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ABSTRACT

Convection in the Earth’s mantle pro-
vides the driving force for plate-tectonic
processes and the heat source for fluid
transport in the Earth’s crust. Under-
standing the relationships between
mantle composition and convection
and its interaction with continental and
oceanic crust provide a major challenge
to modern petrologists and geochem-
ists. This challenge can only be re-
solved by indirect studies, such as to-
mography and geochemical inversions
on mantle-derived products, or by direct
studies on rarely sampled upper mantle
products in mantle xenolith suites and
the barely accessible in situ outcrops on
mantle in oceanic fracture zones.

RESUME

La convection gqui a lieu dans le man-
teau de la Terre assure la force motrice
derriére la tectonique de plaques et
constitue la source de chaleur néces-
saire aux déplacements se produisant
dans la croite terrestre. Comprendre
les relations qui existent entre la com-
position du manteau et la convection,
ainsi que son interaction avec la crodte
continentale ou océanique constitue un

1 GEOSONDE, Terrestrial Magmatism Research Project

défide taille pour les pétrographes etles
géochimistes. Ce défi ne peut étre rele-
vé que par des études indirectes telles
la tomographie et des interprétations
géochimiques a partir détudes sur des
échantillons issus de processus man-
téliques, ou par des études directes sur
de rares échantillons issus du manteau
supérieur provenant de suites de xéno-
lites du manteau ainsi que d'échan-
tillons difficilement accessibles d'af-
fleurements in situ du manteau dans
des zones de fractures.

INTRODUCTION

The ultimate challenge to many re-
search scientists is to understand
something that they cannot feel or see:
the ocean deeps, distant space, the
interior of the atom, and, for geoscien-
tists, the Earth's core and mantle. The
mantle is hottest at the bottom, but,
probably, the most ductile part of the
mantle is at the top where the pressure
is the least. It is now accepted that the
soft upper layer of the mantle, the as-
thenosphere, convects and transports
the rigid lithosphere which, in turn, car-
ries the continents. It is only through
seismic imaging (tomography) and
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gravity and heat flow models that we
can infer the structure and the convec-
tive processes in the mantle below the
asthenosphere. Laboratory experi-
ments using diamond anvil apparatus
have allowed geologists to synthesize
probable mantle materials and define
phase changes in crystalline silicates of
iron and magnesium, which indicate
that the mantle is layered in a crude
sense. In special cases, however, the
mantle can be directly sampled: as-
thenospheric mantle may outcrop in
deep oceanic fracture zones, enigmatic
fragments of lithospheric mantle are ex-
posed as tectonic slices in ophiolites
and alpine thrust sequences, and man-
tle xenoliths are brought to the surface
by alkaline magmas in both continental
and oceanic settings.

The mantle plays a pivotal role in the
Earth's evolution. The Earth's crust has
formed by solidification of mantle-de-
rived ultramafic and mafic magma.
However, the andesitic nature of conti-
nental crust requires that accreted
mafic crust is later reworked, a result of
heat provided by mantle-derived mag-
ma and due to partial melting of crust in
response to tectonic events. It is there-

FeO-Depleted

0.75R

Magma Ocean

Peridotite

Komatiite

Figure 1 Highly idealized model for early Earth differentiation from Agee (1990), showing
crystallization and segregation of Mg-wustite and perovskite, with the development of a magma
ocean and its subsequent differentiation to peridotite and komatiite.
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fore increasingly relevant to consider
the mantle and the crust as a holistic
system in which magmas react with
both the mantle and the crust, transfer-
ring heat into the crust, driving hydro-
thermal convection, and inducing re-
gionai metamocrphism and anatexis.

EARLY EARTH EVOLUTION

One of the most challenging aspects of
mantle studies, which is particularly rel-
evant lo Canadian geoscience, is the
early evolution of Earth. Canada is the
home of the oldest dated continental
rock on Earth (Bowring e! al., 1989) and
its landmass includes sorne of the larg-
est Archean continental terranes on
Earth. Although isotopic data indicate
that Earth's differentiation had oc-
curred by 4000 Ma, we know littie about
the process that formed the Earth's
core, mantle and crust.

Carbonaceous chondrite meteorites
are widely accepted as indicators of the
primary composition of the Earth prior
1o its differentiation (Fig. 1). Multi anvil
experiments on carbonacecus chon-
drites at 24-26.6 GPa by Agee (1990)
indicate that initial FeO-rich magne-
siowustite fractionationin the early mol-
ten Earth may have depleted the initial
FeO content of the primitive chondritic
mantle and “fed” a growing core (Fig. 1).
Mg-perovskite would have crystallized
as a later phase and accumulated at its
level of neutral buoyancy {(approxi-
malely 1500 km). A komatiite magma
ocean and crystalline phases such as
olivine, clinoproxene and majorite (beta-
phase) would reside above these depths.

These experiments are the key lo un-
derstanding the early evolution of the
Earth. The role of magnesiowustite and
Mg-perovskite fractionation in early dif-
ferentiation of the Earth, and the role of
late melearite bombardment in the de-
struction of early formed crust and in
controlling the siderophile element in
the upper mantle remain important
areas of future research.

A knowledge of trace element parti-
tioning during these early slages of
Earth evolution is fundamental in con-
straining isotopic models of mantle dif-
ferentiation. It is now well established
that the mantle had undergone isolopic
differentiation by the Late Archean.
However, there are indications that
mantle reservoirs had time-integrated
isotopic depletions, which represent a
mantle that was far more depleted than
that now sampled by oceanic volcanic

rocks (McCulloch and Bennett, 1992;
Smith and Ludden, 1989). These ar-
gumenis, however, are based on
143Nd/144Nd-isolope studies of rocks
that have been metamorphosed. Smalt
variations in the ratio of 47Sm/144Nd
due to alteration and metamorphism
may have led to incorrect intial
143Nd/144Nd values and, thus, false con-
clusions concerning the differentiation
of the early-Earth mantle. The short
half-life of 142Nd (103 Ma), which is pro-
duced by the decay of 146Sm, offers a
powerful new isotopic tool with which
geochemists can model the early dif-
terentiation of the Earth. Posilive
£142Nd anomalies relative to chondritic
vaiues would have been producedin the
first 500 m.y. of Earth's evolution had
extreme mantle differentiation taken
place in the earliest part of Earth’s histo-

ry (Fig. 2). The search for a 142Nd anom-
aly has yielded contradictory results on
similar materials (Goldstein and Galer,
1992; Harper and Jacobsen, 1992; Mc-
Culloch and Bennett, 1992). Neverthe-
less, this application of Nd-isotope stud-
ies, if successful in proving the exis-
tence of depleted mantle prior to 4000
Ma, will provide an important too! for
understanding not only mantle differen-
tiation, but also the stabilization and
formation of the Earth's continental
crust.

MAJOR IGNEOUS EVENTS

in its recent past (i.e., in the Phaner-
ozoic geological record), the Earth has
produced major outpourings of mafic
magma associated with mantie-
plumes. For example, the Cretaceous-
age Deccan Traps and Reunion hot
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Figure 2 Isotope evolution models for Sm-Nd systems. 143Nd, the product of the long haif-life
147Sm, is progressively depieted in mantle reservoirs, with crust developing as a
complementary enriched reservoir. In contrast, 142Nd, the product of the short half-life 1465m, is
rapidly depleted in mantle reservoirs. Any 3900 Ma crust extracted from the highly depleted
mantle should show an anomaly in "?Nd (a value of 10 parls per million represents the
approximate detection limif). A complementary enriched crust should be formed, but must

romain isolated through geological time.
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spot, the Rajmahal Traps and the Ker-
guelen hot spot, and the Ontong-Java
plateau, have all produced 20-50 million
cubic metres of basaltic crust (Fig. 3).
These anomalous magmatic episodes
may be related to chaotic convection in
the outer-core convection (Larsen,
1991), or remelted recycled oceanic
crust (Hofmann and White, 1982).
These events seem to be tied to the
production of anomalously thick ocean-
ic crust produced elsewhere duringiong
periods of stability in the Earth's mag-
netic field (i.e., the Crelaceous super-
chron; Larson, 1991).

Griffith and Campbell (1991) model-
led the dynamics of a hot, buoyant man-
tle plume rising from the deep mantle
and argue that plumes grow in size as
they rise and entrain upper mantie
melts. Eventual ponding of the plumes
below continental crust and divergence
ofplume heads around ancient litho-
spheric roots may lead to continental
breakup (Hill, 1991). However, there are
enough examples of major igneous
provinces that are not associated with
ocean basins (Siberian traps, Karoo,

Columbia River) to argue that plumes
alone do not initiate continental
breakup.

Campbell et al. {1989) and Hill et al.
(1992) suggest that the widespread oc-
currence of high MgO-komatiite in the
Archean can only be explained by melt-
ing in the high-temperature axis of a
mantle plume. Modern, plume-related
magmas are rich in FeO and high-field
strength (HFS) incompatible elements
compared to mid-ocean ridge basalts
{(MORB} al a simitar MgQ level (Fig. 4).
in marked contrast, island-arc magmas
are poor in FeO and commonly ex-
tremely depleted in HFS incompatible
trace elements. If Archean komatiiles
are to be interpreted as the products of
ancient mantle plumes, their geochem-
istry is enigmatic; their FeQ contents
are comparable to modern plume mag-
mas, while their HF S incompatible trace
elements are highly depleted and,
therefore, more comparable to modern
ocean-ridge and island arc magmas.
The higher FeO contents of komaliiles
may reflect a greater depth of melt gen-
eralion in Archean rift systems cratem-
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poral evolution of the composition of
their mantle source regions.

To solve the outstanding questions of
plume-generation and their role in major
igneous events throughout Earth’s his-
tory, it is important to build links be-
tween geophysics and petrology. The
causes of the superchrons in the Paleo-
zoic and the relationship between core-
dynamics and plume generation is a key
element in the Earih’'s evolution.
Whether mafic volcanism is cyclical
through Earth's history, or whether only
volcanic products in specific tectonic
environments are preserved in the geo-
logical record may be addressed
through a compilation of U/Pb zircon
ages in the sedimentary record. New
geochemical techniques, such as in-
ductively coupled plasma-mass spec-
trometry (ICP-MS), secondary-ion
mass spectrometry, and Re-Os isolope
analysis, will allow greater analytical
sensitivity and resolution of geochem-
ical signatures of mafic and ultramafic
sequences, leading to significant break-
throughs in the study of large igneous
provinces in the future.
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Figure 3 Large igneous provinces (shaded regions) and plume focations (dark spots) in the present plate-tectonic context (from Coffin and

Eldholm, 1990},
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CRUST-MANTLE RECYCLING
AND MANTLE MELTING
It is widely accepted that plate-tecton-
ics has operated in some form since at
least the Late Archean. The injection of
oceanic crust back into the mantle dur-
ing the plate tectonic cycle has a funda-
mental role in fertilizing the mantle with
fluids subducted in sediments and in
metamorphic minerals. Mass balance
estimates indicate that the mantle has
turned itself inside out at least once
during the past 3000 m.y. (Fyfe, 1992).
Understanding the ultimate fate of the
subducted oceanic crust is important in
constraining magma genesis in subduc-
tion zones (Nicholls and Ringwood,
1973) and, potentially, in both continen-
tal and oceanic intraplate environments
{Hofmann and White, 1982; Ringwood,
1990). Studies of the recycling process
require close collaboration between
geochemists and geophysicists. To-
mographic studies aimed atimaging the
mantle as it is penetrated by the cool
oceanic plate (Shearer and Masters,
1992) suggest a correlation between
regional depressions in the 660 km dis-
continuity and the location of subduc-
tion zones. This result is more consis-
tent with deflection of the subducting
plate than with slab penetration into the
deep mantle. Ringwood (1990) argues
that such a process would praduce &
thick layer of garnetite (former basaltic
crust} at 550-650 km, which might pro-
vide a fertile (fow solidus temperature)
region in the mantle that may be the
ultimate source for hot-spol volcanism.
It should be possible to differentiate
between plumes derived from mantle
melts at the core-mantle boundary and
those derived from recycled basaltic
crust (referred to, respectively, as
thermal plumes and chemical plumes
by Zindler and Hart, 1286) by using geo-
chemical massbalance calculations.
Such studies can only be achieved by
establishing the bulk composition of the
subducted crust (e.qg., Plank and Lud-
den, 1992), and mantle mineral-liquid
partition coefficients for HFS elements
such as Nb, the rare earth elements,
and large ion lithophile elements such
as Rb, K and Na. Figure 5indicatesthat,
of the major upper mantle phases, only
amphibole is capable of explaining the
large-ion lithophile and rare earth ele-
ment systematics of mantle-derived
magmas other than MORB. The accu-
rate construction of such diagrams,
however, depends on the high-preci-

PICRITES & KOMATIITES

3 at 20 (Cation) % MgO
oy
1
x Deccan
" .6=
S ' | e
= 4
= 2= : . Karroo
o i b Mantle plume
= : g magmas
“ K:Iauea

Reunion
E-MORB
N-MORB /
Arc Magmas 2 Archean and

Batting "I Proterozoic
37°N e Cape Smith Greenstone
L4 Belts

L )
MOR ‘ .' Yakabindi
Troodo; - - - »
(] = Sm® T bitibe
0 Mariana‘.,.

5 7 9 11

1

[ Barbeton

Fe (Cation) %

Figure 4 Fe-Ti (cations) for mafic and witramafic magmas compared at a constant MgO
content of 20 cation%. The diagram demonstrates the high-iron and low incompatible element
nature of mafic rocks in Archean and Proterozoic greenstone belts and significant differences
between modern plume, arc and MORB magmas.

10’
0
10 A A
Cpx A A
_1 A
X N ‘*w* CONTINENTAL
@ AAA‘II'O@ ALKALINE
.2 Garnet L .
O 10 - %2
Y . X
-3 Amph.
10 N ) .
therzolite mph. vein
& megacrysts
107
10'1 100 101 102 103
Ce ppm

Figure 5 Ce/K versus Ce for mantle minerals and melts (>8 wt.% MgQO), indicating the
importance of minor phases, such as amphibole, in mantle-melfting processes.



Geoscience Canada Volume 20 Number 3

sion determination of trace element par-
tition coefficients and abundances in
both natural and experimental systems.
These partition coefficient data will be-
come increasingly available with the ad-
vent of high-sensitivity microbeam
techniques, such as the ion microprobe,
high-energy proton induced x-ray
beams, synchatron x-ray excitation,
and ICP-MS laser analysis.

The majority of models applied to ba-
salt genesis involve forward modelling
based on assumed mineral proportions
in the mantle source region and in the
fractionating assemblage during dif-
ferentiation (e.g., Francis and Ludden,
1990). The availability of high-guality
abundance and partition coefficient
data will provide increased constraints
on inversion modelling of petrogenetic
data (Minster and Allegre, 1978, Al-
barede, 1983; Mackenzie and Onions,

A
rystaly
\,f¥ Vel

Depth (km)

1891), permitting a more quantitative
approach to understanding magma
genesis.

CRUST MANTLE SYSTEMS

AND OROGENESIS

It is increasingly relevant to consider the
mantle and crust as a holistic system
involving magma transport and solid-
ification. Sinton and Detrick {1992) have
demonstrated that our understanding of
the formation of oceanic crust is well
advanced, The rates of mantle upwell-
ing, the depths of melting, and the com-
position of crust and mantle are reason-
ably welt established (Fig. 6). For conti-
nental crust, the effects of magma mi-
gration are less well constrained. The
densities of mantle-derived magmas
generally exceed those of the lower
crust, and such magmas will pond and
fracticnate at the base of crust (Cox,

Distance (km)

T

ZE
Akt

Figure 6 Models of crust-mantie interaction. depicting the interplay of mantle-derived magma
in crust formation, fluid regime, and. ultimately, in ore deposit genesis. (A) Along-axis views of
magmatic evolution in an oceanic spread centre (from Sinton and Detrick. 1992). (B) Effects of
underplating continental crust by mafic magma (from Fyfe, 1992).
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1988). Different thermal regimes would
result from magmaltic underplating of
newly accreted (i.e., hot, wet fusible
crust) versus older refractory crust
(Fyfe, 1992, summarized in Fig. 6). In
the earliest stages of continental rifting,
dense magmas may rise through up-
lifted and fractured crust. At more ad-
vanced slages, when the lower crusl is
hotter, underplating of newly accreted
crust will be dominant, while toward the
end of a tectonic cycle, dense magmatic
underplales may delaminate, rasulting
in renewed mantle upwelling with un-
derplating and intrusion (intraplate) of
the lower crust.

All stages of mantle-crust interaction
in both the continental and oceanic re-
gimes are responsible for ore deposil
formalion, either as magmatic sulphide
deposits in crustal rifting environments
or as deposits related to hydrothermal
systems. Synvolcanic Cu and Zn mas-
sive sulphide ores formed in oceanic
rift-zones are formed by direct heating
of crust by magma intrusion. Mesother-
mal Au-deposits in late-stage hydro-
thermal systems may relate to less di-
rect processes such as magmatic un-
derplating and prograde metarmorphic
reactions. A more tenuous, but intrigu-
ing relationship between thermal
plumes, the associated sea-level high-
stands, and hydrocarbon production
{Larson, 1991) makes the holistic ap-
proach of mantle-crust dynamics in-
creasingly relevant.

CONCLUSICN

Mantle studies are entering a decade
wherein the interaction belween geo-
physics, petrology and geochemistry
will be strengthened. To understand
deep-seated geological processes it is
imperative to define the chemical and
physical properties of minerals under
mantle P-T-f conditions. Experimental
petrology will simulate greater P-T re-
gimes in more complicated systems
and improve our knowledge of distribu-
tion coefficients and abundances in
mantle minerals. Petrophysics studies
will assess the implications of mantie
anisotropy and constrain geophysical
images of upper mantle obtained by
new LiTHorrROEBE initiatives aimed at the
mantle lithosphere. Crustal studies can
no longer be fully understood without
evaluating the role of the mantie in
metamorphic, uplift history, and metal-
logenesis and hydrocarbon production
in orogenic and anorogenic zones.
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ABSTRACT

The current status of knowledge of the
Earth's inner and outer cores is re-
viewed from the standpoints of seismol-
ogy. gravity, Earth rotation, and the geo-
magnetic field. Because of the remote-
ness of the deep interior, geophysicists
have used great ingenuity in processing
and interpreting surface data Lhat is
contaminated by many local (surficial
and crustal) sources. Despite the lack of
direct data from the deep Earth, there
has been a rapid growth in knowledge in
the last decade due to advances in in-
strumentation and the blossoming of
interdisciplinary studies.

Of major interest at the presenttime is
the interaction between the mantle and
core, each of which contains a major
conveclive regime, powering, in one
case, plate tectonics and. in the other,
the geodynamo. These regimes meet at
the core-mantle boundary (CMBJ},
which has provided atempting target for
seismology, magnelism, geodesy and
high-pressure physics; much has been
learned from the interchange between
geophysicists in these disciplines. In
this review, it is suggested that the pre-
dominant themes for the next decade,
growing naturally out of existing trends,
are 1) improvements in the quality and
coverage of global data sets, par-
ticularly those in geomagnetism, geo-
desy and seismology, 2) increased in-
ternational co-operation through par-
ticipation in interdisciplinary studies
such as SEDI (Study of the Earth's Deep
Interior), and 3) exploration of the non-



