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INTRODUCTION

Ore Samples Normalized to Average Crustal
Abundance (OSNACA) is part of a broad initiative to
characterize ore deposit signatures in a unique way
such that geochemical similarities and differences
between mineral deposit types can be quantified and
classified. The OSNACA international project is a new
approach jointly developed by the mineral exploration
industry, the Centre for Exploration Targeting,
University of Western Australia, and the TGI-4 Lode
Gold project to characterize and classify ore samples
from various mineral deposit types based on whole
rock geochemistry. A technique (Brauhart et al., 2015)
has been developed that quantifies differences in multi-
element signatures or ore-deposit chemistry and
defines a “magmato-hydrothermal space”. Twenty-four
elements define the mathematical space where an ore
geochemical signature is defined by its “enrichment
vector”. Every sample must be analysed for every ele-
ment used in the calculations. The database that com-

prises these ore samples is part of a larger database
being assembled and defined by the OSNACA project
(Brauhart et al., 2015) Research is being conducted on
the development of a suitable metric to study ore-
deposit chemistry.

Numerous workers have suggested a continuum
between different ore-deposit classes such as
Mississippi Valley type (MVT) and sedimentary-
hosted massive sulphide (SHMS) (e.g. Leach et al.,
2005), volcanic-hosted massive sulphide (VHMS) and
epithermal (e.g. Hannington et al., 1999), porphyry and
high-sulphidation epithermal (Sillitoe, 1989), orogenic
Au, Carlin Au, and epithermal (Nesbitt, 1988), and
even a link between iron oxide-copper-gold (IOCG)
deposits and mantle-related mineralization (Groves et
al., 2010). The integration of the deposits into a metric
space has been termed the “Magmato-Hydrothermal
Space”. The latter is presented as a new means to doc-
ument and quantitatively describe both the range and
statistical uniqueness of ore-deposit types and clans.
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ABSTRACT

A new approach to characterizing and classifying mineral deposits based on whole-rock geochemistry is
currently being developed jointly by the mineral exploration industry, the University of Western Australia,
and the Geological Survey of Canada.

Based on 24 elements (Fe, Co, Ni, Re, Pd, Pt, Cu, Ag, Au, Zn, Cd, In, Tl, Pb, Hg, As, Sb, Bi, Te, Mo,
W, Sn, La, U), a centred log-ratio transformation is used for representative samples of mineral deposits.
Success of this approach requires the use of rigorous analytical protocols that have also been established for
this project.

A component of this project is focused on the development of a statistical classification approach to cat-
aloguing ore deposit styles. Research done to date, shows that this methodology has successfully identified
a wide range of mineral deposit types including porphyry, lode gold, PGE, skarn, sedimentary rock-hosted
massive sulphides, volcanic-hosted massive sulphides and Mississippi-type lead-zinc deposits. This contri-
bution focuses solely on gold deposits.

Geochemical data of unknown metallogenic affinities can be classified and existing classifications can
be enhanced/re-defined. The results indicate that trends and differences of a spectrum of gold deposits can
be successfully classified using statistical methodologies and metrics for expressing ore chemistry. In con-
junction with geological knowledge, this database and associated methodologies will enhance the recogni-
tion and classification of a range of lode gold deposit types and could be useful in both greenfields and
brownfields exploration programs. 

Grunsky, E.C., Dubé, B., Hagemann, S., and Brauhart, C.W., 2015. A global database of gold deposits: quantification or multi-element ore
signatures, In: Targeted Geoscience Initiative 4: Contributions to the Understanding of Precambrian Lode Gold Deposits and
Implications for Exploration, (ed.) B. Dubé and P. Mercier-Langevin; Geological Survey of Canada, Open File 7852, p. 271–285.
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Although the broader goals of the OSNACA project
are to incorporate all deposit types into a geochemical
metric, this report is limited to four main types of gold
deposits: Carlin (Car), epithermal, high-sulphidation
epithermal (HSEpi), low-sulphidation epithermal
(LSEpi), and orogenic greenstone-hosted (OGs) (Table
1). The OSNACA database also contains seven gold
deposits that are “intrusion-related”. This population
was considered too small to be considered for a statis-
tical evaluation of gold deposits and these data were not
included in this study. Two methodologies described
for the OSNACA project include (1) examining the
ratios of ore-deposit chemistry against average crustal
abundance; and (2) centred log-ratio transformations
(Aitchison, 1986). This study examines the centred log-
ratio (clr) metric for characterization and classification
of gold deposits. Geochemical data are compositional
in nature and thus to identify patterns and features of
the data that are not related to the data closure problem,
a centred log-ratio transform was employed (Aitchison,
1986). Data discovery methods, including principal
component analysis (PCA) and multi-dimensional scal-
ing (MDS), were applied to the transformed data to
assist in characterizing the different deposit types.
Finally, a classification methodology (linear discrimi-
nant analysis; LDA) was applied to test the uniqueness
of the established deposit classifications.

The results presented here represent a global collec-
tion of gold deposit samples, which includes many
samples from Canada as part of the Targeted
Geoscience Initiative 4 (TGI-4) Lode Gold Project.
The samples contributed to the project are listed in
Table 1.

Analytical Methods

Ore deposit samples were obtained from world-wide
sources according to the following prerequisites. 

Ore samples must be from a substantial body of•
mineralization that could be mined profitably
through modern mining techniques;

Samples must be devoid of weathering effects;•

Samples must be from different parts of the ore•
deposit, with “run of the mill” samples preferred to
obscure and unusual samples of the deposit;

A minimum of 500 g of sample is recommended,•
but samples as small as 200 g were also analyzed;
and

The ore deposit is located by longitude and latitude•
[datum: WGS84] coordinates.

Samples were prepared on a diamond saw to produce a
reference sample and an assay subsample of (ideally)
more than 250 g. Samples were cut across layering or
any dominant vein direction so that the assay sample
and reference sample are as similar as possible. The

entire assay sample was crushed at Bureau-Veritas –
Ultratrace in a steel jaw crusher and then milled in a
tungsten-carbide mill with a barren quartz wash
between each sample. Four analytical techniques were
performed:

50 g Pb-collection fire assay with ICP-MS finish;1.

20 g aqua regia digest with ICP-MS finish;2.

0.15 g “four-acid” digest with ICP-MS and ICP-3.
OES finish; and

0.25 g peroxide fusion digest with ICP-MS and4.
ICP-OES finish.

The first three analytical techniques are tailored to the
24 elements used in this paper, but we recognize that
the OSNACA database has many different potential
uses and therefore it is desirable to also capture all of
the major elements and a wide suite of trace elements.
The analytical techniques listed above are ideal for
analysing for many of these additional elements, but
not all. For example, major elements would better be
analyzed by XRF but the extra cost is not warranted for
the entire OSNACA collection.

Samples were submitted in batches of 48 with an
additional blank sample and assay standard. All data is
available at http://www.cet.edu.au/OSNACA.

The amount of publicly available geochemical data
for ore deposits is extensive, but analytical techniques,
detection limits, and above all, assay suites, vary
widely. The subset of publically available datasets con-
taining analyses for all 24 ore and pathfinder elements
used here, with appropriate detection limits, is
extremely limited. In response to this gap in available
data, researchers at the Centre for Exploration
Targeting at the University of Western Australia cre-
ated the OSNACA database, a publicly available on-
line resource providing consistent high-quality data of
ore-deposit samples from around the world (OSNACA,
2013).

RESULTS AND DATA ANALYSIS

The results presented here represent a global collection
of 178 gold deposit samples from a total of 431 analy-
ses that currently comprise the OSNACA database. The
TGI-4 Lode Gold Project provided 18 samples, mainly
from Canadian orogenic gold deposits (see Table 1).

In the application of statistical methods requiring
estimates of the mean and other moments, sample pop-
ulations with censored data (data reported at less than
the lower limit of detection) are biased. This is due val-
ues of less than the lower limit of detection are all
reported only as that value. In order to minimize this
bias, a replacement methodology (EM algorithm),
which has documented by Palarea-Albaladejo et al.
(2008), was used to find suitable replacement values.

E.C. Grunsky, B. Dubé, S. Hagemann, and C.W. Brauhart
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The methods used in this study were applied in the R
programming environment (R Core Team, 2014).

The data were then transformed using a centred log-
ratio, as documented by Aitchison (1986) and others
(Egozcue et al., 2003; Buccianti et al., 2006; Pawlowsky
and Buccianti, 2011). The use of log-ratios overcomes
the problem of data closure (constituents summing to a
constant) and opens the data into the real number space
rather than being confined to the positive number
space, known as the simplex. This transformation per-
mits the application of standard statistical methodol-
ogy.

Process Discovery

A principal component analysis (PCA) was applied to
the log-centred (clr) data. The results are shown in
Table 2 and Figures 1 and 2. Table 2 shows that the first
8 components account for more than 76% of the varia-
tion of the data. The R-scores provide the coordinates
of the elements on the biplots (Fig. 2). The relative con-
tributions indicate the percentage that each component
contributes to the variability of a specific element. The
absolute contributions indicate the percentage that each
element contributes to a given component. The first
three components account for 47% of the data variabil-
ity. As Figure 2 illustrates, there are distinct element
associations with specific deposit types. The low-sul-
phidation (LSEpi) gold deposits show a contrast of rel-
ative enrichment of Ag-Cd-Zn-Pb at a sub-horizontal
angle to the PC1 axis. High-sulphidation epithermal
deposits are associated with relative enrichment in Sb-
Hg-As-Sn-Mo. Carlin-type gold deposits yield rela-
tively low PC2 scores, which correspond to As-Sn-Sb-
Hg (key geochemical signature) and also Mo-U-Tl-W-

La-Re element assemblages. Orogenic greenstone-
hosted (OGs) gold deposits show a range of relative
enrichment in Co-Ni-Fe-Pt-Pd-Cu-Te, which likely
represents a mafic host-rock association, as seen along
the positive PC2 axis. There is a corresponding relative
depletion of these elements towards the origin of the
figure. These trends require more detailed interpreta-
tion within the context of the geology of the deposits,
which is beyond the scope of this initial study. It is also
important to note that there is significant overlap
between ore geochemistry at each of the deposit types.
This is emphasized through the addition of ellipses
(convex hulls) around the range of the samples that
define each class. As noted in Figure 2, the. Giant gold
mine, (Yellowknife, Northwest Territories, Canada)
appears to have a closer association with low-sulphida-
tion epithermal deposits.

Another method for investigating the dominant
associations and trends in multivariate data is multidi-
mensional scaling (MDS). This method (see Venables
and Ripley, 2002, p. 306) provides a measure of opti-
mum distribution of observations within a defined
dimensional space. Typically MDS is rendered in two
or three dimensions. Figure 3 shows a plot of the two
MDS coordinates derived from the application of a
two-dimensional MDS. As in the PCA biplot of Figure
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Figure 1. Screeplot of order eigenvalues derived from cen-
tred log-transformed geochemical data from the database of
three types of gold deposits.

Giant deposit

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

C1

Ei
ge

nv
al

ue

Car
HSEpi
LSEpi
Ogs

Ore Class

OSNACA [clr]

Figure 2. Biplot of principal components PC1 and PC2 for
the four gold deposit types. The loadings of the elements are
scaled to fit on the same diagram as the scores of the indi-
vidual samples (observations). A convex ellipsoid hull
encompasses the range of values for each gold deposit type
and enhances the view of overlap and range. The Giant
deposit (Yellowknife, Canada) is shown because of its dis-
tinct departure from the other orogenic greenstone-hosted
gold deposits. See text for more details on the significance of
the elements and observations. Abbreviations: Car = Carlin;
HSEpi = high-sulphidation epithermal; LSEpi = low-sulphida-
tion epithermal; OGs = orogenic greenstone-hosted.
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2, there is significant overlap of the four classes. The
extended range of the orogenic greenstone-hosted
(OGs) deposits is due to three individual deposits
shown in the figure: one of which is the Giant gold
mine, discussed previously. The chemistry of these
three deposits may be different due to wall-rock con-
tamination or they have been misclassified. Similarly,
three Carlin-type deposits occur within the field domi-
nated by high-sulphidation epithermal deposits. This
overlap may be the result of misclassification or an
insufficient range of Carlin-type deposit geochemistry.
However, these deposit types share some analogies in
terms of low-pH fluid chemistry and strong silicifica-
tion (jasperoid versus massive silica), which may
explain at least part of the geochemical overlap.
Several of the deposits are close to the origin of the
plot, suggesting that they are compositionally similar
and highlights the fact that knowledge of the geology
of the deposits and the associated paragenesis is critical
in characterizing and classifying gold deposits.

Process Validation

Assessing the statistical uniqueness of the gold deposit
types can be performed through an analysis of variance
(Venables and Ripley, 2002). The four types of gold
deposits were subjected to an analysis of variance,
based on the centred log-transformed data and the prin-
cipal component scores derived from the centred log-
transform of the data. A graphical summary of the
results are shown in Figures 4 and 5. Figure 4 shows

that Zn-Hg-Cd-Ni-Co-Pb-Ag-Tl-Te-Fe-Sb account for
most of the discriminating power between the three of
the deposit types. Since all deposits contain Au, it is
expected to see that Au has low discriminating power.
Figure 5 shows the results of a discriminant analysis
applied to the principal components. In contrast to
Figure 4, principal components 1, 5, and 2 account for
most of the discriminating power between the four
deposit types. Table 2 shows that both the relative and
absolute contributions to PC5 are dominated by Zn
(low-temperature Au deposition?). Since principal
components represent linear combinations of the ele-
ments, they can typically reflect the stoichiometric
controls that govern the associations of the minerals.
These linear combinations result in fewer numbers of
variables being required to define the variation in the
data. In this case, the three principal components listed
above (principal components 1, 5, and 2) are sufficient
for the purposes of classification of the gold deposits.

An interesting feature of the multi-element chem-
istry of the gold deposits included in this study is the
dominance of Zn as a significant element in defining
deposit class separation (Fig. 4). This implies that Zn
may represent a proxy for the deposition of Au in low-
temperature environments.

The four groups of deposit types were classified
using a linear discriminant procedure (lda, see
Venables and Ripley, 2002). Cross-validation proce-
dures (e.g. Venables and Ripley, 2002, section 12.6)
were used, which sampled the dataset 20 times, from
which average classification accuracy was established.
The results of this classification are shown in Table 3.
The overall classification accuracy is 80.9%, with indi-
vidual class accuracies ranging from 50.0 to 96.3%.
Overlap and/or misclassification are shown in the off-
diagonal elements of the accuracy matrix of Table 3.
Carlin-type (Car) deposits show overlap/misclassifica-
tion with high-sulphidation epithermal (HSEpi)
deposits and orogenic greenstone-hosted (OGs)
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deposits. High-sulphidation epithermal (HSEpi)
deposits show overlap/misclassification with Carlin-
type, and orogenic greenstone-hosted deposits. Low-
sulphidation epithermal gold deposits show overlap
with orogenic greenstone-hosted deposits. Orogenic
greenstone-hosted deposits show overlap with all of the
other classes and intrusion-related deposits show minor
overlap/misclassification with orogenic greenstone-
hosted gold deposits. These associations are graphi-
cally shown in Figure 6 as a plot of the first two linear
discriminant scores. The colour of each observation
defines the deposit class to which the sample was ini-
tially assigned. The symbol defines the class to which
each observation from the linear discriminant proce-
dure was assigned. All four deposit classes occupy
unique regions of the plot. The convex hull ellipsoid
provides a measure of the overlap between the classes
after the classification by the “lda” procedure. The
“misclassification” of the Giant deposit is highlighted
in this figure.

DISCUSSION

The methodology presented here provides a framework
in which high-quality geochemical data from a data-
base of ore geochemistry can be used for characterizing

well known mineral deposit types. The results pre-
sented in this study are restricted to four types of gold
deposits. Other types of gold deposits (e.g. skarn, por-
phyry, volcanic-hosted, paleoplacer) can be studied as
well. The methods employed in this study are based
solely on geochemistry and the resulting overlap
between classes and apparent misclassification (e.g.
Giant deposit) indicates that geochemistry alone is
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Count Accuracy
Car HSEpi LSEpi OGs

Car 11 1 0 6
HSEpi 4 11 0 7
LSEpi 0 0 17 12
OGs 1 2 1 105

% Accuracy
Car HSEpi LSEpi OGs

Car 61.11 5.56 0 33.33
HSEpi 18.18 50.00 0 31.82
LSEpi 0 0 58.62 41.38
OGs 0.92 1.83 0.92 96.33

Overall Accuracy (%) 80.9

Table 3. Accuracy of the prediction of gold deposit types
based on a 20-fold cross-validation linear discriminant analy-
sis.
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Figure 6. Plot of linear discriminant scores 1 and 2 for the
three types of gold deposits. The linear discriminant scores
were determined from the principal components shown in
Figure 5, namely: PC1, PC5, and PC2. See Table 3 for the
accuracy of the linear discriminant model. Abbreviations: Car
= Carlin; HSEpi = high-sulphidation epithermal; LSEpi = low-
sulphidation epithermal; OGs = orogenic greenstone-hosted.



insufficient to uniquely classify ore deposits. Hodgson
and Troop (1988) provide details on criteria for gold
deposit exploration based on computer based methods
using a database of key gold deposit characteristics.
Studies by Drew and Menzie (1993) detail the impor-
tance of the regional geological/tectonic framework in
defining metrics for ore-deposit classification. Poulsen
et al. (2000) provide a decision tree based on geologi-
cal characteristics that can helpful to classify the gold
deposit type. Our results suggest that ore geochemistry
can support these classifications schemes and also
highlight that ore deposits clans define a “magmato-
hydrothermal space”. 

IMPLICATIONS FOR EXPLORATION

The approach used in this study demonstrates the geo-
chemical distinctiveness of the major types of gold
deposits derived from a global database of ore deposits.
Despite demonstrated overlap between the four gold
deposit types studied herein, the framework establishes
a baseline for testing unknown samples for the poten-
tial affinity with the environments of gold deposit for-
mation. 

Currently, the OSNACA database does not have suf-
ficient numbers of representative ore sample chemistry
for the less common mineral deposit types, which cre-
ates difficulty when applying statistical methods. An
ongoing study at the Centre for Exploration
Technology, University of Australia, is involved in the
characterization and classification of a broader suite of
mineral deposits. Preliminary results (Grunsky et al.,
2013) show that a consistent methodological approach
together with carefully chosen ore-deposit samples and
exacting laboratory standards and protocols will create
a reliable database that can be used for a variety of
research and mineral exploration purposes.

FUTURE WORK

Further work is required to gather more data from the
global inventory of ore-deposit samples and research
more detailed relationships within the data. As the data-
base grows, both the distinctiveness and overlap that
exists as a continuum between gold deposits will
evolve and become more refined. A continuum of other
ore deposit styles, i.e., the magmato-hydrothermal
space, is the subject for further study. These data are
also available from the OSNACA database and may be
used for future studies.
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