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Abstract: Mineral deposits are heterogeneously distributed in both space and time, with variations
reflecting tectonic setting, evolving environmental conditions, as in the atmosphere and hydro-
sphere, and secular changes in the Earth’s thermal history. The distribution of deposit types
whose settings are tied to plate margin processes (e.g. orogenic gold, volcanic-hosted massive sul-
phide, Mississippi valley type Pb—Zn deposits) correlates well with the supercontinent cycle,
whereas deposits related to intra-cratonic settings and mantle-driven igneous events, such as
Ni—Cu—PGE deposits, lack a clear association. The episodic distribution of deposits tied to the
supercontinent cycle is accentuated by selective preservation and biasing of rock units and
events during supercontinent assembly, a process that encases the deposit within the assembled
supercontinent and isolates it from subsequent removal and recycling at plate margins.

a Gold Open Access: This article is published under the terms of the CC-BY 3.0 license.

The regional framework of mineral deposits and
mineral provinces provides fundamental informa-
tion essential for successful long-term exploration
and discovery. Critical data that can be gleaned
from regional studies include stratigraphic, struc-
tural and tectonic controls and geophysical, geo-
chemical and isotopic data, all of which constrain
the setting, extent and age of a mineral province
and focus exploration on the location of individual
deposits. Equally important and perhaps less well
understood are the broad-scale processes associated
with the development of continental lithosphere
and their control on mineral deposit type and dis-
tribution. It has long been recognized that the dis-
tribution of deposit types is related to tectonic
setting, for example, gold in orogenic settings and
clastic-dominated Pb—Zn ores in extensional set-
tings (Mitchell & Garson 1981; Goldfarb et al.
2001; Leach et al. 2010, and references therein).
The temporal and spatial distribution of deposits is
related to features specific to the generation of
each of these tectonic environments. In this contri-
bution, we discuss the controls on the preservation
of the rock archive and how that impinges on the
distribution of mineral deposit types. Ore deposits
generated in different tectonic settings have differ-
ent likelihoods of survival, and the supercontinent
cycle imparts a preservational bias that is an intrin-
sic characteristic of the age distribution of many

mineral deposits and the proportions of mineral
deposits from different tectonic settings preserved
in the rock record.

Temporal relations between mineral
deposits and global tectonic cycles

Mineral deposits are heterogeneously distributed in
both space and time (Lindgren 1909; Turneaure
1955; Meyer 1988; Barley & Groves 1992; Titley
1993; Groves et al. 2005b; Kerrich et al. 2005;
Groves & Bierlein 2007; Bierlein et al. 2009;
Goldfarb et al. 2010). Barley & Groves (1992) sug-
gested that this uneven distribution is related to
three major factors: (a) evolution of the hydro-
sphere—atmosphere; (b) secular changes in global
heat flow; and (c) long-term tectonic trends. The
first two factors relate to specific deposit types. For
example, the temporal distribution of iron forma-
tions and clastic-dominated (CD) Pb—Zn deposits
reflects, at least in part, global evolution of oxi-
dation—reduction conditions in the atmosphere and
hydrosphere, whereas the Earth’s evolving heat
flow influenced the distribution of komatiite-
associated nickel deposits. Long-term tectonic
trends in mineral deposit distributions were related
by Barley and Groves (1992; see also Groves et al.
2005b; Groves & Bierlein 2007) to formation
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during the cyclic aggregation and breakup of super-
continents. Our aim is to show that temporal
variations in mineral deposit distribution not only
are a primary signature of generation in specific
tectonic settings but also reflect selective preserva-
tion enhanced by specific phases of the super-
continent cycle.

Episodic rock record

The rock record is the archive of Earth history. The
oceanic record only extends back some 200 Ma
whereas the continental record of rocks and rock
fragments extends back to 4.4 Ga, within 150 Ma
of the age of the Earth, and guides our understand-
ing of processes and events that have controlled
our planet’s evolution. The record is episodic with a
heterogeneous distribution, in both space and time,
of rock units and events; for example, ages of igne-
ous crystallization, metamorphism, continental mar-
gins, mineralization, and seawater and atmospheric
proxies are distributed about a series of peaks and
troughs (Fig. 1; Cawood et al. 2013).

Numerous and ever expanding data compi-
lations, facilitated by the development of micro-
analytical techniques, on the age of crystallization
of igneous rocks show a marked episodic distri-
bution (Condie 1998, 2000, 2004, 2005; Rino
et al. 2004; Groves et al. 2005b; Hawkesworth &
Kemp 2006; Kemp et al. 2006; Campbell & Allen
2008; Condie et al. 2009a; Condie & Aster 2010;
lizuka et al. 2010; Voice et al. 2011). Campbell &
Allen (2008), amongst others, on the basis of the
analysis of global detrital zircon data (Fig. 1)
emphasized the link between peaks in the distri-
bution of the uranium—-lead (U-Pb) crystallization
ages of the mineral zircon (which reflect the ages
of the parent igneous rocks) and the development
of supercontinents.

The ages of high-grade metamorphic rocks are
grouped in clusters similar to the peaks of igneous
crystallization ages that correspond with periods of
supercontinent assembly (Fig. 1; Brown 2007).
The implication is that granulite-facies metamorph-
ism is linked to the processes of crust generation
(Kemp ef al. 2007) and/or the peaks of the ages of
crust generation and granulite metamorphism are
both a function of the unevenness of the continental
record. The ages of ancient passive margins and
anomalies in the ®'Sr/®°Sr ratio also vary with
time, correlating in part with the supercontinent
cycle (Fig. 1). Passive margins show major fre-
quency peaks in the late Archean, late Palaeoproter-
ozoic and late Neoproterozoic to early Palaeozoic,
which correspond with times of supercontinent
aggregation (Bradley 2008). The proportion of
modern passive margins is somewhat different,

correlating with the breakup of Pangea and the
resultant increase in margin area (Bradley 2008).
Smith & McGowan (2007) noted that the Phanero-
zoic diversity of marine fossils is affected by the
supercontinent cycle with marine rocks dominating
during rifting phases of supercontinents. Bradley
(2011) has recently compiled temporal trends in a
number of rock units and events with respect to
the supercontinent cycles and noted that carbona-
tites and greenstone-belt deformation events also
show an age distribution related to supercontinent
cycles. The Sr isotope ratio in seawater shows posi-
tive excursion corresponding with the Gondwana
and Nuna supercontinents, but it is different from
some of the other proxies in that it is unlikely to
have been influenced by preservation bias in the
geological record (Cawood er al. 2013; Hawkes-
worth et al. 2013). Rather it is a measure of the rela-
tive amount of continental v. mantle input (Fig. 1),
and the age of the continental material, with posi-
tive anomalies taken to be indicative of uplift and
erosion of continental basement during continental
collision (e.g. Prokoph et al. 2008).

Generational archive or preservational
bias in rock record

The punctuated nature of the record (Fig. 1) remains
difficult to explain, and although we have long
known that the geologic record in incomplete (e.g.
Hutton 1788; Holmes 1965; Raup 1972), the gen-
eral consensus has been that the heterogeneous dis-
tribution of ages and events reflects the processes
responsible for the generation of continental crust.
For example, Condie (1998, 2000, 2004) proposed
that this episodic pattern reflects juvenile addition
to the continental crust through mantle plume
activity (cf. Stein & Hofmann 1993). Others have
suggested that it reflects intermittent plate tectonics
with bursts of, for example, igneous crystalliza-
tion ages reflecting subduction zone activity separ-
ated by longer quiescence phases of no subduction
(O’Neill et al. 2007; Silver & Behn 2008; Condie
et al. 2009b). More recently, peaks of ages have
been interpreted to reflect periods of increased
magmatic activity associated with increases in the
volumes of subduction-related magmas during con-
tinental breakup (Stern & Scholl 2010).

The overall calc-alkaline andesitic composition
of continental crust (Taylor 1967; Taylor & McLen-
nan 1985; Rudnick 1995; Rudnick & Gao 2003;
Davidson & Arculus 2006), along with evidence
that plate tectonics have been active for extensive
periods of Earth history (Cawood et al. 2006;
Kerrich & Polat 2006; Condie & Kroner 2008;
Shirey & Richardson 2011; Dhuime et al. 2012),
suggests magmatic arcs should be the major site of
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Fig. 1. (a) Histogram of ¢. 7000 detrital zircon analyses shows several peaks in their U-Pb crystallization ages
(Campbell & Allen 2008) that correspond to the ages of supercontinents. Also shown is the apparent thermal gradient
v. age of peak metamorphism for the three main types of granulite facies metamorphic belts (Brown 2007).

(b) Histogram of the ages of ancient and modern passive margins (Bradley 2008). (¢) Normalized seawater 87Sr/ 865y
curve (Shields 2007). Low *"Sr / 86Sr in Archean reflect lack of data. Present day surface age distribution from Goodwin

(1996). Periods of supercontinents are highlighted in grey: Superia, 2.8—2.6 Ga; Sclavia, 2.55-2.40 Ga; Nuna,
2.1-1.7 Ga; Rodinia, 1.25-0.95 Ga; Gondwana, 0.65-0.45 Ga; and Pangea, 0.35-0.15 Ga.

continental growth (Taylor & McLennan 1985;
Davidson & Arculus 2006). Importantly, however,
global compilations of addition and removal of
continental crust (Fig. 2) suggest that convergent
plate margins are the major sites not only of growth
but also of continental loss, and that overall at
the present day there is no net addition of crust
(Scholl & von Huene 2007, 2009; Clift et al.
2009; Stern 2011).

Hawkesworth et al. (2009, 2010; see also Condie
et al. 2011) have argued that peaks in age data
may not represent episodic growth but instead

reflect the greater preservation potential of igneous
and sedimentary rocks formed in collisional belts,
and are therefore biased by the construction of
supercontinents. They outline a model whereby
the observed rock record of igneous crystallization
ages is the integration of the volumes of magma
generated during the three phases of the superconti-
nent cycle (subduction, collision and breakup), and
their likely preservation potential within each of
these phases (Fig. 2): magma volumes are high in
subduction settings but low during continental col-
lision and breakup. In contrast, the preservation
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Fig. 2. (a) Conceptual model for the volumes of magma generated (blue line), and their probable preservation potential
(red lines) during the stages of convergence, assembly and breakup of a supercontinent (Hawkesworth et al. 2009). The
mean duration of a supercontinent cycle, based on the rock record, is around 500 Ma with a range of 700—200 Ma.

Values for crustal addition and removal, associated with the vertical scale of the diagram, are up to around 3—5 km’a~

1

(Scholl & von Huene 2007; Clift e al. 2009; Scholl & von Huene 2009; Stern 2011). The preservation potential in the
first stage (convergent) is greater at margins where the subduction zone retreats oceanwards to form extensional basins
than at margins where the subduction zone advances toward the continent. Thus, peaks in the crystallization ages that are
preserved (shaded area) reflect the balance between the magma volumes generated in the three stages and their
preservation potential. (b) A schematic cross-section of convergent, collisional and extensional plate boundaries
associated with supercontinent cycle showing estimated amounts (in km® a~ ") of continental addition (numbers in
parentheses above Earth surface) and removal (numbers in brackets below surface). Data from Scholl & von Huene

(2007, 2009).

potential of rocks in convergent and breakup set-
tings is poor, whereas the preservation potential of
collisional settings is high. Peaks in crystallization
ages that are preserved would then reflect the inte-
gration of the magma volumes generated during
supercontinent evolution with their preservation
potential (shaded area under the curves in Fig. 2).
The resultant peak corresponds to the collisional
phase of the supercontinent cycle even though this
is not a major phase of crustal generation (compare
with Fig. 1). Thus the supercontinent cycle will

inherently bias the rock record both through selec-
tive isolation of material in continental cores dur-
ing supercontinent assembly and through removal
and recycling of material formed during stages of
extension and convergence.

One test of such models is how the estimated
volumes of zircon that crystallized in magmas gen-
erated at different tectonic settings at different
stages in the supercontinent cycle compare with the
observed distribution of zircon crystallization ages.
Cawood et al. (2013) used estimated volumes of
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magma generated in different settings to argue that
the volumes of zircon generated in subduction-
related magmas in the subduction phase of the
supercontinent assembly are almost an order of
magnitude greater than those generated in the col-
lision phase. This is clearly in marked contrast to
the observed distribution of the zircon crystalliza-
tion ages in which most zircons have ages similar
to that of supercontinent assembly (Fig. 1). This
highlights that the preservation potential of mag-
mas generated in different settings is markedly
different, and that preservation bias is an important
aspect of the observed geological record. Similarly,
the overall episodic nature of the rock record,
including the correlation with the supercontinent
cycle of ages of high-grade metamorphic rocks,
the age distribution of passive margins, the tempo-
ral distribution of variations in Sr isotopic ratios,
carbonatites and greenstone deformation events, is
consistent with a preservation-induced bias, and dif-
ficult to explain through temporal variations in the
generation of each of these events and rock types.

Implications of preservational bias to
mineral exploration: differentiating
modern and ancient deposits

Our interpretation that the episodic nature of the
global rock record incorporates a supercontinent
cycle-induced preservation bias (Fig. 2) has con-
siderable implications for understanding the spa-
tial and temporal distribution of mineral deposits.
The first-order control on the heterogeneous

distribution of mineral deposits would then reflect
the balance between the volumes of rocks (and min-
eral deposits) generated during the three stages of
supercontinent evolution (convergence, collision
and breakup) and the respective preservation poten-
tial of each of these stages.

Figure 3 highlights the heterogeneous tempo-
ral distribution of mineral deposits and shows
their relationship to the supercontinent cycle (e.g.
Barley & Groves 1992; Groves et al. 2005a;
Kerrich et al. 2005). In unravelling this relationship
it is important to differentiate deposits that have
gone through a complete supercontinent cycle from
those that have not, and the location of deposits with
respect to plate margin processes. Deposits that have
yet to go through a supercontinent cycle may be as
old as Neoproterozoic. The distribution of such
deposits varies both spatially and temporally, and
it is controlled by the interplay of processes of gen-
eration within specific tectonic settings together
with the effects of exhumation, which will be most
pronounced in active tectonic environments at
plate margins. In detail the issue of preservation
may be considered on two scales: the first is that
of the supercontinent cycle, as discussed above,
and the second is that of the different tectonic set-
tings. Thus, with respect to the latter, the depth of
formation of a deposit will impact on its long-term
survival within the rock record. High-level deposits
have a poor long-term survival record, especially
in active tectonic environments that are likely to
be undergoing active exhumation, and hence
preservation is poor irrespective of whether they
have been through a supercontinent cycle (e.g.
epithermal Au-Ag, Wilkinson & Kesler 2007).

Supercontinent cycle

Convergence Collision Extension
T T T SOOA"V——V—T—F—F—ﬁ T T T
1204 + | H MVT Pb-Zn 209
§ 0 53001 | = 6
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Fig. 3. Diagram showing the temporal distribution of deposit types ascribed to broad geodynamic settings in terms of
the supercontinent cycle. Temporal distributions are based on Groves et al. (2005b) and references therein. Intracratonic
deposit types lie in the interior of continents and generally form after a previous pulse of collisional assembly.
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Subduction erosion (Scholl ef al. 1980; von Huene
& Scholl 1991; Stern 2011) may further impact on
the long-term survival of material, especially in the
regions of the frontal arc. Mineral deposits distrib-
uted around the Pacific and Atlantic oceans were
generated during the breakup of the Rodinian
and Pangean supercontinents, respectively, and
these oceans are yet to close. For the Pacific, a
succession of passive margin deposits, related to
Rodinia breakup (Neoproterozoic to Palaeozoic),
and convergent margin deposits, related to sub-
duction initiation (late Neoproterozoic to the pre-
sent), developed around its margins. Thus, rock
units and associated mineral deposits around the
Pacific are yet to be incorporated into a superconti-
nent, and only then can their ultimate preservation
potential be assessed. For the Atlantic Ocean, conti-
nental breakup occurred in the Mesozoic and
subduction is spatially limited to the Cenozoic Car-
ibbean and Scotia arc systems. In contrast to the
Pacific, Palaeozoic successions bordering the Atlan-
tic (e.g. Appalachian—Caledonian orogen) have
already been through a supercontinent cycle.

The relationship between mineral deposit type
and tectonic setting determines the applicability
of preservation bias impacting on the distribution
of deposits. Supercontinent cycle-induced preser-
vation bias is a function of plate margin processes
and thus its effect is most pronounced on deposits
formed at or near plate boundaries (e.g. orogenic
gold) or deposits incorporated into the long term
rock record by accretion at plate margins (e.g.
volcanic-hosted massive sulfide (VMS) deposits).
Deposits that develop in intracontinental settings,
especially within cratons, need not show any tem-
poral link to the supercontinent cycle. These reflect
the influence of deep Earth (mantle) processes on
pre-existing continental lithosphere and thus their
distribution is much more likely to be independent
of the supercontinent cycle. Any preservation bias
shown by such deposits is probably fortuitous and
related to the inherent stability of cratons and their
thick subcontinental mantle lithosphere.

Supercontinent cycle and mineral deposits

The three major phases of the supercontinent cycle,
convergence, collision and extension, are each asso-
ciated with characteristic deposit types (Fig. 3; e.g.
Barley & Groves 1992; Groves et al. 2005b; Groves
et al. 2005a; Kerrich et al. 2005). Convergent plate
margins are sites of major continental growth and
are fertile settings for the formation of mineral
deposits (Bierlein et al. 2009). They are preserved
in the rock record as accretionary orogens, espe-
cially at retreating convergent margins (Cawood
et al. 2009). Major deposit types include epithermal

Au—Ag and porphyry Cu—Mo + Au, which form in
magmatic arc settings (Seedorff et al. 2005), and
orogenic gold, which forms late in the history of the
convergent margin associated with orogenic events
(Kerrich & Wyman 1990; Groves et al. 1998).

The preservation potential of convergent plate
margin deposits is variable and not only reflects pro-
posed bias associated with the supercontinent cycle
(Figs 1-3) but is also a function of level of empla-
cement, which impacts on the propensity for
erosion and removal of the deposit and hence its
subsequent preservation. Epithermal Ag—Au, por-
phyry Cu and orogenic Au deposits, which form at
average depths of 0.5, 1.9 and 10 km, show age
modes of 2, 11 and 199 Ma, respectively (Wilkinson
& Kesler 2007; Wilkinson et al. 2009; Gombosi &
Wilkinson 2012). As a consequence, epithermal
Ag—Au and porphyry Cu deposits older than Meso-
Zoic are rare.

Mississippi Valley type (MVT) Pb—Zn deposits
are a characteristic deposit of collisional settings.
MVT deposits are generally hosted in platform car-
bonates that typically originated in passive margin
settings (Leach et al. 2010), with fluid-driven min-
eralization developed during crustal thickening and
deformation (Oliver 1986) in collisional and accre-
tionary orogens (Bradley & Leach 2003). They only
became abundant after the second oxygenation
event in the Neoproterozoic and reached their max-
imum abundance during assembly of Pangea in the
Devonian and Carboniferous (Leach et al. 2010).
We would argue that preservation of such deposits
is further enhanced by their isolation within the
enveloping sheath of the assembled supercontinent
(for example the MVT deposits in their type area
which lies within, and inboard of, the collisional
Appalachian and Ouachita orogens). Fluids and
associated MVT mineralization migrate away from
zones of thickening and exhumation, thus facil-
itating preservation in regions external to the
main orogen.

Uranium (U) deposits form in a variety of set-
tings in part controlled by secular evolution of
Earth processes (Cuney 2010) and include signifi-
cant deposits in collision-related settings (Ruzicka
1996; Kerrich et al. 2005). Such deposits are well
developed in Proterozoic belts in Canada, Gabon
and northern Australia in association with the
Nuna supercontinent cycle.

Deposits of tin (Sn) and tungsten (W) occur
in granites in collisional and some accretionary
orogens, all largely of Phanerozoic age. These
include those in the Appalachian—Caledonian oro-
gen (e.g. Nova Scotia, Cornwell), the Tethyan oro-
gen (Thailand), the Terra Australis orogen (eastern
Australia) and the Andean orogen. Sn—W granites
are associated with melting of over-thickened crust
in association with input of mantle melts during a
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Fig. 4. Schematic cross-section of convergent, collisional and extensional plate boundaries associated with
supercontinent cycle showing distribution of main deposit types. Abbreviations: VMS, volcanic massive sulphide;
CD Pb-Zn, clastic-dominated lead zinc; IOCG, iron oxide—copper—gold; PGE, platinum group elements; MVT,

Mississippi valley type; Cu—Au, copper—gold.

pulse of orogenic extension (Clark er al. 1990;
Kerrich et al. 2005).

Deposit types in intra-continental settings
include platinum group elements (PGE) in layered
intrusions and diamonds in kimberlites and lam-
proites (Figs 3 & 4; Gurney et al. 2005, 2010;
Naldrett 2010). Intra-continental deposits reflect
the interaction between a pre-existing cratonic sub-
strate, which hosts the deposit, with asthenospheric
and subcontinental lithospheric mantle (SCLM)-
derived melts. Major PGE, chromite and vanadifer-
ous and titaniferous magnetite deposits in layered
intrusions tend to occur towards the centre of
Archean cratons. Groves et al. (2005a) postulated
that thick SCLM is required to support and preserve
large volumes of dense mafic magma associated
with such deposits. Diamond deposits are also
focused in Precambrian cratons where low tem-
perature and high pressure at the base of thick
SCLM favour the growth of diamonds, which are
transported to the surface when alkaline intrusions
interact with, and punch through, the lithosphere
(Gurney et al. 2005). The stable nature of cratons
with thick SCLM ensures a high preservation poten-
tial (Groves & Bierlein 2007).

Principal deposit types associated with exten-
sion environments include VMS, Ni—Cu sulphide,
Fe-oxide—Cu—Au and CD Pb—Zn deposits. VMS
deposits form in oceanic lithosphere in either mid-
ocean ridge or supra-subduction zone environments
(Huston et al. 2010). They are incorporated into the
continental record through accretion events asso-
ciated with periods of ocean closure and continental
assembly /terrane accretion and hence correspond
with cycles of supercontinent assembly. Their over-
all temporal distribution is similar to orogenic gold
deposits with peaks in the Neoarchaean and late
Palaeoproterozoic and a more continuous distribu-
tion in the Phanerozoic but with significant peaks
in the early and mid-Palaeozoic corresponding
with assembly of Gondwana and Pangea (Groves
et al. 2005a; Huston et al. 2010). This temporal

association with orogenic gold reflects their
common formation in back-arc basin settings and
the higher preservation potential of this associa-
tion in the long-term rock record than mid-ocean
ridge environments. Neoproterozoic and younger
oceanic crust is preserved on land in ophiolite com-
plexes and, in addition to VMS deposits, which are
in the upper levels of the crustal section, podiform
chromite might also be present in its upper man-
tle sections. Ophiolites show age peaks at around
c. 800-750 Ma, corresponding with initial assem-
bly of Gondwana, at 500-440 Ma, related to clo-
sure of the lapetus Ocean and formation of the
Appalachian—Caledonides orogen during the ear-
liest stages of formation of Pangea, and at 160—
150 and 100-90 Ma that formed during closure
of the Tethys and final assembly of Pangea
(Dilek 2003). Cawood & Suhr (1992) argued that
the short age lag between generation and subse-
quent preservation of ophiolites (and any associ-
ated mineralization) was related to extension in
trapped oceanic lithosphere during the earliest
phases of collision, and accounts for their episodic
age distribution.

Iron formations, whose distribution is also con-
trolled by evolving atmospheric and thermal con-
ditions, developed on basin platforms including
passive continental margins (Superior-type) and in
association with greenstone-belt volcanic activity,
the latter often linked to VMS deposits (Algoma-
type; Bekker et al. 2010). Peaks in iron formation
deposition at 2.7 and 1.9 Ga have been related to
inferred peaks in mantle plume activity (Isley &
Abbott 1999) but also correspond to end-Archaean
and end-Palaeoproterozoic supercontinent assem-
bly (e.g. Fig. 1). Rasmussen et al. (2012) argue that
iron formation is a consequence of rapid crustal
growth. We consider these time periods to be ones
of apparent rather than real rapid growth (Fig. 2),
reflecting supercontinent cycle preservation bias
(cf. Hawkesworth et al. 2009), and that actual rates
of continental growth appear to be relatively


http://sp.lyellcollection.org/
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at University of St Andrews on March 11, 2014

P. A. CAWOOD & C. J. HAWKESWORTH

uniform through time (e.g. Dhuime et al. 2012). CD
Pb—Zn deposits occur in extensional settings,
including rift and passive margins, back-arc basins
and intracratonic rifts (Leach et al. 2010). The major
pulse of mineralization of this type is recorded
at the end of the Palaeoproterozoic to early Meso-
proterozoic (1.7-1.4 Ga) in eastern Australia
(Broken Hill-Mount Isa) and western North
America (Sullivan). This time frame corresponds
with breakup of Nuna and the start of the Rodinian
cycle and thus does not readily fit with the preser-
vation bias model outlined above. The environment
for these deposits is ascribed to intracontinental sags
(Leach er al. 2010), which may account for their
preservation, but recent tectonic models for Austra-
lia as well as detrital zircon provenance data suggest
a passive margin setting bounding a back arc basin
or marginal sea (Cawood & Korsch 2008; Gibson
et al. 2008; Cawood et al. 2012), in which case sub-
sequent ocean closure would be required to isolate
and protect these deposits.

Fe-oxide—Cu—Au (IOCG) occupy a variety of
extensional settings within pre-existing cratons
and are tied to pulses of anorogenic alkaline or
A-type magmatism close to the margins of the
cratons or to lithospheric boundaries within the
cratons (Groves et al. 2005a, 2010; Kerrich et al.
2005;). The development of IOCG deposits in intra-
continental settings and the relationship with man-
tle derived magmatism means that their temporal
distribution is not directly related to the superconti-
nent cycle. However, the global temporal distri-
bution of anorogenic magmatism is focused in the
late Palaeoproterozoic and Mesoproterozoic over-
lapping with the Rodinian supercontinent.

Prospectivity and endowment

The variety of mineral deposit types and the vari-
ables controlling their spatial and temporal distri-
bution ensure that no single, or simple, factor can
be used to predict mineral deposit prospectivity.
However as outlined above, supercontinent-induced
preservation bias is an additional factor that impacts
on the long-term distribution of deposits, notably
those tied to plate margin processes. This is most
clearly demonstrated by orogenic gold deposits
(Figs 1 & 3) with Precambrian deposits showing
an episodic distribution that correlates well with
the timing of supercontinent assembly, whereas
Phanerozoic deposits display a more continuous dis-
tribution (Goldfarb et al. 2001). VMS deposits show
a similar distribution (Groves et al. 2005a; Huston
et al. 2010). The more continuous distribution of
these younger deposits is interpreted to reflect
their prevalence around the circum Pacific, which
opened in the Neoproterozoic and is yet to close

(Cawood 2005; Cawood & Buchan 2007), and
hence is yet to go through a supercontinent cycle
and the resultant preservation bias imposed on
rock units and events (Fig. 2). Temporal variations
in orogenic gold resources also establish that even
the episodic pattern displayed by Precambrian
deposits is not solely the result of preservation
bias imposed on rock types and/or settings with a
uniform endowment. Some 25% of gold resources
occur in Archean deposits (Goldfarb er al. 2001),
largely in the range 2.7-2.5 Ga, yet Archean crust
constitutes less than 6% of the current continental
crustal volume (Fig. 1; Goodwin 1996). De Wit &
Thiart (2005) highlight secular variation in metallo-
genic potential with Archean cratons more richly
endowed in some types of mineral deposits than
younger terrains, reflecting more efficient transfer
of metallogenic elements from the mantle to the
continental lithosphere.

Rodinia and the Boring Billion: the geologic
and mineral deposit record

The Rodinia supercontinent cycle, which extends
from breakup of Nuna (also termed Columbia) to
assembly of Gondwana (c. 1.7-0.7 Ga), seems ano-
malous in the general distribution of rock types,
geological events and mineral deposits (Fig. 5).
U-Pb crystallization and metamorphic ages for
this period show an episodic distribution similar to
earlier and later supercontinent cycles (Fig. 1), but
there is a paucity of passive margins (Bradley
2008), and an absence of a significant Sr anomaly
in the palacoseawater record (Shields 2007). The
lack of passive margins and associated features
can be related to Rodinian assembly through devel-
opment of opposing subduction zones on either side
of the closing ocean basin (double-sided subduc-
tion; Dalziel er al. 2000; Cawood et al. 2013). In
addition, the Rodinian cycle corresponds with the
complete absence of regional or global glaciations
(Hoffman 2009), an absence of iron formations
from the geologic record (Bekker et al. 2010) and
an abundance of massif-type anorthosites (Ashwal
1993; Parnell ef al. 2012) and associated titanium
deposits (Meyer 1988) (Fig. 5). The Rodinian cycle
approximates in time with the ‘Boring Billion” —
that period of time when many mineral deposit
types are absent from the rock record (Meyer
1988; Goldfarb et al. 2001; Kerrich et al. 2005).
For example, orogenic gold deposits for the period
1.7-0.9 Ga account for far less than 1% of
known production, yet this period corresponds to
the generation of almost 20% of the preserved
crustal record, indicating markedly diminished gold
endowment relative to the Archaean, Palacoprotero-
zoic and Phanerozoic (Figs 1 & 3). The absence
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Fig. 5. Temporal distributions of passive margins
(Bradley 2008), glaciations (Hoffman 2009), iron
formations (Bekker et al. 2010), anorogenic plutons
(Parnell et al. 2012) and orogenic gold (Goldfarb et al.
2001; Groves et al. 2005b). The period 1.7-0.8 Ga,
which is marked by a paucity of a number of mineral
deposit types, is highlighted.

of gold deposits in this period, despite the pres-
ence of accretionary orogens, has been related to
lack of preservation owing to exhumation of the

end-Mesoproterozoic orogens and only high-grade
basement remains (Goldfarb et al. 2001; Groves
et al. 2005b). Huston et al. (2010) suggest that the
corresponding paucity of VMS deposits during this
period reflects an overall advancing rather than a
retreating accretionary orogen setting, such that the
overriding plate did not go into extension to enable
development of a back-arc basins and associated
deposits. However, deposits which form in an
overall extensional environment, whether in intra-
continental or continental margin settings, such as
IOCG and CD Pb-Zn, are well developed during
the Rodinia cycle at around the end Palacoprotero-
zoic to early Mesoproterozoic (notably in eastern
and central Australia). Anorogenic granites, some
with Sn deposits, are also widespread during this
timeframe (Kerrich et al. 2005). As noted above,
the timing of these major deposits corresponds
with the breakup of Nuna and not with a phase of
supercontinent assembly, as the selective preser-
vation model outlined in Figure 2 might predict.
Their occurrence in the rock record suggests either
an intracratonic setting (cf. Leach et al. 2010) or iso-
lation from plate edge erosion during continental
collisional assembly.

Drivers for the unique features of the Rodinian
cycle are not well understood. They range from sug-
gestions specific to individual deposit types to
global processes but as yet much remains to be
resolved as to reasons for the differences between
this and other supercontinent cycles. For example,
the lack of orogenic gold has been related to an
inferred higher grade and deeper level of exposure
of Mesoproterozoic accretionary belts with only
basement sequences now preserved (Goldfarb
et al. 2001), but the overall character and preser-
vation of the convergent related Yavapai, Mazatzal
and Granite—Rhyolite provinces and correlatives
(Karlstrom et al. 2001) belies this proposal. Slack
& Cannon (2009) have suggested that the demise
of banded iron formations in the late Palacoprotero-
zoic is related to effects of the Sudbury impact on
ocean chemistry through mixing of shallow and
deep ocean waters. Others have proposed that sub-
duction was episodic and the Mesoproterozoic was
a phase of minimal or no subduction (Silver &
Behn 2008; Bekker er al. 2010). However, the pres-
ence of long-lived late Palaeoproterozoic to Meso-
proterozoic subduction zones that were ultimately
instrumental in assembly of Rodinia does not sup-
port such a model.

Conclusions

The geologic record is incomplete. The record that
is preserved shows an episodic distribution of rock
units and events, including mineral deposits. The
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key issue is how representative the record is and
how can it be interpreted to understand Earth pro-
cesses. Many have argued that the episodic record
represents discontinuous processes, including the
formation of mineral deposits. Alternatively, we
argue that the incompleteness of the record relates
to not only the surficial effects of erosion and the
consequent removal and/or recycling of material
but also systematic biasing of the preserved record
through the periodic assembly and dispersal of con-
tinents within the supercontinent cycle. Surficial
removal of material will be most pronounced at
zones of uplift and hence focused in orogenic belts,
but also present at extending margins along rift
shoulders. The implications for mineral deposits is
that those generated in near-surface environments
in zones of active uplift have young mean ages
(e.g. epithermal gold, Wilkinson & Kesler 2007).
Supercontinent cycle-induced preservation bias is
also focused at plate margins and results in selective
preservation of rock units and events associated
with the assembly and collision of continental frag-
ments. From a mineral deposit perspective this is
consistent with orogenic gold deposits, which form
in accretionary environments during on-going con-
vergent plate interaction, correlating with the tim-
ing of supercontinent assembly, most notably in the
Neoarchaean, late Palaeoproterozoic and Neopro-
terozoic. Temporal variation in mineral endowment,
the causes for which are not well understood, mean
that even those deposit types that form at plate
margins may not be generated during each super-
continent cycle and hence cannot then be preferen-
tially preserved during continental assembly. Thus,
the distribution of rock units, events and mineral
deposits during the Rodinian cycle (1.7-0.8 Ga)
appears to be different from preceding and succeed-
ing cycles. Mineral deposit types which do not form
at plate margins, and hence are not directly involved
with a supercontinent cycle, will not show a tem-
poral distribution that correlates with pulses of con-
tinental assembly, for example, PGE deposits
related to the interaction of mantle upwelling with
cratonic lithosphere.
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