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Abstract
Ore-forming hydrothermal fluids react differently with different country rocks, but few studies have applied this knowledge with
the specific goal of expanding the size of hydrothermal footprints in mineral exploration. To develop this concept, 122 metamorphosed mafic dykes from the world-class Canadian Malartic gold district (18.6 Moz Au) were sampled and analyzed for
mineralogy, physical properties, and lithogeochemistry (partial and total digestion). The mafic dykes intrude mainly
metasedimentary rocks, post-date D1 deformation, and cross-cut early-D2 quartz monzodiorite intrusions, but they were deformed and altered during D2 deformation, mineralization, and metamorphism. They can be subdivided into three groups: Group
1 dykes are least-altered, characterized by amphibole-rich regional metamorphic assemblages and distributed throughout the
Pontiac Subprovince. Group 2 and 3 dykes underwent ore-related hydrothermal biotite–calcite–pyrite alteration and are associated with density- and volume-adjusted concentration gains of over 100% in Au–W–Te–C–S–Ag–Cs–Mo–Cu–K–Rb–Se–U–
Pb–Ba–F–Bi–Sn. They define a metasomatic footprint up to 6 km away from the deposit toward the SE and up to 2 km away
from the deposit toward the SW. Fifty-eight variables that define halos around the Canadian Malartic deposit have been identified
and integrated using principal component analysis. PC1 explains 30% of the variance, separates least-mobile elements from orerelated elements, and is interpreted to reflect the ore-forming alteration process. PC2 and PC3 represent igneous processes. PC4
highlights the calcite–pyrite and biotite alteration. Spatial variations of the modal abundances of amphibole, biotite, calcite, and
pyrite are the simplest expression of the metasomatic footprint, and they can easily be documented during exploration at the camp
scale.
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Introduction
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Mafic dykes are commonly spatially and temporally associated with gold deposits in orogenic terranes of Archean (e.g.,
McNeil and Kerrich 1986; Burrows and Spooner 1989;
Wyman and Kerrich 1993; Taylor et al. 1994; Kretschmar
and McBride 2016), Proterozoic (e.g., Duggan and Jaques
1996; Liao et al. 2014), and Phanerozoic (e.g., Ashley et al.
1994; Bierlein et al. 2001; Huang et al. 2002; Cai et al.
2015; Xu et al. 2017) ages. Protolith compositions range
from tholeiitic gabbro to alkaline lamprophyre. In most
cases, these dykes have undergone greenschist to amphibolite facies regional metamorphism and significant degrees
of metasomatism.
Metamorphosed mafic dykes are abundant in the Pontiac
Subprovince south of the Abitibi Greenstone Belt and the
Cadillac–Larder Lake Deformation Zone (Fig. 1), where they
intruded sedimentary rocks and felsic-intermediate intrusive
bodies prior to gold mineralization (Perrouty et al. 2017) and
peak metamorphism (Piette-Lauzière 2017; Gaillard et al.

2018). They were described as diorite and amphibolite by
Derry (1939), as metamorphosed lamprophyre-equivalent by
Camiré et al. (1993), and as lamprophyre by De Souza et al.
(2015, 2016), but none of these authors considered the effects
of ore-related hydrothermal alteration on their mineralogical
and lithogeochemical compositions. Bohlke (1989) and
Stowell et al. (1996) have shown that different wall rocks react
differently to the same hydrothermal fluid, which results in
variable mineralogical and chemical signatures depending
on the protolith composition. Preliminary work on orerelated hydrothermal alteration of mafic dykes and
metasedimentary rocks in the Canadian Malartic district demonstrated that mafic dykes are more sensitive to metasomatism
(Perrouty et al. 2015) and have the potential to significantly
expand the size of the exploration footprint and improve vectoring toward the core of the mineralizing system. This study
examines the mineralogy, mineral chemistry, density, and
whole-rock lithogeochemistry of metamorphosed mafic dykes
over a 180-km2 area centered on the Canadian Malartic gold
deposit (Fig. 1).

Fig. 1 Location of the Canadian Malartic gold deposit in the Pontiac
Subprovince, south of the Cadillac–Larder Lake Deformation Zone
(CLLDZ) (modified after Perrouty et al. 2017). The red line represents
the open-pit mine (as designed in 2013). Other major gold occurrences are

indicated: C, Cartier; G, Gouldie; B, Bravo. The distribution of the three
groups of mafic dykes outlines the footprint of the deposit (alteration IN/
OUT). Outcrop measurements indicate an overall NW–SE to EW dyke
swarm orientation. The coordinate system is NAD83-UTM17N
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Geological setting
The Canadian Malartic deposit
The world-class Canadian Malartic deposit is a low-grade
(1.07 g/t), large-tonnage, stockwork-disseminated system
(Helt et al. 2014a; De Souza et al. 2015, 2016) with a gold
endowment exceeding 18.6 million ounces (Gervais et al.
2014). The main host lithologies (Fig. 1) include the metamorphosed sedimentary rocks of the Pontiac group (2685–
2682 Ma; Mortensen and Card 1993; Davis 2002), quartz
monzodiorite intrusive rocks (2679–2676 Ma; Helt et al.
2014a; De Souza et al. 2015, 2016), and the mafic–ultramafic
volcanic rocks of the Piché group (> 2710 Ma; Pilote et al.
2000, 2015). The rocks within and near the deposit display
mainly biotite (associated with microcline and albite), calcite
(associated with ferroan dolomite), and pyrite (associated with
the ore assemblage) alteration (Derry 1939; Helt et al. 2014a;
De Souza et al. 2015, 2016; Gaillard et al. 2018).
The gold mineralization at the Canadian Malartic is structurally controlled along two major trends: (1) the E–W-trending
Sladen Fault zone, which connects with the Cadillac–Larder
Lake Deformation Zone to the east and (2) a series of
NW–SE-trending high-strain bands (Derry 1939; De Souza et
al. 2015, 2016). Ore zones are spatially associated with
metamorphosed felsic-intermediate intrusive bodies (Helt et
al. 2014a; Perrouty et al. 2017). De Souza et al. (2016) proposed two phases of gold mineralization: (1) a possible earlyD2 magmatic-hydrothermal event associated with the late stage
of quartz monzodiorite intrusions and (2) a main syn-D2 event
(2664 ± 11 Ma Re–Os age on molybdenite) associated with
S2-subparallel, fracture-filling, mineralized veinlets. This latter
event is thought to overlap with regional prograde metamorphism (Gaillard et al. 2018), which has been dated at 2657 ±
7 Ma (Lu–Hf age on garnet: Piette-Lauzière 2017).
The origin of the Canadian Malartic deposit is still uncertain
and has been interpreted as a porphyry-type gold deposit
(Issigonis 1980), an orogenic-type gold deposit (Trudel and
Sauvé 1992; Beaudoin and Raskevicius 2014), a syeniteassociated disseminated gold deposit (Robert 2001), and an
oxidized intrusion-related gold deposit (Helt et al. 2014a, b).

Structures
Three major deformation events (D1–D3) have been documented in the Pontiac Subprovince (Derry 1939; Sansfaçon
and Hubert 1990; De Souza et al. 2015, 2016; Perrouty et al.
2017). D1 produced isoclinal F1 folds and a pressure-solution
S1 cleavage before emplacement of quartz monzodiorite intrusions. D2 deformed all of the main lithologies and produced
the dominant structures visible in the Canadian Malartic open
pit, including open-to-tight steeply dipping S-shaped F2 folds,
an east-plunging L2-stretching lineation, and a NW–SE-
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trending-penetrative S2 foliation defined by the preferential
alignment of biotite and white mica. D3 formed open F3 folds,
a subtle NE–SW-trending crenulation S3 cleavage, and kinks
and may correlate with late dextral transcurrent movement
along the Cadillac–Larder Lake Deformation Zone
(Daigneault et al. 2002; Bedeaux et al. 2017).

Mafic dykes
Three main types of mafic rocks occur in the Pontiac Subprovince near the Canadian Malartic deposit: (1) metamorphosed mafic–ultramafic volcanic flows (Camiré et al. 1993)
interlayered within Pontiac group metasedimentary rocks,
which on the basis of extrusive features (e.g., pillows) may have
been emplaced during sedimentation (Perrouty et al. 2017); (2)
metamorphosed mafic dykes, which intruded the volcanic
layers, the sedimentary rocks, and the quartz monzodiorite bodies prior to the main gold mineralization event (Derry 1939; De
Souza et al. 2015, 2016; Perrouty et al. 2017); and (3) nonmetamorphosed Proterozoic diabase dykes (Buchan and Ernst
2004) that cross-cut all other lithologies and all observed structures in the Canadian Malartic district. This work focuses on the
metamorphosed mafic dykes (i.e., the second rock type mentioned previously), which will be termed mafic dykes hereafter
for simplicity. Field photographs and textures are shown in the
electronic supplementary material.
Mafic dykes represent less than 5% of the volume of the
Pontiac Subprovince (Camiré et al. 1993), but they are present
in most outcrops. They were not observed in the Cadillac
group and Timiskaming-age metasedimentary rocks north of
the Cadillac–Larder Lake Deformation Zone. They commonly
display a positive topography, vary from 5 cm to > 3 m (median 25 cm) in thickness, extend up to several hundred meters
in length, and locally contain xenoliths of sedimentary, felsicintermediate, mafic, and ultramafic igneous rocks. They generally trend NW–SE to E–W (Fig. 1), subparallel to the regional S2 foliation (Perrouty et al. 2017), dip steeply, and cross-cut
both the sedimentary bedding (S0) and the bedding-subparallel
pressure-solution cleavage (S1). They display a strong S2 foliation defined by biotite and amphibole that is axial-planar to
open to tight F2 folds. Contacts are sharp, but commonly
faulted, and the S2 fabric is typically refracted between mafic
dykes and host metasedimentary rocks. There is no evidence of
contact metamorphism, but a syn- or post-emplacement alteration selvage (width < 5 cm) is locally visible in the wall rock.
Rheological contrasts, such as between metamorphosed
quartz monzodiorite and metasedimentary rocks at the
Canadian Malartic (Perrouty et al. 2017), commonly focus
rock fractures and emplacement of auriferous fluids. Derry
(1939) noted that mafic dykes contain more gold when hosted
by a less competent lithology (e.g., Piché group talc-chlorite
ultramafic rocks) and less gold when hosted by a more competent lithology (e.g., Pontiac group metasedimentary rocks).

764

Rheological contrasts also affect mafic dyke behavior during
deformation. Mafic dykes hosted in coarse-grained metasedimentary rocks (e.g., metagreywackes) or in quartz monzodiorite intrusions are highly strained, display an intense mineral fabric, contain thin and dismembered quartz veins, and
appear to accommodate most of the deformation, whereas mafic dykes hosted in fine-grained metasedimentary rocks (e.g.,
metamudstones) exhibit boudinage (L2 lineation), weak S2 foliations, brittle fractures, and intact quartz veins.
The source and the geodynamic setting of mafic dykes in
the Pontiac Subprovince are poorly constrained. Camiré et al.
(1993) investigated the possibility of an initial komatiitic magma that underwent variable degrees of crustal contamination,
but they ruled out this option because of inconsistencies with
major and trace element lithogeochemical models. They eventually suggested that the mafic dykes could be equivalent to
the metamorphosed Blamprophyres^ of the Abitibi
Subprovince (e.g., Wyman and Kerrich 1993), based on similar major and trace element compositions, and proposed that
the mafic dykes might have been derived from subductionrelated metasomatically enriched mantle, based on incompatible element ratios. The absolute age of mafic dykes in the
Pontiac Subprovince is constrained between ca. 2676 Ma
(quartz monzodiorite intrusions; De Souza et al. 2015, 2016)
and ca. 2668 Ma (Décelles batholith; Mortensen and Card
1993) and is therefore interpreted to be equivalent to a
Blamprophyre^ age at 2674 ± 2 Ma (U–Pb TIMS titanite
age; Wyman and Kerrich 1993) in the Abitibi Subprovince.

Materials and methods
In this study, 122 samples (~ 2 kg each) of fine-medium-grained
homogenous mafic dykes, thicker than 15 cm, and hosted by
metagreywackes, were collected from outcrop and drill core
over an area of 180 km2 and a vertical distance of 1863 m (−
1412 m to + 451 m above mean sea level). Some mafic dykes
were sampled twice to detect possible internal heterogeneities.
One third of each sample was analyzed for whole-rock
lithogeochemistry (this study), another third was used for
petrophysical measurements (Bérubé et al. 2018), and the final
third was used to make thin sections and kept as a reference
sample. Data are provided in the electronic supplementary material. Analytical methods for whole-rock lithogeochemistry,
whole-rock XRD mineralogy, and in situ mineral chemistry,
including accuracy and precision, are presented subsequently.

Lithogeochemical data
Samples were crushed to < 2 mm in a low-Cr steel jaw crusher,
split in a stainless-steel riffle splitter, and pulverized to < 70 μm
in a low-Cr steel ring and puck mill by ALS Canada Ltd., North
Vancouver, BC. Cleaning procedure between samples uses
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compressed air. Major elements were analyzed by Activation
Laboratories Ltd., Ancaster, ON, by wavelength-dispersive Xray fluorescence (XRF) spectrometry on lithium metaborate
and lithium tetraborate fused glass discs (method code 4CXRF Fusion). Loss-on-ignition (LOI) was determined gravimetrically after heating the samples to 1000 °C for 2 h.
Sulfur and carbon were analyzed by SGS Canada Inc.,
Burnaby, BC, using LECO® inductive combustion with infrared detection (method code GE CSA06V). Trace elements,
including rare earth elements, were analyzed by SGS Canada
Inc., Burnaby, BC, by inductively coupled plasma atomic
emission spectrometry (ICP-AES) and inductively coupled
plasma mass spectrometry (ICP-MS, method code GE
ICM90A) after sodium peroxide fusion (SPF). Major and trace
elements, including Au and Ag, were analyzed by ALS Canada
Ltd., North Vancouver, BC, by ICP-AES and ICP-MS (method
code ME-MS41L) after aqua regia digestion (ARD). Chlorine
and fluorine were analyzed by Ontario Geosciences
Laboratories, Sudbury, ON, using an ion-selective electrode
(ISE) (method code ISE-R01) after sodium carbonate fusion.
Accuracy and precision were monitored using recurrent
analyses (every 20 samples) of internal standards and blanks
from the laboratories, an internal standard of least-altered
Pontiac metasedimentary rock (shown to be more similar to
the altered dykes than a basaltic rock), and a certified reference
sample (USGS SDC-1; Flanagan 1976). To validate the accuracy of the gold determinations, a subset of 18 samples was
analyzed by Activation Laboratories Ltd., Ancaster, ON, after
Pb-fire assay pre-concentration by instrumental neutron activation analysis (method code 1A1 Fire Assay INAA).
Standard deviations (1σ) were calculated on 29 analyses of
an internal standard (first value) and on 30 analyses of the
certified reference material (second value) and are as follows:
2.3–2.4% for major elements by XRF, 18–13% for LOI, 3.8–
6.5% for C and S after LECO, 6.2–2.3% for Cl and F after ISE,
5.7–5.4% for trace elements after SPF, 6.8–7.6% for trace elements after ARD, 23–28% for ore-related elements (Ag, As,
Se, Te) after ARD, and 98–76% for Au after ARD. Due to the
nugget effect in the Au distribution, the Au analyses cannot be
reproduced at concentrations lower than 5 ppb. Above 5 ppb
Au, the standard deviation for a given sample decreases with
increasing Au concentration. The majority (97%) of the Au
concentrations determined for mafic dykes are above the lower
limit of detection (LLD) of 0.2 ppb; however, only 48% of the
data are higher than the 5 ppb lower limit of reproducibility.
Other trace element analyses are typically 10 times or more
above LLDs. Exceptions include TbSPF, HoSPF, TmSPF, LuSPF,
ClISE, and FISE (lowest value at the LLD) and GeSPF, LiSPF,
HfSPF, NbSPF, InARD, ScSPF, AsARD, TeARD, and SeARD (lowest
value below the LLD). Elements with more than 30% of censored data (i.e., data below the LLD, e.g., TlSPF, BeSPF, InSPF)
are not considered in this work. Upper limits of detection are
far above the maximum measured values.
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Mineral chemistry data
Point analyses of biotite and hornblende in polished thin sections
of mafic dykes were performed by wavelength-dispersive X-ray
emission spectrometry using a JEOL JXA-8530F Hyperprobe
electron probe microanalyzer at the Earth and Planetary
Materials Analysis Laboratory at Western University, Ontario,
Canada. Analytical conditions were 15 keVaccelerating voltage,
20 nA beam current, and 2 μm beam diameter. Thallium acid
phthalate (TAP), lithium fluoride (LIF), and pentaerythritol
(PET) crystals were used for Si–Al–Mg–Na–F, Fe–Mn–Ni–Cr,
and Ca–K–Ti–Cl analyses, respectively. Count times of 20 s on
Kα peaks and 40 s on backgrounds were used for all elements.
Peak positions for each analytical session were calibrated using
hornblende (Si, Al, Fe, Mg, Ca, Na), biotite (K), rhodonite (Mn),
rutile (Ti), nickel (Ni), chromite (Cr), fluorite (F), and sodalite
(Cl) mineral standards. JEOL ZAF correction procedures were
used for matrix corrections. The accuracy of the results was
assessed using a reference hornblende (Smithsonian 143965;
Jarosewich et al. 1980). Mineral formulas for each mineral point
analysis were calculated assuming stoichiometries of 23 atoms
of oxygen per formula unit for amphibole and 11 atoms of
oxygen per formula unit for biotite.

X-Ray diffraction data
X-Ray diffraction (XRD) spectra were acquired on mafic dyke
powders by Activation Laboratories Ltd., Ancaster, ON, using
a PANanalytical X’Pert Pro diffractometer equipped with a Cu
X-ray source and an X’Celerator detector. Operating conditions were 40 kV and 40 mA, range 5–70 degree 2θ, step size
0.017 degree 2θ, 1 sample rotation per second, and 30 s collection time. Coarse grain size may cause preferred orientation
of crystal planes and increased intensity of the respective
peaks. All samples were crushed to less than 70 μm prior to
analysis to homogenize grain sizes and minimize potential
bias in the cluster analysis. Clustering was performed using
PANalytical’s X’Pert HighScore Plus software (Degen et al.
2014). An average linkage method with Euclidian distance
measure (Everitt et al. 2011) was used to group the diffraction
patterns, based on similarity of profile and peak information.
The number of clusters was selected using a manual cut-off
method. The proportions of minerals were then calculated
using Rietveld (1969) analysis on the most representative
sample in each cluster, which was determined by the minimum mean distance from all other samples in a given cluster.

Density data
Cylindrical samples (2.5 cm in diameter × 2.2 cm in length) were
weighed dry, after immersion in distilled water under vacuum
(to fill all connected porosity), and while immersed. Skeletal
density (ρS, grain density excluding porosity) was calculated
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from the dry, water-saturated, and water-immersed weights from
ρS = mS/((mS − mI) / ρW), where mS is the water-saturated mass,
mI is the water-immersed mass, and ρW is the density of water at
the temperature of measurement (Enkin et al. 2012).

Mineralogy
Petrographic observations and textural relationships
Historical Canadian Malartic drill core logging does not include any description of the mineralogical composition of
mafic dykes, which were subjectively recorded as either biotite–chlorite schists, mafic intrusive rocks, lamprophyres, or
gabbro dykes. Detailed petrographic and mineralogical analyses have therefore been conducted on hand samples and later
refined on polished thin sections using (1) a compound polarizing petrographic microscope for major minerals, (2) a JEOL
JCM-6000 benchtop scanning electron microscope at Western
University for trace minerals, and (3) alizarin red S and potassium ferricyanide staining (e.g., Hitzman 1999) for carbonate
mineralogy. Veins and vein selvages are present in some of the
stained samples, but they were specifically avoided in the
samples used for mineralogy, density, and whole-rock
lithogeochemistry. Polished thin sections were oriented perpendicular to the S2 foliation and parallel to the L2 lineation
(which consistently plunges steeply toward the east in the
area; Sansfaçon and Hubert 1990; Perrouty et al. 2017).
The mineralogical compositions of mafic dykes vary systematically throughout the Canadian Malartic district. Among
the 122 samples, three main mineralogical groups can be distinguished (Table 1), which are as follows:
Group 1 samples (n = 28) contain dominantly amphibole
(hornblende and rare anthophyllite) with lesser plagioclase
(anorthite and rare andesine) and quartz and (in order of decreasing abundance) accessory ilmenite, titanite, apatite, pyroxene (hypersthene), rutile, magnetite, and chromite. Group
1 samples do not contain biotite. Their AuARD concentration is
commonly less than 5 ppb.
Group 2 samples (n = 74) contain less amphibole (hornblende) than group 1 with variable amounts of biotite, quartz,
plagioclase (andesine), and calcite with accessory chlorite,
epidote, ilmenite, titanite, rutile, pyrrhotite, apatite, allanite,
pyrite, chalcopyrite, pyroxene (hypersthene), zircon, pentlandite, sphalerite, galena, molybdenite, scheelite, magnetite,
and chromite. Their AuARD concentration is commonly less
than 100 ppb.
Group 3 (n = 20) samples contain biotite, calcite, quartz,
plagioclase (andesine and albite), and pyrite with accessory
chlorite, epidote, chalcopyrite, rutile, ferroan-dolomite, apatite, fluorocarbonate minerals, monazite, zircon, sphalerite,
galena, molybdenite, barite, thorite, scheelite, and gold–silver

766

Miner Deposita (2019) 54:761–786

Table 1 Mafic dykes can be classified into three main groups based on
mineralogy and gold concentrations. Petrographic analysis shows a
progressive increase of biotite, calcite, and pyrite alteration toward the
Canadian Malartic deposit. Large phenocrysts of plagioclase (anorthite)

Group 1: least altered

are only preserved in the least-altered samples (e.g., K389470, group 1).
Amp, amphibole; Pl, plagioclase; Qz, quartz; Bt, biotite; Ep, epidote; Cal,
calcite; Py, pyrite

Group 2: altered, non-mineralized

Group 3: altered, mineralized

Hand sample

1 cm

Thin section
3 mm

Mineralogy

Amp, Pl, Qz

Amp, Pl, Qz

Amp, Bt, Pl,
Qz, Ep

Amp, Bt, Qz,
Pl, Ep, Cal

Bt, Qz, Pl,
Ep, Cal, Py

Bt, Qz, Pl,
Cal,Py

Au (ppb)

2

5

3

5

162

946

Distance (m)

2268

1592

1343

1092

322

0

telluride. Group 3 samples do not contain amphibole. Their
AuARD concentration is commonly over 100 ppb.
These three groups represent a single generation of mafic
dykes, which are variably altered and circumscribe the
Canadian Malartic deposit, with least-altered group 1 samples
in locations furthest from the deposit, non-mineralized but
altered group 2 samples occupying medial positions, and mineralized and altered group 3 samples being proximal to the
deposit (Fig. 1). The apparent proportion of plagioclase is
highly variable, which is tentatively interpreted to be caused
by a range of fractionated protolith compositions.
The initial magmatic mineralogy of mafic dykes has been
substantially obliterated by hydrothermal alteration and metamorphism. Possible igneous relics include plagioclase (anorthite and andesine, Fig. 2a), ilmenite, titanite, apatite, pyroxene,
magnetite, and chromite (Table 2), which occur between amphibole and/or biotite grains and as inclusions in these phases

in groups 1 and 2. Major minerals such as biotite and amphibole define the S2 foliation (Fig. 2b). A few amphibole grains
are, however, at an angle to S2 (Fig. 2b) and are therefore lateto post-D2 deformation (i.e., contemporaneous with the late D2
peak of metamorphism; Piette-Lauzière 2017). Biotite laths
with rare epidote are concentrated in bands parallel to S2
(Fig. 2c, Table 1), which are interlayered with quartz, calcite,
and plagioclase (andesine and albite) in groups 2 and 3. Biotite
is interpreted to be an alteration product of earlier mafic minerals (e.g., pyroxene). Chlorite is rare and locally replaces biotite or epidote. Quartz forms irregular grains. Calcite (pink to
red after alizarin red S and potassium ferricyanide staining;
photographs are shown in the electronic supplementary
material) is the dominant carbonate mineral and is associated
with quartz in veins and in veinlets, as well as disseminated
adjacent to veins, within alteration bands, and along the S2
foliation. Very rare ferroan dolomite (pale blue after alizarin
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Fig. 2 Photomicrographs of textures in mafic dykes. a Remnant of
anorthite phenocryst, hornblende and minor quartz, ilmenite; sample
K389470 (group 1). b Elongated biotite and hornblende marking the S2
foliation. A few hornblende crystals are at an angle to S2; sample
K389103 (group 2). c Backscattered-electron image showing elongated
biotite-rich bands interlayered with quartz–calcite–albite. Pyrite grains

are spatially associated with biotite-rich layers and do not display
pressure shadows; sample K389585 (group 2). d Backscattered-electron
image showing pyrrhotite filling corroded margins and fractures and
replacing pyrite; sample K389255 (group 2). Qz, quartz; Hbl,
hornblende; An, anorthite; Ilm, ilmenite; Bt, biotite; Cal, calcite; Ab,
albite; Ap, apatite; Py, pyrite; Po, pyrrhotite

red S and potassium ferricyanide staining) occurs exclusively
in quartz-calcite veins. Pyrite is spatially associated with
biotite-rich bands (Fig. 2c), does not display pressure shadows,
and presents evidence of replacement by pyrrhotite (Fig. 2d)
south of the Canadian Malartic deposit, which is interpreted to
be due to metamorphism (Gaillard et al. 2018). Accessory minerals related to the ore assemblage (e.g., gold-silver telluride)
are commonly observed as inclusions or at the edges of pyrite
grains.

Hornblende and biotite compositions (2586 analyses) were
measured in 38 mafic dykes to better constrain normative mineralogy calculations and to evaluate possible compositional variation within the Canadian Malartic district. Biotite composition
varies from groups 1 to 3 (Table 3) through subtle increase in
Mg and F and decrease in Fe and Al. Similar variations of
stronger magnitude were reported by Gaillard et al. (2018) in
metasedimentary rocks. Hornblende composition does not vary
between the three groups of mafic dykes but varies from the
north to the south of the Canadian Malartic district (Fig. 3):
AlVI increases and Si and Mg/(Mg + Fe) decrease southward
(Fig. 3), whereas Cr, Ni, Ca, Na, and Ti remain constant. The
composition of hornblende is sensitive to metamorphism with
concentration of AlVI related to pressure and temperature
(Tschermak-type substitution) and concentration of Ti related
to temperature (e.g., Raase 1974; Ernst and Liu 1998). The
variations in AlVI and Ti in hornblende in mafic dykes are
therefore interpreted to reflect southward increases in the regional metamorphic gradient (Benn et al. 1994; PietteLauzière 2017), as proposed by Gaillard et al. (2018) for similar
trends in biotite and white mica in metasedimentary rocks.

Major silicate mineral composition
Mineral chemistry at the Canadian Malartic is influenced by
whole-rock composition, degree of hydrothermal alteration,
and metamorphic grade. In metasedimentary rocks, micas show
a decrease of Al and an increase of F and Mg/(Mg + Fe) toward
gold mineralization (Helt et al. 2014a; Gaillard et al. 2018).
Using thermodynamic modeling, Gaillard et al. (2018) demonstrated that the district-scale variations of Al in biotite and white
mica in metasedimentary rocks could be explained by increasing metamorphic grade southward.
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Table 2 Paragenetic sequence of mafic dykes based on structural markers and textures. Major minerals are in bold and accessory minerals in italic. The
dominant stage of minerals formation is indicated in black

Mineralogy

Igneous
Pre- or Early- D2

Syn- D2

Alteration / Metamorphism
Late- D2
Post- D2

Hornblende, anthophyllite
Hypersthene
Anorthite
Andesine
Albite
Biotite
Epidote, allanite
Chlorite
Quartz
Calcite, Fe-dolomite, F-carbonate, scheelite
Ilmenite, titanite, magnetite, chromite
Rutile
Pyrite, chalcopyrite, sphalerite
Galena, molybdenite, barite, gold-silver-telluride
Pyrrhotite, pentlandite
Apatite
Monazite
Zircon, thorite

X-Ray diffraction cluster analysis
To provide semi-quantitative information on the mineral distributions, X-ray diffraction (XRD) spectra were subdivided
into 12 clusters (Fig. 4a). The proportions of minerals determined using Rietveld (1969) analysis highlight a progressive
change from amphibole-rich (clusters A–B–C, 38 samples)
through amphibole–biotite-rich (clusters D–E–F, 36 samples)
to biotite–calcite-rich (clusters G–H–I, 39 samples) com-

positions. Chlorite–calcite-rich compositions are rarely observed (clusters J–K–L, 9 samples) and result from a chlorite
replacement of biotite. This sequence represents successive
alteration domains, with biotite alteration extending farther
from the deposit than calcite alteration.
The spatial distribution of the clusters (Fig. 4b) defines
the metasomatic footprint of the Canadian Malartic deposit,
with clusters A–B–C representing the least-altered dykes,
D–E–F representing the most distal alteration, and clusters

Table 3 Mineral chemistry used for normative mineralogy calculations. Note subtle changes of biotite and hornblende composition between the three
groups of mafic dykes
Group

Mineral

Number

F

SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

TiO2

CO2

S

D

ALL

Quartz
Calcite
Pyrite
Chlorite

–
–
–

100
–
–
30.0

–
–
–
19.5

–
–
50.6
17.0

–
–
–
0.2

–
–
–
18.0

–
38.0
–

2

–
–
–
0.1

–
–
–
–

–
–
–
–

–
–
–
0.6

–
44.6
–
–

–
–
53.3
–

2.6
2.7
5.0
2.6

Andesine
Anorthite
Biotite
Hornblende
Biotite
Hornblende
Biotite
Hornblende

7
20
25
835
679
621
368
29

–
–
0.2
–
0.3
–
0.5
–

58.1
46.1
36.5
45.9
36.7
45.4
36.8
44.6

26.7
35.1
17.2
12.2
17.0
11.9
16.6
11.3

–
–
15.4
13.1
14.1
13.4
13.9
13.8

–
–
0.1
0.3
0.1
0.3
0.1
0.2

–
–
14.2
11.9
14.5
12.2
14.7
11.9

7.7
17.4

7.4
1.5

12.0
–
12.1
–
12.0

1.0
–
1.1
–
1.3

–
–
8.6
–
8.7
–
8.9
–

–
–
1.6
0.4
1.6
0.4
1.5
0.5

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

2.7
2.8
2.9
3.2
2.9
3.2
2.9
3.2

1
2
3
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Fig. 3 Composition of hornblende in mafic dykes, subdivided into 5
classes (green to dark blue circles, lines, and box plots) based on
location. a AlVI versus Si proportions in hornblende. apfu, atoms per
formula unit, calculated for 23 O atoms. b Map of the Al VI
concentrations in hornblende in the Canadian Malartic district. The
circles represent sample locations and classes. Note that the class

distribution is subparallel to the metamorphic isograds that were defined
by Benn et al. (1994) and Piette-Lauzière (2017). The red line represents
the open-pit mine (as designed in 2013). The coordinate system is
NAD83-UTM17N. c,d AlVI and Mg/(Mg + Fe) ratio versus spatial
distribution of the samples, showing that these variables respectively
increase and decrease toward higher metamorphic grades

G–H–I representing the most proximal alteration. Samples
in cluster I are restricted to the Canadian Malartic deposit,
the mineralized Gouldie zone, and the weakly mineralized
Cartier zone (Fig. 1). They display the highest gold concentrations (Fig. 4c).

compositions (determined by electron probe microanalysis;
Table 3), and by minimizing residuals between measured
and calculated whole-rock compositions using the
Microsoft Excel® Solver. Results are comparable with
XRD Rietveld mineralogy for the main mineral species in
mafic dykes (amphibole, biotite, plagioclase, quartz, calcite,
Fig. 5a).

Normative mineralogy
To integrate and further interpret the observed (Table 1) and
measured (Fig. 4) mineralogy with mineral chemistry and
whole-rock lithogeochemistry, normative mineralogical proportions were calculated for each mafic dyke using the
MINSQ spreadsheet (Herrmann and Berry 2002). This method calculates mineral proportions by apportioning elements
from whole-rock XRF data to specific minerals (determined
by petrographic analysis) with defined chemical

Density
To evaluate density changes due to mineralogical variations,
densities were calculated from normative mineralogy, using
common density values (Hacker et al. 2003) for each mineral species (Table 3), and were compared with measured
density values. Calculated and measured densities are similar
(Fig. 5b), and both can be used to discriminate between
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Fig. 4 XRD cluster analysis of mafic dykes. a Twelve clusters have been
determined based on diffraction pattern similarities. The number of dykes
and a representative mineral composition are indicated for each group of
clusters. Amp, amphibole; Bt, biotite; Chl, chlorite; Pl, plagioclase; Qz,

quartz; Cal, calcite. b Map of the mineralogical halo based on XRD
cluster analysis. The red line represents the open-pit mine (as designed
in 2013). The coordinate system is NAD83-UTM17N. c Whole-rock Au
concentration for each cluster

group 1 (range 2.90–3.08, d 3.01, 1σ 0.05 g/cc) and group 3
(range 2.74–2.97, d 2.86, 1σ 0.06 g/cc) dykes. Changes in
the mineralogy of mafic dykes in the Canadian Malartic
district mainly correspond to decreasing modal proportion
of amphibole (3.2 g/cc) and increasing modal proportion of
biotite (2.9 g/cc) and calcite (2.7 g/cc) toward mineralization, resulting in an decrease in bulk density (Fig. 5c). The
density map (Fig. 5d) is therefore analogous to the XRD
cluster distribution map (Fig. 4c). Thus, density is a direct
indicator of the alteration of mafic rocks.

been obliterated by metamorphic reaction or where the
whole-rock compositions have been modified by metasomatism. Diagrams using Bimmobile^ element ratios (e.g.,
Winchester and Floyd 1977; Pearce 2014) are commonly less
influenced by metasomatism. However, the appropriate immobile elements need to be determined before such classification can be applied to altered rocks. On the total alkali
versus silica diagram (Fig. 6a) of Le Bas et al. (1986) and
on the Zr/TiO2 versus Nb/Y diagram (Fig. 6b) of Winchester
and Floyd (1977), group 1 least-altered dykes plot in the
basalt to andesite fields (i.e., gabbro-diorite). Groups 2 and
3 are not interpretable on these diagrams because of mass/
volume changes due to chemical element mobility during
metasomatism (e.g., K enrichment associated with biotite
alteration).
Mantle-normalized extended element plots illustrate progressive compositional changes (due to metasomatism) between groups 1 and 3 (Fig. 6c). Large-ion lithophile elements
(LILESPF: Cs–Rb–K, Ba–Sr), light-middle rare-earth elements
(LREESPF–MREESPF: La–Gd), and some high field-strength
elements (HFSESPF: Th–U–Zr–Hf–Nb) have significantly
higher concentrations in group 3, whereas AlXRF–TiXRF and

Whole-rock lithogeochemistry
Alteration effect on typical classification diagrams
Igneous rock classifications are usually based on mineralogical assemblages (e.g., Streckeisen 1974) or whole-rock major element lithogeochemistry (e.g., Irvine and Baragar 1971;
Le Bas et al. 1986). These approaches are not appropriate
where the initial igneous mineralogical assemblages have
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Fig. 5 Integration of mineralogy with density in mafic dykes. a
Normative mineralogy (using MINSQ: Herrmann and Berry 2002)
compared to results of XRD Rietveld mineralogy for amphibole,
biotite, plagioclase, quartz, and calcite. b Density calculated from
normative mineralogy compared to measured density. Note that group 1
is denser than group 3. c Ternary diagram showing the relationship

between density, Au concentration and amphibole, and biotite and
calcite modal abundances, which were determined from normative
mineralogy. d Map of the measured density halo. The red line
represents the open-pit mine (as designed in 2013). The coordinate
system is NAD83-UTM17N

heavy rare-earth elements (HREESPF: Tb–Lu) have similar
concentrations in the different groups, indicating that these
elements were potentially least mobile during alteration. Note
that these diagrams (Fig. 6) highlight clear compositional differences between the group 1 least-altered dykes, the synsedimentary mafic–ultramafic metavolcanic rocks of the
Pontiac Subprovince, and the Abitibi Blamprophyres^ of
Wyman and Kerrich (1993).

gains and losses is critical to map the spatial distribution of the
alteration and to identify potential vectors toward the core of
the mineralized system. Elements, such as Al, Ti, HFSE, REE,
and Y, are commonly assumed to be immobile during metasomatism (e.g., Lesher et al. 1991; MacLean and Barrett 1993;
Sherlock 1996), but all elements may potentially be mobile
depending on the fluid composition, physicochemical conditions (e.g., temperature, pH, fO2), and fluid:rock ratio (e.g.,
Campbell et al. 1984).
Gresens (1967) showed that elemental gains or losses (ΔX)
 
can be expressed as ΔX ¼ f V ρρA X A −X U , where ρ = sample

Immobile element identification

U

BClassification^ diagrams and mantle-normalized plots show
clear lithogeochemical differences between the three groups
of mafic dykes and illustrate element mobility during hydrothermal alteration in the metasomatic footprint of the
Canadian Malartic deposit. Calculating element concentration

density, f V ¼ volume factor ¼ VV AU , and X = element concentration in the altered (A) and unaltered (U) samples. An immobile element does not have any gain or loss during metasomatism; thus, ΔX = 0 and f V ¼ XX UA ρρU . Volume factors are
A
calculated for each element of the altered group 2 and 3
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samples by assuming that group 1 samples are least altered
(all group 1 samples are considered here). They are
displayed as enrichment/depletions (1/fV, expressed as
the reciprocal of the average volume factor calculated for
zero elemental concentration change) for each altered
group (Fig. 7a,b) and as histograms (Fig. 7c,d). Mobile
elements should exhibit stair-stepping patterns reflecting
the influence of charge and ionic radius on fluid solubility
(e.g., Lesher et al. 1986, 1991), and immobile elements
should have identical volume factors. This is the case for
AlXRF, TiXRF, HREESPF, and YSPF in the mafic dykes: in
the two histogram examples (Fig. 7c,d), Al XRF, Ti XRF,
HREESPF, and YSPF display equivalent fV, whereas all other
elements including HFSESPF (e.g., Zr) and LREESPF (e.g.,
La) are distributed over a wider range of fV. Therefore, the
subsequent mass balance calculations assume that AlXRF,
TiXRF, YSPF and two of the most abundant HREE, ErSPF,
and YbSPF were immobile during the metasomatism of the
mafic dykes.

Halos using whole-rock lithogeochemistry
Mass balance calculation methodologies require knowledge
of the composition of the protolith. However, least-altered
group 1 dykes represent a suite of fractionated igneous rocks
ranging 47–56% SiO2, 6–17% Al2O3, 5–16% MgO, 8–15%
Fe2O3T, 8–12% CaO, 0–4% Na2O, and 0–2% K2O (XRF
data); so, they did not have a single common protolith composition. This issue was handled in two ways:
(1) Utilization of the minimum–maximum protolith com 
position. Starting with ΔX ¼ f V ρρA X A −X U (Gresens
U
1967), the mean volume factor f can be calculated from
v

the least-mobile elements (geometric mean of fVTi, fVAl, fVY,
fVEr, fVYb) and fixed for each altered sample (e.g., Appleyard
1980). The relative concentration changes (ΔX) are then calculated twice, using both minimum and maximum XU values.
This approach provides a range of gain or loss for each
element of each altered sample.
(2) Utilization of the multiple precursor method of
MacLean (1990). This method requires calculation of reconstructed altered and precursor composition for each altered
sample. The reconstructed altered composition is calculated
 
as X RC ¼ X A ZZ UA , where Z = concentration of an immobileincompatible element (e.g., Y) in the altered (A) and unaltered
(U) samples. In the case of a fractionated suite of precursors,
ZU needs to be calculated for each altered sample based on the
regression line between an immobile-compatible element (e.g.,
TiXRF) and an immobile-incompatible element (e.g., YSPF) in
X Ti −0:246

A
the unaltered sample suite. For the mafic dykes: Z Y
U ¼ 0:012 ,
where X Ti
A ¼ measured Ti concentration in the altered sample
(the regression line is shown in the electronic supplementary

Fig. 6 Igneous rock classification diagrams illustrating the effects of b
alteration (red arrow). a Total alkali versus silica diagram of Le Bas et
al. (1986). b Zr/TiO2 versus Nb/Y diagram of Winchester and Floyd
(1977). c Primitive mantle-normalized (McDonough et al. 1992)
extended incompatible element plot of the 122 mafic dykes and
averages of 4 diabase dykes and 6 volcanic rocks of the Pontiac
Subprovince (* this study), 36 Abitibi lamprophyres of Wyman and
Kerrich (1993), and 754 calc-alkaline lamprophyres of Rock (1987).
Note the clear differences between the compositions of the least-altered
dykes (group 1) and the Abitibi lamprophyres of Wyman and Kerrich
(1993)

material). The reconstructed precursor composition is calculated as X RP = α Z A + β, where Z A = concentration of an
immobile-incompatible element (e.g., YSPF) in the altered sample, α = slope, and β = intercept of the regression line between
each element concentration and the considered immobileincompatible element concentration (e.g., YSPF) in the unaltered sample suite. The relative concentration changes are then
simply obtained as ΔX = XRC − XRP.
These two different approaches for mass balance calculation provide similar results (Fig. 8), with most of the gain or
loss factors obtained using the multiple protolith method lying
within the range defined by the minimum and maximum
values. The use of factors instead of percentages of gain
or loss was preferred to avoid negative values, which are
problematic for logarithmic-scale diagrams and maps (e.g.,
Fig. 8, a concentration change factor of 1 implies no gain or
loss, a concentration change factor of 2 implies 100% mass
gain). The most significant average concentration changes in
the altered and non-mineralized group 2 (Fig. 8a) are in
C LECO , with gain factors over 10, and Cs SPF -Mo ARD AuARD-SLECO-WARD-RbSPF-KXRF-BaSPF, with gain factors
over 2. The most significant average concentration changes
in the altered and mineralized group 3 (Fig. 8b) are in AuARD,
with a gain factor over 100, in WARD-TeARD-CLECO-SLECOAgARD, with gain factors over 10, and in CsSPF-MoARDCuARD-KXRF-RbSPF-SeARD-USPF-PbARD-BaSPF-FISE-BiARDSnARD, with gain factors over 2.
The spatial distributions of selected element concentration gain factors that define the metasomatic footprint of
the Canadian Malartic deposit are shown in Fig. 9. Both
the sample values and a minimum curvature interpolation
(Briggs 1974), which was performed using Geosoft Oasis
Montaj software (http://www.geosoft.com/), are displayed.
Each interpolation is represented using a logarithmic color
scale from zero concentration change (i.e., factor of 1) to
the maximum gain of the considered element. Identical
interpolation and color-scaling practices permit us to visually compare each halo (footprint component) in terms
of size, shape, and structural controls. Sample locations
and concentration gain factors are displayed to assess the
interpolation patterns.

Miner Deposita (2019) 54:761–786

773

774

Miner Deposita (2019) 54:761–786

Fig. 7 Identification of immobile elements. a,b Elemental enrichment/
depletion expressed as the reciprocal of the average volume factor fv
calculated for zero elemental concentration change for each element in
groups 2 and 3 compared with group 1. The elements are grouped by
charge or geochemical behavior and within groups in order of decreasing
ionic radius (Lesher et al. 1986, 1991). Immobile elements will have
identical volume factors (e.g., Al-Ti-Y-HREE), and mobile elements

will exhibit stair-stepping patterns reflecting the influence of charge and
ionic radius on fluid solubility. Elements analyzed by XRF are in blue,
SPF, LECO, and ISE in black, and ARD in red. c,d Histogram of volume
factors calculated for zero elemental concentration change in groups 2
and 3 compared with group 1 (all samples). Immobile elements should
have similar and narrow distributions in all the histograms (e.g., Al-TiHREE-Y) (Appleyard 1980, 1990). See text for method descriptions

One of the smallest halos (Fig. 9a) is given by WARD,
which is only highly enriched in a few samples sporadically
distributed in and around the Canadian Malartic deposit. The
AuARD halo (Fig. 9b) is also relatively small and does not
extend beyond 1 km away from the Canadian Malartic deposit
(as defined by the open-pit) and the Bravo zone (Fig. 1). The
MoARD and SLECO halos are slightly larger but heterogeneous
(Fig. 9c–e). Similar sizes and shapes were obtained for the
PbARD, LREESPF, ThSPF, USPF, SnARD, CuARD, AgARD,
CdARD, BiARD, SbARD, TeARD, and SeARD halos. The FISE
halo can be divided in two parts (Fig. 9c): a proximal zone

of high but heterogeneous gains with a similar extension as the
AuARD halo and a distal zone of moderate gains with a size
comparable to the largest halos. The most extensive halos are
associated with enrichments in CLECO, LILESPF, and LOI (Fig.
9f–i), which extend up to 6 km toward the NW and up to 2 km
toward the SW. There is no apparent correlation between the
magnitudes of the concentration gains and the sizes of the
halos. The shapes of the larger halos presumably highlight
the structural conduits that controlled flow of mineralizing
fluids. Two major trends can be observed: WARD-AuARDSLECO-CLECO-LOI halos that appear to be oriented subparallel
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Fig. 8 a,b Calculated average concentration change factors for groups 2
and 3, respectively, relative to group 1. Elements analyzed by XRF are in
blue, SPF, LECO, and ISE in black, and ARD in red. The colored bars
represent the maximum and minimum concentration change factors

calculated using the method of Appleyard (1980). The red marks
represent the concentration change factors calculated using the multiple
protolith method of MacLean (1990). The two methods provide similar
results. See text for method descriptions

to the Cadillac–Larder Lake Deformation Zone (e.g., Fig. 9a–
g) and KXRF-CsSPF halos that appear to be oriented subparallel
to the NW–SE S2 structural fabric (e.g., Fig. 9h,i). Both footprints overlap at Canadian Malartic and in the northwest (e.g.,
Cartier zone, Fig. 1).

metals (e.g., gold), sulfide minerals (e.g., pyrite, pyrrhotite),
phosphate minerals (e.g., apatite, monazite), carbonates (e.g.,
calcite), and phyllosilicates (e.g., biotite, chlorite), but not
many other rock-forming silicates (e.g., amphibole, feldspar, quartz) (Church et al. 1987; Räisänen et al. 1992),
were compared with analyses after sodium peroxide fusion, which allows for dissolution of most if not all minerals (e.g., Longerich et al. 1990). The hypothesis being
tested is whether the higher calcite and biotite modal abundances in group 3 dykes (compared to group 1 dykes) will
be reflected in differences in the whole-rock concentrations
of elements that are accommodated by calcite and biotite.
Thirty-one elements were analyzed after both ARD and

Halos using partial digestion analyses
Partial digestion techniques are commonly used in mineral
exploration to selectively analyze elements from specific minerals (e.g., metals hosted in sulfide minerals versus metals
hosted in rock-forming silicates). In this study, analyses after
aqua regia digestion, which is known to selectively dissolve
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Fig. 9 Examples of whole-rock lithogeochemical halos using mafic
dykes, from the smallest (W–Au) to the widest (Cs–K). The circles
represent concentration gain factors calculated using the method of

MacLean (1990). Interpolated maps use logarithmic color scale. See
Fig. 1 for grid labels. The red line represents the open-pit mine (as
designed in 2013). The coordinate system is NAD83-UTM17N

SPF, including LILE (Cs, Rb, K, Ba, Sr), HFSE (Th, U, Zr,
Hf, Ti, Nb, P), LREE (La, Ce), and other major and trace
elements (Ga, Al, Li, Pb, Ca, Sn, Sc, V, Cr, Zn, Mg, Ni,
Mn, Co, Fe, Cd, Bi).
Raw lithogeochemical datasets have potential problems of
closure (whereby the variations in the concentration of one
element will affect the concentrations of other elements),
which can be overcome using element ratios (e.g., Chayes
1971). The appropriate element to calculate such ratios
must be chosen to not bias the comparison between partial
(ARD) and total (SPF) analytical results: it must be hosted
exclusively by a mineral that is completely dissolved by
both AR and SPF. Only P satisfies this requirement: ARD
and SPF analyses for P yield similar results and it is also
weakly mobile in the mafic dykes of the Canadian Malartic
system (Fig 7).
Hornblende and plagioclase in group 1 and calcite in group
3 are the main Ca-bearing minerals (Tables 1 and 3). A CaARD/
PARD versus CaSPF/PSPF plot (Fig. 10a) illustrates this mineralogical change, with group 3 samples yielding equivalent
CaARD and CaSPF concentrations (because calcite is entirely
dissolved by AR) and group 1 samples yielding incomplete
CaARD concentration (because hornblende and plagioclase are

virtually not dissolved by AR). The ratio (CaARD/PARD)/
(CaSPF/PSPF) can therefore be used as a proxy for the calcite
alteration of mafic dykes, and the apparent concentration
gains of CARD define a halo (Fig. 9j) that is similar in size
and shape to the CLECO and LOI halos (Fig. 9f,g).
Similarly, hornblende in group 1 and biotite–chlorite–sulfide minerals in group 3 control most of the Zn, Mg, Ni, Mn,
Co, and Fe and a part of the Ga, Al, Tl, Li, Ti, Sn, Sc, V, Cr,
and Cd. These elements produce ARD results equivalent to
Fig. 10 Examples of partial aqua regia digestion (ARD) versus total b
sodium peroxide fusion (SPF) digestion analyses as lithogeochemical
halos in mafic dykes. a ARD and SPF analyses are equivalent for Ca
only in group 3, where calcite is the main Ca-bearing mineral. b ARD
and SPF analyses are equivalent for Mg only in group 3, where biotite
is the main Mg-bearing mineral. c K after ARD is a proxy for biotite
proportion in groups 2 and 3. d Modal (MgBt + MgChl + MgHbl)/PSPF
versus (MgBt + MgChl)/PARD for mafic dykes, which is equivalent to
MgSPF/PSPF versus MgSPF/PARD. e Whole-rock MgOARD/(MgOARD +
FeOARD) versus MgOEPMA/(MgOEPMA + FeOEPMA) of biotite from
electron probe microanalysis (EPMA). ARD is a proxy for biotite
mineral chemistry. f Whole-rock MgO SPF-ARD /(MgO SPF-ARD +
FeO SPF-ARD ) versus MgO EPMA /(MgO EPMA + FeO EPMA ) of hornblende from electron-probe microanalysis (EPMA); SPF-ARD is the
difference between the values obtained by the two dissolution
methods. SPF-ARD is a proxy for hornblende mineral chemistry

Miner Deposita (2019) 54:761–786

777

778

Miner Deposita (2019) 54:761–786

Fig. 11 Principal component analysis. a Scree plot. b PC1 versus PC4
loadings (variable analysis, R-mode). c PC1 (sample analysis, Q-mode)
versus Au concentration. PC1 is a proxy for the Au-related hydrothermal
alteration of the mafic dykes. d PC2 versus PC3 loadings (variable

analysis, R-mode). See text for method description and discussion.
Elements analyzed by XRF are in blue, SPF, LECO, and ISE in black,
and ARD in red

SPF in group 3 (where biotite–chlorite–sulfide minerals are
dissolved by ARD) and lower than SPF in group 1 (where
hornblende is virtually not dissolved by ARD), which is illustrated on a MgARD/PARD versus MgSPF/PSPF plot (Fig. 10b).
The ratio (MgAR/PAR)/(MgSPF/PSPF), and any other ratio using
above-listed elements, can therefore be used as a proxy for the
biotite alteration of mafic dykes, and, for example, the apparent concentration gain halos in MgARD or TiARD (Fig. 9k,l) are
similar in size and shape to the KXRF-CsSPF halos (Fig. 9h,i).
Raw ARD values are always equivalent to raw SPF values
for chemical elements that are exclusively hosted in minerals
dissolved by ARD (e.g., Cs–Rb–K in biotite, Ba–Sr in both
biotite and sulfate minerals). Cs–Rb–K concentrations only
depend on the proportion of biotite (e.g., Fig. 10c); thus, these
elements after ARD represent proxies for the biotite alteration

of mafic dykes. However, raw ARD values must be treated
carefully because they do not compensate for the variations
caused by the igneous fractionation.
Chemical elements that are hosted in trace minerals resistant to ARD (e.g., Zr–Hf in zircon) or by multiple minerals,
resistant or not to ARD (e.g., La–Ce–U–Th in epidote, monazite, fluorocarbonate, and thorite) appear to be less efficient
in outlining the alteration of mafic dykes in the Canadian
Malartic district.
These interpretations can be validated by simulating the
partial and total digestion whole-rock analyses from normative mineralogy and mineral chemistry. For example, the sum
of Mg from biotite and chlorite is equivalent to partial digestion results, whereas the sum of Mg from biotite, chlorite, and
hornblende is equivalent to total digestion results (Fig. 10d).
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Fig. 12 a PC1 (variable analysis, R-mode) versus the maximum, average,
and minimum concentration change factors. Least mobile (e.g., Al-TiHREE) and most mobile (e.g., S-C-LILE) elements are clearly
separated. b PC4 (variable analysis, R-mode) versus the areas of
different lithogeochemical halos, defined with concentration factors
greater than 1.2 (20% mass gain), 1.5 (50% mass gain), and 2 (100%

mass gain). The calcite–pyrite and biotite alteration are separated on PC4
because of their different spatial distribution (size and shape), as
illustrated in Fig. 9. c PC1 (sample analysis, Q-mode) halo of the
Canadian Malartic deposit. Major gold occurrences are indicated
(Cartier, Gouldie, Bravo). The red line represents the open-pit mine (as
designed in 2013). The coordinate system is NAD83-UTM17N

This comparison demonstrates that Mg is mainly accommodated by these three minerals and that hornblende is resistant
to ARD. The slopes of the regression lines obtained from the
calculated compositions are also equivalent to the slopes of
the regression lines obtained from lithogeochemical analyses.
These slopes can be used as a biotite alteration indicator, with
values decreasing toward the most altered samples.
If the modal abundance of chlorite + pyrite is minor (< 5%),
which is the case for most of the mafic dykes of the Canadian
Malartic district (Fig. 4a), partial and total digestion analyses
can be used to calculate hornblende, biotite, and calcite modal
abundances. Not only do they represent valuable tools to

refine the normative mineralogy calculation (e.g., Tarvainen
et al. 1996), but they also provide an estimation of the mineral
chemistry, with the biotite composition approximated by ARD
analyses (Fig. 10e) and the hornblende composition approximated by the difference between SPF and ARD analyses
(Fig. 10f). For example, the MgO/(MgO/FeO) ratio calculated from whole-rock analyses is similar to the results
from mineral chemistry analyses (Fig. 10e,f). Thus,
whole-rock ARD analyses provide an indirect estimation
of the biotite proportion in mafic rocks (using K ARD ,
Fig. 10c) and the major element biotite mineral chemistry
(using KARD, FeARD, MgARD, AlARD, Fig. 10e, and Si by
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Table 4 Synthesis of the 58 vectors toward the Canadian Malartic deposit that have been identified using mafic dykes. Arrows show increasing
direction. Continuous lines represent stronger vectors than dashed lines.

Variable

Mineralogy

Mineralized
< 0.1 km
Anorthite - petrographic microscope
Biotite - hand lens
Epidote - petrographic microscope
Pyrrhotite - petrographic microscope
Calcite - hand lens, staining
Pyrite - hand lens
Hornblende - hand lens
Iron carbonates - hand lens, staining
Hornblende - X-ray diffraction
Biotite - X-ray diffraction
Calcite - X-ray diffraction
Pyrite - petrographic microscope

OUT
OUT

Proximal
0.1 - 0.5 km

Footprint size
Medial
0.5 - 1 km

IN
IN
IN
IN
OUT

IN

Distal
1 - 5 km
OUT
IN
IN
IN
OUT
OUT

Least Altered
> 5 km
IN
OUT
OUT
OUT

IN

OUT

Lithogeochemistry

Density - weighing scale
W, Au - ARD
Mo, Cu, Ag, Te, Se - ARD
Pb, Bi, Sn, Sb, Cd - ARD
U, Th, La, Ce, Pr, Nd, Sr - SPF
U, Th, La, Ce, Sr - ARD
Zr, Hf - ARD
F - ISE
LOI, C, S - LECO
Ca - ARD
Cs, K, Rb, Ba - SPF
Cs, K, Rb, Ba, Tl, Li - ARD
Mg, Ti, Fe, Mn, Cr, Ni, Co - ARD
Al, Be, Sc, V, Zn - ARD
Canadian Malartic Open Pit

stoichiometry) in the absence of another major Fe–Mg–Albearing mineral dissolved by ARD.

Principal component analysis
Several variables (mineralogical composition, density, partial
and total digestion lithogeochemistry) define individual halo
around the Canadian Malartic deposit. Some are obviously
linked, such as calcite proportion, which is reflected in
CaARD, CLECO, and LOI, or biotite proportion, which is
reflected in LILESPF, TiARD, MgARD, and FISE (Fig. 9).
These interpreted correlations can be further investigated
using principal component analysis (PCA) to define the

dominant characteristics of the metasomatic footprint by combining and reducing the number of variables (see Grunsky
2010, 2013), as well as the various processes associated with
the alteration of mafic dykes. PCA is also less sensitive to
outliers than individual element maps and may therefore represent a more reliable exploration tool.
PCA of partial and total digestion whole-rock litho- geochemistry and modal abundances from normative mineralogy
were performed using the Reflex ioGAS software (http://
www.reflexnow.com/), which is commonly used in the
exploration of geochemistry industry. Chemical elements
with one or more censored data were not considered for the
PCA to avoid possible bias introduced by replacing censored
data by an arbitrary value (Grunsky 2010). Excluded elements
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are GeSPF, LiSPF, HfSPF, NbSPF, InARD, ScSPF, AuARD, AsARD,
TeARD, and SeARD. Variables with missing values (e.g., ClISE,
FISE, density) are not included in the PCA so that the number
of samples is not reduced. For the same reason, major mineral
compositions were not included because the number of samples would have been reduced from 122 to 38 and would have
excluded most group 3 samples (rare hornblende, therefore no
hornblende chemistry data) and most group 1 samples (rare
biotite, therefore no biotite chemistry data).
Centered log-ratios (Aitchison 1983) have been applied separately to each raw lithogeochemical (XRF, LECO, SPF, ARD)
or mineralogical (MINSQ normative calculation) datasets to
avoid potential closure effects in the variables (Grunsky
2010). A correlation matrix has been used and the 95 variables
were scaled by Z-scores (i.e., data are centered and divided by
the standard deviation) before to perform the PCA. Figure 11
displays the eigenvalues (scree plot, Fig. 11a) and the PCA
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
loadings (Loadings ¼ eigenvectors * eigenvalues ). The four
first principal components account for 65% of the variation in
the entire dataset and represent three geological processes that
control the whole-rock compositions of mafic dykes in the
Canadian Malartic district.
PC1 accounts for 30% of the variance in the dataset and separates least-mobile elements (e.g., AlSPF-TiSPF-HREESPF-YSPF)
and related variables (e.g., amphibole, FeSPF-MgSPF-CaSPF) from
most mobile elements (e.g., LILESPF-SLECO-CLECO and LOI) and
related variables (e.g., biotite, calcite, LILEARD-TlARD-LiARD)
(Fig. 11b), with MREESPF-LREESPF-ThSPF-USPF (in that order)
extending from the less mobile group toward the more mobile
group. PC1 (variable analysis, R-mode) appears to represent element mobility in the Canadian Malartic district as demonstrated
from comparison with the concentration change factors (Fig. 12a).
PC1 (sample analysis, Q-mode) is essentially an alteration/
mineralization index that integrates all variables associated with
the metasomatism of mafic dykes: low (negative) PC1 values
correspond to group 1 dykes (distal least-altered), intermediate
PC1 values correspond to group 2 dykes (intermediate part of
the metasomatic footprint), and high (positive) PC1 values correspond to the group 3 dykes (Canadian Malartic deposit)
(Fig. 11c). Note that the signs on PCA coefficients are arbitrary
and may be multiplied by − 1 if desired for presentation purposes.
The interpolated map of PC1 values (Fig. 12c) defines the integrated multivariate halo of the Canadian Malartic deposit, as delineated by mafic dykes.
PC2 and PC3 are interpreted to represent igneous processes
(Fig. 11d). PC2 accounts for 16% of the variation in the dataset
and shows a negative correlation between LREESPF-MREESPFThSPF-USPF-ZrSPF and AlSPF-CaSPF-YbSPF-LuSPF-TiSPF-VSPFMgSPF-CoSPF-FeSPF. This variation may be related to arc enrichment and/or crustal contamination processes, which is consistent with mafic dyke patterns on the mantle-normalized
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extended element plots (Fig. 6). PC3 accounts for 11% of the
variation in the dataset and shows a negative correlation between elements that are compatible in mafic silicates (CaSPFCrSPF-MgSPF-NiSPF-CoSPF) and elements that are incompatible
in mafic silicates (Na XRF -HREE SPF -ThSPF-U SPF-Zr SPF )
(Fig. 11d). It is interpreted to represent fractional crystallization
and/or mineral accumulation processes in mafic dykes.
PC4 accounts for 8% of the variation in the dataset and separates variables associated with calcite–pyrite (CaARD-CLECOLOI, PbARD-MoARD-WARD-CuARD-AgARD-CdARD-BiARDSbARD-SLECO) and biotite (AlARD-LILESPF-LILEARD-TlARDLiARD-TiARD-MgARD-FeARD) (Fig. 11c). PC4 appears to represent the alteration process that formed pyrite, calcite, and biotite
in response to the hydrothermal fluids. Petrographic observations suggest that these minerals are differently distributed in
the Canadian Malartic footprint (Fig. 4, Table 1): calcite–pyrite
are more abundant near the deposit, whereas biotite is more
widely dispersed. To test this spatial relationship against PC4,
the areas of different lithogeochemical halos, defined by concentration factors greater than 1.5 (i.e., gain of 50%), were measured
on the interpolated grids (Fig. 9) and then plotted against PC4
(variable analysis, R-mode, Fig. 12b). Lower PC4 values correlate with smaller halos (e.g., WARD), whereas higher PC4 values
correlate with wider halos (e.g., CsSPF). PC4 is thus an indicator
of the calcite-pyrite and biotite alteration, which present different
spatial distributions in the metasomatic footprint of the Canadian
Malartic deposit.
The remaining principal components (PC5, PC6, etc.) account for only a small proportion of the variance (< 5%,
Fig. 11a) and do not represent interpretable processes associated with mafic dykes in the Canadian Malartic district.

Discussion
Fifty-eight mineralogical, lithogeochemical, and petrophysical variables delineate the metasomatic footprint of the
Canadian Malartic deposit in mafic dykes (Table 4). Some of
these variables are directly observable in the field (e.g., mineral presence or absence using a hand lens, K–Th–U using
gamma-ray spectrometer), some require quick analysis at an
exploration camp (e.g., density, semi-quantitative mineralogy
using a portable XRD, major-element lithogeochemistry using
a portable XRF), and others require a more extensive
lithogeochemical treatment (e.g., trace element lithogeochemistry, partial and total digestions). The modal abundances of amphibole, biotite, calcite, and pyrite are the four
critical parameters from which most of the other variables can
be approximated, including density (e.g., Fig. 5) and partialdigestion whole-rock lithogeochemistry (Fig. 10).
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A close spatial association between biotite, calcite, and
pyrite alteration is observed in the gold-mineralized group 3
dykes (this study), quartz monzodiorite intrusive rocks, and
metasedimentary rocks (Helt et al. 2014a; Gaillard et al. 2018)
of the Canadian Malartic deposit. However, these alteration
types appear to be distributed differently in group 2 dykes of
the Canadian Malartic footprint, as suggested by mass balance
calculation (Fig 9) and PC4 (Figs. 11b–12b). The calcite and
pyrite alteration halos are relatively small (35–40 km2) and
overall oriented subparallel to the Cadillac–Larder Lake
Deformation Zone (Fig. 9), whereas the biotite alteration halo
is wider (50–60 km2) and dominates along NW–SE-trending
S2-parallel high-strain bands. The different sizes and apparent
structural controls of these alteration types may be explained
in the following several ways:
One option is that the alkalis were derived from the surrounding metasedimentary rocks and that CO2, S, and ore
metals (i.e., calcite–pyrite alteration) were derived from an
external fluid. A strong geochemical gradient (e.g., 0.7%
KXRF in group 1 versus 2.9% KXRF in group 3) and higher
fluid:rock ratio around the Canadian Malartic deposit during mineralization may have favored exchange of the elements associated with biotite alteration (e.g., LILE SPFLILEARD-TlARD-LiARD, which substitute for K–Mg in biotite: Kerrich 1989) between the thin (median 25 cm) mafic
dykes and their metasedimentary host rocks. Rock permeability may have been higher along the NW–SE-trending
S2-parallel high-strained bands, leading to higher concentration gains. Although this option partially explains the
biotite alteration in mafic dykes, it is not consistent with
similar concentration gains also observed in the metamorphosed sedimentary rocks and felsic-intermediate quartz
monzodiorite bodies of the Canadian Malartic deposit
(Helt et al. 2014a; De Souza et al. 2015, 2016; Gaillard
et al. 2018) (i.e., if these elements were derived from the
metasedimentary rocks, loss in K would be expected).
Furthermore, no mineralogical or lithogeochemical variations are observed between the rim and the center of the
thickest (3 m) altered mafic dykes.
A second option is two distinct external fluids: an alkalirich fluid leading to biotite alteration that was controlled
by the NW–SE-trending S2-parallel high-strained bands
and a CO2–S-rich fluid leading to calcite–pyrite alteration
that was controlled by the E–W-trending Sladen Fault and
Cadillac–Larder Lake Deformation zone. The two fluids
could have been contemporaneous and their convergence
(and mixing) at the Canadian Malartic may have favored
gold mineralization. Alternatively, the fluid related with
the biotite formation may belong to an early syn-D 2
magmatic-hydrothermal event that contributed to ground
preparation and possible preliminary gold enrichment.
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Subsequently, the main syn- to late-D2 hydrothermal event
produced the calcite alteration and the bulk of the gold
mineralization at the Canadian Malartic. This option is
compatible with the genetic model proposed by De Souza
et al. (2016) for the Canadian Malartic deposit. However,
there is no evidence of two fluid generations from petrographic observations of mafic dykes (this study) or
metasedimentary rocks (Helt et al. 2014a; Gaillard et al.
2018).
A third option is that the flow of a single mineralizing
fluid enriched in alkalis, CO2, S, and ore metals occurred
in two preferential directions, where conduits were controlled by pre-existing or coeval structural fabrics (i.e.,
the E–W-trending Sladen Fault and the NW–SE-trending
S2-parallel high-strained bands). This option explains the
close spatial association between biotite, calcite and pyrite
alteration in all the mineralized lithologies (as recognized
in PC1, Figs. 11b–12a). The differences in the distributions
of distinct alteration types in the metasomatic footprint of
the Canadian Malartic deposit (as recognized in PC4,
Fig. 12b) could be explained by differences in fluid:rock
ratio. The very permeable Sladen Fault Zone and Cadillac–
Larder Lake Deformation Zone represent the main fluid
pathways, display an intense proximal alteration and the
highest grades of Au, and were preferentially targeted by
historical mining operation. Southward progression of the
metasomatic front, with distal deposition of more-soluble
alkalis compared to less-soluble ore-related elements, resulted in biotite alteration being controlled predominantly
by NW–SE S2-parallel structural corridors in the southeastern part of the metasomatic footprint. The inferred timing
of biotite from textural observation supports a syn-D2 alteration (biotite marks the S2 foliation and is spatially associated with pyrite, Fig. 2b), which is consistent with
observations by Gaillard et al. (2018) in metasedimentary
rocks. Metasomatic alteration of mafic dykes therefore
progresses spatially throughout the D2 deformation event,
with biotite characterizing proximal to distal alteration,
calcite being proximal to medial, and pyrite being restricted to the center of the hydrothermal system (i.e., the
deposit).
The spatial progression of the alteration, proposed in
this study at the district scale, has been previously documented at the outcrop scale around orogenic mineralized
quartz–carbonate veins in mafic rocks: alteration typically
involves a proximal decrease of the amphibole along with
an increase of the micas within a few meters of the veins
and a very proximal, less than a meter, increase of carbonate and quartz modal abundances (e.g., Bohlke 1989; Clark
et al. 1989). These mineralogical changes are commonly
related to proximal concentration gains in alkalis, CO2, S,
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and ore-related elements (e.g., Au, Te, W, ± Mo, ± Cu) in
most orogenic gold deposits (e.g., Robert and Brown 1986;
Lesher et al. 1991; Sherlock 1996; Lafrance 2015), in
intrusion-related gold deposits (e.g., Robert 2001), and in
the Canadian Malartic (Helt et al. 2014a, b; this study).
Distal lithogeochemical halos around gold deposits hosted
in metamorphosed mafic rocks show similar but more subtle alteration sequences that may extend over hundreds of
meters (e.g., Eilu et al. 2001): in the world-class Red Lake
gold district, Stock (2012) reported enrichment in S- and
Au-related elements within 0.5 km and enrichment in LILE
and Li up to 5 km from the mineralization zones, which is
similar in size to the halos in mafic dykes in the Canadian
Malartic district.
Hydrothermal alteration halos in the metasedimentary
rocks of the Canadian Malartic district are commonly an
order of magnitude smaller than in mafic dykes: distal
mineralogical assemblages were reported to extend up to
a few hundreds of meters, and lithogeochemical halos were
documented to be restricted to the periphery of the open pit
(~ 1 km: Gaillard et al. 2018), with lower apparent concentration gain than in mafic dykes. Mineral chemistry of biotite and white mica in metasedimentary rocks potentially
delineates larger halos (up to 5 km: Gaillard et al. 2018),
comparable in size to the mineralogical halos (Fig 4) in
mafic dykes. Halos in metamorphosed felsic-intermediate
intrusions are smaller than in metasedimentary rocks, with
distal mineralogical assemblages that extend up to 100 m
(De Souza et al. 2016). This size comparison demonstrates
that mafic dykes are the most reactive rocks to the hydrothermal fluid (i.e., more altered at lower fluid:rock ratio) in
the Canadian Malartic district. They are therefore better
marker of the distal alteration and should be more extensively investigated during exploration for gold deposit in
similar settings.
The multi-element lithogeochemical investigation of
mafic dykes confirms the co-variation of alkalis, CO2, S,
and ore metals in the Canadian Malartic deposit (PC1) but
highlights different distribution of the biotite and calcite–
pyrite alteration in the metasomatic footprint (PC4), which
was not previously documented, and places constraints on
the large-scale structural controls on fluid flow and element mobility in the Canadian Malartic district. The integration of these multiple variables using principal component analysis outlines a much wider halo (Fig. 12c) than
Au assays (Fig. 9b) and minimizes false-positive anomalies that could be present on single-element maps (i.e.,
PCA is less sensitive to outliers). It also provides an opportunity to develop less expensive proxies for Au
(Fig. 11c): some key variables (e.g., mineralogy, Al–K–
Ca–Th–U–Mg–Fe) being easily obtained using portable
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field instruments. Such multi-parameter characterization
of the alteration, particularly the mineralogical variations
in mafic dykes, at the scale of an exploration camp could
therefore be used to vector toward mineralized targets of
economic interest (Tables 2 and 4).

Conclusions
The metasomatic footprint of the Canadian Malartic deposit is defined in mafic dykes by 58 mineralogical and
lithogeochemical variables. Individual halo ranges from
less than 0.5 km (e.g., W, Au) up to 6 km (e.g., Cs, K)
away from the deposit (as defined by the open pit), is an
order of magnitude bigger than the halos in other lithologies, and displays variable geometries that are a function of
structurally controlled paths along a progressing metasomatic front.
The relative proportions of amphibole, biotite, calcite, and
pyrite are the key parameters that define the alteration of mafic
dykes. In complement of petrographic observations and density measurements, XRD cluster analysis is shown to be an
efficient method to semi-quantitatively evaluate these mineral modal abundances. Partial-digestion whole-rock
lithogeochemistry can be used as a proxy to define calcite
and biotite modal abundance variations. Principal component analyses highlight element mobility, igneous processes, and alteration of mineral distribution. PC1 (element
analysis, R-mode) provides indications about element covariance, which can be used to determine the orelithogeochemistry. It is therefore an alternative solution
for immobile element identification and mass balance calculation. By combining the most mobile elements (e.g., K,
C, S) that are associated with Au mineralization, PC1
(sample analysis, Q-mode) represents a multi-parameter
alteration/mineralization index to map the metasomatic
footprint of the Canadian Malartic deposit. Multiparameter indexes like PC1 are less sensitive to the falsepositive anomalies that may occur using single-chemical
element (e.g., Au) analyses and therefore provide a stronger
tool for exploration.
Mineralogical changes in mafic dykes are the simplest (it
can be done with a hand lens) and one of the strongest (the
hornblende, biotite, calcite, and pyrite modal abundances are
sufficient to calculate a multi-parameter alteration/
mineralization index) expressions of hydrothermal alteration
in the Canadian Malartic district. A systematic characterization of mafic dyke mineralogy in orogenic terranes could
therefore be an efficient exploration method for identifying
metasomatized areas and vectoring toward possible buried
gold mineralization.
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