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Deposits of Ni–Cu–Co–(PGE) sulfide often occur in association with small differentiated intrusions that reside
within local transtensional spaces in strike-slip fault zones. These faults often develop in response to incipient
rifting of the crust and the development of large igneous provinces due to far-field stresses generated by
plume-induced continental drift. We review the geology of a number of large and small nickel sulfide deposits
and the associated intrusions, and show that the geometry of the host intrusion and localization of the mineral
zones can be classified into three main groups. Further, we show that the morphology of each is controlled by
space created in response to deformation on structures.
One group of intrusions has the plan shape of an asymmetric rhomboid with the long axis sub-parallel to a fault
zone, and contacts which have often been structurally modified during and/or after emplacement of themagma.
The typical cross section is a downward-closing cone shape with curved walls and often a dyke-like keel at the
base. This morphology is found in the Ovoid and Discovery Hill Zones of the Voisey's Bay Deposit (Canada),
the Jinchuan, Huangshan, Huangshandong, Hongqiling, Limahe, Qingquanshan, and Jingbulake (Qingbulake)
Intrusions in China, and the Eagle and Eagle's Nest deposits in the USA and Canada, respectively.
A second group of deposits is associated with conduits within dyke and sheet-like intrusions; these deposits are
often associated with discontinuities in the dyke which were created in response to structural controls during
emplacement. Examples include the DiscoveryHill Deposit and the Reid Brook Zone of the Voisey's Bay Intrusion,
where there are plunging domains of thicker dyke which control the mineralization inside the dyke, and thin
discontinuous segments of the dyke which are associated with structurally controlled mineralization in the sur-
rounding country rock gneisses. The Oktyabrysk, Taimyrsk, Komsomolsk, and Gluboky Deposits in the Noril'sk
Region of Russia are localized at the base of thicker parts of the Kharaelakh Intrusionwhich appear to be a conduit
that follows synformal features in the country rocks located west of the Noril'sk–Kharaelakh Fault. Other exam-
ples of dyke-like bodies with both variation in width and the development of discontinuities are the Copper Cliff
and Worthington Offset Dykes which radiate away from the Sudbury Igneous Complex (Canada). The distribu-
tion of ore bodies in these Sudbury Offset Dykes is principally controlled by variations in the thickness of the
dyke, interpreted to reflect the presence of conduits within the dyke.
A third group ofmineralized intrusions locatedwithin structural corridors have the geometry of oblate tubes; ex-
amples include Kalatongke in China, Northeastern Talnakh and Noril'sk 1 in Russia, Babel–Nebo in Australia, and
Nkomati in South Africa. Sometimes these oblate tube-like intrusions form in bridging structures between larger
intrusions hosted in themore significant structures. Examples include the Tamarack Intrusion inMinnesota, USA,
and the Current Lake Complex in Ontario, Canada, both of which containmagmatic Ni–Cu sulfidemineralization.
In all of these deposits, the intrusions appear to be open system magma pathways, and so the term “chonolith”
can be applied to describe them as a group. All of these intrusions are characterized by a high ratio of sulfide/sil-
icate; there are 1–3 orders ofmagnitudemore sulfide in the intrusion than themagma contained in the intrusion
is capable of dissolving. The formation of these deposits is considered to have taken place in open systemmagma
conduits. It is possible that themetal tenor of the sulfideswere upgraded by equilibration of successive batches of
silicate magma passing through the conduit, and equilibrating with a stationary pool of magmatic sulfide. At
Voisey's Bay there appears little doubt that the sulfides were injected through a conduit dyke into higher level
magma chambers. A similar model has been proposed for the formation of the deposits at Jinchuan and
Noril'sk–Kharaelakh. Economically significant nickel sulfide deposits that tend to be high in Ni tenor, are often
related to the late injection of magma that form distinct parts of the intrusion, and the localization ofmineraliza-
tion tends to be related to changes in the geometry of the magma chamber. Strongly deformed and metamor-
phosed komatiite-associated deposits (e.g. Pechenga, Thompson, and the Yilgarn komatiite associations)
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appear to be the remains of open system magma conduits which are now represented by segmented and
boudinaged ultramafic bodies as a result of more than 4 phases of post-emplacement deformation.
LIP activity at craton margins has long been recognized as a key control on the genesis of magmatic sulfide de-
posits; we show that the principal regional controls of strike-slip tectonics underpin the local geometry of the in-
trusions, and we provide an explanation for why so many of the global nickel sulfide ore deposits are associated
with intrusions that share commonmorphologies and characteristics. Thismodel provides a framework formore
detailed structural investigations of nickel sulfide deposits, and it is a predictive framework for mineral
exploration.

© 2014 Elsevier B.V. All rights reserved.
1 . Introduction

The principal geological controls on the formation and localization of
magmatic Ni–Cu–Co–platinum group element (PGE) sulfide minerali-
zation have been widely discussed (e.g. Barnes and Lightfoot, 2005;
Keays, 1995; Lightfoot, 2007; Naldrett 2004, 2010). It is now generally
accepted that the formation of economic concentrations of mineraliza-
tion requires: 1. A primitive S-undersaturated and metal un-depleted
parental magma originating from the mantle; 2. a sulfide saturation
event that produced a dense immiscible magmatic sulfide (e.g. Keays
and Lightfoot, 2009); 3. enrichment of the sulfides in metals by equili-
bration of the sulfide magma with a large relative amount of silicate
melt; and 4. accumulation and localization of the dense sulfide melt
into traps at themargin of the intrusion that contains themineralization
(e.g. Keays, 1995; Lightfoot, 2007; Naldrett 2004, 2010 and references
therein). The compositions of these sulfide melts can be modified by
processes which fall into two broad groups: 1. Fractional crystallization
of the magmatic sulfide to produce a Cu-rich liquid and a monosulfide
solid solution (Keays and Crocket, 1970); and 2. modification by post-
magmatic processes that remobilize and fractionate the sulfides during
deformation, metamorphism, and hydrothermal activity (Farrow and
Watkinson, 1997; Lightfoot et al., 2012a,b).

Although much attention has been paid to the petrology and
geochemistry of the sulfide-bearing rocks and the magmatic processes
responsible for their formation (Barnes and Lightfoot, 2005; Naldrett,
2004, 2010), less attention has been paid to the morphology of the
magma chambers and conduits that form the intrusions which contain
these sulfides (Ripley and Li, 2011). This paper reports evidence to sug-
gest that mafic–ultramafic intrusions that contain Ni–Cu–Co–(PGE) sul-
fide mineralization share several key features which make them part of
a group, viz: 1. The relative volumes of sulfide to silicate magma in the
intrusions is high and the metal content of these sulfides is also very
high, thus, these sulfides cannot have formed by in-situ segregation
and accumulation from the observed volume of silicate magma
contained in the intrusion (e.g. Naldrett et al., 1995); 2. the internal dis-
tribution of rock types is complex and includes a range of rock types
fromultramafic throughmafic aswell as local development ofmagmatic
breccias that are typically spatially associated with the sulfide minerali-
zation (e.g. Lightfoot, 2007); 3. the intrusions have morphologies that
are controlled by pre-existing and reactivated structures in the crust
that guided magma from the mantle to shallower levels (e.g. Lightfoot
et al., 2012a); and 4. there is now strong evidence to suggest that sul-
fideswere injected as sulfide- and fragment-ladenmagmas andpossibly
sulfide magma into a final resting place (Lightfoot et al., 2012a,b; Tang,
1992, 1993).

This study reports a review of key aspects of a group of Ni–Cu–
Co–(PGE) deposits found in China; these include Mesozoic deposits as-
sociated with intrusions cutting largely Carboniferous-aged country
rocks in the Kangguer Fault Zone of eastern Xinjiang (deposits associat-
ed with intrusions at Huangshan, Huangshandong, Hulu, Tulargen,
Erhongwa, and Xianshan), the Nalatishan Fault Zone in western
Xinjiang (Jingulake), the Fuyun Fault Zone of northern Xinjiang
(Kalatongke), the Longshoushan Fault Zone of Gansu Province
(Jinchuan), the Huifeihe Fault Zone of Jilin Province (Hongqiling), and
the North–South Panxi Region faults in the roots of the Permian-aged
Emeishan flood basalts of Yunnan and Sichuan Provinces (Yangliuping,
Limahe, Qingquanshan, Baimazhai, Jinbaosan). We show how this
model is important in understanding the origin of the deposits at
Noril'sk–Talnakh and Voisey's Bay. The global significance is then
emphasized with reference to other deposits which also share these
features; these include Babel–Nebo Western Australia), Nkomati
(South Africa), Eagle, Tamarack, and Current Lake (Mid-continent Rift
of Canada and the USA), and Double Eagle (Ontario, Canada). We
show how these intrusions are all part of a group of open system
magma channels or conduits which have traditionally been termed
chonoliths (e.g. Naldrett et al., 1995), andwe showhow these intrusions
develop in localized open space created by cross-linking structures
within major strike-slip fault zones towards the margins of cratonic
bodies. We propose that the entire class of deposits form in a direct
response to the plumbing system in structural zones where magmami-
gration is controlled by a process of tectonic pumping which transfers
both sulfide and crystal-laden magmas through open system passage-
ways. The geological setting in which these systems were developed
relates to supercontinent break-up, and large igneous province (LIP)
magmatism at cratonic margins (e.g. Begg et al., 2010).

2 . Geology of the Chinese nickel deposits

The distribution of nickel sulfide deposits in China is summarized in
Fig. 1, where the size of the symbol is proportional to the original Ni con-
tent of the deposit (modified after Tang, 1992). The deposits range in
age from Phanerozoic to Mesozoic and although the tectonic setting
tends to be associated with the cratonic margin, some of the deposits
link to large igneous province events whereas others occur in structural
corridors within late orogenic belts (e.g. Zhou et al., 2002). The Jinchuan
Intrusion and deposits are part of the Neoproterozoic Rodinian plume
event (Pirajno, 2012; Fig. 1). The intrusions associated with the early
Permian Tarim LIP include those hosting the deposits of the Kangguer
Fault Zone in the Huangshan-Jing'erquan area (Figs. 1 and 2A). The
Panxi faults in the roots of the Emeishan LIP contain a number of de-
posits like Limahe and Yangliuping (Pirajno, 2012). Some mineralized
intrusions pre-date the Early Permian LIP by up to 200 Ma; an example
is the Jingbulake Intrusion in the Nalatishan Fault Zone in the Western
Tian Shan area. Intrusions developed in structures cutting the Central
Asian Orogenic Belt appear to belong to aMesozoic igneous event as re-
corded by the 217Ma age of the Hongqiling Intrusion (Wu et al., 2004).
A summary of relevant geological features of each of the deposits is
given in Table 1.

2.1. The Huangshan-Jing'erquan Belt intrusions and nickel deposits of the
Kangguer Fault Zone, eastern Xinjiang

The Huangshan-Jing'erquan Belt contains the second largest com-
bined resource of nickel sulfide in China (Mao et al., 2008). Themajority
of the deposits occur along the Kangguer strike-slip fault system in the
eastern segment of the Tian Shan Belt of the Central Asian Orogen.
Fig. 2A shows the geology of northwestern China, and highlights the dis-
tribution of the deposits in the context of regional strike-slip faults iden-
tified by Cunningham and Mann (2007) based on the digital elevation
model for the region and structural work referenced in these papers.
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The clearest examples of strike-slipmotion are evident in the area of the
Hami (Turpan) Basin on the regional scale digital elevation model
(Fig. 2B), where the Boghda, Al Bogd, and Barkoi Tagh mountain ranges
to the north are transpressional sigmoidal-shaped positive flower struc-
tures. The Hami Basin to the south is a negative flower structure pro-
duced by large cross-linking structures in the strike-slip structure
(Mann, 2007). The area of significance with respect to the mineralized
intrusions of the Huangshan-Jing'erquan Belt is located south and east
of the Hami Basin, and this is an area with a subsidiary fault system in-
cluding the Kangguer, Huangshan, and Gandun Faults which collective-
ly comprise a structural corridor which has a dark maroon color
anomaly on the enhanced Landsat image in Fig. 2C. Intrusions in this si-
nistral transcurrent fault zone include a number of granodiorite bodies
that have an elongated rhomboid shape (white rhomboids in Fig. 2C)
with the long axis of the rhomboid sub-parallel to the fabric (see also
Wang et al., 2014). There are also a number of mafic–ultramafic
intrusions in this belt which are typically much smaller in size (~0.5–
5 km), also with their long axes sub-parallel to the fault.

The 2.8 km2 Huangshandong Intrusion is the largest in the belt, and
it comprises a 268 Ma (Zhou et al., 2002) series of pyroxenites, olivine
gabbros, gabbros and diorites which form a broadly zoned body with a
rhomboid shape in plan and a cone shape in the north–south cross sec-
tion as shown in Fig. 3A–B (Wang et al., 1987). The disseminated pyr-
rhotite–pentlandite–chalcopyrite mineralization is localized as
stratiform accumulations in the more primitive rocks. The contact
zones of the Huangshandong Intrusion are typically structurally modi-
fied and now comprised of weakly foliated dioritic rocks. The intrusion
fills a transtensional space created by sinsitral movement on a left-
stepping fault. The rhomboid geometry is a result of the left-stepping
fault displacement and the cross-linking fault structures (e.g. Mann,
2007).

The Huangshan Intrusion is within the Kangguer Fault System
(Fig. 2A) and has a broadly similar range of rock types and style of min-
eralization toHuangshandong (Fig. 4A–C) and Jinchuan (Fig. 5A–D). The
intrusion consists of dunite, peridotite, websterite, gabbronorite, gabbro
and diorite. The mineralization is largely contained within the more
primitive rocks within the keel of the intrusion. The marginal rocks of
the intrusion are typically variably sheared gabbronorites in structural
contact with siltstones and basalts. The intrusion curves into the fault
on the south side, and extends along the fault on the north side. The
intrusion appears to fill a space in a cross-linking structure produced
by sinistral movement in the Kangguer Fault Zone (Mann, 2007).

The Erhongwa Intrusion and the Xianshan,Hulu, and Tulargen intru-
sions, which are associated with other small intrusions rest within the
Kangguer Fault system zone (e.g. Mao et al., 2008; Shen et al., 2008;
Sun et al., 2013; Wang et al., 1987), and although much of the detail of
the internal geometry of the deposits is not yet published, the geometry
of these intrusions provides similar examples to Huangshan and
Hunagshandong where small intrusive bodies filled spaces created by
local transtension in cross-linking structures as a result of displacement
along the Kangguer strike-slip fault zone.

2.2. The Jinchuan Deposit, Longshoushan Fault Zone, Gansu Province

The largest deposit in central western China is Jinchuan which
contained an original resource of approximately 5000 kt Ni in
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association with ultramafic rocks of the host intrusion. The intrusion is
located in a Proterozoic Belt termed the Longshushan, and is dissected
by the Longshoushan Fault Zone which is aligned parallel to the long
axis of the Belt (Fig. 2). The geology of the intrusion and distribution
of mineralization have been reported in Tang (1993), and a synthesis
of the geology in plan and three representative cross sections is
shown in Fig. 5A–D. The intrusionhas a surface area of b1.5 km2, and ex-
tends to a depth of at least 2 km as a dyke-like stem or narrow cone-
shaped keel in cross section. The geometry of the intrusion is similar
to that previously described at Huangshandong. The Jinchuan intrusion
comprises four segments of different thickness that are cut by late
NE–SW faults. The mineralization in Number 1 Mine Area in the west
outcropped at surface where the original discovery wasmade, however
the mineralization in Number 2 Mine Area is entirely at depth within
the intrusion, and the lherzolite, plagioclase lherzolite, and dunite at
the surface are devoid of disseminated sulfide mineralization. The mar-
gins of the intrusion are variously described as serpentinized dunite and
lherzolite through to pyroxenite. The vast majority of the contacts are
complicated by structures which appear to not only have had late mo-
tion, but may be part of a regional network of structures that controlled
the emplacement of the Jinchuan magma at 827+/−8 Ma (Li et al.,
2004) and were probably related to the break-up of Rodinia (Pirajno,
2012). Limited published data and a complex deformation history of
the Longshoushan Belt do not provide clear kinematic indicators for
Jinchuan or the sense of displacement of the structures. However, the
form of the intrusion and internal distribution of rocks types shown in



Table 1
Summary of geological features of small intrusions with nickel sulfide mineralization developed within or adjacent to structures.

Intrusion name Deposit name Location Age of
intrusion

Igneous event Major structure Morphology Rock types associated
with mineralisation

Barren rock types

Huangshan Huangshan Xinjiang Region,
China

269+/−2 Ma Tarim LIP Kanguer Fault
Zone

Elongate rhomb with cross section
of curved cone that bends into the
fault zone at the SW termination

Dunite, peridotite,
websterite, hornblende
peridotite

Gabbronorite,
gabbro, diorite

Huangshandong Huangshandong Xinjiang Region,
China

282+/−20 Ma Tarim LIP Kanguer Fault
Zone

Elongate rhomb with cross section
of curved cone that narrows into
the structure at each end

Peridotite, gabbronorite Gabbro, diorite

Xiangshan Xiangshan Xinjiang Region,
China

285+/−1.2 Ma Tarim LIP Kanguer Fault
Zone

Elongate rhomb with cross
section of curved cone that narrows
into the structure at each end

Peridotite, gabbronorite Gabbro, diorite

Hulu Hulu Xinjiang Region,
China

282.3+/1.2 Ma Tarim LIP Kanguer Fault
Zone

Trough with possible feeder dyke Websterite Websterite, peridotite,
gabbro

Tulargen Tulargen Xinjiang Region,
China

301+/−3 Ma Tarim LIP Kanguer Fault
Zone

Dyke-like body Gabbro and hornblende
olivine gabbro

Gabbro

Kalatongke Kalatongke Xinjiang Region,
China

287+/−5 Ma Tarim LIP Fuyun Fault
Zone

Weakly elongate rhomb in surface
plan with eliptical cross section

Hornblende gabbro,
pyroxenite, and biotite
gabbro

Gabbro and diorite

Jingbulake
(Qingbulake)

Jingbulake Xinjiang Region,
China

454 Ma Altaid LIP Nalatishan
Fault Zone

Elongate rhomb with cross section
of curved cone that narrows into
the structure at each end

Olivine gabbro, peridotite
and hornblende gabbro

Olivine gabbro,
pyroxenite, hornblende
gabbro and diorite

Jinchuan Jinchuan Gansu Province,
China

827+/−8 Ma Proterozoic
Longshoushan
Belt

Longshoushan
fault zone

Segmented elongated rhomb with
a narrow cone-shaped or sheet-like
cross section

Dunite Lherzolite and
plagioclase lherzolite

Jilin #1 Hongqiling Jilin Province,
China

217 Ma Altaid event Huifeiheg fault
zone

Elongate rhomb with cross section
of curved cone that narrows into
the structure at each end

Olivine pyroxenite and
pyroxenite

Gabbro

Jilin #7 Hongqiling Jilin Province,
China

217 Ma Altaid event Huifeiheg fault
zone

Sheet-like dyke narrowing into
structure

Orthopyroxenite Orthopyroxenite

Limahae Limahae Sichuan
Province,
China

263+/−3 Ma Altaid event Panxi Fault Zone Elongate rhomb with cross section
of curved cone that narrows into
the structure at each end and an
asymmetric dyke-like keel

Pyroxenite and peridotite Gabbro and diorite

Qingquanshan Qingquanshan Sichuan
Province,
China

Emeishan LIP Panxi Fault Zone Elongate rhomb with cross
section of curved cone that narrows
into the structure at each end

Peridotite, gabbronorite Gabbro

Baimazhai Baimazhai Yunnan
Province,
China

258.5+/
−3.5 Ma

Emeishan LIP Red River Fault
Zone

U-shaped tube Olivine pyroxenite and
peridotite

Gabbro

Kharaelakh Oktyabrysk,
Komsomlsk,
Myak,
Taimysk,
Gluboky

Noril'sk Region,
Siberia, Russia

Siberian LIP Noril'sk–Kharaelakh
Fault

Undulating sheet with thicker
channel-ways

Taxite, olvine gabbrodolerite,
picritic gabbrodolerite

Olivine gabbro,
gabbro, leucogabbro

Talnakh Komsomolsk,
Skalisty,
Severny

Noril'sk Region,
Siberia, Russia

Siberian LIP Noril'sk–Kharaelakh
Fault

Undulating sheet with thicker
channel-ways

Taxite, olvine gabbrodolerite,
picritic gabbrodolerite

Olivine gabbro,
gabbro, leucogabbro

Noril'sk 1 Medvehy Ruchi
and Zapolyarny

Noril'sk Region,
Siberia, Russia

251.2+/-0.3 Ma
(290+/−2.8
to 226+/
−0.9 Ma)*

Siberian LIP Noril'sk–Kharaelakh
Fault

Undulating sheet with thicker
channel-ways

Taxite, olvine gabbrodolerite,
picritic gabbrodolerite

Olivine gabbro,
gabbro, leucogabbro
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Parental magma Country rocks and Sulfur source Magmatic breccias Sulfide type Sulfide assemblage Surface area (or
projected surface
area of cross section
of intrusion) km2

Ratio of barren
intrusive rock to
mineralized
intrusive rock

Typical
Ni100 wt.%

Typical
3E100 g/t

References

Tholeiite and high-Mg
tholeiite

Lower Carboniferous
Gandun Group turbidites
with little crustal sulfur

None known Disseminated with
minor massive sulfide

Po NN Cpy N Pn 3 ~50 8.5 1 Wang et al. (1987);Mao
et al. (2008); Shen et al.
(2008)

Tholeiite and high-Mg
tholeiite

Lower Carboniferous
Gandun Group turbidites
with little crustal sulfur

None known Disseminated Po NN Cpy N Pn 5 ~50 6 0.1 Wang et al. (1987);Mao
et al. (2008); Shen et al.
(2008)

Tholeiite and high-Mg
tholeiite

Lower Carboniferous
Wutongwozi Formation
volcanic rocks

None known Disseminated Po NN Cpy N Pn 12 ~50 5 0.25 Wang et al. (1987);Mao
et al. (2008); Shen et al.
(2008)

Tholeiite and high-Mg
tholeiite

Lower Carboniferous
Wutongwozi Formation
volcanic rocks

None known Disseminated Po NN Cpy N Pn 0.5 ~50 6 0.5 Mao et al. (2008); Shen
et al. (2008); Han et al.
(2013)

Tholeiite and high-Mg
tholeiite

Carboniferous Tudun
Formation volcanic rocks
with no crustal sulfur

None known Disseminated, net-
textured
and semi-massive
sulfide

Po NN Cpy N Pn 0.25 ~2 5 0.25 Mao et al. (2008)

Tholeiitic Carboniferous Nanmingshu
Formation clastic rocks;
no sulfur

None know Disseminated with
subordinate massive
sulfide

Po N Cpy N Pn N Cub 0.25 ~5 3.5 3 Wang et al. (1992), Wang
et al. (1991), Mao et al.
(2008), Gao et al. (2012).

Tholeiite and high-Mg
tholeiite

Gneiss devoid of
crustal sulfur

None known Disseminated sulfide Po N Cpy N Pn N Cub 3 ~100 11 0.13 Yang et al. (2012), Zhang
et al. (2006), Mao et al.
(2008)

High-Mg tholeiite Proterozoic granitoids,
gneisses, and marbles
devoid of significant
crustal sulfur

None known Disseminated and net-
textured with rare
massive sulfide

Po N PnN N Cpy 1.4 ~10 11.5 0.2 Tang (1993); Li et al.
(2004)

High-Mg tholeitte Hulan Group metasediments
devoid of crustal sulfur

None known Disseminated and net-
textured with rare
massive sulfide

Po N PnN N Cpy 0.25 ~2 13 0.6 Wu et al. (2004); Lü et al.
(2011), Wei et al. (2013)

High-Mg tholeitte Hulan Group schists and
marblers devoid of
crustal sulfur

None known Massive sulfide and
disseminated sulfide

Po N PnN N Cpy 0.1 ~1 12 b0.2 Wu et al. (2004); Lü et al.
(2011)Wei et al. (2013)

Tholeiite and high-Mg
tholeiite

Huli Group limestones
and quartzites devoid
of crustal sulfur

None known Massive through to
disseminated sulfide

Po N Cpy N Pn N Cub 0.25 ~5 8 1 Zhou et al. (2002, 2005)

Tholeiite and high-Mg
tholeiite

Hekou Formation
carbonate rocks devoid
of crustal sulfur

None known Massive through to
disseminated sulfide

Po N Cpy N Pn N Cub 0.05 ~2 5 4

Moderate MgO tholeiite Ordovician and Devonian
clastic sedimentary
rocks–shales with minor
sulfide content

None known Massive and
disseminated

Po NN Cpy N Pn 0.15 ~5 n/a n/a (Pu et al., 2007; Tang,
1993; Wang et al., 2006)

Moderate MgO tholeiite Ravednochinsky shale Taxites developed Massive Ni-rich, Cu-
prous
(upper exocontact), and
disseminated (blebby
and ragged)

Po N Cpy N Pn N Cub 9 ~5 3.8 massive 10 massive (Hawkesworth et al.,
1995; Naldrett, 2004;
Naldrett et al., 1992,
1995)

Moderate MgO tholeiite Ravednochinsky shale Inclusions of
metasediment
in taxites

Massive Ni-rich, Cu-
prous (lower
exocontact), and dis-
seminated (blebby and
ragged)

Po N Cpy N Pn N Cub 3 ~5 4.9 massive;
5.9
disseminated

17 massive;
42
disseminated

Naldrett et al. (1992,
1995); Hawkesworth
et al. (1995); Kamo et al.
(2003); Naldrett (2004)

Moderate MgO tholeiite Tunguska shale Taxites developed Disseminated blebby to
ragged with minor
massive sulfide veins

Po N Cpy N Pn N Cub 15 ~5 6.9 massive;
8.3
disseminated

50 massive;
130
disseminated

Kamo et al. (2003),
* = Malitch et al. (2012);
Naldrett (2004)

(continued on next page)
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Intrusion name Deposit name Location Age of
intrusion

Igneous event Major structure Morphology Rock types associated
with mineralisation

Barren rock types

Voisey's Bay Ovoid Labrador,
Canada

1334 Ma Nain Plutonic
Suite

VB-Gardar Fault
Zone

Bowel-shaped with asymmetric
dyke(s?) connected to base

Troctolite, olivine gabbro,
variable troctolite, leopard
troctolite

Ferrogabbro, normal
textured troctolite,
olivine gabbro,
leucogabbro

Voisey's Bay Eastern Deeps Labrador,
Canada

1334 Ma Nain Plutonic
Suite

VB-Gardar Fault
Zone

Chamber with conduit entry point
on north wall plunging towards east

Troctolite, olivine gabbro,
variable troctolite, leopard
troctolite

Ferrogabbro, normal
etxtured troctolite, olivine
gabbro, leucogabbro

Voisey's Bay Reid Brook Zone Labrador,
Canada

1334 Ma Nain Plutonic
Suite

VB-Gardar Fault
Zone

Dyke with widened channel-ways
and discontinuities plunging ~45° east

Troctolite, olivine gabbro,
variable troctolite, leopard
troctolite

Ferrogabbro, normal
etxtured troctolite,
olivine gabbro,
leucogabbro

Copper Cliff
Deposits

Copper Cliff
Offset

Sudbury, Canada 1850 Ma Sudbury Igneous
Complex

Possible radial
structural path

Dyke with widened sections that plunge
sub-vertically down the dyke axis

Quartz diorite with inclusions Quartz diorite

Totten Worthington
Offset

Sudbury, Canada 1850 Ma Sudbury Igneous
Complex

Possible radial
structural path

Dyke with widened channel-ways
and discontinuities plunging ~45°
southwest

Quartz diorite with inclusions Quartz diorite

Babel–Nebo Babel–Nebo Musgrave Block,
Western
Australia

1078 Ma West Musgrave
LIP

No information
about possible
controlling faults

Elongated tube Gabbronorite and
leucogabbronorite

Leucogabbronorite and
gabbronorite

Nkomati
(Uitkompst)

Nkomati
(Uitkompst)

South Africa 2055 Ma Bushveld Possible radial
structures link to
Bushveld Complex

Tubular body with wings in
surrounding sedimentary rocks

Harzburgite Harzburgite and
pyroxenite

Eagle Eagle Michigan, USA 1107 Ma Mid-continent
Rift

Possible splay of Great
Lakes Tectonic Zone

Dyke with narrow funnel shape
widening towards surface

Olivine melagabbro,
melatroctolite and
feldspathic peridotite

Olivine melagabbro,
melatroctolite and
feldspathic peridotite

Tamarack
(Lakeview)

Lakeview Minnesota, USA 1106 Ma Mid-continent
Rift

Great Lakes Tectonic
Zone

Tubular body with variable with in
bridging structure

Lherzolite Gabbronorite

Crystal Lake
Gabbro

Great Lakes
Nickel

Ontario, Canada 1099.6+/−1.2 Mid-continent
Rift

Not known Trough with possible feeder dyke Pagmatitic gabbro Norite, olivine norite,
anorthosite

Current Lake Current Lake Ontario, Canada 1120+/−23 Mid-continent
Rift

Quetico Fault Zone Tubular body connecting dykes Olivine leucogabbro Diorite

Ban Phuc Ban Phuc Vietnam 257.8+/
−0.5 Ma

Emeishan LIP Anning and Yimen
Faults in Song Da rift

Trough with possible feeder Dunite Dunite

Elan and Elka Voronezh Russia 2040–2080 Ma Bushveld -
possible
detached
conduits

Novogo-Orel Rift with
Novohoper fault zone

Irregular anastomosing dyke Elka)
and plug-like (Elan)

Gabbronorite Norite

Double Eagle Eagle's Nest Ontario, Canada 2734.5+/
−1.0 Ma

McFaulds Lake
area,
greenstone belt

None identified as
controling the
intrusion

Keel structure at the base of a
dyke-like chonolith

Lherzolite, harzburgite Gabbro

Sally Malay
(Savannah)

Sally Malay
(Savanah)

Halls Creek,
Western
Australia

1844+/−3 Halls Creek
Orogen

Possible splays of
Ivanhoe Fault system

Trough with feeder dyke Ultramafic Olivine gabbro, norite,
troctolite, anorthosite

Table 1 (continued)
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Parental magma Country rocks and Sulfur source Magmatic breccias Sulfide type Sulfide assemblage Surface area (or
projected surface
area of cross section
of intrusion) km2

Ratio of barren
intrusive rock to
mineralized
intrusive rock

Typical
Ni100 wt.%

Typical
3E100 g/t

References

Tholeiite Tasiuyak Gneiss with abundant
crustal sulfur

Condensed breccias and
inclusion-bearing variable
troctolite; no inclusions in
massive sulfide

Massive sulfide veins;
semi-massive breccia
sulfides, net-textured
sulfides and
disseminated

Po N Cpy N Pn N Cub 0.3 ~0.05 4.5 0.9 Lightfoot et al. (2012a,
2012b)

Tholeiite Tasiuyak Gneiss with abundant
crustal sulfur

Condensed breccias and
inclusion-bearing variable
troctolite; no inclusions in
massive sulfide

Massive sulfide veins
in dyke and country
rock gneisses;
semi-massive breccia
sulfides, net-textured
sulfides and
disseminated

Po N Cpy N Pn N Cub N5 ~N100 3.5 1 Lightfoot et al. (2012a,
2012b)

Tholeiite Tasiuyak Gneiss with abundant
crustal sulfur

Condensed breccias and
inclusion-bearing variable
troctolite; no inclusions in
massive sulfide

Massive sulfide veins;
semi-massive breccia
sulfides,
net-textured sulfides
and
disseminated

Po N Cpy N Pn N Cub 0.1 ~5 3 0.8 Lightfoot et al. (2012a,
2012b)

Melt sheet quartz
diorite

Country rocks are Proterozoic
and typically have little crustal
sulfur

Common inclusions of
country rocks as well as
exotic fragments

Massive, inclusion-
rich, and
disseminated sulfide

Po N Cpy N Pn N Cub 1 (Offset only) ~10 (offset only) 5.3 to 6.5 12 to 20 Farrow and Lightfoot
(2000)

Melt sheet quartz
diorite

Country rocks are Proterozoic
and typically have little crustal
sulfur with the exception of the
Nipissing Gabbro

Common inclusions of
country rocks as well as
exotic fragments

Massive, inclusion-
rich, and
disseminated sulfide

Po N Cpy N Pn N Cub 2 (Offset only) ~100 (offset
only)

6.2 29 Farrow and Lightfoot
(2000)

Tholeiitic Felsic orthogneiss; no sulfides Marginal breccia zone Disseminated Po N Cpy N Pn N Cub 0.75 ~10 6 2.7 Seat et al. (2007)
High-Mg basaltic B1
magma

Dolomites and shales with
limited crustal sulfur

None reported Mostly disseminated Po N Cpy + Pn 0.4 ~10 4 1 Li et al. (2002) and Maier
et al. (2004)

High-MgO basalt Proterozoic sedimentary rocks
of Barrager Basin with minor
sulfide

None described Massive and
disseminated

Po N Cpy N Pn 0.3 ~5 6.5 1.5 Ding (2010)

Picritic basalt Virginia and Thompson
formations with crustal sulfur

Not known Ragged disseminated
with local massive
veins

Po N Cpy N Pn 4 ~50 n/a n/a (Goldner, 2011)

Tholeiite Gunflint iron formation and
Rove shale — locally sulfidic

Pegmatoidal rocks, but not
breccias

Reef style
disseminated
sulfide

Po N Pn N Cpy 18 (excluding Pine
River dyke)

~1000 4.2 23 (Naldrett, 2004; Cogulu,
1990; Heaman et al.,
2007)

Basaltic magma Quetico metasedimentary rocks
and grabitoids

Hybridized margins Disseminated and net-
textured with local
massive patches

Po N Cpy N PnN N Py 0.3 ~5 (in the
tubular body)

3.3
(massive)

100 (Goodgame et al., 2010;
Smyk and Hollings, 2009)

High-Mg Schists, gneisses, quartzites, and
marbles with disseminated
sulfide

Not known Massive and
disseminated

Po N Pn N Cpy 0.25 ~20 3 0.25 Glotov et al. (2001)

Tholeiitic Vorontsov sandstone and shale None described Massive and
disseminated

Po N Pn N Cpy 1 (Elka), and 1
(Elka)

~10 12-16
(Elan) and
2–4 (Elka)

1.5 (Chernyshov, 2004)

High-Mg No Massive sulfide is
associated with fragments
(durchbewegung)

Massive, net-textured,
and disseminated

Po N Pn N Cpy 0.2 ~5 9 n/a (Mungall et al., 2010)

Tholeiitic Tickalara metamorphic suite:
Migmatitic paragneiss with
sulfide

Inclusions of paragneiss in
mineralised sequence

Disseminated and
massive

Po N Cpy N Pn 4 ~100 n/a n/a (Page and Hoatson, 2000;
Thornett, 1981)
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Fig. 3. A. Geological plan of the Huangshandong Intrusion (after Wang et al., 1987); B. West-facing geological cross section through the Huangshandong Intrusion (after Gao and Zhou,
2012; Wang et al., 1987).
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Fig. 5A–D and reported by Tang (1993) are consistent with emplace-
ment of themagma and the entrained sulfides into a sub-vertical struc-
ture which was possibly a cross-linking structure within a strike-slip
segment of the Longshoushan fault zone.

2.3. The Kalatongke Deposit, Fuyun Fault Zone, northern Xinjiang

The Kalatongke Intrusion is located in northern Xinjiang within the
broad boundary of the Fuyun fault zone (Fig. 2A). The intrusion is a
305+/−15Ma old (Han et al., 2006) differentiated gabbroic body com-
prising disseminated andmassive nickel sulfides that comprise the third
largestmined resource ofmassive sulfide in China (Fig. 1). The intrusion
outcrops at surface in an area of approximately 750 m2 as a zoned body
with a core of olivine biotite hornblende norite and a margin of biotite
diorite (Fig. 6A–B; Gao et al., 2012; Wang et al., 1992). The long axis of
the intrusion at the surface is aligned sub-parallel to the Fuyun fault
zone, and at depth the plunge of the intrusion flattens and the cross-
section shape of the intrusion is an ovoid channel that extends to the
SE, cutting from west to east across a series of folded Carboniferous-
aged sedimentary rocks. The intrusion is thickest in the synformal
zones of the country rocks, and appears to narrow as it passes through
the anticline in the country rocks. The broad geometry of the intrusion
is shown in long section in Fig. 6B and a series of NE–SW sections is
shown in Fig. 6C. The sense of displacement along the regional
extension of the Fuyun Fault zone is a dextral strike-slip motion
(Cunningham and Mann, 2007) and a right-stepping jog and cross-
linking structures created a localized transtensional space to produce
the rhomboid-shaped outcrop pattern of the intrusion (Fig. 6A).
2.4. The Jingbulake Deposit, Nalataishan Fault Zone, western Xinjiang

The 454 Ma Jingbulake Intrusion (Yang et al., 2012) is located
in the western Tian Shan Belt (Fig. 2) within the Nalatishan Fault
Zone. The intrusion is about 4 km long by 1.5 km wide, with the
long axis of the intrusion elongated sub-parallel to the Nalatishan
Fault Zone. The intrusion is a concentrically zoned body comprised
of olivine gabbro and wehrlite core surrounded by a thick interval
of olivine gabbro which is separated from country rock gneisses by
pyroxenite, hornblende gabbro and diorite (Fig. 7; Yang et al.,
2012). The sulfides that crop out close to the surface are typically
disseminated in olivine gabbro and comprised of pyrrhotite, pent-
landite and chalcopyrite. The marginal rock type of the intrusion is
dioritic in composition, and locally shows a fabric parallel to the
contact of the intrusion. Geological relationships between country
rocks and the intrusion are both magmatic contacts and struc-
tures, and the deep structure remains uncertain, however the sim-
ilarity to the zonation of Huangshandong indicates that the
intrusion may have a funnel-shaped keel and stem-like feeder
dyke at depth. The sense of displacement of the Nalatishan fault
zone is less clear as there has been N–S shortening, but it is be-
lieved to be sinistral, and forms the western extension of the
Kangguer Fault which is left lateral in displacement (Mann,
2007). The broad geometry of the intrusion which is elongated
ENE–WSW with the northern and southern contacts sub-parallel
to the fault zone, is consistent with the development of space in
a cross-linking structure at a left-stepping fault with sinistral
displacement.
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2.5. The Hongqiling Deposits, Huifeihe structural zone, Jilin Province

The Ni deposits in Jilin Province, NE China, are part of an ~217 Ma
intrusive event within the stratigraphy of the Hulan Group (Lü et al.,
2011; Wei et al., 2013; Wu et al., 2004). The intrusions are typically
small (b0.5 km2 in surface area) and differentiatedwith themore ultra-
mafic rock types containing the mineralization (Table 1). Fig. 8A shows
the geology of the Hongqiling region where a series of NW–SE struc-
tures contain small intrusive rock bodies with their long axes oriented
sub-parallel to the fault zone; these faults join upwith the Huifeihe gra-
ben to the south and are possibly subsidiary faults of the main ENE–
WSW structure. The sulfide mineralization varies from disseminated
to massive sulfide, with the Hongqiling Number 1 and Number 7 intru-
sions being the richest historic producers in the belt.

The Number 1 intrusion is mineralized with disseminated sulfide
that is typically interstitial grading into comingled blebs; the sulfides
have similar Ni-tenors to the massive sulfides. The Number 1 intrusion
has an original shape of an elongate lens with faulted contacts on the
western side and uncertain geological relationships with the gneisses
on the eastern side; the intrusion was about 700 m long and 300 m at
thewidest point prior to mining, with an internal stratigraphy compris-
ing mineralized olivine pyroxenite at the margin, through pyroxenite
to gabbro at the core (Fig. 8B–C). The morphology of the Number 1
intrusions is broadly similar to Huangshandong and Jingbulake; it is
speculated that the primary morphology of the intrusion is controlled
by a cross-linking structures within a jog between two strike-slip faults.

The Number 7 intrusion has the form of a dyke comprised largely of
pyrrhotite–pentlandite+/-pyrite-bearing orthopyroxenite with a very
high ratio of sulfide relative to silicate magma and a high Ni tenor
(14–15% Ni in 100% sulfide; Wei et al., 2013); the intrusion sits within
a structurewhich has been reactivated after deposition of Cenozoic con-
glomerates such that the SE wall of the pit is now a graben structure,
possibly reactivated at the time of development of the NNE–SSW
trending Huifeihe Graben at the northern margin of the Sino-Korean
Shield (Fig. 8A). The orthopyroxenites at the core of the dyke are typi-
cally fresh, but themargins of the intrusion typically show deformation.

2.6. The deposits associated with the Emeishan Large Igneous Province,
Yunnan and Sichuan Provinces

A number of weakly to heavily mineralized intrusions are associated
with small differentiated intrusions in the roots of the 260Ma Emeishan
large igneous province in Yunnan and Sichuan Provinces of SW China
(the area shown is underlain by numerous small intrusions; Fig. 9A).
Many of the intrusions are located in association with north–south
trending fault structures which have previously been referred to as
the “Panxi Rift” (Zhang et al., 1988) and are more likely deep-seated
structures in the basement which have been reactivated and controlled
some of the migration paths of magma from mantle to surface; collec-
tively we term these structures the Panxi faults. Many of these faults
are poorly understood due to the deep weathering profile, but at least
some local parts of the fault system show dextral strike-slip displace-
ment along fault segments.

A number of examples of medium-sized to small deposits are devel-
oped in association with intrusions injected along minor N–S faults;
these include Yangliuping (Song et al., 2003) and Baimazhai (Tang,
1993).

The differentiated Limahe Intrusion (Fig. 9B–C) comprises a body
which is ~2 km2 in plan view, yet hosted amedium-sized Ni–Cu deposit
(Fig. 1). The intrusion is comprised of olivine pyroxenite, peridotite,
gabbro and diorite within quartzites and shales of the Huili Group. The
intrusion is an elongate rhomboid-shaped body with a narrow keel
which joins to a dyke at depth. The intrusion shows an irregular concen-
tric zonation pattern ofmafic and ultramafic rock types, but the keel and
marginal rocks are typically peridotites and these rocks contain the
massive and disseminate sulfide mineralization (Table 1).
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Another small example of a similar fault-controlled intrusion is
located in southern Sichuan; Qingquanshan is a small intrusion with
a dyke-like keel associated with the intersection of the Anning River
(N–S) and Yimen (W–E) fault structures in the Huili Group Hekou
Formation limestones (Fig. 9D–E). This intrusion consists of peridotite
and gabbro and is elongated in a N–S direction with an original outcrop
extent of just 150 × 30m, and reaching a depth of 170m for the base of
the mineralized peridotite margin as well as the conduit at depth.

The Jinbaoshan intrusionwhich contains a Pt-enriched disseminated
sulfide mineral zone is developed within the Red River Fault at the SW
margin of the Emeishan (Fig. 9A; Wang and Zhou, 2006; Wang et al.,
2006). This intrusion resides within a sinistral strike-slip fault zone.
The Baimazhai Intrusion in Yunnan (Tang, 1992) and the Ban Phuc
Intrusion in Vietnam (Glotov et al., 2001) are adjacent to the same
major fault zone.
2.7. Summary of common traits of the Ni sulfide deposits of China

A number of features are shared in common by the group of nickel
deposits located in China (Table 1). The key traits of the deposits are
asummarized as follows.

1. The host intrusions are typically small in volume and outcrop/
subcrop area. Jinchuan has a surface outcrop area of ~1.5 km2 and
other intrusions are typically less than 2 km2.

2. The intrusions are composed of rock types that include dunite, peri-
dotite, wehrlite, lherzolite, pyroxene peridotite and olivine gabbro in
association with mineralization, and gabbro, gabbronorite, and dio-
rite in weakly mineralized or unmineralized parts of the intrusions
(e.g. Table 1).
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3. The Chinese deposits show a spectrum of morphologies including
rhomboid-shaped funnels, dyke-like sheets, and oblate channels.

4. Mineralization is normally related to the keel of the intrusion.
5. The volume of sulfide relative to silicate rock is high, and so themetal

and S content of the mineralization cannot be generated from the
observed volume of silicate magma.

6. The intrusions are within strike-slip transtensional zones and are
located at jogs or cross-linking structures where the strike-slip
displacement is offset, creating a localized transtensional space into
which magma can be emplaced to form the intrusion. These struc-
tures are often reactivated during deformation which can explain
the diversity in rock types and overprint the contacts and evidence
for previous motion.

7. The rhomboid-shaped intrusions are often contiguous with a dyke
which connects at the keel of the intrusion. The various intrusions
appear to be part of a connecting trellis of intrusions and conduits
which form a complex pathway from the mantle to the surface.

8. There is generally little evidence of association of the small intrusions
with country rock sulfide, and so the source of the S is generally
considered to occur at depth (e.g. Tang, 1992). The elevated sulfide/
silicate ratio found within each of the intrusions is indicative
of emplacement of sulfide magmas or sulfide-laden magmas
(e.g. Lightfoot, 2007; Tang, 1992) rather than in-situ segregation and
accumulation of sulfide from the magma contained in the chamber.
It appears likely that many of the Chinese magmatic sulfide deposits
have S achieved S saturation through assimilation of crustal S at
depth (e.g. Gao et al., 2012; Wang et al., 2012; Yang et al., 2012).

3. Geology of the Noril'sk–Talnakh Deposits, Siberia, Russia

The world-class Noril'sk–Talnakh Ni–Cu–PGE sulfide deposits in
Russia are associatedwith intrusions that have been extensively studied
by a generation of Russian experts who mapped and logged drill core
from the Noril'sk Region (e.g. Kunilov, 1994, and references therein).
The Noril'sk Ni–Cu–PGE sulfide deposits are located at the NW margin
of the Siberian Shield, and inboard to the east of the margin of the
Siberian Craton (Fig. 10A). The Noril'sk Deposits are juxtaposed close
to the Noril'sk–Kharaelakh Fault beneath or within the basal flows of
the Siberian Trap basalts (Fig. 10B). The geology of the Noril'sk Region
is comprised of a sequence of unexposed basement rocks that form
the Siberian Craton, overlain by Proterozoic-aged metasedimentary
rocks, followed by a sequence of Devonian and Permian shallowmarine
and sabkha stratigraphy containing intermittent packages of deeper
water shales (e.g. the Razvedochninsky Formation) and evaporates
throughout the sequence with Carboniferous coal-measures and shales
(Fig. 10C). These rocks are overlain by the Siberian Trap flood basalts
and tuffs which comprise an almost continuous stratigraphy of nine dif-
ferent formations in the Noril'sk Region (e.g. Lightfoot et al., 1990,
1993). The entire package of sedimentary and volcanic rocks is cut by
a complex network of faults, and folded on a regional scale to form
basins and arches. The faults comprise a major group of NNE–SSW
structures including the Noril'sk–Kharaelakh and Imangda Faults;
displacement along the faults varies in magnitude and direction with
the strike-slip and a reverse sense of motion (Mezhvilk, 1984;
Yakubchuk and Nikishin, 2004) which varies in extent and sense of
displacement along the length of the fault (Mezhvilk, 1984, 2004).

The dominant center of accumulation (depocenter) of metal-
depleted basaltic rocks of the Nadezhdinsky Formation of the Siberian
Trap is localized along the axis of the Noril'sk–Kharaelakh Fault, and
this volcanic edifice has a volume of 5000–10,000 km3 (Fig. 10B), from
which up to ~99% of the precious metals and up to ~80% of the Ni, Cu,
and Co have been removed as a response to equilibration of the parental
magma with magmatic sulfide (Lightfoot and Keays, 2005; Naldrett
et al., 1995). This volcanic edifice is underlain by sedimentary rocks
which contain intrusions that are more primitive than the basaltic
rocks, but have similar ages and trace element ratios which indicate
that they belong to amagma series that is temporally and spatially relat-
ed (Naldrett et al., 1995). These include the strongly differentiated and
weaklymineralizedNi–Cu–PGE-depleted LowNoril'sk and LowTalnakh
Intrusions which underlie the economically mineralized intrusions at
Noril'sk and Talnakh (Figs. 10B, 11). The Talnakh, Kharaelakh, and
Noril'sk Intrusions are heavily mineralized and are positioned
stratigraphically above the Low Talnakh and Low Noril'sk Intrusions
and cross-cut the stratigraphy of the sedimentary rocks beneath the Si-
berian Trap, and in the case of the Noril'sk 1 intrusion, the most basal
Ivakinsky and Syverminsky Formation basalts of the Siberian Trap. The
Talnakh and Kharaelakh Intrusions are located adjacent to the
Noril'sk–Kharaelakh Fault, but appear not to be fed along the main
fault (Figs. 10B, 11). The Talnakh intrusion is at a higher stratigraphic
level in Permian sedimentary rocks than the Kharaelakh Intrusion
which is hosted in Devonian-aged sedimentary rocks. The main part of
the intrusion iswithin argillites of theRazvedochinsky andTungusskaya
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series (Fig. 10C), and these sediments are typically missing or partially
missing from the sequence along the widest part of the intrusion
(Lightfoot and Zotov, 2014; Zotov, 1989).

The shape and form of the Low Talnakh intrusion as described in
Zenko and Czamanske (1994) include both weakly differentiated
sill-like domains, and thicker heavily differentiated channel-ways as
shown in Fig. 12A. The channel-ways are typically localized along seg-
ments of the intrusion that are hosted in sedimentary rocks that have
a synformal structure, and the thinner sections tend to be associated
with antiformal features in the country rocks (Fig. 12A). Although the
Low Talnakh Intrusion is Ni-depleted and barren of sulfide mineraliza-
tion, the rocks show a similar geometry and range of mafic–ultramafic
rock types when compared to the economically mineralized Talnakh
and Kharaelakh intrusions (e.g. Hawkesworth et al., 1995). The
channel-ways in the Low Talnakh Intrusion are distributed both adja-
cent to the Noril'sk–Kharaelakh Fault and they extend away from the
fault where they form a series of wider channels that spatially corre-
spond to the anticlinal structures in the country rocks.

Themain conduits of the Kharaelakh Intrusion have a form similar to
the Low Talnakh Intrusion as shown in Fig. 12B, but the margins of the
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sheet comprise flanking domainswhere the intrusion has complex rela-
tionships with the surrounding sediments at a range of scales, viz: 1.
Sheet-like apophyses of weakly differentiated sills (termed ‘the sills of
the Kharaelakh Intrusion’ and shown in Fig. 11); 2. apophyses described
in Zotov (1989) as 1–10m thick sills within awide domain ofmetamor-
phosed metasedimentary rocks (also termed “the horns of the
Kharaelakh Intrusion”; Zotov, 1989); and 3. local apophyses of gabbroic
magma which are chilled where they are in direct contact with the sur-
rounding hornfelsed sedimentary rocks in the form of lobes on the scale
of 10–50 cm (termed “the ears of the Kharaelakh Intrusion”; Lightfoot
and Zotov, 2007, 2014; Zotov, 1989). Thewidest parts of the Kharaelakh
Intrusion are located where the country rocks have a synformal struc-
ture or are rifted parallel to the Noril'sk–Kharaelakh Fault (Fig. 12B).
The main zones of basal Ni-rich massive sulfide mineralization are ei-
ther located at the base of the intrusion orwithin ~20m of the intrusion
in the underlying sedimentary rocks, and broadly follow the axis of the
channels (Fig. 12C after Zenko and Czamanske, 1994). In cross-section
view, at the northern end of the Kharaelakh and Talnakh Intrusions,
the chambers resemble oval conduits within narrow sheets (Fig. 13A),
and the base of these conduits contain the deposits of the Skalisty and
Gluboky Mine Areas. The geometry of the Noril'sk I conduits is very
similar to the Talnakh and Kharaelakh conduits (e.g. Lightfoot and
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Zotov, 2007; Fig. 13B), and although the association is with disseminat-
ed sulfides, the same channel-ways control both styles of
mineralization.

A feature of both the Talnakh and Kharaelakh Intrusions is the im-
portant association of Cu–PGE sulfide mineralization with brecciated
country rocks in the footwall exocontact domain of the Talnakh
Intrusion, and the hangingwall exocontact domain of the Kharaelakh
Intrusion (Fig. 14A). This styles of mineralization typically has elevated
Cu and PGE with Cu/Ni ~ 5, but they are low in Ni which contrasts with
the differentiated Cu-rich mineralization at the lower contact of the
intrusions in the pyrrhotite–pentlandite–chalcopyrite style of Ni-rich
ores (Cu/Ni ~ 15) as described in Naldrett et al. (1992, 1995) and
Stekhin (1994). In hand sample, these breccias comprise a complex
metasomatized assemblage of country rocks with interstitial sulfides
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Cu–PGE ores are likely the product of sulfidemelt differentiation, but
their emplacement is probably controlled by space available within
the evolving conduit system. Some of this space was available at
the base of the intrusion to the east of the Noril'sk–Kharaelakh
Fault, but to the west it appears to have been generated in response
to the collapse of roof rocks over the partially crystallized rocks
within the chonolith along minor structures parallel to the
Noril'sk–Kharaelakh Fault (Lightfoot and Zotov, 2007, 2014).

4 . The Voisey's Bay Deposit, Labrador, Canada

The Voisey's Bay Intrusion is located in Eastern Labrador, Canada
along a broad N–S suture between the Churchill Province paragnesisses
and enderbite orthogneisses to thewest and the ArcheanNain Gneiss to
the east. The deposit was found as an outcome of grass root exploration
by prospectors engaged in exploration for diamonds (Naldrett et al.,
1996a). An active mine on the Ovoid Deposit with an original reserves
of 31.7Mmt@ 2.83% Ni, 1.68% Cu, and 0.12% Co, is located within a larg-
er mineral system that comprises five significant mineral zones (e.g.
Lightfoot et al., 2012a, 2012b). The intrusion is located at the center of
a domain of east–west trending structures which form significant topo-
graphic features (Fig. 15A). The structures have a sinistral strike-slip dis-
placement, and the same family of west to east-trending faults extends
to Greenland. Their latest motion is controlled by extension in the Lab-
rador Sea (e.g. Myers et al., 2008); these are probably reactivated
structures as they are localized within a W–E corridor ~50 km either
side of Nain and do not extend in such large numbers to the north and
south of this corridor (Fig. 15A). Intrusive activity associated with this
W–E fault family includes the dykes and intrusions in the Gardar area
of SW Greenland, which comprise the 1.35 Ga Gardar Intrusive suite
(Upton and Blundell, 1978), and the intrusions of the 1.35–1.29 Ga
Nain Plutonic Suit in Labrador (Ryan, 1998, 2000).

4.1. Geometry and structure of the VBI

The 1.34 Ga Voisey's Bay Intrusion crops out in an east–west orienta-
tion to the north of Voisey's Bay (Fig. 15A). The intrusion cross-cuts
through a series of N–S trending basement gneisses comprising from
west to east paragneisses of the Churchill Province, enderbitic
orthogneisses of the Churchill Province, and quartzofeldspathic gneisses
of the Nain Province. Much of the Voisey's Bay Intrusion is hosted in
paragneiss and enderbitic orthogneiss. The intrusion crops out at the
surface in the east (the Eastern Deeps Intrusion) and is connected via
a dyke-like conduit to a sub-surface chamber in the west (termed the
Western Deeps Intrusion). This is shown in Fig. 15B–C in plan (where
the mineral zones are shown projected to surface) and a long-section
view (projected onto the dyke and the north walls of the intrusions).
The Eastern Deeps Intrusion is a tabular body of olivine gabbro,
troctolite, and ferrogabbro containing variably assimilated blocks of
orthogneiss as well as magmatic breccias laden with paragneiss
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fragments and magmatic Ni–Cu–Co sulfide mineralization (Lightfoot
et al., 2012a, 2012b; Naldrett and Li, 2007). The Eastern Deeps Deposit
is located at the base of the northern sub-vertical wall of the intrusion
and plunges ~15° ESE along the locus of the entry point of the dyke
into the intrusion; this is shown in Fig. 15D in a west-facing cross sec-
tion through the Eastern Deeps Intrusion and Deposit. The Eastern
Deeps Deposit zone is surrounded by a halo of variable-textured
troctolite (up to 700 m thick, and extending up to 500 m south
of the Deposit within the lower part of the intrusion). The
variable-textured troctolite has a range in plagioclase and olivine
grain size, with pegmatoidal patches rich in orthopyroxene and
ilmenite, and contains 0–20% disseminated magmatic-textured
sulfide. The variable-textured troctolite also contains local inclu-
sions of paragneiss (1–10 cm in size) and large pendants of
orthogneiss (up to 200 m across), with local hybridized margins.
The dyke to the north contains ferrogabbro, olivine gabbro,
troctolite, and variable troctolite; a small zone of sulfide mineral-
ization is developed to the north of the Eastern Deeps within
the dyke, and this mineralization is termed the “North of Eastern
Deeps” (NED) zone (Fig. 15D).
4.2. The Eastern Deeps Intrusion

The shape of the contact of the Eastern Deeps Intrusion is shown in
the 3D model reconstructed based on surface mapping and drill core
data (Fig. 16). The southern margin of the chamber is poorly under-
stood, largely because it is heavily cut by granitoid rocks at surface,
and has limited drilling. The Red Dog Fault marks the southern margin
of the Eastern Deeps Intrusion; the fault has a sinistral offset
of ~1700 m, and effectively displaces the continuity of the intrusion by
1700 m on the south side of the fault where the Red Dog Intrusion is
present. Both the Eastern Deeps and Red Dog Intrusions appear to be
part of one original chamber, and the mineral occurrence at Ryan's
Pond is consistent with an ESE continuation of the trend of the Eastern
Deeps Deposit to the south of the Red Dog Fault, but displaced
~1700 m the East. The gneisses along the north wall of the Eastern
Deeps Intrusion have a strong W–E ductile deformation fabric, al-
though there is no clear evidence of displacement along this struc-
ture after emplacement of the Eastern Deeps Intrusion. It is possible
that this structure was exploited during the development of the
magma chamber.
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4.3. Geological relationships and internal structure of the Eastern Deeps

The Eastern Deeps Intrusion comprises a series of unmineralized
cumulate-textured weakly layered olivine gabbros and troctolites
(Fig. 15D). Some of the troctolites develop stellate clusters of plagioclase
feldspar and strong lamination of plagioclase in rocks which are typical-
ly devoid of sulfide. Despite the textural variety in plagioclase, they are
locally termed “normal-textured troctolites”. Within these troctolites
are discontinuous units ofmelatroctolite on the scale of 1–15m in thick-
ness (Fig. 17A) that dip 20° to the south. Above the normal-texture
troctolites is a package of olivine gabbros and gabbros which form an
unsubdividedunit that extends towards the easternmargin of the intru-
sion and south to the Red Dog Fault in areas with extensive develop-
ment of the Voisey's Bay granite (Fig. 15B). The mineralized troctolites
comprise a series of rocks that are termed variable-textured troctolites
(VTT) that extend along a west–east trend adjacent to the north wall
of the intrusion (Fig. 15D).

Detailed drilling of the Eastern Deeps Intrusion indicates the pres-
ence of at least one major pendant (~100 m vertical extent and about
250 m lateral extent) of banded quartzofeldspathic orthogneiss to the
south of the Eastern Deeps Deposit which defines the southern bound-
ary of the variable-textured troctolite (Fig. 15D). The margins of these
gneiss fragments have complex relationships with the variable
troctolite; there is often local evidence of heavy assimilation in the
form of partially assimilated gneiss within a matrix of heavily contami-
nated troctolite through to segregations of partial melts of orthogneiss
and relict fragments within the troctolite (Fig. 17B). The blocks appear
to be derived from the chamber walls, and it appears likely that they
are the remains of the country rocks that were broken up in fault
zones or spalled-off the chamber walls during early development of
the magma chamber and subsequently surround by the mafic magma
Fig. 15.A. Location of theNain Plutonic Suite (Labrador, Canada), and theGardar Intrusions inW
in geology and geomorphology that reflect the opening of the Labrador Sea, but these are likely
sion. B. Plan viewof the Voisey's Bay Intrusion in the immediate area of the deposit (after Lightfo
in relation to awest–east dyke which connects the EasternDeeps chamber to theWestern Deep
logical relationships in the Eastern Deeps (after Lightfoot et al., 2012a, 2012b).
which reacted with the blocks to produce the hybridized rocks and
variable-textured troctolites.

The inclusion-laden olivine gabbro and troctolite that occur in asso-
ciation with sulfide mineralization (Fig. 19A) have a fabric defined by
the elongation of 5–75% paragneiss inclusions (aspect ratios of 10:1 to
100:1 and units of “condensed breccia”which comprise aligned stacked
fragments of paragneiss with minimal trapped magma between the
fragments (Evans-Lamswood, 2000; Evans-Lamswood et al., 2000),
trains of mica and sulfide in the matrix, and the development of ductile
structure parallel to the long axes of the inclusions (Fig. 17C). Some-
times relict quartzofeldspathic gneiss lenses remainwithinweaklymin-
eralized variable troctolite (Fig. 17D). The alignment of fabrics in the
breccia sequences of the dykes is generally parallel or sub-parallel to
the steep contact, whereas those associated with the Ovoid and Eastern
Deeps Deposits tend to follow the flatter geometry of the contact. With-
in the Eastern Deeps Intrusion, Lightfoot et al. (2012a, 2012b) show that
the interface between low and high Ni tenor sulfide occurs along these
internal chamber structures (Fig. 19A). The development of theflat duc-
tile structures controls the shape of the mineralization within both the
chamber-hosted and dyke-hosted zones. The massive sulfides, breccia
sulfide and leopard-textured sulfides comprise the main economic
core of the Eastern Deeps Deposit as shown in Fig. 19A, C–D.

The Eastern Deeps Intrusion is cut by late tabular sheets of granite
which locally form complex breccias with troctolite and olivine gabbro
fragments in a granitic matrix. The sheets of granite range from
cm-scale to 150 m in thickness and although continuous between
some drill holes, they break-up and re-join laterally such that the distri-
bution of the granite domain is regular, yet the internal geometry is
complex. The granitoid rocks do not cut through thedeposit or influence
the continuity of mineralization. They are largely contained within the
footprint of the Eastern Deeps Intrusion, and the intrusions have clearly
est Greenland (afterMyers et al., 2008). A sinistral strike-slip corridor has produced offsets
long-lived structures which controlled the principal orientation of the Voisey's Bay Intru-
ot et al., 2012a, 2012b). C. Long section showing the location of the principal mineral zones
s chamber (after Lightfoot et al., 2012a, 2012b). D.West-facing cross section showing geo-
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heavily modified the troctolites by re-setting the U–Pb systematics of
1.334 Ga zircons in the troctolites to the ~1.306 Ga ages of the granitoid
rocks (Amelin et al., 1999, 2000). The granites broadly occupy a similar
footprint to mafic igneous rocks and they have a sheet-like geometry
similar to the mafic intrusions; it appears likely that a similar stress
regime controlled the distribution of magmatic activity at Voisey's Bay
for approximately 30 Ma.

The flat alignment fabrics in the dyke and intrusion point to an align-
ment of inclusions in response to a stress regime that controlled the in-
flux of magma and sulfide through the conduits and into the chamber.
The relationships between mineralized mafic rocks and barren mafic
rocks are generally quite complex, with no knife-sharp contacts be-
tween normal troctolite and variable-textured troctolite in the Eastern
Deeps Intrusion, or between barren olivine gabbro or troctolite and
the mineralized sequence in the dyke, so the geological evidence
points to an episodic development of the chamber on a time scale
consistent with partial crystallization. The relationships between
barren mafic rocks, mafic rocks with disseminated mineralization,
and inclusion-packed semi-massive to massive sulfide appear to
be in this sequence, with the last event comprising the migration
of the sulfide- and fragment-laden batches of magma along wid-
ened pathways within the dyke into gently dipping structural
spaces where they accumulated. The interface in Ni tenor be-
tween heavily mineralized and weakly mineralized parts of the
Eastern Deeps appears to support the earlier introduction of
magma carrying disseminated sulfide into a chamber and the
later introduction of massive sulfide and breccia sequence rocks
(Fig. 19A).
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4.4. Internal form and structure of the Ovoid and the Reid Brook Zone

West of the Eastern Deeps chamber, the dyke bifurcates, and the
upper part of the dyke is connected into an east–west trending elongat-
ed bowl-shaped intrusion termed the Ovoid (Figs. 15B–C and 18A). The
core of the Ovoid comprises massive sulfide with resorbed magnetite
(Fig. 18B); the massive sulfide is entirely devoid of gneiss fragments,
but the margins have similar rock types to those developed around
the Eastern Deeps, including both leopard-textured troctolite and brec-
cia sulfides. The shape of the space occupied by the Ovoid Deposit is
broadly an elongate west–east trough with a dyke connected to
the base as a keel which dips to the north. The north wall of the
Ovoid curves towards the south at the east end of the trough,
and the south wall curves towards the north at the west end,
so the geometry is broadly consistent with the space created by
both rifting (Cruden et al., 2008) and at a cross-linking structure
along a right-stepping dextral fault system (Lightfoot and Evans-
Lamswood, 2014).

Further to the west, the Ovoid narrows into the mini-Ovoid deposit
where the chamber walls are steeper, and the deposit is contained in an
intrusion that has a wine-glass shape with a narrow keel (Evans-
Lamswood et al., 2000). West of the Ovoid, the intrusion has the form
of a dyke which dips towards the north, steepening with depth before
bending over and dipping towards the south. The axis of the inflection
of the dyke plunges east at ~27°, and the inflection reaches the surface
in the Reid Brook Zone to the west of the Mini-Ovoid (Fig. 20). The
dyke is variable in width (5–100 m) and discontinuous on the scale of
10–200 m. The wide parts of the dyke plunge at 45° to the east, and
typically contain heavy Ni–Cu sulfide mineralization with magmatic
breccias (Fig. 21A).
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The dyke follows the south side of the Western Deeps Intrusion
(Fig. 21B). Although the dyke is adjacent to the south wall of this
chamber, it is not entirely clear whether the dyke joins with the
chamber or just skirts the south-dipping southern margin of the cham-
ber because the contacts are normally cut by late granitoid intrusions
(Lightfoot et al., 2012a, 2012b).

A zone of mineralization at the western end of the dyke comes near
to surface, and is hosted partially by a widened zone of variable-
textured troctolite inside the dyke, and partially along eastward-
plunging sheet-like structures that slightly offset the dyke (upside to
the north), and contain massive sulfides of similar composition to
those found in the dyke (Lightfoot et al., 2012a,b). This domain contains
the Reid Brook Deposit, and the broad envelope of this complex zone
plunges from west to east at about 27° within the dyke as shown on
the long section in Fig. 15C. The dyke extends from surface to depth
along a plane which plunges to the north near-surface, bends over to a
vertical orientation with depth, and then plunges towards the south
at about 70° at depth as shown in the 3D model in Fig. 16. The dyke
intersects a chamber of olivine gabbro, troctolite, ferrogabbro, and
leucogabbro at depth that is termed theWestern Deeps Intrusion.With-
in the stratigraphy of the Western Deeps Intrusion are intercalations of
Tasiuyak Gneiss in which there are incipient metamorphism and
partial assimilation of paragneiss to form the fragments that typical-
ly occur in association with the disseminated and breccia style
Voisey's Bay sulfide ores (Fig. 18E–F). Nearby olivine gabbro and
troctolites of the Western Deeps contain paragneiss inclusions, par-
tial melts that appear to be derived from the gneiss and disseminated
sulfide (Fig. 17G–H).

Geological relationships in the mineralized part of the dyke are
summarized in Fig. 21A–B. The wide zones of stronger mineralization
associated with magmatic breccias tend to plunge down the dyke to-
wards the east with a rake of about 27°. Above the wider channel in
the dyke, the dyke often narrows or is absent; in many cases the only
manifestation of the dyke is massive sulfide (Fig. 21C–D). The sulfide
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lenses follow structures that dip to the east at 20–30°. It is these struc-
tures that appear to represent primary discontinuities in the dyke
along which sulfide magmas (devoid of silicate melt and inclusions)
have been injected into the country rock paragneiss (Fig. 21C–D). The
country rocks adjacent to the dyke develop shear zones with evidence
to further support dextral motion (Figs. 17I and 20). The sub-
horizontal structures allowed migration of massive sulfide into the
adjacent country rock gneisses as shown in Fig. 21A and C.

4.5. A refined model for the emplacement of the VBI and the associated
Ni–Cu–Co sulfide mineralization

The geological relationships summarized above point to a protracted
evolution of the crust in the area of the Voisey's Bay Deposit. The host
intrusion appears to have been emplaced into a segment of crust that
was undergoing extension. The geological evidence points to the
presence of at least two main chambers in the structural corridor,
the Eastern Deeps and the Western Deeps connected by a dyke
(Evans-Lamswood, 2000; Lightfoot and Naldrett, 1999; Fig. 22A). The
evolution of this chamber has been considered to be the product of cal-
dera collapse within a west–east rift (Cruden et al., 2008) based on the
structural setting, and this model has been widely used to explain the
redistribution of dense magmatic sulfides and fragment laden melts
from deeper chambers to shallower chambers in the crust (e.g.
Lightfoot et al., 2012a,b; Fig. 22A).

Although our data fromVoisey's Bay indicate that themorphology of
the intrusion has been affected by collapse within a rift structure, there
is also a growingweight of evidence that points to the presence of cross-
linking structures as an important control on the development of wider
segments of the conduit during dextral displacement along the E–W
fault system. The plunging pipe of mineralization within the dyke, and
the associated openings in the gneisses where the dyke is thin are
small-scale manifestations resulting from transtensional slip that is re-
corded by b~100 m displacements in lithologic units across the dyke.
The introduction of dense magmatic sulfides through this plumbing
systemwould be a response to lateral tectonic pumping of sulfides rath-
er than vertical transport of entrained sulfides in a flowing magma (De
Bremond d'Ars et al., 2001). The origin of the spaces occupied by the
mini-Ovoid, Ovoid, and Eastern Deeps chambers remains the subject
of ongoing studies, but it appears likely that a combination of rifting
and dextral faulting has created the conditions for the development of
the Ovoid and the Eastern Deeps in a segment of the fault system by
scissor faulting as shown in the block model in Fig. 22B.

5 . Discussion

5.1. Global examples of structural control on magma chamber geometry

A number of significant Ni deposits are associated with chonoliths
that broadly resemble the Noril'sk–Kharaelakh, Voisey's Bay and Chinese
Ni deposits. In SouthAfrica, the 2.055MaNkomati (Uitkompst) deposit is
associated with an intrusion that is co-magmatic with the Rustenburg
Layered Series of the Bushveld Intrusion (de Waal et al., 2001; Maier
et al, 2004). The intrusion has a cross section morphology that broadly
resembles the Talnakh Intrusion and Kalatongka, but the strongly differ-
entiated intrusion is contained within and appears to have replaced the
stratigraphy of the Transvaal Group.

The 2.04–2.08 Ga Voronezh Intrusions in SW Russia (Chernyshov,
2004) have a similar age to Nkomati (see above), and were likely origi-
nally part of an adjacent block of the Kapvaal Craton. These intrusions
are only described from drill core, but the extent of differentiation and
sulfide/silicate ratios may make them similar examples of Bushveld-
related magmatism.

The 1.1 Ga Mid-continent Rift of North America contains a thick se-
quence of basaltic rocks within the main rift, and at the margins of the
rift are major gabbro-anorthosite intrusions that are associated with
Cu–Ni–PGE sulfide mineralization (e.g. parts of the Duluth Complex),
but a particular group of intrusions developed inboard of the main rift
during early extensional ultramafic magmatism are known to host
Ni–Cu–PGE sulfide mineralization. These intrusions include Eagle in
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Michigan (Ding, 2011), Tamarack inMinnesota (Goldner, 2011), Current
Lake in Ontario (Goodgame et al., 2010), the Great Lakes gabbro intru-
sion (Cogulu, 1993), and other mafic–ultramafic intrusions at the rift
margin (Smyk and Hollings, 2009). The 1.107 Ga Eagle deposit is a
good example of a primitive funnel-shaped intrusion possibly associated
with a splay of the Great Lakes Tectonic Zone; the size, morphology, in-
ternal differentiation and sulfide/silicatemagma ratio are all comparable
to the cluster that definemany of the Chinese deposits. The Tamarack In-
trusion in Minnesota within the broad trend of the Great Lakes Tectonic
Zone; this 1.106 Ga intrusion is also quite small in plan, and appears to
occupy a bridging structure between intrusions developed in a splay of
the Great Lakes Tectonic Zone. Relative to Tamarack, there is a larger
body of information on the Current Lake Intrusive Complex north of
Thunder Bay. This intrusion is strongly differentiated, and comprises
many dyke-like segments that are within splays of the Quetico Fault
Zone, but bridging structures extend between the dykes which form
channels containing disseminated PGE–Ni–Cu sulfide mineralization
(Goodgame et al., 2010). The Great Lakes Nickel Deposit is another
example of differentiated intrusionwith disseminated sulfidemineraliza-
tion (Cogulu, 1993); the exact configuration of the intrusion is not
completely understood, but it does appear to rest at the western
termination of a dyke-like composite intrusion of gabbros and
granophyres that has been termed the Mollie-Pine River Intrusion
(Sutcliffe, 1987). It is possible that this intrusion is a lateral exten-
sion of this dyke.

Conduit style intrusions are not restricted to the Phanerozoic and
Proterozoic; the 2734 Ma Eagle's Nest intrusion in the “Ring of Fire”
in NW Ontario is an example of an Archean champagne-glass shaped
intrusion that resides within a broad structural zone and is strongly
differentiated (Mungall et al., 2010). Elevated sulfide/magma ratio is
also a feature of this body. It is possible that other small Archean-
aged and Proterozoic intrusions share similarities to the chonoliths
described above, but are more heavily deformed in comparison.
Examples include the 1.97 Ga Pechenga Deposits, where the small
intrusions are associated with large volumes of magmatic sulfide
(Green and Melezhik, 1999; Lightfoot et al., 2012a; Laverov, 1999 )
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and the 1.87 Ga Thompson Deposit in the Thompson Nickel Belt of
Manitoba (Lightfoot et al, 2012c). Another example may be the
1.4 Ga Kabanga Deposit in Tanzania (Maier et al., 2010), where the
small intrusions have geometries remarkably similar to those that
host mineralization at Pechenga.

In Western Australia, two key examples of chonoliths with sulfide
mineralization are developed. In the Halls Creek Orogen, the 1.88 Ga
Sally Malay (Savanah) Intrusion hosts mineralization in a small conduit
that strongly resembles the Voisey's Bay deposit in petrology, inclusion-
sulfide associations, and shape (Page and Hoatson, 2000; Thornett,
1981). Another example in the West Musgrave Block is the 1078 Ma
Babel–Nebo Intrusion which is a very small differentiated chonolith
that contains a lower segment that is strongly enriched in dissemi-
nated sulfide. Seat et al (2007, 2009) describe the detailed geology
of this intrusion, and the geological relationships summarized in
their sections share many similarities with the more weakly miner-
alized segments of the Noril'sk and Kalatongke Intrusions described
above.

Although there are many examples of economically or sub-
economically mineralized small intrusions, there are also many ex-
amples which are barren of mineralization or barren at the present
level of erosion. Although structural controls are of primary indicator
of exploration potential, there are many other features in common in
these intrusions (Table 1), and a wide range of other process controls
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which govern the formation of magmatic Ni–Cu–Co–(PGE) sulfides
within chonoliths (e.g. Lightfoot, 2007; Naldrett, 2010).

5.2. Comparative geology of the Offset Deposits of the Sudbury
Igneous Complex

Someof theNi–Cu–PGE sulfidedeposits associatedwith the Sudbury
Igneous Complex (SIC) in Ontario, Canada share features of the dyke-
hosted mineralization at Voisey's Bay. The strongest analogy exists for
a group of deposits which are associated with radial dykes of quartz di-
orite which extend away from the main Sudbury Igneous Complex into
the country rocks. These are traditionally termed Offset Dykes, and they
contain very large ore deposits (e.g. the ore deposits of the Copper Cliff
Offset). The geology of these dykes and their relationship to the SIC are
described in Lightfoot et al (1997a,b,c, 2000), and Keays and Lightfoot
(2004). The dykes appear to have formed early in the evolution of a
melt sheet generated by meteorite impact (Grieve, 1994). The Offset
dykes are radiating structures in the crust which were initially
filled with undifferentiated magma with the bulk composition of
the average SIC melt (Lightfoot et al., 199). The Main Mass
magma achieved S saturation, and sulfide-laden magmas together
with inclusions were injected into the Offset dykes from above to
form steeply plunging ore shoots. These mineral zones tend to be
localized in places where the dyke is thick (Farrow and Lightfoot,
2000; Lightfoot and Farrow, 2003), and often adjacent to primary
discontinuities in the dyke which are often located in areas of ex-
tensive country rock brecciation (e.g. Farrow and Lightfoot, 2000;
Lightfoot, 2007). The localization of the mineralization in these
dykes appears to be controlled by local cross structures between
faults developed radially and concentrically around the SIC. A
close analogy exists between the geometry of the Reid Brook
Zone at Voisey's Bay and the mineral zones of the Copper Cliff
and Worthington Offset which are part of the Sudbury Igneous
Complex.

5.3. A new model for a class of nickel deposits in intrusions linked to
strike-slip structures

An important feature of the Earth's crust is the extensive long-lived
network of strike-slip faults which are a kinematic product of motion
of the plates which comprise the Earth's crust (Wilson, 1965). Strike-
slip faults can occur in a range of settings (Cunningham and Mann,
2007), but most critically to the context of the formation of small intru-
sions in cratonic margin settings, the strain developed during passive
rifting or plume-initiated active rifting appears to generate deep rooted
structural zoneswhich sometimes control themigration ofmagma from
the mantle to the surface.

Rifting is an important process in the context of crustal thinning, and
provides an opportunity for mantle-derived magmas to migrate from
mantle to surface. Strike-slip faults comprise a sub-set of structures
which typically develop in response to anisotropy of the motion of
platemargins. The structures associated with strike-slipmotion include
both restraining and releasing bends. Within areas of transpression,
positive flower structures are indicative of the sense of transpression
andmay havemanifestations like en echelon folds in adjacent sedimen-
tary stratigraphy; there is no opportunity for structural space to be
generated which can be exploited by ascendingmagma. In contrast, re-
leasing structures at sites of transtension may take the form of
transtensional rifts and pull-apart basins where the detailed internal
geometry of motion of blocks within the rift or pull-apart has a vertical
and lateral sense of displacement. Transtension generates local open
space in the crust, and sub-vertically connected open spaces provide a
pathway through which mantle-derived magmas can migrate from
themantle to the crust. Such pathways would tend to focus on themar-
gins of active rifts and reflect far-field rather than local stress regimes in
the development of en echelon shears. Transtensional space is created
in response to country rock anisotropy, and so the spaces would tend
to occur in different locations along a fault structure, but may be physi-
cally connected at the lower and upper ends into vertical and lateral
shear zones. The pathway followed by this magma in a complex
strike-slip fault zone is unlikely to be a simple dyke-like geometry as
the domains of transpression will inhibit migration of magma whilst
the zones of transtension will promote the episodic movement of
magma. The geological relationships documented in many of the intru-
sions with a funnel-shaped cross section and a rhombic plan outline
(e.g. Huangshan, Huangshandong, Limahe, Voisey's Bay) are consistent
with the development of the magma chambers and conduits through
local transtension. The morphology of this space reflects anisotropy in
the country rocks, and so the closure of the pull-apart would be both
below and above the opening. To allow magma to enter these rhombic
openings in the strike-slip structure, an interconnected network
of open space is required (Lightfoot et al., 2012a), and this may
take the form of both vertical pipe-like segments in the lower
and upper tails of the intrusions, much like the dykes found at
Voisey's Bay, Jinchuan, and Hongqiling. Anisotropies may also be
horizontal and sub-horizontal, and this can give rise to lateral
flow of magma along conduits between larger transtensional
spaces; in this case, the magma channels resemble the oblate
conduits recognized in the Noril'sk I, Talnakh, and channel-ways
in the Kharaelakh Intrusion. More oval-shaped pipe-like intru-
sions include the examples from Kalatongke, Babel–Nebo, and
Nkomati.

5.4. Significance of large igneous provinces, cratonic margins, and
supercontinent break-up

The extent to whichmagma can easily transfer frommantle to crust
is controlled by the efficiency of maintenance of an open conduit sys-
tem. During incipient rifting, the magmas generated within many
large igneous provinces are typically more primitive and limited in
volume. This is illustrated by the volumetrically small contributions of
Gudchikhinsky picritic basalts to the lower part of the Siberian Trap at
Noril'sk, and by the presence of picritic basalts in the basal stratigraphy
of the Keweenawan Mid-Continent Rift at Mamainse Point (Berg and
Klewin, 1988) and the Osler Volcanic Group (Keays and Lightfoot, in
preparation). In the case of the Mid-continent rift, intrusions that are
broadly coeval and potentially co-magmatic with picritic basaltic rocks
include Eagle and Tamarack which were emplaced during incipient
rifting. These phases of early rifting allowed a magma transportation
network to develop in favorable structures at the cratonic margin. It is
the cratonic margin that is typically composed of thinner lithosphere,
and through which magma can more readily migrate from the mantle
to the surface during the early active rifting phase of continent break-
up (Begg et al., 2010).

In the context of heat flow and continent dis-amalgamation, the
phase of activity immediately following the development of a
superplume appears to be a critical temporal event for the formation
of nickel sulfide deposits. There is a marked increase in the quantity of
mineralized mafic and ultramafic rock immediately following the
break-up of Kenorland, Nuna, Rodinia, and Pangea as evidenced
by the correlation between contained Ni in historic resources and
future production versus the age of the host intrusion (Maier and
Groves, 2011). The onset of dis-amalgamation follows periods of
maximum addition of juvenile crust (Bradley, 2011), and the ma-
jority of nickel deposits link to the large igneous province events
that follow break-up.

5.5. Magma dynamics in conduit systems

Most of the intrusions within cratonic margin structures have simi-
lar features, including: 1. Ultramafic and mafic rock types; 2. geological
evidence for the equilibration of the magma with crust or inclusions of



383P.C. Lightfoot, D. Evans-Lamswood / Ore Geology Reviews 64 (2015) 354–386
crustal derivation; and 3. the intrusions are endowed with accumula-
tions of magmatic sulfides that are enriched in Ni, Cu, and Co, and
sometimes PGE. The extent towhich economic concentrations ofminer-
alization link to the presence of inclusions varies between different de-
posits. At Voisey's Bay, there is a close empirical association between
disseminated sulfides, olivine gabbro and troctolite, and the presence
of paragneiss fragments and ultramafic inclusions; this association is
more typical of the halo around massive sulfide veins systems where
ore bodies like the Eastern Deeps and the Ovoid are essentially barren
of inclusions within the massive sulfide veins which appear to cross-
cut the earlier mineralized breccia sequence rocks. In contrast, the
Noril'sk–TalnakhDeposits comprise disseminated sulfideswhich locally
have inclusions of fine-grained black metasedimentary material in
taxitic gabbronorites (Lightfoot and Zotov, 2007, 2014), but themassive
Ni-rich ore veins are devoid of inclusions aswell as segregations of gab-
broic melt; these veins appear to have been injected late, and the abun-
dance of the veins in the footwall is indicative of quite late introduction
into the Kharaelakh and Talnakh Intrusions. These associations led
Lightfoot et al. (2012a, 2012b) to suggest that the Voisey's Bay sulfides
were injected into their final resting place in a series of variably
sulfide-enriched pulses (Fig. 22). Likewise, we speculate that the
Noril'sk mineralization was emplaced late in the evolution of the
magma channel-way, and was not the product of in-situ upgrading of
sulfide in Ni, Cu, and PGE produced by passing batches of silicate
magma equilibrating with the sulfide (e.g. Naldrett et al., 1995). The
high ratio of sulfide/magma found in mineralization with elevated
metal tenor in 100% sulfide provides additional evidence for
emplacement of sulfide melts for the other intrusions discussed
in this paper. Some of these intrusions have ratios of sulfide/
magma of ~1 (e.g. Hongqiling Number 7 Deposit), whereas other
intrusions like Jinchuan have ratios of 0.02 which are still remark-
ably high, and inconsistent with in-situ generation of the high Ni
tenor mineralization.

Emplacement of magmas through a trellis of magma conduits and
chambers developed in transtensional segments of strike-slip structures
offers a context inwhich to better understand sulfide transport. Voisey's
Bay represents a case example where the emplacement of sulfide
magma appears to follow structures which plunge up the axis of the
dyke at roughly 40°. In the case of Noril'sk, the chonoliths have a very
gentle dip parallel to the Noril'sk–Kharaelakh Fault, and the principal
mineral channels follow the thickest parts of the chonolith along these
gently (~10°) plunging magma conduits. In the case of the Chinese
deposits, the principal pathways are associated with sub-vertical
mantle-penetrating structures. Transportation of massive sulfide
through vertical conduits has been shown to be unlikely based
on the density and viscosity relationships between silicate and
sulfide magma (de Bremond d'Ars et al., 2001); the presence of
gently plunging channels with staging chambers offers an alterna-
tive to this paradigm, and one that explains the range in examples
described in this study.

6 . Summary and conclusions

Many examples of small differentiated mafic–ultramafic intru-
sions with significant Ni–Cu–PGE sulfide deposits are associated
with major crustal structures. The following examples share
common features including the creation of space adjacent to
fault zones by local structures that link into mantle-penetrating
fractures which have localized magmatism in the roots of large
igneous provinces (e.g. Lightfoot and Evans-Lamswood, 2013,
2014).

1. Diamond-shaped plan and funnel-shaped cross section. Examples of
intrusions with nickel sulfide deposits are Jinchuan, Hongqiling
Number 1, Jingbulake, Kalatongke, Huangshan, Huangshandong,
Limahe, Qingquanshan, Lengshuiqing, Zhubu, Ban Phuc, the Ovoid,
Discovery Hill, Eastern Deeps, Eagle, Double Eagle, Aguablanca,
Maksut, Santa Rita, and Suwar

2. Pipe-like geometry. Examples of intrusionswith nickel sulfide deposits
are Baimazhai, Tongdongzi, Talnakh, Kharaelakh, Noril'sk I, Noril'sk II,
Chernagorsk, Maslovskoe, Tamarack, Current Lake, Babel–Nebo,
Nkomati, Limoeiro, Chibasong, Wellgreen, and Voronezh.

3. Widened pipe-like conduits within dykes and structural discontinuities in
dykes. Examples of dykes with nickel sulfide deposits are the Reid
Brook and Eastern Deeps dykes at Voisey's Bay, the Worthington
and Copper Cliff Offsets of the Sudbury Igneous Complex, and the
Hongqiling Number 7 Intrusion in China.

We recognize a number of features of a class of small strongly differ-
entiated intrusions hosting Ni-sulfide deposits, viz: 1. A spectrum of Ni
sulfide ore deposits are found in small intrusions with rhomboid-
shaped outcrop patterns and funnel-shaped cross sections, narrow
magma tubes, or within widened domains in dykes. Collectively we
refer to these intrusions as chonoliths. 2. The volume of magma relative
to the volume of sulfide in many small intrusions is too low to support
the formation of the observed deposits by in-situ sulfide saturation
and segregation. 3. The massive sulfide ore bodies are sometimes locat-
ed in the country rocks adjacent to the intrusions (e.g. Talnakh) or choke
the feeder conduits (e.g. the Ovoid Deposit); the formation of these de-
posits by upgrading of themetal concentration in an open system is not
supported by geological relationships (e.g. Lightfoot and Zotov, 2014). 4.
The small intrusions are often strongly differentiated with mafic and
ultramafic rock types developed, and theNi–Cu–PGE sulfidemineraliza-
tion often has an elevated Ni tenor and a wide range in Ni/Cu ratio and
PGE concentrations in sulfide. 5. The small intrusions tend to be spatially
associated with regional structures that create space, and are localized
by dilations and traps created by cross-linking structures in strike-slip
fault zones.

We propose a model in which sulfide-laden magma ascended
through a sub-vertical conduit system in a structural zone from a
parental source/chamber at depth. The transportation of dense sulfide
takes place through a conduit system undergoing transtension and
transpression, which effectively pumps the sulfide through the conduit
system. These structures are part of the tectonic framework in both
large igneous provinces and anorogenic settings.

These controls may also have been important in controlling the
original geometry and primary ore localization in intrusions that
have been extensively modified by deformation and metamorphism;
examples include the komatiite channels and sub-volcanic intrusions
of the Yilgarn, Thompson, Pechenga, and Raglan Belts (Lightfoot et al.,
2012c).
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