ts2 
alt ts3 product of areas of alterat and ts3 
alt ts4 product of areas of alterat and ts4 
alt tsc product of areas of alterat and tsc 
alt tt2 product of areas of alterat and tt2 
alt_kip product of areas of alterat and kip 
altauagm product of alterat and auagmean 
altfltmn product of alterat and fltmean 
kipflthmn product of kip and flthimean 
kipmgnhs product of kip and mgnhimea 
flthitmi product of flthimean and tmi 
grvlwskip product of gravlwstd and kip 
grvbskip product of grvbnstd and kip 
grvstkip product of gravstd and kip 
grvhmkip product of gravhimea and kip 
grvbmkip product of grvbnmean and kip 
mgbmtmi product of mgnbnmea and tmi 
mgbnstmi product of mgnbnstd and tmi 
pscrmtmi product of pscrmean and tmi 
aumnalt product of auagmean and alterat 
aumntsg product of auagmean and tsg 
aummgbm product of auagmean and mgnbnmea 
aumntr3 product of auagmean and tr3 
aumpscr product of auagmean and pscrmean 
aumgrvls product of auagmean and gravlwstd 
aumgrvbs product of auagmean and grvbnstd 
aumflthm product of auagmean and flthimean 
aumflts product of auagmean and fltstd 
aumflths product of auagmean and flthistd 
aumfltm product of auagmean and fltmean 
aumgrvm product of auagmean and gravmean 
aumgrvst product of auagmean and gravstd 
aumgvbm product of auagmean and grvbmean 
aumgvdm product of auagmean and grvdrmea 
aumgvdrs product of auagmean and gravdrstd 
aumgvhim product of auagmean and gravhimean 
aummgmn product of auagmean and magnmean 
aummgnst product of auagmean and magnstd 
aummnbnm product of auagmean and mgnbnmea 
aummgnhm product of auagmean and mgnhimea 
aummgnhs product of auagmean and mgnhistd 

--. _ .. _-- .-----------------



aumpscrs 
aumpsrtm 
aumpsrts 
auagmkip 
auagmqb 
auagmta1 
auagmta2 
auagmta3 
auagmta4 
auagmtb2 
auagmtb4 
auagmtbx 
auagmtjs 
auagmtmi 
auagmtrl 
auagmtr2 
auagmtr4 
auagmtri 
auagmts1 
auagmts2 
auagmts3 
auagmts4 
auagmtsc 
auagmtt1 
auagmtt2 

product of auagmean and pscrstd 
product of auagmean and psrtmea 
product of auagmean and psrtstd 
product of auagmean and kip 
product of auagmean and qb 
product of auagmean and tal 
product of auagmean and ta2 
product of auagmean and ta3 
product of auagmean and ta4 
product of auagmean and tb2 
product of auagmean and tb4 
product of auagmean and tbx 
product of auagmean and tjs 
product of auagmean and tmi 
product of auagmean and tr1 
product of auagmean and tr2 
product of auagmean and tr4 
product of auagmean and tri 
product of auagmean and ts1 
product of auagmean and ts2 
product of auagmean and ts3 
product of auagmean and ts4 
product of auagmean and tsc 
product of auagmean and ttl 
product of auagmean and tt2 

--------------- -- --- -- -- ~~----~-~~== 
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