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Conventional evaluation o f  quantitative mineral potential has focused 

on target selection at small scales. Mapping at smafl scales usually 

results in large-area targets, which may be suitable for grass-roots 

exploration or regional evaluation of potential. Unfortunately, the 

estimates in small-scale exploration are commonly associated with 

large uncertainties. Large-scale estimation is used for optimal in-fill 

drilling design and step-out drilling target selection. In-fill drilling helps 

to confirm ore-grade continuities and translate a portion of geological 

resources into minable reserves, whereas step-out target estimation 

is useful for fincgng new orebodies in the vicinity of  known ore de- 

posits. Both of  these processes are necessary for mine development 

and production planning. A comprehensive methodology is proposed 

here, Particularly for large-Kale mineral exploration. The central in- 

formation synthesizer is canonical or indicator favorability analysis. 

A case study is presented to demonstrate the methodology for large- 

scale target selection. The study involves a gold-mining district where 

step-out drilling targets are being sought to expand the resource 

base. Several drilling targets were delineated in the study region. Two 

of them were tested through surface sampling with positive results. 
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Introduction 
In the next decade, mineral exploration will likely target 
blind orebodies by means of optimal data-integration 
technologies. Mineral potential evaluation commonly in- 
volves multiple data sets, or layers, of diverse forms. 
Multiple layers can be combined either qualitatively (for 
example, by superposing a single map) or quantitatively 
(through mathematical optimization). The qualitative 
methods identify targets as areas where more than one 
anomaly coincides, whereas the quantitative methods de- 
lineate targets by computing probability or favorability 
of mineral occurrences. Quantitative techniques have been 
emphasized recently, for several reasons: (1) their supe- 
riority in evaluating numerous layers, (2) their ability to 
evaluate the interrelationships of different layers, (3) their 
ability to filter and enhance, and (4) their flexibility for 
reinterpretation as more data is acquired. 

With the advent of sophisticated computer technol- 
ogies in the last decade, numerous quantitative methods 
have been introduced to optimize the combination of 
multiple layers ofgeo-maps. Notable techniques include 
favorability analysis (Pan and Harris, 1992; Pan, 1993a, 
b) and probability analysis, for example, weights of evi- 
dence modeling (Bonham-Carter and others, 1988; Ag- 
terberg, 1992). Other related techniques are derived from 
artificial intelligence (Bonham-Carter and others, 1990), 
such as belief function, plausible function, and fuzzy logic 
membership function (see Sharer, 1986; Moon, 1990; 
Chung and Moon, 1991). All these methods can be ef- 

ficiently implemented by means of automated or expert 

systems based on Geographic Information Systems (GIS). 

Although each method employs a different algorithm to 
combine multiple maps, they all produce some unique 
measures for mineral potential based on a given set of 
geoscience variables. 

Conventionally, mathematical estimation methods 
have been used mainly to select targets, for small-seale 
(grass-roots or regional) mineral potential. A major char- 
acteristic of small-scale estimation is low-level infor- 
marion related to the deposits. In other words, we usually 
have insufficient information to define targets in evalu- 
ating regional mineral potential. Consequently, the es- 
rimates of favorability function for regional mineral po- 
tenrial are commonly associated with extremely large un- 
certainties, which are ditficult to quantify. Moreover, most 
objective methods are based on the principle of analogy: 
A mathematical model is created from a set of standard 
samples within a preselected control area; the model is 
then applied to the entire region. Since detailed infor- 

marion about the control area is frequently lacking, ex- 

trapolating the model to a large region can be geologically 

inappropriate. If this issue is not successfully addressed, 

quantitative estimates in regional resource evaluation are 

hardly adequate and reliable. Hence, the results will be 

less useful for practical exploration and decision-making. 

Estimation of large-scale mineral potential has been 

essentially ignored for several masons. One major reason 

is the traditional perception in regard to the nature of 

large-scale targets. Deposit- or district-scale targets can 
be reliably selected by resident geologists based on their 
knowledge of the area and geological models. This im- 
plies that exploration programs can be appropriately de- 
signed even without using quantitative methods. The sec- 
ond important reason lies with the geomathematicians, 
who lack confidence in defining precise drilling targets 
because of technical limitations. These may include in- 
effective quantitative methods, insufficient practical ex- 
perience, financial constraints, and lack of support from 
exploration managers who are unfamiliar with quanti- 
tative methods. The difficulty in acquiring sutficient data 
sets is another reason that large-scale estimation has been 
ignored. This does not mean that there is insuificient 
information for quantitative analysis, but rather that we 
have not fully utilized data generated by past cumulative 
exploration efforts. In fact, it is quite common in many 
companies that data are only partially utilized. 

Although large-scale targets can be satisfactorily de- 
lineated by expert geologists, more rigorous quantitative 
studies would be useful. In estimation, the goal is the 
selection of optimal drilling targets; that is, the drill plans 
must yield the largest discoverability for a given explo- 
ration expenditure. Furthermore, in completely covered 
areas, there rarely exists a single exploration approach 
sufficient for the most efficient target selection. In other 
words, objective and quantitative methods should play 
an important role in large-scale mineral potential pros- 
pectin& 

In this article, we apply favorability analysis to esti- 
mate large-scale potential for epithermal gold deposits in 
volcanic environments. Canonical favorability analysis 
is used to yield target maps by integrating geological, 
geochemical, geophysical, and drill-hole data. The major 
targets have been appropriately tested by means of sur- 
face rock sampling. 

The Scope of Large-Settle Estimation 
When a mineral potential estimation program is enacted, 
it is necessary to understand the scale and character of 
targets to be delineated. This is important because dif- 
ferent scales define different types of targets, and targets 
identified in one area may not be appropriate in other 
areas. For example, some targets may indicate potential 
mineral occurrences, whereas others may indicate ore 
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deposits. The type of  target will usually influence follow- 
up exploration. Targets of  ore deposits are usually of  
more interest to mining companies than targets of min- 
eral occu r rences .  

Estimation of  large-scale mineral potential usually re- 
fers to mapping orebodies or ore deposits. In concept, 
large-scale estimation should focus on detailed data in- 
tegration and selection of  drill targets in relatively small 
areas. Presumably, the size of  mapping areas may vary 
from a few square kilometers to a few hundred square 
kilometers, depending on the nature of resource distri- 
butions and the type of  properties. For example, large- 
scale estimation of iron or coal deposits may deal with 
areas many times larger than those considered in gold- 
deposit prospecting. 

It is worthwhile to understand the practical values of 
large-scale evaluation. In general, large-scale estimation 
is used for identifying in-fill drilling targets and step-out 
drilling targets. 
In-Fi l l  Dril l ing Targets. When an ore deposit is ade- 
quately delineated by sparse exploration drilling in the 
early phases, the deposit must becarefully evaluated to 
determine whether further mine development is war- 
ranted. In-fill drilling is usually required when initial fea- 
sibility studies support the development of economical 
production. Large-scale evaluation can be conducted to 
design optimal in-fiU drilling patterns by the integration 
of  all data sets, including known drill-hole assays and 
logs. The goal of in-fill drilling is to confirm ore conti- 
nuities, better define grades and geometry, and expand 
the size of  orebodies. A portion of geological resources 
may be translated into ruinable reserves through in-fill 
drilling. 

S tep -Ou t  Dril l ing Targets. When an orebody is located, 
explorationists usually try to find new orebodies in the 
vicinity of established deposits. Large-scale evaluation 
can help to identify the step-out targets for new orebodies 
and new deposits. Adding new resources to the reserve 
base is particularly necessary when known mineral re- 
sources are insufficient for mine development or when 
the mine life is to be prolonged. Many operational mines 
today require new orebodies to fully utilize existing min- 
ing and milling facilities. Exploration for this kind of  
target clearly fails in the scope of large-scale estimation. 

Mapping for in-fill and step-out drilling targets bridges 
gaps between grass-roots exploration and mine opera- 
tions. In-fill drilling patterns are designed by means of  
interpolation, whereas step-out targets are mapped 
through extrapolation. However, both do share many 
features associated with general large-scale estimation 
practices. 

A major characteristic of  large-scale evaluation is the 

availability of large data sets, including not only regional 

surveys (geophysical and geochemical) but also detailed 

geological models and drill-hole assays. With the known 

deposits, control areas can be readily selected from the 

study region. Since the control areas usually contain high- 

level information, the models established by the control 

samples are generally reliable and can be readily cross 

validated. 

In large-scale analysis, extrapolation of the models 

established in control areas is relatively stable and rea- 

sonable, since the study region is generally not too large. 

In other words, the principle of analogy can be more 

readily observed because there is less heterogeneity with- 

in a small study region relative to the size of the control 

areas. The usefulness of the analysis is maximized if all 

information is fully extracted and utilized in the selection 

of  targets. 

Review of Canonical Favorability Analysis 
In favorability analysis, the following model is commonly 
considered: 

F - -  Za  = a,Zt  + a2Z2 + �9 . .  + a,.Zm, (1) 

where F is the favorability function in terms of random 

variables Z, ..... Zm, Z = (Z, Z~ ..... Z~), and a = 

(at, as ..... am) r. The favorability function Fis required 

to characterize a type of mineralization given a collection 

of observations. F is sometimes regularized, say, to the 

interval [-I, I] with I indicating the most favorable for 

the mineralization of interest and - I representing the 

opposite. 

In the canonical favorability model (CFA) (see Pan, 

1989), favorability function is estimated such that the 

canonical correlation between explanatory and target 

variables is maximized. To characterize the largest vari- 

ability, target variables are transformed into a set of in- 

dependent principal components. 

Let us consider the sample estimates. Suppose that 

both sets of explanatory and target variables are observed 

on a control sample of size n. Let Z ffi (zl ..... zm) be an 

n x m data matrix for explanatory variables and Y = 

(yl ..... y,) be an n x t data matrix for target variables. 

In this sample, let f -- (f~ . . . . .  .f,)r be the vector of 
realizations of F given the set of observations on the m 
explanatory variables. Thus, 

f -  Za .  (2) 

Furthermore, the first q sample principal components 
of  t target variables are denoted by P = (it, . . . . .  [$q) = 

YU, where 0 = (fi, . . . . .  fiq) with fij being the unit eigen- 
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vector associated with the j th largest eigenvalue of  the 
sample covariance matrix of  the t target variables. Con- 

sider 

O2.(a)~ - J f -  J = a r S a ,  
j - i  

where Q = I - (1/n)J with J = (1) . . . .  and 

S ffi ZTQYOI]rYrQZ. (3) 

The sample variance of  F is 

a~(a) ffi arDa 

with 

D = Z r Q Z .  (4) 

The coefficient vector a is determined by maximizing 
~ subject to the constraint ce~ 2 ffi 1, leading to 

Sa = / ~ D a ,  arDa -- 1. (5) 

Hence, the estimate of  equation 1 based on this sample 

is given by 

•. ffi Z D - ' / 2 t ,  (6) 

where t is the unit eigenvector associated with the largest 
eigenvalue of matrix D -~ SD -~. 

Sample correlations between F and Z, Y, or P can be 
computed on the basis ofthe sample estimates. The stun- 
pie estimates of the correlation coefficients between F 
and Z are computed by 

t~.~ = C-~D~e, (7) 

where C is the sample estimate of  C ffi Diag(~) . . . . .  ~ 

with #y= var (Zj). 
Similarly, the sample estimates of  the correlation co- 

e~cients between F and Y are given by 

i~  ~ f '-~,rzD-~#. (8) 

where ~ and ~rz  are the sample estimates o f t  (diagonal 
matrix with elements being the variances of  target vari- 
ables) and Zr z (covariance matrix between explanatory 
and target variables), respectively. In the same fashion, 

the sample estimates of the correlation coefficients be- 
tween F and/ '  are given by 

(9) 

where A is the sample estimate of  A (a diagonal matrix 
with the elements being the variances of the principal 
components of target variables). 

In general, correlation coefficients between F and Z 
can be used to justify the significance of  each explanatory 
variable in terms of  favombility estimates. Higher cor- 
relation coefficients suggest that the explanatory variables 
are important in estimation. Low values suggest that the 
variables should be removed from the favorability equa- 

tion. 
Correlation coefficients between F and Y characterize 

how close favorability estimates are to each of  the target 
variables. Practically, some target variables are more sub- 
stantial than others in terms o f  the objective of estima- 
tion, for example, gold concentrate in gold deposits. Thus, 
the correlation value of  F with the most essential target 
variable(s) should be most informative with respect to 
the quality of  favorability estimates. 

Correlation coefficients between F and P provide in- 
formation on the eligibility o f  favorability estimates in 
representing the major variabifities of  the target variable 
space. It is expected that the correlation between F and 
the first principal component is usually the greatest, the 
correlation between F and the second principal compo- 
nent is the second largest, and so forth. 

Methodo logy  for  Large-Sr Est imation 
The favombility methodology proposed in this section is 
an integrated approach for the search, based on diverse 
geodata, for blind orebodies on a large scale. Data in- 
volved in this analysis may include geophysical, geo- 
chemical, and geological observations. The approach has 
the following characteristics: 

The method emphasizes information synthesis (that is, 
optimal spatial integration) o f  multiple geodata sets of 
all forms, for instance, qualitative, nominal, and quan- 
titative. We know a priori that geological features are 
differentiated with respect to their roles in mineral po- 
tential estimation. 

The method creates a unique criterion for identification 
and delineation of  mineral targets, whose credibility 
can be quantitatively assessed. The favorability func- 
tion provides a useful ruler for the relative possibilities 
of  mineral occurrences given a set of  observations. 

The method uses geophysical fields as the core infor- 
mation for the estimates o f  favorability function and 
the synthesis of  multiple geofields. Geophysical sur- 
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veys are crucial for revealing blind targets, but they are 
ambiguous in defining the targets. The effective use of 
such data sets makes it necessary to maximize the cor- 
relation between geophysical observations and some 
direct target evidence in three-dimensional space. 

The methodology aims to extract the maximum 
amount of information relevant to the deposits of  inter- 
est. Favorability analysis is the core information synthe- 
sizer that combines multiple geofields. Since exploration 
efforts are directed toward unexplored areas and covered 
terrain where surface evidence of  mineralization is rare, 
geophysical data become increasingly important as the 
core information for target definition. Figure 1 presents 
a flowchart for the methodology. The major steps in the 
methodology are preprocessing~ interpolation and en- 
hancement, variable classification, establishment of  in- 
formation criteria, favorability function estimation, tar- 
get delineation, and target evaluation. 

Preprocessing 
All relevant information (digital or map) for the deposit 
type of  interest is compiled and unified. In most cases, 
geodata collected in different survey campaigns may have 
inconsistent spatial distributions, different sampling den- 
sities, and uneven measurement precisions. This stage 
includes three treatments: quantification, transforma- 
tion, and prescreeuing. 
Quantification. Information is diverse in both form and 
nature. For example, geochemical data are numerical and 
quantitative, whereas rock type is nominal and quanti- 
tative. Nonnumerical geological features must be appro- 
priately expressed as a quantity. For example, rock type 
is assigned a meaningful numerical value according to 
presence or absence or according to favorability for the 
presence of deposits. This step may also generate com- 
posite variables, such as grade-thickness, which provide 
additional information. 
Transformation. Appropriate data transformation helps 
to unify different data sets with diverse scales and con- 
trasts. Common methods include regnlarization, stan- 
dardization, and logarithm transformation. Rcgulariza- 
tion converts a variable into a limited numerical range, 
for example, [0, 1], [ -1 ,  1], or [0, I00]. Standardization 
transforms a variable into a new variable that has a zero 
mean and unit variance. Logarithm transformation is 
used to suppress the effects of  large numerical contrasts 
or nonsymmetric distributions. 
Prescreening. Data bases usually contain numerous 
geological maps or quantified features for large explo- 
ration projects. Only some of  the data are relevant; other 
data are either less interesting or statistically redundant. 
Therefore, prescreening of  the data helps to focus on the 

most important features with minimal processing costs. 
For example, if both drill-hole assays and rock geochem- 
ical data are available in a control area, it is desirable to 
compress the geochemical data set by either deleting less 
important elements or converting them into fewer com- 
posite factors. 

Interpolation and Enhancement 
Original geodata sets are converted into a standard XYZ 
file and interpolated into a regular grid, which is then 
subjected to filtering and enhancement. An equal-area 
grid should be designed to suit the densities and distri- 
butions of  samples. 
Interpolation. Prior to filtering, all geodata sets are con- 
vetted into raster formats on a common grid on which 
the layers are integrated. Different interpolation methods 
are used for different types of data. For example, the 
minimum curvature method may be employed for geo- 
physical data, whereas kriging may be best suited for drill- 
hole assays. It is important to make sure that the oper- 
ation is interpolation and not extrapolation. 
Enhancement. The grid is usually filtered first to re- 
move possible noise and then enhanced in various ways, 
depending on the objectives and the characteristics of 
data sets. Since mineral exploration is usually directed 
at shallow deposits, the enhancement of local and shallow 
anomalies is a common practice for the interpretation of  
geophysical data. Similar treatments may also be applied 
to digital elevation models and quantified structural data. 

Variable Classification. 
Relevant geofields are classified into two categories ac- 
cording to their roles: explanatory variables and target 
variables. 
Explanatory Variables. Explanatory variables are those 
that quantify physical and chemical characteristics of 
geological objects hosting or adjacent to mineral deposits. 
These data can be obtained for the entire study region at 
a relatively low cost, for example, with a magnetic survey. 
This type of variable provides indirect evidence of  the 
existence of mineral deposits. 
Target Variables. Target variables are those that pro- 
vide firm, direct, and definite information for the mineral 
occurrence of interest. This type of  information is usually 
available in the best-explored subregions; the data can 
be very costly to obtain. 

Establishment of Information Criteria 
This is a critical step in establishing a set of necessary 

criteria that guide the conversion of diverse data into the 

information in terms of mineral deposits. 

Deposit Model. One or more control areas containing 
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known deposits or mineral occurrences are required for 

large-scale estimation to establish reliable deposit models 
as the basis of target identification in unexplored regions. 
In the control areas, target variables can be collected and 
quantified by utilizing all data accumulated in the past. 
Undiscovered deposits of the same type as those occur- 
ring in control areas are sought in noncontrol areas. 
Profiling. For geophysical data, profiling is necessary to 
establish geological--geophysical models. Known geology 
should be maximally utilized in the construction of  typ- 
ical profiles within the control areas and possibly the 
study region. Modeling is necessary when known infor- 
mation is insulficient. Profiling will help us understand 
the relations between subsurface geology and geophysical 

anomalies. 
A Priori Mode/. This is a summary of the relations from 

the profiling and statistical analysis of control data sets, 
including a priori weights of  the fields, thresholds, and 
value assignment strategies. Prior weights are determined 
from the relations of each explanatory field to target vari- 
ables and possibly to the opinions of expert geologists. 
Thresholds are determined from geological-geophysical 
relations and statistical analysis of explanatory data. These 
values serve as cutoffs to convert original data into dis- 
crete numbers. Value assignment provides a strategy to 
explicitly define favorability levels between the pairs of  
threshold values. 

Favorability Function Estimation 
Based on the control data sets, one or more of  the fol- 
lowing favorability functions may be estimated to opti- 
mally combine the multiple explanatory fields. 
Target Principal Components. Target variables are usu- 
ally multiple and highly intercorrelated because they rep- 
resent the same targeting features (for example, copper 
mineralization). It is desirable to convert them into or- 
thogonal principal components and retain only the major 
components. 
Estimation of Weights. The optimal weights are deter- 
mined by maximizing the correlation between explana- 
tory and target variables. The favorability equation is 
defined as the weighted sum of explanatory variables. 
Cross Validation. The quality of the favorability func- 
tions may be validated in the control areas by computing 
the favorability estimates and known target principal 
component values. A set of  correlation coefficients should 
be computed between the favorability functions and ex- 

planatory, target, and the target principal components 
variables. 
Favorability Regularization. Favorability estimates can 
have any numerical range. For interpretation, it is usually 
helpful to regularize the favorability estimates into a lim- 
ited range, for example, [0, 1] or [ -  1, 1 ]. 

Target Delineation 
The favorability grids generated by the favorability func- 
tions can be further converted into color images, which 
are then enhanced in different ways to emphasize trends 
and highly favorable areas. 
Trend Correlation. Prior to delineating targets, it is im- 
portant to examine the correlations between favorable 
trends and the known structural or geological zones that 
are relevant to the formation of ore. 
Boundary Definition. Although the favorability images 
may reveal a large contrast between highly favorable areas 
and the surrounding background, it is still desirable to 
precisely define the boundaries of targets. This can be 
done simply on the basis of a contour line or by using 
more complicated approaches, such as optimal discret- 
ization (Pan and Harris, 1990). 

Target Evaluation 
The final stage in the methodology is to evaluate the 
identified targets through field work and sampling. If  the 
favorability of a target is supported by field work and 
surface sampling results, a small drill plan (for example, 
a couple of drill holes) may be designed on the targets. 
The drill-hole information is carefully examined to de- 
termine whether further work is warranted. If the results 
are positive, the plan continues. Otherwise, the model is 
redone by incorporating the new data into the analysis. 

Case Study 
The favorability methodology for large-scale estimation 
described here is applied to the target definition for hy- 
drothermal gold-silver deposits within a known mining 
district. The gold-silver deposits in the mine region are 
association with middle Miocene silicic Tolcanic flow 
domes, which vented along north- to northwest-trending 
fault zones. The deposits are characterized by a high sil- 
ver-to-gnld ratio, low amounts of  sulfides and base met- 
als, and the occurrence of  silver selenites. The miner- 
alization is associated with strong silicification and ar- 
~lliTation of the host rocks. 

Geodata used in this study include a exploration drill- 

Figure 1. Flowchart for the methodology of large-scale mineral potential evaluation. 
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Figure 2. Generalized geological map of the study region: Tpr, Teriary porphyritic rhyolite; TI, Tertiary latites; Tbr, Tertiary banded 
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hole assays (gold, sever), geology, high-resolution elec- 
tromagnetic measurements, and soil geochemical sam- 
pies. All geophysical fields (total magnetic, resistivity fields 
at three different frequency bands) were filtered to en- 
hance the signals for local and relatively shallow geolog- 
ical objects. Results of  drill-hole assays of  the mine area 
were used as target variables. Various images were cre- 
ated to assist the interpretation of geophysical anomalies. 
A target map was generated to show the potentials of 
undiscovered gold-silver deposits in the study region. 

The results from this study include multiple targets, 
some of which have been field-checked and are permis- 
sible for hosting ore deposits. Two of the targets have 
revealed trends of mineralization from chip, rock grab, 
and soil samples. Postmineral cover in other target areas 
precludes surface verification and will require drill con- 
firmation. 

Review of Geology 
A generalized geological map is shown in figure 2. The 
region contains four major premineral rock units: granite, 
sEicic volcanic rocks, volcanic sediments, and basalt. 

Granitic rocks occur in the eastern portion of  the district 
and form the basement beneath the volcanic units else- 
where in the district. Basalt flows overlay the granite in 
the lower elevations and are widely exposed in the north- 
cast portion of  the district. Silicic volcanic rocks form 
most of  the topographic highs and overlay the basalt in 
the western portion of the district (Porterfield, 1993). 

Volcanic rocks that postdate the main period of  min- 
eralization include rhyolite, vitrophyres, tufts, and basalt. 
Up to 500 feet ofpostmineral rhyolite flows occur directly 
south of  the district. Vitrophyre flows cover the area in 
the northeastern part of  the district. The lower section of  
the sediments are clastics derived from the granitic and 
volcanic units, whereas the upper section consists of 
greenish tuf~_ceous sediments that titled topographic lows. 
Black siliceous hot spring sinter conta_ining abundant fos- 
sil plant material is common in these sediments. 

Several fault sets are pronounced, including north-to- 
northwest-striking high-angle normal faults with small to 
moderate dip-slip displacement. Northeast-striking 
structures are rare in the volcanic rocks but are much 
more common in the granites. These faults may be related 
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to an older structural system because some are cut offby 
northwest-trending faults. The most important fault is 
the northwest one, which is in a zone of northwest to 

east-west faults. 
Most of  the gold and silver mineralization in this re- 

gion is related to flow vents of silicic volcanism. Exog- 
enous dome complexes, which include a tuffbreccia event 
between quartz latite and rhyolite flows, host the major 
bulk-ruinable ore deposits, These domes are formed from 
a series of  coalescing flows vented from the major north- 
west-trending faults. Disseminated gold-silver mineral- 
ization in favorable lithologies and structurally prepared 
breccias composes much of the bulk-ruinable deposits. 
A porphyritic rhyolite unit has been the major ore host 
in the district. A basal clay-altered vitrophyre of an over- 
laying banded rhyolite exerted important stratigraphic 
control on the mineralization. Ore mineralogy consists 
primarily of gold and electrum, the silver selenides, nan- 
manite, and aguilarite. 

Strong hydrothermal alteration is associated with gold 
and silver mineralization in the district. The extent and 
character of alteration is strongly dependent on host li- 
thology. The alteration in granitic rocks is usually limited 
to less than an inch of  silicification and argillization next 
to veins. The lower basalt is usually chloritized near hy- 
drothermal conduits, but rarely exhibits silicification or 
argilllzation. The silicic volcanic rocks generally exhibit 
strong quartz-sericite alteration associated with the min- 
eralization. Strong silicification is common/ and clay 
minerals, including illite, smectite, and kaolinite, are lo- 
cally abundant, particularly in structural conduits. Pro- 
pyritic alteration, including strong siricification, can ex- 
tend outward from mineralization over 100 feet in the 
latites and quartz latites. Argillic alteration characterized 
by kaolinite and montmorillonite commonly extends 
many hundreds of feet above and outward from the core 
of mineralization systems. 

�9 Figures 3 and 4 each present a geological section and 
a geophysical profile; locations are indicated in figure 2. 
Both sections reveal that the orebodies are hosted in 
Tertiary porphyritic rhyolite and latite. The sections show 
that the occurrence of ore is closely associated with fauRs -- 
probably the contact between rhyolite and latite. The  
geophysical fields exhibit the following features: 

I. The host environments, including porphyritic rhyo- 
lites and latites, are characterized by local and com- 
plex resistivity lows and magnetic lows. These lows 
represent extensively altered lithological settings. Rel- 
atively unaltered rocks, such as millsite rhyolites and 
lower basalts, correspond to high resistivity fields and 
high magnetic residuals. 

2. The high gradients in both magnetic and resistivity 
fields indicate high-angle structures (faults). The ad- 
jacent high-gradient fields clearly define the down- 
dropping of blocks favorable for the localization of 
ore. Both strikes and dips of  faults may be reasonably 
inferred from geophysical fields. 

3. Mineralization is generally associated with local re- 
sistivity lows and the transitional zones of magnetic 
residuals. The distinction, however, is not unique be- 
cause of the extensively faulted environment and the 
complexity of  alteration. The hot spring center in fig- 
ure 4 is clearly indicated by a local geophysical low. 

Selection of Geofields 
Each exploration datum carries two attributes: spatial 
location and geological typicality (Pan, 1993b). Some 
measurements, for example, geophysical surveys, reveal 
general physical properties, whereas others characterize 
rare events, such as mineralization. The search for min- 
eral deposits generally requires prediction of rare spatial 
phenomena through chemical and physical measure- 
ments. Target and explanatory variables (Pan and Harris, 
1992) have been introduced to describe the different roles 
ofgeodata. Target variables, associated with exploration 
completeness, provide direct and firm evidence for min- 
eral deposits. They are usually available only in the most 
thoroughly explored part of the study region. Explanatory 
variables, observable through the entire region at rela- 
tively low costs, describe indirect evidence for mineral- 
ization. 

Geophysical surveys generate explanatory data about 
the physical properties of geological objects in three-di- 
mensional space. Detailed geological and deposit inves- 
tigations, including drilling and mine development, usu- 
ally create target variables, such as mineral occurrence, 
alteration, ore grade, and genetic process. Geochemical 
surveys provide information on both explanatory and 
target variables. For instance, assays on ore elements (for 
example, gold) from rock samples indicate direct evi- 
dence of mineralization. Local ore-control structures 
(faults) are used as important explanatory variables. 

: Data involved in this analysis include airborne elec- 
tromagnetic (EM) geophysical surveys, geological struc- 
tures, favorable rock types, and digital topographic data. 
The geophysical data set was obtained from a high-res- 
olution airborne EM survey conducted through a mui- 
ticoil, multifrequency electromagnetic system hooked to 
a hericopter through Dighem, a Canadian geophysical 
service company. The flight line was north-south, with 
a line spacing of  about a quarter mile. The flight altitude 
was approximately a hundred feet above ground. The 
data include total magnetic and apparent resistivity fields 
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Figure 3, Geological-geophysical section, whose location is indicated on the geological map (profile AA). The legend is explained 
in figure 2. 

at three frequency bands. Filtered total magnetic fields 
and three apparent resistivities at 900; 7,200; and 56,000 
hz were employed in this analysis. The data were pro- 
cessed by various filtering and enhancing techniques for 
noise removal and enhancement of  local anomalies. 

In this study, we selected the following three target 
variables: 

Y~: Drill-hole GoldAssay. This variable is defined by the 
average gold assays along each drill-hole within the 
intercepts of  orebodies 

Y2: Drillhold Silver Assay. This variable is defined by the 
average silver assays along each drill-hole within the 
intercepts of  orebodies 

Y3: Grade-Thickness. This variable is defined by the cu- 
mulated product of  gold grade and thickness within 
the intercepted orebodies for each drill-hole. 

To estimate favorability functions, we used the fol- 
lowing six explanatory variables: 

Z,: High-Passed Magnetic Field. This field was derived 
from an airborne EM survey. The data were filtered 
for noise. A second-order polynomial trend was re- 
moved from the grid. The local residuals were then 
filtered again to emphasize local anomalies. 

Zz: Resistivity at 900 Hz. This field was derived from 
the apparent resistivity measurements at 900 Hz by 
an EM helicopter survey. The apparent resistivity 
was computed from a two-layer half-space model. 
The field was first low-passed to suppress some sin- 
gle-point anomalies. The regional trend of second 
order was then removed from the data. The data 
were finally transformed by logarithm. 

Z3: Resistivity at 7,200 Hz. This field was obtained in a 
manner similar tO that of Z2. 

Z,: Resistivity Ratio of 900 Hz over 56,000 Hz. This 
variable was defined as the ratio of the two resistivity 
fields at 900 Hz and 56,000 Hz: Z = [ln(R~) - 
ln(R~0o)]An(Rgoo). The ratio helps to reveal the sig- 
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Figure $. Image o f  high-passed magnetic f ield~ 

nals from the sources of  different depths. It is par- 
ticularly useful to show local resistors (or conductors) 
at depth. 

Zs: StructuralScores. This feature was created to exhibit 
the extensiveness and spatial distribution of struc- 

tures. Lineaments were identified from geophysical 

and topographic images. They were then reconci- 

Hated with known faults relevant to mineralization. 
The vector file was converted to raster format by 
quantifying and synthesizing the structural variables. 

Z+: Digital Elevation Model. This variable was made of  
elevation filtered for local features. It is incorporated 
mainly because some explanatory variables are re- 
lated to topographic features. 

Geological Interpretation 
Each of  the explanatory fields was carefully examined 
and interpreted to reveal the maximum amount of  in- 
formation relevant to the targets of  interest. Geological 
interpretation of the explanatory fields has been detailed 
with reference to known geological background. 

According to the characteristics of fields, the magnetic 

field and apparent resistivity fields were partitioned into 
five domains, each of  which bears internal similarities. 
Figure 5 is the image of the filtered magnetic fields. Fig- 
ures 6, 7, and 8 show the resistivity fields and the resis- 
tivity ratio image. Figure 9 shows the partitioned do- 
mains of the geophysical fields. Clearly, the partitioned 
magnetic domains correlate well with different geological 
formations in the region. The five magnetic field domains 
are as follows: 

I. 

II. 

This type of  field is not common in the region. It 
characterizes quiet and local anomalies, indicating 
local heterogeneities within the basaltic formation 
in the northeastern comer. 
This type occurs widely in the northeast and north- 
west quarters. The major features are magnetic highs 
with large internal variabilities, which may be re- 
lated to strong silicification and argiUization. The 
fields, trending N. 60 ~ W., are spatially consistent 
with the distribution of  silicic volcanic rocks, such 
as porphyritic rhyolite and latite, the major host 
rocks of  the gold-silver deposits. The high anoma- 
lies are probably the result of  the reversed polar- 
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Figure li. Image o f  f i l tered apparent resistivity fields at 900 Hz. 

ization of  the volcanic rocks, since the rocks are not 
magnetic. 

III. The third type of  magnetic field is recognized in 
several areas, trending N. 60 ~ W. These areas, which 
are extremely quiet and low, are geologically asso- 
ciated with Tertiary volcanic sediments. They ap- 
pear to have no relation to the occurrence of ore 
deposits in the region. 

IV. The fourth type characterizes "magnetic basins" with 
intermediate magnetic anomalies. These fields are 
relatively quiet but have certain internal magnetic 
variabilities, which correlate to some surficial fea- 
tures, such as waste dumps and leach ponds. There- 
fore, this type will not play a role in the selection of 
targets. 

V. The last type includes the areas with quiet and low 

magnetic anomalies. Surprisingly, these fields occur 
with premineral basalt rocks. One interpretation is 
that reversed polarization caused the extremely low 
anomalies. Clearly, this type has little relation to the 
formation of ore deposits in this region. 

In similar fashion, the resistivity fields of  900 Hz and 
7,200 Hz, as well as the ratio fields of  900 Hz and 56,000 

Hz, were also partitioned in terms of their spatial char- 
acteristics (see fig. 9). The resistivity fields of 900 Hz and 
7,200 Hz bear a lot of  similarities in spatial distributions. 
The following is a summary of the major features of  the 
partitioned resistivity anomalies: 

I. This type of field contains variable and relatively 
low anomalies distributed throughout the region. 
The anomalies are mainly associated with porphy- 
ritic rhyolites and Tertiary latites, the major host 
rocks of ore deposits. The anomalies inside the ba- 
salt area might reflect the effect of fracturing and 
local hydrothermal alteration. 

II. The second type of field includes the highest anom- 
alies that correlate well with the occurrence of  ore 
deposits. The main rock type is latite. The high re- 
sistivity anomalies are clearly associated with the 
strong silicification in latites and porphyritic rhyo- 
lites in the mine areas. 

HI. The third type contains those anomalies with inter- 
mediate magnitudes of resistivity values. These 
anomalies are localized along with some structures, 
which may be related to the conduits of mineral- 
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F i g u r e  7.  Image o f  f i l tered apparent  resist ivity fields at 7 .200 Hz. 

ization. Overall, this type is minor relative to other 
types of  anomalies. 

IV. The fourth type includes those anomalies that are 
caused by surficial features, such as tailing ponds 
and waste dumps. 

V. The last type of field corresponds to the preminer- 
alization basalt. 

The fields of resistivity ratios (fig. 8) exhibit strong 
structural trends. Geologically observed trends, such as 
northwest and northeast faults, are clearly shown in the 
ratio fields. Moreover, the image also reveals some east- 
west structural trends, which appear to correlate with the 
localization of  orebodies. Rationing of resistivity fields 
at different frequencies is effective in discerning subsur- 
face conductors or resistors. The subsurface becomes more 
conductive with depth when the ratio is negative, and 
the opposite holds when the ratio is positive. 

Geological structural data were obtained from linea- 
ment interpretation and digitized regional faults going 
through the study region and local fractures related to 
gold-silver mineral occurrence (fig. 10). Seven structural 

variables were quantified on a regular grid by a moving 
window technique with a window size of 300 by 300 feet, 
The structural variables generated are as follows: 

X~: Number of regional faults; 
X2: Number of  local faults; 
X3: Total length of local faults; 
X,: Number of  north-east local faults; 
X~: Number of  north-west local faults; 
X6: Number of  east-west local faults; 
X,: Number of  intersections between faults. 

These structural features were then combined into a 
structural score at the center of  each window by means 
of  principal component analysis. The structural score, S, 
is given by: 

S - -  - 0 , 2 0 X t  + 0 . 4 4 X 2  + 0 .12X3  - 0.08X4 
+ 0.25Xs+ 0.14X6 + 0.45X. (10) 

where the coefficients were obtained from the standard- 
ized eigenvector associated with the largest eigenvalue of 
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F i g u r e  8.  Image of  fi ltered apparent resistivi~j fields at 56,000 Hz. 

the correlation matrix of the seven features. Finally, a set 
of  structural scores was obtained by applying equation 
10 to all blocks in the study region. The image of the 
structural scores is given in figure 11. 

The digital topographic data were obtained at the mine 
site. The model was established by removal of  trends and 
by other filtering techniques. Figure 12 shows the image 
of  the topographic relief in the study region. 

Favorability Equation 
Before applying canonical favorability analysis, we used 
principal component analysis to convert the target vari- 
ables into orthogonal components. The first component 
loadings indicate that all three target variables are quite 
important, although variable Y, (gold assay) is relatively 
more weighted. The first component accounts for more 
than 65 percent of  the total variability in the data set, 
whereas the first two components account for almost 90 
percent of  the total variations. Thus, the first two com- 
ponents were used in the subsequent analysis. 

Based on six explanatory variables and two principal 
components of  the target variables, an optimal favora- 

bility equation is estimated as: 

z 6 ffi 0.341Z1 + 0.416Z2 - 0.081Z3 - 0.502Z, + 

0.411Z~- 0.233Z6. (11) 

According to the eigenvalues, this estimate accounts for 
over 95 percent of  the total variability related to the 
covariances between exploratory variables and two prin- 
cipal components of the target variables. 

To confirm the validity of  the favorability function, 
several correlation vectors were computed. As expected, 
the estimated favorability function is most strongly cor- 
related with structural fields (Z~) and resistivity ratio fields 
(Z,), indicating that these two exploratory variables are 
critical in determining the favorability of a sample unit 
with respect to the variabilities of  the target variables (see 
table 1). 

Furthermore, the estimated favorability function is 
highly correlated with all three target variables. The cor- 
relation of  F with Y~ (gold assay) is particularly high 
(0.78). Interestingly, Fis  strongly correlated with the first 
principal component of the target variables (0.84) and 
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Figure 9. Map showing partitioned domains for geophysical fields. 

moderately correlated with the second principal com- 
ponent (0.62). 

The estimated favorability value at each grid is eval- 
uated from equation 11. Figure 13 is the image of the 
favorability estimates in the region, showing that all known 
ore deposits are associated with the highest favorability 
values. Using the optimum discretization approach as 
described in Pan and Harris (1990), the value 0.62 was 
obtained as the best threshold for target delineation. Us- 
ing this cutoff, the favorability values discretized into a 
binary pattern. With some appropriate modifications, the 
delineated potential targets are sketched in figure 14. 

Target Evaluation 
Based on spatial characteristics, the targets are classified 
into three categories, each of which represents a level of 
favorability for the occurrence of ore deposits. 

A: Targets that occur along known mineralization trend s 
and are supported by favorable geological settings and 
significant geochemical anomalies 

B: Targets that are supported by favorable geological 
settings, including silicic domes and major faults 

C: Targets that occur in areas of favorable geological 
settings, including silicic domes. 

According to this classification, the targets labeled "A" 
would receive the top priority for foUow-up exploration, 
including surface cher and drilling. Two of the most 
promising targets are described here. 
Target AI: TR. The target "TR" occurs southwest of 
a railings dam. This anomaly has a northwest linear trend 
that is parallel to the Northwest Fault and may be re- 
flecting a graben boundary fault. The anomaly is covered 
for the most part with rhyolite, banded rhyolite, a vitro- 
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Figure 10. Lineament set interpreted 
f rom geophysical and topographic imag- 

es and known faults in the study region. 

phyre flow dome, and volcanic clays, which are all post- 
mineralization. Immediately west of  the railings dam is 
a fiat hill o f  bedded lithic tuff, which is capped with hot 
spring sinter composed of  opaline and chalcedonic quartz. 

The sinter is up to 50 feet thick and coversan area 700 
by 1,400 feet. A pyritic zone occurs in the bottom 15 to 
30 feet o f  the sinter and extends about 10 feet into the 
lithic tuff. Assays o f  100 to over 1,000 parts per billion 
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Figure 12.  Image o f  topographic relief. 

gold and 12-75 parts per million (ppm)mercury occur 
within this pyritic zone. 

An area with abundant pseudomorphic, banded and 
massive quartz vein float occurs between the sinter and 
the railings dam. Fire assays of the float yield values of 
0.03 to 0.17 opt (oz per ton) gold and up to .50 opt silver. 
Twelve shallow rotary holes were drilled in this area in 
late 1992. These holes failed to locate a conduit for the 
sinter or a source for the quartz vein float but did establish 

Table 1. 
| 

The coefficients of favorability estimates. 

Target 
Explanatory vari- 
variables ables 

Con'e- 
Correlation lation 

Coefficient to F to F 

Z1 0.341 0.455 YI 0.781 
Z= 0.416 0.561 Y~ 0.234 
Z3 -0.081 -0.105 Y3 0.356 
7.4 -0.502 -0.799 P, 0.842 
Zs 0.411 0.811 Pz 0.619 
Ze -0.233 -0.332 P3 N/A 

that porphyritic rhyolite, a favorable ore host, underlies 
the lithic tuff, which is 170 to over 300 feet thick. 

A hot spring system with sinter, mercury, and gold at 
the surface would be expected to host significant gold and 
silver mineralization at depth. The thickness of the lithic 
tuffand the proximity of  the railings pond weigh against 
the potential for open pit reserves in this area, but an 
underground target is possible if the conduit(s) of these 
sinters can be located. The three most likely conduits are 
as follows: 

1. A fault along the west flank of  the vitrophyre breccia 
dome. The mineralized quartz vein float occurs along 
this trend and positive geophysical anomalies (EM 
and magnetic profiles) indicate a structure at this lo- 
cation. 

2. The fault contact between the vitrophyre breccia flows 
and the lithic tuff. This fault has the same orientation 
as structures exposed by trenches in the sinter beds. 

3. A north-trending normal fault cutting through ~ e  sad- 
die west of  the target. 

Since this target is favorable from both integrated 
measures and geological environments, it should be drilled 
to find out the details of  subsurface geology. The target 
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likely contains structural hydrothermal conduits that could 
be mineralized. 
Target A2: SO. The target SO is in a fault wedge com- 
posed primarily of quartz latite. The wedge is 2,400 feet 

long and averages several hundred feet wide. This wedge 

is exposed between a porphyritic rhyolite ridge and the 
lower basalt to the east. Over 60 drill holes in the north 
end of the area have defined several high-grade silver- 
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gold shoots and numerous intercepts of  low-grade (around 

0.015 opt) gold mineralization. The south end has had 
limited drilling despite the occurrence of a strong north- 

trending geochemical anomaly (greater than 0.4 ppm Hg, 

0.10 OZ Ag, and 0.01 oz Au in soils). 
Drill targets include updip low-grade gold mineral- 

ization east of a west dipping orebody, which is buried 

under the porphyritic rhyolite ridge. There is a lack of  
drilling east and north of the existing drill holes (470 fl 
of 0.015 opt) and (240 ft of O.O12 opt). The east side of 
a generally barren porphyritic rhyolite intrusive that oc- 
curs between the north areas and the major fault in this 

area is poorly tested. An adjacent lone drill hole to the 
northeast ofthe target has an intercept of  anomalous gold 

from 55 R to 230 R including 60 ft o f  0.009 opt. 
Another adjacent drill hole located northwest of  the 

target has assays over 100 fl  of  0.020 opt gold and 1.40 
opt silver. The third adjacent hole located northwest of  
the target has anomalous assays down to 375 fl, including 

65 f~ of  0.015 opt gold. 
The SO target should be drilled because of  the poten- 

tial large tonnages of low grade, the possibility of  high- 
grade shoots, and the fact that mineralization in this area 
could significantly reduce the stripping ratio on the buried 
orebody. The targets include updip extensions of the west- 

dipping Sullivan Gulch orebody, the numerous untested 
faults in this area, and disseminated mineralization in 
quartz latite near the contact with overlying tuffbreccia. 

Concluding Comments  
To date, major efforts in mineral resources evaluation 

have emphasized mineral potential evaluation at small 
scales vis-a-vis regional or grass-roots type exploration. 
The results are usually the target maps that contain ex- 
ploration targets with large areal extent. Because of  the 
large uncertainties associated with each individual geo- 
field, the quantification of targets is no doubt highly un- 

certain. Therefore, the results from the statistical predic- 
tion of  targets have not been considered to be practical 

among some geologists and mineral explorationists. 
In this article, we present a methodology for mineral 

potential estimation at a large scale. The method is de- 
signed on the basis of  favorability analysis in general and 
canonical favorability analysis in particular. Mapping at 
large scales is extremely valuable in mineral exploration 
and the design of  drilling programs. The goal of  large- 
scale estimation is to maximize the discoverability of  ore 
and minimize the cost of  drilling (and other sampling). 

From the standpoint of  resources, large-scale evaluation 
will help to translate a portion of geological resources 

into ruinable reserves and find new orebodies adjacent 
to a known deposit. 

We presented a detailed case study to demonstrate the 

use of  our methodology for large-scale mineral potential 
estimation. The case involved geological, geophysical, 

and drill-hole data. Two major targets were identified 
and delineated. Some tests have been conducted, with 

positive results. The two targets are localized within an 

area where all known information is positive for the oc- 
currence of  a gold-silver ore deposit. 
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