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Abstract: The Detour Lake deposit is at a faulted contact between mafic volcanic and siliciclastic to
volcaniclastic rocks, differing from other orogenic Au deposits in the dominantly greenschist facies
Abitibi region, by possessing amphibolite facies assemblages. Consequently, typical indicator minerals
for mineralization, like secondary biotite, may not be useful for locating ore zone, due to the challenge
of distinguishing hydrothermal versus metamorphic and magmatic phases. Herein, geochemical
and 40Ar/39Ar geochronological data are presented for biotite from mineralized and barren (distal)
magmatic rocks to characterize potential geochemical and geochronological variations between
biotite types. Petrological observations reveal four biotite types: (1) Biotite hosted in mineralized,
sulphidized quartz-calcite veins, (2) halo biotite at the margins of the aforementioned veins; (3) host
rock biotite defining the foliation within the mafic volcanic rocks of the deposit; and (4) biotite defining
the foliation within the barren meta-plutonic host rocks. Chemical analysis reveals a lower Ti- and
higher Mg-content of mineralized biotite types, indicative of secondary hydrothermal processes.
40Ar/39Ar ages for all biotite types (2600–2390 Ma) post-date the main syn-deformation mineralization
event at Detour Lake (≤2700 Ma). These results suggest chemical variations within biotite are due to
a post-mineralization hydrothermal event, thus biotite should be used cautiously as a vector for gold
mineralization in amphibolite facies terranes.
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1. Introduction

Previous studies of orogenic Au deposits in the Archean Superior Province, including the Canadian
Malartic deposit [1,2] and the Mouska deposit [3], have highlighted the importance of biotite as indicator
minerals for Au mineralization and for constraining the paragenesis of mineralization. At the Detour
Lake deposit, northeastern Ontario, a late, post-metamorphic biotite-bearing hydrothermal alteration
mineral assemblage related to auriferous veins and broader mineralized zones, with disseminated Au,
was identified [4]. A previous study observed an extensive biotite-rich halo surrounding the main
mineralized zone in the hanging wall of the Detour Lake deposit, resulting in mafic volcanic host
rocks with a purple-maroon appearance [5]. On the basis of these field relationships, hydrothermal
biotite was suggested to be an important visual indicator mineral for the exploration and production
geology teams to target and delineate Au ore zones. However, mafic volcanic host rocks at the Detour
Lake deposit are metamorphosed to lower amphibolite facies and comprise a biotite-bearing peak

Minerals 2019, 9, 596; doi:10.3390/min9100596 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-1364-1574
https://orcid.org/0000-0002-9665-4927
https://orcid.org/0000-0002-8517-168X
http://dx.doi.org/10.3390/min9100596
http://www.mdpi.com/journal/minerals
http://www.mdpi.com/2075-163X/9/10/596?type=check_update&version=2


Minerals 2019, 9, 596 2 of 22

metamorphic mineral assemblage (actinolite–biotite–plagioclase–epidote–almandine ± calcite ± quartz
± ilmenite) [5], which obscures the relationship between secondary biotite and Au mineralization.
Differentiating metamorphic and secondary hydrothermal biotite is particularly challenging within
low-grade disseminated Au ore zones, which are typically devoid of large quartz veins and other visual
Au indicators. In this study, we aim to add constraints on the paragenesis of the Detour Lake deposit
by identifying and documenting different biotite generations within the mineralized mafic volcanic
rocks of the Detour Lake Formation and barren felsic to mafic magmatic rocks distal (5–120 km) to the
deposit by discerning between metamorphic, hydrothermal, and igneous biotite through a combination
of petrographical, geochemical, and geochronological analyses.

2. Geological Setting

2.1. Abitibi Subprovince

The Abitibi Subprovince is located in the southernmost region within the Superior Province,
which is a well-known region in Canada for its abundance in economic base- and precious-metal
mineral deposits, including orogenic Au deposits (Figure 1). The subprovince consists predominantly
of Neoarchean mafic to ultramafic volcanic and lesser felsic to intermediate volcanic rocks (2750–2676)
Ma [5–9], which have been intruded by syn-volcanic tonalite and gabbrodiorite dikes and plutons.
The volcanic rocks are unconformably overlain by younger sedimentary assemblages, such as the
Porcupine (2690–2680 Ma) and Timiskaming (<2676 Ma) assemblages [6,9,10]. The unconformable
contacts between the volcanic and sedimentary assemblages also correspond to east-west trending,
variably dipping thrust faults that were reactivated as strike-slip faults during the later stages
of orogenesis (2650–2600 Ma) [11]. Some of these faults, including the Porcupine-Destor and
Cadillac-Larder Lake deformation zones, are known for hosting world-class Au deposits [12–14].
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Figure 1. Geological map of the Abitibi Subprovince of eastern Canada showing the location of the
Detour Lake mine along an east-west trending high-strain deformation zone (SLDZ) north of the
well-known Abitibi greenstone belt [15]. Barren sample locations are shown with black stars. Location
of Red Lake and Musselwhite mining districts are also shown on inset map of Canada.
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The Abitibi Subprovince has undergone several deformation events, resulting in its current
structure: (1) Collision between the Abitibi Subprovince and northern Superior subprovinces pre-dating
the deposition of the Porcupine Assemblage at ca. 2690 Ma [14] and locally forming a north-trending
cleavage and folds with north-trending axial planes; (2) refolding of the sedimentary assemblages,
pre-dating the deposition of Porcupine and Timiskaming Assemblages (ca. 2676 Ma), which is
associated with deformation structures within the Au-bearing Porcupine-Destor deformation zone [7];
and (3) folding and faulting of the Timiskaming Assemblage, which represents an important control on
the occurrence and geometry of Au deposits along the auriferous Porcupine-Destor and Cadillac-Larder
Lake deformation zones [10,14,16]. The Abitibi Subprovince was subjected to lower-middle greenschist
facies metamorphism at ca. 2677–2643 Ma [17,18].

2.2. Detour Lake Deposit

The Detour Lake deposit is a Neoarchean orogenic Au deposit, located in the northernmost
region of the Abitibi Subprovince in Canada, along the subvertical, brittle-plastic, regional-scale
deformation zone, referred to as the Sunday Lake Deformation Zone [5] (SLDZ; Figure 1). The SLDZ is
also the unconformable contact between the mafic volcanic rock dominated Detour Lake Formation
(<2725 Ma [5]), and the siliciclastic to volcaniclastic Caopatina Assemblage (ca. 2700 Ma [4,19,20];
Figure S1). The unconformity corresponds to the first of four major regional-scale deformation events
(D1–D4 [5]; Figure S1). The second deformation event, D2, formed shallow, west-plunging folds with
subvertical, east-west trending axial planes. This event also resulted in the development of a pervasive
foliation fabric in the mafic volcanic host rocks, S2, which is axial planar to the D2 folds. The third
deformation event, D3, produced open, north-northwest trending, shallowly plunging folds, which are
associated with a crenulation fabric, S3. This fabric, however, is strongly localized and best developed
within ultramafic flows adjacent to the SLDZ. The fourth and last major deformation event in the
region, D4, is characterized by a series of southeast-striking faults that splay from the main SLDZ.

The S2 foliation fabric is defined by actinolite and biotite that make up part of the lower
amphibolite facies metamorphic mineral assemblage (actinolite–biotite–plagioclase–epidote–almandine
± calcite ± quartz ± ilmenite [5]), suggesting peak metamorphic conditions were reached during D2.
Using the fO2-controlled prograde metamorphic mineral assemblage of actinolite–biotite–plagioclase–
epidote–almandine, peak metamorphic conditions were estimated to be ~550 ◦C at ~3.3 kbar [5].
The metamorphic conditions are consistent with the compositional range of plagioclase (An28-58) [4]
and pressure-temperature conditions that exceeded the stability of prograde chlorite (510–540 ◦C [21]).
Since the sedimentary rocks of the Caopatina Assemblage (ca. 2700 Ma; [4,19,20]) are metamorphosed
and folded during D2, the timing of the main regional deformation fabric and metamorphism at Detour
Lake is constrained to ≤2700 Ma. The inclusion of prograde metamorphic minerals in pre- to syn-D2

mineralized veins also suggests peak metamorphic conditions were reached during D2 [5].
Eight vein types were identified within the Detour Lake Deposit: Six pre- to syn-D2 and

two post- D2 [22]. Pre- to syn-D2 vein types include: Pillow veins (V1); completely transposed
and dismembered quartz veins (V2) of uncertain timing and affinity; laminated-sulphidized
(pyrite-pyrrhotite-chalcopyrite-arsenopyrite) quartz veins (V3), folded quartz-calcite veins (V4),
folded-sulphidized (pyrite-pyrrhotite-chalcopyrite) quartz-calcite-chlorite veins (V5), and calcite
veinlets (V6). Post-D2 veins consist of planar calcite veinlets (V7), and carbonate breccia veins that
locally possess sericitized and carbonatized alteration halos (V8). The most relevant Au-bearing
vein set for this study is the pre- to syn-D2 folded-sulphidized (pyrite–pyrrhotite–chalcopyrite)
quartz-calcite-chlorite vein set (V5; Figure 2; [22]), which make up the main ore body and locally
contain coarse, visible Au. They are mostly composed of quartz and calcite with some chlorite,
biotite, and sulphides (pyrite, pyrrhotite, chalcopyrite) and usually have a biotite alteration halo,
whereas post-D2 veins possess a sericitized vein margin. Locally, the structures common to shear veins,
include foliated wall rock selvages and dilational jogs between en echelon and isolated veinlets that
can be interpreted with a pre- to syn-D2 timing for this vein type.
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Figure 2. Photograph of a representative drill core showing mineralized pre- to syn-D2 folded-sulfidized
quartz-calcite-chlorite veins (V5). Bthalo: biotite alteration adjacent to vein; Btvein: biotite hosted within
vein; Cal: calcite; Chl: chlorite; Po: pyrrhotite; Py: pyrite; Qz: quartz [22].

3. Analytical Methods

Biotite-bearing samples were collected from drill core intersecting the main Detour Lake ore
body, exposures within the active open-pit mining operation, and roadside outcrops with increasing
distance to the deposit (Figure 1; Figure S1). Due to extensive glacial overburden in the study region,
access to exposed crystalline bedrock was limited for the barren samples. Sampling criteria consisted
of host rocks, containing large (>100 µm) visible biotite crystals across a range of lithotypes in the
mineralized hanging wall and footwall of the SLDZ, and barren felsic to mafic volcanic rocks away
from the deposit. We attempted to sample rocks with large biotite crystals to minimize the effects of
39Ar recoil. Mineralized samples, include biotite that is ubiquitous in the host rock defining the main
S2 foliation fabric, forming a halo around mineralized veins, and samples where the biotite is hosted
within the mineralized pre- to syn-D2 vein sets. Barren samples consist of biotite defining the main
foliation of felsic to intermediate plutonic rocks distal to the main ore body, which correspond to the
syn-volcanic tonalite and gabbrodiorite dikes and plutons within the Abitibi Subprovince (Figure 1).

Petrographic observations were collected before conducting geochemical and geochronological
analyses to identify potential biotite types, based on colour, morphology, and structural location
(Figure 3). The sample names, rock types, structural positions, and modal mineralogy are reported
in Table 1. Fourteen samples (nine mineralized, five barren) representative of all biotite types,
based on petrographic observations were targeted for electron microprobe analyses (EMPA; Table 2,
Figure 4), ten samples (seven mineralized, three barren) were selected for in situ chemical mapping
(WDS; Figures 5 and 6), and fifteen samples (ten mineralized, five barren) were analyzed for 40Ar/39Ar
dating (Table S2, Figure 7).
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Figure 3. Photomicrographs of the four biotite types of the Detour Lake deposit. (A) Very coarse-
grained and fine-grained subhedral-euhedral vein biotite in a mineralized pre- to syn-D2 folded-
sulfidized quartz-calcite-chlorite veins (V5; MV-02) intergrown with actinolite. (B) Medium-grained, 
euhedral halo biotite parallel to the pre- to syn-D2 vein margins (MV-02). Halo biotite are overprinted 
by actinolite. (C) Coarse-grained euhedral host rock biotite from a mineralized biotite schist sample 
(FW-10). Host rock biotite are overprinted by alternating bands of chlorite and actinolite. (D) Cluster 
of coarse-grained, euhedral barren biotite within the matrix of a barren subgreenschist facies meta-
granite (DLR-03). (E) Coarse grained, subhedral-euhedral barren biotite defining the main foliation 
fabric of a barren greenschist facies biotite schist sample (DLR-02) and overgrowing chlorite. (F). Very 
fine grained, anhedral barren biotite aligned with the main foliation fabric in a barren amphibolite 
facies meta-volcanic sample (WL-01). 

 

Figure 3. Photomicrographs of the four biotite types of the Detour Lake deposit. (A) Very coarse-grained
and fine-grained subhedral-euhedral vein biotite in a mineralized pre- to syn-D2 folded-sulfidized
quartz-calcite-chlorite veins (V5; MV-02) intergrown with actinolite. (B) Medium-grained, euhedral
halo biotite parallel to the pre- to syn-D2 vein margins (MV-02). Halo biotite are overprinted by
actinolite. (C) Coarse-grained euhedral host rock biotite from a mineralized biotite schist sample
(FW-10). Host rock biotite are overprinted by alternating bands of chlorite and actinolite. (D) Cluster of
coarse-grained, euhedral barren biotite within the matrix of a barren subgreenschist facies meta-granite
(DLR-03). (E) Coarse grained, subhedral-euhedral barren biotite defining the main foliation fabric
of a barren greenschist facies biotite schist sample (DLR-02) and overgrowing chlorite. (F). Very fine
grained, anhedral barren biotite aligned with the main foliation fabric in a barren amphibolite facies
meta-volcanic sample (WL-01).
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lower XMg compositions with one sample plotting at ~0.30 XMg (DLR-03). Biotite compositional field
is shown in grey. (B) Ti vs. XMg binary diagram of all four biotite types revealing slightly higher Ti
compositions in barren biotite with one sample possessing a relatively higher Ti content at 0.20 a.p.f.u.
(DLR-03). C. TiO2–FeO*–MgO ternary diagram of the four biotite types divided in three domains:
(A) primary magmatic biotite, (B) reequilibrated biotite, and (C) neoblastic biotite [23]. All biotite types
plot within the reequilibrated biotite domain with the exception of one barren sample (DLR-03) plotting
within the primary magmatic domain and one mineralized host rock sample (FW-03) plotting at the
margins of the neoblastic domain. Note, the compositional variations within the barren biotite is not
correlated with increasing distance from the deposit but rather with decreasing metamorphic grade.
Lighter coloured markers represent compositions from the wider and more flexible range of acceptable
EMPA data.
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calculated with established protocols [24,25]. In order to discard contaminated analyses, we retained 
EMP analyses with an oxide sum between 92 and 96 wt %, and containing <3 Si cations and between 
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Figure 5. WDS chemical oxide maps of the three mineralized biotite types with an amphibolite
facies metamorphic grade: (A) vein biotite from a pre- to syn-D2 vein within an amphibolite facies
meta-volcanic sample (MV-02); (B) halo biotite at the margins of a pre- to syn-D2 vein within
an amphibolite facies meta-volcanic sample (MV-02); and (C) host rock biotite within an amphibolite
facies biotite schist sample (FW-11). Warm colours are higher elemental concentrations; cool colours
are lower elemental concentrations. Note, colour-scales show elemental counts and are individually
adjusted for each map to best visualize chemical heterogeneities. Chemical maps from all mineralized
biotite types reveal homogeneous compositions with slightly Fe-rich and K-poor cleavage planes,
with the exception of halo biotite revealing bands of a Ca-Al rich and Fe-Mg-K poor mineral phase
within the biotite crystals.

3.1. EMPA Geochemistry

Mineralized and barren samples were selected for geochemical analyses, in order to characterize
geochemical differences between biotite types. Biotite samples were initially imaged with a JEOL
6610LV Scanning Electron Microscope (SEM; University of Ottawa, Ottawa, ON, Canada) to target the
most representative biotite crystals for further geochemical analyses. Mineral chemical compositions
were determined in fourteen samples using the JEOL JXA-8230 SuperProbe at the University of Ottawa.
The analyses were conducted with an accelerating voltage of 20 kV and probe current of 20 nA to
focus and concentrate the beam to a minimum of 1 µm. The following standards were used: SiKα,
AlKα, and KKα, sanidine; CaKα, MgKα diopside; FeKα, hematite; MnKα, tephroite; TiKα, rutile;
NaKα, albite; FKα, fluorite; ClKα, tugtupite. A total of 2–6 biotite grains per polished thin section were
analyzed by probing 3–4 points per single mica grain, in order to explore possible chemical variations
within the grains and between biotite types. Cation site distribution was calculated with established
protocols [24,25]. In order to discard contaminated analyses, we retained EMP analyses with an oxide
sum between 92 and 96 wt %, and containing <3 Si cations and between 0.9–1.0 K + Na cations per
structural formulae on the basis of 11 O. Due to the limited number of least-altered analyses (n: 42),
we have also kept EMP analyses with a total oxide sum up to 99 wt % for comparison. Analytical
results are reported in Table 2, Table S1 and presented in Figure 4, Figure S2.
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Figure 6. WDS elemental chemical maps of the four biotite types with increasing metamorphic
grade: (A,B) biotite from barren host rocks metamorphosed to subgreenschist and greenschist facies,
respectively (DLR-03, DLR-02). Warm colours are higher elemental concentrations; cool colours are lower
elemental concentrations. Note, colour-scales show wt% oxide concentrations and are individually
adjusted for each map to best visualize chemical heterogeneities. Chemical maps from all barren biotite
types reveal homogeneous compositions with slightly Fe-rich and K-poor cleavage planes.

In addition to EMP analyses, X-ray chemical maps of biotite types from ten samples, which best
represented the various biotite types identified through petrography, have been produced to assess
any spatial chemical variation within individual biotite crystals. Mapping was conducted using both
the wavelength dispersive spectrometer (WDS) and the energy dispersive spectrometer (EDS) of the
JEOL JXA-8230 SuperProbe at the University of Ottawa. An accelerating voltage of 20 kV and a beam
current of 20–40 nA were combined with a spot size of 1 µm to produce maps ranging from 100 × 150
to 400 × 400 pixels with a 1 µm pixel size and 150–200 ms dwell time on each pixel. Analyzed elements,
include Fe, Mg, Mn, Na, Ca, Si, O, P, S, C, Cl, Ti, K, and Al. Chemical maps were converted to wt%
oxide maps by calculating a full ZAF correction for each pixel. The backgrounds for each element were
calculated using the Mean Atomic Number technique (MAN [26,27]). The maps for Al, K, Fe, and Mg
of each biotite type are presented in Figures 5 and 6.
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Table 1. Mineralogy, structural position, and conducted analyses of each sample from Detour Lake deposit.

Biotite Type Mineralogy (%) Analyses

Sample Rock Type Vein Halo Host
Rock Distal Qz Cal Ab Mc Chl Bt Ms Act Ap(?) Sulphides EMPA WDS

Mapping
40Ar/39Ar

Mineralized

FW-03 Bt schist X 30 20 20 <1 20 10 <1 X X X

FW-10 Bt schist X 5 5 80 10 <1 X X X

FW-11 Bt schist X 35 20 30 15 <1 X X X

FW-13 Bt schist X X X 45 10 <1 20 25 <1 X X X

MV-02 mafic volcanic X X X 30 20 10 35 5 X X X

MV-04 mafic volcanic X 25 35 25 15 X X X

MV-12 mafic volcanic X X X X X X

RD15-118-10 mafic volcanic X X X X X

RD15-118-255 mafic volcanic X X X X X

RD15-265-43 mafic volcanic X X X X X

RD15-429-27 mafic volcanic X 30 10 <5 10 45 <1 X

RD15-429-92 mafic volcanic X 30 5 <5 10 50 <1 X

Barren

DLR-01 meta-syenite/Bt
schist X 10 50 <1 40 <1 X X

DLR-02A meta-granite/Bt
schist X 45 35 <1 20 X X X

DLR-02B meta-granite X 40 35 5 <1 20 X X X

DLR-03 Kfs granit X 20 30 45 <1 5 X X X

WL-01 Bt-Act schist X 20 15 <1 5 60 X X

* Samples without modal mineralogical values were not prepared as thin sections and minerals are simply reported if present in hand sample.

Table 2. Representative electron microprobe (EMP) analyses of biotite at the Detour Lake deposit.

Vein Halo Host Rock Distal

Min Mean Max Std Min Mean Max Std Min Mean Max Std Min Mean Max Std

wt%

SiO2 33.99 38.30 40.68 2.23 31.36 36.04 40.04 2.61 33.67 37.53 55.00 3.48 7.22 33.24 36.15 6.72

TiO2 1.22 1.52 1.99 0.25 0.22 1.50 1.98 0.49 0.29 1.42 2.14 0.49 1.29 2.48 3.46 0.52
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Table 2. Cont.

Vein Halo Host Rock Distal

Min Mean Max Std Min Mean Max Std Min Mean Max Std Min Mean Max Std

Al2O3 17.16 18.31 19.40 0.73 15.93 17.93 21.65 1.46 12.43 17.24 20.62 1.23 4.41 15.34 16.75 2.84

FeO 15.66 17.45 19.63 1.28 16.44 18.67 22.48 1.71 14.66 17.84 21.46 1.90 8.89 21.13 24.73 3.47

Fe2O3

MnO 0.07 0.11 0.16 0.03 0.12 0.15 0.22 0.03 0.05 0.15 0.27 0.06 0.13 0.26 0.47 0.09

MgO 9.03 10.96 12.66 1.07 10.10 12.37 16.47 1.58 9.05 11.46 15.23 1.34 3.82 8.59 10.71 1.81

CaO 0.00 0.02 0.04 0.01 0.00 0.16 2.28 0.42 0.00 0.07 1.72 0.24 0.00 0.12 1.00 0.25

Na2O 0.05 0.11 0.18 0.04 0.00 0.09 0.20 0.05 0.01 0.08 0.27 0.06 0.01 0.12 0.63 0.15

K2O 7.33 9.33 9.90 0.77 0.81 7.14 9.99 2.87 4.12 8.96 10.31 1.31 3.69 8.83 9.79 1.48

F 0.00 0.04 0.15 0.06 0.00 0.04 0.16 0.05 0.00 0.04 0.19 0.05 0.06 0.24 0.32 0.09

Cl 0.00 0.02 0.04 0.01 0.00 0.02 0.03 0.01 0.00 0.52 9.35 2.07 0.00 0.03 0.09 0.03

H2O

Total 91.99 96.17 98.58 2.15 89.31 94.11 97.86 2.23 90.67 94.80 99.63 2.01 32.10 90.16 95.82 15.04

Structural formulae calculation on 22 positive charges

Si 2.64 2.84 2.95 0.10 2.39 2.39 2.92 0.14 2.62 2.83 3.67 0.17 1.91 2.70 2.81 0.20

Ti 0.07 0.08 0.11 0.01 0.01 0.01 0.11 0.03 0.02 0.08 0.12 0.03 0.12 0.16 0.28 0.04

Al 1.47 1.60 1.76 0.10 1.42 1.42 1.95 0.14 0.98 1.54 1.81 0.12 1.38 1.48 1.55 0.05

Fe2+ 0.97 1.08 1.20 0.07 1.03 1.03 1.46 0.12 0.82 1.13 1.41 0.14 1.24 1.48 2.02 0.16

Fe3+

Mn 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.01 0.02 0.04 0.01

Mg 0.99 1.21 1.43 0.13 1.11 1.40 1.87 0.20 0.90 1.29 1.78 0.17 0.73 1.07 1.52 0.19

Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.19 0.03 0.00 0.01 0.12 0.02 0.00 0.01 0.09 0.02

Na 0.01 0.02 0.03 0.01 0.00 0.01 0.03 0.01 0.00 0.01 0.04 0.01 0.00 0.01 0.10 0.02

K 0.69 0.88 0.97 0.07 0.08 0.69 0.95 0.27 0.39 0.86 0.97 0.13 0.38 0.98 2.08 0.31

F 0.00 0.01 0.03 0.01 0.00 0.01 0.04 0.01 0.00 0.01 0.05 0.01 0.00 0.01 0.08 0.02

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 1.23 0.27 0.00 0.00 0.01 0.00

Mg# 0.45 0.53 0.57 0.04 0.52 0.54 0.59 0.02 0.48 0.53 0.61 0.04 0.31 0.42 0.50 0.05
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Photon Machines (55 W) Fusions 10.6 CO2 laser. Argon isotopes (from mass 40 to 37) were measured 
using Faraday detectors with low noise 1 x 1012 Ω resistors and mass 36 was measured using a 
compact discrete dynode detector. The sensitivity for Ar measurements is ~6.3 × 1017 moles/fA as 
determined from measured aliquots of Fish Canyon Sanidine [28,29]. The standards and unknowns 
were placed in 2 mm deep wells in 18 mm diameter aluminium disks, with standards placed 
strategically so that the lateral neutron flux gradients across the disk could be evaluated. Planar 
regressions were fit to the standard data, and the 40Ar/39Ar neutron fluence parameter, J, interpolated 
for the unknowns. Uncertainties in J are estimated at 0.1–0.2% (1σ), based on the Monte Carlo error 
analysis of the planar regressions [30]. All specimens were irradiated in the cadmium-lined, in-core 
CLICIT facility of the Oregon State University TRIGA reactor. The duration of irradiation was 70 h 
with HB3GR amphibole (1073.6 Ma [31]) as the flux monitor. Irradiated samples were placed in a Cu 
sample tray, with a KBr cover slip, in a stainless steel high vacuum extraction line and baked with an 
infrared lamp for 24 h. Single crystals were fused using the laser, and reactive gases were removed, 
after ~3 min, by three GP-50 SAES getters (two at room temperature and one at 450 °C) prior to being 
admitted to an ARGUS VI mass spectrometer by expansion. Five Ar isotopes were measured 
simultaneously over a period of 6 min. Measured isotope abundances were corrected for extraction-
line blanks averaging ~2 fA for mass 40 and ~0.009 fA for mass 36. Detector intercalibration (IC), 
between the different faraday cups, was monitored (in Qtegra) every four days by peak hopping 40Ar. 
Calculated values are ICH1: 1.0000, ICAX: 1.0745, ICL1: 1.0637, and ICL2: 1.0534, with an error of

Figure 7. Diagram showing single crystal 40Ar/39Ar ages from biotite (black bars) and muscovite
(white bars) from fifteen samples (ten mineralized; five barren) representing the four mica types.
The height of each bar represents the ±10 m.y. uncertainty of the apparent age that we applied to
all samples as an average error. Note that all four biotite types yield similar ages that significantly
postdate the timing of major deformation events, regional metamorphism and gold mineralization.

3.2. 40Ar/39Ar Geochronology

After collecting petrographic and geochemical data on the biotite types, 40Ar/39Ar analyses were
carried out to explore the timing of biotite crystallization and cooling. Mica mineral separates were
prepared from mineralized and barren samples (Table 1). Separating vein biotite was challenging
because of the thickness of the veinlets available in drill cores and possible contamination from biotite
within the surrounding host rock. As a result, only one sample of pure vein biotite was included
in the current study. All 40Ar/39Ar analytical work was performed at the University of Manitoba
(Winnipeg, MB, Canada) using a multi-collector Thermo Fisher Scientific ARGUS VI mass spectrometer,
linked to a stainless steel Thermo Fisher Scientific extraction/purification line and Photon Machines
(55 W) Fusions 10.6 CO2 laser. Argon isotopes (from mass 40 to 37) were measured using Faraday
detectors with low noise 1 × 1012 Ω resistors and mass 36 was measured using a compact discrete
dynode detector. The sensitivity for Ar measurements is ~6.3 × 1017 moles/fA as determined from
measured aliquots of Fish Canyon Sanidine [28,29]. The standards and unknowns were placed in
2 mm deep wells in 18 mm diameter aluminium disks, with standards placed strategically so that
the lateral neutron flux gradients across the disk could be evaluated. Planar regressions were fit to
the standard data, and the 40Ar/39Ar neutron fluence parameter, J, interpolated for the unknowns.
Uncertainties in J are estimated at 0.1–0.2% (1σ), based on the Monte Carlo error analysis of the
planar regressions [30]. All specimens were irradiated in the cadmium-lined, in-core CLICIT facility
of the Oregon State University TRIGA reactor. The duration of irradiation was 70 h with HB3GR
amphibole (1073.6 Ma [31]) as the flux monitor. Irradiated samples were placed in a Cu sample tray,
with a KBr cover slip, in a stainless steel high vacuum extraction line and baked with an infrared lamp
for 24 h. Single crystals were fused using the laser, and reactive gases were removed, after ~3 min,
by three GP-50 SAES getters (two at room temperature and one at 450 ◦C) prior to being admitted
to an ARGUS VI mass spectrometer by expansion. Five Ar isotopes were measured simultaneously
over a period of 6 min. Measured isotope abundances were corrected for extraction-line blanks
averaging ~2 fA for mass 40 and ~0.009 fA for mass 36. Detector intercalibration (IC), between the
different faraday cups, was monitored (in Qtegra) every four days by peak hopping 40Ar. Calculated
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values are ICH1: 1.0000, ICAX: 1.0745, ICL1: 1.0637, and ICL2: 1.0534, with an error of ~0.2%.
The intercalibration factor between H1 and the CDD was measured using 53 air aliquots interspersed
with the unknowns resulting in ICCDD: 1.0083± 0.0019 per amu. We used conventional decay constants
(λ(40Kβ-): 4.962 × 10−10/yr; λ (40Ke) + λ’(40Ke): 0.581 × 10−10/yr)30 and a value of 295.5 was used for
the atmospheric 40Ar/36Ar ratio [32] for the purposes of routine measurement of mass spectrometer
discrimination using air aliquots, and correction for atmospheric argon in the 40Ar/39Ar age calculation.
Corrections are made for neutron-induced 40Ar from potassium, 39Ar and 36Ar from calcium, and 36Ar
from chlorine [33–35]. Data collection was performed using the Pychron software [36], whereas data
reduction, error propagation, age calculation, and plotting were performed using MassSpec software
(version 8.091 [37]). Overall, multiple single-grain fusion analysis of 5–10 biotite or muscovite grains
per sample were conducted. Analytical results are reported in Table S2 and presented in Figures 7
and 8.
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4. Results

4.1. Petrography

Four biotite types were identified from petrologic and petrographic observations, including three
from mineralized samples proximal to the deposit (vein, halo and host rock biotite) and one from
barren samples distal to the ore body. Vein biotite (Figure 3A) consist of randomly oriented vein-hosted
biotite crystals from pre- to syn-D2 sulphidized (Py, Cpy, Po) Qz-Cal-Chl veins (V5) and were observed
in two samples (MV-02, FW-13). Halo biotite (Figure 3B) consist of biotite sub-paralleling the margins
of the V5 veins within the same samples and additional drill core samples RD15-265-43, RD15-118-225,
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RD15-118-10.2). Vein and halo biotite-bearing samples consist of moderately- to strongly-foliated mafic
volcanic rocks from the hanging wall and footwall of the SLDZ, that have undergone varying degrees
of metamorphism, ranging between greenschist to amphibolite facies. Vein biotite include fine- to
coarse-grained (0.2–2.0 mm), subhedral to euhedral crystals that are oblique or subparallel to the vein
orientation. These biotite are intergrown with actinolite porphyroblasts and are overprinted by chlorite
(Figure 3A). Halo biotite are fine to medium-grained (0.2–0.3 mm) euhedral crystals that are parallel to
the vein margins surrounding a primary actinolite halo and are overprinted by actinolite porphyroblasts
(Figure 3B). Host rock biotite (Figure 3C) consist of biotite grains within the matrix of the rock sample
(MV-02, FW-13, FW-11, MV-04, FW-03, FW-10, MV-13, RD15-429-27, RD15-429-92), defining the main
foliation fabric. The host rock biotite-bearing samples also consist of weakly- to strongly-foliated mafic
volcanic rocks, from the hanging wall and footwall of the SLDZ, with varying degrees of metamorphism
ranging from upper greenschist facies to lower amphibolite facies. Host rock biotite are very fine- to
coarse-grained (0.1–1.0 mm), anhedral to euhedral crystals that define the main foliation fabric. In some
samples, both fine-grained and coarse-grained biotite occur with the finer grains overprinting pre- to
syn-S2 actinolite crystals, and the coarser grains overprinted by actinolite, chlorite, and muscovite.
Such overprinting relationships suggest multiple generations of biotite. Host rock biotite also occurs
as dispersed 0.2–0.3 mm clusters that are subparallel to the main foliation fabric. In addition to biotite,
host rock muscovite were also analyzed from a biotite schist and a mafic volcanic sample (FW-13,
MV-12, respectively). Muscovite occurs as very fine-grained (<0.1 mm), subhedral to euhedral crystals,
defining the S2 foliation (Figure S3A), suggesting a syn-metamorphic timing. Finer-grained muscovite
crystals are also intergrown with host rock biotite, whereas coarser-grained generations overprint the
S2-defining biotite and muscovite (FW-13; Figure S3B).

Barren samples consist of biotite grains hosted in the rock matrix, which define the main
foliation within rocks sampled 25 to 125 km away from the deposit (DLR-01, DLR-02A, DLR-02B,
DLR-03, WL-01). These samples consist of massive- to strongly-foliated felsic to intermediate plutonic
rocks, which have undergone subgreenschist to greenschist facies metamorphism, based on their
biotite-chlorite-plagioclase-quartz-muscovite prograde mineral assemblage. One barren sample differs
from the other samples as it is a mafic volcanic rock metamorphosed to amphibolite facies (WL-01).
This sample is the most proximal to the main ore body. Biotite from barren samples can be further
subdivided into three populations: (1) Biotite from subgreenschist facies, (2) greenschist facies, and (3)
amphibolite facies host rocks. Barren biotite, from subgreenschist facies host rock (Figure 3D), are very
fine- to medium-grained (0.1–0.5 mm), anhedral to euhedral crystals, randomly oriented within the
matrix, and occur as 0.5–1.0 mm clusters that overprint chlorite. Barren biotite from greenschist facies
host rock (Figure 3E) are very fine- to coarse-grained (0.1–1.0 mm) euhedral grains that define the S2

foliation fabric and overprint chlorite (Figure 3E). Barren biotite from amphibolite facies host rock
(Figure 3F) are very fine-grained (0.1–0.2 mm) anhedral to subhedral crystals. These biotite are parallel
to the main foliation fabric and are intergrown with actinolite.

To summarize, there are at least four types of biotite: (1) Vein biotite in pre- to syn-D2 vein sets
(V5) ranging from fine- to coarse-grained, subhedral to euhedral crystals (Figure 3A); (2) halo biotite,
which are medium-grained euhedral crystals that parallel the pre- to syn-D2 vein margins (Figure 3B);
(3) host rock biotite, ranging from very fine-grained to coarse-grained, anhedral to euhedral crystals
(Figure 3C); and (4) barren biotite ranging from very fine- to coarse-grained, anhedral to euhedral
crystals, that slightly differ with increasing metamorphic grade (Figure 3D–F). Biotite from all four types
define the S2 structure where present. Biotite from all three mineralized types (vein, halo, host rock)
are either, intergrown with and/or are overprinted by chlorite, actinolite, and muscovite. Whereas,
barren biotite overprint chlorite and are intergrown with actinolite. In all cases, the overprinting
relationships suggest a pre- to syn-deformational and broadly syn-metamorphic timing for biotite
growth. The similar relative timing of these four biotite types makes it difficult to distinguish between
the metamorphic and/or hydrothermal biotite. Based on the structural location of halo biotite, adjacent
to pre to syn-D2 veins, it is logical to assume a hydrothermal source, possibly related to the mineralizing
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event. However, the intergrown and overprinting relationships of the biotite, with chlorite and
actinolite, suggests that they were subsequently metamorphosed. For this reason, we further analyzed
the geochemistry of these samples targeting all four of the identified biotite types.

4.2. Mineral Geochemistry

The combined EMPA data of all four biotite types reveal similar chemical compositions with very
minor variations in Mg, Fe, Ti, and K content. All biotite types have more than 2.70 atoms per formula
unit of Si, with an average ranging between 2.75 and 2.81. When plotted onto a Si versus XMg binary
diagram, the mineral chemistry data from all four biotite types fall within the Mg-rich end of the biotite
compositional field, with relatively high di-octahedral mica proportions (Figure 4A). Both mineralized
and barren types possess a XMg ranging between 0.40 and 0.60, with barren biotite revealing slightly
lower XMg values and one barren sample (DLR-03), revealing XMg values as low as 0.31. A Ti versus
XMg binary diagram also shows similar chemical compositions between the four biotite types, revealing
a range of 0.03 and 0.15 Ti cations per formula unit, with barren biotite possessing slightly higher Ti
proportions (Figure 4B). Biotite from one barren sample (DLR-03) reveal relatively high Ti-contents of
up to 0.20 cations per formula unit (Figure 4B). The chemical variations (decreasing XMg, increasing
Ti) within the barren biotite population, however, does not appear to be correlated to the increasing
distance from the deposit, but rather with decreasing metamorphic grade (Figure 4A,B). Variations in
Ti-content are also evident in a TiO2–FeO*–MgO ternary diagram (Figure 4C), which is a visualization
tool developed to discriminate between primary magmatic biotite from hydrothermally altered and/or
neoblastic biotite [23]. Major elements FeO* (FeO + MnO) and MgO represent the two end members of
biotite from annite (Fe2+) to phlogopite (Mg), which can also be expressed by XFeO* = FeO*/(FeO* +

MgO). The XFeO* of biotite varies from XFeO* ≈ 0 in mafic rocks to XFeO∗ ≈ 1 in felsic rocks [38]. The TiO2

end-member of the ternary diagram is known to decrease in hydrothermally altered biotite [39,40],
thus allowing us to discern between biotite types. The ternary diagram is divided into three domains
(Figure 4C) [23]: (A) Primary magmatic biotite, (B) re-equilibrated biotite, and (C) neoblastic biotite.
The three mineralized biotite types from Detour Lake yield XFeO* values of 0.50–0.70, indicative of
intermediate host rocks, and barren biotite yield XFeO* values of 0.70-0.80, consistent of more felsic
host rocks. One barren (distal) sample (DLR-03) falls within the primary magmatic biotite domain (A),
whereas the remaining samples from all biotite types plot within the re-equilibrated biotite domain (B),
with the exception of one mineralized host rock biotite sample (FW-03), which plots at the margin of
the neoblastic domain (C) (Figure 4C). The trend towards Ti-depleted compositions, at a constant XMg

in hydrothermally-altered and neoblastic biotite, reflects its progressive transformation that is due,
in part, to temperature dependent Ti-substitution reactions [41] and the reacting fluid buffered by the
whole-rock composition [23].

The results from the WDS geochemical maps (Figures 5 and 6) also demonstrate broad
compositional overlap between biotite types. Vein-hosted biotite (MV-02, FW-13; Figure 5A) reveal
chemically homogeneous crystals with very minor K depletion and Mg enrichment along cleavage
planes. Chemical maps of the halo biotite (Figure 5B) reveal chemical zonation in the form of 2–5 µm
Fe–Mg rich and K-poor rims. The halo biotite in sample MV-02 also reveals the intergrowth of the
biotite with a Ca–Al rich and Fe–Mg–K poor mineral phase. The host rock biotite chemical maps (FW-11,
MV-13, MV-02, FW-03; Figure 5C) show very little intra-grain chemical variation with the exception
of very localized, narrow (2–5 µm) K-poor and Mg-rich bands, most likely representing chlorite
intergrowths. Chemical maps of barren biotite (Figure 6A,B) are also very similar to mineralized biotite,
revealing mostly homogeneous composition with slight K depletion and Mg enrichment at cleavage
planes and rims. Overall, biotite types (mineralized versus barren) reveal minor intra- and inter-grain
variations, and are indistinguishable based on their major, and minor, elements compositions alone.
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4.3. 40Ar/39Ar Geochronology

We use multiple single-grain total fusion 40Ar/39Ar dating as a quick and efficient means to assess
the range of bulk grain ages in samples from the Detour Lake deposit. This approach allows us to
determine the age range within a single sample and at larger spatial scale, by taking multiple biotite
grains from mineralized and barren sample. The results of mica 40Ar/39Ar dating are plotted on
Figures 7 and 8 and are provided in Table S2, with isotope measurements and ages reported at 1σ
uncertainty. Up to ten single mica grains, from each of the ten mineralized and five barren samples,
were dated. The dated vein-hosted samples possess biotite that grew within pre- to syn-D2 sulphidized
(pyrite, chalcopyrite, pyrrhotite) quarz–calcite–chlorite veins, whereas halo-hosted samples contain
biotite at the margins of these veins that parallels the S2 foliation fabric. As for mineralized host
rock and barren samples, biotite and muscovite occurred as growths along the foliation plane of
the rock (Figure 3). Mineralized and barren samples yield similar ages with a notable dispersion
between the samples (ranging from 2635 ± 8 Ma to 1623 ± 4 Ma) and between single mica grains
within a single sample (with variation from 894 m.y. to 19 m.y.). The total number of 40Ar/39Ar fusion
analyses performed is 113 with a dominant Neoarchean to late Paleoproterozoic age population at
ca. 2600–2390 Ma (n: 94), and a mode at ca. 2550 Ma (Figures 7 and 8). Thirteen mineralized and
barren samples yielded relatively consistent age populations (vein: MV-02; halo: MV-02; host-rock:
FW-13, FW-13 Ms, FW-11, MV-04, FW-03, FW-10, MV-12 Ms; barren: DLR-01, DLR-02A, DLR-02B,
WL-01). These samples exhibit the oldest dates, ranging from 2606 ± 3 Ma to 2313 ± 5 Ma (n: 80).
A slightly younger distribution exists in barren biotite sample DLR-03 with single grain ages varying
from 2446 ± 3 Ma to 2358 ± 2 Ma (n: 6). Halo biotite gave highly dispersed ages from 2634 ± 8 Ma to
1912 Ma ± 1 Ma (n: 28), and notably this biotite type shows a higher degree of compositional chemical
variability relative to the three other types found at the Detour Lake deposit (Figures 4 and 5B).

5. Discussion

5.1. Chemical Variations in Biotite

For the purpose of this study, we analyzed chemical compositions in an attempt to identify
different biotite populations near, and within, the Detour Lake deposit, and to assist in interpreting the
new 40Ar/39Ar geochronology. This information combined with the microstructural position of the
dated mineral phase is fundamental for the proper interpretation of geochronology data [42–45]. It is
important to note that, apart from minor differences in grain size and structural position, mineralized
and barren biotite types share similar textural relationships with the metamorphic mineral assemblage
and deformation fabrics. However, there are two noteworthy chemical variations revealed in our
mineral chemistry data: (1) A slight decrease of Mg in barren biotite (XMg distal Bt: 0.41, σ: 0.05) relative
to the mineralized types (XMg vein Bt: 0.55, σ: 0.01; XMg halo Bt: 0.52, σ: 0.01; XMg host rock Bt: 0.54, σ: 0.04;
Table 2, Figure 4A); and (2) a slight increase of Ti-content in barren (Tidistal Bt: 0.15, σ: 0.03 a.p.f.u.)
biotite relative to the mineralized type (Tivein Bt: 0.08, σ: 0.01 a.p.f.u.; Tihalo Bt: 0.09, σ: 0.00 a.p.f.u.;
Tihost rock Bt: 0.10, σ: 0.03 a.p.f.u.; Table 2, Figure 4B,C).

Previous studies on biotite from other Au deposits have also reported variations in Mg-content.
A study of the Canadian Malartic deposit documented higher XMg values in the alteration zone
proximal to the deposit, relative to the distal alteration zones [2], which is consistent with our data
from Detour Lake. However, the XMg values of the biotite within the mineralized zone at the Canadian
Malartic fall within the phlogopite compositional field (0.72 < XMg < 0.92 [2]). Whereas, XMg values
of the mineralized biotite types at Detour Lake lie within the biotite compositional field, which is
more consistent with the biotite from the distal alteration zone at Canadian Malartic (0.52 < XMg <

0.72) [2]. In contrast, a study of the Mouska deposit [3] noted Mg-loss in the altered rocks, and has
been explained by the consumption of ferromagnesian minerals during alteration. However, Mg-loss
is not observed in the mineralized biotite at Detour Lake; instead, we observe a subtle Mg-loss in the
barren biotite type, which further complicates the reliable use of biotite chemistry as a vector to Au
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ore at this deposit. Comparatively, lower Mg contents in biotite from mineralized rocks, relative to
biotite from barren rock, was reported from the Afu Younger Granite complex of central Nigeria [46].
These chemical variations in the biotite were attributed to primary magmatic or subsolidus processes
that result in the re-equilibration of earlier formed mineral compositions [46]. This model predicts
that an initially low fO2 reduces the activity of MgO, which causes the late crystallization of magnetite.
In this case, late-forming biotite would be Mg-poor relative to early-forming biotite. In contrast, we do
not observe these trends and consequently, the model may only be extended to deposit types, where the
hydrothermal ore forming fluids are magmatically derived. As previously mentioned, the slight
decrease in Mg content in barren biotite, relative to mineralized biotite at Detour Lake, shows no
correlation between Mg content and the increasing distance from the deposit. Instead, the variations in
Mg appear to be correlated to the grade of metamorphism of each rock. However, that is not the only
variation between mineralized and barren biotite samples. As illustrated in Figure 1, the mineralized
samples are hosted within mafic volcanic rocks, whereas barren samples are hosted within more felsic
plutonic rocks. Based on the model from the Afu Younger Granite complex [46], the Mg variation in
mineralized and barren biotite at the Detour Lake deposit could potentially be attributed to the fO2 of
their magmatic source, rather than hydrothermal alteration. To pursue this model, we first need to
determine whether biotite at Detour Lake are primary magmatic, re-equilibrated, and/or represent new
growth (neoblastic) during hydrothermal activity.

Primary magmatic biotite can be distinguished from re-equilibrated or neoblastic biotite by
comparing their Ti content [23] and their XMg values [47]. Based on previous studies, the relatively
lower Ti content, and slightly higher XMg of re-equilibrated and neoblastic biotite, are the major
distinguishing factors from primary magmatic biotite [23,47]. By examining the Ti content, the mineral
chemistry data suggested that biotite from one barren samples (DLR-03) is primary magmatic in origin,
whereas, other barren samples and all of the mineralized samples are either partially re-equilibrated,
or neoblastites by a hydrothermal fluid. Hydrothermally altered biotite also correspond to the biotite
with a slightly higher Mg content (XMg: 0.52–0.54; Figure 4), suggesting hydrothermally altered and/or
neoformed biotite.

The relatively homogeneous XFeO* value for each biotite type indicates a partial to complete
re-equilibration of biotite by, or within, a fluid, which is buffered by the host rock composition [23].
Based on these observations, we suggest that all of the mineralized, and a few barren, biotite samples,
near or within the Detour Lake deposit, consist of hydrothermally re-equilibrated (i.e., geochemically
altered), and some neoblastic, biotite. Only one barren sample (DLR-03) contains primary magmatic
biotite. Based on the location of these samples, there does not appear to be any spatial correlation with
the ore body, nor are there any petrographic indicators that these biotite are less altered than the other
samples. Since there is only one sample plotting within the primary magmatic field for biotite (Figure 4C),
and there is only one recorded metamorphic event at Detour Lake (2670–2640 Ma) [18], we expect that
most biotite occur as part of the peak metamorphic assemblage and/or coeval hydrothermal alteration.
Thus, the lower XMg in the barren (distal) samples relative to the mineralized samples can most likely
be attributed to the composition of their host rocks.

To summarize, we will document one main population of hydrothermally altered biotite within,
and near, the Detour Lake deposit and one small subset of primary magmatic biotite within barren
samples distal from the deposit. The differences in biotite composition comprise a decrease in Ti
content, and an increase in Mg from the magmatic to hydrothermal biotite, respectively.

5.2. Post-Mineralization Hydrothermal Activity

Through the 40Ar/39Ar method, we have dated more than 100 single crystals of mica. These dates
can be interpreted as the timing of crystallization, cooling through the ~300 ◦C isotherm, and/or
recrystallization, which may or may not be above the nominal ~300◦C closure temperature [48] for
these mineral systems. Few studies have applied 40Ar/39Ar geochronology to constrain the timing of
hydrothermal alterations, veining, and metallic ore deposition in the Abitibi region, and many of the
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anomalously young ages have since been called into question with updated geochronological methods
and an improved understanding of field relationships [49]. The robust independent constraints of
the geological history of the region, and detailed microstructural and geochemical characterization of
the dated mineral phase, is required for proper interpretation. Based on the new geochemical data
discussed above, our new 40Ar/39Ar dates likely do not resolve distinct phases of biotite cooling or
deformation, but instead document something different. With the exception of two analyses from one
halo-hosted sample, single crystal biotite ages post-date the main deformation events at the deposit
(D1: ca. 2696–2690 Ma; D2: ca. 2676–2670 Ma dated via U-Pb geochronology) and the timing of regional
metamorphism, (ca. 2670–2640 Ma [5,18] dated via 40Ar/39Ar geochronology), which have previously
been invoked for the Au mineralization at Detour Lake. For this reason, we suggest that new biotite
ages may have dated younger, or possibly a series of younger, hydrothermal events (ca. 2550 Ma) that
are unrelated to Au mineralization.

The few available 40Ar/39Ar studies, conducted in the Superior Province, are broadly consistent
with the prominent peak of biotite ages at ca. 2550 Ma reported herein. A previous study collected
40Ar/39Ar data from white micas and amphiboles in an attempt to resolve the thermal history
in the southern Abitibi and Pontiac subprovinces to the south of Detour Lake [18]. The authors
reported five distinct age populations: >2594 Ma, 2578 ± 10 Ma, 2543 ± 8 Ma, 2421 ± 15 Ma and
2414 ± 9 Ma, which they have interpreted to date discrete, post-metamorphic hydrothermal events
along crustal-scale deformation zones (i.e., Cadillac-Larder Lake and Porcupine-Destor deformation
zones). It was suggested that these hydrothermal events were associated with widespread mid-crustal
melting and monzogranitic intrusions, which have thermally reset minerals in zones of higher
permeability in the subprovince [18]. New biotite ages, from Detour Lake overlap within analytical
uncertainty with several of these postulated events, but were sampled hundreds of kilometers north of
the Porcupine-Destor deformation zone (Figure 1).

Similar ages of ca. 2700–2450 Ma have also been reported at other greenstone belts [50], Kapuskasing
Structural Zone [51] and within the western Superior Province, including the North Caribou and
Red Lake greenstone belts (NCGB, RLGB). Monazite total-Pb ages of ca. 2440 Ma [52] and biotite
40Ar/39Ar plateau ages of 2587–2474 Ma [53] have been recorded at the Musselwhite Au deposit (NCGB),
which post-dates the timing of mineralization at this location. More specifically, the 2490–2440 Ma
ages were attributed to tectonic strain accommodated by displacement along crustal-scale deformation
zones. Biotite, sericite, and fuchsite from the East Bay Au trend (RLGB) yielded 40Ar/39Ar ages of
ca. 2497–2467 Ma [54], which also post-dates the age of Au mineralization reported from Red Lake
(ca. 2700 [55]). Other studies from the Red Lake district show steadily rising 40Ar/39Ar age spectra from
the lower temperature steps between 2000 to 2600 Ma [56]. The age dispersion in the Red Lake district was
attributed to a protracted fluid history associated with Au mineralization [54]. Hornblende 40Ar/39Ar
ages (ca. 2640–2560 Ma) from older greenstone belts in the northern Superior (e.g., Minto Block) also
significantly post-date metamorphism and cratonization [57]. Although, each of these deposit- and
regional-scale studies invoke fluid advection through various districts in the Superior Province at ca.
2500–2450 Ma, none provide a craton-scale tectonic model that explains the post-metamorphic and
deformational 40Ar/39Ar resetting across the entire Superior Province.

In a review of Lithoprobe results from the Abitibi Subprovince, such post-metamorphic and
post-deformation ages from ca. 2550 Ma to 2200 Ma were interpreted to be a consequence of tectonic
pumping of fluids along Archean structures, that have been reactivated during the accretion of a 200 km
thick mantle lithosphere to Archean crust [58]. These fluids could be hypersaline CaCl2 brines [59]
penetrating the Archean basement where they were driven by heat, generated during the emplacement
of the province-wide Irsuaq (2.51 Ga), Matachewan (2.47 Ma [60]), and Hearst (2.45 Ma [60]) dike
swarms. In particular, the Matachewan and Hearst dike swarms are part of the oldest recognized
large igneous province (LIP), a worldwide magmatic event ca. 2450 Ma, which produced ~50,000 km3

of basaltic magma over an area of >250,000 km2 [61]. Although, the age of Au mineralization at the
Detour Lake deposit has previously been constrained to a pre- to syn-D2 timing with a maximum age
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of ca. 2700 Ma [5,22] and has not been remobilized since, the Detour Lake biotite ages broadly coincide
with the timing of the widespread Neaoarchean to Paleoproterozoic LIP activity.

The widespread emplacement of Paleoproterozoic mafic dike swarms may be the common
factor between these studies. However, although it is tempting to correlate numerical dates to
the ages of known, large-scale tectonic events, we also must consider the potential caveats of the
40Ar/39Ar systematics, specifically 40Ar diffusion. Long-term (Myr to Gyr) residence of rocks at ambient
midcrustal temperatures, slightly above the ~300 ◦C closure temperature of biotite, may lead to efficient
Ar diffusion or partial Ar retention [62]. Numerical modelling of K-feldspar 40Ar/39Ar data from the
Neoarchean rocks of the western Superior Province [63] indicates the craton was at temperatures
>325 ◦C pre-2400 Ma and slowly cooled ~100 ◦C (325–225 ◦C) over 1 Gyr (2400–1400 Ma; cooling rate of
~0.1 ◦C/Ma). This suggests that the rocks exposed on the surface today possibly leaked Ar, resulting in
a younger, potentially geologically meaningless, date. Nonetheless, the widespread extent of identical,
yet geologically “meaningless” 40Ar/39Ar dates, would be a considerable coincidence and, although
the dates do not reflect ore deposition, we instead invoke a deep-seated geodynamical explanation.
40Ar/39Ar ages are also consistent with U-Pb ages of hydrothermal and metamorphic minerals
(e.g., rutile, titanite [57,64,65]) elsewhere in the Superior Province, strengthening the link between
young apparent biotite ages and circulating hydrothermal fluids along reactivated structures [66].
We attribute the prominent mode of ca. 2550 Ma Detour Lake mica ages to the emplacement of
the Matachewan dikes as part of a broader, worldwide magmatic event, which possibly represents
a substantial change in heat flux at the core-mantle boundary that preceded the breakup of a Late
Archean supercontinent [60,67]. Younger biotite ages (≤2550 Ma) likely point to repeated reactivation
of the Neoarchean auriferous structures during the Proterozoic.

6. Conclusions

Our petrographic observations suggest four distinct types of pre to syn-D2 biotite (1–3 mineralized;
4 barren): (1) vein biotite in pre- to syn-D2 vein sets ranging from fine- to coarse-grained, subhedral
to euhedral crystals; (2) medium-grained euhedral halo biotite that parallel the pre- to syn-D2 vein
margins; (3) host rock biotite ranging from very fine-grained to coarse-grained, anhedral to euhedral
crystals; and (4) very fine to coarse-grained, anhedral to euhedral biotite, defining the foliation within
the barren meta-plutonic host rocks distal to the deposit. All biotite types are generally chemically
homogeneous with slightly Fe-rich and K-poor cleavage planes. Chemical variations, comprised of
Mg decrease, and Ti increase, in barren biotite relative to mineralized biotite types, suggesting that
biotite at Detour Lake are hydrothermally re-equilibrated or neo-formed, rather than the primary
magmatic biotite. The re-equilibrated composition of biotite obscures its use as geochemical vector
to Au ore at the Detour Lake deposit, in contrast with some other orogenic Au deposits in the
Abitibi Subprovince. All four biotite types also yield similar dispersed 40Ar/39Ar ages in the range of
2690–2120 Ma. A pronounced population of biotite 40Ar/39Ar ages at ca. 2550 Ma most likely reflects
resetting during regional-scale Matachewan and Hearst dike swarms in the Abitibi Subprovince
rather than Au mineralization. Variably younger biotite ages, however, point to fluid focusing and
reactivation of auriferous structures during, and after, dike emplacement. The repeated focusing of
fluids during late reactivation of auriferous structures is also suggested in the southern Abitibi, coupled
with new data presented herein at Detour Lake, points to the large-scale circulation of hydrothermal
fluids after cratonization of the Superior Province, during the Proterozoic, which had little impact
on Neoarchean Au deposit genesis. The same conclusions may also be relevant to other lower- to
middle-amphibolite facies orogenic Au deposits around the world.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/10/596/s1,
Table S1. Raw EMP analysis data of biotite at the Detour Lake deposit; Table S2. 40Ar/39Ar data of biotite and
muscovite from the Detour Lake deposit, Canada. Figure S1. Geological map of the Detour Lake deposit showing
the outline of the modern open pit mine and historic Campbell pit located along the E-W trending SLDZ, dividing
the mafic volcanic rock of the Detour Lake Formation and the sedimentary rocks of the Caopatina Assemblage
(modified from Dubosq et al. 2018 and Tolhurst 2014). Location of sampled drill holes are represented by black
dots. RD15-118-10.2, RD15-118-255.2 were sampled from drill hole DG-07-118 at depths of 10.2 m and 255.2 m;
RD15-265-43.0 from DG-07-265 at a depth of 43.0 m; and RD15-429-47 and RD15-429-92 from DG-08-429 at depths
of 27.0 m and 92.0 m. All other mineralized samples originate from blasted ore blocks within the open pit, thus no
sample locations are provided; Figure S2. Diagrams showing the biotite composition (atoms per formula unit)
of the barren samples with increasing distance from the main ore body. Biotite compositions are scattered and
appear independent of relative distance from the deposit; Figure S3. Photomicrographs of muscovite at the Detour
Lake deposit. A. Muscovite occurs as very fine-grained (<0.1 mm), sub-hedral to euhedral crystals defining the S2
foliation inter-grown with host rock biotite (FW-13). B. Coarser-grained muscovite generation overprinting the
S2-defining biotite and muscovite (FW-13).
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