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ABSTRACT

Deep lithospheric roots, commonly extending to the diamond stability field, are distinc-
tive characteristics of Archean cratons, but their origin remains controversial. The 2.7 Ga
Abitibi greenstone belt initially developed in an intraoceanic setting, and provides unique
insights into the formation of Archean continental lithospheric mantle. Data provided by
seismic transects, young U-Pb isotopic agesin the exposed deeper crust of the Kapuskasing
uplift, and anomalous Ar-Ar isotopic ages from lode gold deposits point to a late coupling
of the diamondiferous Abitibi lithospheric mantle to arc crust. These constraints and a
lack of Archean crust-forming events following ca. 2650 Ma indicate that the thick Abitibi
cratonic root formed by the diapiric ascent of buoyant residue from which mantle plume—
derived komatiitic liquids had been extracted. Although substantial variation may have
existed in the development of Archean cratonic roots worldwide, the evidence from the
Abitibi belt indicates that all such roots were initiated with the coupling of plume-melt

residue to greenstone-belt crust.

Keywords: Abitibi belt, cratons, greenstone belts, lithosphere, mantle plumes.

INTRODUCTION

Many crustal growth models infer rapid ex-
traction and preservation of continental crust
during the Late Archean. Recent studies have
also proposed a link between mantle plume-
derived komatiite volcanism and the stabili-
zation of Archean cratons (Abbott et al., 2000,
and references therein). In this paper we show
that both the supracrustal volcanic assemblag-
es and the thick lithospheric root of the Abitibi
belt, the world's largest greenstone belt (Spoo-
ner and Barrie, 1993), were the products of
interaction between an Archean island arc and
a mantle plume. The results provide important
insights into the formation of al Archean
cratons.

Archean greenstone belts are dominated by
arc-volcanic sequences, paired-trench turbi-
dites, and synvolcanic to posttectonic intrusive
rocks (Condie, 1997). Komatiite-basalt se-
guences, representing ocean plateaus derived
from mantle plumes, are also commonly pre-
sent. Archean cratonic lithospheric mantle
(CLM) is thick, buoyant, and diamondiferous,
whereas post-Archean CLM is thinner, denser,
and generaly not diamondiferous (Jordan,
1988; Artemieva and Mooney, 2001). The Ar-
chean roots contain the residue of melting in
anomalously hot plumes from which komati-
itic liquids separated, as indicated by the anal-
ysis of mantle xenoliths and associated exper-
imental petrology (Herzberg, 1999; Griffin et
al., 2001). It is not clear how plume residue
becomes coupled beneath arc-dominated se-
guences. In some models, CLM grows down-
ward as mantle plume lithosphere is progres-
sively added to the base of Archean island
arcs during the subduction of oceanic plateaus

(Kusky, 1998). Alternatively, the plume resi-
due may be directly coupled to greenstone-
belt crust by diapiric ascent of buoyant plume
mantle (Herzberg, 1999). In the latter scenar-
io, komatiites within the overlying greenstone
belts are attributed to the same plume event.

Evidence that sets limits on the relative tim-
ing of CLM formation (i.e., crust and root
coupling) could help to resolve models of cra-
ton development. Severa lines of evidence
point to a significant delay between the time
of formation of greenstone-belt crust and the
stabilization of the CLM. The root of the
Kaapvaal craton appears to postdate the for-
mation and ca. 3.2 Ga stabilization of the up-
per crust by ~120 m.y., on the basis of zircon
U-Pb ages of dikes crosscutting lower crustal
gneiss and Sm-Nd dates for mineral inclusions
in diamonds (Moser et al., 2001). Delayed for-
mation of the Kaapvaal root by tens of mil-
lions of years has aso been proposed on the
basis of Re-Os isotopes of eclogitic sulfide in-
clusions in diamonds (Richardson et al.,
2001). Similarly, overgrowths on zircons in
lower crustal xenoliths from the Slave craton
indicate that stabilization of the CLM post-
dated regional granite magmatism by 20-70
m.y. (Davis et a., 2001).

ORIGIN OF THE ABITIBI
LITHOSPHERIC MANTLE
Geodynamic Setting

The komatiite-bearing Abitibi-Wawa green-
stone belt, Canada, is unusually well charac-
terized as a result of numerous field and min-
eral-deposit studies, abundant high-precision
U-Pb age dates, deep seismic transects, and
middle to lower crustal exposures in the Kap-

uskasing uplift (Spooner and Barrie, 1993;
Corfu, 1993; Percival and West, 1994). Pre-
vious tectonic interpretations for the Abitibi
belt had accounted for the combined presence
of arc- and plume-related volcanic sequences
by the subduction and accretion of ocean pla-
teau fragments at an Archean subduction zone
(Desrochers et a., 1993). However, Dostal and
Mueller (1997) presented detailed field evi-
dence to show that mantle-plume ascent oc-
curred directly beneath a rifting >2725 Ma
Abitibi island arc. Wyman et al. (1999a,
1999b) aso demonstrated that younger
(<2716 Ma) boninite-series volcanic sequenc-
es were intercalated with komatiites and attri-
buted these stratigraphic relationships to sub-
duction-zone step back and proto-volcanic arc
development following plume ascent. This
scenario incorporates the plateau-accretion
events inferred by Desrochers et al. (1993)
and implies that two closely spaced *“ sutures”
are present in the southern Abitibi belt, in ad-
dition to the suture revealed by a preserved
subducted slab at the northern Abitibi sub-
province boundary (Calvert and Ludden,
1999). One of the southern sutures corre-
sponds approximately to the boundary be-
tween the northern and southern volcanic
zones where plateau crust was accreted (Fig.
1). The second corresponds to the southern
margin of the Abitibi belt where the Pontiac
subprovince was underthrust beneath the Ab-
itibi belt.

The sub-Abitibi lithosphere has an estimat-
ed thickness in excess of 280 km, based on
global S-wave tomographic models (Abbott et
al., 2000). Teleseismic studies and the pres-
ence of diamondiferous kimberlites also con-
firm the presence of thick CLM beneath the
belt (Rondenay et a., 2000; Meyer et a.,
1994). In the ca. 2.7 Ga Abitibi belt, which
originated in an intraoceanic setting, there is
no evidence for Archean crust-forming epi-
sodes prior to ca. 2750 Ma or following sta-
bilization of upper crustal assemblages ca
2650 Ma (Corfu, 1993). Given that deep cra-
tonic roots are a distinctively Archean feature,
the origin of the Abitibi CLM must therefore
be related to geodynamic events within atime
interval that is far more restricted than those
associated with the Slave province or the
Kaapvaal craton.

Magmatism preserved within the Abitibi
crust provides clues to the timing and nature
of cratonic root formation (Wyman et al.,
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Figure 1. A: Location map showing Abitibi-Wawa belt in Superior province craton, Canada (after Jackson and Fyon, 1991). B:
Simplified geologic map of Abitibi greenstone belt indicating northern and southern volcanic zones and distribution of ko-
matiite-bearing volcanic assemblages (modified from Mueller et al., 1996).

2002). For example, plutonism was wide-
spread throughout the Abitibi belt between
2730 and 2685 Ma (Davis et a., 2000). If a
deep root was aready in place at this time,
then it is difficult to envision (1) how boninite-
series volcanism formed from a depleted man-
tle wedge beneath an arc in the central part of
the belt ca. 2716 Ma, (2) how similar tron-
dhjemite-tonalite-granite (TTG) batholiths
were intruded into the crust from the margin
to the core of this new craton, or (3) how
widespread syenites and shoshonitic lampro-
phyres, derived from subduction-modified as-
thenosphere, were emplaced into the shallow
crust between 2690 and 2674 Ma (Feng and
Kerrich, 1992; Wyman and Kerrich, 1993;
Wyman et al., 1999a).

In the case of the Abitibi belt, specific spa-
tial constraints relating to the crust and CLM
are also evident when the history of the belt's
upper crust is considered. For example, the lo-
cation for the site of ca. 2680 Ma slab loss, at
the leading edge of the underthrust Pontiac
subprovince (Fig. 2; Wyman et al., 1999b), is
in the upper mantle region that a contempo-
rary lithospheric root would have occupied.
The problem is compounded by the presence
of another suture, associated with plateau ac-
cretion, between the northern and southern
volcanic zones (Wyman et al., 1999b). Young
ages obtained for rocks within deep crust ex-
posed in the Kapuskasing uplift also suggest
a late development of the Abitibi-Wawa lith-
ospheric root (Moser et a., 1996, 2001). Ker-
rich and Cassidy (1994) noted that anoma-
lously young Ar-Ar isotopic ages (e.g., 2550
Ma) for lode gold deposits of the Abitibi belt
are not consistent with the crustal pressure-
temperature-time paths of orogenic belts and
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most plausibly result from late coupling of
lithospheric root to the base of the crust.

Diapiric Origin for Abitibi Belt
Continental Lithospheric Mantle

The apparent dilemma can be resolved if a
precursor root was created separately during
the Archean and coupled to the greenstone-
belt crust following orogeny. This requirement
can be met if mantle-plume residue, strongly
depleted by komatiite extraction, rose diapir-
ically beneath the greenstone belt at some
time after stabilization of the upper crust.
Time scales for such diapiric ascent are not
well characterized, but thermal and petrologic
models of Late Archean plume melting indi-
cate that the main volume of buoyant harz-
burgite residue must rise from depths of be-
tween 100 and 250 km (Herzberg and O’ Hara,
1998), perhaps undergoing substantial modi-
fication during the ascent and coupling pro-
cess. Final coupling must also have been de-
layed by the oceanic slab associated with
post—2716 Ma subduction beneath the Abitibi
arc (Fig. 2B; Wyman et al., 1999b).

Many workers have suggested buoyancy-
related sorting events within the upper mantle
to account for specific features observed in
mantle xenoliths (e.g., Poudjom Djomani et
al., 2001). Herzberg (1999) also suggested
that buoyancy-driven diapirism of harzburgitic
plume residue could remove ocean floor and
arc lithosphere that had earlier been subducted
and/or tectonically underplated beneath Ar-
chean cratons. The available data indicate that
diapirism of refractory plume-melt residue be-
neath the Abitibi belt must have occurred over
a time interva of tens of millions of years
following orogeny. The process occurred

without a significant volume of new melt be-
ing transferred to the middle and upper crust.
The main evidence for the timing of CLM
coupling to overlying Abitibi crust is minor
tonalite veining in the middle and lower crust
associated with the growth of young (<2665
Ma) zircon and Ar-Ar age spectra unrelated to
tectonic or mineralization events preserved in
the shallow crust (Kerrich and Cassidy, 1994;
Moser et a., 1996).

This type of diapiric event has the advan-
tage of resolving another outstanding problem
in the interpretation of the Abitibi crust. Cal-
vert and Ludden (1999) noted that seismic re-
flectivity decreases dramatically in the lower
8 km of crust beneath the Pontiac and Abitibi
belts. On the basis of ca. 2400 Ma over-
growths on zircon from xenoliths, Calvert and
Ludden speculated that the seismic feature
might correspond to mafic restites magmati-
cally underplated during the Proterozoic.
However, given that a crustal root was prob-
ably in place by the Proterozoic, an older
event involving underplating by buoyant
plume-melt residue appears more probable.
Therefore, the low-reflectivity zone probably
relates to the Abitibi crust-root coupling pro-
cess and relatively minor melt formation with-
in or above the ascending diapir.

In this new model, the root did not couple
with the Abitibi crust until after the generation
of the TTG bathaliths, emplacement of the
late alkalic intrusive suites (including astheno-
sphere-derived magmas), and the two stages
of lode (orogenic) gold mineralization (Wy-
man et al., 1999b, and references therein). The
ascending diapir might have contained or col-
lected fragments of partially melted oceanic
crust, possibly sorted according to density in
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Figure 2. A: Lithoprobe interpretation of Grenville-Pontiac-Abitibi-Opatica seismic section
(Calvert and Ludden, 1999). “Unknown affinity zone” probably represents accreted plateau
crust (Wyman et al., 1999b). Note reworked lower crust extending beneath Pontiac and
Abitibi. B: Cartoon illustrating Abitibi belt following plateau accretion and during subduc-
tion of oceanic crust prior to tectonic underthrusting of Pontiac metasedimentary terrane.
Remnant of slab associated with oceanic plateau accretion along southern volcanic zone—
northern volcanic zone (SVZ-NVZ) boundary is shown at inferred site of plateau-related
suture. C: Ildealized representation showing postorogenic ascent of buoyant plume-melt
residue after loss and/or fragmentation of Pontiac oceanic slab. Minor melting within or
above ascending diapir modifies lowermost crust beneath Pontiac and Abitibi. Complexities
related to possible nonvertical ascent paths of mantle plumes and downstream (relative to
lithospheric plate movements) wake of melt residue are omitted (cf. Phipps Morgan et al.,

1995; Herzberg, 1999; Zhao, 2001).

a process similar to that envisioned by Herz-
berg (1999).

SUMMARY AND CONCLUSIONS

The tectonic history and sequence of mag-
matic events in the Abitibi belt demonstrate
that volcanic-arc crust and cratonic root were
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not coupled during the period of astheno-
sphere-derived plutonism or volcanism repre-
sented by the shallow crustal igneous suites.
Evidence for a late coupling of greenstone-
belt crust and Archean cratonic root includes
(1) petrologic constraints on Archean magma
source regions, (2) evidence from Lithoprobe

seismic interpretations for slab subduction
into the zones later occupied by the root zone,
(3) young U-Pb isotopic ages in the exposed
deeper crust of the Kapuskasing uplift, (4)
anomalous Ar-Ar isotopic ages associated
with some Abitibi lode gold deposits, and (5)
a zone of low seismic reflectivity extending
beneath the Abitibi and Pontiac subprovinces.

Because the root was not constructed pro-
gressively downward from the base of the Ab-
itibi-Wawa crust prior to and during orogeny,
a buoyancy-driven process associated with the
diapiric ascent of mantle-plume residue is
strongly implicated. If a single distinctly Ar-
chean process is linked to the common occur-
rence of deep roots beneath cratons world-
wide, then evidence from the Abitibi belt
demonstrates that it is unlikely to be subduc-
tion related.

Despite this conclusion, eclogitic mantle
xenoliths provide evidence for a contribution
of subducted oceanic-slab material to the deep
lithospheric roots of some Archean cratons
(Rollinson, 1997; Rudnick et al., 2000).
Available evidence also suggests a large de-
gree of variation in terms of the configurations
of individua cratonic roots. For example,
stratification of the cratonic lithosphere differs
beneath the northern and central Slave craton,
and both areas are distinct from the Kaapvaal
and Siberian cratons in terms of their age and
chemical stratification (Kopylova and Russell,
2000). The occurrence of multiple lithospheric
domains beneath the Slave craton implies that
the Superior province may be underlain by a
complex CLM generated by multiple crustal
growth episodes and corresponding mantle-
residue coupling events extending back to 3.5
Ga (Boehm et a., 2000).

Given the known variation in lithospheric-
root configurations, the model developed to
account for the formation of the Abitibi CLM
may not be completely applicable to all other
cratons and is not intended to account for al
the CLM beneath the Superior province. We
suggest, however, that a preexisting plume-
generated root may have been a requirement
for the effective tectonic underplating of nor-
mal Archean oceanic lithosphere. For exam-
ple, once the roots had cooled and solidified
they may have acted as obstacles to later, shal-
lowly subducting Archean oceanic crust and
therefore acted as cores about which litho-
sphere underplating occurred. If so, only Ar-
chean terranes that contain evidence of early
plume magmatism, as part of a series of mag-
matic episodes over long time periods (100
m.y. or more), are likely to have roots con-
taining abundant tectonically underplated
eclogite.

The CLM-forming process envisioned here
allows for considerable variation in the archi-
tecture of cratonic roots. Some Archean green-
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stone belts may have originated as oceanic
plateaus generated by mantle-plume magma-
tism and only later became involved with sub-
duction zones (Puchtel et a., 1999). Other
belts, such as the Abitibi and possibly the
Eastern Yilgarn, were involved in direct mantle-
plume and idland-arc interaction events. In
summary, al Archean cratons underlain by
thick chemically buoyant CLM acquired their
roots as a result of high degrees of melting in
Archean mantle plumes. As mantle-plume fre-
quency, potential temperatures, and average
depths of melting decreased through time, a
transition occurred so that post-Archean CLM
was stabilized dominantly by thermal rather
than chemical characteristics.
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