minerals
Article

Integrated 3D Geological Modeling to Gain Insight in
the Effects of Hydrothermal Alteration on Post-Ore
Deformation Style and Strain Localization in the Flin
Flon Volcanogenic Massive Sulfide Ore System
Ernst Schetselaar 1, *, Doreen Ames 1 and Eric Grunsky 2
1
2

*

Geological Survey of Canada, 601 Booth Street, Ottawa, ON K1A 0E8, Canada; doreen.ames@canada.ca
Department of Earth and Environmental Sciences, University of Waterloo, 200 University Avenue West,
Waterloo, ON N2l 3G1, Canada; grunsky@gmail.com
Correspondence: ernst.schetselaar@canada.ca; Tel.: +1-613-762-8725

Received: 25 September 2017; Accepted: 19 December 2017; Published: 25 December 2017

Abstract: 3D geological modeling of lithogeochemical and geological data provides insight into
the role of the sulfide ore horizon and associated footwall hydrothermal alteration in localizing
shear strain in the Flin Flon volcanogenic massive sulfide deposits, Canada, as deformation evolved
from brittle-ductile to ductile regimes during collisional stages of the 1.9–1.8 Ga Trans-Hudson
orogeny. 3D spatial characterization of hydrothermal alteration based on the Ishikawa index (AI)
and normative corundum percentages outline sericite + chlorite-rich high strain zones, consisting of
Al-enriched and Na-depleted felsic and mafic volcanic rocks in the footwall of the sulfide ore horizon.
The hydrothermal vent complex, from which these sheared alteration zones originated, was stacked
together with the ore horizon by W-vergent thrust faults during an early collisional deformation
regime, imbricating molasse-type clastic sediments with the ore-hosting volcanic and volcaniclastic
rocks of the Flin Flon arc assemblage. Chlorite-rich planar zones marked by high values of the
Carbonate–chlorite–pyrite index (CCPI) are laterally more extensive and outline a later system of
ductile shear zones, in which phyllosilicates, quartz and chalcopyrite in stringer zones localized shear
strain and enhanced transposition of the hydrothermal vent stockwork. The contrasting deformation
styles of these two thrusting events and their localization within the ore horizon and hydrothermal
vent stockwork have important implications for vectoring towards undiscovered ore in this mature
mining camp that are possibly also relevant to other strongly deformed VMS ore systems.
Keywords: 3D geological modeling; volcanogenic massive sulfide deposits; hydrothermal alteration;
strain localization; alteration indices; mineral exploration

1. Introduction
The identification, classification and zoning of hydrothermally-altered rocks play a prominent
role in vectoring towards volcanogenic massive sulfide (VMS) deposits. Over several decades,
lithogeochemical methods were developed for the exploration of altered host rocks providing
evidence for hydrothermal fluid circulation associated with the formation of VMS deposits [1–4].
Although hydrothermal alteration zones of VMS deposits may vary widely in scale, geometry and
prevalent alteration mineral assemblages, they typically share characteristic geochemical zoning
patterns, particularly in proximal upflow zones in the footwall of the deposit [1]. In VMS deposits
metamorphosed to grades below lower amphibolite facies, these upflow zones are identified by
intensely chloritized feeder zones with local mineralized and silicified quartz-sulfide stringers that
are enveloped by broader zones of aluminous phyllosilicates, including sericite, pyrophyllite, and
phengite [2,3]. This zoning in hydrothermal alteration minerals results predominantly from variations
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in the development of two chained chemical reactions during hydrothermal fluid flow that involve:
(1) the breakdown of sodium-plagioclase and volcanic glass and their replacement by aluminous
phyllosilicates and (2) the replacement of aluminous phyllosilicates by chlorite in zones proximal
to the feeder stockwork and footwall of the VMS deposits due to the ingress of seawater [4]. Many
alteration indices for these sericite-producing (Na depleting) and chlorite-by-sericite-replacement
(Mg–Fe gain–K depletion) reactions, have been proposed [4–7], while their effectiveness as proxies
for mapping the intensity of hydrothermal alteration has been convincingly demonstrated in many
mining districts [4,8,9]. In addition to these phyllosilicate alteration assemblages, carbonate is also
a common constituent of altered felsic and mafic volcanic rocks, particularly in the immediate footwall
and hanging wall of VMS ore zones [4].
From the perspective of ore vectoring, identifying hydrothermal alteration zoning and interpreting
their relative proximity to associated sulfide ore can be difficult, because most Precambrian and
Paleozoic VMS ore systems are affected by a complex history of polyphase tectonic deformation [10–12].
The simple model-derived zonal arrangement of alteration mineral assemblages is invariably modified
and obliterated by accretionary and collisional tectonic processes and associated metamorphism.
Moreover, due to the relatively high ductility of sulfide ore minerals (e.g., phyrrhotite, chalcopyrite
and sphalerite) and phyllosilicates in altered volcanic host rocks, shear zones tend to be preferentially
localized in the ore and footwall hydrothermal alteration zones [13]. The heterogeneous distribution
of high finite strains accommodated within these incompetent zones can deform the VMS ore system
to the extent that the ore horizon is dismembered into subparallel shear lenses, which become
completely detached from the once discordant hydrothermal feeder system [14]. Hence, an in
depth 3D understanding of the spatial relationships between the ore horizon, the associated footwall
hydrothermal alteration and geological structure is important to gain insight into how VMS deposits
were modified by tectonic processes. This understanding is highly relevant to exploration, as it
accounts for the tectonic modification of the ore system in implementing vectoring methods, which
may lead to the improved identification of drill targets.
In this paper, we aim to unravel these complex spatial relationships by integrating 3D models
of sulfide ore lenses, hydrothermal alteration zones and principal geological structures of the
Paleoproterozoic Flin Flon VMS ore system, Manitoba, Canada. This VMS ore system offers an ideal
opportunity for such a study, because its geological structure has been documented in detail by
underground [15–17] and surface mapping [16,18] providing, in combination with seismic data [19] and
a systematically-structured drillhole database [20], a wealth of constraints for integrated 3D modeling.
2. Geological Setting
The Paleoproterozoic Flin Flon greenstone belt comprises a collage of 1.92–1.88 Ga juvenile oceanic
terranes that accreted between 1.87 Ga and 1.80 Ga, during convergence of the Archean Hearne, Sask
and Superior cratons (Figure 1, inset) and subsequent collisional stages of the Trans-Hudson orogeny,
which resulted in polyphase deformation and regional metamorphism [21]. The Flin Flon mining camp
is located in the central part of the Amisk collage (Figure 1), a 70 km-wide belt of basalt-dominated
volcanic, volcaniclastic, synvolcanic intrusive and subordinate felsic volcanic rocks assigned to regional
fault-bounded juvenile arc, ocean floor and ocean plateau tectonostratigraphic assemblages [22,23].
These assemblages were stitched by 1.87–1.84 Ga successor arc plutons and are unconformably overlain
by the 1.84–1.83 Ga Missi Group, a sequence of clastic metasedimentary rocks of fluvial and alluvial
origin [24]. Mining in the Flin Flon camp has, since the 1920’s, been centered on the FF Main, 777 and
Callinan sulfide ore zones that are hosted in coherent rhyolite and felsic volcaniclastic lithofacies of the
“mine horizon” (upper level of the Millrock member), which overlies a thick sequence of mafic volcanic
flows, tuff breccia and plagioclase-crystal fragmental tuff of the Blue Lagoon member [18] (Figure 2).
These gold-rich massive sulfide deposits, with average grades of 4.4% Zn, 2.2% Cu, 2.2 g/t Au and
32 g/t Ag [25,26], have distinct sulfide mineral assemblages, dominated by pyrrhotite, chalcopyrite,
magnetite, and pyrite with minor cubanite, arsenopyrite, tetrahedrite and galena [27]. The ore-hosting
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Evidence of hydrothermal alteration at the surface and in outcrops of the footwall of the VMS
ore zone is rare [31], but where encountered, is typical of discordant hydrothermal alteration in
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proximal vents to the VMS ore zones. These rarely-exposed footwall alteration types include:
intensely epidotized pillow basalt, local zones of chloritization and sericitization in volcanic and
volcaniclastic lithofacies and gossans with chlorite and pyrite-filled fractures [24]. Contrary to their
sporadic exposure, hydrothermally-altered rocks are widespread in mine workings, where chlorite,
sericite + biotite rich alteration zones in the proximal footwall of the VMS ore zone are intimately
associated with the splays of D3 and D4 shear zones. These “chlorite schists” invariably display
high-strain fabrics, which in many localities would be more accurately labelled chlorite phyllonite
(on the basis of genetic fault rock terminology), considering that these rocks display asymmetric
monoclinic fabric elements, such as σ-type quartz porphyroclasts and extensional crenulation (S–C0 )
fabrics. Although the alteration zones have been strongly transposed in subparallel orientation to the
ore zone, discordant relationships between chlorite-sericite + magnetite alteration and volcanic strata
have been recorded locally [15].
In drill core, mafic and felsic volcanic and volcaniclastic lithofacies of the Millrock member display
a variable intensity of hydrothermal alteration with mineral assemblages that in decreasing order
of abundance contain chlorite, sericite, carbonate, biotite, stilpnomelane, talc, magnetite and garnet.
Coherent rhyolite lithofacies varies from practically-unaltered quartz and quartz + feldspar phyric
rhyolite, to strongly sericitized and silicified rhyolite with rare garnet to locally strongly chloritized
rhyolite. Pyrite, chalcopyrite and pyrrhotite (either disseminated or in stringers) are common but
preferentially associated with intensely-altered rhyolite. Mafic volcanic lithofacies (basalt to andesite)
is variably chloritized and locally exhibit, epidotization, patchy carbonate replacement, sulfide stringer,
small biotite (<3 mm) and magnetite (<7 mm) porphyroblasts. Basalt tuff breccia is commonly
chloritized with variable degrees of intensity and contains biotite porphyroblasts and centimeter-wide
magnetite-rich intervals. Plagioclase crystal fragmental tuff and felsic rhyolite breccia lithofacies
of the Blue Lagoon members are locally silicified and chloritized. Generally, the abundance and
size of biotite (<3 mm), actinolite and garnet porphyroblasts (<5 mm) increase with the depth with
metamorphic grade. The intensity of chloritization, on the other hand, decreases with structural depth,
showing a transition to a more distal alteration facies with sericite as the dominant alteration mineral.
Rhyolite and mafic volcanic rocks are commonly fractured and filled with late quartz–carbonate or
quartz–carbonate–epidote veins, crosscutting the earlier alteration assemblages in the host rocks. This
vein system also overprints the synvolcanic hanging wall alteration in the overlying Hidden and
Louis formations [31].
3. Materials and Methods
3D geological modeling was aimed at gaining insight into the spatial relationships between the
ore, hydrothermal alteration and shear zones, which involved the following three steps:
1.
2.

3.

Multivariate interpretation of alteration indices computed from drill core and outcrop major
oxide analyses to characterize the type and intensity of hydrothermal alteration.
Joint registration and visualization of the alteration indices with 3D models of sulfide ore lenses,
lithostratigraphic horizons and shear zones, as well as their 2D visualization on vertical cross
sections, to facilitate interpretation of alterations and ore zones in their structural geologic context.
Spatial interpolation of the alteration indices on a 3D curvilinear-faulted grid to further enhance
insight into the spatial association between geological structure and the hydrothermal alteration
zones and to better assess their structural continuity.

Step 1. Lithogeochemical characterization of hydrothermal alteration was based on the alteration
box plot [4] and corundum percentages derived from normative mineral estimation procedures [34].
The alteration box plot is a well-known method to recognize hydrothermal alteration trends in
multivariate space, in which the Carbonate–chlorite–pyrite index (CCPI) is plotted against the Ishikawa
index (AI) [5]. It provides a rapid and simple method for identifying common trends, serving as
proxies for alkali alteration and feldspar destruction due to hydrothermal alteration of felsic and
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mafic volcanic rocks [4]. The trends of altered rocks were plotted together with a subset, representing
least-altered samples, which can be a priori defined by a number of criteria [35]. In our analysis,
the selection of this subset was based on:
1.
2.
3.
4.

A groundmass and phenocryst mineralogy in coherent volcanic rocks that is in agreement with
the rock class assigned to the sample.
Lack of visible texture indicative of hydrothermal alteration.
No anomalously high contents of sericite, chlorite, biotite, quartz.
Agreement between the classification from the Barth-Niggli normative mineral estimation and
the rock class label assigned to the sample (i.e., basalt, andesite for mafic volcanic rocks and
rhyolite, dacite for felsic volcanic rocks).

To validate the results obtained from the alteration box plot with a proxy that is less sensitive to
the lithologic composition of precursor rocks and metamorphic overprint, the normative corundum
mineral percentage was computed using Barth-Niggli normative mineral estimation procedures [36].
These normative mineral estimation procedures were developed for mapping hydrothermal alteration
for greenschist facies metavolcanic rocks from the southern Abitibi greenstone terrane in Quebec [37,38].
The normative calculations are based on a sequential estimate of minerals where the order of calculation is
defined by a specific paragenesis. Other attempts to estimate normative minerals use linear programming
techniques where the estimate of a priori mineral abundances is carried out by the minimization of least
squares [39–42]. This study follows the approach previously taken by [43–45], which demonstrated that
calculations of normative minerals based on the Barth-Niggli normative procedure provided useful
information for the identification of alteration and lithotectonic provenance. Within typical felsic to mafic
volcanic rocks of the Flin Flon formation, normative corundum is calculated only when there is an excess
of Al over Ca + Na + K due to alkali alteration and feldspar destruction. Due to diagenesis and varying
degrees of metamorphism, there is a gain or loss of alkali elements (Na, K, Ca), lattice water (H2 O+)
and/or CO2 . Thus, the observed mineralogy in the volcanic rocks is different from normative mineralogy.
This is reflected in the fact that the normative corundum is a common constituent of volcanic rocks that
have undergone hydrothermal alteration and low-grade regional metamorphism. The breakdown of
feldspars and the subsequent formation of sericite, zoisite, paragonite and epidote results in a relative
depletion of Ca, Na and K and a corresponding excess of Al. Classical normative mineral procedures do
not compensate for the loss of the alkali elements and therefore, the excess Al is computed as a normative
corundum. An advantage of using the corundum normative mineral percentage over the alteration
boxplot (the CCPI in particular) is that the index is independent of the lithologic composition of the
volcanic host rock. Hence, it can be used to spatially characterize hydrothermal alteration, without the
need to stratify the analysis over differences in host rock composition.
The AI, CCPI alteration indices and normative corundum percentages were computed from 1551
major element analyses of volcanic and volcaniclastic rocks sampled from drill core and outcrops
of the footwall of the sulfide ore zones (Table S1). These samples were collected from 1982 to 2010
by geologists of Hudbay Minerals Inc., Laurentia University and the Manitoba-, Saskatchewan- and
Canadian Geological Surveys, the latter of which include the first and second authors. Major elements
of the numerous batches of rock samples were determined using X-ray fluorescence (XRF); (n = 1029) or
metaborate-tetraborate fusion followed by inductively coupled plasma atomic emission spectroscopy
(ICP-AES); (n = 522). Lower detection limits reported for the major oxides for ICP and XRF analyses
were 0.01%. Standards and blanks were analyzed for each batch of samples, but not monitored by the
authors. A total of 115 duplicate samples were available to estimate precision of the AI, CCPI and
normative corundum percentage. Root mean square errors (RMSE) and biases (for ICP-XRF duplicates)
of the relative differences Di between duplicates of the alteration proxies were computed using the
equation presented in [46]:
r
RMSE =

1
n

∑

n
i =1

Di2

1
× 100% Bias =
n

∑

n
i =1

√
(Ci1 − Ci2 )/ 2
Di × 100% Di =
Ci

(1)
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where Di is the relative difference of the routine, Ci1 and duplicate Ci2 concentrations and Ci is the
mean for the ith duplicate [46]. The RMSEs of AI, CCPI and normative corundum percent computed
from altered samples are within the 1–12% range. The RMSEs for all the samples, which include the
subset of least altered samples, however, were much higher, attaining values up to 39% for normative
corundum percent (Table 1).
Table 1. Relative root mean square errors (RMSE) for total and altered duplicate samples of the
Ishikawa index (AI), Carbonate–chlorite–pyrite index (CCPI) and normative corundum % computed
from major oxides ICP and XRF geochemical analyses of drill core and outcrop samples from the
footwall of the Flin Flon VMS deposits.
Duplicate Error Analysis
Alteration Indices

RMSE
ICP-ICP

n

RMSE
XRF-XRF

n

RMSE
ICP-XRF

BIAS
ICP-XRF

n

5.1%
2.2%
35.3%

1.9%
−0.4%
22.6%

72
71
24

1.79%
0.99%
11.45%

1.22%
−0.3%
11.6%

5
60
7

Total
AI%
CCPI%
Norm. Crn. %

10.8%
3.8%
39.1%

43
43
16

19.2%
7.1%

6
6

Altered
AI % > 60
CCPI % > 60
Norm. Crn. % > 5

3.1%
0.25%
6.7%

8
27
8

2.64

5

Step 2. The drill core AI, CCPI indices and normative corundum percentage computed in
Step 1, were integrated with the elements of the previously published 3D geological model of the
Flin Flon mine camp [17] to interpret the 3D spatial distribution of alteration proxies in context of the
subsurface geological structure. This integrated model was compiled in an Adobe Acrobat® 3D. A PDF
supplementary file (Figure S1) provides interactive 3D visualization and includes wireframe surfaces
of the sulfide ore lenses, lithostratigraphic horizons and the principle D3 –D4 and D7 shear zones, fault
structures and a generalized version of the 1:10,000 scale geological map [18]. In addition, the 3D
model contains a set of lithostratigraphic reference holes that were used as subsurface constraints for
the modeling of the lithostratigraphic horizons and structures. Point datasets of drillhole observations,
including occurrences of a mineralized argillite marker horizon in the Millrock member, chlorite
and sericite alteration minerals, provided additional constraints for interpreting the deformed VMS
ore system. Constraints for modeling the D3 and D4 shear zones included high spatial-resolution
mine surveys, picks (i.e., reflectors) from 2D and 3D seismic data (not included in Figure S1) and
surface traces extracted from the 1:10,000 scale geological map [18]. Strike-dip measurements of
shear zone fabrics from outcrops [16] provided secondary constraints to model their geometry and
helped link the subsurface constraints of the shear zones with their corresponding 2D traces at the
surface [16,18]. The reader is referred to [17] for more information on the 3D modeling methodology
that was used to generate the 3D wireframe geological surfaces. In addition to the 3D geological model
presented in Figure S1, 2D vertical sections with projections of the shear zones, alteration indices
and the occurrences of chlorite and sericite were prepared, providing the more traditional means for
illustrating the alteration zoning with respect to the geological structure.
Step 3. The AI, CCPI and normative corundum percentages were, in addition to their 2D and
3D visualization, interpolated on a 3D curvilinear grid modelled to be conformable to the overall
geological structure of the D3 thrust-stacked lithostratigraphic units, including the offsets associated
with the D4 shear zones. This grid modeling technique allowed the prediction of the lateral continuity
of the alteration zones in the transposed hydrothermal vent stockwork. The grid, originally employed
for analyzing the spatial distribution of lithofacies [47], was built from lithostratigraphic surfaces that
bound the D3 thrust stack and the D4 shear zones that deform and offset it. A coordinate transformation
(UVT transform) [48] is defined that restores curvilinear XYZ coordinates in geologic space to Cartesian
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paleogeographic (UV) and time (T) coordinates in geochronologic space. This removes the effects
of deformation on the geometry of the lithostratigraphic units in estimating spatial autocorrelation.
When interpolation results are transformed back to the geological XYZ space, the structures that
deformed the lithostratigraphic units are taken into account. The reader is referred to [48,49] for
further details on this grid modeling methodology and to [47] for a description of the compilation steps
that were involved in building the curvilinear-faulted grid model of the Flin Flon deposits. Once the
curvilinear grid was defined, spatial interpolation of the CCPI, AI indices and normative corundum
percentage proceeded by estimating 3D variograms from the UVT-transformed point datasets. Each
of the variograms was empirically fitted using an exponential model. Grid interpolation employed
ordinary kriging [50] with a neighborhood search of two times the modelled variogram range. This
interpolation resulted in continuous 3D grid mapping of the alteration indices with sufficient lateral
continuity to appreciate spatial relationships with the modelled geological structures. The most intense
zones of hydrothermal alteration were extracted from the 3D grids using a threshold of 95% for the AI
and CCPI indices and were visualized together with the VMS ore lenses.
4. Results
4.1. Hydrothermal Alteration Trends (Proxies for Type/Intensity)
Three hydrothermal alteration trends are evident in the alteration box plot compiled from major
oxide analyses of least- to strongly-altered mafic and felsic volcanic rocks of the Millrock member
(Figure 3). These trends correspond to those described by [4] and are therefore numbered accordingly:

•

•

•

Trend 1: This trend is typical of weak sericitization at the margins of the hydrothermal system [4].
This trend is not present in the samples of mafic volcanic rocks and is ambiguous for some of the
felsic volcanic rock samples. This trend is poorly represented in the Flin Flon lithogeochemical
data and is likely due to the truncation of the laterally extensive conformable hydrothermal
alteration zone at deeper levels in the footwall by D3 thrust faulting.
Trend 2: This trend is typical of intense sericite-chlorite + pyrite alteration in mafic and felsic
volcanic rocks in the proximal footwall of the hydrothermal alteration system [4]. This trend is
evident in many samples of felsic volcanic rocks (coherent and brecciated rhyolite lithofacies) as
they represent the dominant host rocks of the VMS deposits.
Trend 3: This trend is typical of chlorite-dominated proximal footwall alterations of felsic or
mafic volcanic rocks and commonly associated with discordant hydrothermal alteration feeder
zones [4]. This trend is evident in samples of mafic and felsic volcanic rocks and consistent with
the chlorite-dominant mineral assemblages in the D4 shear zones in the proximal footwall of the
VMS ore zones.

Normative corundum percentages are also represented in the alteration box plot using a linear
color scale, ranging from green for low-, yellow for intermediate- and red hues for high values
(Figure 3). This mapping shows that there is a high degree of correspondence between the AI and
normative corundum percentage, which confirms the fact that the indices are based on different
proxies (Na depletion vs. Al enrichment) of the same feldspar breakdown and sericite replacement
alteration reactions. Figure 4 shows photomicrographs of least-altered and intensely-altered rhyolite
samples with corresponding values of the AI, CCPI and normative corundum indices. The two samples
plot roughly on opposite sides of trend 3 in the box plot for felsic volcanic rocks (Figure 3b). Note
that the trend defined by chlorite schist samples expands over the full range of the trend defined
by the least-altered to intensely-altered mafic volcanic rocks (Figure 3a), suggesting that the chlorite
phyllonite did not only originate from hydrothermally-altered volcanic rocks, but also from their
least-altered equivalents.
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Figure 3. Alteration box plots for footwall outcrop and drillhole samples of the Flin Flon, Callinan
Figure 3. Alteration box plots for footwall outcrop and drillhole samples of the Flin Flon, Callinan
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4.2. 3D Structural Setting of the Flin Flon VMS Deposit
Two
E-dipping D3 thrust faults repeated and locally brought up the Millrock member
over
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Figure 6. Photographs (from outcrops and mine workings) of rock fabrics in D4 shear zones. (a) SSE
Figure 6. Photographs (from outcrops and mine workings) of rock fabrics in D4 shear zones. (a) SSE
plunging dip-lineated LS fabric of chlorite and quartz at Club Lake Fault contact between metabasalt
plunging dip-lineated LS fabric of chlorite and quartz at Club Lake Fault contact between metabasalt
of the Hidden formation (hanging wall) and Missi Group metasedimentary rocks in the footwall
of the Hidden formation (hanging wall) and Missi Group metasedimentary rocks in the footwall (view
(view towards SW). (b) Infolding of meta-arkose (buff to white) of the Missi Group (north) and
towards SW); (b) Infolding of meta-arkose (buff to white) of the Missi Group (north) and metabasalt of
metabasalt of the Hidden formation (south) at the Club Lake Fault zone (downward view). The
the Hidden formation (south) at the Club Lake Fault zone (downward view). The mineral-stretching
mineral-stretching lineation shown in Figure 6a, is parallel to the fold axis. (c) Exposed trace of the
lineation shown in Figure 6a, is parallel to the fold axis; (c) Exposed trace of the Upper Railway shear
Upper Railway shear zone (view towards SE). Note strong development of foliation and sigmoidal
zone (view towards SE). Note strong development of foliation and sigmoidal foliation fish within felsic
foliation fish within felsic lapilli tuff and tuff breccia of the Millrock member with numerous
lapilli tuff and tuff breccia of the Millrock member with numerous sigmoidal quartz segregates overlain
sigmoidal
quartz segregates
overlain
weakly
deformed
basalt flows
of the
Hidden
formation
by weakly deformed
basalt flows
of the by
Hidden
formation
(Reservoir
member).
Wire
is approximately
(Reservoir
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length.
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fault
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wall
of
the
777
deposit
(view
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SW).
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strongly
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quartz
segregations,
folding
boudinage
of quartz veins. Iron frame
2.
and boudinage
of quartz
veins.
Iron framerootless
mesh size
is 5 ×and
5 cm
mesh size is 5 × 5 cm2.

The sheared ore lenses of the 777 deposit consist of pyrrhotite, pyrite, chalcopyrite and sphalerite
The sheared ore lenses of the 777 deposit consist of pyrrhotite, pyrite, chalcopyrite and
and show mylonitic banding on centimeter to millimeter scale [27,51], (Figure 7a,b).The Callinan ore
sphalerite and show mylonitic banding on centimeter to millimeter scale [27,51], (Figure 7a,b).The
lenses consist of banded as well as breccia sulfide ore, the latter being interpreted as a lateral distal
Callinan ore lenses consist of banded as well as breccia sulfide ore, the latter being interpreted as a
facies equivalent of the former [15]. The tectonic fabrics in the banded massive sulfide ore of the 777
lateral distal facies equivalent of the former [15]. The tectonic fabrics in the banded massive sulfide
and Callinan deposit are continuous across their contacts with chlorite phyllonite originating from
ore of the 777 and Callinan deposit are continuous across their contacts with chlorite phyllonite
the shear and transposition of the footwall hydrothermal alteration zones (Figure 7c,d). In contrast
originating from the shear and transposition of the footwall hydrothermal alteration zones (Figure
to the D3 brittle-ductile deformation of the sulfide ore horizon, the mechanical remobilization of
7c,d).
In contrast to the D3 brittle-ductile deformation of the sulfide ore horizon, the mechanical
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[52].
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nature with
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Figure 7. Outcrop/drill core photographs of tectonic fabrics in sulfide ore and associated footwall
Figure 7. Outcrop/drill core photographs of tectonic fabrics in sulfide ore and associated footwall
hydrothermal alteration. (a) Mylonitic layering in massive sulfide ore lens of the 777 deposit. Note
hydrothermal alteration. (a) Mylonitic layering in massive sulfide ore lens of the 777 deposit;
transposition of thin layers of chlorite-actinolite schist (dark green) and quartz veins (white)
Note transposition of thin layers of chlorite-actinolite schist (dark green)
and quartz veins (white)
alternating with banded pyrite ore. Iron frame mesh size is 5 × 5 cm2. (b) Recrystallized mylonitic
2 ; (b) Recrystallized mylonitic
alternating
with
banded
pyrite
ore.
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banding in pyrite-sphalerite ore lens of the Callinan North deposit. (c) Phyllonitic fabric including
banding
in pyrite-sphalerite
ore lens
of thearound
Callinan
Northporphyroclasts
deposit. (c) Phyllonitic
including
asymmetric
pressure shadows
of pyrite
quartz
(probably fabric
derived
from
asymmetric
pressure
shadows
of
pyrite
around
quartz
porphyroclasts
(probably
derived
from
dynamic
dynamic recrystallization of quartz-filled amygdules) and magnetite crystals in a fine-grained
recrystallization
quartz-filled
amygdules) andstringers
magnetite
in a fine-grainedfelsic
quartz-chlorite
quartz-chlorite ofmatrix
with pyrite-pyrrhotite
in crystals
hydrothermally-altered
volcanic
matrix
with
pyrite-pyrrhotite
stringers
in
hydrothermally-altered
felsic
volcanic
rocks
in the
footwall
rocks in the footwall of the 777 ore lenses. (d) Strongly-developed stretching lineation (L–S
tectonite)
of defined
the 777 ore
lenses;
(d)
Strongly-developed
stretching
lineation
(L–S
tectonite)
defined
by
by linear quartz-chlorite ribbons developed in hydrothermally-altered rhyolite in linear
the
quartz-chlorite
developed
in hydrothermally-altered
rhyolite
in the footwall
of the Callinan
footwall of theribbons
Callinan
North deposit.
Note small white feldspar
porphyroclasts;
(e) fractured
pyrite
North
deposit.inNote
smalllight
white
feldspar
porphyroclasts;
(e) fractured
pyrite +veins,
magnetite
in reflected
+ magnetite
reflected
with
chalcopyrite
and pyrrhotite
plastic injection
Flin Flon
Main
light
with chalcopyrite
pyrrhotite
injection
veins,
Flin Flon
massive angles
sulfideinore;
massive
sulfide ore. (f)and
Triple
junctionplastic
annealing
fractures
showing
nearMain
120° dihedral
◦ dihedral+angles
(arrows)
in reflected
light
with
gold and
chalcopyrite
plastic
(f) pyrite
Triple porphyroblasts
junction annealing
fractures
showing
near
120pyrrhotite
in pyrite
porphyroblasts
injection
fromlight
the Callinan
deposit. +
(g)gold
Rotated
porphyroblast
cross-polarized
lightthe
(arrows)
in veins
reflected
with pyrrhotite
and albite
chalcopyrite
plastic in
injection
veins from
with
quartz
inclusion
trails
and
sericite-chlorite
wings
(arrows)
in
weakly
sericite-chlorite
altered
Callinan deposit; (g) Rotated albite porphyroblast in cross-polarized light with quartz inclusion trails
rhyolite.
Note anglewings
between
internal
in porphyroblastaltered
(Si) andrhyolite.
externalNote
foliation
(Se)
both
and
sericite-chlorite
(arrows)
in foliation
weakly sericite-chlorite
angle
between
defined
by preferred
orientation of
quartz.
(h) Extensional
fabric with
S plane defined
by
internal
foliation
in porphyroblast
(Si)
and external
foliationcrenulation
(Se) both defined
by preferred
orientation
quartz in strongly
chlorite-altered
rhyolite
(apparent
senseand
of movement).
of chlorite
quartz; and
(h) Extensional
crenulation
fabric with
S plane
definedsinistral
by chlorite
quartz in strongly

chlorite-altered rhyolite (apparent sinistral sense of movement).

Minerals 2018, 8, 3

14 of 24

4.3. Spatial Association between Hydrothermal Alteration, Ore and Shear Zones
AI,
CCPI alteration index values and normative corundum percentages display high
values in
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the proximal footwall of the ore lenses (Figure S1 and Figure 8a–c). Zones of high AI (Figure 9b) and
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Figure 8. 3D models of Cu/(Cu + Zn) metal zoning in the Flin Flon massive sulfide ore lenses after

Figure 8. 3D models of Cu/(Cu + Zn) metal zoning in the Flin Flon massive sulfide ore lenses after [52].
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Figure 9. NNW-SSE oriented cross sections (Line A–A′ on Figure 2) showing alteration index values
Figure 9. NNW-SSE oriented cross sections (Line A–A0 on Figure 2) showing alteration index values
computed from drillhole lithogeochemistry on top of the modelled geological structure. (a) CCPI
computed from drillhole lithogeochemistry on top of the modelled geological structure. (a) CCPI
alteration index. (b) AI alteration index. (c) Normative corundum percentage. (d) Occurrences of
alteration index; (b) AI alteration index; (c) Normative corundum percentage; (d) Occurrences of
metamorphic or alteration mineral species from geological log descriptions, including sericite and
metamorphic or alteration mineral species from geological log descriptions, including sericite and
chlorite. See text for further details on the interpretation.
chlorite. See text for further details on the interpretation.
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Figure 10. Grid pane 3D visualization of the AI alteration index, interpolated on a curvilinear-faulted
Figure 10. Grid pane 3D visualization of the AI alteration index, interpolated on a curvilinear-faulted
grid conformable to the structure of the Flin Flon VMS ore system. (a) Grid panes shown together
grid
conformable to the structure of the Flin Flon VMS ore system. (a) Grid panes shown together
with wire frame models of ore lenses; (b) as (a) with transparent wire frame surface of the D3 Flin
with
wire frame models of ore lenses; (b) as (a) with transparent wire frame surface of the D3 Flin
Flon
Flon Lake Fault; (c) as (b) with transparent visualization of the D3 Upper Tailing Pond Fault; (d)
as (c)
Lake Fault; (c) as (b) with transparent visualization of the D3 Upper Tailing Pond Fault; (d) as (c) with
with transparent surface visualization of D4 shear zones. See text for further details on the
transparent
surface visualization of D4 shear zones. See text for further details on the interpretation.
interpretation.

up through the mine horizon, involving the underlying Blue Lagoon member and overlying Hidden
formation in the thrust imbrication (Figure S1), [17]. This suggests that the strain was
heterogeneously distributed across the ore zone and its host rocks [17]. The significant displacement
along the D3 thrust faults, as constrained by the minimum displacement required to restore the VMS
ore lenses in the hanging wall and footwall of the upper D3 thrust fault (Figures 5, inset and S1)
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3
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Figure 11. 3D perspective view of isovalue shells defined by domains where the CCPI and AI

Figure 11. 3D perspective view of isovalue shells defined by domains where the CCPI and AI alteration
alteration indices both exceed 95%. These domains represent areas of intense hydrothermal
indices both exceed 95%. These domains represent areas of intense hydrothermal alteration that were
alteration that were stacked and transposed by D3 and D4 episodes of thrust faulting (inset shows
stacked and transposed by D3 and D4 episodes of thrust faulting (inset shows view from the top).
view from the top). UTP FLT. = Upper Tailings Pond fault, FFL-LTP FLT = Flin Flon Lake-Lower
UTPTailings
FLT. =Pond
Upper
Tailings
fault, East
FFL-LTP
FLT Call.
= Flin
Lake-Lower
Tailings
PondS. fault,
fault,
Call. E.Pond
= Callinan
ore zone,
N. Flon
= Callinan
North ore
zone, Call.
=
Call.Callinan
E. = Callinan
East
ore
zone,
Call.
N.
=
Callinan
North
ore
zone,
Call.
S.
=
Callinan
South
ore zone,
South ore zone, FF Main = Flin Flon Main ore zone, 777 = Triple-7 ore zone.
FF Main = Flin Flon Main ore zone, 777 = Triple-7 ore zone.

5. Discussion
The 3D modeling results yield detailed insight into the spatial associations between the sulfide
ore lenses, hydrothermal alteration and brittle to ductile shear zones in the Flin Flon mine camp, which
allows speculating on the 4D tectonic evolution of the Flin Flon VMS ore system. The 2D map pattern
of NE–SW and N–S trending faults splays was previously interpreted to result from a single event of
thrust faulting [23,53–55]. The tightly-constrained 3D models of these faults, however, show that two
distinct intersecting sets of relatively planar thrust faults are required to accommodate, in addition
to the 500 m displacement of the ore horizon in westerly direction, 165–400 m of displacement of
the Millrock member and the ore lenses hosted within it in a northerly direction, consistent with
kinematic analysis of the D4 faults in underground mine workings [15]. This kinematic interpretation
is also consistent with sinistral transcurrent reactivation of N–S trending D3 thrust faults during
north-directed transport along the S–SSE dipping D4 thrust faults, as reported in [16]. This example
serves to illustrate that the degrees of freedom in interpreting structural geometry and topological
relationships between principal structures controlling the disposition of the VMS ore lenses, can be
significantly reduced when incorporating the third dimension.
The AI and normative corundum percentages consistently show high values in the proximal
footwall of the ore lenses. These co-located zones are confined to the footwall of the VMS deposits
and do not occur where D4 shear zones transect hanging wall formations. This preservation of
lithogeochemical signatures typical for proximal footwall hydrothermal alteration, suggests that the
AI and corundum indices are effective tools in mapping the primary lithogeochemical signatures of
Na-depleting hydrothermal alteration reactions, even when the hydrothermal vent stockwork was
strongly transposed along ductile shear zones. High CCPI values, on the other hand, are not only
confined to these footwall proximal alteration zones but are also spatially associated with segments
of D3 and D4 shear zones that crosscut the hanging wall of the VMS ore zone. Chlorite phyllonite
in the footwall of the ore horizon show a wide range of AI and normative corundum percentages,
including those that are typical for least-altered rocks (Figure 3). Contrary to the mineral zoning shown
in standard models of hydrothermal alteration in the footwall of VMS ore systems [1–3], chlorite is
not confined to a central proximal zone surrounded by sericite, but shows a more laterally extensive
overlapping distribution along the D3 and D4 shear zones (Figure 9d). These findings suggest that
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the zones of high CCPI were formed by metamorphic new growth of chlorite, which on the basis of
the wide ranges in AI and normative corundum values (Figure 3) occurred in both least-altered to
strongly-hydrothermally-altered rocks. This finding is consistent with the widespread occurrence
of chlorite with compositions that suggest a metamorphic origin [32]. However there is anomalous
Fe- and Mg-rich chlorite in interpillow mafic tuff and hyaloclastite in the lower parts of the hanging
wall stratigraphy, which although formed by the metamorphic recrystallization of chlorite, initially
crystallized from hydrothermal fluids [31,32].
Figure 12 illustrates a hypothetical sequence of events in the tectonic evolution of the Flin Flon
VMS ore system that highlights the localization of high shear strain in the sulfide ore horizon
and associated footwall hydrothermal alteration. A tentative reconstruction of the pre-tectonic
configuration of the ore system is shown in Figure 12a. Detailed outcrop mapping [26] and lithofacies
modeling [46] show that the Flin Flon Main deposit is located between the rhyolite dome and margin
of a subsidence structure (e.g., Cauldron). Both the Callinan and 777 deposits formed on the more
distal basin side of this rhyolite dome complex. Lateral lithofacies variations from proximal massive
777 to distal breccia sulfide ore of the Callinan lenses, tuff breccia to bedded tuff and the transition of
Callinan and 777 sulfide ore into mineralized argillite, corroborate this paleogeographic reconstruction
of the VMS ore system. Conspicuous Cu/(Cu + Zn) ore metal zoning of the VMS deposits suggests that
both the Flin Flon main and 777 deposits were formed at hydrothermal vents in contrast to Callinan
ore where such metal zoning is weak and predominantly absent [5]. After two phases of regional-scale
folding associated with accretionary tectonism, the ore horizon was stacked during W-vergent D3
thrusting after uplift and deposition of the molasse deposits of the Missi Group. The tectonic stacking
of the ore horizon most likely occurred in a dominantly brittle deformation regime (with the exception
of the ductile base-metal sulfides at the base of the ore lenses and the phyllosilicate-rich hydrothermal
alteration vents). Restoring the Callinan breccia ore lenses in the lower thrust panel with the ones in the
upper thrust panel yields a minimum displacement of 750 m [17]. Tectonic stacking of VMS ore tends
to occur under low-grade metamorphic conditions with pyrite behaving in a brittle manner. Under
these conditions, there is a strong contrast in rheologic properties between the relative incompetent
phyllosilicate-rich footwall hydrothermal alteration zone and sulfide ore of the stringer zones and
weakly altered volcanic rocks in the hanging wall of the VMS ore system. Discrete tectonic contacts
observed in the mine workings and drill core are consistent with brittle deformation conditions
during D3 and possibly partly preserved the angular relationships between the hydrothermal vents,
the massive sulfide ore and strata [15]. This interpretation is also consistent with the relatively small
gap in age between D3 thrust imbrication of Missi Group sediments with rocks of the Flin Flon arc
assemblage, as constrained by the ca. 1842 Ma age of the Boundary intrusions and the ca. 1847 Ma
youngest detrital zircon in the Missi metasedimentary rocks [16,56], suggesting that D3 thrusting
affected shallow crustal levels approximately coeval with the deposition of detritus during the tectonic
uplift of the Flin Flon arc assemblage. Although the D3 thrust faults locally display strike-lineated LS
fabrics, this ductile fabric was formed later during north-directed D4 thrusting when the D3 thrust
faults were reactivated as tear faults with a sinistral sense of displacement [16]. These tear faults
are intruded by dykes that yield younger ages [56] with respect to the minimum age constraints
for D3 thrust faulting [16], which is also consistent with the reactivation of D3 thrust faults during
north-directed D4 thrusting [16]. Although the majority of host rocks and ore minerals (magnetite,
pyrrhotite, pyrite) were deformed under brittle conditions, chalcopyrite, sphalerite and phyllosilicates
in the stringer zones likely behaved in a ductile manner and contributed to a strong rheologic contrast
between the ore zone and host rocks, resulting in localized nucleation of brittle-ductile D3 shear
zones. Although overall, D3 detachments preferentially developed at the base of the mine horizon,
they locally climb up through the mine horizon, involving the underlying Blue Lagoon member and
overlying Hidden formation in the thrust imbrication (Figure S1), [17]. This suggests that the strain was
heterogeneously distributed across the ore zone and its host rocks [17]. The significant displacement
along the D3 thrust faults, as constrained by the minimum displacement required to restore the VMS
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ore lenses in the hanging wall and footwall of the upper D3 thrust fault (Figure 5, inset and Figure S1)
should be considered when applying ore vectoring methods based on hanging wall hydrothermal
alteration
signatures.
Minerals 2017, 8, 3
19 of 24

Figure
Modelofofthe
thetectonic
tectonic evolution
evolution of
of the
footwall
Figure
12.12.Model
the Flin
Flin Flon
Flon VMS
VMSdeposits
depositsand
andassociated
associated
footwall
hydrothermal
alteration.
(a)
Paleogeographic
interpretation
of
the
Flin
Flon
Main,
777
and
Callinan
hydrothermal alteration. (a) Paleogeographic interpretation of the Flin Flon Main, 777 and Callinan
VMS deposits. Rectangle corresponds to area shown in Figure 12c (b) Reconstruction of the VMS
VMS deposits; Rectangle corresponds to area shown in Figure 12c (b) Reconstruction of the VMS
deposits and associated footwall hydrothermal alteration after W-vergent third deformation phase of
deposits and associated footwall hydrothermal alteration after W-vergent third deformation phase of
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zone and associated footwall hydrothermal alteration after fourth deformation phase (D4) of ductile
and associated footwall hydrothermal alteration after fourth deformation phase (D4 ) of ductile shear.
shear. See text for further details on the interpretation. FFL-LTPF = Flin Flon Lake – Lower Tailings
See text for further details on the interpretation. FFL-LTPF = Flin Flon Lake-Lower Tailings Pond fault,
Pond fault, UTPF = Upper Tailings Pond fault, URF = Upper Railway fault, LRF = Lower Railway
UTPF = Upper Tailings Pond fault, URF = Upper Railway fault, LRF = Lower Railway fault, UCG =
fault, UCG = Upper Catherine fault, CLF = Club lake fault, HLS = Hidden Lake syncline.
Upper Catherine fault, CLF = Club lake fault, HLS = Hidden Lake syncline.
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between shear lenses of sulfide ore to a maximum of 400 m. Instead, thinning and transposition of
the ore zone with phyllosilicate host rocks were the dominant processes. This plastic deformation
resulted in the modification of the primary alteration mineral assemblage, including laterally extensive
metamorphic new growth of chlorite ± biotite without completely obliterating the lithogeochemical
signatures associated with seafloor hydrothermal alteration. The ductile style of D4 deformation
with plastic deformation and transposition dominant over tectonic stacking explains why, despite the
polyphase deformation history of thrusting, the most proximal parts of the footwall hydrothermal
vent system, remained attached to the ore zone (Figures S1, Figures 8 and 9). Similar relationships
between deformation style and inferred crustal depth as described here for the Flin Flon VMS deposit,
were encountered in comparative studies of VMS deposits in the Iberian pyrite belt (IPB) and Cabo
Ortegal Complex (COC) in NW Iberia. Whereas tectonic stacking was significant in the low grade
metamorphic setting of the IPB, it was largely absent in the COC, where the dominant deformation
processes were isoclinal folding, metamorphic recrystallization and transposition [13]. These studies,
similarly to the integrated interpretation presented in this paper, suggest that early thrust faulting in
brittle and brittle-ductile deformation regimes control the main imbrication and stacking of the sulfide
ore zone on multiple structural levels.
6. Conclusions
3D integrated modeling of structural and lithogeochemical data show that the Flin Flon VMS ore
zone and associated footwall hydrothermal alteration locally exerted strong control on the geometry
and style of deformation associated with the collisional orogenic deformation history of the Flin Flon
greenstone belt. The hydrothermally-altered phyllosilicate-rich footwall of the VMS ore zone localized
detachment associated with D3 W-vergent thrusting of the D2 Hidden Lake syncline, resulting in
a regional-scale stacking of the northern orebodies, with the greatest part of the Callinan and 777
ore zones being transported to the hanging wall of this detachment. Deformation at deeper crustal
levels during later deformation (D4 ) was penetrative throughout the ore zone and most proximal
footwall hydrothermal alteration. This ductile phase of deformation resulted in the elongation of
the ore lenses parallel to a regional SE-plunging stretching lineation and formation of a chlorite-rich
transposition fabric with only limited stacking of ore lenses along individual splays of D4 shear
zones. Lithogeochemical signatures of primary hydrothermal alteration, although overprinted by
metamorphic new growth of chlorite, are locally preserved at the base of the sheared ore lenses.
The structural configuration revealed in this 3D modeling study has important implications for
ore vectoring. The down-plunge extension of the ore zone in both the upper and lower D3 thrust
panel, provide commendable exploration targets, particularly when considering that the down-dip
intersection of the D3 thrust fault with the ore zone has not yet been established by drilling.
Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/8/1/3/s1, Figure S1:
3D geological model of the Flin Flon mine camp; Table S1: Lithogeochemical data of the footwall of the Flin Flon
VMS deposits.
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