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Formation of orogenic gold
deposits by progressive
movement of a fault-fracture
mesh through the upper crustal
brittle-ductile transition zone

Miguel Tavares Nassif', Thomas Monecke!™, T. James Reynolds'?, Yvette D. Kuiper?,
Richard J. Goldfarb?, Sandra Piazolo® & Heather A. Lowers*

Orogenic gold deposits are comprised of complex quartz vein arrays that form as a result of fluid

flow along transcrustal fault zones in active orogenic belts. Mineral precipitation in these deposits
occurs under variable pressure conditions, but a mechanism explaining how the pressure regimes
evolve through time has not previously been proposed. Here we show that extensional quartz veins

at the Garrcon deposit in the Abitibi greenstone belt of Canada preserve petrographic characteristics
suggesting that the three recognized paragenetic stages formed within different pressure regimes.
The first stage involved the growth of interlocking quartz grains competing for space in fractures

held open by hydrothermal fluids at supralithostatic pressures. Subsequent fluid flow at fluctuating
pressure conditions caused recrystallization of the vein quartz and the precipitation of sulfide minerals
through wall-rock sulfidation, with some of the sulfide minerals containing microscopic gold. These
pressure fluctuations between supralithostatic to near-hydrostatic conditions resulted in the post-
entrapment modification of the fluid inclusion inventory of the quartz. Late fluid flow occurred at near-
hydrostatic conditions and resulted in the formation of fluid inclusions that have not been affected by
post-entrapment modification as pressure conditions never returned to supralithostatic conditions.
This late fluid flow is interpreted to have formed the texturally late, coarse native gold that occurs
along quartz grain boundaries and in open spaces. The systematic evolution of the pressure regimes

in orogenic gold deposits such as Garrcon can be explained by relative movement of fault-fracture
meshes across the base of the upper crustal brittle-ductile transition zone. We conclude that early vein
quartz in orogenic deposits is precipitated at near-lithostatic conditions whereas the paragenetically
late gold is introduced at distinctly lower pressure.

Orogenic gold deposits, which account for about one-third of the world’s gold production’, are comprised of
complex quartz vein arrays that formed as a result of focused hydrothermal fluid flow along trans-crustal fault
zones of mixed brittle-ductile character®. The ore-forming fluids are produced by crustal devolatilization during
metamorphism in active orogens®*. The formation of orogenic gold deposits is interpreted to occur within the
upper crustal brittle-ductile transition zone, referred to as the continental seismogenic zone in young orogenic
belts, that separates the lithostatically pressured lower crust from the overlying portion of the crust where near-
hydrostatic pressures prevail®=®. Mineral deposition occurs as a consequence of fault-valve action along the
controlling fault zone through fault failure, which permits episodic high-flux discharge of metamorphic fluids
from the deeper-seated reservoir into upper crust®=S.

Although the structural framework of orogenic gold deposits is well studied, there is considerable uncertainty
as to how large-scale fluid flow processes predicted by the fault-valve model translate to observations that can
be made at the scale of individual veins or at microscopic scales. This knowledge gap, at least in part, arises from
the fact that quartz in orogenic gold veins is typically recrystallized and primary textural relationships have been
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Figure 1. Geological setting of the Garrcon deposit. (a) Location in the Superior Province. (b) Map of the
southern Abitibi greenstone belt showing major fault zones and locations of orogenic gold deposits along the
Porcupine-Destor and Larder Lake-Cadillac fault zones. Map modified from Ref.?2. (¢) Geology of the Garrison
gold camp and the Garrcon deposit. Map modified from Ref.*'. Figure was created using Core] DRAW 2021
(https://www.coreldraw.com/).
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largely obliterated®™'*. Dynamic recrystallization also results in widespread destruction of the primary fluid
inclusion inventory in the quartz®-'*. In addition, most fluid inclusions have been affected by post-entrapment
modification'®'?8 caused by pressure changes that occurred during and after metal precipitation'?'%. As a
result, the pressure and temperature conditions of quartz deposition and gold precipitation cannot be accurately
reconstructed in most orogenic gold deposits.

Here we report on the occurrence of extensional quartz veins from the Garrcon orogenic gold deposit in
the Neoarchean Abitibi greenstone belt of Canada that show exceptionally well-preserved primary textures,
although the related fluid inclusion inventory has been severely affected by post-entrapment modification. It
is demonstrated that the textural evidence alone allows the reconstruction of the mechanisms of quartz vein
formation and the relative timing of gold introduction, constraining the temporal evolution of the fluid flow
regime at the scale of individual veins. A framework is proposed for how orogenic gold deposits can form through
progressive movement of a network of interlinked shear fractures and extensional fractures—so-called fault-
fracture meshes'®—across permeability barriers within the upper crustal brittle-ductile transition zone, which
is a complex region of alternating brittle and ductile behavior®.

Geological setting

With a total endowment of more than ~ 200 million ounces of gold, the southern Abitibi greenstone belt of
Ontario and Quebec is one of the most prolific orogenic gold provinces in the world?"*%. The belt encompasses
Neoarchean metavolcanic rocks formed in a submarine setting between 2795 and 2695 Ma?*~%%, and flysch-like
metasedimentary rocks of the Porcupine assemblage deposited as a result of crustal thickening and emergence
of a shallow marine or subaerial hinterland*** between 2690 and 2685 Ma**-?%. Large-scale folding and thrust-
ing during a deformational event occurring prior to 2679 Ma?*? resulted in the development of a regional
terrestrial unconformity surface that is overlain by 2679-2669 Ma**%* molasse-like metasedimentary rocks of
the Timiskaming assemblage, which locally contain intercalated subaerial alkaline metavolcanic units?>2°-28,

Crustal shortening and thick-skinned thrusting resulted in the structural burial of the molasse-like meta-
sedimentary rocks after 2669 Ma*>?. Panels of the metasedimentary rocks of the Timiskaming assemblage are
preserved in the footwall of these thrusts, which are today represented by major fault zones transecting the
supracrustal rocks of the southern Abitibi greenstone belt. All major gold camps in the belt are located along these
crustal-scale fault zones*"*>*>?’, which include the E-trending Porcupine-Destor fault zone in the north and the
Larder Lake-Cadillac fault zone in the south (Fig. 1a). The metavolcanic and metasedimentary host rocks of the
orogenic gold deposits in the southern Abitibi greenstone belt were metamorphosed to prehnite-pumpellyite to
lower greenschist facies prior to ore formation®>*.

The Garrcon gold deposit (20.6 million tonnes of ore containing 636,000 oz Au™) is located in the Garrison
camp near the provincial border between Ontario and Quebec within a transtensional segment of the Porcupine-
Destor fault zone (Fig. 1b). The deposit occurs within a ~600-m-wide fault block that is bound by the subverti-
cal Munro fault zone in the north and the Porcupine-Destor fault zone in the south®2. The ore zones consist of
east-dipping sets of veins (Fig. 2a) that are hosted by massive metagreywacke of the Timiskaming assemblage
and meta-intrusive rocks*>. Abundant extensional veins (Fig. 2b) are~1 mm to~5 cm in width (Fig. 2¢) and
are locally associated with minor zones of hydrothermal brecciation (Fig. 2d). The quartz veins are surrounded
by distinct beige-colored halos caused by pervasive albite alteration of the metasedimentary and meta-intrusive
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Figure 2. Characteristics of quartz veins. (a) E-dipping quartz veins (arrows) crosscutting metasedimentary
rocks. (b) Extensional veins surrounded by halos of intense albite alteration. (c¢) Hand specimen of extensional
quartz vein containing pyrite. The metasedimentary rock surrounding the vein is albite-altered. (d) Hand
specimen of hydrothermal breccia cemented by quartz. The clasts of wall-rock in the breccia are intensely
albite-altered. (e) Extensional vein containing abundant visible gold (arrows). The visible gold appears to be
paragenetically late and crosscuts the quartz forming the vein.

host rocks (Fig. 2b-d). The altered wall-rocks contain abundant disseminated pyrite. Visible gold in the exten-
sional veins appears to be paragenetically late and commonly is present in fractures cutting the quartz (Fig. 2e).

Vein quartz petrography

Thin section petrography shows that key primary textural relationships are preserved in samples of the exten-
sional veins from Garrcon. The veins consist mostly of elongate to blocky quartz grains that commonly increase in
grain size from the vein walls toward the vein centers (Fig. 3). The quartz grains are approximately perpendicular
to the wall-rock contact along the vein margins but show no preferred shape or crystallographic orientation in
the vein centers (Fig. 3a). Grain boundaries between adjacent quartz grains range from planar to interlocking
(Fig. 3a). Optical cathodoluminescence (CL) imaging reveals that the quartz grains have a short-lived blue emis-
sion (Fig. 3b) that changes to light purple during continued electron bombardment. The quartz exhibits a long-
lived red-brown to brown CL color (Fig. 3c). The elongate and blocky quartz crystals appear unzoned in plane
and cross-polarized light (Fig. 3d) but exhibit complex oscillatory and sector zoning patterns in CL (Fig. 3e,f).

Electron microprobe mapping shows that the growth zones in the elongate to blocky quartz grains recognized
by CL vary in Al content. Growth zones showing a bright luminescence have comparably high Al concentrations
(Fig. 3e,f). Electron backscatter diffraction analysis illustrates that the elongate to blocky quartz grains in the vein
centers have different orientations, but that the crystallographic orientation within individual grains does vary
by more than four degrees. The lack of crystallographic orientation changes within individual grains (Fig. 3g,h)
suggests that stress-induced dislocation glide or creep was minor after quartz crystal growth within the veins.
Mechanical Dauphiné twins are present only in some quartz grains (Fig. 3g,h). The quantitative orientation
analysis confirms that the complex oscillatory and sector zoning visible in CL is a primary characteristic of the
elongate to blocky quartz grains.

However, in many vein samples from Garrcon, the originally elongate and blocky quartz grains are affected
by recrystallization (Fig. 4). Recrystallization is particularly pronounced surrounding microscopic ribbons of
pyrite and minor arsenopyrite that cut across the vein quartz or are present along grain boundaries between
larger quartz grains. Polycrystalline aggregates consisting of small (10—20 pum) and nearly equidimensional
grains occur in these zones of recrystallization (Fig. 4a,b). The spatial association between recrystallized quartz
and sulfide minerals suggests that the sulfides formed paragenetically after the growth of the early elongate
and blocky quartz grains, contemporaneous with recrystallization of the earlier quartz. Pyrite occurring in the
sulfide ribbons shows complex patchy zoning patterns in backscatter electron images that are primarily related
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Figure 3. Petrographic characteristics of extensional vein quartz. (a) Vein consisting of elongate to blocky
grains with planar or interlocking grain boundaries. (b) Cathodoluminescence image showing that the quartz
grains have a short-lived (~ 15 s) blue emission. Quartz surrounding clusters of fluid inclusions affected

by post-entrapment modification shows a yellow emission. (c) Long-lived (~ 100 s) red-brown to brown
cathodoluminescence of quartz grains showing primary growth zoning. (d) Crossed-polarized light image

of elongate and blocky quartz. (e) Corresponding long-lived (~ 300 s) cathodoluminescence image showing
oscillatory and sector zoning of the grains. (f) Electron microprobe map of Al illustrating that the growth

zones in the quartz grains observed by cathodoluminescence imaging are compositionally distinct. (g) Electron
backscatter diffraction orientation map of elongate to blocky quartz grains. Grain orientations are represented
by the different colors. Grain boundaries are color-coded depending on the grain boundary misorientation.
Boundaries of Dauphiné twins are represented by the red lines. (h) Results of the electron backscatter diffraction
analysis. The diagram on the left shows the color scheme used for the grain orientations relative to main crystal
axis perpendicular to the map plane. The diagram in the middle shows a 3D representation of grain orientations
of the numbered grains in (g). The histogram depicts the relative frequency of grains plotted as function of the
changes in crystallographic orientation within individual grains. The internal misorientation does not exceed
four degrees across individual grains.
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Figure 4. Petrographic characteristics illustrating paragenetic relationships. (a) Ribbons of anhedral pyrite and
polycrystalline quartz aggregates (arrows) crosscutting originally elongate to blocky quartz grains. Crossed-
polarized light. (b) Narrow bands of small polycrystalline quartz grains (arrows). The bands transect originally
elongate to blocky grains or occur along original grain boundaries. Gold occurs at a grain boundary (red
arrow). Crossed-polarized light. (c) Backscatter electron image of pyrite grain exhibiting patchy compositional
zoning. Micron-sized gold occurs as inclusions in the pyrite and along microfractures transecting the pyrite (red
arrows). Subtle patchy zoning in the pyrite is caused by variations in the As content. (d) Late gold (red arrows)
located along quartz grain boundaries (arrows) in reflected light. Au=gold; Py=pyrite.

to variations in As content (Fig. 4c). Gold occurs as microscopic inclusions in the pyrite. The gold inclusions
are encapsulated by the pyrite or, more commonly, occur along small fractures within the pyrite grains (Fig. 4c).

Coarse native gold is texturally late and present within microfractures transecting earlier quartz grains or at
grain boundaries of the vein quartz (Fig. 4b,d). Native gold is also present in late vugs filled with clear euhedral
quartz crystals or calcite and is commonly closely associated with chlorite. Grains of native gold are present along
healed microfractures cutting the latest quartz and calcite.

Fluid inclusion petrography

The early elongate to blocky quartz and recrystallized quartz grains are cloudy in thin section due to abundant
secondary fluid inclusions forming dense, wispy arrays (Fig. 5a). Decrepitation textures are common (Fig. 5b),
indicating that many fluid inclusions hosted by the vein quartz were affected by post-entrapment modification
(Fig. 6). However, some secondary inclusion assemblages do not show evidence of post-entrapment modification,
but instead the inclusions contain consistent phase proportions (Fig. 5c,d). Such assemblages are discernable
in clearer quartz locally present in the veins. These assemblages of fluid inclusions containing consistent phase
proportions include three-phase fluid inclusions with double bubbles (Fig. 5¢), in which an aqueous liquid wets
the inclusion walls and suspends a bubble of carbonic liquid that encloses a bubble of carbonic vapor, as well as
two-phase H,O-dominant fluid inclusions (Fig. 5d).

Discussion

The vein textures at Garrcon record the evolution of the hydrothermal system that formed this orogenic gold
deposit. The paragenetically earliest event resulted in the deposition of the barren, elongate to blocky quartz
in the extensional veins. This was followed by the formation of microscopic sulfide ribbons along many of the
ubiquitous microfractures cutting the earlier quartz and along grain boundaries between the elongate and blocky
quartz grains, with the earlier quartz recrystallizing along these microscale zones of fluid flow. Pyrite formed
during this paragenetic stage contains gold as microscopic inclusions. Later, formation of euhedral quartz in
open spaces occurred, which was accompanied by late chlorite growth. Paragenetically latest is native gold, which
occurs along microfractures cutting late euhedral quartz and calcite, or along grain boundaries of the earlier
elongate and blocky quartz.
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Figure 5. Fluid inclusion characteristics of extensional vein quartz. (a) Wispy texture from myriads of healed
microfractures defined by inclusions that are typically <5 um in size. (b) High magnification image showing
decrepitation textures and inclusions with variable phase proportions. (¢) Healed microfracture of equant-
shaped H,0-CO, fluid inclusions. The inclusions contain aqueous liquid and a double bubble composed of a
bubble of carbonic liquid that encloses a bubble of carbonic vapor. The inclusions show consistent volumetric
proportions within the single inclusion assemblage. (d) Quartz crystal containing H,O-dominant inclusion
assemblages with consistent volumetric proportions of liquid and vapor. Such assemblages of inclusions
predominate in the latest, clearest euhedral quartz.

The formation of the extensional quartz veins at Garrcon can be related to episodic fluid flow through a
fault-fracture mesh located in a fault block between the subvertical Munro and Porcupine-Destor fault zones™.
These crustal-scale fault zones allowed upflow of geopressured fluids created by metamorphic devolatilization
deeper in the crust’*. Fluid pressure build-up beneath a permeability barrier within the upper crustal brittle-
ductile transition zone (Fig. 7) resulted in intermittent, catastrophic hydraulic fracturing”®. Following failure,
the fractures created were held open by the supralithostatically overpressured fluids until they were sealed by
quartz****. The comparably large volume of flow resulted in significant quartz deposition* and initial vein
formation through cooling of the metamorphic fluids when migrating through the fracture mesh away from
the main faults controlling upflow from depth. Continuous quartz precipitation in the newly formed, gaping
fractures explains the interlocking texture of the paragenetically early quartz grains that competed for space,
with each vein being sealed during a single episode of fluid flow***¢-3%. The rate of separation of the vein walls
caused by the high-pressure fluids must have been faster than the rate of mineral deposition to avoid formation
of crack-seal textures®.

At Garrcon and other orogenic deposits''~'4, recrystallization of the early quartz occurred concomitantly
with sulfide formation as a result of fluid advection through the earlier formed veins (Fig. 7). Local failure in
the presence of hydrothermal fluids caused the dynamic recrystallization of the earlier quartz*® and resulted
in the observed textural association between the fine-grained polycrystalline quartz aggregates and the pyrite
and arsenopyrite forming microscopic ribbons that cut the elongate and blocky quartz or are located along
pre-existing quartz grain boundaries. In many vein samples, multiple crosscutting sulfide ribbons are present
suggesting that individual veins have reopened multiple times causing repeated dissolution and recrystallization
of the vein quartz.

The petrography of the fluid inclusions in the quartz (Fig. 6) provides strong evidence for the hypothesis
that the formation of the sulfide ribbons and associated recrystallization of the earlier quartz was associated
with large fluctuations in fluid pressure. Fluid inclusions entrapped during the formation of the early elongate
and blocky quartz in the gaping structures at supralithostatic pressures have been affected by post-entrapment
textural modification (Fig. 6). Post-entrapment modification takes place when large pressure differentials occur
between fluid inclusions and their surroundings''~', which is the case during decompression from supralitho-
static to near-hydrostatic fluid pressures. However, the early elongate and blocky quartz as well as the recrys-
tallized quartz also contain myriads of healed microfractures defined by secondary fluid inclusions that were
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Figure 6. Diagram showing how the fluid inclusion petrography of vein quartz from the Garrcon deposit was
formed in different pressure regimes. (a) Pressure-temperature diagram showing the conditions at which fluid
inclusion assemblages in the veins are entrapped or observed. Early quartz contains primary and secondary fluid
inclusions entrapped at lithostatic conditions (1). Post-entrapment modification of the fluid inclusions occurs
during pressure fluctuations between lithostatic and sublithostatic conditions (2), as the fluid inclusions are not
strong enough to withstand the pressure differentials from entrapment followed by a pressure drop (internal
pressure > confining pressure) or entrapment followed by pressure increases (confining pressure > internal
pressure). Secondary fluid inclusion assemblages are entrapped at hydrostatic conditions (3). Study of the fluid
inclusion petrography occurs at laboratory conditions (LC). (b) Petrographic characteristics of fluid inclusion
assemblages entrapped at the different pressure and temperature conditions. Early quartz may contain primary
fluid inclusions along growth zones and secondary fluid inclusions along healed microcracks (1). The early
formed fluid inclusions are affected by post-entrapment modification during pressure fluctuations (2). New
secondary fluid inclusion assemblages are also formed at this stage and modified during subsequent pressure
changes. Late secondary fluid inclusions are entrapped at sublithostatic pressures (3). At laboratory conditions
(LC), a complicated integrated history of different fluid inclusion assemblages formed at different pressure and
temperature conditions through time can be observed. Inclusions rich in CO, can display double bubbles at
room temperature, whereas H,O-dominant fluid inclusions may consist of a liquid and vapor phase only. Fluid
inclusion assemblages that show consistent volumetric proportions among the various phases within individual
inclusions must have been entrapped at sublithostatic pressures and never have been subjected to lithostatic
conditions. LC laboratory conditions, p, confining pressure, p; internal pressure.

potentially entrapped at near-hydrostatic pressures and subsequently modified during pressure build-up to
lithostatic conditions (Fig. 6), suggestive of pressure cycling. Due to the post-entrapment modification of the
fluid inclusions'**"*2, fluid inclusion microthermometry cannot be used to determine the pressure and tempera-
ture conditions*"*? of formation of the elongate and blocky quartz in the extensional veins at Garrcon, or the
subsequent fluid-mediated recrystallization.

Based on the vein petrography and fluid inclusion petrographic evidence, the occurrence of abundant pyrite
and minor arsenopyrite in ribbons cutting the earlier elongate and blocky quartz and the presence of microscopic
gold in the pyrite must thus be linked to cyclic variations in the pressure regime. During pressure build-up, hydro-
thermal fluids are injected into the wall-rock surrounding fluid conduits. Sulfide formation occurs around the
veins due to wall-rock sulfidation, resulting in a decrease in the amount of reduced sulfur in solution**. Sulfide
deposition within the veins takes place as hydrothermal fluids that have reacted with the wall-rock are driven
back into the vein during reversal in hydraulic head associated with the opening of the veins”. Gold transported
by sulfide complexes is deposited®* together with the sulfide minerals formed through wall-rock sulfidation in
the wall rocks and within the veins. Gold forms microscopic inclusions in pyrite or occurs along microfractures
cutting across pyrite grains formed during an earlier cycle of fluctuating pressures.

The cyclic fluctuations in fluid pressure can be explained by temporary drainage of the geopressured fluids
from the permeability barrier into the overlying near-hydrostatic realm (Fig. 7). Prior to failure, the fluid pressure
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Figure 7. Diagram depicting the evolution of the hydrothermal system forming the Garrcon deposit. (a)
Hypothetical profile of fluid pressure within a crustal fault zone transecting a permeability seal within the
upper crustal brittle-ductile transition zone. The lower part of the crust is ductile and lithostatic pressures
prevail. The upper part of the crust is brittle allowing fluid flow at near-hydrostatic conditions. The diagram
shows the environments in which the three paragenetic stages identified at Garrcon are likely to have formed
(1=Formation of elongate and blocky quartz; 2 = Quartz recrystallization concomitant with the formation of
sulfide ribbons containing gold inclusions; 3 = Late native gold formation). However, note that the diagram does
not account for changes in pressure regime over time, which are required to explain the observation that all
three paragenetic stages occur in single vein samples. Modified from Ref?. (b) Exhumation model explaining
the progressive changes in fluid pressure regimes over time. For each paragenetic stage, the red box denotes the
relative position of the Garrcon fault-fracture mesh with respect to the upper crustal brittle-ductile transition
zone. Elongate and blocky quartz forms early below the low-permeability seal in lithostatically pressured
rocks (1). Crack initiation occurs as the fluid pressure P;exceeds o3+ T, with T being the tensile strength of the
rock. Lithostatic pressures are required to keep the fractures open enough allowing growth of quartz crystals
competing for space. Quartz recrystallization and formation of sulfide ribbons containing gold inclusions
(2) takes place at fluctuating pressures as the location of the fault-fracture mesh at Garrcon relative to the
permeability seal has changed. Pressure cycling promotes fluid-rock interaction and sulfidation of the wall-
rocks, resulting in the formation of sulfides with microscopic inclusions of gold. Late native gold formation (3)
in open spaces occurs at sublithostatic conditions as the fluids escape into the upper crust. The three pore fluid
versus time diagrams in the lower part of the image are modified from Ref.*. Au=gold; Py=pyrite; Qtz=quartz.

https://doi.org/10.1038/s41598-022-22393-9 nature portfolio



www.nature.com/scientificreports/

builds up to supralithostatic conditions within and below the permeability barrier. During fault activation, the
pressure drops to near-hydrostatic conditions and the hydrothermal fluids drain. As the fluids are drained and
fractures providing throughgoing permeability are sealed, the pressure in the fluid conduit returned to near-
lithostatic conditions.

Textural observations at Garrcon (Fig. 4d) suggest that deposition of native gold along microfractures, grain
boundaries, and in open spaces was late in the paragenesis. Similar to other orogenic gold deposits'>~'%, late gold
introduction at Garrcon occurred subsequent to the permanent decompression of the fault-fracture mesh to near-
hydrostatic conditions (Fig. 7). Secondary fluid inclusion assemblages present in recrystallized quartz, in clear
quartz overgrowths with euhedral crystal terminations, or in euhedral quartz or calcite grown in open spaces
have not been affected by post-entrapment modification (Fig. 6). Although these fluid inclusion assemblages show
consistent liquid to vapor volumetric proportions, homogenization temperatures for these inclusions were not
determined because they would only yield minimum temperatures. No evidence for phase immiscibility existed
within the fluid inclusion assemblages, nor are there independent constraints on the pressures that prevailed
at the time of gold deposition at Garrcon. Nevertheless, the petrography of these late inclusion assemblages
showing consistent phase proportions provides unequivocal evidence that high pressure conditions were never
reestablished during or after the formation of the clear quartz, after which native gold was deposited.

Based on the findings of this study; it is hypothesized here that the late gold precipitation within the fault-frac-
ture mesh at Garrcon occurred because of the pressure drop metamorphic fluids experienced as they traversed
the upper crustal brittle-ductile transition zone, escaping from the geopressured regime prevailing under ductile
and mixed brittle-ductile conditions into the overlying, near-hydrostatically pressured, brittle crust (Fig. 7). This
pressure drop may have caused direct native gold deposition or perhaps triggered the formation of gold colloids
in the hydrothermal fluids**-*°. The origin of the paragenetically late gold is unknown in the case of Garrcon.
Previous workers studying other orogenic gold deposits suggested that the gold might have been derived from
remobilization of gold that was originally deposited with pyrite and arsenopyrite earlier in the paragenesis*®-.
There is no petrographic evidence for this process at Garrcon although it cannot be ruled out that gold remobi-
lization occurred at greater depth, outside of the current deposit.

Systematic changes in pressure regime during vein formation at Garrcon, as indicated by mineral and fluid
inclusion petrography, suggest that the structural setting governing fluid flow changed over time. It is hypoth-
esized here that the fault-fracture mesh progressively moved across the upper crustal brittle-ductile transition
zone over time (Fig. 7). This could have been accomplished through downward cooling of the metamorphic belt
allowing the brittle-ductile transition to migrate down towards the core of the cooling orogen*’ and/or regional
uplift and exhumation®**!. Initial quartz vein formation occurred below a low-permeability barrier capping the
geopressured portion of the crust. Fluid-induced recrystallization of the quartz and concomitant sulfide forma-
tion caused by the sulfidation of the wall-rocks occurred during intermittent breaching of this seal and drainage
of the hydrothermal fluids into the overlying near-hydrostatically pressured portion of the crust. High pressures
were never reestablished after deposition of the late clear quartz and the calcite as well as the late native gold
deposition, which occurred along grain boundaries and in open spaces at near-hydrostatic pressure conditions.

Conclusions

The mineral paragenesis observed in the extensional quartz veins at Garrcon as well as the petrographic char-
acteristics of the fluid inclusion inventory of the vein quartz—which includes early fluid inclusions affected by
post-entrapment modification and later unmodified fluid inclusions—are similar to those recently recorded in
other orogenic deposits'>~'. This suggests that the origins of orogenic gold deposits can be explained by a com-
mon mechanism of progressive movement of fault-fracture meshes across permeability barriers within the upper
crustal brittle-ductile transition zone. This new model has important implications with regard to exploration
strategy and grade control. The textural observations indicating that gold precipitates during two different dis-
tinct paragenetic stages could explain why grade distribution in these deposits is variable. Wall-rock sulfidation
during pressure cycling between supralithostatic and near-hydrostatic conditions causes the deposition of early
microscopic gold within sulfide minerals. Bonanza-type gold may occur in ore shoots where near-hydrostatic
conditions were permanently established late in the paragenesis.

Methods

Polished thin (~30 um) and thick (~ 60 pm) sections of variably mineralized quartz veins from Garrcon were
studied by optical petrography. Subsequent optical cathodoluminescence microscopy was conducted using a
HC5-LM microscope by Lumic Special Microscopes, Germany. The microscope was operated at 14 kV and a cur-
rent density of ~ 10 mA mm™. Images were captured using a high-sensitivity, double-stage Peltier cooled Kappa
DX40C CCD camera. Small-scale textural relationships were studied by scanning electron microscopy using a
TESCAN Mira 3 LHM Schottky field-emission-scanning electron microscope with an attached Bruker XFlash
6|30 silicon drift detector for energy-dispersive X-ray spectroscopy. The trace element distributions of Al and Ti
in selected quartz crystals were mapped using a JEOL JXA-8900 electron microprobe following the procedure
of Ref.*>. An accelerating voltage of 20 kV and a beam current of 100 nA (measured on the Faraday cup) were
employed. At a detection limit of 105 ppm, the Al distribution map yielded useful information on compositional
zoning of the quartz. The concentration of Ti in the quartz was typically below the detection limit of 300 ppm.
Representative vein quartz samples were also studied by electron backscatter diffraction analysis using a FEI
Quanta 450 field emission scanning electron microscope operated at 20 kV and low vacuum. Electron backscat-
ter diffraction patterns were acquired with an EDAX Digiview IV detector set to 4 x 4 binning. Post-acquisition
data processing was performed using the Oxford Instruments software suite.

Scientific Reports |

(2022) 12:17379 | https://doi.org/10.1038/s41598-022-22393-9 nature portfolio



www.nature.com/scientificreports/

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 26 January 2022; Accepted: 13 October 2022
Published online: 17 October 2022

References

1.
2.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34,

35.

36.

Frimmel, H. E. Earth’s continental crustal gold endowment. Earth Planet. Sci. Lett. 267, 45-55 (2008).

Goldfarb, R. J. et al. Distribution, character, and genesis of gold deposits in metamorphic terranes. In Economic Geology 100th
Anniversary Volume (eds. Hedenquist, J. W., Thompson, J. E H., Goldfarb, R. J. & Richards, J. P.) 407-450 (Society of Economic
Geologists, 2005).

. Pitcairn, I K. et al. Sources of metals and fluids in orogenic gold deposits: Insights from the Otago and Alpine schists, New Zealand.

Econ. Geol. 101, 1525-1546 (2006).

. Phillips, G. N. & Powell, R. Formation of gold deposits: A metamorphic devolatilization model. J. Metamorph. Geol. 28, 689-718

(2010).

. Sibson, R. H., Robert, F. & Poulsen, K. H. High-angle reverse faults, fluid-pressure cycling, and mesothermal gold-quartz deposits.

Geology 16, 551-555 (1988).

. Robert, E, Boullier, A. M. & Firdaous, K. Gold-quartz veins in metamorphic terranes and their bearing on the role of fluids in

faulting. J. Geophys. Res. 100, 12861-12879 (1995).

. Sibson, R. H. Controls on maximum fluid overpressure defining conditions for mesozonal mineralisation. J. Struct. Geol. 26,

1127-1136 (2004).

. Sibson, R. H. Preparation zones for large crustal earthquakes consequent on fault-valve action. Earth Planets Space 72, 31. https://

doi.org/10.1186/540623-020-01153-x (2020).

. Kerrich, R. Some effects of tectonic recrystallisation on fluid inclusions in vein quartz. Contrib. Mineral. Petrol. 59, 195-202 (1976).
. Robert, E & Kelly, W. C. Ore-forming fluids in Archean gold-bearing quartz veins at the Sigma mine, Abitibi greenstone belt,

Quebec, Canada. Econ. Geol. 82, 1464-1482 (1987).

Zhang, L. et al. Utilization of pre-existing competent and barren quartz veins as hosts to later orogenic gold ores at Huangjindong
gold deposit, Jiangnan Orogen, southern China. Miner. Deposita 55, 363-380 (2019).

Zoheir, B., Steele-MacInnis, M. & Garbe-Schonberg, D. Orogenic gold formation in an evolving, decompressing hydrothermal
system: Genesis of the Samut gold deposit, Eastern Desert, Egypt. Ore Geol. Rev. 105, 236-257 (2019).

Taylor, R. D., Monecke, T., Reynolds, T. J. & Monecke, J. Paragenesis of an orogenic gold deposit: New insights on mineralizing
processes at the Grass Valley district, California. Econ. Geol. 116, 323-356 (2021).

Tuba, G. et al. Fluid diversity in the gold-endowed Archean orogenic systems of the Abitibi greenstone belt (Canada) I: Constraining
the PTX of prolonged hydrothermal systems. Ore Geol. Rev. 135, 104221. https://doi.org/10.1016/j.oregeorev.2021.104221 (2021).
Wilkinson, J. J. & Johnston, J. D. Pressure fluctuations, phase separation, and gold precipitation during seismic fracture propaga-
tion. Geology 24, 395-398 (1996).

Ridley, J. & Hagemann, S. G. Interpretation of post-entrapment fluid-inclusion re-equilibration at the Three Mile Hill, Marvel Loch
and Griffins Find high-temperature lode-gold deposits, Yilgarn craton, Western Australia. Chem. Geol. 154, 257-278 (1999).
Wille, S. E. & Klemd, R. Fluid inclusion studies of the Abawso gold prospect, near the Ashanti belt, Ghana. Miner. Deposita 39,
31-45 (2004).

Kontak, D. J. & Horne, R. J. A multi-stage origin for the Meguma lode gold deposits, Nova Scotia, Canada: A possible global model
for slate belt-hosted gold mineralization. In Gold Metallogeny: India and Beyond (eds. Deb, M. & Goldfarb, R. J.) 58-82 (Alpha
Science International, 2010).

Sibson, R. H. Structural permeability of fluid-driven fault-fracture meshes. J. Struct. Geol. 18, 1031-1042 (1996).

Sibson, R. H. Continental fault structure and the shallow earthquake source. J. Geol. Soc. 140, 741-767 (1983).

Robert, E, Poulsen, K. H., Cassidy, K. F. & Hodgson, C. J. Gold metallogeny of the Superior and Yilgarn cratons. In Economic
Geology 100th Anniversary Volume (eds. Hedenquist, J. W., Thompson, J. E H., Goldfarb, R. J. & Richards, J. P.) 1001-1033 (Society
of Economic Geologists, 2005).

Monecke, T., Mercier-Langevin, P., Dubé, B. & Frieman, B. M. Geology of the Abitibi greenstone belt. Rev. Econ. Geol. 19, 7-49
(2017).

Ayer, J. et al. Evolution of the southern Abitibi greenstone belt based on U-Pb geochronology: Autochthonous volcanic construc-
tion followed by plutonism, regional deformation and sedimentation. Precambrian Res. 115, 63-95 (2002).

Thurston, P. C., Ayer, ]. A., Goutier, J. & Hamilton, M. A. Depositional gaps in Abitibi greenstone belt stratigraphy: A key to
exploration for syngenetic mineralization. Econ. Geol. 103, 1097-1134 (2008).

Bleeker, W. Lode gold deposits in ancient deformed and metamorphosed terranes: The role of extension in the formation of
Timiskaming basins and large gold deposits, Abitibi greenstone belt—A discussion. Ontario Geol. Surv. Open File Rep. 6280,
471-4712 (2012).

Cooke, D. L. & Moorhouse, W. W. Timiskaming volcanism in the Kirkland Lake area, Ontario, Canada. Can. J. Earth Sci. 6, 117-132
(1969).

Mueller, W.,, Donaldson, J. A., Dufresne, D. & Rocheleau, M. The Duparquet Formation: Sedimentation in a late Archean successor
basin, Abitibi greenstone belt, Quebec, Canada. Can. J. Earth Sci. 28, 1394-1406 (1991).

Mueller, W., Donaldson, J. A. & Doucet, P. Volcanic and tectonic-plutonic influences on sedimentation in the Archaean Kirkland
Basin, Abitibi greenstone belt, Canada. Precambrian Res. 68, 201-230 (1994).

Poulsen, K. H. The Larder Lake-Cadillac Break and its gold districts. Rev. Econ. Geol. 19, 133-167 (2017).

Powell, W. G. et al. **Ar/*Ar geochronological evidence for multiple postmetamorphic hydrothermal events focused along faults
in the southern Abitibi greenstone belt. Can. J. Earth Sci. 32, 768-786 (1995).

Hennessey, B. T. A mineral resource estimate for the Garrcon, Jonpol, and 903 Zones at the Garrison Project, Garrison Township,
Black River—Matheson area, northeastern Ontario. Technical report for Osisko Mining Inc. (2019).

Nassif, M. T., Kuiper, Y. D., Goldfarb, R. ]., Monecke, T. & Holm-Denoma, C. S. Structural evolution of a gold-bearing transten-
sional zone within the Archean Porcupine-Destor deformation zone, southern Abitibi greenstone belt, eastern Ontario, Canada.
J. Struct. Geol. 117, 203-218 (2018).

Oliver, N. H. S. & Bons, P. D. Mechanisms of fluid flow and fluid-rock interaction in fossil metamorphic hydrothermal systems
inferred from vein-wallrock patterns, geometry and microstructure. Geofluids 1, 137-162 (2001).

Cox, S. F, Etheridge, M. A. & Wall, V. J. The role of fluids in syntectonic mass transport, and the localization of metamorphic
vein-type ore deposits. Ore Geol. Rev. 2, 65-86 (1986).

Walther, J. V. Fluid dynamics during progressive regional metamorphism. In The Role of Fluids in Crustal Processes (eds. Bredehoeft,
J. D. & Norton, D. L.) 64-71 (National Academy of Sciences Press, 1990).

Wilson, C. J. L. Crystal growth during a single-stage opening event and its implications for syntectonic veins. J. Struct. Geol. 16,
1283-1296 (1994).

Scientific Reports |

(2022) 12:17379 | https://doi.org/10.1038/s41598-022-22393-9 nature portfolio


https://doi.org/10.1186/s40623-020-01153-x
https://doi.org/10.1186/s40623-020-01153-x
https://doi.org/10.1016/j.oregeorev.2021.104221

www.nature.com/scientificreports/

37. Cox, S.E, Sun, S. S., Etheridge, M. A., Wall, V. ]. & Potter, T. E. Structural and geochemical controls on the development of turbidite-
hosted gold quartz vein deposits, Wattle Gully mine, central Victoria, Australia. Econ. Geol. 90, 1722-1746 (1995).

38. Spruzeniece, L. et al. Formation of wide-blocky calcite veins by extreme growth competition. J. Geol. Soc. 178, 104. https://doi.
org/10.1144/jgs2020-104 (2021).

39. Cox, S. E Geometry and internal structures of mesothermal vein systems: Implications for hydrodynamics and ore genesis during
deformation. Univ. Western Australia Publ. 25, 47-53 (1991).

40. Vernooij, M. G. C., Kunce, K. & den Brok, B. ‘Brittle’ shear zones in experimentally deformed quartz single crystals. J. Struct. Geol.
28, 1292-1306 (2006).

41. Vityk, M. O. & Bodnar, R. J. Textural evolution of synthetic fluid inclusions in quartz during reequilibration, with applications to
tectonic reconstruction. Contrib. Mineral. Petrol. 121, 309-323 (1995).

42. Tarantola, A., Diamond, L. W. & Stunitz, H. Modification of fluid inclusions in quartz by deviatoric stress I: Experimentally induced
changes in inclusion shapes and microstructures. Contrib. Mineral. Petrol. 160, 825-843 (2010).

43. Petrella, L. et al. Colloidal gold transport: A key to high-grade gold mineralization?. Miner. Deposita 55, 1247-1254 (2020).

44. Voisey, C. R. et al. Aseismic refinement of orogenic gold systems. Econ. Geol. 115, 33-50 (2020).

45. McLeish, D. et al. Colloidal transport and flocculation are the cause of the hyperenrichment of gold in nature. PNAS 118(20),
€2100689118 (2021).

46. Velasquez, G. et al. Formation and deformation of pyrite and implications for gold mineralization in the El Callao district, Ven-
ezuela. Econ. Geol. 109, 457-486 (2014).

47. Fougerouse, D. et al. Gold remobilisation and formation of high grade ore shoots driven by dissolution-reprecipitation replacement
and Ni substitution into auriferous arsenopyrite. Geochim. Cosmochim. Acta 178, 143-159 (2016).

48. Hastie, E. C. G., Schindler, M., Kontak, D. J. & Lafrance, B. Transport and coarsening of gold nanoparticles in an orogenic deposit
by dissolution-reprecipitation and Ostwald ripening. Commun. Earth Environ. 2, 57. https://doi.org/10.1038/s43247-021-00126-6
(2021).

49. Sibson, R. H. & Scott, J. Stress/fault controls on the containment and release of overpressured fluids: Examples from gold-quartz
vein systems in Juneau, Alaska; Victoria, Australia and Otago, New Zealand. Ore Geol. Rev. 13, 293-306 (1998).

50. Vry, J., Powell, R., Golden, K. M. & Petersen, K. The role of exhumation in metamorphic dehydration and fluid production. Nat.
Geosci. 3, 31-35 (2010).

51. White, A. J. R., Waters, D. J. & Robb, L. J. Exhumation-driven devolatilization as a fluid source for orogenic gold mineralization
at the Damang deposit, Ghana. Econ. Geol. 110, 1009-1025 (2015).

52. Donovan, J. J., Lowers, H. A. & Rusk, B. G. Improved electron probe microanalysis of trace elements in quartz. Am. Mineral. 96,
274-282 https://doi.org/10.2138/am.2011.3631 (2011).

Acknowledgements

Osisko Mining Inc. supported field work logistically. The study benefited from valuable discussions with Greg
Matheson on the geology of the Garrison property. Comments by Steven Cox helped us improve an earlier ver-
sion of the manuscript. M.T.N. acknowledges support by the CAPES Foundation of the Ministry of Education
in Brazil. Additional funding for this study was provided by the Stuart R. Wallace Endowment in Economic
Geology at Colorado School of Mines and by Osisko Mining Inc.

Author contributions

M.T.N., T.M., and Y.D.K. designed and led the study. M.T.N. conducted the field work. M.T.N. T.M., and T.J.R.
performed the petrographic analysis. T.M. produced the optical CL images. M.T.N. and T.M. conducted the
scanning electron microscopy. EBSD analyses and interpretation of the results was performed by S.P. The trace
element maps of quartz were produced by H.A.L. T.J.R. performed the fluid inclusion petrography. M.T.N., T.M.,
and T.J.R. wrote the manuscript. R.J.G. contributed to the development of the new model presented.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:17379 | https://doi.org/10.1038/s41598-022-22393-9 nature portfolio


https://doi.org/10.1144/jgs2020-104
https://doi.org/10.1144/jgs2020-104
https://doi.org/10.1038/s43247-021-00126-6
https://doi.org/10.2138/am.2011.3631
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Formation of orogenic gold deposits by progressive movement of a fault-fracture mesh through the upper crustal brittle-ductile transition zone
	Geological setting
	Vein quartz petrography
	Fluid inclusion petrography
	Discussion
	Conclusions
	Methods
	References
	Acknowledgements


