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ARTICLE INFO ABSTRACT

Keywords: The Rosemont skarn deposit contains resources exceeding 1 billion tons of Cu-Mo-Ag mineralization. The deposit
Skarn deposit comprises three major structural-stratigraphic domains informally named Lower Plate, Upper Plate, and West
Lithogeochemistry Block. The Lower Plate is composed dominantly of Paleozoic chemical sedimentary rocks forming an east dip-
Chemostratigraphy

ping homoclinal sequence. The Upper Plate overlies the Lower Plate and is composed dominantly of Mesozoic
and Cenozoic siliciclastic sedimentary rocks. The West Block is dominated by Precambrian granitoids structu-
rally interleaved with panels of Paleozoic chemical and siliciclastic sedimentary rocks. Most of the economic
mineralization is hosted in the Lower Plate.

Lithological variability, structural complications of the stratigraphy, and calc-silicate metasomatism com-
plicates the visual identification of lithologies resulting in uncertain stratigraphic domains based on drill core
observations. To circumvent this problem, a deposit-scale lithogeochemical and chemostratigraphic model was
developed using multivariate statistics following a compositional data analysis approach to respect the relative
scale and multivariate nature of geochemical compositions. Accordingly, hierarchical cluster analysis of vari-
ables using the variation matrix as a measure of similarity, and principal component analysis on centered log-
ratio coefficients (clr) were used to explore relationships between variables and to reduce dimensionality.
Simplicial projections including centered tetrahedral and ternary diagrams were used to develop a lithogeo-
chemical classification for the sedimentary rocks of the Rosemont deposit. A ternary diagram, or 3-part simplex
with vertices Ca, Mg, and a composite variable given by the geometric mean of Cr, Ni, Co, V, P, Hf, Zr, Th, Ti, Al,
Nb, Sc, Ta, Y, Ce, and La contains a rich data structure for lithogeochemical classification.

The lithological attributes of the Rosemont deposit can be subdivided into 7 lithogeochemical classes evident
on the ternary diagram. Limestone, dolostone, and siliciclastic-crystalline classes are key end members. The
remaining 4 classes represent mixed chemical-siliciclastic lithogeochemical attributes discriminating complex
lithological variations induced by the incorporation of siliciclastic component in chemical sedimentary rocks.
The lithogeochemical classification derived from the ternary diagram is supported by K-means clustering applied
to two balances representing isometric logratio (ilr) coordinates of the 3-part simplex.

The geospatial distribution of the lithogeochemical classes allows the simplification of the stratigraphy of the
Lower Plate into three relevant chemostratigraphic units, namely a Lower Limestone Unit and an Upper
Dolostone Unit separated by a Mixed Unit of chemical-siliciclastic sedimentary rocks. It is noteworthy that ore
grades are controlled by the relative proportion of chemical to siliciclastic component of the mineralized rocks.
Higher metal grades are characteristic of relatively pure chemical sedimentary rocks in the Lower Limestone and
Upper Dolostone Units; whereas low metal grades characterize the Mixed Unit with a large proportion of sili-
ciclastic component. As a corollary, the lithogeochemical classification can be used as a skarn fertility tool to
predict the economic potential of chemical-siliciclastic sedimentary sequences in geological environments per-
missive of skarn mineralization.

Compositional data analysis
Multivariate statistics
Simplex

1. Introduction valuable metals including Cu, Mo, Ag, Au, W, Fe, Pb, Zn, U, REE, F, B,
In, and Sn (Einaudi et al., 1981; Einaudi and Burt, 1982; Meinert, 1992;
Skarn deposits are explored and mined for their economically Meinert et al., 2000). Although skarn deposits have been extensively
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researched, most studies have traditionally aimed at understanding the
petrology of skarn-related intrusions, field characteristics, tectonic
setting, ore forming fluids, ore genesis, mineral chemistry, geochro-
nology, and metasomatic evolution (Einaudi and Burt, 1982; Gaspar
and Inverno, 2000; Lieben et al., 2000; Meinert et al., 2000; Deng et al.,
2015; Wang et al., 2015a; Baghban et al., 2016; Li et al., 2017; Park
et al., 2017; Soloviev and Kryazhev, 2017; Yang et al., 2017; Zhou
et al., 2017). However, a practical problem relevant to exploration and
mining is the reconstruction of the stratigraphy of skarn deposits given
that intense calc-silicate metasomatism and recrystallization complicate
visual discrimination of rock types. Also, lithological differences among
chemical sedimentary rocks, for instance limestone versus marlstone,
are subtle, which complicate the identification of lithological bound-
aries. These geological challenges are manifested as inconsistent litho-
logical and stratigraphic observations within and between drill holes
rendering the delineation of stratigraphic domains highly uncertain.
Establishing a reliable mine-scale stratigraphy is critical for mineral
resource estimation, and of economic significance for mining opera-
tions given that metallurgical parameters such as metal grades, grinding
efficiency, deleterious minerals, deleterious elements, and metal re-
coveries are spatially related and controlled by primary lithologic and
stratigraphic features (cf., Gregory et al., 2013; Lund et al., 2013; Amer
et al., 2014; Pownceby and Johnson, 2014; Yildirim et al., 2014; Wang
et al., 2015b; Maydagan et al., 2016; Wang et al., 2016a, 2016b).

The goal of this study was to devise a lithogeochemical and che-
mostratigraphic framework for the Rosemont deposit to increase the
certainty of mine-scale stratigraphic domains. To achieve this goal,
multivariate statistical analysis was conducted on whole-rock multi-
element geochemical data of approximately 33,000 samples distributed
throughout the Rosemont deposit. The systematic data analysis pre-
sented in this paper follows a compositional data analysis approach to
respect the multivariate relative structure of geochemical data (cf.,
Aitchison, 1986; Tolosana-Delgado et al., 2005; Egozcue and
Pawlowsky-Glahn, 2006; van den Boogaart and Tolosana-Delgado,
2013; Barcel6-Vidal and Martin-Fernandez, 2016). We demonstrate
that by applying mathematical transformations that are consistent with
the simplicial geometry of compositional data, simple ternary diagrams
can be developed for lithogeochemical classification of chemical-sili-
ciclastic sedimentary sequences. The lithogeochemical classification is
consistent within and between drill holes, which facilitates the re-
cognition of key stratigraphic boundaries and the simplification of
complex stratigraphy into relevant chemostratigraphic units that cap-
ture the most relevant lithological and geochemical variations of the
Rosemont skarn deposit.

2. Geology, stratigraphy, and mineralization

The Rosemont deposit, Hudbay Minerals Inc., is a Cu-Mo-Ag skarn
located in the Laramide porphyry belt of Arizona, 40 km to the south-
east of Tucson. The deposit contains over 1 billion tons of mineralized
rocks hosted dominantly within a Paleozoic chemical sedimentary se-
quence (Fig. 1). Three major structural-stratigraphic domains char-
acterize the deposit, namely (1) the Lower Plate, (2) the Upper Plate,
and (3) the West Block (Figs. 2-3).

The Lower Plate forms an upright, east-dipping, homoclinal se-
quence composed dominantly of Paleozoic chemical sedimentary rocks
with minor interbedded siliciclastic rocks. Several Paleozoic formations
form the Lower Plate of the Rosemont skarn deposit. From bottom to
top, these are the Mississippian to Permian Escabrosa, Horquilla, Earp,
Colina, Epitaph, and Scherrer Formations (Fig. 3) (cf., Johnson and
Ferguson, 2007; Ferguson, 2009; Ferguson et al., 2009; Rasmussen
et al., 2012).

The Escabrosa and Horquilla Formations comprise dominantly
thickly-bedded limestone (Fig. 4A-B). However, marlstone, calcareous
siltstone, mudstone, and siltstone become more abundant towards the
upper parts of the Horquilla Formation (Rasmussen et al., 2012; this
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study). The Earp Formation is a mixed chemical-siliciclastic sedimen-
tary sequence composed of bedded marlstone, calcareous sandstone,
calcareous siltstone, fine-grained sandstone, siltstone, and mudstone
(Fig. 4C). The Colina and Epitaph Formations, called the Epitaph Group
in the Rosemont deposit, comprise dominantly dolostone and limestone
(Fig. 4D). The occurrence of the Scherrer Formation in the Lower Plate
is controversial given the paucity of drill holes higher up in the strati-
graphy and outside of the economic ore body. The Scherrer Formation
is composed of interbedded siltstone, calcareous siltstone, calcareous
sandstone, dolostone, and limestone.

The Upper Plate is composed dominantly of Mesozoic and Cenozoic
siliciclastic and volcanic rocks overlying the Lower Plate (cf., Johnson
and Ferguson, 2007; Ferguson, 2009; Ferguson et al., 2009; Rasmussen
et al., 2012; this study). A low angle fault, an unconformity that has
been structurally overprinted, bounds the Lower and Upper Plates
(Fig. 2). The Upper Plate includes the Jurassic-Cretaceous Glance For-
mation, and the Cretaceous Willow Canyon Formation (Fig. 3) (Drewes,
1971; Johnson and Ferguson, 2007; Ferguson, 2009; Ferguson et al.,
2009; Rasmussen et al., 2012). The Glance Formation is a thickly-
bedded, clast-supported, polymictic conglomerate with abundant
limestone clasts and carbonate-rich matrix. In the Rosemont deposit the
limestone conglomerate and some structural panels of limestone and
minor dolostone, inferred to represent the Permian Concha and Rain
Valley Formations, are informally called the Glance Group (Figs. 2-3).
The Willow Canyon Formation is a succession of cross-stratified arkose,
silty sandstone, and mudstone. A stratigraphic marker within the
Willow Canyon Formation is a volcanic unit comprising lava flows and
volcaniclastic rocks of andesitic composition (Figs. 2-3). The silici-
clastic sedimentary rocks of the Willow Canyon Formation and the
andesitic volcanic rocks are informally named the Arkose Group in the
Rosemont deposit.

The most distinctive Cenozoic unit in the Upper Plate is the
Pliocene-Miocene Gila Conglomerate (Drewes, 1972a, 1972b; Johnson
and Ferguson, 2007; Ferguson, 2009; Ferguson et al., 2009; Rasmussen
et al., 2012; this study). This unconsolidated conglomerate is polymictic
with clasts ranging from granitoid, arkose, andesite, and minor lime-
stone deposited within a normal-fault-bounded basin.

The West Block is bounded to the Lower Plate by the steeply-dipping
backbone fault system (Fig. 2). The dominant lithological unit of the
West Block is the Precambrian Granitoids (Johnson and Ferguson,
2007; Ferguson, 2009; Ferguson et al., 2009; Rasmussen et al., 2012).
However, the contact with the Lower Plate comprises structurally in-
terleaved panels of the Precambrian Granitoids, and sedimentary for-
mations including the Cambrian Bolsa Quartzite and Abrigo Forma-
tions, and the Devonian Martin Formation (Figs. 2-3). The Bolsa
Quartzite Formation is distinctively composed of coarse-grained quartz
sandstone. The Abrigo Formation consists dominantly of interbedded
limestone, fine-grained sandstone, siltstone, and mudstone, whereas the
Martin Formation is dominated by dolostone.

Tertiary quartz-feldspar porphyries intrude the Lower Plate below
the low angle fault (cf., Keith and Wilt, 1986). These porphyritic in-
trusions are economically mineralized with Cu, Mo, and Ag and are
thought to be the source of mineralization and calc-silicate metaso-
matism of the Rosemont skarn deposit (Figs. 1 and 3).

Calc-silicate alteration in the Lower Plate and chemical sedimentary
rocks of the West Block are characterized by fine to very fine-grained
skarn facies such as garnet, pyroxene, wollastonite, and serpentine
skarn. In contrast, metasomatism in the Upper Plate is dominated by
massive fine-grained epidote alteration.

Most of the economic mineralization is hosted in the Lower Plate
(Fig. 2). The highest Cu grades are hosted in the upper part of Escab-
rosa, Horquilla, and Epitaph Group; whereas lower metal grades are
typical of the Earp Formation. Some low-grade economic mineraliza-
tion is hosted in the Upper Plate Arkose Group (Figs. 2-3). The West
Block contains some economic mineralization, mostly hosted in struc-
turally interleaved chemical sedimentary rocks of the Abrigo and
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Fig. 1. Regional geological map of the Rosemont area with projection of the Cu, Mo, and Ag skarn mineralization (After Ferguson, 2009 and Ferguson et al., 2009). The mineralization is
not exposed and is dominantly hosted within a Paleozoic chemical sedimentary sequence (Lower Plate) overlaid by a sequence of Mesozoic and Cenozoic siliciclastic sedimentary rocks

(Upper Plate).

Martin Formation.

3. Methods and terminology
3.1. Sampling and whole rock geochemistry
In this study, drill core samples with multi-element geochemical

data are referred as observations, compositions, or compositional vec-
tors, whereas chemical elements are referred as variables, parts, or
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components.

The whole rock multi-element geochemical dataset of the Rosemont
deposit comprises 33,000 drill core samples homogeneously distributed
throughout the deposit. These samples were collected from 90 diamond
drill holes sampled at 1.5 m intervals along the entire core length to
properly characterize the lithological variability of the deposit. All
samples were analyzed at Bureau Veritas laboratories in Vancouver,
Canada, for 45 elements by inductively coupled plasma mass spectro-
metry after a 4-acid digestion (Bureau Veritas method MA200).
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Fig. 2. Geological cross section illustrating the structural and stratigraphic domains of the Rosemont deposit. The cross section was reconstructed using core logging and the litho-

geochemical model discussed in this study.

Era Period Formation ;?;::::::3 Th"(::,:;ess Section
Cenozoic Tertiary Porphyry
. Willow Arkose
Mesozoic Canyon Group 700
Cretaceous
Glance 0-500
Jurassic Glance
Group
Rain Valley 0-100
Concha 100-200
Scherrer 200
Permian
Epitaph Epitaph 300
Group
Paleozoic Colina 100
Earp 250
Pennsylvanian Horquilla 300
Mississippian Escabrosa 200
Devonian Martin 120
Abrigo -
Cambrian 9 200-300
Bolsa Quartzite 150
. |Undifferentiated .
Precambrian Proterozoic Granitoids

Fig. 3. Schematic stratigraphy of the Rosemont area after Drewes (1972b). For simplicity
some stratigraphic units were grouped together (Formation Simplified).

Variables with > 50% observations below the lower detection limit
were removed from the dataset. Given that the aim of this study is to
develop a lithogeochemical and chemostratigraphic model for the
Rosemont deposit, a subcomposition of 18 elements was selected to
include only those elements that are immobile during metasomatic al-
teration and contain information on rock-forming processes (Table 1).
Accordingly, immobile elements used to track provenance of
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siliciclastic sediments and magmatic fractionation processes include the
major elements Al and P, the high field strength elements (HFSE) Hf, Zr,
Th, Ti, Nb, Ta, and Y, the light rare earth elements (LREE) La and Ce,
and the transition metals (TM) Sc, Cr, Ni, Co, and V (Taylor and
McLennan, 1985; Bhatia and Crook, 1986; MacLean and Barrett, 1993;
McLennan, 2001; Kelemen et al., 2003; Kemp and Hawkesworth, 2003;
Rudnick and Gao, 2003; Caja et al., 2007; Ordo6nez-Calderdn et al.,
2008, 2016; Mungal, 2014; Plank, 2014). Although Ca and Mg are
mobile during metasomatic alteration, these two major elements were
included in the 18-part subcomposition given that they are the most
important components of limestone and dolostone (Table 1). Other
mobile elements including major elements (Na, K, Fe, and Mn), various
trace elements (Ba, Be, Li, Pb, Rb, Sr, and U), and ore-related target and
pathfinder metals (Cu, Mo, Ag, Zn, As, Bi, Cd, In, Re, S, Sb, Se, Sn, Te,
Tl, and W) were not used in this study for lithogeochemical modelling.

The quality of the geochemical data was evaluated using certified
reference materials (CRMs) OREAS 501b, 502b, 503b, 504b, 902, and
930, which are certified for up to 55 major and trace elements. Table 1
summarizes the analytical results for three selected CRMs. The preci-
sion is expressed as the percent relative standard deviation (RSD%) of
the CRM values. The accuracy is reported as bias, which is calculated as
the percent difference between the average CRM value obtained from
the laboratory measurements and the best value recommended by the
CRM certificate (Table 1).

The CRM analysis indicates precisions better than 10% for most
major and trace elements, and 10 to 15% for La, Ce, and Th (Table 1).
The bias is better than = 10% for most analytes, and 10 to 18% for La,
Ce, and Th. In addition, the results from coarse and fine blanks OREAS
26a and 22d indicate no significant contamination with elements of
interest in this study. Accordingly, the multi-element geochemical da-
taset is deemed of good quality for lithogeochemical modelling.

3.2. Data analytics strategy

3.2.1. Data imputation

Left-censored and right-censored data are, respectively, nondetects
below and above the laboratory reporting limits (Sinha et al., 2006;
Helsel, 2012). The 18-part subcomposition used in this study contains
only left-censored values. Censored data complicates multivariate sta-
tistical analysis given that methods such as cluster analysis and
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Fig. 4. Diamond drill core photographs of selected lithologies of the Rosemont deposit. (A) Pure and (B) impure limestones belonging, respectively, to the lithogeochemical classes
limestone and siliciclastic-limestone (Section 4.2.2, Fig. 9). (C) Intercalation of well bedded calcareous siltstone belonging to the lithogeochemical class siliciclastic-dolostone (Section

4.2.2, Fig. 9). (D) Dolostone belonging to the dolostone class (Section 4.2.2, Fig. 9).

Table 1

Analytical data for selected certified reference materials (CRMs) analyzed in this study. Precision is expressed as percent relative standard deviation (RSD%). Bias is calculated as the
percent difference between the average value and the best value (BV) recommended in the CRM certificate. The lower detection limits (LDL) are reported for the analytes discussed in this
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study.
Variable Unit LDL OREAS 501b (N = 385) OREAS 502b (N = 378) OREAS 503b (N = 370)
BV Average SD RSD(%) Bias(%) BV Average SD RSD(%) Bias(%) BV Average SD RSD(%)  Bias(%)

Al % 0.01 7.68 7.14 0.41 6% - 7% 7.47 7.10 0.35 5% —5% 7.45 7.04 042 6% - 5%
Ca % 0.01 2.71 2.68 0.09 3% - 1% 271 2.68 0.09 4% - 1% 2.73 2.69 0.11 4% - 1%
Ce ppm 1 68 57.40 6.96 12% -16% 61 53.90 586 11% —-12%  59.00 53.98 583 11% - 9%
Co ppm 0.2 15.8 17.02 0.86 5% + 8% 20.2 21.39 1.01 5% +6% 17.10 18.17 0.87 5% + 6%
Cr ppm 1 86 85.60 4.99 6% -0.5% 84 83.68 4.75 6% —0.4% 84.00 83.23 494 6% - 1%
Hf ppm 0.1 2.54 2.38 0.16 7% - 6% 2.27 2.18 0.15 7% — 4% 2.25 2.20 0.16 7% - 2%
La ppm 0.1 33 27.18 4.03 15% —-18%  29.9 25.87 3.47  13% —13%  30.00 26.12 3.40 13% - 13%
Mg % 0.01 1.48 1.46 0.05 4% - 2% 1.54 1.52 0.05 3% - 1% 1.54 1.52 0.05 3% - 1%
Nb ppm 0.1 18 17.63 0.75 4% - 2% 16.2 15.8 0.67 4% - 2% 16.00 15.59 093 6% - 3%
Ni ppm 0.1 41.5 45.44 2.57 6% + 9% 37.2 40.65 231 6% +9% 38.70 41.84 223 5% + 8%
P % 0.001 0.102 0.103 0.005 5% +1% 0.100 0.101 0.01 6% +1% 0.10 0.10 0.01 5% +1%
Sc ppm 1 1290 12.19 0.77 6% - 5% 13.2 12.89 0.75 6% —2% 13.10 12.77 0.76 6% - 3%
Ta ppm 0.1 1.38 1.29 0.07 5% - 7% 1.17 1.14 0.06 6% - 3% 1 1.13 0.06 6% — 6%
Th ppm 0.1 18 15.82 2.10 13% -12% 15.8 14.27 1.65 12% —10%  15.60 14 1.60 11% - 7%
Ti % 0.001 0.466 0.49 0.01 3% + 4% 0.44 0.47 0.02 4% + 6% 0.44 0.47 0 4% + 6%
A ppm 1 121 127.79 5.69 4% + 6% 126 134.12 6.03 4% +6% 127.00 135.35 6.42 5% + 7%
Y ppm 0.1 24.6 22.48 2.05 9% - 9% 23.3 21.57 1.83 9% - 7% 22.90 21.40 1.66 8% - 7%
Zr ppm 0.1 77 74.39 3.69 5% - 3% 71 68.58 3.59 5% — 3% 71.00 68.86 421 6% - 3%

principal component analysis require complete data matrices. In geo-
chemistry, a typical approach is to replace left-censored values with a
fixed fraction, commonly half the lower detection limit. However, this
approach may change the relative variation structure between compo-
nents, which is critical in multivariate data analysis (Martin-Fernandez
et al.,, 2003; Palarea-Albaladejo et al., 2014; Palarea-Albaladejo and
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Martin-Fernandez, 2013, 2015).

Accordingly, nondetects were imputed, prior to any mathematical
transformation of variables for statistical analysis, using the robust
multiplicative lognormal replacement method, which is part of the R
package ‘zCompositions’ (Palarea-Albaladejo et al., 2014; Palarea-
Albaladejo and Martin-Fernandez, 2015). This method is sensible for
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this study because it respects the compositional nature of the data, is
computationally feasible for large datasets, can be applied to data
matrices in which all observations contain one or more variables with
left-censored values, does not assume multivariate normality, and it is
appropriate for positive data with right-skewed distributions typical of
geochemical variables (Martin-Fernandez et al., 2003; Helsel, 2012;
Palarea-Albaladejo et al.,, 2014; Palarea-Albaladejo and Martin-
Fernandez, 2013, 2015).

3.2.2. Compositional data analysis

Compositional data, or compositions, are vectors of positive com-
ponents in which the relevant information is assumed to be contained
only in the ratio between the parts (Aitchison, 1986; Egozcue and
Pawlowsky-Glahn, 2006; Pawlowsky-Glahn and Egozcue, 2006;
Barcel6-Vidal and Martin-Fernandez, 2016). These vectors have special
mathematical properties that preclude the direct application of multi-
variate statistical techniques to raw compositional data because these
techniques are designed for unconstrained real spaces in which vari-
ables are free to vary from - to + . These assumptions are not met
by compositional vectors, which are strictly positive and define a con-
strained space imposed by the constant sum of the components.

A D-part composition can be subdivided into a subcomposition by
taking two or more components and performing a closure operation
such that its parts sum to a positive constant, for instance 1 for pro-
portions, and 100 for percentages. The key point for creating sub-
compositions is to reduce dimensionality and to focus the analysis on
the information contained in the ratios between the parts that are of
interest to the analyst. In this study, all mathematical transformations
and statistical analysis were performed on the 18-part subcomposition
described on Section 3.1.

Compositions can be represented in the D-part simplex $” by closing
them to a constant. A simplex is the generalization of the mathematical
properties of an equilateral triangle or ternary diagram, a 3-part sim-
plex, into the D-part simplex or hypertetrahedron. The simplex can be
equipped with an alternative geometry, which has been shown to be
appropriate and relevant for geochemical data because it represents the
data in its relative scale. This simplicial geometry is based on ratios
between elements, which are the quantities capturing relative in-
formation (Aitchison, 1986; Martin-Fernandez et al., 1998; Barcel6-
Vidal et al., 2001; Pawlowsky-Glahn and Egozcue, 2001; Miller, 2002;
von Eynatten et al., 2002; Mateu-Figueras, 2003; Aitchison and
Egozcue, 2005; Tolosana-Delgado et al,, 2005; Egozcue and
Pawlowsky-Glahn, 2006; Pawlowsky-Glahn and Egozcue, 2006;
Pawlowsky-Glahn et al., 2015; Barcel6-Vidal and Martin-Ferndndez,
2016).

In geochemical analysis it is often desired to group several chemical
elements into a single composite variable to investigate specific geo-
logical processes and for graphic representations such as ternary dia-
grams. Traditionally, ternary diagrams use amalgamation, summation
of parts, to group variables and reduce dimensionality (Irving and
Baragar, 1971; Pearce and Cann, 1973; Wood, 1980; Mullen, 1983;
Nesbitt and Young, 1984, 1989; Bhatia and Crook, 1986; Harris et al.,
1986; Meschede, 1986; Fedo et al., 1995; Ohta and Arai, 2007). It is
noteworthy that amalgamation is not consistent with the mathematical
principles of compositional data analysis because the transformed data
do not preserve the geometric relationships (Egozcue and Pawlowsky-
Glahn, 2005). In this contribution, composite variables, or composite
parts, were calculated using the geometric mean of the group expressed
as:

g = (ax..xp)’P

(€8]

The geometric mean produces a new component behaving mathe-
matically consistent with simplicial geometry (Aitchison et al., 2002;
Egozcue and Pawlowsky-Glahn, 2006; Pawlowsky-Glahn and Egozcue,
2006; van den Boogaart and Tolosana-Delgado, 2013).

In addition, most traditional ternary diagrams use multiplication by
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arbitrary scalars to re-scale one or more variables when the parts have
different magnitudes (e.g., major versus trace elements) to prevent the
data cloud from collapsing on the vertex or border of the variables with
larger magnitude. To avoid subjective re-scaling, we performed cen-
tering operations around the center of the compositional data matrix
X = [X1,Xo, ..., Xpl, which is given by:

cen(X) = C[g(X1),8(%),....g (Xp)] (2)

where C denotes the closure operation (Martin-Fernandez et al., 1998;
von Eynatten et al., 2002; Egozcue and Pawlowsky-Glahn, 2006;
Pawlowsky-Glahn and Egozcue, 2006; Pawlowsky-Glahn et al., 2015;
van den Boogaart and Tolosana-Delgado, 2013). The centered dataset is
obtained by perturbing the compositional vectors by the inverse of the
center (Eq. (2)) and reclosing them to a constant:

x; = C[xu/g(X1), X2/ 8 (X2)s---, Xin/g (Xp)] 3

The centering operation described above is compatible with sim-
plicial geometry (op. cit.).

Compositional vectors in S$P can be transformed into coordinates
belonging to the Euclidean vector space in R” ™!, which can be used
with any multivariate statistical technique without the problems of
closure and constrained spaces typical of raw compositional data. In
this contribution, coordinates were calculated using the isometric log-
ratio (ilr) transformation (Egozcue et al., 2003; Egozcue and
Pawlowsky-Glahn, 2006).

To facilitate interpretation of the ilr-coordinates the concept of
balances between groups of parts was applied (Egozcue and
Pawlowsky-Glahn, 2005; Egozcue and Pawlowsky-Glahn, 2006;
Buccianti et al., 2016). Balances are calculated using a sequential
binary partition in which the D-parts are systematically divided into
two non-overlapping composite variables following (D-1) steps. The
procedure results in (D-1) ilr-variables, or coordinates, representing
balances between groups in R” ~ . The coordinates are given by:

il = \Jrs/(r + 5) In(g(c;)/g (c-)) 4

where i ={1,2, ...,(D — 1)}, the log-ratio represents the natural loga-
rithm taken to the quotient of the geometric mean of the r variables in
the numerator g(c) divided by the geometric mean of the s variables in
the denominator g(c_).

An additional representation of compositional data used in this
study is the centered log-ratio transformation (clr) (Aitchison, 1986).
The clr coefficient of a compositional vector x in $? is obtained by
dividing each component by the geometric mean of the composition
and then taking the natural logarithm

clr(x) = [In(xq/g(x) ), In(e/g(x) ),.... In(xp/g(x) )] 5)

In this study, the correlation and covariance matrices of the raw
geochemical data were avoided because of the spurious effects of clo-
sure (Pearson, 1897; Chayes, 1960, 1971, 1975; Aitchison, 1986). To
circumvent these problems, the codependence between all possible
pairwise variables was evaluated using the variation matrix (Aitchison,
1986) defined by the equation

7 = var(In(x./x;))

(6)

The variation matrix explains how the total dispersion of a com-
positional dataset is distributed among all possible log-ratios. The z;
values represent the regular variance (var) of the associated logratios. A
low z; value is indicative of small variance of the associated logratio
indicating good proportionality between the components.

In this study, all the compositional data analysis and associated
calculations were conducted using the R package ‘compositions’ (van
den Boogaart and Tolosana-Delgado, 2013; van den Boogaart et al.,
2015).

3.2.3. Multivariate statistical methods
Exploring a multi-element geochemical dataset in order to find
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Table 2
Variation Matrix. Bold font numbers indicate the strongest colum-wise codependence.
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Variable Al Ca Ce Co Cr Hf La Mg Nb Ni P Sc Ta Th Ti A% Y Zr
Al 0 5.78 0.23 0.93 1.54 0.71 0.43 2.92 0.13 1.58 1.24 0.38 0.35 0.26 0.22 0.84 0.73 0.82
Ca 5.78 0 4.82 4.16 2.26 3.73 4.02 2.01 5.09 2.40 3.65 4.34 4.37 5.75 5.54 3.68 3.17 3.80
Ce 0.23 4.82 0 0.70 1.15 0.61 0.10 2.43 0.18 1.22 1.00 0.31 0.30 0.29 0.32 0.61 0.41 0.73
Co 0.93 4.16 0.70 0 1.01 0.77 0.74 1.95 0.69 1.02 1.16 0.68 0.84 1.22 0.79 0.44 0.81 0.83
Cr 1.54 2.26 1.15 1.01 0 0.99 0.85 1.26 1.21 0.26 0.87 0.88 1.00 1.73 1.35 0.68 0.62 1.06
Hf 0.71 3.73 0.61 0.77 0.99 0 0.61 1.82 0.50 1.06 1.16 0.65 0.59 0.87 0.69 0.78 0.66 0.12
La 0.43 4.02 0.10 0.74 0.85 0.61 0 2.16 0.34 0.96 0.75 0.29 0.29 0.48 0.53 0.51 0.21 0.77
Mg 2.92 2.01 2.43 1.95 1.26 1.82 2.16 0 2.50 1.23 2.25 2.32 2.30 2.92 2.70 2.02 1.90 1.74
Nb 0.13 5.09 0.18 0.69 1.21 0.50 0.34 2.50 0 1.26 1.11 0.30 0.23 0.31 0.17 0.65 0.53 0.62
Ni 1.58 2.40 1.22 1.02 0.26 1.06 0.96 1.23 1.26 0 1.00 0.93 1.13 1.82 1.31 0.84 0.73 1.10
P 1.24 3.65 1.00 1.16 0.87 1.16 0.75 2.25 1.11 1.00 0 0.84 0.93 1.52 1.23 0.72 0.70 1.31
Sc 0.38 4.34 0.31 0.68 0.88 0.65 0.29 2.32 0.30 0.93 0.84 0 0.17 0.64 0.34 0.46 0.34 0.90
Ta 0.35 4.37 0.30 0.84 1.00 0.59 0.29 2.30 0.23 1.13 0.93 0.17 0 0.51 0.46 0.64 0.36 0.86
Th 0.26 5.75 0.29 1.22 1.73 0.87 0.48 2.92 0.31 1.82 1.52 0.64 0.51 0 0.47 1.13 0.77 0.99
Ti 0.22 5.54 0.32 0.79 1.35 0.69 0.53 2.70 0.17 1.31 1.23 0.34 0.46 0.47 0 0.74 0.74 0.77
\Y% 0.84 3.68 0.61 0.44 0.68 0.78 0.51 2.02 0.65 0.84 0.72 0.46 0.64 1.13 0.74 0 0.53 0.87
Y 0.73 3.17 0.41 0.81 0.62 0.66 0.21 1.90 0.53 0.73 0.70 0.34 0.36 0.77 0.74 0.53 0 0.87
Zr 0.82 3.80 0.73 0.83 1.06 0.12 0.77 1.74 0.62 1.10 1.31 0.90 0.86 0.99 0.77 0.87 0.87 0

relationships between variables and to generate subcompositions to
map geological processes can be a challenging and time consuming
task. For instance, D(D-1)/2 scatterplots or Harker diagrams, D re-
presenting the number of variables, are needed to fully investigate re-
lationships between different variables. A total of 990 scatterplots
would be needed to visualize a typical 45 element geochemical dataset.
This approach is inefficient and for compositional data the closure
problem may induce negative correlations and misrepresentations in
scatterplots (Pearson, 1897; Chayes, 1960, 1971, 1975; Aitchison,
1986). To circumvent these problems, the variation matrix (Eq. (6),
Section 3.2.2) was used as a measure of similarity in hierarchical cluster
analysis in order to cluster variables instead of observations (Aitchison,
1986; van den Boogaart and Tolosana-Delgado, 2013; Pawlowsky-
Glahn et al., 2015). For instance, a value of 0 in the variation matrix
indicates perfect association, whereas large values indicate strong in-
dependence between variables (Aitchison, 1986; van den Boogaart and
Tolosana-Delgado, 2013; Pawlowsky-Glahn et al., 2015). The results of
hierarchical clustering can be graphically displayed and easily inter-
preted in a cluster dendrogram, a decision tree-like diagram of all
possible clusters representing the hierarchical agglomeration of the
data structure. Grouping variables based on a cluster dendrogram fa-
cilitates identification of variables that are codependent and carry si-
milar information.

K-means cluster analysis was used to cluster observations based on a
set of variables. This technique seeks to find non-overlapping groups in
a dataset by partitioning the sample space into K pre-specified number
of clusters (MacQueen, 1967). The technique finds groups with the
smallest possible within-cluster variation, which is achieved by mini-
mizing the average pairwise squared Euclidean distance within the k-th
cluster (Hartigan and Wong, 1979). In this study, K-means clustering
was applied to ilr-transformed variables (Eq. (4)) because the closure of
raw compositional data deforms Euclidean distances, which may result
in misleading interpretations.

In K-means clustering the decision of the optimum number of
clusters is not trivial. A statistical solution is to perform several K-means
cluster analysis with different choices of K to calculate the total within-
cluster sum of square errors for each K. The optimum number of clus-
ters is then decided based on the location of an inflection on plots of
total within-cluster sum of square errors against the number of K-
clusters. However, more often the decision of the optimum number of
K-clusters requires domain-specific knowledge.

Principal component analysis (PCA) is commonly used in ex-
ploratory data analysis to reveal hidden structure in a dataset and to
identify associations among variables that can be used to explain geo-
logical and geochemical processes (e.g., Davies, 2002; Grunsky, 2010;
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van den Boogaart and Tolosana-Delgado, 2013). The technique aims to
explain the variation within a dataset by reducing its dimensionality in
order to filter noise and reduce redundancy among correlated variables
(Davies, 2002; Jolliffe, 2002; Husson et al., 2011). Performing PCA on a
dataset returns transformed observations commonly referred to as
principal component scores (e.g., PC1, PC2, etc.), and vectors of coef-
ficients known as loadings, which represent projections of the principal
components onto the original variables. Principal components scores
and loadings can be simultaneously visualized using a biplot to acquire
insight regarding data structure and related groups of variables
(Gabriel, 1971; Gower and Hand, 1996; Aitchison and Greenacre, 2002;
Gower et al., 2011). In this study, PCA was done by singular value
decomposition on clr coefficients (Eq. (5)) after centering the dataset as
explained on Section 3.2.2 (Egs. (2) and (3)) (van den Boogaart and
Tolosana-Delgado, 2013).

The multivariate statistical analysis presented in this contribution
was performed using the standard statistical libraries of the R language
for statistical computing (R Core Team, 2017).

3.3. Geospatial 3D-modelling

Spatial modelling of categorical variables such as lithogeochemical
classes was performed using the standard implicit 3D-modelling tools
of Leapfrog Geo®. Simplified categorical variables representing che-
mostratigraphic units were built after compositing lithogeochemical
classes at 5m intervals to smooth contacts (Section 4.3). The new
composite intervals contain a large density of contact points among
chemostratigraphic units throughout the deposit, which allowed the
delineation of unbiased reference surfaces to create a 3D-geological
model of the Rosemont deposit.

4. Results and discussion
4.1. Exploratory data analysis

4.1.1. Hierarchical cluster analysis on compositional variables

Table 2 displays the variation matrix for an 18-part subcomposition
from the Rosemont deposit. The variation matrix shows clearly the
geochemical affinity between different groups of elements (Table 2).
Small z; values indicate high codependence, or similarity, between
components. Accordingly, Ca has the strongest codependence with Mg
(zcamg = 2.01), followed by Cr (z¢qcr = 2.26), and other TM. In contrast,
Mg shows a stronger codependence with Ni (zpen; = 1.23), followed by
TM and HFSE (tpecr = 1.26, Tyez = 1.74). Lanthanum shows a strong
relationship with Ce (z74c. = 0.1), HFSE (7747 = 0.21, 7747, = 0.29), and
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Fig. 5. Cluster dendrogram derived from hierarchical cluster analysis of a subcomposition
with 18 variables using the variation matrix as a measure of similarity. Groups 1, 2, and 3
represent the clustered variables discussed in this study.

Sc (TLaSc = 0.29) (Table 2)

The elemental associations represented by the variation matrix
clearly reflect complex rock-forming processes that have operated at the
Rosemont deposit (Table 2). For instance, the association between Ca
and Mg reflects dolomitization of chemical sedimentary rocks. In con-
trast the strong association of TM, HFSE, and LREE reflects the interplay
of mafic and felsic sources in the provenance of the siliciclastic sedi-
ments, and fractionation processes in the magmatic rocks.

Fig. 5 presents a cluster dendrogram derived from hierarchical
cluster analysis applied to the variation matrix of the 18-part sub-
composition. The vertical axis of dendrogram is a measure of similarity
related to the variation matrix. As we move up in the dendrogram,
leaves fuse into group of variables indicating similarity. Fusions oc-
curring in the lower part of the dendrogram correspond to groups of
variables that are more similar to each other, relative to those groups
fused higher up in the tree (Fig. 5). At least three major groups of
variables are recognized in the cluster dendrogram. Group 1 includes
Ca and Mg, Group 2 is composed of Cr, Ni, Co, V, and P, and Group 3 is
composed of Hf, Zr, Th, Ti, Nb, Ta, Y, La, Ce, Sc, and Al (Fig. 5).

Group 1 represents the geochemical characteristics of limestone and
dolostone. Groups 2 and 3 represent the dominant geochemical attri-
butes of siliciclastic sedimentary rocks and crystalline rocks, mostly
volcanic and intrusive rocks (Fig. 5). Variations in Groups 2 and 3
variables can be attributed to provenance in siliciclastic rocks and
different degrees of fractionation in crystalline rocks.

The association of variables revealed by the cluster dendrogram
suggests that the 18-part subcomposition contains sufficient informa-
tion to investigate the lithological attributes of the Rosemont deposit.

4.1.2. Compositional principal component analysis

Principal component analysis was performed to explore relation-
ships between groups of variables in the 18-part subcomposition and for
comparison with the cluster dendrogram (Fig. 5). This subcomposition
consists primarily of immobile elements and therefore it is expected
that PCA will capture lithological variability independent of metaso-
matic alteration and mineralization.

The quality of the information contained in the PCs is visualized on
a screen plot representing the proportion of variance explained by the
different principal components (Fig. 6A). Approximately 66% of the
total variance is explained by PC1 and PC2, and 80% of the total var-
iance is explained by the first four principal components (Fig. 6A).

Fig. 6B shows the covariance biplot for the PCA. It is noteworthy
that the principal component loadings show groups of variables that are
comparable to those suggested by the cluster dendrogram derived from
hierarchical cluster analysis using the variation matrix (Fig. 5). These
similarities are expected since the links joining the arrow heads of the
PC loadings represent the logratios between the variables and therefore
the proximity among group of variables is related to the variation
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Fig. 6. Results from compositional principal component analysis. (A) Scree plot illus-
trating the proportion of variance explained by the principal components (PC). The PC1
and PC2 explain 66% of the total variance contained in the 18-part subcomposition of the
Rosemont geochemical dataset. (B) Principal component covariance biplot. The principal
component loadings are color coded to facilitate comparison with the cluster dendrogram
on Fig. 5. The principal component scores (circles) reveal a data structure with at least 2
major clusters well separated by the PC1. Clusters with positive PC1 scores represent
siliciclastic and crystalline rocks, whereas those with negative PC1 scores represent
chemical sedimentary rocks of the Rosemont deposit.

matrix (van den Boogaart and Tolosana-Delgado, 2013).

The PC scores show a rich data structure with two dominant clusters
separated by the PC1 and geochemically controlled by Group 1 (Ca and
Mg) and Group 3 (HFSE, LREE, and Sc) variables (Fig. 6B). Observa-
tions with positive PC1 scores represent Rosemont siliciclastic sedi-
mentary rocks and crystalline rocks, whereas those with negative PC1
scores represent Rosemont chemical sedimentary rocks (Fig. 6B).

It is evident that both PCA and hierarchical clustering of variables
validate the 18 selected variables as a suitable subcomposition to
characterize key rock-forming processes operating at the Rosemont
skarn deposit (Figs. 5 and 6B). However, in this study the cluster den-
drogram is preferred since it presents the variables in a decision tree
form, making it easier to visualize and group variables based on their
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4.2. Mapping the geochemical space

4.2.1. Exploring geochemical processes in the simplex

The information extracted from the cluster dendrogram (Fig. 5) was
used to create composite variables using the geometric mean of the
components (Eq. (1), Section 3.2.2) in order to reduce the dimension-
ality of the 18-part subcomposition used to model the lithogeochem-
istry of the Rosemont deposit. Accordingly, new 4- and 3-part sub-
compositions were created to facilitate data visualization using
centered tetrahedral and ternary diagrams (Egs. (2) and (3), Section
3.2.2).

The 4-part subcomposition comprises (1) Ca, (2) Mg, (3) Group 2
variables Cr, Ni, P, Co, and V, and (4) Group 3 variables Hf, Zr, Th, Ti,
Al, Nb, Sc, Ta, Y, Ce, and La (Fig. 5). The 3-part subcomposition com-
bines Groups 2 and 3 variables into a single composite variable denoted
as Group 4. The resulting 4- and 3-part subcompositions are used to
explore and map the geochemical space of the Rosemont deposit in
order to select appropriate projections to develop a lithogeochemical
model.

Fig. 7 shows a centered tetrahedral diagram of the 4-part sub-
composition for the Rosemont deposit. The tetrahedral diagram reveals
a rich data structure with at least two major domains. Domain 1 re-
presents a compositional plane that can be projected from the Ca-Mg
border into approximately the center of the Group 2-Group 3 border
(Fig. 7). This plane represents chemical sedimentary rocks within the
Lower Plate of the Rosemont deposit, which contains most of the

Group 3
ZrHfThTiAINbScTaYLaCe

Group 2
CrNiPCoV
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economic Cu-Mo-Ag mineralization. Domain 2 forms a tighter pattern
and can be interpreted as a compositional line controlled dominantly by
Groups 2 and 3 variables (Fig. 7). Domain 2 represents siliciclastic se-
dimentary rocks and crystalline rocks occurring in the Upper Plate and
West Block of the Rosemont deposit (Fig. 2).

Domains 1 and 2 have their own internal clusters representing dif-
ferent rock types (Fig. 7). For instance, Domain 1 displays several
clusters including those close to the Ca and Mg vertices, respectively
representing limestone and dolostone (Fig. 7). Several other clusters
away from the Ca-Mg border and closer to the Group 2-Group 3 border
represent mixed chemical-siliciclastic sedimentary rocks (Fig. 7). These
mixed rocks are represented in the Rosemont deposit by marlstone,
calcareous siltstone, and calcareous sandstone (Fig. 4B—C). Domain 2
displays two dominant clusters observed in the tetrahedral diagram
(Fig. 7). Andesitic volcanic rocks in the Upper Plate of the Rosemont
deposit are represented by the cluster proximal to the Group 2 vertex,
whereas the cluster proximal to Group 3 vertex represents siliciclastic
sedimentary rocks, porphyries, and other crystalline rocks in the area.

An important observation of the geometry of the geochemical space
of the Rosemont deposit displayed in the tetrahedral diagram is that
most of the information can be efficiently projected into a centered
ternary diagram if Ca and Mg are preserved as independent variables,
and Groups 2 and 3 are combined into a single variable denoted as
Group 4 (Fig. 8A). The equivalent non-centered ternary diagram is
shown on Fig. 8B for comparison and to stress the importance of the
centering operation to open up the data structure in the simplex
(Section 3.2.2). It is noteworthy that the data structure contained in the
ternary diagram is sufficient to discriminate siliciclastic and crystalline

Fig. 7. Centered tetrahedral plot, 4-part simplex, re-
presenting an 18-part subcomposition reduced into 4
components. Groups 2 and 3 composite variables were
calculated by computing the geometric mean of the
parts. The diagram illustrates two major domains.
Domain 1 is a compositional plane representing chemical
sedimentary rocks within the Lower Plate of the
Rosemont deposit. Domain 2 forms a compositional line
representing siliciclastic and crystalline rocks present in
the Upper Plate and West Block of the deposit. Variables
are color coded to facilitate comparison with the cluster
dendrogram on Fig. 5.
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Fig. 8. (A) Centered and (B) non centered ternary diagrams, 3-part simplex, of the Rosemont deposit dataset. The centered ternary diagram reveals a rich data structure indicating that
this projection is suitable to map the lithogeochemical attributes of the deposit. The composite variable was calculated by computing the geometric mean of the parts.

rocks from chemical sedimentary rocks. In addition, the chemical se-
dimentary rocks can also be classified into different subgroups using the
same projection (Fig. 8A).

4.2.2. Lithogeochemical classification in the simplex

A major challenge in establishing the lithogeochemical attributes of
a mineral deposit is to find a suitable simplicial projection with rich
data structure that can be linked to rock-forming processes. In this
study, a suitable projection is given by the ternary diagram on Fig. 8A
(Section 4.2.1). Empirical lithogeochemical boundaries for the Rose-
mont skarn deposit were established by mapping high point-density
areas on the ternary diagram (Fig. 9). These areas were labelled using a
practical nomenclature with 7 classes that are reminiscent of the overall
geological processes that may result in the clusters representing each
area on Fig. 9.

High point-density areas close to the vertices of the ternary diagram
were named limestone, dolostone, and siliciclastic-crystalline classes
(Fig. 9). These three classes represent the lithogeochemical end mem-
bers of the Rosemont skarn deposit comprising relatively pure lime-
stone and dolostone, with minor incorporation of siliciclastic compo-
nent, as well as all siliciclastic sedimentary rocks and crystalline rocks
represented by arkose, conglomerate, porphyry, andesite, and grani-
toid.

The other four lithogeochemical classes on Fig. 9 represent com-
positional mixtures of the three lithogeochemical end members de-
scribed above. These four classes may result from three broad processes.
First, primary sedimentary processes such as mixing of chemical and
siliciclastic sediments resulting in mixed chemical-siliciclastic rocks
such as marlstone, calcareous siltstone, and calcareous sandstone.
Second, metasomatic alteration of siliciclastic sedimentary rocks and
crystalline rocks driven by the mobility of Ca and Mg. These processes
can drive a rock with an initial siliciclastic-crystalline lithogeochemical
attribute into a mixed lithogeochemical signature such as siliciclastic-
limestone and siliciclastic-dolostone class (Fig. 9). Third, it is unlikely
that rocks with primary limestone and dolostone lithogeochemical
signatures can be changed into a mixed lithogeochemical class by hy-
drothermal alteration given that Group 4 chemical elements re-
presenting the siliciclastic-crystalline component (S-C) on Fig. 9 are
dominantly immobile during hydrothermal alteration (Ludden and
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S-C= Siliciclastic-crystalline
S-L= Siliciclastic-limestone
S-D= Siliciclastic-dolostone
L-S= Limestone-siliciclastic
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Fig. 9. Centered ternary diagram as shown on Fig. 8A with superposed heat map high-
lighting high point-density areas. Lithogeochemical classes were assigned by subdividing
the geochemical space into empirical domains containing the clusters made evident by
the heat map. The composite variable was calculated by computing the geometric mean
of the parts. The heat map was generated using the point density tool of i0GAS®.

Thompson, 1979; Ludden et al., 1982; Ague, 1994; Staudigel et al.,
1996; Alt, 1999; Polat and Hofmann, 2003; Polat et al., 2003; Ordénez-
Calderén et al., 2008). However, Ca and Mg losses in limestone and
dolostone may drive their composition into a mixed lithogeochemical
class.
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Fig. 10. (A) Ternary diagram or 3-part simplex with observations color coded by lithogeochemical class as defined on Fig. 9. The composite variable was calculated by computing the
geometric mean of the parts. (B) Scatter plot of two balances representing ilr-coordinates of the sample space given by the 3-part simplex in (A). The lithogeochemical boundaries are
preserved on the scatter plot of ilr-coordinates. This is expected since the 3-part simplex and the ilr-coordinates represent equivalent geochemical spaces. The 2 balances were calculated

using Eq. (4).

4.2.3. Classification based on K-means clustering of balances

An alternative approach to define lithogeochemical classes is to
conduct a K-means cluster analysis of observations based on the 3-part
subcomposition represented in the ternary diagram (Fig. 9) to partition
the geochemical space into statistical groups. Two balances, ilr-co-
ordinates, were calculated using the 3-part subcomposition (Ca, Mg,
and Group 4) represented on Fig. 9 to have an equivalent geochemical
space in R? for cluster analysis (Eq. (4), Section 3.2.2). The two ilr-
variables calculated in this study used the following binary partition:
balance 1 [Mg|Ca], and balance 2 [Cr, Ni, P, Co, V, Hf, Zr, Th, Ti, Al,
Nb, Sc, Ta, Y, Ce, La | Mg, Cal.

A graphical inspection of the lithogeochemical classification on the
ternary diagram (3-part simplex) and the ilr-coordinates (R?) illustrates
the equivalence of these sample spaces (Fig. 10A-B). It is evident that
the empirical decision boundaries among different lithogeochemical
classes are preserved in the scatter plot of ilr-coordinates (Fig. 10A-B).

A plot of total within-cluster sum of square errors against the
number of K-clusters suggests at least 4 clusters for the Rosemont de-
posit (Fig. 11). However, an inspection of the point-density heat map on
Fig. 9 suggests 7 to 8 clusters. The challenge of deciding the number of
clusters is common. In this study, we seek to find a sensible number of
lithogeochemical groups. Thus, we computed a K-means clustering with
K = 8 to compare the cluster analysis with the empirical lithogeo-
chemical boundaries (Fig. 12A). It is evident that clustering balances
provides a remarkable similarity with the empirical boundaries chosen
based on the point-density heat map (Figs. 9 and 12A). However, there
are a few minor differences. First, the siliciclastic-crystalline class is
subdivided into two clusters. The lithogeochemical classification of
these rocks is not the primary interest since visual discrimination of
porphyry, arkose, and conglomerate is a relatively simple task. The goal
is to classify chemical sedimentary rocks with various amounts of
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Fig. 11. (A) Total within-cluster sum of squares illustrating the variation of the within-
cluster errors as the number of K clusters increase.

siliciclastic component and various degrees of dolomitization. Second,
the limestone class includes two clusters. K-means clustering is very
efficient at identifying the purest limestones. Third, the limestone-sili-
ciclastic and dolostone-siliciclastic classes are merged into a single
cluster (Fig. 12A). The empirical classification arbitrarily subdivided
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S-C= Siliciclastic-crystalline
S-L= Siliciclastic-limestone
S-D= Siliciclastic-dolostone
L-S= Limestone-siliciclastic

D-S= Dolostone-siliciclastic
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Fig. 12. (A) Ternary diagram or 3-part simplex with observations color coded by cluster after K-means clustering of 2 balances (ilr-coordinates) representing the same geochemical space
given by the ternary diagram. There is good correspondence between the clusters and the lithogeochemical classes. (B) Ternary diagram with observations color coded by cluster after K-
means clustering of 17 balances representing the 18 chemical elements used to build the ternary diagram. The clusters have no relationship with the previously defined lithogeochemical
boundaries given that the 17 ilr-coordinates represent a geochemical space that is different from that represented in the ternary diagram. The composite variable was calculated by

computing the geometric mean of the parts.

Table 3

Contingency table of the conditional probability (%) distribution of lithogeochemical classes given a logged formation P(Lithogeochemistry | Formation). Numbers in bold font to
facilitate recognition of the lithogeochemical and stratigraphic associations discussed on Section 4.3

Formation Siliciclastic- Siliciclastic- Siliciclastic- Limestone Limestone- Dolostone Dolostone- Total (%)
\Lithogeochemistry crystalline dolostone limestone siliciclastic siliciclastic

Gila Conglomerate 99.9 0.1 0.0 0.0 0.0 0.0 0.0 100
Porphyry 92.4 1.7 5.1 0.2 0.1 0.2 0.3 100
Andesite 95.2 0.8 3.1 0.4 0.4 0.1 0.1 100
Willow Canyon 97.6 0.4 1.8 0.0 0.1 0.0 0.1 100
Glance 1.2 0.6 3.2 75.0 11.3 4.7 4.0 100
Rainvalley 0.0 0.0 0.0 85.7 0.0 14.3 0.0 100
Concha 1.7 1.5 4.0 82.0 2.1 7.3 1.5 100
Scherrer 14.6 35.3 21.2 2.9 7.1 9.4 9.4 100
Epitaph 2.2 9.1 8.6 19.8 2.9 53.6 3.8 100
Colina 0.6 1.5 0.8 54.9 0.9 39.2 2.1 100
Earp 5.4 57.6 20.4 3.3 3.3 4.6 5.4 100
Horquilla 2.9 6.1 27.9 34.0 9.9 5.5 13.6 100
Escabrosa 0.7 2.4 8.6 72.0 2.9 9.1 4.3 100
Martin 3.0 2.5 11.7 18.4 2.6 57.3 4.6 100
Abrigo 14.5 0.6 54.2 13.0 6.4 7.7 3.7 100
Bolsa Quartzite 90.8 1.5 1.1 1.1 4.4 0.0 1.1 100
Precambrian Granitoids 98.8 0.9 0.3 0.0 0.0 0.0 0.0 100
Undifferentiated 27.8 6.3 14.7 23.9 3.4 19.9 4.0 100

this field to document differences in the Mg/Ca ratio to monitor the
presence of Mg-rich clay minerals, which have deleterious effects in
metal recoveries (Wang et al., 2015b, 2016a, 2016Db).

To stress the importance of working in the appropriate geochemical
space in lithogeochemical classification, we have computed K-means
clustering, K = 8, on a data matrix of 17 balances derived from the 18-
parts subcomposition used in this study (Fig. 12B). On Fig. 12B, it is
evident that clustering 17 balances result in groups that are not directly
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related to the lithogeochemical classes defined on the 3-part simplex, or
by clustering 2 balances representing the same variables of the 18-parts
subcomposition reduced into a lower dimensional space (Fig. 12). This
difference is expected since the data matrices of 2 and 17 balances
represent different geochemical spaces. Although the validity of the
clusters defined by the 17 balances is not in question, these clusters
gather mixed information that is of no practical use to establish a li-
thogeochemical model that is simple to associate with rock types and
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rock-forming processes. Clustering geochemical spaces designed to in-
vestigate specific geological attributes, such as lithogeochemistry (e.g.,
Fig. 9), has the advantage of providing direct geological meaning to the
clusters instead of being a simple exercise on pattern recognition.

For practical purposes in this study, we have adopted the empirical
lithogeochemical classification defined on the 3-part simplex. K-means
clustering of the equivalent geochemical space was used to validate the
proposed classification (Fig. 12A). However, in complex geological si-
tuations in which subcompositions with > 4 components are needed to
explain the lithogeochemical variability, empirical boundaries are not
possible given that these high-dimensional subcompositions cannot be
represented graphically. In such cases, K-means clustering of balances
representing the same geochemical space are a good tool for classifi-
cation.

Table 3 presents a contingency table of the conditional probability
distribution of the lithogeochemical classes given a formation logged on
drill core, denoted as P(Lithogeochemistry | Formation) and expressed
in percentage. The conditional probability distribution demonstrates
the association of the lithogeochemical classes with the formations
present at the Rosemont deposit. For instance, the siliciclastic-crystal-
line class is the dominant lithogeochemical attribute of formations in
the Upper Plate and West Block including Precambrian Granitoids,
Bolsa Quartzite, Willow Canyon arkose and andesite, Gila Conglom-
erate, as well as porphyritic intrusions (Figs. 2-3). Notably, regional
dolomitization trends are commonly associated with Martin, Colina,
and Epitaph Formations, which is clearly documented by the condi-
tional probabilities of the lithogeochemical model (Table 3) (cf.,
Johnson and Ferguson, 2007; Ferguson, 2009; Ferguson et al., 2009;
Rasmussen et al., 2012). The siliciclastic-dolostone class characterizes
the Earp Formation, which is consistent with field descriptions in-
dicating a mixed chemical-siliciclastic composition. It is noteworthy
that regional stratigraphic studies indicate that the Escabrosa and
Horquilla Formations consist of limestone packages with increasing
siliciclastic component towards the top of Horquilla; a feature well
documented by the lithogeochemical model in which the conditional
probability of the siliciclastic-limestone class increases from Escabrosa
to Horquilla (Table 3) (op. cit.). It is concluded that the lithogeochem-
ical model is a valid geochemical tool to map the lithological attributes
of the Rosemont deposit.

4.3. Mapping the geospace

The lithogeochemical model devised in this study was used to map
the geological space of the Rosemont skarn deposit in order to create a
simplified chemostratigraphy to better understand the geological at-
tributes of the deposit. Fig. 13 shows a vertical section of the deposit
representing 90 diamond drill holes with 33,000 samples color coded
by lithogeochemical class to visualize the spatial variability and to re-
veal the structural architecture of the deposit (Fig. 13).

The spatial distribution of the lithogeochemical classes clearly map
the three major structural domains of the deposit (Fig. 13, Table 3): (1)
the Upper Plate, dominated by the siliciclastic-crystalline class re-
presenting arkose, andesite, and conglomerate, (2) the West Block,
evident by a sliver of rocks with siliciclastic-crystalline class attributes
representing granitoid and quartzite interleaved with dolostone, lime-
stone, and siliciclastic-limestone classes, and (3) the Lower Plate, the
major host of economic mineralization, discriminated by class attri-
butes such as limestone, dolostone, and all classes representing mixed
chemical-siliciclastic sediments (Fig. 9). The lithogeochemical classes
reveal the east-dipping homoclinal structure that characterizes the
Lower Plate of the Rosemont deposit (Figs. 2 and 13).

The spatial distribution of the lithogeochemical classes within the
Lower Plate suggests sedimentation cycles with increasing siliciclastic
component towards the top of the east-dipping chemical sedimentary
succession (Fig. 13, Table 3). The Lower Plate succession ranges from
relatively clean limestone at the base, followed by increased mixing
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between chemical and siliciclastic component to the east and higher-up
in the stratigraphy, to relatively clean dolostone and minor limestone in
the uppermost part of the stratigraphy (Fig. 13). These sedimentation
cycles are well documented in the area and have been attributed to
marine regression and transgression events (e.g., Rasmussen et al.,
2012). The geological characteristics described above validate the li-
thogeochemical model presented on Fig. 9 as a tool to map primary
lithological features in strongly calc-silicate altered rocks.

The lithogeochemical model proposed here correctly identifies
structural domains, lithological units, and rock-forming processes. A
simplified chemostratigraphic model, using Leapfrog Geo®, was devel-
oped for the Lower Plate based on the lithogeochemical model. The
siliciclastic-dominated Upper Plate was not subdivided given that most
of the economic Cu, Mo, and Ag mineralization is hosted in the Lower
Plate. Also, the visual identification of rock types in the Upper Plate is
relatively simple compared to the identification of the complex lithol-
ogies in the Lower Plate.

From a mining perspective, the advantage of an informal mine
chemostratigraphy over conventional stratigraphic models is that li-
thological, mineralogical, and geochemical variability is reduced within
the geochemically-driven domains, which has immediate applications
in resource modelling and geometallurgical characterization (cf.,
Gregory et al., 2013; Lund et al., 2013; Amer et al., 2014; Pownceby
and Johnson, 2014; Yildirim et al., 2014; Maydagéan et al., 2016). Ac-
cordingly, the stratigraphy of the Lower Plate of the Rosemont deposit
was subdivided into three chemostratigraphic units from bottom to top
(1) Lower Limestone Unit, (2) Mixed Unit, and (3) Upper Dolostone
Unit (Fig. 14). The deposit simplified chemostratigraphy is well corre-
lated with the regional stratigraphy. For instance, the Lower Limestone
Unit is mostly related to the top of Escabrosa and the base of Horquilla
composed dominantly of bedded limestone. The Mixed Unit is strictly
associated with the Earp Formation and the upper most part of Hor-
quilla comprising dominantly siliciclastic and mixed chemical-silici-
clastic sedimentary rocks. The Upper Dolostone Unit is associated with
the Epitaph Group, which is dominated by dolomite, evaporatic rock,
and minor limestone (Table 3, Figs. 2, 3, and 14).

4.4. Lithogeochemical relationships with ore grades

An important relationship revealed by the lithogeochemical model
is a strong association of the mineralization with the lithogeochemical
classes. Fig. 15 shows copper grades for samples with > 1000 ppm Cu
to exclude non-economic mineralization. Lithogeochemical classes re-
presenting relatively clean chemical sedimentary rocks such as dolos-
tone, limestone, and limestone-siliciclastic (Escabrosa, Horquilla, and
Epitaph Group) are associated with higher copper grades, than those of
mixed chemical-siliciclastic rocks (Earp Formation) such as siliciclastic-
crystalline, siliciclastic-limestone, and siliciclastic-dolostone classes
(Fig. 15). The dolostone-siliciclastic class display lower grades than its
limestone-siliciclastic counterpart, most likely indicating the presence
of a larger amount of siliciclastic component.

The relationship of ore grades with the lithogeochemical classes
provides an important tool for exploration of skarn deposits. This re-
lationship is explained in terms of the receptivity of sedimentary rocks
to be mineralized at metal grades of economic value. Accordingly,
chemical sedimentary rocks relatively clean of siliciclastic component
are more fertile for economic skarn mineralization than their mixed
chemical-siliciclastic counterparts. This explains well the fact that the
Earp Formation hosts the lower copper grades of the Rosemont deposit.

We suggest that the lithogeochemical model devised in this study
(Fig. 9) can also be used as a geochemical exploration tool to assess and
map the skarn fertility of chemical-siliciclastic sedimentary successions
in areas permissive of skarn mineralization.
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Fig. 13. East-West vertical section projecting 90 diamond drill holes sampled along the entire core length and analyzed for multi-element geochemistry. The section contains 33,000
samples color coded by lithogeochemical class (Fig. 9). The lithogeochemical classification devised in this study discriminates the Upper Plate, Lower Plate, and West Block. Also, the east-

dipping homoclinal structure of the Lower Plate is well documented.

5. Conclusions

Establishing a reliable stratigraphic model for a skarn deposit is
important for planning and developing a mining operation given that
stratigraphic domains play a key role in resource modelling, geome-
tallurgical characterization of ore bodies, and several other mining
parameters. However, complex geological attributes of skarn deposits
including metasomatic alteration and lithological variability compli-
cates the development of stratigraphic models based on traditional core
logging observations. To circumvent these problems, we presented a
systematic approach to develop a lithogeochemical model that can be
used as the framework for establishing a simplified chemostratigraphy.
We applied the principles of compositional data analysis and multi-
variate statistics to 4-acid digested multi-element geochemical data of
the Rosemont Cu-Mo-Ag skarn deposit reaching the following

West

West Block |

chemical-siliciclastic sedimentary rocks, and an Upper Dolostone Unit.
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conclusions:

1. Selection of a subcomposition with elements that are immobile
during metasomatic alteration is critical for lithogeochemical
modelling. In this study, an 18-part subcomposition including Ca,
Mg, Cr, Ni, P, Co, V, Hf, Zr, Th, Ti, Al, Nb, Sc, Ta, Y, Ce, and La was
selected to minimize the effects of alteration on lithological dis-
crimination. Mobile elements Ca and Mg were included in the
analysis to represent limestone and dolostone.

. An efficient exploratory data analysis technique is the application of
hierarchical clustering of geochemical variables using the variation
matrix (Section 4.1.1). The cluster dendrogram (Fig. 5) resulting
from this approach is a critical tool to make data-driven decisions on
grouping variables to reduce dimensionality and to explore projec-
tions in the simplex.

East

pper Plate

ower Plate
Fig. 14. Three dimensional model with the proposed chemostratigraphy for the Rosemont deposit based on the lithogeochemical classes (Figs. 9 and 13). The Lower Plate of the
Rosemont deposit contains most of the economic Cu, Mo, and Ag mineralization. The stratigraphy of the Lower Plate can be simplified into a Lower Limestone Unit, a Mixed Unit of
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Fig. 15. Box plot illustrating the relationships between Cu grades and the lithogeo-
chemical classes devised in this study. It is noteworthy that the lithogeochemical classes
representing relatively pure chemical sedimentary rocks tend to contain higher copper
grades than those classes representing siliciclastic and impure chemical-siliciclastic rocks.
The mean is represented by the white circle and the median by the black horizontal line
within the box.

3. Understanding the geometry of the geochemical space represented
by a particular subcomposition is critical to select the appropriate
projections to discover geological processes encrypted in the geo-
chemical data. Provided that an appropriate projection is found,
mapping the geochemical space to produce a lithogeochemical
model is a relatively simple task that may be accomplish in a lower
dimensional space. For instance, a ternary diagram contains enough
information to map the lithogeochemical attributes of sedimentary
rocks of the Rosemont skarn deposit (Fig. 9).

4. Empirical decision boundaries to subdivide a ternary diagram into
lithogeochemical classes were established by grouping regions with
high-point density using heat maps (Fig. 9). Comparable decision
boundaries can be obtained by computing K-means clustering on a
data matrix of 2 balances representing a sample space equivalent to
the ternary diagram or 3-part simplex (Fig. 12A).

5. The empirical approach of dividing the geochemical space works
well in low dimensional spaces in which all variables can be vi-
sualized graphically. In higher dimensional spaces K-means clus-
tering is an appropriate solution. However, clustering should be
done on balances representing the equivalent geochemical space of
a given D-part simplex. Otherwise, regions in the simplex will not
correspond with the clusters obtained from K-means clustering
(Fig. 12, Section 4.2.3).

6. Geospatial plots of the lithogeochemical classes effectively re-
cognize the three major structural domains of the Rosemont deposit:
Upper Plate, Lower Plate, and West Block (cf., Figs. 2 and 13). In
addition, the east-dipping homoclinal structure of the Lower Plate is
also well documented by the lithogeochemistry (Fig. 13). A
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simplified chemostratigraphy can be defined by spatially grouping
the lithogeochemical units into a Lower Limestone Unit, overlaid by
a Mixed Unit of chemical-siliciclastic sedimentary rocks, and an
Upper Dolostone Unit (Fig. 14). These three chemostratigraphic
units correlate well with the regional stratigraphy, respectively, the
Escabrosa, Horquilla, and Earp Formations, and the Epitaph Group.

7. A significant implication of the lithogeochemical model is the strong
association of copper grades with lithogeochemical classes (Fig. 15).
This suggests that the receptivity of different rock types to uptake
copper mineralization is dependent on the proportion of chemical
and siliciclastic component. Accordingly, relatively clean chemical
sedimentary rocks with low siliciclastic component have higher
potential of hosting economic mineralization in geological en-
vironments permissive of skarn deposits. This finding suggests that
the lithogeochemical model can be used as a skarn fertility tool to
evaluate the economic potential of chemical-siliciclastic sedimen-
tary successions.
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