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 A B S T R A C T

Archean orogenic gold deposits are commonly hosted in brittle-ductile shear zones, where gold is locally 
remobilized and reprecipitated due to changes in physio-chemical conditions. However, in Archean rocks 
of the Superior Craton, these shear zones are often sparsely exposed and inferred primarily through spatial 
correlation, hence these shear zone architectures remain poorly understood. Here, we apply geochronology, 
kinematic analysis, and vorticity analysis techniques to study the Shebandowan Greenstone Belt in Northern 
Ontario, Canada. Geochronological results from zircon U-Pb CA-ID-TIMS and molybdenite Re-Os NTIMS dating 
yielded an age of 2717.35 ± 0.48 Ma for a proximal felsic intrusion and 2708 ± 12 Ma for auriferous 
and molybdenite-bearing vein mineralization, respectively. Field observations and regional age data indicate 
that both mineralization and intrusive activity predate deformation. Spatial interpolation of ductile foliation 
orientations reveals that gold mineralization is spatially associated with abrupt changes in shear zone 
orientation. Vorticity analysis — including rigid porphyroclast and crystallographic vorticity analysis — shows 
that these changes induce strain partitioning in releasing and restraining bends. These observed localized 
deflections in shear zone strike are attributed to the competency contrast between the old, feldspar-rich, 
isotropic, and syenitic plutonic bodies (rheologically stronger) and gold-bearing, intermediate metavolcanic 
and diorite units (rheologically weaker). Transitions from non-coaxial to coaxial flow dominated areas appear 
to have localized fluid pathways, allowing for fluid migration and gold precipitation during deformation. 
Quantifying deflections of shear zones adjacent to rigid geological bodies, combined with analyzing the 
deformation flow types, represents a powerful and cost-effective tool for gold exploration in granite-greenstone 
belts.
. Introduction

The majority of worldwide gold deposits formed in Archean green-
tone belts (Frimmel, 2008; Goldfarb et al., 2005; Sillitoe, 2020) high-
ighting that Archean tectonics was highly effective at transferring gold 
rom the mantle and concentrating it locally in the lithosphere (Frim-
el, 2008; Goldfarb and Groves, 2015; Romer and Kroner, 2018; Gold-
arb et al., 2005; Phillips and Powell, 2009; Sillitoe, 2020; Goldfarb and 
itcairn, 2023). Most Archean gold occurs in structurally hosted lode 
old systems within metamorphic terranes linked to accretionary and 
ollisional orogens (Kerrich and Cassidy, 1994; Kerrich and Wyman, 
990; Groves et al., 1998; Campbell McCuaig and Kerrich, 1998). Oro-
enic gold is generally thought to derive from aqueous-carbonaceous 
luids released during partial melting or prograde metamorphism of 
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E-mail address: tstephan@lakeheadu.ca (T. Stephan).

Archean basement rocks (Goldfarb et al., 2005; Phillips and Powell, 
2009; Sillitoe, 2020; Goldfarb and Pitcairn, 2023; Wood et al., 1986; 
Burrows and Spooner, 1987; Duuring et al., 2007; Kerrich and Cassidy, 
1994; Pitcairn et al., 2006). However, the low solubility of gold implies 
that enormous volumes of fluids are required to produce deposit-scale 
concentrations of 1 to locally > 100,000 ppm (Rauchenstein-Martinek 
et al., 2014; Williams-Jones et al., 2009). Hence, localized secondary 
processes must play a major role in further concentrating gold. Gold 
is typically remobilized by sulfide dissolution-reprecipitation (Hastie 
et al., 2020; Fougerouse et al., 2016) or dynamic recrystallization (Du-
bosq et al., 2018), and subsequently transported in solution (Seward, 
1973; Seward et al., 2014; Shenberger and Barnes, 1989; Kolb, 2008; 
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Williams-Jones et al., 2009), in low-temperature Bi-Te melts (Melo-
Gómez et al., 2025; Hastie et al., 2020, 2021; Tomkins et al., 2004, 
2007; Frost et al., 2002; Tooth et al., 2011), or as colloids (e.g. Petrella 
et al., 2020; McNab et al., 2024; Hastie et al., 2021; Voisey et al., 
2020). The vast majority of gold-bearing veins are hosted in purely 
ductile shear zones or brittle-ductile faults (e.g. Hodgson, 1989; Sillitoe, 
2020; Goldfarb et al., 2005; Blenkinsop et al., 2020), where episodic 
fracturing and fluid flow facilitates gold precipitation (i.e., the ‘‘fault-
valve model’’; Sibson et al., 1975, 1988; Cox et al., 1995; Cox, 2016; 
Weatherley and Henley, 2013; Yardley, 1996; Gold and Soter, 1984). 
Structural features that enhance permeability or trap fluids include 
fault intersections, fold hinges, and restraining or releasing bends — 
also known as dilatational or contractional jogs ductile shear zones 
or brittle ductile faults (e.g. Blenkinsop et al., 2020; Newhouse, 1942; 
Hodgson, 1989; Cox et al., 1991; McKinstry, 1948; Micklethwaite and 
Cox, 2006).

Recognizing zones of dilation or contraction at the regional scale 
can be as challenging as locating the deposits themselves. Locating 
such features often requires substantial rock exposure or extensive 
drilling, both of which are limited in glacially eroded and heavily 
vegetated regions such as the Canadian Shield. Because dilatational 
and contractional jogs imply bending and changes of the kinematics 
of the foliation, these relationships provide an opportunity to locate 
these zones indirectly, even when rock exposure is limited. Whether 
zones of permeable pathways form around specific structures (e.g., rigid 
rock bodies) ultimately depends on the strain geometry and kinematics 
— features that are not always evident from interpolations of regional 
fabrics in regions of poor exposure.

In this contribution, we use the Archean Shebandowan Greenstone 
Belt to test whether gold is spatially correlated with specific strain ge-
ometries and kinematics. (Fig.  1). We integrate geochronology, spatial 
analysis of the regional foliation, and vorticity estimates derived from 
both rigidly rotated porphyroclasts and intragranular distortions. The 
combination of these methods reveals that undeformed granitoid bodies 
predate the gold-bearing shear zones and hence, acted as rigid obstacles 
during ductile deformation, particularly within a zone with a high con-
tribution of simple shear. We propose that deflections of the foliation 
within the zone of elevated simple shear caused strain partitioning and 
localized permeability, ultimately leading to concentration of gold.

2. Geological background

The gold deposits of the Shebandowan Greenstone Belt are located 
within the Wawa-Abitibi Subprovince of the Superior Craton, along its 
northern boundary to the metasedimentary assemblages of the Quetico 
Subprovince (Percival et al., 2012). The belt comprises Neoarchean 
volcano-sedimentary sequences metamorphosed from greenschist to 
upper amphibolite grades (Corfu and Stott, 1986, 1998; Corfu, 2000; 
Hart, 2007; Ayer et al., 2002, 2005; Thurston et al., 2008). Based 
on geochronology, the belt is subdivided into three assemblages, the 
ca. 2720 Ma Greenwater assemblage, the 2695 Ma Kashabowie as-
semblage, and the youngest (2682 Ma) metasedimentary Auto Road 
assemblage (Williams et al., 1991; Corfu and Stott, 1998; Osmani, 
1993). The study area in the western Shebandowan Greenstone Belt 
comprises the Greenwater and Kashabowie assemblages.

The protoliths of the Greenwater assemblage are predominantly 
tholeiitic basalt with minor komatiitic basalt, komatiitic flows, fel-
sic volcanic flows and pyroclastic units (Carter, 1984; Rogers and 
Berger, 1994; Osmani, 1997; Corfu and Stott, 1998). U-Pb dating 
of zircons from the extrusive and intrusive rocks of the Greenwa-
ter assemblage yields ages of 2718 to 2722 Ma (Corfu and Stott, 
1998). The Kashabowie assemblage is predominantly composed of 
debris-flow deposits (so-called Timiskaming-type assemblage), sourced 
from calc-alkalic to alkalic, mafic to felsic volcanic protoliths and 
clastic metasedimentary rocks (Lodge et al., 2013). This assemblage 
2 
appears to be tectonically interleaved with the Greenwater assem-
blage and has yielded U-Pb zircon ages of 2694 to 2696 Ma (Corfu 
and Stott, 1998). The main ductile deformation caused subhorizon-
tal stretching and dextral shearing along NE-SW striking foliation, 
defined by the alignment of metamorphic minerals, such as actino-
lite, biotite, feldspar, and quartz in the volcanic protoliths and their 
plutonic equivalents. An older increment of deformation has been 
suggested based on the locally, steeper (almost vertical) stretching 
lineation and crenulation (Osmani, 1993). The youngest phase of felsic 
magmatism at 2670–2650 Ma is interpreted to postdate the ductile 
deformation (Heather and Shore, 1999; Davis et al., 2000).

The Quetico Subprovince (to the north of the Shebandowan Green-
stone Belt) is an ENE-WSW trending belt comprised of metasedimen-
tary rocks (Fig.  1). The unit is mainly composed of metagreywackes 
and associated paragneisses, migmatites, and peraluminous granite 
assemblages (Percival, 1989; Percival and Williams, 1989). Deposition 
of the sedimentary successions is bracketed between 2700 Ma and 
2690 Ma (Zaleski et al., 1999; Fralick and Pufahl, 2006; Davis et al., 
1990). Detrital zircon age spectra indicate that the sediments were 
sourced from northerly located subprovinces (Davis et al., 1990; Fralick 
and Pufahl, 2006; Fralick and Kronberg, 1997). The metamorphic gra-
dient increases from greenschist facies conditions at the Quetico-Wawa 
subprovince boundary, up to granulite facies conditions (including 
partial melting) towards the center of the Quetico Subprovince (Pan 
et al., 1994, 1998; Sawyer, 1983; Sawyer and Barnes, 1988; Borradaile 
and Spark, 1991). The age of peak metamorphism is bracketed between 
2671 and 2665 Ma (Pan et al., 1998). The Quetico Subprovince was 
affected by folding under NW-SE shortening and perpendicular horizon-
tal stretching (Sawyer, 1983). Fold-cleavage relationships, in particular 
the existence of a transecting cleavage (oblique to fold-axis planar 
surface) (Borradaile, 1978) indicates that the deformation occurred 
under transpression resulting in a flattening strain geometry (Borradaile 
and Spark, 1991; Borradaile and Schwerdtner, 1984).

2.1. Gold deposits of the Shebandowan Greenstone belt

The Shebandowan Greenstone Belt hosts two past producing gold 
mines. The ‘‘Huronian Mine’’ (Fig.  1) was discovered in 1870, and 
operated intermittently between 1882 and 1937, producing approx-
imately 29629 oz of gold in the latest phase of mining from 1932 
through 1936 (Schneiders and Dupta, 1985). Mineralization was asso-
ciated with NE-trending, sulphide- and telluride-bearing quartz veins 
cutting schistose, predominantly mafic metavolcanic rocks, locally ac-
companied by highly altered and mineralized feldspar porphyry. The 
‘‘North Coldstream Cu-Au-Ag deposit’’ (Fig.  1) produced 31493699 oz 
of copper, 6224 oz of gold and 139505 oz of silver (Giblin, 1964). The 
easterly plunging (50◦) ore-bodies are hosted by siliceous, brecciated 
chert and occur either as massive sulfide bodies, disseminated sulfide, 
or as some stringers. Sulfides are predominantly chalcopyrite and pyrite 
with minor pyrrhotite (Giblin, 1964).

Gold mineralization in the ‘‘Moss Deposit’’ and ‘‘East Coldstream De-
posit’’ occur in sheared intermediate to felsic metavolcanic rocks and in 
sheared and fractured diorite to gabbro or feldspar and quartz-feldspar 
porphyry bodies emplaced within intermediate to felsic metavolcanic 
rocks. Mineralization occurs as disseminated sulfides, quartz-albite 
veining and flooding with alteration minerals consisting mainly of sil-
ica, albite, sericite, carbonates, pyrite and minor chalcopyrite (Dufresne 
and Black, 2024). The deposit has an indicated resource of 1.535 Moz at 
1.23 g/t Au and inferred resource estimate of 5.198 Moz contained gold 
at 1.11 g/t Au (Dufresne and Black, 2024). All three deposits and past 
producing mines occur within a linear trend along the Quetico-Wawa 
boundary. Here we test whether there are changes in regional kine-
matics between the mineralized zone and surrounding unmineralized 
units.
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Fig. 1. Geological map of the western Shebandowan Greenstone Belt (modified from Ontario Geological Survey, 2011). Red triangles show known gold 
occurrences (small triangles), gold prospects (medium), and past gold mines (large) (Ontario Geological Survey, 2024). Inset shows subprovinces of the Superior 
Craton (modified from Frieman et al., 2017). Abbreviations: BrLS — Burchell Lake Stock, GrLS — Greenwater Lake Stock, HdLS — Hood Lake Stock, HLS — 
Hermia Lake Stock, HM — Huronian Mine, HmLS — Hamlin Lake Stock, LGLS — Little Greenwater Lake Stock, MLS — Moss Lake Stock, NCM — North Coldstream 
Mine, ObdS — Obadinaw Stock, SbLS — Shebandowan Lake Stock, SGL — Snodgrass Lake deposit. Ages are compiled from various sources (see Tab. S2).
3. Methods

3.1. Orientation analysis

Regional field mapping was done to determine the orientations 
of the foliation and stretching lineation as well as the kinematics of 
deformation. The structural data and field notes are available through 
the StraboSpot project repository in Stephan (2025).

To show statistical variations of orientation data in terms of their 
three-dimensional distribution (clustered, girdle or random), we visu-
alize the foliation and lineation data of the different grouped outcrops 
on a ‘‘fabric plot’’ after Vollmer (1990). The diagram displays the ratio 
of the three eigenvalues (𝜖1, 𝜖2, and 𝜖3) corresponding to the three 
eigenvectors of the orientation matrix that represents the distribution of 
the foliation and lineation data (Scheidegger, 1964; Lisle, 1989; Wood-
cock, 1977). These eigenvalues allow quantification of the shape of the 
distribution, which can be a combination of a point (clustered), girdle, 
and random shape (Vollmer, 1990). For this analysis, the outcrops were 
grouped regionally based on proximity and similar orientations.

Based on the test statistic of the uniformity test against the alterna-
tive hypothesis of a Bingham distribution (Mardia and Jupp, 2000), a 
linearized measure for uniformity is given by 

𝑈 = 1 −
√

3
2

3
∑

𝑖=1

(

𝜖𝑖 −
1
3

)2
(1)

𝑈 ∈ [0, 1] represents the uniformity, i.e. a spherical uniform distri-
bution yields 𝑈 = 0, a Bingham distribution (i.e. ‘‘girdle’’) is 𝑈 = 0.5, 
and a von Mises–Fisher distribution (i.e. ‘‘cluster’’) is 𝑈 = 1 Lisle 
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(1985), Vollmer (2020). The 95% confidence interval for the unifor-
mity index for each outcrop group is estimated from 1000 bootstrap 
samples.

The spatial trend of the strike of the foliation at surface can be 
spatially interpolated using the strike data. We perform a Krige inter-
polation algorithm for circular data based on the R package Circ-
Spatial (Morphet and Symanzik, 2010) using the average orientation 
of the foliation in each outcrop. Because perturbations of the foliation 
orientation result in a high local variance of the foliation strike, we map 
these deflections by applying an adaptive kernel window to measure 
the circular variance of the foliation strike within the kernels, weighted 
by the inverse of the distance to neighboring data points. The algorithm 
is based on the R package tectonicr (v0.4.1.9) (Stephan et al., 2023; 
Stephan, 2024).

3.2. Vorticity analysis

3.2.1. Rigid porphyroclast rotation
The mean kinematic vorticity number 𝑊𝑚 (Means et al., 1980; 

Truesdell, 1953) describes the bulk rotation of material lines coincident 
with the principal strain axes and ranges between 0 for pure shear 
strain and 1 for simple shear strain. The vorticity number is given 
as 𝑊𝑚 = cos 𝛼 with 𝛼 being the angle between the flow apophyses, 
which bisect flow fields of forward and backward rotation with respect 
to the shear direction. An equal contribution to strain from both pure 
shear (flow apophyses are perpendicular, i.e. 𝛼 = 90◦) and simple shear 
components (parallel apophyses, i.e. 𝛼 = 0◦) occurs at 𝛼 = 45◦, and 
hence, 𝑊 = 0.71 (Law et al., 2004).
𝑚
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The rotation of rigid porphyroclasts embedded in a ductilely de-
forming matrix depends on the vorticity of flow (Passchier, 1987; 
Simpson and De Paor, 1993; Xypolias, 2010). Thus, the relationship of 
the aspect ratio of a porphyroclast and its orientation with respect to 
the tectonic foliation can be used to estimate a mean kinematic vorticity 
number, 𝑊𝑚 (Ghosh and Ramberg, 1976; Jessup et al., 2007; Larson 
and Godin, 2009; Law et al., 2004; Passchier, 1987; Simpson and De 
Paor, 1993). We use the rigid grain net (RGN) method of estimating 
𝑊𝑚 (Jessup et al., 2007). The RGN relates the aspect ratio and long 
axis orientation of tailless porphyroclasts to 𝑊𝑚 (Fig.  5). Specimens 
must therefore meet the following criteria: (1) the porphyroclasts have 
undergone no internal deformation; (2) the matrix surrounding the 
clast was homogeneously deformed; (3) sufficient strain has developed 
to allow all clasts to reach a stable sink position; and (4) there has 
been no mechanical interaction between rigid porphyroclasts (Jessup 
et al., 2007; Simpson and De Paor, 1993; Simpson and De Paor, 
1997). Microscopic inspection of thin sections cut from porphyroclast-
bearing specimens collected during this study indicates that only 13 
such specimens appear to meet all the criteria necessary for vorticity 
analysis by the RGN method (sample locations and descriptions in Tab. 
S1). Although rigid porphyroclast rotation-based determinations of 𝑊𝑚
assume a minimum of monoclinic symmetry, they do not assume plane-
strain deformation and remain valid for three-dimensional strains (Law 
et al., 2004). The true value for 𝑊𝑚 can only be observed in a plane 
parallel to both the vorticity axis and the foliation. Thus, we determine 
𝑊𝑚 from thin sections that — if not stated otherwise — are cut parallel 
to the mean stretching lineation (X) and perpendicular to the folia-
tion (Z) while assuming monoclinic shear, where the vorticity profile 
plane (VPP) coincides with the XZ plane. It is worth noting that the 
assumption of monoclinic shear deformation is commonly not satisfied 
(as shown by the crystallographic vorticity analysis). Hence all 𝑊𝑚
analyses from the XZ plane of the finite strain ellipsoid underestimate 
the bulk rock’s vorticity.

We digitized the aspect ratio (𝑅, i.e. ratio of the clast’s long axis 
and short axis) and the angle between the foliation and the long axis 
(𝜓 , measured clockwise for positive angles) of the porphyroclasts clasts 
from scanned thin-sections using the software EllipseFit 3.11.0
(F. Vollmer: https://www.frederickvollmer.com/ellipsefit/index.html). 
The angle 𝜙 is the difference between the measured orientation of 
the clasts’ long axes with respect to an arbitrary line and the circu-
lar mean of these orientations (weighted by the clasts’ aspect ratio), 
because the mean long-axis orientation represents a best-fit of the 
foliation’s orientation. Scans and measurements are documented in the 
file S3_vorticity.zip in the supplementary material.

The boundary between freely spinning (infinitely rotating) porphy-
roclasts and those that have entered a ‘‘stable sink’’ position (limited 
rotation) is given by the grain with the maximum shape factor and an 
orientation larger than the critical angle (Passchier, 1987) 

𝜓𝑐 =
1
2

sin−1
𝑊𝑚
𝐵𝑐

(

√

1 −𝑊 2
𝑚 −

√

𝐵2
𝑐 −𝑊 2

𝑚

)

(2)

with the shape factor 

𝐵𝑐 =
𝑅2 − 1
𝑅2 + 1

. (3)

Thus, the maximum shape factor of the freely spinning grains is an 
estimate for the mean kinematic vorticity number 𝑊𝑚 (Jessup et al., 
2007). Here we use 97.5% upper quantile instead of the maximum 𝐵𝑐 to 
avoid outliers. There is a potential error introduced by slightly oblique 
cuts of the rock specimens and thin section, as well as slight changes 
in orientation due to wavy foliation, so we discard clasts that are only 
3◦ larger than the critical orientation. The 95% confidence interval for 
the critical shape factor 𝐵𝑐 for each specimen is estimated from 10000 
bootstrap samples.
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Fig. 2. CA-ID-TIMS results of zircon U-Pb dating of Moss Lake Syenite Stock 
(Fig.  1). (A) Tera–Wasserburg concordia diagram showing the isotopic ratio 
measurements as 2𝜎 analytical uncertainty ellipses, the concordia age (white 
ellipse), and the 𝑝-value of the 𝜒2 test for goodness-of-fit. Inset shows the 
weighted mean age of the single grain ages with their 2𝜎 uncertainties 
(including mean square weighted deviation (MSWD) and 𝑝-value of the 𝜒2

test). Grey area shows the 2𝜎 error of the calculated weighted mean age. 
Isotope ellipses and age bars of individual zircons are colored by their Th/U 
ratios.

3.2.2. Crystallographic vorticity axes
The position of the rock’s bulk vorticity vector with respect to 

the maximum stretching direction allows characterization of the flow 
regime for steady-state deformation. In the strain reference system 
(where X, Y and Z characterize the maximum stretching, intermediate 
strain and maximum shortening directions, respectively) a monoclinic 
pure-shear zone contains a vorticity axis parallel to X, whereas a 
vorticity axis parallel to Y occurs in a monoclinic simple shear zone. 
Any other orientation of the vorticity axis with respect to the strain 
coordinates indicates triclinic shearing. To identify the orientation of 
the rock’s bulk vorticity axis, we use the crystallographic vorticity axis 
(CVA) that determines the position of grain-scale vorticity axes (i.e. one 
vorticity axis per grain; Michels et al., 2015). The methodology uses 
rotational statistics to calculate the position of a rotational axis that 
matches the intragranular dispersion of crystallographic orientations in 
a single deformed grain Michels et al. (2015). Crystallographic orien-
tations were collected through electron backscatter diffraction analysis 
of 10 oriented samples. Analyzed sample surfaces were cut parallel to 
the macroscopic stretching lineation and perpendicular to the foliation.

Data from 10 samples were acquired at the University of British 
Columbia Okanagan, using a Tescan Mira 3 XMU variable pressure 
scanning electron microscope (tungsten filament; 20 kV and 25 Pa con-
ditions) equipped with an Oxford Instruments Symmetry S-3 detector. 
Sample locations and descriptions are listed in Table S1.

Crystallographic orientation maps were collected for each sample 
at step sizes ranging from 1 to 10 μm using a 30 kV acceleration 
voltage, 20.6 nA beam current, a gain ranging from 1 to 2, Speed 1 
mode, frame averaging ranging from 1 to 5, and a 10%–15% over-
lap between the maps. Grain orientation maps were processed using
MTEX v6.0.beta3 (Bachmann et al., 2010; Hielscher and Schaeben, 
2008; Schaeben et al., 2007). Grain boundaries were defined using a 
10◦ misorientation threshold and grains with less than 4 orientation 
solutions were omitted. Quartz grains with a shared neighbor-neighbor 
misorientation of 60◦ ± 1◦ were merged as they represent Dauphiné 
twin boundaries. We calculate grain-scale CVA using the method de-
scribed in Michels et al. (2015) for grains that have a grain orientation 

https://www.frederickvollmer.com/ellipsefit/index.html
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Fig. 3. Field photographs of structures in subhorizontal pavements from the Quetico Subprovince. (A) Fishmouth-type foliation boudinage structures (location: 
90.6270◦W, 48.6488◦N). (B) Dextral shearband boudins and asymmetric foliation boudinage structures (location: 90.6310◦W, 48.6515◦N). (C) Dextral shearband 
boudins in Grt-paragneiss. (location: 90.6888◦W, 48.6545◦N). (D) Migmatitic paragneiss with asymmetric fold indicating dextral sense of shear (location: 
90.8271◦W, 48.6618◦N).
spread larger than 1◦. Density functions were constructed using a 7.5◦
halfwidth de La Vallée Poussin kernel. To extract the orientation of the 
vorticity axis in geographic coordinates, we rotate the CVAs from the 
EBSD coordinate system into the geographic coordinate using the thin-
section and sample orientation as transformation parameters. In a final 
step, we estimate the kinematic vorticity number and the amount of 
triclinic shear using the intersection of the VPP with the foliation and 
the plane perpendicular to the foliation and lineation, respectively.

3.3. Geochronology

3.3.1. Zircon U-Pb CA-ID-TIMS
Zircon from the Moss Lake Stock (48.551◦N, 90.717◦W; Fig.  1) were 

selected for U-Pb geochronology at the Pacific Centre for Isotopic and 
Geochemical Research (UBC Vancouver).

The syenite sample was first crushed and ground and minerals were 
separated by water-table (Wilfley table), heavy-liquid and magnetic 
separation (Frantz magnetic separator). Zircon grains or grain frag-
ments were manually picked under magnification and five crack-and-
inclusion free grains were selected for CA-ID-TIMS U-Pb dating (Scoates 
and Friedman, 2008). For the isotope-dilution analysis, the grains were 
dissolved and homogenized with the chemical abrasion, single-grain U-
Pb technique using an EARTHTIME ET535 tracer to be finally analyzed 
using a Nu Instruments thermal ionization mass spectrometer. Common 
Pb correction is applied on our U-Pb data by inferring the initial 
common Pb composition from the two-stage crustal evolution model 
of Stacey and Kramers (1975). Isotope and calculated grain ages are 
listed in the supplementary material. The Tera–Wasserburg concordia 
diagram is shown in Fig.  2.
5 
3.3.2. Molybdenite Re-Os NTIMS
One molybdenite-bearing sample was selected from an auriferous 

and shear zone-parallel quartz vein (> 0.24 ppm Au; Goldshore Re-
sources Inc., personal communication, 2023) within a deformed meta-
diorite (48.546◦N 90.705◦W; Fig.  1) for Re-Os geochronology ob-
tained at the Canadian Centre for Isotopic Microanalysis (University of 
Alberta).

Methods used for molybdenite analysis are described in detail 
by Selby and Creaser (2004). Areas of the sample with visible molyb-
denite were removed, and preparation of a molybdenite mineral sepa-
rate was made by metal-free crushing and sieving followed by magnetic 
and gravity concentration methods. The 187Re and 187Os concentrations 
in molybdenite were determined by isotope dilution mass spectrometry 
using Carius-tube, solvent extraction, anion chromatography and neg-
ative thermal ionization mass spectrometry (NTIMS) techniques. For 
this work, a mixed double spike containing known amounts of iso-
topically enriched 185Re, 190Os, and 188Os analysis was used (Markey 
et al., 2007). Isotopic analysis used a ThermoScientific Triton mass 
spectrometer by Faraday collector. Total procedural blanks for Re and 
Os are less than < 3 pg and 2 pg, respectively, which are insignificant 
in comparison to the Re and Os concentrations in molybdenite. The 
Reference Material 8599 Henderson molybdenite (Markey et al., 2007) 
is routinely analyzed as a standard, and during the past 8 years returned 
an average Re-Os date of 27.78 ± 0.07 Ma (n=44), indistinguishable 
from the Reference Age Value of 27.66 ± 0.1 Ma (Wise and Watters, 
2011). The 187Re decay constant used is 1.666 ⋅ 1011𝑎−1 (Smoliar et al., 
1996). Additional details are listed in the supplementary material 
(S2_geochronology.xlsx).
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Fig. 4. Field photographs of structures in subhorizontal pavements from the Shebandowan Greenstone Belt. (A) Pillow basalt (location: 90.5390◦W, 48.6203◦N). 
(B) Flattened felsic metavolcanic rocks. Flattened lapilli have an aspect ratio of 𝑅XZ = 2.46 ± 0.2 (location: 90.4423◦W, 48.6462◦N). (C) Mylonitic foliation in 
intermediate metavolcanic rock (90.2557◦W, 48.6791◦N). (D) Sheared migmatitic metavolcanic rock and felsic dike/veins (location: 90.5771◦W, 48.4833◦N) . (E) 
Dextral Shearband boudinage of quartz vein in intermediate metavolcanic rock (location: 90.5885◦W, 48.6435◦N). (F) Dextral sc’ fabric in meta-granite (location: 
90.7120◦W, 48.5426◦N).
4. Results

4.1. Structures

4.1.1. Quetico subprovince
In the low-grade units of the metasedimentary rocks in the Quetico 

Subprovince, shear sense indicators are rare, limited primarily to asym-
metric foliation boudinage structures (cf. Arslan et al., 2008) (Fig.  3B) 
and shear boudins (Fig.  3B) that suggest a dextral sense of shear. Higher 
grade units provide more pronounced evidence of dextral sense of 
shear, including SC-fabrics, shear bands, and asymmetric folding within 
paragneiss and deformed migmatitic units (Fig.  3C and D). The finite 
strain geometry is characterized by flattening (Fig. S6).

4.1.2. Shebandowan Greenstone belt
In the Shebandowan Greenstone Belt of the Wawa-Abitibi Sub-

province, we observe a varying degree of deformation as shown by 
the strain intensity and spacing of the foliation, which result in par-
titioning between high and low-strain domains. At the outcrop scale, 
the foliation has an anastomosing pattern producing weakly deformed 
microlithons or shear boudins (low-strain zone) surrounded by high-
strain zones characterized by foliated and strongly deformed rock 
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(of the same lithologies as observed in the shear boudins). There is 
an overall dominance of dextral shear sense indicators close to the 
boundary with the Quetico Subprovince. However, mixed kinematic 
indicators (the presence of both dextral and sinistral shear senses) and 
a local dominance of sinistral shear sense indicators are also prevalent. 
Based on aspect ratio obtained from elongated pillow basalt, the strain 
geometry is dominantly flattening with 𝑅XZ = 2.46 ± 0.2 Fig.  4B and 
Fig. S6.

4.1.3. Large igneous bodies and plutons
Rocks surrounding the large felsic plutonic bodies in the She-

bandowan Greenstone Belt (see Fig.  1) show no evidence of contact 
metamorphism. Macroscopically, the felsic plutonic rocks, mainly syen-
ites and quartz-monzonites, appear undeformed and lack metamorphic 
phase transitions. However, microscopically, quartz grains display ev-
idence of intracrystalline deformation (e.g. undulose extinction) and 
dynamic recrystallization, such as subgrain rotation and bulging recrys-
tallization along quartz-quartz boundaries (Fig. S7). Feldspar grains, in 
contrast, do not show evidence for dynamic recrystallization, although 
they exhibit perthite textures and cross-hatching textures in microcline 
(Fig. S7).
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Fig. 5. Microstructures. (A) Mylonite (intermediate meta-volcanic rock) with forward (green arrows) and backward (blue arrows) rotating plagioclase (Pl) 
porphyroclasts from a dextral shear zone (sample HT-17). Foliation is defined by chlorite. (B) Felsic meta-volcanic rock with tailless garnet (Gt) porphyroclasts. 
Calcite veins parallel to foliation defined by aligned brown biotite (Bt) and green Fe-rich actinolite (Act) (sample Moss-029). (C) Meta-diorite with dextral 
SC’-fabric of a chlorite-sericite foliation and tailless quartz (Qz) porphyroclasts (sample Moss-001). (D) Felsic meta-volcanic rock with pyrite (Py) porphyroclast 
and quartz-tails (sample Moss-045). Thin sections are cut parallel to the macroscopic stretching lineation and perpendicular to the macroscopic foliation.
4.1.4. Gold textures
Gold is observed within foliation-parallel quartz-carbonate-sulfide 

veins (Figure S1 and S2). The sulfides are mainly pyrite, chalcopy-
rite, sphalerite, and molybdenite (Figure S2B). Pyrite is porphyroclas-
tic with dissolution-precipitation tails, is inclusion-rich (e.g. calcite, 
quartz, chalcopyrite, and gold), and fractured. Vein quartz display 
evidence of intracrystalline deformation (e.g. undulose extinction) and 
dynamic recrystallization, such as subgrain rotation and bulging recrys-
tallization along quartz-quartz boundaries (Figure S1 and Figure S2A). 
Gold occurs as inclusions within pyrite (Figure S1, Fig.  2D), as fillings 
of pyrite microfractures (Figure S2A and D), at the grain-boundary of 
pyrite (Figure S2B), or disseminated within the deformed vein-quartz.

4.2. Orientation and kinematic analysis

In the Shebandowan Greenstone Belt and the Quetico Subprovince, 
the foliation is mainly steep and strikes NE–SW, while the stretching 
lineation is predominantly shallow and parallel to the strike of the fo-
liation (Fig.  7). The metasedimentary units of the Quetico Subprovince 
are affected by subcylindrical folding (especially at Huronian Lake, 
HWY-11, and Fortes Lake Road). The associated fold axes are subhor-
izontal and trend NE–SW, parallel to the stretching lineation in the 
Shebandowan Greenstone Belt (Fig.  7). This folding is also represented 
by low uniformity indices for the lineations (𝑈 ≈ 0, i.e. strongly 
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clustered) and larger 𝑈 values for the foliation (𝑈 ≈ 0.5, i.e. girdle 
distribution; Fig.  8).

The variation of the foliation’s orientation in the Shebandowan 
Greenstone Belt is larger relative to the Quetico Subprovince, result-
ing in higher 𝑈 values. The dominant NE-SW trend of the lineation 
remains constant, only the variation in the plunge increases compared 
to the Quetico Subprovince (𝑈 ≈ 0.5). Towards the SW part of the 
study area (North and South Burchell Lake Road, Shebandowan Lake, 
and Whitefish Lake), the stretching lineation rotates towards a more 
clustered 𝑈 ≈ 0 yet subvertical orientation Fig.  8. Associated foliation 
poles form a shallow, wide girdle distribution suggesting folding around 
a subvertical axis parallel to the stretching lineation. However, we do 
not observe evidence for a pre-existing folding event prior to the main 
deformation event.

The Krige interpolation of foliation strikes (Fig.  9) highlights the 
predominant NE-SW strike and the relatively small variance in strike 
(< 0.2). Regions with large variance in strike are concentrated within 
a narrow zone within the Shebandowan Greenstone Belt close to the 
south/southeast of the boundary to the Quetico Subprovince. In this 
region, the foliation deflects from the general NE-SW strike and the 
trajectories give an anastomosing pattern (i.e. the foliation is deflected 
by the large felsic plutonic bodies).
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Fig. 6. (A,B) High strain shear zones within diorite (C, D) Close-up of the high strain zone. mylonitic and partly brecciated diorite with quartz-sulfide veins. 
Location: 90.6684◦W, 48.5630◦N.
4.3. Vorticity analysis

Estimates of the mean kinematic vorticity number 𝑊𝑚 from the 
rotation of rigid porphyroclasts using the RGN method give values 
ranging from 0.43 up to 0.85 (Fig.  10). The estimates of 𝑊𝑚 suggest 
that the deformation type ranges from coaxial to non-coaxial dominated 
flow in the area. The lowest vorticity estimates are measured in samples 
from the southeastern part of the study area, while the largest estimates 
are from samples close to the Quetico-Wawa boundary (see Fig.  8).

4.4. Geochronology of felsic intrusive rocks

U-Pb dating of five zircon grains from a syenite sample of the Moss 
Lake Stock (Fig.  1) yielded a concordia age of 2717.65 ± 0.45 Ma and 
a weighted mean age of 2717.35 ± 0.48 Ma (Fig.  2). The difference 
of both age estimates are negligible but the weighted mean age is 
underdispersed with respect to their analytical measurements (mean 
square weighted deviation, MSWD < 1).

Re-Os geochronology on molybdenite from an auriferous quartz-
vein yielded an age of 2708 ± 12 Ma (supplementary material
S2_geochronology.xlsx).

5. Discussion

5.1. Significance of vorticity analyses

Quantifying the shape of the foliation orientation tensor from 
pooled outcrops (Fig.  8, and Fig. S3) reveals distribution patterns of 
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foliation and lineation (cluster, girdle, or random) across the study 
area. The uniformity index of both foliation and lineation varies no-
tably within a narrow zone in the Wawa supbrovince close to the 
subprovince boundary and the gold occurrences. Generally, however, 
the uniformity profile across the Quetico–Wawa subprovince boundary 
shows an increase in the uniformity index towards the boundary, from 
subcylindrical girdle distributions to more strongly clustered foliation 
poles. This trend reflects the transition from the folded foliation in the 
SW part of the Quetico Subprovince in the study area towards the dom-
inantly steep foliation at the subprovince boundary. Lineations show a 
similar trend, from strongly clustered to girdle distributions (Fig.  7), 
suggesting either superimposed folding or an increase in coaxial defor-
mation during shearing. As we do not observe evidence for re-folding 
in the field, we interpret that this girdle distribution results from a 
combination of two lineation clusters produced by vertical simple-shear 
dominated transpression (resulting in horizontal stretching) and pure-
shear dominated transpression (resulting in vertical stretching, Tikoff 
and Teyssier (1994)). Such a bimodal distribution of vertical and linear 
lineations yields a 𝑈 -value of c. 0.5, which can misleadingly resemble 
a true girdle distribution. Furthermore, our observation of mixed kine-
matic indicators (i.e. dextral and sinistral shear sense indicators) in the 
Shebandowan Greenstone Belt also suggests varying contributions of 
coaxial (pure shear) and non-coaxial (simple shear) deformation.

This interpretation is supported by our vorticity analyses to quantify 
the kinematic vorticity number. Our estimates for the mean kinematic 
vorticity number 𝑊𝑚 range between 0.1 and 0.9 across the study area 
(Figs.  10 and 11). In samples where both the RGN and the CVA methods 
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Fig. 7. Simplified map and stereographic projections (equal area, lower hemisphere) for the pooled outcrops. Mean foliation and mean lineation are given by 
the eigenvectors corresponding to the largest eigenvalues of the orientation matrices of the foliation and lineation (Scheidegger, 1964; Woodcock, 1977; Lisle, 
1989). The circular standard deviation of the sphere (csd) is a cone comprising 68% of the data (Mardia and Jupp, 2000). See Fig.  1 for geologic legend.
were applied, the discrepancy between the different estimates is up 
to 0.4. This discrepancy has been addressed in previous studies (e.g. 
Law et al., 2004; Xypolias, 2010; Iacopini et al., 2011) and in our case, 
may be due to a combination of factors, including a low availability of 
grains in the RGN method, smaller sampling areas in the CVA analyses, 
the triclinic deformation component in the RGN method, or non-steady 
state flow during deformation (each described in more detail below).

• Low availability of grains: Stahr and Law (2011) showed that 
the low availability of grains with a high aspect ratio in a low 
strain domain can contribute to the underestimation of the 𝑊𝑚
values using the RGN method. The low strain effect might have 
affected our samples because grains with a high aspect ratio (> 4) 
were rarely measured (Fig. S6). In addition, the RGN method 
appears to be the most reliable in rocks subjected to moderate 
finite strains (Grasemann et al., 1999).

• Smaller sampling area for CVA: The CVA vorticity estimates are 
derived from a smaller sampling area when compared to the 
RGN method. The latter includes clasts from one or two thin-
section (ca. > 12.4 cm2), whereas crystallographic vorticity axes 
are estimated from < 12.4 cm2. Effects of small-scale strain par-
titioning, such as between microlithons and intervening shear 
bands, may significantly bias estimates of bulk kinematic vorticity 
from crystallographic orientation data.

• Three-dimensional flow in deformation: A triclinic component of 
shear causes the mean kinematic vorticity number in the RGN 
method to underestimate the bulk rocks vorticity number, be-
cause the XY plane of the finite strain ellipsoid does not coincide 
with the VPP (Xypolias, 2010; Iacopini et al., 2008; Kruckenberg 
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et al., 2019; Iacopini et al., 2011). However, the triclinic com-
ponent is generally small in our studied rocks, as indicated by 
the crystallographic vorticity axes (Fig.  11). This suggests that 
deformation is be purely monoclinic within the uncertainties of 
the measurements, which probably stem mainly from cutting the 
samples slightly oblique to the lineation-foliation reference frame.

• Non-steady state flow during deformation: The RGN method 
records the vorticity from feldspar clasts interacting with the 
rock’s matrix, and hence, record a large strain history (see dis-
cussion in Xypolias, 2010). In contrast, the CVA method dom-
inantly measures the vorticity from quartz grains, which may 
only records the final increments of strain. Differences between 
the vorticity estimates from both methods may thus stem from 
non-steady state conditions during the flow. In this case, the 
simple shear component would have increased as deformation 
progresses, because the 𝑊𝑚 estimates from the CVA method are 
higher than those from the RGN method.

Other fundamental assumptions such as the requirement of clasts em-
bedded in a linear-viscous Newtonian matrix during deformation (i.e.
the viscosity is constant, e.g. Johnson et al., 2009a,b), the rigidity 
of the rotating clasts (recrystallization or fracturing do not change 
the clasts’ shape), the absence of strain-partitioning at the interface 
between the clast and the matrix, and the initial random orientation 
of the clasts, may not always be satisfied and thus may also contribute 
to the discrepancies between the used methods.

Despite these method discrepancies, the scatter of 𝑊𝑚 values ob-
tained from outcrops in the Shebandowan Greenstone Belt directly 
reflects the relative contributions of pure and simple shear during 
deformation. The spatial distribution of 𝑊  values across the shear 
𝑚
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Fig. 8. Uniformity of fabric elements along a profile across the Quetico-Wawa subprovince boundary. The uniformity index is an eigenvalue-based measure for 
the distribution of orientation data in the pooled outcrops (see Fig.  7). Distances are normal to Quetico-Wawa boundary. Error bars for distance shows the range 
of distance in each outcrop group while error bars for uniformity index represent the 95% confidence interval of uniformity index estimated from 1000 bootstrap 
samples.
 

zone is shown on the vorticity map (Fig.  12A). Although the analyzed 
23 samples may not be statistical representative for the study area 
covering ca. 500 km2, the vorticity profile perpendicular to the shear 
zone reveals notable trends of the mean kinematic vorticity number 
(Fig.  12B). The highest 𝑊𝑚 estimates (> 0.9) are located within a 
narrow zone (< 4 km wide) in the Shebandwowan Greenstone Belt to 
the southeast of the Quetico and Wawa subprovince boundary. 𝑊𝑚 de-
creases away from this zone reaching the lowest recorded value (𝑊𝑚 =
0.1) ca. 12 km to the southeast of the boundary. Furthermore, the mean 
kinematic vorticity number varies considerably within narrow zones of 
high strain close to the subprovince boundary.

In conclusion, vorticity estimates demonstrate that the Shebandowan
Greenstone Belt is dominated by simple shear near the boundary with 
the Quetico Subprovince and transitions into a transpressional zone 
of deformation away from the boundary. This zone of simple shear 
dominated deformation hosts the main gold deposits which coincide 
with areas of sudden abrupt changes in the foliation strike (Fig.  9), 
uniformity index (Fig.  8), and vorticity number (Fig.  12B). The location 
of these gold occurrences suggests a possible genetic link to foliation 
bending and vorticity changes but warrants further investigation as 
most of these occurrences have not been studied in detail.
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5.2. Constraints for timing of gold mineralization

Absolute dating of the gold mineralization remains challenging 
due to the scarcity of dateable minerals definitively associated with 
gold mineralization and the uncertainties in the Re-Os molybdenite 
dating. Our Re-Os age yields an age of 2708 ± 12 Ma for molybdenite 
from a foliation-parallel auriferous quartz vein hosted in metadior-
ite. However, the veins are deformed and gold shows evidence for 
remobilization (Fig. S1 and S2). Thus, age estimates for gold’s initial 
mineralization and subsequent remobilization must rely on its relative 
timing to the large felsic intrusions, the regional metamorphism, and 
ductile deformation.

Absolute ages based on radiometric dating of zircons and rutile, 
suggests that the metavolcanic rocks formed at ca. 2720 Ma (Corfu 
and Stott, 1998) and that the felsic intrusions crystallized around 
2690 Ma (Fig.  13; Corfu and Stott, 1998). The undeformed and unmeta-
morphosed appearance of some felsic intrusions has led to the inter-
pretation that the main deformation event occurred between 2720 Ma 
and 2690 Ma (Fig.  13). However, this interpretation is at odds with our 
structural observations and radiometric dating.

We find no evidence of contact metamorphism in the rocks sur-
rounding these intrusions. Instead, we observe dynamic recrystalliza-
tion in quartz and systematic deflections of the foliation around in-
trusions, indicative of deformation postdating their emplacement. This 



T. Stephan et al. Journal of Structural Geology 201 (2025) 105542 
Fig. 9. Variance of interpolated strike of main foliation at surface and distribution of reported gold occurrences (dark gray triangles). Note the spatial concentration 
of high-grade gold occurrences (larger triangles) surrounding the felsic intrusions (white) as indicated by deflected foliation (high variance > 0.25). The strike is 
interpolated using circular Kriging of the mean orientation (n=227) of the foliation observed at each outcrop. See Fig.  1 for abbreviated names of felsic intrusions.
is in agreement with our zircon U-Pb TIMS age of a macroscopi-
cally undeformed syenite from the Moss Lake Stock (2717 ± 0.5 Ma; 
Figs.  1 and 2), pre-dating the previously suggested timing of regional 
metamorphism and ductile deformation.

Moreover, rocks of the Quetico Subprovince underwent comparable 
deformation and metamorphic conditions to those in the Shebandowan 
Greenstone Belt. The maximum deposition age (youngest zircon) for the 
metasedimentary rocks in the Quetico Subprovince is 2700–2690 Ma, 
followed by peak metamorphism at ca. 2671–2665 Ma (Fig.  13; Pan 
et al., 1998; Corfu, 2000). This suggests that the Shebandowan Green-
stone Belt was still affected by metamorphism and ductile deformation 
approximately 20 Myr after the felsic intrusive magmatism. This timing 
is consistent with constraints on exhumation from amphibolite-facies 
conditions occurring between 2678 and 2668 Ma (Ar-Ar geochronol-
ogy) at the easternmost extension of the subprovince boundary in 
Québec (here Abitibi-Opatica boundary; Daoudene et al., 2022).

Comparing our Re-Os molybdenite age with the compiled ages 
constraining the timing of magmatism reveals that gold-associated 
molybdenite mineralization overlaps with two phases of felsic mag-
matism (Shebandowan and Greenwater phases of magmatism; Fig. 
13). Although the uncertainties in the Re-Os age do not allow precise 
relationship to one of these magmatic phases, the age coincides with the 
exhumation age. Moreover, as the gold- and molybdenite bearing veins 
are parallel to the main foliation and show evidence for deformation 
(Fig. S1 and S2), the Re-Os molybdenite age likely predates the latest 
stage of gold enrichment, which we interpret to have occurred syn-
deformation in a window between 2690 (i.e., timing of the deposition 
of the Quetico metasedimentary protoliths) and 2665 Ma (i.e., timing 
of regional exhumation).
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5.3. Structural and microstructural evidence for syn-deformational gold 
deposition

Active faults and shear zones play a critical role in vein emplace-
ment by enhancing fracture formation. Deformation within active shear 
and fault zones significantly increases local permeability, favoring the 
redistribution of large volumes of hydrothermal fluids and focusing 
fluid flow (Cox et al., 2001; Campbell McCuaig and Kerrich, 1998; 
Faulkner et al., 2010). This channeling of fluid flow in high-strain zones 
has been critical in the formation of numerous world-class and giant 
lode gold deposits along such structures (Goldfarb et al., 2005; Groves 
et al., 1995, 2018; Blenkinsop and Doyle, 2014).

In the Shebandowan Greenstone Belt, gold-bearing quartz-carbonate-
sulfide veins are mainly oriented parallel to the main foliation of 
mylonite rocks where the steep ore shoots are perpendicular to the 
dominant shallowly plunging lineation within the foliation plane (Os-
mani, 1997). It, therefore, seems that the emplacement and the growth 
of aqueous-carbonaceous auriferous quartz-sulfide veins occurred dur-
ing periods of active deformation under relatively low-temperature 
conditions (greenschist-facies metamorphism). Our field relations and 
microstructural analysis agree that mylonitic fabrics in gold-bearing 
quartz veins and host rocks were formed coevally during low-
temperature ductile deformation, as evidenced by dynamic recrystal-
lization of quartz, brittle deformation of feldspar, and rotated rigid 
sulphides with asymmetric quartz pressure-solution tails (Figs.  6 and 
S2).

5.4. Controls on gold distribution: foliation deflection, vorticity and strain 
partitioning

Foliation strike and vorticity analyses reveal that gold in the west-
ern Shebandowan Greenstone Belt (Wawa-Abitibi Province) is pref-
erentially concentrated along deflected high-strain shear zones with 
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Fig. 10. Vorticity analyses of 13 specimens based on the rigid grain net method of Jessup et al. (2007). The shape factor 𝐵𝑐 is a function of the aspect ratio of 
the porphyroclast (Eq. (3)). Vertical, dashed gray lines show the 95% confidence interval for the boundary between infinitely rotating porphyroclasts and those 

that have entered a ‘‘stable sink’’ position (limited rotation). n — number of clasts.
substantial non-coaxial (simple-shear) deformation (e.g. Leclair et al., 
1993). In particular, gold accumulates in zones of vorticity change, 
where strain is partitioned between simple-shear- and pure-shear dom-
inated deformation (Figs.  9 and 12). Similar spatial associations be-
tween vorticity changes and gold concentration have been reported 
in shear zone hosted quartz vein lode-gold deposits in the Borborema 
Province in Brazil (de Almeida et al., 2024), the Eastern Dharwar 
Craton of southern India (Kar et al., 2024), and the Eastern desert of 
Egypt (Kassem et al., 2016).

In the Shebandowan Greenstone Belt, foliation deflections and strain 
partitioning occur near large felsic intrusions predating the mylonitic 
fabric and metamorphism (Fig.  13). These syenitic, monzonitic and 
dioritic intrusions are feldpar-rich with isotropic fabrics (Fig. S7), and 
are therefore rheologically stronger than the surrounding quartz-rich 
and anisotropic metavolcanic rocks. Acting as rigid bodies during duc-
tile deformation, they cause foliation deflections and strain partitioning 
at various scales. Gold enrichment appears to be primarily localized 
near large-scale intrusive bodies, as shown by the spatial distribution 
of major gold occurrences (Fig.  1).

Field evidence of dilatational jogs and restraining bends near low-
strain rigid bodies supports the interpretation that competency con-
trasts drive fabric deflections and strain partitioning (Fig.  6). Dilata-
tional jogs create fluid pathways by reducing effective mean stresses 
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(overpressure), promoting brittle deformation (e.g. Cox, 2005; Con-
nolly and Cosgrove, 1999a,b). Restraining bends (contractional fault 
jogs) lead to extensive brecciation and may also promote permeabil-
ity (Rispoli, 1981; Sibson, 1986; Kim et al., 2004). Both structures 
can create a positive feedback loop, where high permeability facilitates 
continuous fluid migration, reducing mean stresses and causing further 
fracture damage in the jogs (Sibson et al., 1988). This process can 
lead to the development of multi-event overprinting vein systems, with 
individual veins oriented normal to local extension directions (Lee and 
Wiltschko, 2000). Thereby, multiple generations of fluids may blur any 
geochemical signal tying the gold to its source-fluid composition.

Dilatational and contractional jogs in a vertical shear zone en-
able vertical fluid migration of gold-bearing aqueous-carbonaceous 
fluids derived from deeper Archean basement rocks undergoing par-
tial melting or prograde metamorphism (e.g. Goldfarb and Pitcairn, 
2023). Secondary gold enrichment may then occur through remobiliza-
tion due to dissolution-precipitation (Hastie et al., 2020; Fougerouse 
et al., 2016) or dynamic recrystallization of quartz and sulfides (e.g. 
Dubosq et al., 2018), followed by re-precipitation in response to tem-
perature or fluid chemistry changes in low mean stress areas (e.g. 
Cox et al., 1995). Fluid overpressure-induced seismic activity in these 
jogs and the piezoelectric effects in quartz may further enhance gold 
concentration (Voisey et al., 2024).
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Fig. 11. Crystallographic vorticity axes in sample coordinate system XYZ (X — stretching lineation, Y — normal to foliation, Z — direction of observer; equal-area 

stereographic projection into upper hemisphere). mrd — multiples of random distribution (kernel halfwidth: 7.5◦).
Since many gold deposits in the Superior Craton are associated with 
regional Archean dextral transpression (e.g. Leclair et al., 1993; Card 
et al., 1989; Poulsen et al., 1992; Jellicoe et al., 2022; Lin, 2001; 
Muir, 2003; Lafrance et al., 2004; Tóth et al., 2023; Lin and Corfu, 
2002; Müller et al., 2021; Zammit et al., 2022; Sibson et al., 1988), we 
propose that gold mineralization along the peripheries of rigid felsic 
intrusions in domains of simple shear dominated deformation may 
be an intrinsic feature of granite greenstone belts. Mapping vorticity 
changes and quantifying foliation deflections could thus serve as a 
powerful and cost-effective tool for gold exploration.

6. Conclusions

Gold mineralization in the western Shebandowan Greenstone Belt is 
associated with ductile shear zones near the boundary with the Quetico 
Subprovince. These gold occurrences are closely linked to changes 
in the orientation of the ductile foliation within metavolcanic units 
adjacent to felsic intrusive bodies. The competency contrast between 
the metavolcanic units and feldspar-rich, isotropic intrusive bodies 
causes the foliation to deflect, leading to localized strain partitioning 
between coaxial (pure shear) and non-coaxial (simple shear) domains. 
This partitioning is reflected in variations of the kinematic vorticity 
numbers — a measure for the degree of coaxiality in the ductile 
flow. Localized strain partitioning along the deflected foliation forms 
releasing (dilatational jogs) and restraining bands (contractional jogs). 
These structures create vertical fluid pathways and stress accumulation, 
culminating in brittle deformation and permeability. These processes 
promote multiple episodes of fluid migration as well as local remobi-
lization of gold, required to upscale the gold concentration to economic 
levels.
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Fig. 12. Vorticity across the Quetico-Wawa subprovince boundary. (A) Spatial distribution of the mean kinematic vorticity numbers 𝑊𝑚. Gray triangles show 
known gold occurrences, gray areas show surface exposure of felsic granitoids, and gray bars show the strike of the main foliation (see Fig.  9 for details). Gold 
deposits: HM — Huronian Mine (inactive), NCM — North Coldstream Mine (inactive), SGL — Snodgrass Lake deposit. (B) NW-SE profile showing the mean 
kinematic vorticity numbers and their distances normal to Quetico-Wawa subprovince boundary. Note the increase of simple shear within high-strain zones, and 
the lower 𝑊𝑚 outside of these zones and within strain shadows of larger intrusive bodies. The monoclinic score indicates the amount of monoclinic flow geometry 
and ranges from 0 for triclinic shear to 1 for monoclinic shear. The angle 𝛼 between the flow apophyses is >45◦ for pure shear dominated general shear and 
<45◦ for simple shear dominated general shear.
Appendix A. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.jsg.2025.105542.
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Data availability

The structural data and field notes are available through the Stra-
boSpot project repository in 10.17605/OSF.IO/C4EY9.
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Fig. 13. Geochronological compilation of Shebandowan Greenstone Belt showing the mean ages and their 2𝜎 standard deviation. Grey spectrum shows the 
adaptive, weighted kernel density estimate of the compiled ages (details in Tab. S2).
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