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Although plate tectonics and mantle plumes were introduced to geology at the same
time in the 1960s and early 1970s by J. Tuzo Wilson and Jason Morgan, unlike plate
tectonics, which rapidly collected supporters from the Earth Science community, mantle
plumes took a back seat. Yes, Hawaii was an example of a mantle plume and as oceanic
plates moved over plumes they leave hotspot tracks. The prevailing attitude was one
of "this is fine, but let's now move on to plate tectonics where the real excitement is."
For twenty years geoscientists focussed most of their efforts on trying to understand
plate tectonics and document examples of it in the geologic record. It was not until the
late 1980s that scientists turned some of their attention to mantle plumes, and indeed
during the 1990s, when mantle plumes really "became of age", publications dealing
with mantle plumes increased exponentially. Why the long period of dormancy for
mantle plumes? I believe it was simply because geoscientists were overwhelmed by
plate tectonics-a band wagon effect that influenced all of the Earth Sciences.

I think three things brought mantle plumes to the forefront in the nineties. First is
high speed computers, which allowed scientists to numerically model mantle processes
in reasonable amounts of time with increased accuracy. Models appeared for the pro-
duction and ascent of mantle plumes, the effects of mantle phase transitions on plumes,
and the interaction of plumes with both the continental and oceanic lithosphere. Of
course, no matter how sophisticated, models are no better than the assumptions and
boundary conditions that go into them. The first models were simple, focussing on
Newtonian fluids as analogs for the mantle, with mantle plumes coming from boundary
layers with strong thermal gradients. As it became clear that simplistic models were
probably far from reality for the mantle, modeling advanced to non-Newtonian fluids,
gradients in viscosity and density were included, and finally, we moved from two- to
three-dimensional space.

Second, exciting new data from the exploration of Mars and Venus suggested mantle
plumes and not plate tectonics were important on these planets. The detailed mapping of
the surfaces of both Mars and Venus by the Pathfinder and Magellan Missions returned

superb images of the planetary surfaces, which showed gigantic volcanoes, rifts, and
domal uplifts, none of which looked like the product of plate tectonics. Geophysical
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Introduction

General Features of Mantle Plumes

A mantle plume is generally considered to be a blob of relatively hot, low-density
mantle that rises because of its buoyancy. The existence of mantle plumes in the Earth
was first suggested by J. Tuzo Wilson (1963) as an explanation of oceanic island chains,
such as the Hawaiian-Emperor chain, that change progressively in age along the chain.
Wilson proposed that as a lithospheric plate moves across a fixed hotspot (the mantle
plume), volcanism is recorded as a linear array of volcanic seamounts and islands
parallel to the direction in which the plate is moving. Morgan (1971) championed the
idea of mantle plumes, suggesting that flood basalts formed by melting of plume heads,
whereas hotspot volcanic chains were derived from partial melting of plume tails. He
also showed that closely spaced hotspots on the same plate had not moved significantly
relative to each other and suggested this was evidence that the plumes had come from the
core-mantle boundary (Morgan 1972). Morgan noted that some hotspot tracks, like the
Mascarene-Chagos-Laccadive track in the Indian Ocean, are traceable to flood basalts
and can be used to reconstruct paths of opening ocean basins. Richards, Duncan, and
Courtillot (1989) recognized at least 10 flood basalt-hotspot track pairs that formed
from mantle plumes in the last 250 Myr.

The first laboratory experiments aimed at understanding mantle plumes better were
those of Whitehead and Luther (1975), who showed that plume viscosity has an im-
portant effect on the shape of a plume. If a plume has a viscosity greater than its
surroundings, it rises as a finger, whereas if it has a lower viscosity, it rises in a mush-
room shape with a distinct head and tail. The tail contains a hot fluid that "feeds" the
head as it buoyantly rises. Loper and Stacey (1983) developed a theory of flow in plume
tails for a case in which the viscosity of a plume is strongly temperature dependent.
Because the tail is hot, it has a relatively low viscosity and is quite narrow («100 km
across). Olson and Singer (1985) developed a theory for the ascent of plume heads that
are compositionally distinct from surrounding mantle. They also studied the behav-
ior of plume tails during horizontal shear caused by convective currents. Griffiths and
Campbell (1990) were the first to confirm, by experiment and theory, the existence of
thermal plume heads and tails and to distinguish between thermal and compositional
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2 Introduction

plumes. In thermal plume heads, the boundary layer around the plume is heated by
conduction, becomes buoyant, and rises with, and becomes entrained into, the head.
This results in a plume head that reaches a diameter of 1000 km or more, which is two
or three times larger than compositional, nonentraining plume heads.

Thermal modeling indicates that, for a layered silicate planet, the layers will cool
from the outside inwards, and plumes will be generated at boundaries between layers
from heat conducted across the boundaries from greater depths (Davies 1999). Although
many details of plumes and their effects are still controversial and debated, the basic
theory of mantle plumes is well established, and there is considerable observational
evidence to support the plume concept. Only recently, however, has the resolution of
seismic tomography improved sufficiently that at least some plumes in the upper mantle
can be detected seismically (Li et al. 2000).

Plume Nomenclature

Numerous terms have been applied to mantle plumes, and there is confusion in the use
of these terms. Although general agreement has not yet been reached, it is important to
standardize the usage for this book. As noted previously, a mantle plume is a buoyant
mass of material in the mantle that rises because of its buoyancy. On reaching the base
of the lithosphere, plumes spread laterally. As suggested by the areal extent of some
flood basalts, which are derived by partial melting of plumes, plume heads may reach
diameters of 500 to 3000 km (Hill et al. 1992). Plume tails, on the other hand, are
typically 100 to 200 km in diameter. Large hotspots are the surface manifestation of
mantle plumes and are focused zones of melting. They are characterized by high heat
flow, variable topographic highs depending on plume depth, and active volcanism. The
term superplume is used herein to describe plume heads 1500-3000 km in diameter.
Expressed in terms of the volume of plume-derived basalt flows, superplumes give rise
to erupted volumes exceeding 0.5 x 106 km3. The term diapir has been used to describe
some mantle plumes. Herein, mantle diapir is used to describe a small mantle plume
(<300 km across) that has lost its tail and thus ceases to grow (Herrick 1999). Diapirs
may be produced in descending slabs or in the mantle wedge above descending slabs in
response to localized thermal gradients. Alternatively, they may form anywhere in the
mantle if it is convecting in a hard turbulent regime (Yuen et al. 1993). Another possible
production mode is upward "budding" along the tops of superplumes (Sleep 1990).

Subduction of lithospheric slabs into the mantle requires a balancing upward flow.
Because slabs are relatively cool, they cool the adjacent mantle as they descend. On
the other hand, the mantle between subduction zones, where return flow occurs, is
relatively warm and will slowly expand and rise. Larson (1991a) originally used the
term superplume to describe the large mantle upwelling in the Pacific basin, and some
investigators have continued this usage (Maruyama 1994). However, we will retain
the more widely employed term mantle upwelling to describe these large regions of
rising warm mantle between subduction zones. If a large lithospheric plate "protects" a
large volume of mantle from the cooling effects of subduction, which happens beneath
supercontinents and large ocean basins, a large mantle upwelling may be generated
beneath the plate. Two such upwellings occur in the mantle today, one beneath Africa























Organizational Strategy 13

shows how it may be feasible to track mantle plumes into the early part of Earth history
using lithologic associations and the geochemistry of Archean greenstones.

Continuing into the realm of geoconjecture, in Chapter 8 I discuss the possible role
of superplume events in the geologic past as an explanation for episodic continental
growth. And lastly, in Chapter 9 we wrap up the plume story with a summary of the
possible effects of mantle plumes on the atmosphere, oceans, and life in the geologic
past.
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Hotspots and Mantle Upwellings

Introduction

A significant but volumetrically minor amount of dominantly basaltic volcanism oc-
curs within plates as linear chains of volcanoes that grow older in the directions of
plate motion (Wilson 1963; Morgan 1971). Examples of this style of volcanism are
the Hawaiian-Emperor chain in the Pacific, the Yellowstone-Snake River plain in the
western United States, and the Ninetyeast Ridge in the Indian Ocean. These volcanic
tracks appear to form over hotspots, which are believed to be the surface manifestations
of mantle plumes (Fig. 2.1). As mentioned in Chapter 1, Wilson (1963) suggested that
hotspot tracks form as oceanic crust moves over relatively stationary magma sources
in the uppermost mantle. Partial melting of plumes, when they intersect the mantle
solidus near the base of the lithosphere, leads to large volumes of magma, which are
partially erupted or intruded at or near the Earth's surface. In addition to hotspots, two
broad mantle upwellings provide the return flow caused by subduction. The mantle
upwellings elevate the Earth's surface up to a few hundred meters, and because they
elevate the temperature of the uppermost mantle, they also cause minor but widespread
melting, giving rise to volcanism and mafic underplating of the crust. Most of the major
hotspots on Earth today occur within the mantle upwellings (Fig. 2.1).

It is commonly thought that mantle plumes and mantle upwellings begin life at the D"
thermal boundary layer just above the core-mantle interface. As we will see in Chapter 8,
both upwellings and plumes may play a role in the breakup of supercontinents. In this
chapter we will review the major features of mantle hotspots and upwellings and discuss
some aspects of their origin.

Hotspot Characteristics

Hotspots are characterized by the following features:

1. In ocean basins, hotspots are overlain by topographic swells with a relief of
500-1000 m and typical widths of 1000-2000 km. These swells are probably
indirect manifestations of ascending mantle plumes.















































































Plumes in Perspective 53

tholeiitic basalts, whereas in others, alkali basalts and their derivatives dominate the
shield stage. Although the roots of some mantle plumes can be tracked with seismic
tomography into the deep mantle, it does not follow that all mantle plumes come from
the D" layer above the core. Increasing refinement of seismic-wave tomographic data
is necessary to see if plumes are also produced at other levels in the mantle. As we will
see in Chapter 5, the geochemically depleted character of some oceanic island basalts
indicates they entrained a deep, depleted mantle domain unlike the shallow, depleted
source of ocean-ridge basalts. What is the origin and age of this deep, depleted domain,
and how has it remained relatively isolated in a convecting Earth? There is also much
work to do in understanding the origin of the large diversity of volcanic structures on
the seafloor, many of which may not be related to plumes.

We are only beginning to understand mantle upwellings. Greater resolution of seismic
data is needed to enhance our understanding further of the shapes and bifurcations of
upwellings, their relationships to mantle plumes, and the complexities of interactions
of both plumes and upwellings with the base of the lithosphere.





























































































































Mantle Plume Generation and Melting

Introduction

Before describing models of plume behavior, it is important to review the fluid charac-
teristics of mahtle plumes. Whereas a fluid is a substance that can undergo an unlimited
amount of deformation, a solid will undergo only limited deformation before it breaks.
Another distinction is that many solids will deform a certain amount for a given force
and then return to their original shape when the force is removed. In contrast, a fluid
will keep deforming as long as the force is applied and will stop deforming when the
force is removed, but it will not return to its original shape. A Newtonian fluid is a
material whose rate of deformation is proportional to the applied force. In the mantle,
flowage occurs in response to stresses, which result in strain of the mantle rocks. The
proportionality between stress and strain rate is expressed as the viscosity of a fluid.
For a viscous fluid undergoing very slow flow, as in the mantle, driving forces are in
balance with viscous resisting forces, and the mantle can usually be considered to be an
incompressible fluid. Whether all or only some of the mantle behaves as a Newtonian
fluid is a subject of considerable uncertainty and debate.

Plume Characteristics

Experimental Models

It is well known that when a hot fluid is injected into a cooler fluid in a laboratory tank,
the hot fluid will rise as a plume. The experiments of Griffiths and Campbell (1990)
showed that when plume viscosity and density are lower than the surrounding media,
the plume will divide into two components: a nearly spherical head at the top and a
relatively thin conduit or tail connecting to the plume source (Fig. 4.1). This is the type

, of plume thought to form in the mantle. In the experiments of Griffiths and Campbell,
"' the viscosity of the injected fluid determines the diameter of the conduit required to
" carry a given plume flux, whereas the viscosity of the surroundings determines the
• rate of rise and size of the plume head. When a plume head reaches the top, it is
Jp-nearly symmetric and spreads horizontally beneath the surface layer (analogous to the
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Hot Source Material -

Figure 4.1. A laboratory plume showing plume
components. After Campbell and Griffiths
(1990).

lithosphere in Earth). After the head stops its vertical motion, the tail continues to
supply hot source fluid, which, in the absence of horizontal motions near the surface,
accumulates in a "pool" near the axis of the plume head. When motion of the surface
plate is added to the experiment, the head may be deformed and carried away, whereas
the plume tail is only deflected from the vertical. The size of plume tails critically
depends on plume viscosity. The tail is thinner for lower viscosities, reflecting the fact
that lower viscosity material requires only a thin conduit for a similar flow rate.

Experiments also show that plumes with the largest volume flux and the largest
temperature anomaly (temperature difference between plume and surroundings) ascend
most rapidly, accumulate the greatest volume, and are the least diluted by entrainment of
surroundings (Griffiths and Campbell 1990; Campbell and Griffiths 1990). With a large
buoyancy flux, plumes can penetrate the entire mantle today in as little as 50 Myr or the
entire Archean mantle, which was hotter, in less than 10 Myr. Buoyancy flux (b) is related
to average plume velocity (u), plume radius (r), and the difference in density between
plume and surrounding mantle (Др) by, b = [gAp] x [лт2и] (Davies 1999). Mantle
plumes with high-buoyancy fluxes (>105 Ns~') are not significantly deflected from
the vertical by mantle convection and remain connected to their deep mantle source.
Weaker plumes with buoyancy fluxes less than 104 Ns~' may not make it to the surface,
and their plume heads may detach, forming small diapirs. These diapirs may become
incorporated in the converting mantle, or, if they make it to the base of the lithosphere,
they may become part of the lithosphere with little or no melting and magmatism.

Experiments also demonstrate that plume heads grow large before "lift off" from the
source. The most important variable controlling head size is mantle viscosity, which
today is the order of 1022 Pa s. Modern mantle plumes must reach 400-600 km in
diameter before beginning to rise (Fig. 4.2). When they have ascended 2800 km, their
diameter has doubled (800-1200 km across) owing chiefly to entrainment of surround-
ing mantle on the way up. As the heads flatten against the lithosphere, the diameter
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400 600 800

Head Diameter (km)
Figure 4.2. Growth of plume heads as a function of distance above the source (the core-mantle
boundary). Model is for a source temperature anomaly of 400 °C and a viscosity of 1022 Pa s (present
mantle, solid lines) or 1021 Pa s (Archean mantle, dashed lines). The two Archean. examples are for
plumes coming from the D" layer and the 660-km discontinuity, respectively. Buoyancy fluxes given
in N/s. After Griffiths and Campbell (1990).

can double again, producing a "pancake" thermal anomaly on the order of 2000 km
or more across. In the Archean, when the mantle temperature was higher and mantle
viscosity was lower (~1021 Pa s), plume heads would have been smaller at the time of
lift off (200-400 km across; Fig. 4.2). These plumes would be only 400-600 km across
when they reached the lithosphere. The models of Griffiths and Campbell also indicate
that plumes originating at the 660-km discontinuity will reach diameters of only about
300 km when they intersect the lithosphere with little or no entrainment (Fig. 4.2).
Plume diameters are almost independent of buoyancy flux and show only a moderate
variation with temperature anomaly (Fig. 4.3). Regardless of temperature anomaly, in
the modern mantle, many plume diameters, on reaching the base of the lithosphere,

104

Buoyancy Flux (N/s)

Figure 4.3. Predicted diameters of plumes coming from the D" layer just before impinging on the
base of the lithosphere. Temperature anomalies given are differences between plume and ambient
mantle temperature. After Griffiths and Campbell (1990).
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4 Myr 43Myr 83Myr 100 Myr 121 Myr 176 Myr

0 Temperature (°C) 1846

Figure 4.4. Numerical model showing rise and growth of a mantle plume from the D" thermal
boundary layer. Viscosity is a strong function of temperature, and ambient viscosity is 10H Pa s. The
bottom boundary temperature is 430 °C above the interior plume temperature, and plume viscosity
here is about 1% of the plume interior. From Davies (1999), with permission. Courtesy of GeoffDavies.

are 1000 Jon or more, and up to 1500 km after flattening, which is consistent with the
sizes of small-flood basalt provinces. Superplumes exceed 1500 km in diameter and
may reach 3000 km, which is a size similar to that of large flood basalt provinces like
the Karoo-Ferrar Province in southern Africa and Antarctica.

Numerical Models

Numerical models of Davies (1999) and others of temperature-dependent viscosity
plumes confirm and expand upon the laboratory experiments. A sequence of snapshots
of a mantle plume as it ascends and spreads over about 175-Myr period is shown in Fig-
ure 4.4. The plume ascends rapidly in the first 100 Myr and then more slowly afterwards
as it begins to flatten against the lithosphere. As the hot fluid in the plume tail reaches the
top of the head, it flattens against the lithosphere, and the head becomes very thin and
increases significantly in radius (176 Ma). Heat liberated from the plume partly escapes
and partly heats material entrained in the plume head, and thus the head has a temperature
intermediate between the tail and the surrounding mantle. Such features were also recog-
nized in the experimental models of Griffiths and Campbell (1990). As the head contin-
ues to grow and cool, it rises more slowly than the tail, which continues to feed the head.

Uplift, Deformation, and Subsidence

General Features

An important question related to the plume model for LIPs is, Do uplift and extensional
deformation precede magmatism as predicted by numerical models? The amount of
uplift is controlled by plume buoyancy and by lateral variations in the thickness and
rheology of the lithosphere. In the simplest case, plume heads with high viscosity, a
maximum uplift of 500-1000 m should be attained when the plume is at depths of 100-
200 km (Griffiths and Campbell 1991). The uplift should begin 25 Myr before the time
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500 0 500
Horizontal Distance (km)

Figure 4.5. Relationship of surface uplift to plume size and rise time based on the laboratory experi-
ments of Griffiths and Campbell (1991). Time in Ma is relative to maximum surface elevation, which
is set at t = 0. Times in the future are expressed Myr. Model is for a plume derived from the D" layer
with a buoyancy flux of 3 x 104 N/s and a source temperature anomaly of 300 °C.

plumes are the Afar and Kenyan domes in the East African rift system (Sengor 2001).
Mapping in the Deccan, Siberian, Rajmahal, Parana, and Karoo flood basalts suggests
that uplift precedes volcanism in these LIPs (Kent et al. 1992), and thus, they are broadly
consistent with the experimental models of Griffiths and Campbell (1991) described
above. Other investigators, however, have suggested that Deccan and Siberian flood .
basalts were erupted in nonextensional settings with little or no prevolcanic uplift (Hill
etal. 1992;Czamanske etal. 1998). In the Deccan and Columbia River basalts, eruption
of the main tholeiitic phase preceded significant extension and lithospheric thinning
(Hooper 1990). In contrast, studies of magnetic susceptibility from the Parana-
Etendeka flood basalts imply that rifting preceded volcanism - at least in that part
of the field within 100 km of the Mid-Atlantic Ridge (Glen et al. 1997). The lack
of evidence for early uplift in many LIPs may be caused by later overprinting due to
extension and subsidence. In any case, carefully integrated field and isotopic dating
studies are needed to sort out the timing of deformation and volcanism as well as the
role of premagmatic uplift in LIPs. :•]
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Evidence for syn- to postmagmatic subsidence in LIPs is preserved in many flood
basalts. Most flood basalts occur in broad, posteruptive basins. In the Karoo flood
basalts in southern Africa, subsidence began before volcanism, as reflected by the thick
sedimentary succession beneath the basalts (Campbell and Griffiths 1990). Subsidence
leads to the formation of rift valleys in some flood basalt provinces. Examples are the
Cambay basin and Narmada graben in the Deccan traps and the Tuli and Nuanetsi
valleys in the northern Lebombo area of the Karoo. In the Deccan, major subsidence
coincides with the onset of volcanism, which perhaps reflects withdrawal of magma
from the plume head. Supporting this interpretation is the occurrence of rift valleys in
the Deccan near the inferred plume axis, where maximum melt should be withdrawn. In
young flood basalts, such as the Ethiopian and East African Provinces erupted 30 Ma,
subsidence has not yet begun.

Using the Afar and Kenyan domal uplifts in East Africa as examples, Sengor (2001)
concludes that mantle plumes lead to rifting of the lithosphere, by increasing the po-
tential energy of part of the lithosphere, causing it to disintegrate along one or more
rifts. In his model, structural rather than topographic uplift is the chief criterion for
the identification of a former plume. Structural uplifts can be identified if the palaeo-
geography preceding uplift can be reconstructed in detail, if uplift erosion products
are preserved (especially in a marine environment to enable precise dating), and if the
structural expression of the uplift has not been destroyed by erosion. There is no known
process on Earth other than mantle plumes that can form lithospheric domes 1000 km
or more in radius and 1 to 2 km high within several million years.

Wrinkle Ridges

One of the important deformational features found in the lithosphere above large mantle
plumes is wrinkle ridges formed in response to contractional forces associated with
plume emplacement and collapse (Mege and Ernst 2001). Wrinkle ridges are commonly
associated with LIPS on Mars and Venus (see Fig. 3.33) and also have been described
in terrestrial examples, the best documented of which is the Yakima fold belt in the
Columbia River Basalt Province. Typically, wrinkle ridges are on the order of 100 km
long, 10-15 km wide, and a few hundred meters high (Mege 2001). An extensive set of
wrinkle ridges along the eastern margin of the Tharsis Rise on Mars began to develop as
flood basalts were erupted, but this development stopped before eruptions terminated.
In general, wrinkle ridges develop normal to grabens and dyke swarms that radiate from
aplume center (Fig. 3.33). Wrinkle ridges of the Yakima fold belt in the Columbia River
basalts and the wrinkle ridges associated with the Tharsis Rise on Mars have numerous
similarities, which suggests a similar mode of origin. In common are the following
(Mege 2001):

: 1. Ridge size.
2. Concentric distribution about a plume center.
3. Development only in stratified basalts.
4. Association with flood basalts erupted on thin, brittle crust underlain by a ductile

J layer.
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5. Ridge growth rate that parallels lava flow eruption rate.
6. Periodic ridge spacing.
7. Ridge formation by combination of folding and thrust faulting.

Models of wrinkle ridge development show that most ridges are related to thermal
subsidence as a plume head begins to collapse and that they are enhanced by isostatic
adjustment of the load of flood basalts on a thermally thinned brittle crust (Mege and
Ernst 2001).

How Fast Do Plumes Rise?

In a Newtonian mantle, plumes can rise from the D" layer at the base of the mantle to
the lithosphere in about 50 Myr (Olson et al. 1987). For non-Newtonian fluids, high-
resolution calculations show that mantle plumes rise even faster - on the order of meters
per year (Larsen and Yuen 1997). Even with similar Rayleigh numbers for the mantle,
non-Newtonian plumes rise to the base of the lithosphere in a few million years, which
is an order of magnitude faster than Newtonian plumes. In the models of Larsen and
Yuen (1997), plume formation is triggered when a cold downwelling hits the lower
boundary layer (D"), resulting in strongly localized flow. In one model, the maximum
ascent rate is 36 m/yr, and upon impact with the lithosphere, it drops to less than 1 m/yr.
In the presence of both viscous and adiabatic heating, non-Newtonian plumes thin the
lithosphere more effectively than plumes with Newtonian properties. Unlike Newtonian
plume heads, which are broad and smooth, non-Newtonian plume heads have a complex
internal structure and may rise to within a few kilometers of the surface. Non-Newtonian
plume tails are relatively narrow and focused with sharp thermal and velocity gradients
in comparison to the broad Newtonian tails. These differences between Newtonian
and non-Newtonian plumes are due to the different rates of entrainment and mixing
with surrounding mantle. Non-Newtonian plumes are important because they provide
a means of bringing very hot mantle material to the surface hi very short periods of
time, which is a feature consistent with producing high-Mg komatiitic melts in plume
heads during the Archean.

How Long Do Plumes Survive?

When one tracks the lifetime of mantle plumes using their volcanic records, it is clear
that there are both long-lived and short-lived plumes. The Kerguelen plume in the
southern Indian Ocean survived for at least 116 Myr (Frey et al. 2000). Its first appear-
ance is recorded by the Rajmahal flood basalts in northeastern India at about 116 Ma.
This was followed by rapid growth of Kerguelen and Broken Ridge oceanic plateaus at
116-110 Ma, the Ninetyeast Ridge at 85-38 Ma, and the Kerguelen Archipeligo in the
last 40 Myr. The Tristan plume in the South Atlantic began activity with the Parana-
Etendeka flood basalts 137-125 Ma followed by the Walvis and Rio Grande Ridges
(135-131 Ma) as the South Atlantic opened and finally by Tristan volcanic island in the
recent past (Peate 1997). The Reunion plume, with a lifetime of 65 Myr, generated the
Deccan traps, the Maldives-Chagos and Mascarene Ridges, and the modern Reunion
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volcanic islands (Fig. 2.6) (Courtillot et al. 1999). The St. Helena plume, which began
activity 145 Ma, controlled the development of the Helena seamount chain and is still
active today (Wilson 1992). The Iceland plume is responsible for the North Atlantic
Volcanic Province (130-50 Ma), the Faeroe-Greenland volcanic Ridge, and the recent
volcanic activity in Iceland (Saunders et al. 1997). The Hawaiian plume has been active
for at least 75 Myr as recorded by volcanic activity along the Hawaiian-Emperor chain
(Clague and Dalrymple 1989).

The Siberian traps (246-255 Ma) were erupted from a short-lived plume that sur-
vived for at most 9 Myr (Sharma 1997). Most of the flood basalt activity was concen-
trated in a 1-Myr period at 251-250 Ma. Other examples include the Emeishan flood
basalts in China (258 Ma) and the Taymyr, Kuznetsk, and Verkhoyansk-Vilyuy flood
basalts in Siberia (about 370 Ma) (Courtillot et al. 1999; Nikishin et al. 1996). In all
of these cases, flood basalt eruption was concentrated during a period of 1 Myr or less,
and the total duration of magmatism and associated rifting was 5-10 Myr. The Mid-
Cretaceous superplume event in the South Pacific, which gave rise to Ontong Java and
related oceanic plateaus, was also short-lived with most action occurring at 120-100 Ma
(Larson 199 la). In contrast to long-lived plumes, none of the short-lived plumes was
followed by fragmentation of continental lithosphere nor long-lived hotspot tracks such
as the Hawaiian-Emperor chain.

Long-lived plumes, which can survive for 100-150 Myr, require a continuous supply
of hot mantle via a plume tail, which taps a continuously replenished source in the deep
mantle. In contrast, short-lived plumes appear to lack a stable plume tail and rise from a
source that is rapidly depleted. Perhaps only long-lived plumes are generated in the D"
layer above the core-mantle interface, where a continuous supply of heat is possible.
Short-lived plumes may come from shallower mantle depths, perhaps some from the
660-km discontinuity.

Entrainment in Plumes

Both experimental and numerical modeling of plumes show that they entrain material
from the surrounding mantle as they rise (van Keken 1997; Davies 1999). This is because
hot, buoyant plumes transfer some of their heat to the surrounding ambient mantle,
which increases its buoyancy and lowers its viscosity, allowing it to be incorporated
into plumes (Richards and Griffiths 1988; Hauri et al. 1994). Hence, plumes may
sample not only the source material in the D" layer but also other mantle geochemical
domains as they rise to the base of the lithosphere. Investigators have disagreed over
whether plume heads or tails show the most entrainment of surrounding mantle. The
disagreement results from the different assumptions made about mantle rheology in
various plume models and from disparate results of laboratory and numerical models.
Geochemical and isotopic results from basalts generated in plume heads and in plume
tails may eventually help resolve this problem.

' bi a model of Kellogg and King (1997) of a plume consisting of material in which
' - the viscosity is strongly temperature dependent, the plume head grows as it becomes
f mushroom-shaped. As the plume rises, it entrains surrounding mantle in the head, but

very little mixing occurs in the plume tail, as shown by the contours in the left side
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f=1 f=2 f=5

Figure 4.6. Numerical model of Kellogg and King (1997) showing rise and growth of a mantle
plume with a strong temperature-dependent viscosity. Time after plume escapes from source given in
arbitrary units (t). Contours are temperature (right half of each figure) and concentration of a passive
dye (left).

of each frame in Figure 4.6. This indicates that the geochemical signatures of melts
coming from the head may be contaminated with ambient mantle, whereas the plume
tail should carry a source signature. Thus, flood basalts should reflect mixed mantle
sources and oceanic islands, relatively pure samples from plume sources. Also, in the
Kellogg'and King model, not all of the plume mass arrives at the hotspot, but some
of it, like the blob in frame 3 of Figure 4.6 (t = 5), breaks off and is mixed back into
the upper mantle. Such blobs could produce chemical anomalies in the convecting
asthenosphere, which may later appear in ocean-ridge or seamount basalts (Allegre et al.
1984). Farnetani and Richards (1995) suggest that mantle plumes derived from the deep
mantle entrain only a very small fraction of surrounding mantle into the region of the
plume that undergoes partial melting. Their models, which are for isoviscous plumes
with only mildly temperature-dependent rheology, also agree with the earlier numerical
and experimental results of Griffiths (1986) and Griffiths and Campbell (1990) in
indicating that the original source material in plumes is confined chiefly to plume tails.

More recent numerical models, however, that include strong temperature-dependent
rheology, which is likely in the mantle, show that most of the source material is con-
tained in a plume head and that the tail comprises largely or partly entrained material
(van Keken 1997; Davies 1999). Davies (1999) has shown that the amount of entrain-
ment is critically dependent on the ratio of plume viscosity to ambient mantle viscosity.
As expected, the closer the viscosity of the plume is to that of surrounding mantle,
the greater the degree of entrainment. This is illustrated in Figure 4.7 by flow lines in
plumes with three different viscosity contrasts. Most of the entrained material comes
from the lowest 10-20% of the mantle. Plume tails may also become contaminated with
surrounding mantle if they deviate appreciably from the vertical. Vertical plume tails
with a strong viscosity contrast can entrain only a very small percentage of surrounding
mantle (Stacey and Loper 1983; Davies 1999). However, if the plume tail is inclined
to the vertical, as it may be in the upper mantle owing to advection, the amount of
entrainment can increase substantially.

Recent geochemical studies of Galapagos hotspot volcanics suggest that the
Galapagos plume is chemically zoned and that the zonation has survived for at least
14 Myr (Hoernie et al. 2000). In map view, the zonation is horseshoe shaped with
enriched material around the edge of the plume and depleted material in the center. The
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Figure 4.7. Numerical models showing plumes
with three different ratios of plume viscosity to
ambient mantle viscosity (given at the top). Dot-
ted lines show contamination of the plume as a
function of height. Note that the plume tail thins
as viscosity contrast decreases. A secondary insta-
bility has developed in the right-hand model. From
Davies (1999), with permission. Courtesy of Geoff
Davies.
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main evidence for this is that the compositional zonation continues along the Cocos
Ridge hotspot track, one of two hotspot tracks leading away from the Galapagos Islands
(Fig. 2.1). The chemical zonation may reflect a plume tail that is draining two or three
chemically distinct regions in the D" source layer. Alternatively, entrainment of en-
riched mantle in the plume tail could account for the zonation. If entrainment is the
source of the zonation, it must occur in the deep mantle because Galapagos lavas have
high 3He/4He ratios indicative of a deep, primitive, or depleted source. In either case,
very little mixing is allowed during the ascent of the plume to preserve the zonation.

Plume Roots

Seismic Evidence

Seismic tomography offers a unique method both to identify mantle plumes and to
trace the tails of plumes into the mantle. Continued improvement in the resolution of
tomographic results now makes it possible for the first time to begin three-dimensional
mapping of mantle plumes. An analysis of compressional-to-shear converted seismic
phases shows a zone of very low S-wave velocities (<4 km/s) beginning at 130-
140 km beneath the island of Hawaii and extending downward into the mantle (Li

J« al. 2000). The same data indicate that the region between the 410- and 660-km
seismic discontinuities is thinned by 40-50 km south and southwest of Hawaii. These
observations are interpreted to record the Hawaiian plume tail, which must be 250-
300 °C hotter than surrounding mantle and less than 400 km in diameter between the
two mantle phase boundaries. This temperature is at least 100 °C higher than the Iceland
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MANTLE Hawaiian Plume Root

CORE
Figure 4.8. Hypothetical sketch showing the source of the Hawaiian plume in the D" layer above the
core. Arrows show flow direction and anisotropy inferred from S-waves. After Russell et al. (1998).

plume, which is in agreement with petrological observations and dynamic models for
both plumes.

Seismic tomography has also shown that the tails of the Iceland and Hawaiian plumes
can be tracked into the deep mantle - probably into the D" layer just above the core
(Helmberger et al. 1998; Russell et al. 1998). Analyzing ScS and S phases (ScS is a set
shear waves that bounce off the core-mantle boundary), Russell et al. (1998) reported
a region of lateral gradients in velocity and anisotropy in the lowermost mantle beneath
Hawaii, which they suggested represents the source region of the Hawaiian plume.
The ScS anisotropy these authors described is unusual. Previous measurements of SH
waves in the D" layer showed horizontal polarization and arrived ahead of vertically
polarized waves (SV). This generally has been interpreted to reflect horizontally layered
structures or elongated melt inclusions in D" (Kendall et al. 1996). Only in the Central
Pacific, Russell et al. found that this pattern changes to SV arriving ahead of SH, which
they attributed to production of a vertical fabric by plume upwelling (Fig. 4.8).

Helmberger et al. (1998) identified an ultralow velocity zone at the core-mantle
interface beneath Iceland, and they effectively argued that this anomalous region may
reflect hot, partially molten source material feeding the Iceland plume. The model
indicates velocity reduction of 10% for P-waves and 30% for S-waves, which is con-
sistent with small amounts of partial melting. Bijwaard and Spakman (1999) described
tomographic images of a narrow, low-velocity anomaly beneath Iceland, which extends
from the core-mantle boundary to the surface (Plate 4). Results suggest that the plume,
which is 500 km or less in diameter, rises from a broad root zone (>1000 km across)
and culminates in a plume head about 1200 km in diameter. Also from this image, it
would appear that the plume tail is bent near a depth of 700 km. Perhaps resistance at .
the 660-km discontinuity is responsible for this bending. The "waviness" of the Iceland .;
plume inferred from the seismic data, if real, may suggest that the plume is not station- I
ary but is advected by upper mantle currents. Another model that includes surface and r
body waves as well as free oscillation data suggests the low-velocity anomaly beneath J
Iceland essentially bottoms out at the 660-km discontinuity (Ritsema et al. 1999). ц
These data probably map the plume head but may not be sensitive enough to identify the и
plume tail.
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Figure 4.9. Osmium isotope relationships of Hawaiian and Siberian LIP basalts. yos = ({[187Os/
1880s]sampiej/j['

87Os/188Os]cHUR]) x 100, where CHUR = chondritic uniform reservoir. Note that
the Hawaiian and Siberian flood basalts seem to contain a core component. Data from Brandon et al.
(1999).

Osmium Isotope Evidence

As reflected by oceanic island basalts, mantle plumes appear to be characterized by
a rather narrow range in Os isotopic composition (Widom and Shirey 1996; Walker
et al. 1995). In general, the isotopic compositions are more radiogenic than in MORB
or mantle xenoliths and thus require an additional source of radiogenic Os. There are
two isotopes of radiogenic Os: 186Os, which is produced from the decay of 190Pt (t\/i =
450 x 109 yr) and I87Os, which is produced by the decay of 187Re (tl/2 = 42 x 109 yr).
All three of these platinum group elements strongly follow iron, and thus in the Earth
they are thought to be largely concentrated in the core. Hence, even small additions of
core material to the mantle source of plumes should dominate the isotopic composition
of Os. An excess of 187Os in oceanic basalts could reflect recycled oceanic crust in
the plume sources because Re is also concentrated in the crust (Brandon et al. 1998).
However, the presence of unusually large amounts of both 186Os and 187Os in some
plume-derived basalts in oceanic areas strongly suggests a core contribution (0.5-
1.0%) to their sources (Brandon et al. 1999) (Fig. 4.9). This observation is important
because it supports a source for at least some mantle plumes in the D" layer above the
core-mantle interface. It also may provide a means to distinguish D"-derived plumes
from plumes produced at shallower levels in the mantle.

Plume Families and Head-Tail Detachments

Some hotspots appear to be grouped into families, whereas others occur in isolation
(Sleep 1990). Families of hotspots reflect plumes of approximately the same age in the
same geographic region. For instance, in the South Atlantic, Bouvet, Marion, Discovery,
and Tristan may be a hotspot family, and in the North Atlantic, Cape Verde, Great
Meteor, and Canary may be a family (Fig. 2.1). Hawaii, Louisville, and Reunion are
Samples of isolated hotspots (Fig. 2.2). Families of hotspots have been used as an
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argument against a mantle plume origin for these hotspots because there seems to be
no way to maintain closely spaced plume conduits all the way from the base of the
mantle (McHone et al. 1987). Another explanation for hotspot families, which needs
to be more fully explored, is that they come from a single superplume that breaks into
a group of smaller plumes at shallow depth in the mantle. Storey et al. (2000) proposed
such a model for the Shona, Bouvet, and Discovery hotspots in the South Atlantic (as
discussed in Chapter 2).

One of the outstanding problems of the relationship between plumes and hotspots
is that the great majority of hotspots appear to represent plume tails. Only a relatively
small proportion of hotspots (i.e., those that gave rise to large flood basalt fields or
oceanic plateaus) are associated with plume heads. Does this mean that most plumes
are produced without heads and, if so, how is this possible? Experimental and computer
models of plume generation, as discussed above, have not been able to produce plumes
without heads. More likely, this phenomenon means that plume tails outlive plume
heads and thus that the remnants of older plume heads have not been identified and
matched to their surviving tails. So what is the fate of plume heads? Possibilities
include incorporation into the lithosphere or mixing with the convecting asthenosphere.
Geochemical and isotopic data from plume basalts, as discussed in Chapter 5, render
the latter possibility unlikely because plume heads mixed with depleted upper mantle
would chemically contaminate this mantle, a feature that is not observed in ocean ridge
basalts derived from the upper mantle. This being the case, extinct plume heads may
be an important component in the mantle lithosphere.

Plume Temperatures

It is commonly assumed that most or all large mantle plumes arise from the D";
layer at the bottom of the mantle (Stacey and Loper 1983; Olson et al. 1987). On the
basis of the mismatch of calculated adiabatic temperatures in the mantle and core, •
Jeanloz and Morris (1986) estimated a temperature difference across the D" layer of j
800-1000 °C. This temperature difference is considerably higher than that of 200-5;
300 °C in mantle plumes at lithospheric depths as estimated from experimental j
petrologic constraints (Schilling 1991; Farnetani and Richards 1994). Although!
entrainment on the way up can lower the temperature of a plume by 10-20%, it cannot J
be a major factor in explaining the discrepancy between plume excess temperatures at|
shallow depth and the high temperature gradient across the alleged source just above j
the core-mantle interface (Farnetani and Richards 1995).

Using a finite element model, Farnetani (1997) evaluated the role that chemically]
denser material in the D" layer may have in buffering the excess potential temperatut^
of plume heads. Figure 4.10 shows the time sequence of a mantle plume produced M
D" from a 30-km-thick chemical layer that is 5% more dense than overlying mantle
As the plume rises, a secondary circulation develops along the axis, and material nei
the base of the plume is entrained downward by counter-rotating flow, as observed a
in the model of Kellogg and King (1993). After 75 Myr, the plume head has an excej
temperature of 400 °C, and the final excess temperature, upon reaching the base p|
the lithosphere, is only 300-350 °C, which is similar to that predicted from petrolo
data. The role of the chemically dense layer in D" is that of preventing the lower f
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Figure 4.10. Growth of a mantle plume that began in D" with a temperature gradient of 800 °C and a
corresponding density difference of 5%. Contours of excess potential temperature shown in 100 °C
increments. After Farnetani (1997).

of the D" layer from becoming part of a rising plume. Thus, the high-temperature part
of D" remains in the lowermost mantle above the core-mantle interface. These results
are important because they show that dense zones or layers within D" may have an
important role in governing plume temperature anomalies.

Phase Transitions and Plumes

As discussed in Chapter 1, there are two major seismic discontinuities in the mantle
transition zone caused by phase changes: a transition with a positive Clapeyron slope at
410 km where the most abundant upper-mantle phase, olivine, transforms to Mg-spinel,
and a transition with a negative Clapeyron slope at 660 km where spinel breaks down
to perovskite and magnesiowustite. Recall from Chapter 1, the Clapeyron slope is the
slope of a chemical reaction in P-T space. Transitions with positive Clapeyron slopes
enhance mantle convection, whereas those with negative Clapeyron slopes hinder
convection; depending on the magnitude of the slope and on the mantle temperature,
they may result in an impenetrable barrier (Christensen and Yuen 1985; Davies 1995).
Tomographic seismic data suggest that, besides the two large discontinuities, at least
one weak discontinuity exists between a depth of 900 and about 1100 km (Niu and
Kawakatsu 1997; Cserepes et al. 2000). Some subducted slabs, after penetrating the
660-km discontinuity, appear to be deflected and distorted and perhaps become trapped
near depths of 1000 km support the existence of a second barrier at this depth. From
high-pressure mineral physics, the weak 900-1000-km discontinuity may be caused by
ffiher another endothermic phase change, this time involving garnet, the second most
abundant mineral in the upper mantle, or a change in chemical composition (Cserepes
e'al. 2000).

Whether a phase change has a major effect on rising mantle plumes depends in part
°n the Clapeyron slope (Davies 1995, 1999). As an example, for a moderate slope
• ~2 MPa/°C, a rising plume easily penetrates the 660-km discontinuity, although
"e ascent rate slows in the vicinity of the discontinuity. This is shown in frame 1 of
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Figure 4.11. The effect of the 660-km discontinuity on mantle plumes. C. slope, is the Clapeyron
slope of the spinel to perovskite -f magnesiowustite reaction. From Davies (1999), with permission.
Courtesy of Geoff Davies.

Figure 4.11, where the plume tail bulges at the discontinuity and then narrows again
after it passes through the discontinuity and enters the low-viscosity upper mantle. For
an intermediate slope of —2.5 MPa/°C, the plume head penetrates the discontinuity,
but most of the tail accumulates at the discontinuity, giving rise to a rootless plume
head in the upper mantle (frame 2). For a Clapeyron slope of —3 MPa/°C, the plume
is unable to penetrate the discontinuity and spreads laterally at this point (frame 3).
Because plumes clearly make it to the base of the lithosphere today, it would appear
that the Clapeyron slope of the 660-km spinel transition is close to —2 MPa/°C.

Bercovici and Mahoney (1994) showed from the results of laboratory models that
two successive plume heads are generated if there is a significant reduction in mantle
viscosity across the 660-km discontinuity. This is one way to explain the episodic
nature of oceanic plateau volcanism discussed in Chapter 3. For instance, the 122-Ma
event at Ontong Java could reflect the first plume head, and the 90-Ma event, the
second plume head. Laboratory results of Kumagai and Kurita (2000) suggest that
experimental plumes entrain surrounding mantle and that the density of the plume
head increases with time. As previously mentioned, the degree of entrainment depends
the viscosity ratio of plume head to surrounding mantle. If the plume head density is
smaller than surrounding mantle, the plume passes through the phase transition with
very little entrainment. In contrast, if the plume density exceeds the surrounding mantle,
the plume head "sticks" at the transition zone, and a new plume emerges from the plume
tail and rises through the upper layer.

Numerical modeling by Yuen et al. (1998) suggests that a low-viscosity zone may
exist beneath the 660-km phase transition, and, if so, this may allow the formation
of small plumes with sources near the discontinuity. This process requires decoupling
between upper and lower mantle circulation, which results in the formation of a thermal
boundary layer at the 660-km discontinuity. In an upper mantle with relatively high
Rayleigh numbers (and thus high temperatures), but with increasing viscosity with
depth, as may have been the case in the Archean, large plumes coming from the base of
the mantle may be stopped or deflected at the 660-km discontinuity (Fig. 4.11, frame 3). .;
This situation, which results in layered convection in the mantle, could initiate many
secondary plumes rising from the 660-km discontinuity.

Numerical models by Marquart and Schmeling (2000) and Marquart et al. (2000)
indicate that the wide range in trace element contents of oceanic basalts cannot be ; ^
explained totally by different temperature and pressure conditions in a mantle plume 3
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source. The authors propose a model whereby these chemical differences are produced
by interaction of plumes with the 660-km discontinuity. Plumes detaching from the
core-mantle boundary are assumed to be of variable size and excess temperature.
When plumes arrive at the 660-km discontinuity, they are detained from further rise
as a function of their size and excess temperature. Volumes with a radius exceeding
about 150 km and an excess temperature of more than 100 °C rapidly cross the phase
transition, whereas those with radii smaller than 80 km stagnate. The amount of material
entrained in a plume derived from near the phase transition depends on the stagnation
time and the thermal growth of the plume head while sitting at the 660-km discontinuity.
Plume heads that reach the base of the lithosphere after a stagnation time of longer than
50 Myr may entrain large amounts of material from the transition zone. For a 50-Myr
stagnation time, up to 15% of a plume head may come from the phase transition zone.

Numerical plume models of Brunei and Yuen (2000), which include both basal and
internal heat sources and viscosity gradients, suggest thai some manlle plumes actually
may be trapped in the upper manlle between the 410- and 660-km phase boundaries.
These investigators recognize three types of plumes in their models. The first is a stable
plume originating in the D" layer lhat can be stationary for more than 200 Myr. These
plumes can produce volcanism wilh an age progression as found in island chains such
as the Hawaiian-Emperor chain. The second type of plume, which also comes from
D", is flexible and can be bent in the convecling mantle; in some cases the plume head
becomes detached from the tail. Several plumes of this type can be ejected from a
trapped plume head in the transition zone over a prolonged period and rapidly ascend.
The spreading of Ihese fast plumes is controlled by adveclion in the upper mantle.
Such irregular plume activity can explain chaotic volcanism in island-seamounl chains
such as Ihe Society chain. The third type of plume recognized in the models of Brunei
and Yuen (2000) is the superplume, which also comes coming from D". Unlike the
smaller plumes, superplumes generate a thick thermal boundary layer as they inleracl
wilh Ihe 660-km phase transition, and this layer can serve as a site for the launching of
new, smaller plumes. An example of this type of behavior has been suggested for the
Karoo-Ferrar volcanism discussed in Chapter 3.

Hard Turbulence and Plumes

During the Archean, when Ihe temperature of the mantle was greater than today, the
Raleigh number was also higher, and thus the convection regime in the mantle may have
been quite differenl than at present. Experimental and numerical studies have shown
the existence of two convection regimes: soft turbulence at Raleigh numbers less lhan
4 x 107 and hard turbulence for larger Raleigh numbers (Castaing et al. 1989; Hansen
el al. 1990). Hard turbulence is characterized by Ihe appearance of numerous, relatively

- small disconnected plumes (or diapirs) as well as chaotic convection (Yuen et al.
i 1993). It is unlikely lhat mushroom-shaped plumes can survive in a turbulenl regime.
' Hard turbulenl regimes al high Raleigh numbers also favor layered manlle convection
^ because deep plumes probably will not penetrate endothermic phase transitions. This
.- characteristic has important consequences for Earth's thermal history, because, as the
| manlle cooled wilh lime, convection may have changed from a strongly layered system
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to one that is intermittently layered today. Furthermore, the change may have been
catastrophic, involving the production of superplumes at several times in the past,
as discussed more fully in Chapter 8. The hard turbulent regime, although probably
not important in the mantle today, may have characterized the Archean mantle, and,
if so, mantle plume regimes in the Archean must have been quite different from
post-Archean plume regimes.

Effect of Planetary Rotation on Plume Distribution

It has long been recognized that hotspots are not random on the Earth's surface but are
concentrated at low latitudes and especially associated with the Pacific and African
mantle upwellings (Fig. 2.1). Similarly, on Venus, hotspot volcanoes occur chiefly
within 40° north or south of the equator, and a large concentration is found between
180° and 300° longitude (Grumpier et al. 1993). On Earth, hotspots have an approx-
imately symmetrical distribution with maxima occurring between 20° and 30° of the
equator and a curious peak at about 80°S latitude (Fig. 4.12(a)). Because identification

N70 50 30 10 -10 -30 -50 -70 -90S

Latitude (degrees)
Figure 4.12. Global distribution of hotspots. (a) areal distribution, and (b) buoyancy flux distributioi
Data from Oliver and Ghent (2000).
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Figure 4.13. Rotational model for mantle plume distribution. Low-viscosity material migrates from
high to low latitudes within D" owing to the tangential component of centrifugal force. After Oliver
and Ghent (2000).

of weak hotspots is uncertain, buoyancy flux offers a more rigorous method to evaluate
hotspot distribution (Oliver and Ghent 2000). Using 47 hotspots, a strong bimodal
distribution is apparent at 20-30° on both sides of the equator (Fig. 4.12(b)). The
difference in magnitude of hotspot fluxes between the northern and southern maxima
may reflect the greater amount of continental lithosphere in the Northern Hemisphere.
Plumes impinging on thinner oceanic lithosphere are more likely to have a strong
surface manifestation than those arising beneath thick, continental lithosphere.

To explain this symmetrical distribution of hotspots, Oliver and Ghent (2000) pro-
posed that the hot, low-viscosity material in the D" layer above the core flows laterally
owing to the Earth's rotational forces. Their model suggests that centrifugal and differ-
ential rotational forces reinforce each other to move the D" material from high latitudes
to about 30°, where it accumulates (Fig. 4.13). Material stagnates here until it reaches
the critical size for a mantle plume to form, or it drains upward into existingplumes. Just
how mantle upwellings are related to this model is not yet clear because their centers
lie close to the equator, where centrifugal force is at a maximum. It is interesting that
this same model may also explain the symmetrical distribution of hotspot volcanoes on
Venus, and, if so, this would imply that Venus has, or more likely had in the past, an

I active D" layer.

Melting in Mantle Plumes

Introduction

• One of the major questions about the production of flood basalts and oceanic plateaus
ls, How can such large volumes of magma be erupted in such short periods of time?
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Four main models have been proposed in the literature, and they all have one thing in
common: mantle up-welling beneath the lithosphere.

1. White and McKenzie (1989) proposed that short-lived, relatively voluminous
eruptions of basalt are the result of lithospheric rifting of thermally thinned
lithosphere.

2. A similar theory proposes that basalts result from melting in a mantle plume
head that arrives beneath normal lithosphere (Campbell and Griffiths 1990;
White and McKenzie 1995).

3. A recent variant of this idea involves an eclogite component in the plume head
that contributes to the melting (Cordery et al. 1997).

4. A small but unrelenting group of investigators have proposed that flood basalts
are produced by melting of hydrated subcontinental mantle lithosphere from
heat supplied by a mantle plume (Gallagher and Hawkesworth 1992). We will
now review each of these mechanisms of magma production.

Rift-Related Melting

If the lithosphere is tectonically or thermally thinned, the asthenosphere rises to fill
the space, and, as the asthenosphere decompresses, it begins to melt (McKenzie 1984).
Assuming that all of this melt escapes upward, White and McKenzie (1989) calculated
the amount of decompression melt produced as a function of temperature and pressure
using a parameterized model. They showed that if buoyant asthenosphere rises beneath
thinned lithosphere, relatively small increases in temperature (100-200 °C) can lead to
the production of enormous volumes of magma by decompression. An increase of only
100 °C above normal doubles the amount of melt produced, whereas a 200 °C increase
may quadruple it.

As continental lithosphere is thinned by extension, the surface subsides to maintain
isostatic equilibrium. In addition to extension, the following three effects, in order
of decreasing importance, contribute to the subsidence: the amount of igneous rock
added to the crust, the dynamic support of the mantle plume, and reduction in density
of the residual mantle after melt extraction (White and McKenzie 1989). With all
of these factors corrected for, the amount of subsidence at the tune of rifting as a
function of degree of stretching is shown in Figure 4.14. For normal mantle the amount
of subsidence for a stretching factor of 5 is about 2.3 km (1280 °C), whereas for a
mantle plume with a potential temperature 100 °C hotter than normal (1380 °C), only
500-1000 m of subsidence is predicted. If the potential temperature is 200 °C hotter
than normal (1480 °C), the lithosphere is actually elevated by 500-1000 m. For lowei
amounts of stretching, these effects are reduced. Thus, it appears that a very small
temperature increase in upwelling mantle (plume or asthenosphere) has a dramatic
effect on the subsidence of rifted basins and continental margins. For typical lithospherii
thicknesses of 100 km or less, temperature increases in upwelling mantle of 100-150 °C
result in the surface remaining near sea level during rifting.

The model of White and McKenzie (1989) predicts the following sequence of event
as asthenosphere rises beneath continental or oceanic lithosphere:
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Figure 4.14. Amount of subsidence and surface eleva-
tion at the time of rifting as a function of the degree of
stretching of the lithosphere. Curves are calculated for an
initial lithosphere thickness of 118 km and for the ambi-
ent temperatures given. Data from White and McKenzie
(1989).

1. The mantle upwelling produces a thermal anomaly 1000-2000 km in diameter
with a potential temperature of 100-200 °C and a dynamic uplift on the order
of 1-2 km.

2. If the lithosphere rifts across the top of the upwelling, the upwelling continues to
rise and decompresses, creating a large volume of melt, which is in part intruded
into the crust and in part erupted at the surface.

3. As melt is added to the crust and the mantle upwelling becomes depleted and
more buoyant, surface uplift is sustained to maintain isostatic equilibrium.

4. In the case of continental lithosphere, after it has been stretched by a factor of
about 5, it breaks, a new ocean spreading center forms, and large volumes of
basalt are erupted as the upwelling mantle continues of decompress. The Rio
Grande and the Walvis Ridges in the South Atlantic were formed in this manner.

It is important to see how much and at what rate magma can be produced in the White
and McKenzie rifting model. Cordery et al. (1997) presented a numerical example of
this model in which the asthenosphere is drawn upwards as the lithosphere progressively
thins by rifting. In their model, buoyancy forces in the rising mantle and the motion
of the overriding plate cause the asthenosphere to elongate and thin in the direction in
which the rift is opening. Melting begins very abruptly at about 11 Myr after rifting
begins and increases rapidly as the melting region broadens and thickens (Fig. 4.15(a)).
A peak in melt production rate is reached in about 5 Myr followed by a gradual drop-
°ff as the plume cools by thermal conduction. At the maximum magma production
rate, about 35 km of new crust is produced. Although the volume of magma produced
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Figure 4.15. Melt production rate versus time for three mantle plume melting scenarios. Time zero is
when the plume intersects the lithosphere. Note the large volume of magma produced rapidly in the
plume models compared with the rifting model. After Cordery et al. (1997).

(4.5 x 106 km3) is comparable to that found in LIPs, the total duration of magmatism
is 40-50 Myr - much longer than the 2 Myr or less observed in most continental flood
basalts. Hence, although the model does not favor rift-related melting for flood basalts,
it may be important in understanding one or more of the phases of oceanic plateau
volcanism, which commonly occurs over prolonged periods of 30-40 Myr. Leitch
et al. (1998) have extended the rifting model to include rifting of lithosphere thinned
over a plume head. Their results show that the thickness and width of crust produced
from decompression melting in a plume head are very sensitive to the thermal structure
beneath the rift. Their model explains magma production in the North Atlantic Igneous
Province if the Iceland plume head is thin and strongly flattened. If there is a significant
viscosity jump at the 660-km discontinuity, flattening of a plume head may occur when
the plume passes through the discontinuity.

Hawkesworth et al. (2000) proposed a melting model in which large volumes of
basaltic magma are produced by decompression melting of the mantle lithosphere as it
is rifted apart. For a lithosphere stretching factor of four, a duration of melting of 10 Myr,
and a lithosphere temperature of 1450 °C, 2 to 4 km of basaltic magma is produced from
the lithosphere as it decompresses during rifting. This model is successfully applied to
explain basalts that produced the Rio Grande Rise and Walvis Ridge during opening of
the South Atlantic 135 Ma.

Melting in a Mantle Plume

Using a finite element analysis, Farnetani and Richards (1994) estimated melt volume
and compositions produced in a mantle plume that rises beneath normal (unrifi
lithosphere. In their models, significant volumes of melt are produced only in very hig
temperature plumes (1600 °C or less). As a plume rises, it looses heat around its edg
resulting in more diffuse boundary zones after 20 Myr. The zero velocity of the plu
at the source tends to retard the plume's upward motion, resulting in the lower part of tl
plume's becoming elongated with time. As the plume passes into the uppermost mantle;
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it begins to neck because of the decrease in upper mantle viscosity, and after 40 Myr
it hits the lithosphere and begins to spread and thin. After about 44 Myr, the plume
begins to melt, reaching a maximum melt production rate at 50 Myr (Fig. 4.15(b)). After
the peak, melt production rate falls off less rapidly than the onset of melting, leading
to a long period of volcanism (^11 Myr), most of which occurs in the first 10 Myr.
Despite the high plume temperature and long period of magma production, the total
melt volume produced (0.14 x 106 km3) is less than the volume of many flood basalts
(Table 3.1). If the lithosphere were less stiff than assumed in this melting model, or if
it fractured, the volume of magma reaching the surface could be greater.

Plumes with Eclogite

If oceanic lithosphere is recycled into the deep mantle, as suggested by seismic and
isotopic data, a significant fraction of plume sources could be composed of eclogite,
which was originally formed by inversion of mafic oceanic crust into eclogite in sub-
duction zones. Cordery et al. (1997) and Leitch and Davies (2000) have shown that
a mantle plume of the same potential temperature containing about 15% eclogite can
produce a considerably larger volume of magma than in the previous case in which
only ultramafic rocks melt. Because the solidus of eclogite is some 150-200 °C below
that of ultramafic rock, this melting can also produce flood basalts without invoking
unrealistically high plume temperatures. In the eclogite model, melting in the plume
head extends to 250 km deep and 30-35% of the eclogite component melts. Unlike
the ultramafic melting model, the mixed eclogite-ultramafic source generates about
5 x 106 km3 of magma, which is comparable to the volume found in many flood
basalts (Table 3.1). As with the ultramafic model, the onset of plume melting is rather
rapid, beginning at about 38 Myr after it intersects the lithosphere and reaching peak
melt production in 4-6 Myr (Fig. 4.15(c)). The duration of peak melting is 1-3 Myr, and
the volumes of melt produced are similar to those observed in continental flood basalts
(Leitch and Davies 2000). This is followed by a gradual decline over about 30 Myr, with
the peak melt production rate (0.34 kmVyr) more than a factor of 20 greater than in the
ultramafic model. As with the ultramafic plume model, however, the eruptive history
is too long compared with flood basalts and oceanic plateau volcanism. Reducing the
upper mantle viscosity by a factor of 10, however, reduces the melting history to about
3 Myr and increases the melt production rate peak to 3.4 kmVyr, bringing both values
into the range observed in flood basalts (Cordery et al. 1997).

Other attractive features of the combined eclogite-ultramafic melting model are as
;(follows:

1. It explains why flood basalts are iron- and silica-rich relative to ocean ridge
"" basalts because of the eclogite contribution to the melt.

. Large volumes of tholeiite can be explained without calling upon extensive
fractional crystallization of picrites, which is required in the ultramafic-only
model. Because they are a minor component in flood basalts and oceanic plateau
basalts, picrites are not favored as parental to the voluminous tholeiites.

. The model is consistent with enrichment in light-REE (rare earth elements)
in flood basalts without calling upon unrealistically low amounts of melting.
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This is because garnet (which concentrates heavy REE) is left in the restite for
moderate amounts of melting of an eclogite-bearing source, but garnet is not in
the restite during melting of a garnet Iherzolite source.

4. The highly variable range in Nd, Pb, and Sr isotopic composition of flood
basalts can be explained with variable melt contributions from eclogite in plume

Lithosphere-Plume Interactions

Plume Erosion of the Lithosphere

Thinning of the lithosphere by mantle plumes has been a topic of much discussion and
debate. Plumes heat the lithosphere in three ways: (1) by conduction, (2) by intrusion of
magma, and (3) by horizontal extension (Davies 1994). As a mantle plume impinges on
the base of the lithosphere, the bottom of the lithosphere will be heated and weakened
and may be removed by shear stresses caused by spreading of the plume. The same thing
may happen by advection of the asthenosphere. The coupled process of thermal soft-
ening and mechanical removal is referred to as thermomechanical erosion. Numerical
models in which the plume-lithosphere boundary represents rapid temperature change
and models of plume flow in the asthenosphere show that conduction is too slow to
cause significant thinning of the lithosphere (Sleep 1994). However, both numerical
and laboratory studies demonstrate that small-scale convective instabilities in plume
heads are capable of thinning the lithosphere (Yuen and Fleitout 1985; Griffiths and
Campbell 1991). Moore etal. (1999) have presented time-dependent, three-dimensional
numerical models of mantle plumes impinging on the lithosphere in a temperature-
dependent mantle. In these models, lithospheric thinning depends on the formation of
convective instabilities in the plume-lithosphere boundary layer with horizontal sizes
of the instabilities of a few tens of kilometers. The instabilities form when a plume's
viscosity is about an order of magnitude less than the ambient mantle. With excess
temperatures of 100-200 °C, efficient thinning of the lithosphere may occur from con-
vective erosion of the instabilities.

Numerical models by Davies (1994) show that substantial thinning of the lithosphere
can occur in a few million years. Plume tails can cause localized rapid thinning of the .
lithosphere because of their small diameter (£300 km) and their high temperatures
(1500-1600 °C). For continental lithosphere that was originally less than 150 km thick,
the base of the crust may be heated to the melting temperature within about 25 Myr over ;
a plume tail. Although thinning rates over plume heads are much slower (on the order :j
of 50-100 Myr), the occurrence of large volumes of felsic igneous rock associated with j
plume heads (such as the Yellowstone hotspot) implies that substantial thinning may j
also occur over plume heads - particularly if plate motion is slow. During the Archean, |
when the mantle was hotter, penetration of the lithosphere by plumes was much faster. ̂
With lithosphere less than 150-km thick, crustal melting will begin within 15 Myr of j
plume impingement. Even with thick lithosphere, such as that beneath Archean cratons ,1
today, significant thermal erosion of the lithosphere occurs after 10 Myr and crustal j
melting may begin after 30 Myr.
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Geochemical and isotopic data from flood basalts have been interpreted by some inves-
tigators to reflect sources in the lithosphere (Gallagher and Hawkesworth 1992). Such
source regions must be old in order to develop enriched radiogenic isotope ratios, which
is an observation used to support a lithospheric rather a mantle plume source. One of
the major obstacles of a lithosphere source model for flood basalts is how to produce
large volumes of magma in short periods of time in a dry lithosphere. As pointed out by
Gallagher and Hawkesworth (1992), however, the addition of small amounts of water to
ultramafic rocks appreciably lowers their solidus temperatures and promotes formation
of such metamorphic phases as phlogopite and amphibole (Green 1973; Mysen and
Boettcher 1975; Bodinier et al. 1990). Fertile mantle can accommodate up to about
0.4% water produced by the hydration of clinopyroxene to form amphibole. If 10-20%
of the original phases are converted to amphibole and mica, considerable volumes of
melt can be produced at relatively low temperatures and pressures. Also, at low water
contents, orthopyroxene melts incongruently, producing residual olivine and a silica-
saturated melt. The net result of such dehydration melting is the possibility of producing
large volumes of silica-saturated tholeiite.

As an example, experimental data show that the hydrous Iherzolite solidus is lowered
by up to 500 °C compared with the dry solidus, depending on the depth of melting (Fig.
4.16). For a potential temperature of 1480 °C (200 °C hotter than normal) in the lower
part of the lithosphere, which is not unrealistic if it is underlain by a mantle plume,

Temperature (°C)

"Sure 4.16. The solidus of anhydrous and hydrous mantle (solid lines) shown for two lithospheric
Sicknesses: (a) 100 km, and (b) 200 km. A potential temperature of 1480 ° С is assumed for both
Seotherms (dashed lines). Note that the hydrous solidus is intersected by the geotherms in the lower
Part of the lithosphere in both cases. After Gallagher and Hawkesworth (1992).



140 Mantle Plume Generation ana

30-50% melting should occur within 20-40 Myr (Gallagher and Hawkesworm 1992).
The actual rate of magma extraction from the lithosphere depends on the degree of
extension. In the melting model of Gallagher and Hawkesworth (1992), up to 5 km
of melt is predicted for a lithosphere 200-km thick, and a maximum of 25% melting
at the base of the lithosphere is anticipated. For more normal lithosphere thicknesses
of 100-150 km, the model predicts 1 to 3 km of melt. If the melting is concentrated
in a circular area over a plume head of 550 km, for a 2-km-thick melt, 2 x 106 km3

of melt is produced. The greater the amount of extension of the lithosphere, the more
plume-derived magma that enters the system. If extension factors exceed 1.2, plume-
derived magmas rapidly dominate the system for a lithosphere 100 km or less thick.
For lithosphere 200 km or more thick, however, lithosphere-derived magmas dominate
the system until more than 200% thinning has been attained.

Depth of Melting

The relative depth and extent of melting in plumes can be estimated from geochemical
data. For instance, with increasing depth of source in the mantle, FeOT (total Fe as FeO)
increases' and СаО/А^Оз decreases, and with increasing degree of melting at a given
pressure, both FeOT and CaO/Al2O3 increase (Fig. 4.17) (Lassiter and De Paolo 1997).
Before this geochemical screen can be used to constrain depths of melting, the effects
of fractional crystallization must be removed. To do this, major element contents are
corrected to a given MgO content (say 8% MgO) using a linear regression on a plot
of the major element oxide or ratio versus MgO. Figure 4.17 shows the distribution of
hotspot and LIP basalts (average for each example) on а (СаО/АЬОз)^ versus FeOTj

1.1
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plot, where the subscript refers to correction at 8% MgO. Also shown is the field for the
distribution of ocean-ridge (MORB) and arc basalts. MORB provide a reference point
corresponding to basalts produced where the lithosphere is very thin (about zero), and
thus the depth of melting is very shallow. Arc basalts differ from MORB in recording
relatively small degrees of melting of the mantle source. If intraplate plume-derived
basalts come from deeper sources than MORB, they should plot off the MORB array
such that smaller melt fractions (lower [CaO/A^OsJg) are associated with greater depths
and higher potential temperatures (higher [FeOT]g).

Many hotspot islands and oceanic LIPs have average basalt compositions with higher
FeOT8 than MORB, thus supporting a plume source for their magmas (higher degree
of melting than MORB) (Fig. 4.17). Others overlap the MORB field. Although LIP
and island basalts overlap in СаО/АЬОз -FeOT space, LIP basalts range to lower
melt fractions than island basalts. This may reflect the relatively cooler plume-head
sources for some LIPs compared with the hot plume-tail sources of most island hotspot
basalts. Lavas from Bouvet and the Austral-Cook chain show the highest melt fractions
yet relatively shallow depths of melting, and lavas from Reunion, Galapagos, Tristan,
and Ontong Java show variable melt fractions and large melting depths. Basalts from
Iceland, Hawaii, and LIPs such as Karoo and Columbia River overlap depths and melt
fractions of MORB with relatively high degrees of melting. It is also noteworthy that
low-Ti basalts from the same LIP plot at shallower depths than the associated high-Ti
basalts, as evidenced by the Deccan and Karoo data (Fig. 4.17).

Stratigraphic changes in chemical composition of many flood basalts are consistent
with increasing melt fraction and decreasing depth of melting. This is shown, for
instance, by increases in СаО/АЬОз and decreases in La/Yb ratios with decreasing
Stratigraphic height in the Siberian traps and hi basalts from the North Atlantic Province
(Kerr 1994; Lassiter and DePaolo 1997). The La/Yb ratio is particularly sensitive to
the amount of garnet left in the restite, which in turn reflects the degree of melting
of a garnet Iherzolite source. High La/Yb ratios, as commonly found in early eruptive
phases of flood basalts, reflect residual garnet (Yb is housed in garnet) and relatively
small degrees of melting, whereas later eruptions have lower La/Yb ratios in which
garnet was removed from the source by higher degrees of melting. Most investigators
have interpreted these trends to reflect thinning of the lithosphere with time by thermal
erosion caused by a mantle plume. This thinning permits a plume to rise higher and thus
to undergo more decompression melting (Lassiter and DePaolo 1997). It may also result
in partial melting of the subcontinental lithosphere. However, the inferred lithospheric
thinning occurs over time scales too short to be explained by conductive heating of the
lithosphere. It is likely that the thinning is caused by partial melting of hydrous domains
и the lithosphere, thereby reducing its viscosity and enhancing the effects of thermal
erosion by the plume head.

Magma Composition and Plume Melting

?«is now widely agreed that melting in mantle plumes results from adiabatic decom-
pression during their rise near the base of the lithosphere. A numerical plume melting

odel by Ribe and Christensen (1999) suggests that melting occurs at two depth levels
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Figure 4.18. Sketch of magma production in an ascending mantle plume.

in a mantle plume: major melting occurs in a primary melting zone in the plume head
or at a shallow level in the plume tail, and secondary melting occurs in the plume tail at
a depth of 3 00-500 km with the two melting zones separated by a region of no melting.
Melting begins in the hottest, central part of the plume, and the temperature continues
to increase at a given depth as the plume continues to rise. These high temperatures
lead to large degrees of melting, producing picritic and high-Mg tholeiite magmas
(Fig. 4.18) (Wyllie 1988). Some of the picrite and tholeiite magmas pond at shallow
depths, where they undergo fractional crystallization and produce more evolved tholei-1
ites such as those found erupting at Kilauea today. Outward from the plume's center in I
the upper melting zone, the temperature falls off leading to a smaller degree of melting, v,
and it is here that alkaline magmas are produced. At even smaller degrees of melting j
around the perimeter of a plume head, nephelinite magmas may be produced.

Most of the magma will collect in the central part of a plume and, upon eruption, will /
form shield volcanoes (small volumes of magma) or oceanic plateaus and flood basalts S
(large volumes of magma). In addition, if the lower part of the mantle lithosphere;!
is sufficiently hydrated, it will also undergo partial melting. If the top of a plurne is ц
deflected by limosphere motion, the late alkali volcanism can persist even after jfflj
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island has migrated away from the parental hotspot, thus accounting for post-erosional
nephelinites on some volcanic islands. Although this model is useful for many hotspot
islands, it cannot be applied to all. For instance, the shield volcanic stage in some
islands, such as Tahiti Nui and Raiatea in the Society chain, are composed of alkaline
volcanics which suggests that these shield volcanoes formed after the islands moved
off the center of the hotspot (Le Dez 1996).

The absence of thin, rifted lithosphere in most areas where major LIPs are formed
does not favor a rift-related plume hypothesis for the production of LIPs. This leaves
the mantle plume hypothesis as the most promising model for LIP production. The
major remaining question is, How much, if any, eclogite is required in the plume source
to avoid an unreasonable potential temperature of the plume? High-Mg picrites are
common near the base of many flood basalts, and these magmas cannot be produced
by melting of eclogites with lower MgO contents. Thus, picrites appear to be derived
by partial melting of high-temperature axial zones within plumes (plume tails), which
comprise hot mantle material carried from near the core-mantle interface. As illustrated
in Figure 4.18, tholeiites come from the region surrounding the plume axis, and alkaline
magmas, which record very small amounts of melting, come from the periphery of
the plume. As shown by Cordery et al. (1997), a plume head containing about 15%
eclogite'can produce flood basalts (tholeiites) without calling upon unrealistically high
plume temperatures, rifted lithosphere, or hydrated-metasomatized mantle lithosphere.

Do We Need More Plume Modeling?

The answer to this question is yes, we do. Although the quick and easy models have been
introduced, as we learn more about the physical and chemical properties of the mantle,
plume modeling must become more sophisticated and incorporate more of the results
from geophysics and geochemistry. Although most investigators agree that superplumes
come from great depth, perhaps the D" layer at the base of mantle, what about smaller
plumes and diapirs? Is there a sufficient thermal gradient at the 660-km discontinuity to
generate plumes here? Clearly, we need more precise seismic tomography focused on the
660-km boundary to resolve this question. When the mantle was hotter in the Archean,
did most mantle plumes come from the 660-km discontinuity? This has important
consequences for cooling of the Earth in the Archean and in the relative volumes of
LIPs erupted at that time. The effect of phase transitions on mantle plumes through time
needs to be examined in greater detail for various mantle cooling scenarios. If plumes
were more important in the mantle during the Archean, as some investigators propose,
plumes obviously needed to penetrate the 660-km discontinuity or to transfer their heat
somehow to a second set of plumes in the upper mantle. As discussed in Chapter 5,
combined results from seismic tomography and isotopic geochemistry introduce a new
wea: namely, that most mantle plumes come from intermediate depths (1000-1600 km),
perhaps from a boundary zone or zones that dip at appreciable angles to the horizontal,
'"is possibility needs to be tested rigorously by numerical modeling.

And finally, is there anything left to learn about decompression melting in plumes?
';. £am> ue answer is yes. We are still a long way from understanding if and when the

wosphere participates in melt generation in mantle plume heads. How rapidly are melts
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really extracted from plumes during decompression melting? Although geochronology
suggests that some LIPs are erupted in less than 106 years, how much less? This question
is important in terms of whether plume magma eruptions can appreciably affect the
Earth's atmosphere and biosphere. Is it necessary to have eclogite in mantle plumes to
explain large volumes of melting in short periods of time? This is an exciting possibility
because geochemical mass balance models strongly suggest there is a hidden eclogite
reservoir in the mantle that sequesters high-field-strength elements like Та and Mb,
which is a subject we will come back to in Chapter 5.



Plumes as Tracers of Mantle Processes

Introduction

Magmas derived from mantle plumes provide a powerful method to recognize and map
compositional domains in the mantle, which in turn constrain mantle processes. The
most, definitive tracers are isotopic ratios of daughter elements of radioactive nuclides
or concentration ratios of incompatible elements. Incompatible elements are transferred
almost entirely to magmas upon melting in the mantle. For moderate or large degrees
of melting, both isotopic and incompatible element ratios transfer from a mantle source
to a derivative magma, providing a geochemical "signature" of the source.

Incompatible element distributions for basalts derived from four different mantle
sources are shown in Figure 5.1 normalized to primitive mantle composition. Elements
are arranged from most incompatible (during Iherzolite melting) on the left (Rb) to least
incompatible on the right (Y). Because incompatible elements are largely transferred
from source to liquid, the element distributions in each basalt should reflect the element
distributions in the respective mantle sources. Ocean-ridge basalts (MORB) record a
depleted mantle source in which the most incompatible elements are most depleted.
This source, which appears to reside in the upper mantle, is one of the restite reser-
voirs formed as continental crust has been extracted from the mantle over time (e.g.,
Hofmann 1997). Notice that oceanic plateau basalts (Ontong Java) record a mantle

! source somewhat less depleted in highly incompatible elements than MORB and that
many oceanic island (OIB) and island arc basalts are derived from sources enriched in
these elements.

Also characteristic of incompatible-element distribution diagrams are anomalies:
dements that deviate from their neighbors. For instance, typical arc sources are strongly
depleted in Mb and Та and enriched in Sr, which is a feature also characteristic of
•Continental crust. The Nb-Ta depletion originates in subduction zones where elements
such as Th, K, Rb, and La are transferred in a fluid phase from the descending plate

'. !nto the overlying mantle wedge, but Nb and Та, being rather insoluble in the fluid
.•Йазе, remain behind in the descending plate (McCulloch and Gamble 1991; Keppler

y"6). This creates a "negative" Nb-Ta anomaly in the mantle wedge from which arc
-°asalts are derived. Notice that average OIB has a positive Nb-Ta anomaly (Fig. 5.1).
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Figure 5.1. Incompatible element distributions in basalts from different tectonic settings. Data nor-
malized to primitive mantle from Sun andMcDonough (1989). NMORB = normal ocean-ridge basalt;
OIB = oceanic island basalt. Data from Sun and McDonough (1989), McCulloch and Gamble (1991),
and Mahpney et al. (1993).

As discussed later, this is generally interpreted to mean that the plume sources of OIB
contain recycled oceanic crust, which is enriched in Nb-Ta owing to previous losses
of neighboring elements in subduction zones.

Identifying Oceanic Mantle Components with Isotopic Tracers

An Overview

As shown by results from oceanic basalts, at least four, and perhaps as many as six,
isotopic end members may exist in the oceanic mantle (Hart 1988; Hart et al. 1992).
These are depleted mantle (DM), the source of normal ocean-ridge basalts (NMORB);
HIMU, distinguished by a high 206Pb/204Pb ratio, which reflects a high U/Pb ratio
(ц. = 238U/204Pb) in the source; and two enriched sources (EM), which reflect long-
term enrichment in light REE in the sources. The isotopic end member EMI has
relatively low 206Pb/2C4Pb and moderate 87Sr/86Sr ratios compared with EM2, which
has intermediate 206Pb/204Pb and high 87Sr/86Sr ratios. Both EM components have high
207pb/204pb reiative to 206pb/204pb compare(i wjm MORB. A possible fifth component,

primitive mantle (PM) has been suggested by some investigators. However, when several
isotopic systems are considered from the same suite of samples, conclusive evidence
for a PM reservoir is not found. Another possible end member, FOZO or C, defined by :

isotopic mixing arrays in multidimensional space, is described more fully below.
The existence of at least four oceanic mantle end members is now well documented, j

What remains to be verified is the origin and location of each end member and their,
mixing relations. As discussed below, much progress has been made on these questions ,
by also using rare gas isotopic data and trace element ratios. Also, the mixing hierar- j
chy of components in basalts from single islands or island chains can provide useful
information on the location of the components in the mantle.
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Depleted Mantle

depleted mantle (DM) is mantle that has undergone one or more periods of frac-
ionation involving extraction of basaltic magmas. This type of mantle is known to
inderlie ocean ridges and probably extends beneath ocean basins, although it is not
he source of oceanic island magmas. The "depleted" isotopic character (low 87Sr/86Sr
.nd 206Pb/204Pb and high 143Nd/144Nd) and low contents of Rb, U, and Th in NMORB
equire the existence in the Earth of a widespread depleted mantle reservoir. Rare
;as isotopic compositions also suggest that this reservoir is highly depleted in rare
;ases compared with other mantle components. Although most of the geochemical
•ariation within NMORB can be explained by magmatic processes such as fractional
rystallization, variations in isotopic ratios demand that the depleted mantle reservoir
>e heterogeneous, at least on scales of 102-103 km. This heterogeneity may be caused
iy small amounts of mixing with enriched mantle reservoirs.

Hafnium isotopes provide a means of distinguishing the modern depleted reservoir
DM) from old depleted reservoirs in plume sources. In Iceland, for instance, two
lepleted reservoirs have been described by Kempton et al. (2000). Basalts from the
celand plume define a sublinear array in 6Hf-£Nd space, and the most depleted mantle
«mponents have the highest 6Hf and 6Nd values (Fig. 5.2). Although the shallow
lepleted mantle reservoir from which NMORB comes has relatively high Off and
ГШ values, the depleted reservoirs recorded in MORB along the Mid-Atlantic ridge
loth north and south of the Iceland plume extend to even higher £Hf values (>17).
[his feature requires long-term depletion in Lu in this reservoir (176Lu is the parent
sotope of 176Hf) (Kempton et al. 2000). Unlike the NMORB reservoir, the high €Hf
eservoir must have been isolated from the convecting upper mantle for 2.5 or more
За. The existence of this old depleted mantle reservoir, which has been identified in

-'gure 5.2. Epsilon Hf versus £ца graph showing results from basalts derived from the Iceland
№me and a(jjaceilt segments of the Mid-Atlantic Ridge (Reykjanes-Kolbeinsey Ridges). 6Hf =

«[76Hf/i"Hf]/[i76Hf/i77Hf] - 1) x 104; €Ш = ({[143Nd/ 144Nd]sampie/[143Nd/144Nd]CHUR}
- • ) x Ю4. DM = shallow depleted mantle; Deep DM = deep depleted mantle. After Kempton
etl>l.(2000).
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several Atlantic plumes, means that a portion of the deep mantle was depleted in the
Archean and has remained at least partially isolated ever since. It is possible that this
depleted mantle reservoir is the complement to a large volume of continental crust that
formed in the Late Archean, as described in Chapter 8.

However, not all investigators agree that a deep, old, depleted mantle reservoir is nec-
essary to explain the compositions of basalts coming from mantle plumes. Hanan et al.
(2000), for instance, have proposed that deep and shallow depleted mantle components
can be distinguishedusing incompatible trace element distributions together with Hf and
Pb isotopes. They suggest that Iceland basalt compositions can be explained by mixing
of three mantle components: two deep components enriched in incompatible elements,
one with relatively high and one with relatively low 206Pb/204Pb ratios, and a shallow de-
pleted MORB source. The enriched radiogenic Pb source represents the Iceland plume
and the depleted radiogenic Pb source may be an EMI source with recycled subconti-
nental lithosphere. The model proposed by these investigators does not require a deep,
depleted component in the Iceland plume as does the model of Kempton et al. (2000).

HIMV Mantle

The extreme enrichment in 206Pb and 208Pb in some oceanic island basalts requires the
existence of a mantle source enriched in U+Th relative to Pb, and mantle isochrons
suggest an age for this HIMU source on the order of 2.0-1.5 Ga. This reservoir ii
also enriched in radiogenic 187Os (Hauri and Hart 1993). Because HIMU has 87Sr/86S:
ratios similar to NMORB, however, it has been suggested that it may represent subdue
ted oceanic crust in which the [U+Th]/Pb ratio was increased by preferential loss о
Pb in volatiles escaping upward from descending slabs during subduction. Supportinj
a recycled oceanic crust origin for HIMU are relative enrichments in Та and Nb ii
many HIMU oceanic island basalts (Fig. 5.1). Devolatilized descending slabs shouli
be relatively enriched in these elements because neighboring incompatible element
like Th, U, K, and Pb have been partially lost to the mantle wedge. Thus, the residua
mafic part of the slab that sinks into the lower mantle and becomes incorporated ii
mantle plumes should be relatively enriched in Та and Nb. Although recycled oceani
crust is widely agreed upon for HIMU, Kamber and Collerson (1999) have recent!
proposed that HIMU represents metasomatized upper mantle or oceanic lithosphere
on the basis of helium and Pb isotope distributions.

Enriched Mantle

Enriched mantle components are mantle reservoirs enriched in incompatible elemen
such as Rb, Sm, U, and Th compared with primitive mantle contents of these element
At least two enriched components are required to explain the isotopic and trace elemei
distributions in the sources of oceanic basalts (Zindler and Hart 1986): EMI withmcx
erate 87Sr/86Sr ratios and low 206Pb/204Pb ratios and EM2 with high 87Sr/86Sr ratios at
moderate 206Pb/204Pb ratios. Both have low 143Nd/144Nd ratios. Among the nurneroi
candidates proposed for EMI are old oceanic mantle lithosphere (± sediments) that h<
been recycled back into the mantle, metasomatized lower mantle, and recycled ршя
heads (Hart et al. 1992; Hauri et al. 1994; Kamber and Collerson 1999; Gasperini etj
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2000). Also, recent studies of Hf isotope distributions in Hawaiian basalts have been
interpreted to indicate the presence of old pelagic sediments in their plume sources
(Blichert-Toft et al. 1999). In addition, old continental lithospheric mantle, lower con-
tinental crust, or both have been proposed for the Indian Ocean and South Atlantic
EMI hotspot volcanics (e.g., Mahoney et al. 1992; Peate et al. 1999; Douglass et al.
1999). In these latter localities, low but variable 206Pb/204Pb ratios occur in the volcanics
(Walvis ridge, SW Indian ridge, Marion hotspot), and a large range of 207Pb/204Pb and
208Pb/204Pb ratios are also found relative to the 206Pb/204Pb ratio (e.g., Mahoney et al.
1995; Douglass et al. 1999). These variations clearly indicate that EMI can no longer be
considered to represent one mantle component but must represent several components.
All of these components must be depleted in the more highly incompatible element U
relative to Pb on a time-integrated basis compared with the average depleted mantle
from which NMORB comes, and they must have a time-integrated Rb/Sr similar to that
of primitive mantle.

If there is a single EM2 component, it has isotopic ratios closer to average upper
continental crust or to modern subducted continental sediments (i.e., 87Sr/86Sr > 0.71
and 143Nd/144Nd ^ 0.5121). Subducted continental sediments are favored by some
investigators for this end member because EM2 commonly contributes to island arc
volcanics in which continental sediments have been subducted, such as the Lesser
Antilles and the Sunda arc (Hauri et al. 1994). However, based on helium and Pb
isotope distributions in Hawaiian lavas, Kamber and Collerson (1999) proposed that
EM2 is subcontinental lithosphere and that it has a variable composition.

Helium Isotopes

One of the most important observations in oceanic basalts is that their helium isotope
ratios differ according to tectonic setting. There are two isotopes of helium: 3He, which
is a primordial isotope that was incorporated in the Earth as it accreted, and 4He, an
isotope produced by radioactive decay of U and Th isotopes. Plume-related basalts
in oceanic areas have relatively high 3He/4He ratios - often more than 20 times that
of air (R./RA > 20), whereas MORB generally has R/R& values of 7-9 (Hanan and
Graham 1996). In some Pacific MORB basalts, R/R& values increase with increasing
206Pb/204Pb ratios, whereas in the Atlantic the opposite trend is observed (Hanan and
Graham 1996). Also, in the Atlantic and Indian Oceans, helium isotope ratios tend to
be higher in basalts with EMI characteristics. These high ratios, which apply to MORB
and OIB, may be sampling two different EMI reservoirs, both with low U/Pb and high

. Th/Pb ratios.
f' Two classes of models have been suggested to explain the origin of the high 3He/4He
\ reservoir in the mantle. Some investigators interpret the high ratios to reflect recycled
'«oceanic lithosphere in the deep mantle (Albarede 1998). Such lithosphere should have
;' a high 3He/4He ratio because partial melting at ocean ridges extracts almost all of the U

jj$jjandTh from the mantle source. Because these elements are responsible for accumulation
fof He over time, causing the 3He/4He ratio to decrease in the source, without U and
jrTh the depleted oceanic lithosphere would acquire a high 3He/4He ratio. Alternative
fpodels call upon primitive, unfractionated sources deep in the mantle that still retain
Weir original high 3He/4He ratios.
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Basalts from the northern rift zone in Iceland show a well-defined gradient in helium
isotope ratios increasing by a factor of 3 from the northernmost samples to central
Iceland (Breddam et al. 2000). A circular region with high 3He/4He ratios is located over
the southeastern part of Iceland, and it coincides with a regional gravity minimum and
with the low seismic-velocity zone in the upper mantle previously discussed. Breddam
et al. (2000) suggested the region of elevated 3He/4He ratios outlines the center of the
Iceland plume and is coincident with the plume tail, which samples the deepest and
relatively undegassed portion of the mantle source.

The Dupal Anomaly

"With some important exceptions, most ocean islands showing EM-type mantle compo-
nents occur in the Southern Hemisphere (Hart 1988). Also, NMORB in the South
Atlantic and Indian Ocean exhibit definite contributions from EM sources, unlike
NMORB from other ocean-ridge systems. This band of EM enrichment in the Southern
Hemisphere is known as the Dupal anomaly (Fig. 5.3). Pb isotopic data indicate that
the anomaly may have existed for billions of years, although not always as an intact
geographic feature in the Southern Hemisphere (Hart 1984; Mahoney et al. 1998).
With the exception of a few samples from the Arctic ridge, an intriguing feature of this
anomaly is the apparent lack of any EM signatures in hotspot basalts from polar regions.
Both shallow and deep origins have been proposed for the Dupal anomaly. Favoring
a deep source is the correlation of the Dupal anomaly with body-wave anomalies in
the mantle. Some of the Dupal maxima occur over the slowest seismic velocities in the

Figure 5.3. Map of modern hotspots showing the Dupal isotopic anomaly. Dashed lines i
anomalies. NP and SP, northern and southern isotopic provinces. From Vlastelic et al. (1999).
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lower mantle, suggesting that the anomaly is an expression of material rising in plumes
from the core-mantle boundary region (Fig. 5.3) (Hart 1988).

On the other hand, a shallow origin for Dupal is supported by EM components in
South Atlantic and Indian Ocean NMORB and in island arc basalts in the Southwest
Pacific (Mahoney et al. 1992). The best way out of this dilemma is for Dupal to have both
deep and shallow sources. If EM2, which dominates the Dupal anomaly, is caused by
modern continental sediments, the plume source could be from sediments that have been
recycled through the deep mantle with sinking slabs. In contrast, the shallow source
could be produced by subducted sediments that pass their geochemical signature to
mantle wedges, and/or to the subcontinental lithosphere during plate devolatilization.
Recent results from basalts along the Discovery section of the Mid-Atlantic Ridge
(47°30'S) show a Dupal-type geochemical signature but with relatively low 206Pb/204Pb
and 3He/4He ratios, which is a feature interpreted to represent recycled oceanic crust
or delaminated subcontinental lithosphere (Sarda et al. 2000).

A recent reevaluation of Nd, Sr, and Pb isotope data from MORB in the Pacific basin
shows the existence of two isotopic provinces with a boundary located at approximately
25° S along the East Pacific Rise (Vlastelic et al. 1999). The southern province, with
slightly lower €щ and 87Sr/86Sr values suggesting an important HIMU mantle source
component, covers most of the South Pacific, including the Chile Rise south of latitude
25°S (Fig. 5.3; SP). The northern province (NP), which appears to sample enriched
mantle components, includes part of the East Pacific Rise, Galapagos Ridge, and the
Pacific basin north of this latitude. It is interesting that the two geochemical provinces
approximately coincide with two large bathymetric provinces in the Pacific. The average
depth to the axis of the East Pacific Rise in the northern province is about 2850 m,
whereas in the southern province it is only 2450 m. Also, the geochemical boundary
occurs near the northern end of the South Pacific superswell (centered at 10-30°S
between longitudes 110 and 170°W), and extrapolation of the boundary approximately
coincides with the axis of the South Pacific geoid anomaly.

Vlastelic et al. (1999) suggested two possible explanations for the geochemical
boundary in the Pacific. The first is that mantle sources in the south associated with
the superswell and geoid high, and hence with the mantle upwelling in the South
Pacific, are contaminated with an HIMU component. In contrast, those to the north are
contaminated with enriched (EM) mantle components. An alternative explanation is
that small-scale heterogeneities in the mantle with EM characteristics are preferentially
sampled by the small amounts of melting in the northern province with deeper ridge

e axes and cooler mantle. The higher extents of melting associated with the South Pacific
^ upwelling include, in addition to the minor EM components, the HIMU component,
f,which, being more refractory, requires higher temperatures to melt. One problem
fjwrth the second explanation is that it is the low-degree, alkalic melts rather than

high-degree melts that show the HIMU compositions in the South Pacific. Large
^anations are reported in the chemical and isotopic composition of basaltic glasses

И1 oceanic crust in the eastern part of the Pacific superswell. These appear to result
convective mixing of an enriched mantle component upwelling near the center

the superswell with shallow depleted mantle (DM) (or varying degrees of melting
[these two domains) ttannev et al. 20001.
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Summary

By way of summary, perhaps the most significant chemical signatures recorded by the
mantle are the complementary relationships between incompatible element enrichment
in the continental crust, the probable siderophile element (Fe, Ni, Co, Cr, etc.)
enrichment of the core, and the corresponding depletion of these elements in the de-
pleted mantle reservoirs (Carlson 1994). It would seem that the key events controlling
compositional variations in the Earth are early core formation followed by gradual or
episodic extraction of continental crust to leave at least part of the mantle depleted
in incompatible and siderophile elements. The shallow depleted mantle (DM) and the
FOZO component (including a hidden eclogitic source?) may represent depleted man-
tle reservoirs remaining from these events. The other mantle components appear to
reflect subducted inhomogeneities that were not sufficiently remixed into the convert-
ing mantle to lose their geochemical and isotopic signatures. Many of these components,
together with DM, appear to have been "fossilized" in the subcontinental limosphere
by accretion of spent plume material to the base of the lithosphere throughout geologic
time (Menzies 1990). Geochemical evidence for layering in the mantle is equivocal
and controversial. Although the data do not exclude chemical layering, the nonrandom
occurrence of geochemical components in plume sources seems to require exchange
between the upper and lower mantle.

Lithosphere and Crustal Contributions to Plumes

Introduction

Plume basalts erupted in oceanic areas pass through relatively thin lithosphere and crust
with little or no interaction (Arndt and Christensen 1992). That continental flood basalts
exhibit striking isotopic and geochemical differences from their oceanic counterparts, ,
however, suggests that plume magmas beneath continents may be contaminated with *
subcontinental lithosphere, and/or continental crust, various investigators have sug-|
gested that some flood basalts are derived directly by melting of the mantle lithosphere :
from heat derived from plumes. The question of just how much interaction there isj
between plume-derived magmas and lithosphere or crust has proved very difficult toj
resolve. Because of the heterogeneity in both the subcontinental lithosphere and thy
continental crust and the complexity of processes involved hi partial melting and
ilation, most isotopic and trace element studies have failed to identify various sou
components in flood basalts definitively. In the following sections we will review son

.of the major geochemical approaches used to constrain the number and types of so
components in plume-related magmas.

Trace Elements

Overview

Primitive-mantle normalized spidergrams for oceanic island basalts (OIB) show t
enrichment in incompatible elements as a function of increasing incompatibil
(Fig. 5.4). In addition, most have positive Nb-Ta anomalies. Although tholeiites
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gure 5.4. Incompatible element distributions in oceanic island basalts. Data from Budahn and
hmitt (1985), Weaver et al. (1987), Hemond et al. (1993), and Kogiso et al. (1997). Other information
/en in Figure 5.1.

awaii and Iceland have typical enriched patterns, their contents of the more incompat-
le elements are less than most other oceanic island basalts. It may not be a coincidence
at these two locations have plumes with the highest buoyancy fluxes and probably the
ghest temperatures. This could lead to a greater degree of melting in the plumes, thus
ducing the incompatible element contents of the melts without appreciably affecting
e shape of the spidergrams, which reflect the composition of the sources.
Our database for oceanic plateaus is small, and basalts from two out of the three

;amples have incompatible element distributions similar to some MORB (Fig. 5.5).
ntong Java basalts show a slight depletion in the most incompatible elements. The
fferences between these patterns and those of the OIBs may reflect the differences

Rb Ba Th К Та Nb La Ce Sr P Hf Zr Eu Ti Yb Y

Sure 5.5. Incompatible element distributions in oceanic plateau basalts. Data from Neal et al. (1997),
№8 « al. (1998), and Hauffet al. (2000). Other information given in Figure 5.1.
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Figure 5.6. Incompatible element distributions in continental flood basalts. Data from Reidel (1983),
Lightfoot et al. (1990), Peng et al. (1994), and Peate (1997). CRB, Columbia River basalt. Other
information given in Figure 5.1.

in composition between plume tails (OIB) and plume heads (OPB). Plume heads, as
discussed in the previous chapter, may be more susceptible to entrainment than tails, and
if so, they could represent mixtures of deep mantle sources and shallow depleted mantle
(DM). Such mixing could account for the MORB-like element patterns in Ontong Java
and in the Caribbean plateau. Alternatively, the flat to depleted element patterns could
reflect sources in the deep mantle from which the plumes are derived. Kerguelen basalts
have distinct incompatible element distributions: they show enrichment in the most
incompatible elements, small positive Nb—Та anomalies, and low Yb and Y (Fig. 5.5).
The first two characteristics are similar to OIBs, suggesting a similar mantle source.
The low Yb and Y probably reflect garnet left in the source during partial melting, for
garnet preferentially accepts these elements.

Although quite variable in detail, incompatible element distributions in flood basalts
all show enrichment in the most incompatible elements. The Deccan basalts showing
depletion in the most incompatible elements are an exception. In contrast to OIBs,
most flood basalts also show small negative Nb-Ta anomalies (Fig. 5.6). As discussed
below, the significance of these negative anomalies is a subject of disagreement: some
investigators suggest that they result from crustal contamination, whereas others prefer •
a lithosphere source for flood basalts (or alternatively plume-derived basalts that are .j
highly contaminated with lithosphere). As illustrated by the Parana basalts, hi-Ti basalts j
are relatively enriched in incompatible elements compared with low-Ti basalts (Fig. 5.6Я

Nb/V Ratios in the Mantle

The Nb/U (and Ta/U) ratios are similar in both OIB and MORB and average )
50, reflecting a similar ratio in depleted and enriched mantle reservoirs (Fig. 5.7
This relatively high ratio is different from that characteristic of primitive mantle (30,
chondritic meteorites (32), and continental crust (10). This situation differs from otherj
incompatible ratios such as Rb/K, Th/U, and La/Yb, which are all significantly l
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Figure 5.7. An Nb/U versus Nb graph for various basalts, chondritic meteorites, primitive mantle,
and continental crust. After Hofinann (1986).

in MORB than in OIB. These lower ratios in MORB reflect a greater depletion in the
depleted MORB source than in the OIB sources. Why, then, should the Nb/U ratio be
different? If separation of continental crust from the mantle had left a variably depleted
mantle, this region would continually mix to produce a mantle with homogeneous Nb/U
ratios (Hofinann 1986; Hofmann et al. 1986). During the mixing, it is likely that the
other incompatible element ratios also became homogenized.

Because OIBs do not show primitive mantle Nb/U ratios, they are not derived from
primitive mantle sources. The uniform Nb/U ratios are also not consistent with the
idea that OIB comes from a lower mantle source (via plumes) and that MORB comes
from an isolated upper mantle source that was depleted by continental crust formation.
Finally, for the same reasons, the incompatible element enrichment in OIB sources
cannot result from recycled continental crust because this would significantly lower
the Nb/U ratio in the OIB source. Hofmann et al. (1986) proposed a model whereby
extraction of continental crust, most of which occurred at 2.7 and 1.9 Ga (Condie 1998),
left a residue in the mantle with a high Nb/U ratio. Mixing of the mantle during or both
during and after this massive crustal formation rehomogenized the mantle to a uniform
Nb/U ratio. The depleted upper mantle source of MORB formed by partial melting
of this uniform mantle at ocean ridges and production of new oceanic lithosphere,
which is a process that fractionated К and Rb, Th and U, and La and Yb, but not Nb
and U. The oceanic lithosphere is then recycled into the mantle at subduction zones

.without appreciably changing the Nb/U ratio. Hence, both the depleted upper mantle
•" (the MORB source) and the deep plume source (recycled oceanic lithosphere) for OIB
I maintain the same Nb/U ratio.

Although this model has been widely accepted, there are two problems that must
e solved if it is to survive. First, as oceanic crust dehydrates in subduction zones, U

1?. so'uble element that is carried with other soluble elements into the mantle wedge.
'_ .MS leaves the residual oceanic crust with a high Nb/U ratio, and thus when recycled

'•. eanic crust shows up in OIB plume sources, it should have a high Nb/U ratio, which
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it does not. A possible way around this problem is for U to be added back to the deep
plume sources by recycling of continental sediments so as to maintain an approximately
constant Nb/U ratio in the mantle (Plank and Langmuir 1998).

Another problem with a simple recycling model for deep mantle plume sources is
that HIMU basalts have higher Nb/Zr ratios than other oceanic basalts. Because Nb
and Zr are not fractionated from each other during subduction, the high Nb/Zr ra-
tios in HIMU basalts are not expected. Kogiso et al. (1997) showed that the Nb/Zr
fractionation cannot be explained by recycling of crust into the mantle or by partial
melting processes in the upper mantle. Although perovskite can fractionate Nb during
possible partial melting in the D" layer above the core, it should also fractionate Nb from
other incompatible elements like lead and thorium (Kato et al. 1988), and this is not ob-
served in HIMU basalts. However, other high-pressure phases in D" may fractionate only
Nb (and Та), a possibility that needs to be evaluated by ultra-high-pressure experimental
work.

Th/Ta and La/Yb Ratios

Condie (1994) showed that a graph of Th/Ta versus La/Yb is useful in characteriz-
ing basalts from various tectonic settings. On the basis of data from young basalts,
these ratios can also be used to characterize the mantle components in the previous
section discussed above (Hart and Zindler 1989; Hart et al. 1992). Both Th/Ta and
La/Yb ratios are near one in depleted mantle (DM), whereas the HIMU mantle com-
ponent (mantle with high U/Pb ratios) has a high La/Yb ratio (ca. 18) and a low
Th/Ta ratio (ca. 1.5) (Fig. 5.8). Enriched mantle components have similar La/Yb ra-
tios of about 25 and Th/Ta ratios near 2 (EMI = 2, EM 2 = 1.8). Although well
defined on many isotopic plots, HIMU and enriched mantle components are not readily

Figure 5.8. An Th/Ta versus La/Yb graph showing the distribution of mantle components (after,
Condie 1994). DM = depleted mantle; PM = primitive mantle; PSCL = post-Archean subcontinental^
lithosphere; FOZO = focal zone mantle; EM 1 and EM2 = enriched mantle sources; HIMU = high-mu

;

source; DC = upper continental crust; AJFC = assimilation-fractional crystallization trajectory.
.":
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distinguished from each other on the Th/Ta-La/Yb plot. Sr-Nd-Pb isotopic data sug-
gest the presence of a worldwide plume component common in oceanic island basalts
referred to as FOZO that is located in the lower mantle, as discussed later in the chapter
(Hart et al. 1992; Hauri et al. 1994). Although FOZO falls on or near a mixing line
between DM and HIMU-EM in both isotopic space and on the Th/Ta-La/Yb dia-
gram (Fig. 5.8), helium isotope data preclude its being a simple mixture of these end
members (Hauri et al. 1994). Also shown on Figure 5.8 is the average composition of
post-Archean subcontinental lithosphere as estimated from the average composition
af spinel Iherzolite xenoliths (PSCL) (McDonough 1990). That PSCL falls near the
PM-EM mixing line is consistent with the possibility that the subcontinental litho-
sphere includes both DM and various enriched components (HIMU, EMI, EM2) as
well as an unknown amount of FOZO, which also falls near the mixing line. Thus, the
[ithosphere may change in composition from place to place and should not necessarily
эе considered as a "pure" end member in modeling lithosphere contributions to magma
sources.

One important limitation in using the Th/Ta-La/Yb diagram to constrain magma
sources in the mantle is the fact that both of these ratios can be raised by assimilation-
fractional crystallization and by decreasing degrees of melting in the mantle (McKenzie
md O'Nions 1991). Model calculations suggest that assimilation-fractional crystalliza-
;ion (AFC) can raise Th/Ta and La/Yb ratios by up to a factor of 3 or 4 for assimilation
jf upper continental crust and up to a factor of 2 for lower continental crust (Condie
1997c). Two representative AFC trajectories are shown in Figure 5.8. The La/Yb ratio
sf a basaltic magma is also elevated if garnet is left in the melting residue. That some
aasalts with high La/Yb ratios have positive 6Nd ratios suggests they come from rela-
tively depleted mantle sources, and for these basalts, the La/Yb ratio is not indicative
Df the source La/Yb ratio but rather of a small degree of melting, leaving garnet in
the restite (Lassiter and DePaolo 1997). With increasing degree of melting of garnet
Iherzolite, the La/Yb ratio decreases (Fig. 5.8), which, for tholeiitic magmas can change
be ratio by up to a factor of two as the result of garnet left in the restite.

Oceanic island basalts show a wide range in La/Yb ratio (3-25), yet only a moderate
range in Th/Ta (0.7-2) (Fig. 5.9). Consistent with the isotope data, Austral-Cook and
Tristan basalts have a mixture of EM and HIMU components, and St. Helena may define
a mixing line with HTMU at one end. Iceland (and perhaps Hawaii) has a depleted mantle
component, although not necessarily the shallow component DM. The source of this
component is not clear. It may not be DM entrained in the upper mantle but could
be a heretofore unrecognized depleted component in the deep mantle (Kempton et al.
2000). Both Hawaii and Iceland may have a strong FOZO component in their plume
sources (Fig. 5.9). The wide range in La/Yb, yet small range in Th/Ta in Iceland and
Ascension basalts, probably reflects varying degrees of melting, leaving garnet in the
restite. As expected, none of the OIBs shows contamination with continental crust.
Unlike OIBs, oceanic plateau basalts (except for Kerguelen) overlap with NMORB,
l^hich suggests an important depleted component in their sources (Fig. 5.10). This may
!?e a characteristic of plume heads that have entrained significant amounts of DM during
Weir ascent, or alternatively, the depleted component may reside in the deep mantle at
|rnear the plume sources.
в
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Figure 5.9. A Th/Ta versus La/Yb graph showing the distribution of oceanic island basalts. Data
sources given in Figure 5.4. See Figure 5.8 for other information.

When considered together with major element and isotope distributions in continen-
tal flood basalts, the elevated Th/Ta and La/Yb ratios in these basalts must reflect, at
least in part, smaller degrees of melting of their mantle sources than are characteristic
of most plateau basalts (Fig. 5.11) (Lassiter and DePaolo 1997). These distributions
are consistent with the lower temperatures in plume heads compared with plume tails
feeding OIBs. As discussed later, some continental flood basalts are contaminated by
upper continental crust, which is also consistent with their relatively high Th/Ta and
La/Yb ratios. This may explain the unusually high ratios in basalts from the Kerguelen
oceanic plateau (Fig. 5.10), thus supporting the idea that Kerguelen basalts were erupted
on continental crust. Of the flood basalts shown, only the Parana high-Ti group shows

Figure 5.10. A Th/Ta versus La/Yb graph showing the distribution of oceanic plateau basalts. Data.j
sources given in Figure 5.5. See Figure 5.8 for other information.
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Figure 5.11. A Th/Ta versus La/Yb graph showing the distribution of continental flood basalts. Data
sources given in Figure 5.6. See Figure 5.8 for other information.

any contribution from enriched or HIMU mantle sources, and only the Columbia River
basalts show a depleted, possibly post-Archean subcontinental lithosphere (PSCL) com-
ponent. It is also important to note in Figure 5.11 that'most continental flood basalts
cannot have a significant contribution from subcontinental lithosphere if the PSCL
xenolith composition is representative of this lithosphere.

Nd and Sr Isotopes

Radiogenic isotopes provide a powerful means of tracking the source compositions of
basalts. The growth rate of an isotopic ratio (such as 87Sr/86Sr and 143Nd/144Nd) in a
mantle source rock is proportional to the age of the rock and to the parent-daughter
ratio. Nd isotopic ratios are generally expressed as €ш values, which are a measure of
the deviation of the 143Nd/144Nd in a given basalt from the primitive mantle (CHUR)
value (see definition in caption to Fig. 5.12). When a mantle domain partially melts,
if the daughter element is incompatible (as are Sr, Nd, and Pb), it carries the isotopic
signature of the source into the melt and thus provides a very important tracer of the
source composition and age. As illustrated in Figure 5.12 for the Nd and Sr isotopic
systems, basalts from different tectonic settings carry very different isotopic signatures.
In general, M3Nd/144Nd correlates negatively with 87Sr/86Sr, which is predictable from
the relative incompatibilities of the elements involved (Rb < Sr and Sm > Nd). Hence,
mantle regions with low Rb/Sr ratios, such as the DM source of MORB, have low
87Sr/86Sr ratios and relatively high 143Nd/144Nd ratios (high €Nd). Continental crust,
which is enriched in Rb relative to Sr and in Nd relative to Sm, shows the opposite

„isotopic signatures. The position of OIB-OPB sources between the depleted MORB
;source (DM) and continental crust (UC) is consistent with this source's being a mixture

;°f these end members - perhaps resulting from recycling continental crust into the
jbantle (Hauri et al. 1994; Hofmann 1997). As discussed below, however, the situation
Pmuch more complicated.
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Figure 5.12. Epsilon Nd versus 87Sr/86Sr ratio for basalts from various tectonic settings. After
Hofmarm (1997). Also shown are mantle components: DM = depleted mantle; FOZO = focal zone
mantle; EMI and EM2 = enriched mantle sources; HIMU = high-mu source; UC = upper con-
tinental crust. OIB = oceanic island basalts; OPB = oceanic plateau basalts; NMORB = normal
ocean-ridge basalt. €ш = (f[143 Nd/144Nd]sampie/[143Nd/144Nd]CHUR) - 1) x 104. Upper Continen-
tal Crust; 6Ш = -22; 87Sr/86Sr = 0.725.

Basalts from the Iceland and Hawaiian plumes have positive €[« values, some of
which overlap MORB distributions (Fig. 5.13). As with the Th/Ta-La/Yb ratios, this
relationship again emphasizes a depleted component in the plume sources of these
rocks. Whether this depleted component is shallow DM or a component in the deep
mantle is still uncertain (Kempton et al. 2000). St. Helena is an example of basalts
from an HIMU-dominated source, and Tristan basalts come from an EMI-type source
(Fig. 5.13). Basalts from the Austral-Cook chain define an array extending from positive
to negative €ш values suggestive of a source with mixed depleted mantle and EM2
components. The Nd-Sr isotope relationships also allow Iceland, Ontong Java, and the

Figure 5.13. Epsilon Nd versus 87Sr/86Sr ratio for basalts from oceanic islands. References and data^
sources given in Figure 5.4. Other information given in Figure 5.12.
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Figure 5.14. Epsilon Nd versus 87Sr/ 86Sr ratio for basalts from oceanic plateaus. References and
data sources given in Figure 5.5. Other information given in Figure 5.12.

Caribbean plateau to have significant contributions of FOZO and perhaps HIMU in
their sources (Figs. 5.13 and 5.14). The large range in 87Sr/86Sr ratios in Caribbean
basalts max reflect interaction with seawater (Hauff et al. 2000). Kerguelen data, on the
other hand, define a possible mixing trajectory between FOZO, or DM or both and an
enriched source such as EM2 or continental crust.

Continental flood basalts have negative e>jd values and relatively high 87Sr/86Sr ratios,
which are again suggestive of contamination with continental crust or subcontinental
lithosphere (Hooper 1997) (Fig. 5.15). As exemplified by the Deccan and Siberian
traps, many flood basalts show evidence for contamination by more than one enriched
reservoir. In the Deccan case, it would appear that all magmas were contaminated by a
common crustal component and that upper basalt flows in the province were contami-
nated again by another mafic source located perhaps in the mid-crust (Peng et al. 1994).

'gure 5.15 Epsilon Nd versus 87Sr/86Sr ratio for continental flood basalts. References and data
sources given in Figure 5.6. Other information given in Figure 5.12.
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High- and Low-Ti Basalts

A feature of many flood basalt provinces that is still not well understood is the existence
of high- and low-Ti basaltic magmas. In at least two provinces, the Parana and the
Karoo, these magma types have distinct geographic distributions (Figs. 3.16 and 3.20).
Although geochemical studies indicate the two basalt groups cannot be related by
fractional crystallization, there is considerable debate as to whether they represent
different degrees of melting of the same source or contamination of plume-derived
magmas by the subcontinental lithosphere (Peate 1997; Sharma 1997; Hawkesworth
et al. 2000). Fodor (1987) proposed that low-Ti magmas are produced near a plume
axis by high degrees of melting and that high-Ti magmas are produced by low degrees
of melting around the margin of the plume. Arndt et al. (1993) proposed a similar
model in which the high-Ti group is produced in a plume beneath thick lithosphere
and the low-Ti group beneath thin lithosphere. These melting models, however, cannot
explain the isotopic differences between high- and low-Ti basalts (Fig. 5.15) (Peate
1997). Others have addressed this problem with models that involve different sources.
Because the low-Ti group is not found in plume-related basalts from oceanic areas, some
investigators have been led to suggest they come from the subcontinental lithosphere
or that they are produced by crustal contamination (Hergt et al. 1991; Turner and
Hawkesworth 1995).

The high- and low-Ti basalts from the Parana province define two populations on most
geochemical and isotopic diagrams (Figs. 5.11 and 5.15). In Th/Ta-La/Yb space, both
groups seem to have a continental component, but neither can have much contribution
from the subcontinental lithosphere if the mantle xenolith average (PSCL) shown in
Figure 5.11 is representative of this lithosphere. The high-Ti group shows an inverse
correlation of Th/Ta with La/Yb, perhaps reflecting input from enriched or HIMU
mantle sources. The higher La/Yb ratio in the high-Ti group suggests garnet in the restite
and thus favors a smaller degree of melting, as suggested by Sharma (1997) for the
Siberian high-Ti basalts. On an €NCI- 87Sr/86Sr diagram, the low-Ti group again suggests .
a crustal contribution with high87 Sr/86 Sr ratios and negative €Nd values (Fig. 5.15). The ,'
high-Ti group, although also allowing some crustal input, may have a significant EMI «
component in its source. On the incompatible element spidergram, both groups have j
negative Nb-Ta anomalies suggestive of contamination by continental crust (Fig. 5.6).
Hawkesworth et al. (2000) have proposed a model whereby both groups of Parana-1
Etendeka basalts can be produced from the same mantle lithosphere source undergoing j
different amounts of extension and thus different degrees of decompression melting.

Although the origin of high- and low-Ti flood basalts is still not resolved, most trace j
element and isotopic data demand two sources for the two groups (Sharma 1997). High-Jj
Ti magmas appear to have been generated by low degrees of melting of garnet IherzoliteЯ
leaving garnet in the restite, whereas low-Ti magmas reflect a high degree of melting ofj
a different mantle source in which garnet is not left in the restite. Although the
source is undoubtedly a plume head, the low-Ti source may be either a shallower le
in a plume head with a different composition or a component in the subcontinental

lithosphere. The distinct geographic distribution of the two groups supports the 1
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possibility. In both cases, crustal contamination is necessary to explain high Th/Ta
ratios, and, in the low-Ti basalts, also the high 87Sr/86Sr ratios.

Oxygen Isotopes

Although few data are available from plume-related basalts, oxygen isotope distribu-
tions offer a potentially important tool to distinguish mantle from crustal components
in the sources. This is because 18O is greatly enriched in the continental crust compared
with the mantle. As reflected by fresh NMORB glasses, DM has a <5I8O value of about
5.7%o, which is similar to the value for uncontaminated oceanic plume sources of about
6%o (Mattley, Lowery, and Macpherson 1994). Some continental flood basalts, such as
the Columbia River and Parana basalts, have <518O values significantly higher than man-
tle values, which suggests they have been contaminated by continental crust (Carlson
1984; Harris et al. 1990). Phenocrysts of plagioclase from some of the lower basalts in
the Deccan traps have 518O values up to 7.49Ц which is a finding again suggestive of
contamination by continental crust (Peng et al. 1994).

Osmium Isotopes

The Re-Os isotopic system has proved to be one of the most useful in sorting out the
various source components in basalts and especially in distinguishing between plume,
lithosphere, and crustal components (Schiano et al. 1997). During mantle melting, Os
is highly compatible, whereas Re is moderately incompatible. This is in contrast to
other isotopic systems in which both parent and daughter elements are incompatible
during melting. The differences in Re and Os compatibility result in continental crust
having a high Re/Os ratio relative to the upper mantle, and hence, as the crust ages,
it develops very high 187Os/188Os ratios (generally expressed as yos as defined in Fig.
4.9). Subduction of continental crust (generally as sediments) would thus impart dis-
tinctively high yos values to part of the mantle. That oceanic island basalts have variable,
but generally high xos values suggests that their sources contain variable amounts of
recycled crustal materials (Fig. 5.16) (Pelgram and Allegre 1992). In contrast to conti-
nental crust, studies of xenoliths of spinel Iherzolite that come from the subcontinental
lithosphere have shown that lithosphere has low yos values («* -10) owing to the long-
term depletion in Re (Carlson and Irving 1994). Hence, contamination of crustal and
subcontinental lithosphere components will have opposite effects on Os isotopes. On
an •€Nd - Xos diagram, mixing lines for these two components deviate in opposite
directions from a plume end member (Fig. 5.16).

л', Only a relatively small number of flood basalt provinces have been analyzed for
л osmium isotopes. Samples with the most positive €>и values are assumed to reflect the

plume component, as represented by some of the picrites from the West Greenland flood
basalts (Schaefer et al. 2000). As seen if Figure 5.16, data suggest that basalts from
the Siberian and Karoo provinces are contaminated with up to 20% of subcontinental

jjhthosphere (Ellam et al. 1992; Horan et al. 1995). A few Siberian flood basalts also show
I evidence of crustal contamination. In terms of volume, much of the Siberian province
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Figure 5.16. Epsilon Nd versus yos diagram showing flood basalts in relation to various terrestrial
reservoirs. After Ellam et al. (1992) and Horan et al. (1995). SLC = subcontinental lithosphere;
MORB = ocean-ridge basalts; OIB = oceanic island basalts; CRB = Columbia River basalts. Heavy
black lines are mixing trajectories with percentage contamination by SCL and continental crust noted.
Arrow points to continental crust.

is dominated by plume-derived magma, and not until relatively late in the history of
the eruptions did the lithosphere become an important source component. In contrast
to Siberian and Karoo basalts, the highly radiogenic Os isotope signature characteristic
of some of the Columbia River basalts (> +10) indicates 2-10% contamination by
continental crust with no contribution from the lithosphere (Fig. 5.16) (Chesley and
Ruiz 1998).

Summary

Three lines of evidence have been used to favor a lithospheric source for flood basalts.
First, low-Ti basalts, which are an important component in many flood basalts, are
unknown in oceanic island basalts. This observation has been interpreted by some
investigators to indicate that the source of the low-Ti basalts is the subcontinental mantle
lithosphere. Second, the geographic distribution of high- and low-Ti basalts within flood
basalt provinces in Gondwana continents is consistent with the idea that high-Ti basalts
come from plume heads and low-Ti basalts from lithosphere around the margins of._
plume heads (Gibson et al. 1995). And lastly, Os and Nd isotopic studies as discussed
above, suggest mixing of two mantle end members: А уо8-€ш end member interpreted
to be a mantle plume, and a low уоз-€ш end member interpreted as subcontinental
lithosphere (Ellam et al. 1992).

The major problem with a dominant lithospheric source for plume-related basalts is
production of enormous volumes of magma in short periods of time. In particular, the^
long time scale required for conduction of heat from a plume into overlying lithosphere
precludes this lithosphere as a major source for preextensional volcanism (Arndt ana.
Christensen 1992; Arndt et al. 1993). Although the hydrous melting model described-
previously may provide a means of producing large volumes of magma, availably
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evidence suggests the subcontinental lithosphere is low in water (Cordery et al. 1997).
If this were not the case, pyroclastics rather than flows should dominate in flood basalt
eruptions. This conclusion is also supported by the low water content of the chilled mar-
gins ofpicrite dykes that are feeders to Karoo basalts. Yet another rather robust argument
against a dominantly lithospheric magma source comes from xenoliths of subcontinen-
tal lithosphere. These xenoliths are composed principally of anhydrous phases. And
finally, lithospheric mantle sources cannot explain the large volumes of mafic igneous
rock erupted and intruded in oceanic plateaus. The oceanic lithosphere upon which
these plateaus are built is anhydrous and relatively free from metasomatic components.

Although both mantle plume and lithosphere sources are still viable candidates for
flood basalts, most geochemical and isotopic evidence supports a dominant plume
source, allowing for variable, but generally small, contributions from subcontinental
lithosphere and continental crust.

Mixing in the Mantle

When viewed in Nd-Sr-Pb isotopic space, arrays defined by various oceanic islands
tend to cluster along two- and three-component mixing lines with DM, HIMU, EMI,
and EM2 at the corners of a tetrahedron (Fig. 5.17). There is, however, a notable lack of
mixing arrays joining EMI, EM2, and HIMU, which seems to rule out random mixing
in the mantle (Hart et al. 1992; Hauri et al. 1994). The mixing arrays are systematically
oriented, originating from points along the EM1-HIMU and EM2-HIMU joins and
converging in a region within the lower part of the tetrahedron, but not at DM. This
convergence suggests the existence of another mantle component that appears in oceanic
mantle plumes. This component, which is called FOZO (or C) after focal zone from
the converging arrays, is a depleted mantle component (Hart et al. 1992) (Fig. 5.17).

"gure 5.17. The mantle tetrahedron showing the distribution of oceanic basalts in Sr-Nd-Pb isotoj
sPace. See Figure 5.12 for abbreviations. Modified after Hauri et al. (1994).
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Helium isotope ratios also progressively increase towards FOZO, and because 3He is
not formed by radiogenic decay but was incorporated in the Earth during planetary
accretion, the high 3He/4He ratios are commonly interpreted to mean that the FOZO
component is relatively primitive and probably resides deep in the mantle. Alternatively,
as mentioned above, the high 3He/4He ratios in FOZO may represent a recycled oceanic
lithosphere in this source.

The absence of any mixing arrays emanating from the EM1-EM2 join or from the
EM1-EM2-HIMU face of the tetrahedron indicates that there was some process that
caused juxtaposition of EM components and HIMU that predates the mixing with
FOZO. The probability that most or all hotspot sources do not mix with the shallow,
depleted mantle DM is consistent with most plume entrainment occurring in the lower
mantle.

The isotopic mixing arrays do not tell us which components occur in the plume
sources and which have been entrained in the mantle. A high 3He/4He ratio in FOZO in
contrast to a low 3He/4He ratio in DM may indicate that FOZO is in the lower mantle
and does not mix with DM in the upper mantle. It is not possible from isotopic data
alone to determine if the EM-HIMU components are the plume sources hi the D" layer
and FOZO is entrained in the lower mantle as the plumes rise, or the other way around
(FOZO is the plume and EM-HIMU are entrained). When coupled with geophysical
data discussed in Chapters 1 and 4, however, the former model seems most acceptable.

Although the interpretation that linear arrays in isotope space represent mixing
arrays is widely accepted, it has not gone unchallenged. Morgan (1999) proposed that
these arrays are magma extraction trajectories produced by progressive melting of a
heterogeneous mantle source characteristic of a particular hotspot. He has suggested
that melt extraction trajectories form when some plume sources differ in the amount of
previous melt extraction from other plumes. Magma modeling shows that sequential
melts along a melt extraction trajectory trace a one-dimensional path through isotope
space independent of the number of distinct isotopic components in the initial source ч
mixture. Later partial mixing of the melts along a melt extraction trajectory will tend |
to preserve the linear array.

Although isotopic, rare gas, and trace element distributions in oceanic basalts de-
mand a heterogeneous mantle, the nature, scale, preservation, and history of mantle
heterogeneities remain problematic. Experimental studies on diffusion rates of cations j
in mantle minerals provide a basis to constrain the minimum scale of mantle hetero-j
geneities. Results suggest that, even in the presence of a melt in which diffusion ratesj
are high, heterogeneities larger than 1 km can persist for several billion years (Zindle:
and Hart 1986; Kellogg 1992). Geochemical heterogeneities in ultramafic portions bfi
ophiolites occur on scales of centimeters to kilometers, which indicates that small-1
scale heterogeneities survive in the upper mantle. Geochemical and isotopic variations!
in basalts from a single volcano require heterogeneity on the scale of several kilomet "
and variations in MORB along ocean ridges or of arc basalts along single volcanic г
demand heterogeneities on scales of 102-103 km. At the large end of the scale is ]
Dupal anomaly (Fig. 5.3), which requires global-scale anomalies that have s
for billions of years. Numerical stirring models show that, if the viscosity of the lo
mantle is 1-2 orders of magnitude greater than the upper mantle, mantle heterogenein
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Figure 5.18. Distribution of Late Archean and modern basalts on an e^d (T) versus 147Sm/144Nd
graph. After Blichert-Toft and Albarede (1994). Т (age) = 0 Ma for modern basalts and 2.7 Ga for
Archean rocks.

should survive for up to 2 Gyr as suggested by isotopic data from oceanic island basalts
(Davies and Richards 1992). These models, furthermore, allow heterogeneities of a
variety of scales to survive for long periods.

Because the mantle was hotter in the Archean, and hence probably convected more
rapidly and chaotically, it is of interest to see if mantle heterogeneities were preserved
in the Archean mantle. Nd isotopic ratios and Sm/Nd ratios provide a means of com-
paring the Archean mantle with the modern mantle by analyzing for these quantities in
greenstone basalts. The mantle array on an 6Nd-147Sm/144Nd plot varies significantly
from the modern arrays (Fig. 5.18). For a similar overall range in Sm/Nd ratio, the
Archean array varies by only one epsilon unit compared with at least 8 epsilon units
in modern arrays (Blichert-Toft and Albarede 1994). These results demonstrate that
long-term depletion and enriched mantle domains had developed in the mantle by the
Late Archean. The absence of a larger range in Cjw values in the Archean mantle must

f mean that heterogeneities with variable Sm/Nd ratios did not survive long enough to
* be recorded in the 143Nd/144Nd isotopic ratio. This, in turn, suggests faster mixing in
rr the Archean mantle and is thus consistent with hard turbulence (see Chapter 4) and a

higher rate of plume generation.

New Ideas on Mantle Convection

|0ne of the long-standing controversies in Earth sciences is the nature of mantle convec-
|tion Perhaps the greatest challenge in understanding mantle convection is to compile,
|waluate, and reconcile the wide range of observations and constraints from many disci-
plines, and especially from geochemistry and geophysics. The isotopic and geochemical

1 discussed in this chapter, as well as heat production considerations, suggest the
ce of distinct mantle reservoirs that have retained their identity for at least 2 Gyr.

|major reservoir boundary is commonly placed at the 660-km discontinuity (Hermann
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1997). The noble gas record in plume-derived basalts, which requires storage of primor-
dial gases in the deep mantle, suggests that the deep mantle has not been extensively
degassed, which is a feature difficult to reconcile with whole-mantle convection. Heat
flow arguments also do not favor whole-mantle convection. The sum of the heat pro-
duced by continental crust and depleted mantle extending all the way to the core-mantle
boundary accounts for only a small fraction of the present-day heat flow at the Earth's
surface (Albarede 1998). This seems to require a high heat-producing reservoir in the
lower mantle, which again is difficult to account for if the entire mantle is convecting.

On the other hand, seismic tomography indicates that most or all descending plates
penetrate the 660-km discontinuity and sink to, or close to, the core-mantle boundary
(van der Hilst et al. 1997). Numerical computer models furthermore suggest that it is
difficult to maintain an impermeable boundary at the 660-km discontinuity or any place
else in the mantle. Models indicate that differences between the upper and lower mantle
should disappear in a few hundred million years as long as plates continue to penetrate
the boundary (Albarede and van der Hilst 1999). Also, high-pressure mineral physics
experiments together with seismic observations indicate that the Clapeyron slope of
the 660-km phase transition is too small to cause long-term stratification of the mantle.
In addition, no convincing evidence exists for a thermal or compositional boundary at
the 660-km discontinuity, of which one or both would develop if the upper and lower
mantle convected separately.

Can any model accommodate all of these apparently conflicting observations? The
recent model of Kellogg et al. (1999) modified by Albarede and van der Hilst (1999)
seems to hold promise. In this model, the mantle to a depth of approximately 2000 km is
relatively uniform in major element composition and largely represents a depleted and
outgassed reservoir (Fig. 5.19). A transition zone at a depth of 400-1000 km divides the

Figure 5.19. Convection model for the Earth involving a thick zone deep in the mantle that is со,
vectively isolated from the middle and upper mantle. Mantle plumes may be produced in the D ay
at the core-mantle interface and at the upper boundary of the deep mantle layer at local high spo^
Modified after Kellogg et al. (1999).



mantle into two regimes with different time scales of mixing: (1) the upper mantle (DM),
which is well mixed, is the source of MORB, and (2) the lower mantle, which mixes
at a much slower rate. The bottom layer of the mantle, ranging from about 1600 km
deep to near the core-mantle interface, has a very high density and contains undegassed
material enriched in radiogenic heat-producing elements. Mantle plumes that give rise
to oceanic island and oceanic plateau basalts come from the upper boundary of this
deep domain rather than from the D" layer, as assumed in most plume models. It is
along this boundary where descending plates accumulate (Fig. 5.19). The plates are
highly depleted in such incompatible elements as K, Rb, Ba, Th, and U owing to the
subduction process. Numerical models of Kellogg et al. (1999) show that if the lower
mantle layer is only 4% more dense than the overlying mantle, it will be dynamically
stable and will develop substantial topographic relief, as shown in Figure 5.19. Although
such relief strongly reduces the ability to identify this interface by seismic tomographic
methods, recent numerical modeling of these data supports the existence of an isolated
lower mantle (van der Hilst and Karason 1999; Tackley 2000). The lower mantle layer
is thin or absent beneath descending plates and thick far from these plates. Although
some mantle plumes may arise from D", most are generated at the thermal boundary
zone at the top of the lower mantle. This region, which contains fragments of older
crust and lithosphere mixed with lower mantle, imparts the distinctive EM and HIMU
geochemical signatures to some rising plumes and their derivative basalts. If there is
a depleted component in the deep mantle as suggested by Kempton et al. (2000), this
component may also reside in this dense lower-mantle layer.

Whether this model will survive the test of rapidly accumulating new data remains to
be seen. However, it appears that any model for mantle convection must be consistent
with the existence of a compositionally distinct and gravitationally stabilized lower
mantle.



Mantle Plumes and Continental Growth

Introduction

Oceanic plateaus and large  ridges are difficult to subduct (Vogt et  1976; Nur
 1978;Burke  therefore,  be accreted

to continents (Abbott  et al.  et al. 1997a). Some
investigators have suggested they represent a major component of continental growth
(Abbott 1996; Condie 1997c). Buoyancy models by  (1993) indicate that oceanic
plateaus up to about  thick are easily subductable, although they may be partially
obducted during collision.

When oceanic plateaus and aseismic ridges (hereafter collectively referred to as
oceanic plateaus) reach about 30 km in thickness, they become too buoyant to subduct
(Cloos  Abbott 1996). Those formed during the last 200 Myr comprise a sig-
nificant volume of crust in oceanic basins (3.7 x  (Schubert and Sandwell
1989), and if these were all accreted to the continents, the total volume of continen-
tal crust would increase by about 5%. Although several remnants of oceanic plateaus
accreted to continental crust have been  there is a curious  of large ac-
creted oceanic plateaus. This is especially  because many relatively large ocean
plateaus exist in the oceans today, and these should collide and at least partially accrete
to the continents in the future. Of the several reasons for a paucity of oceanic plateaus in
the geologic  Saunders et al. (1996) favor recycling of oceanic plateaus into the
mantle at subduction zones. This is due, in part, to the inversion of mafic plateau crust
into dense eclogite, which readily sinks into the mantle. However, oceanic plateaus are
presumably underlain by  buoyant lithosphere, which should tend to keep
from subducting even with some eclogite in their roots. As an alternative explanation
for the paucity of accreted oceanic plateaus, is it possible they have been overlooked
in the geologic record? Accreted plateaus may be rapidly transformed into continental
crust, making it difficult to recognize definitive mantle-plume geochemical signatures
Perhaps we should look to greenstones for remnants of oceanic plateaus.
which are  successions containing an abundance of mafic volcanics,
in age from Early  to Cenozoic and appear to have formed in different tec
tonic settings, although oceanic settings dominate (Condie  It may be
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to track the role of oceanic plateaus in the growth of continents using greenstones that
are remnants of oceanic plateaus.

In this chapter we have two objectives. First, we will review examples of oceanic
plateaus that, at least in part, have been accreted to the continents in the last 100 Myr.

 we will discuss the possible role that mantle plumes may have played in the
growth of continents, by  and by accretion of oceanic plateaus.

Accreted Oceanic Plateaus

Fragments of oceanic plateaus, often as obducted slices, have been recognized in ter-
ranes accreted to the American Cordillera and to eastern Asia during the
(Isozaki et  1990; Condie and Chomiak 1996). In this section we will review some of
the tectonic and geochemical features of these accreted oceanic plateaus. These results
provide convincing evidence that large fragments of oceanic plateaus can be accreted
to continental margins.

Caribbean Oceanic Plateau

Tectonic Overview

One of the most widely studied accreted oceanic plateaus is the Caribbean plateau,
slices of which are exposed in Colombia and on various islands in the Caribbean
(Fig. 6.1). The water-covered portion of the plateau, which formed between 90 and
75 Ma, has an area of about 6 x  but the original plateau may have been
more than twice this size. As discussed in Chapter 3, seismic data indicate that the
plateau varies in thickness from 8 to about 20 km. Most of the igneous rocks in the
Caribbean plateau formed during the initial plume-head stage of a mantle plume in
the Pacific, believed by some to be the Galapagos plume west of Ecuador. Since the
Jurassic, the plateau has moved northeastward between North and South America as the

 plate subducted. Because the Caribbean plateau was too buoyant to subduct, it
clogged the eastern trench, which led to a flip in subduction direction from east to west,
and the Lesser Antilles arc formed along the eastern margin of the plateau (Fig. 3.5).
The northern part of the Caribbean plate is bounded by a series of  trending
transverse faults and the southern margin is a broad complex of convergence and right-
lateral faulting (Fig.  As the Caribbean plateau collided with South America, Cuba,
and Hispaniola, slices were obducted onto the continent and these are partially exposed
today  et al. 1997;  et al. 1999).

As discussed in Chapter 2, at shallow exposure levels the Caribbean plateau is
composed chiefly of pillowed and massive basalt flows with associated sills.
lavas are locally important and komatiites  MgO) occur on Gorgona Island

 of Colombia. Published  ages from Caribbean plateau basalts in Haiti,
 Gorgona, Beata Ridge, and Costa Rica show three peaks in eruption age:

 Ma, 76-75 Ma, and a small peak at 55 Ma (Revillon et al. 2000). The distribution
 suggests that the  8-Ma peak is  most important as it is found
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Remants of
Caribbean
Plateau

Figure  Map of the Caribbean region showing major outcrops of the Caribbean oceanic plateau.
 (1998).

throughout the Caribbean region as well as in Colombia and Gorgona Island. The
 peak is also  but the  peak is recognized only on the

Ridge south of Hispanoila.
Coastal Ecuador also includes fragments of one or more Cretaceous oceanic plateaus

 et  1999). Basalts in these fragments are overlain by sediments of up
to 98 Ma, an eruptive age greater than that of the Caribbean plateau. Furthermore,
geochemical differences such as lower  ratios indicate a mantle plume source
different from the Caribbean source. It appears that the plume that generated the Ecuador

 basalts must have been located in the Southeast Pacific - far south of
Galapagos plume that generated the Caribbean oceanic plateau.

Mantle Sources

Basalts from the Caribbean plateau exhibit the typical low  ratios of other
plateau basalts (Fig. 6.2). In addition, they have rather low  ratios and high
ues suggestive of a depleted mantle component in the plume source  et al.

It is also important to note that igneous rocks of all three age groups in the

plateau share the same geochemical and isotopic characteristics, indicating a
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5

La/Yb
Figure 6.2. A  versus  graph showing the distribution of basalts from accreted oceanic
plateaus. Data sources:  et  (1989), Dostal and Church (1994), Barker et  (1994), Kimura
et al. (1994), Lassiter et al. (1995),  et al. (1996a,b), White et al. (1999), and  et al.
(1999). See Figure 5.8 for other information.

source. One of the most  features of the chemistry of Caribbean lavas is the
large range of  ratios (Fig. 5.14). Most, but not all, of the relatively high Sr
isotope ratios result from assimilation of altered oceanic crust, which acquired its high
Sr isotope ratios from reaction with seawater (Revillon et al. 2000). Linear correlations
between radiogenic isotopes  Sr, and Pb) and highly incompatible elements indicate
mixing of two or more components in the mantle source  et al. 2000). Lavas
enriched in incompatible elements and in radiogenic daughters may represent recycled
oceanic crust, whereas the depleted lavas come from depleted mantle - perhaps
entrained in the deep mantle by the plume that gave rise to the Caribbean plateau.
High  ratios in Caribbean picritic lavas from Costa Rica reflect a deep mantle
component with either primitive or depleted mantle geochemical characteristics.
; An important and intriguing question is how magmas with similar geochemical
and isotopic characteristics in the same geographic locations in the Caribbean plateau
formed in two or three pulses over 35 Myr. Possible explanations include the following
(Revillon et al. 2000).

 The two or three  pulses reflect three separate plumes from the same
mantle source, each of which formed independently and arrived at the same spot
beneath the Caribbean plate. The chances of this happening seem rather remote.

2. The magmatic episodes reflect a "pulsating" plume in which a single plume hits
the bottom of the lithosphere repeatedly and episodically, or for some reason,
magma production in a plume head is episodic.

3. Melting for the second and third volcanic episodes reflects extension of the
lithosphere unrelated to the mantle plume.

 the second and third possibilities are viable alternatives for the Caribbean plateau.
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Figure 6.3. Plate reconstructions for the Caribbean region during the last 165 Myr. Modified after

Kerr et al. (1999). Y = Yucatan; С = Chortis; G = Gulf of Mexico; BP = Bahamas platform; BAB

back arc basin; PB = oceanic arc; CA = Central America; К = Cretaceous arc.

Tectonic History of the Caribbean Plateau

The tectonic history of the Caribbean region began about  Ma when South

was rifted from North America (Burke et al. 1978; Burke 1988) (Fig. 6.3). At

time, Yucatan was rifted from the Gulf Coast of North America, giving rise to

Mississippi  By 110 Ma, an oceanic arc formed along the edge of the

Farallon plate as it began to subduct beneath the  plate in the vicinity Ц
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what is today Central America. With time, this arc, some of which is preserved in Cuba
today, moved into the gap between the two continents  et  The northern
ophiolite melange in Cuba with high-pressure minerals may represent the accretionary
prism of the arc. Throughout the Cretaceous, the  arc migrated northeastward
as the Farallon plate grew. At about 90 Ma, a plume head arrived at the lithosphere
possibly beneath the now subducted Phoenix plate (possibly the Easter plume)
(Fig. 2.1) and the plume-derived magmas rapidly formed much of the volume of the
Caribbean plateau (Revillon et  2000) (Fig. 6.3). The Galapagos plume head impacted
the Caribbean plate about 75 Ma, producing a second period of  and plateau
growth. The Caribbean plateau was carried through the gap between the Americas,
and when it reached the leading edge between 80 and 60 Ma it clogged the subduction
zone, resulting in a flip in subduction direction. After this time, the Atlantic plate was
consumed beneath the Caribbean plate, and the Lesser Antilles arc formed along the
eastern margin of the Caribbean plate. At about the same time, the Middle America
trench propagated  and a new arc, the Central American arc, developed on
the trailing edge of the Caribbean plateau  Ma) (Fig. 6.3). As the Caribbean
plate resisted subduction continuing into the Tertiary, it  the northwestern
edge of South America, and slices of the plateau were obducted onto the continent
in Colombia.

Accreted Oceanic Plateaus in the American Cordillera

 Terrane

Several accreted  in the American Cordillera have been recognized as remnants
of oceanic plateaus. Among the best known are Wrangellia and  rem-
nants of two different oceanic plateaus that formed during the  and then were
accreted to the northwestern coast of North America during the Cretaceous. Wrangel-
lia comprises several large allochthonous blocks, the largest of which are exposed on
Vancouver Island in British Columbia and in the Wrangell Mountains in southeastern
Alaska (Fig. 6.4). Wrangellia also  a thick sequence of oceanic flood basalts
and associated hyaloclastic breccias  Formation) resting
on late Paleozoic arc  and sediments (Fig. 6.5) (Jones et al. 1977; Richards
et al.  Pelagic chert and limestone immediately underlying Wrangellia basalts
indicate a deep-water environment with no major volcanism or tectonic activity. Just
before eruption of the plateau basalts, the basement was rapidly  as indicated
by the local occurrence of  basalts at the base of the succession (Richards
et al.  That both subaerial and submarine basalts occur in Wrangellia volcanic
sections indicates thick crust and isostatic uplift from plume- derived magmas such that
the plateau emerged above sea level at times. The southern part of the plateau
fflg the Karmutsen Formation on Vancouver Island is dominantly submarine, whereas
the Nikolai greenstone in Alaska appears to have been primarily subaerial (Barker et al.
1994). On the basis of well-dated pelagic fossil assemblages, the Triassic volcanism in

 is constrained to < 5  at about 230 Ma (Lassiter et al.  Assuming
 minimum volume for Wrangellia plateau basalts of 1 x  and an eruption
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Figure 6.4. Map showing distribution of accreted
nile crust in the North American Cordillera. Oceanic
terranes represent remnants of oceanic arcs, ophiolites,
and oceanic plateaus. Mixed terranes include tectonic do-
mains of both oceanic and continental affinities. Terranes
mentioned in the text are shown in black.

interval of 2.5 x  yr  1990), eruption rates were at least 0.4  and
may have been considerably greater. After cessation of volcanism, Wrangellia appears
to have subsided in response to thermal contraction of the lithosphere and loading with
later sediments.  sediments change laterally from shallow, tidal carbonates
into deep-water limestones and shales, as represented by sediments of the McCarthy
Formation in Alaska and the Parson Bay Formation on Vancouver Island (Fig. 6.5).

Basalts erupted during the early stages of Wrangellian volcanism are more highly
fractionated than later basalts, and these also show chemical and isotopic evidence
assimilation of older arc crust and perhaps mantle lithosphere (Lassiter et  1995). *
The degree of assimilation appears to decrease with age of eruption so the younger,
more voluminous phases record more accurately the composition of the mantle

 values are consistently high (+6 to +7) and Sr isotope ratios group around
(Fig.  suggesting an important depleted component in the Wrangellian
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Figure 6.5. Generalized stratigraphic columns of Triassic rocks of Wrangellia in southern British

Columbia (Vancouver Island) and Alaska (Wrangell Mountains). After Richards et

source. Relatively high  ratios of some of the basalts, however, reflect contami�

nation of the basalts with older arc crust (Fig. 6.2). The intermediate  ratios of

Wrangellian basalts suggest that the plume head contained a mixture of depleted and

enriched  EM) source components. Although the Wrangellian basalts have sev�

eral chemical and isotopic features in common with Ontong Java and Caribbean plateau

basalts, the relatively low  ratios at moderate  contents suggest

melting at greater depths in the mantle source than characteristic of most other oceanic

plateau basalts (Fig. 6.6) (Lassiter et al. 1995). It is probable that the presence of a

relatively thick arc lithosphere beneath Wrangellia at the time of  prevented

rifting and limited the rise and degree of decompression melting of the plume head.

The Angayucham terrane in and south of the Brooks Range in northwestern Alaska

represents remnants of a highly segmented Triassic oceanic plateau tectonically mixed

with arc remnants of late Paleozoic age and with accreted oceanic islands and

of Early Jurassic age (Fig. 6.4) (Barker et al. 1988; Pallister et al.  The Trias�

 plateau succession, which is deformed and variably  comprises

pillow basalt, diabase sills and dykes, mafic  breccia, and

 Like the Wrangellian basalts, the Angayucham basalts have relatively low

 ratios at moderate  values suggestive of a relatively deep source

 6.6). Incompatible element distributions in Angayucham basalts, as shown by the
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О

Figure 6.6.  versus  graph showing the average compositions of  from

accreted oceanic plateaus. See Figure  for other information.

 relationships (Fig. 6.2), indicate the presence of a major depleted compo�

nent with a low  ratio in the plume head similar to the Caribbean plateau source.

This confirms that Wrangellia and  basalts come from different

plumes.

A tectonic model presented by Pallister et  (1989) suggests that during the Late

Triassic an oceanic plateau formed west of the late Paleozoic coastline of the Brooks

Range in, what is today, northern Alaska. During the Early Jurassic, after cessation

of  in the Angayucham oceanic plateau,  volcanism began

in response to a new mantle plume. The volcanic islands developed on or adjacent to

the Triassic oceanic plateau. As indicated by the oldest tonalites in the  arc

terrane, subduction began during the Middle to Late Jurassic and continued into Early

Cretaceous. The Koyukuk oceanic arc developed outboard of the

plateau. As this arc approached the continental margin, the older oceanic plateau and

seamount chain was partially  and obducted onto the Paleozoic continental

margin.

Bridge  Terrane

The Bridge River Complex in southern British Columbia also appears to be, in part, a

remnant of an obducted oceanic plateau (Dostal and Church,  Church et al. 1995)

(Fig. 6.4). This complex comprises a succession of deformed pillow basalt, mafic brec�

cia, and associated sills and dykes, with variable amounts of pelagic chert and

and local thin bands of pelagic limestone. Although the base of the unit is not

 rocks in tectonic contact could represent basement rocks. One of the

 features of the complex is the long time span of 170  represented by the 1

succession. The lower part of the complex comprises pelagic chert with

 fossils and is intruded by mafic to tonalitic bodies of  to

 age. The upper part of the section, which is associated with basalts that have



Accreted Oceanic Plateaus in Japan

oceanic plateau geochemical affinities, contains chert with  of Middle

assic to Middle Jurassic age. It is likely that an unconformity or a fault separates the two

Two populations of basalt are recognized in the Pioneer Formation of the Bridge

River Complex. Both are in the  part of the complex. The first

(Bridge River 1, Fig. 6.2), appears to have a plume source with mixed depleted and

enriched mantle components. The second (Bridge River 2) reflects a depleted source,

perhaps isolated in the deep mantle. The BR1 population has a very high

ratio at a moderate  value suggestive of high degrees of melting in the plume

 similar to the Caribbean plateau (Fig. 6.6).

Siletz

The Siletz terrane comprises a large fraction of the continental margin of Oregon and

Washington in the northwestern United States (Snavely,  (Fig. 6.4). Most of the

exposed parts of this terrane include basalts and associated mafic sills that appear to

be remnants of an Eocene oceanic plateau that collided and became sutured to the

continent some 50 Ma. Overlying the terrane are sedimentary�volcanic basins up to

 thick that record episodic convergence and forearc volcanism after terrane accre�

tion. Side scan sonar and seismic reflection data provide a  of deformation

at the subduction zone deformation front (MacKay et  et  De�

formation changes from seaward� to landward�verging thrusts at about 44°  N. The

Siletz terrane is the basement beneath the continental shelf and acts as a subduction

zone "backstop", and a deep seismic reflection is interpreted as the base of this terrane.

These data suggest that the Siletz terrane is an approximately  slice of an

oceanic plateau that  the accretionary prism.

Accreted Oceanic Plateaus in Japan

Japan is an amalgamation of Paleozoic and Mesozoic accreted oceanic terranes

 1994). Although lithologic assemblages of many of these terranes are suggestive

of an oceanic plateau tectonic setting (Taira et al.  Isozaki et al.

1997; Tatsumi et al. 2000), few have been described and chemically analyzed. The

Permian  Complex in southern Honshu is a thick succession of submarine

basalts and associated gabbros and  rocks with minor pelagic sediments

accreted to Japan in Late Permian (Isozaki 1997). Mafic granulites in this complex

suggest original thicknesses of  km consistent with it, representing a remnant

of an oceanic plateau. Similar, but poorly  accreted oceanic terranes of

late  age occur in Japan along a belt with a strike length of more

than 2000 km and widths of 200�300 km. Many Carboniferous greenstones in the

Chichibu and  belts in southern Japan have lithologic assemblages and basalt

 that suggest they are accreted oceanic islands or plateaus (Tatsumi et

 Cretaceous and Early Tertiary accretionary complexes extend from northern

 through Hokkaido and into Sakhalin in Russia (Fig. 6.7). The complexes include

 different units: the Sorachi Group, a unit composed chiefly of mafic volcanic
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Figure  Map of northern Japan and Sakhalin showing distribution of Cretaceous and Early Tertiary oceanic terranes accreted to
 comment. (X) Present and  Early Tertiary reconstruction. Courtesy of Gaku Kimura.
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and intrusive rocks with oceanic plateau affinities; and a serpentine melange contain�

ing high�pressure metamorphic rocks  et  The Sorachi Group, of

Late Jurassic age, includes dominantly pillow basalts and associated sills and dykes

with pelagic sediments � chiefly  chert. This group is overlain by late

Mesozoic coral reef limestones. Structural studies indicate these  com�

plexes are a series of stacked thrust sheets reflecting westward subduction and obduc�

tion of oceanic terranes. The Sorachi Group contains 60�70% of basalts and associated

mafic  and the amount of hyaloclastite is the order of 50% of the volcanic

section. Large vesicles in some of the pillow basalts suggest eruption in shallow wa�

ter. Basalts of the Sorachi Group range from tholeiites to  with some alkaline

varieties. They have geochemical affinities to oceanic plateau basalts and have been

interpreted as remnants of an accreted oceanic plateau (Kimura et al. 1994). These

rocks also have relatively high  and  values suggestive of high

degrees of melting in a plume head at moderate depths (Fig. 6.6). On the

graph, the Sorachi basalts are similar to the most depleted basalts from

and likewise reflect a plume source containing both depleted and enriched mantle

(Fig. 6.2).

From paleomagnetic results it is possible to reconstruct the approximate location

of the Sorachi oceanic plateau at 140 Ma. The paleomagnetic trajectory analysis for

accreted terranes in northern Japan and Sakhalin suggest they formed in what is now the

mid�Pacific basin, near the equator, where the positive geoid anomaly exists today. The

coral reef carbonates capping the shallow part of the Sorachi Group also reflect very

low latitudes in agreement with the paleomagnetic data. As illustrated on Figure 6.8,

the Sorachi plateau may have been one of two or more oceanic plateaus that formed

near the triple junction of the Pacific, Farallon, and  plates in the Early Cretaceous.

FARALLON

20 �

0

140 180 220 260 300

figure 6.8. Plate reconstruction of the Pacific region about 140 Ma. Position of the Sorachi oceanic

Plateau calculated from the polar wander path; ages given in Ma. (Modified after Kimura et al.
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How Do Continents Grow?

Although most investigators agree that production of continental crust is related to
subduction, just how continents are produced in arc systems is not well understood.
Oceanic terranes such as island arcs and oceanic plateaus may be important building
blocks for continents as they collide and accrete to continental margins  et
1993; Abbott and Mooney 1995; Condie and Chomiak 1996). However, the largely
mafic character of these terranes (Kay and Kay 1985;  and Sleep 1991), in
contrast to the felsic composition of the upper continental crust indicates that these
terranes must have undergone dramatic changes in composition to become important
building blocks of the continents.

Various mechanisms have been suggested for the growth of the continents, the most
important of which are (1) magma additions by  and (2) collision
and accretion of oceanic terranes to continental margins  1995). Magma from
the mantle may be added to the crust by underplating, involving the intrusion of sills
and plutons,  by  of volcanic rocks (Fig. 6.9). Magma additions occur in a
variety of tectonic environments, the most important of which are arcs, rifted continental
margins, and beneath flood basalt provinces. Note that the last two environments are
related to mantle plumes. Large volumes of juvenile magma from the mantle are added
to oceanic and continental margin arcs (Condie 1997a, Condie 1998). Major continental
growth by this mechanism can occur during seaward migration of subduction zones,
when arc  keeps up with slab migration. Field relationships in exposed
lower crustal sections, such as the  Zone in Italy and the Musgrave block of western
Australia, suggest that lower crustal mafic granulites are intrusive gabbros and diabases.
Their existence confirms the idea that underplating of mafic magma may be an important

a.  OVER- AND UNDERPLATING

Figure 6.9. Growth of continents by  over- and underplating and by
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mechanism by which the continental crust has thickened  and Fountain
Also, a high-velocity layer at the base of some  shields has been interpreted
as a mafic  and Mooney 1991). Thus, both field and seismic
evidence support a significant but unknown contribution to continental growth by

 of basaltic magma. As discussed below, mafic  is probably
associated with either or both the breakup of supercontinents or the production of LIPS.

Continental growth also occurs when oceanic terranes collide with, and become su-
tured to, continents (Fig. 6.9). Collision of oceanic plateaus with continental margins
may be an important mechanism of continental growth (Abbott and Mooney 1995;
Condie 1997c; Barr et  1999). Most of the Cordilleran and Appalachian orogens in
North America are collages of oceanic terranes added by collision either at convergent
plate boundaries or along transform faults. Lithologic association, chemical composi-
tion,  life span, and tectonic history of Cordilleran terranes in northwestern North
America are consistent with collisional growth of the continent in this area (Condie
and  Patchett and  The Cordilleran crust appears to have
formed mostly by accretion of oceanic terranes with  histories of vari-
able complexities and durations (Fig. 6.4). Although some of these terranes began to
evolve into immature continental crust before accretion to North America, most prob-
ably began this evolution at, or not long after, they accreted to the continent. This was
accomplished largely by incompatible element enrichment resulting from subduction-
related processes associated with collisionally thickened crust  and Goldstein

 Similar mechanisms have been proposed for Archean continents (Percival and
Williams 1989).

 Underplating during Supercontinent Breakup

One of the first lines of evidence that the lower continental crust has grown, at least
in part, by underplating of basaltic magma comes from seismology  and
Collins 1986; Nelson 1991). Strong reflectors, which are widespread in the lower conti-
nental crust, have generally been interpreted as flows, sills, and layered mafic intrusions.
Supporting this conclusion is that some shallow reflectors have been traced to the sur-
face and identified (Percival et al. 1992). Single basalt flows can be up to  thick
and cover areas of several thousand square kilometers. Crustal xenolith studies and
studies of uplifted segments of the lower crust clearly show mafic intrusions in the
lower crust, some of which are considerably younger than their host rocks (Rudnick

 Rudnick and Fountain 1995; Condie 1997a).  distribution  acoustical
impedance in the lower continental crust favors the existence of interlayered mafic and

 units. Recent studies of the  and Ethiopian rifted margins show
 felsic volcanics (ash flow tuffs) and  sediments may also be impor-
 components along some rifted continental margins  et al. 2000). Together
 contemporary volcanism, rift flanks can be elevated up to 4 km above sea level,

 thus may be important sediment sources. Prior to breakup, continental cratons in
 were close to sea level and hosted a variety of sedimentary basins.

 Another potentially important source of juvenile crust is crustal underplating asso-
 with the eruption of continental flood basalts. Our largest data source for mafic
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Inner Wedge Outer Wedge Oceanic Crust

Figure 6.10. Seismic structure of the rifted coastline of East Greenland showing the three major
seismic layers. Water and sediment layers not shown. Numbers are P-wave velocities in  Modified
after  and

 of continental crust comes from the North Atlantic Igneous Province,
where both seismic studies and deep sea drilling help constrain the volumes of under-
plated igneous rock (Eldholm and Grue  et  Results of these studies
show that enormous volumes of  magma (both as basalt flows and  were

 along the transition between continental and oceanic crust during rifting of
 from Baltica (Fig.  Along more than 2600 km of the propagating coast-

lines in the North Atlantic (coasts of Greenland and North Europe) during the Early
Tertiary, both submarine and  volcanism that occurred were mainly concen-
trated in a 1-2  about 57 Ma (Eldholm and Grue 1994). Similar widespread
volcanism, but more  occurred along the eastern Coast of North America
during the opening of this part of the Atlantic in the  (White et al.

Seismic studies show that the upper crust along the rifted continental margins of the
North Atlantic comprises chiefly flood  and related intrusions interbedded with
sediments of variable thickness. Combined seismic and drilling results indicate three
important crustal layers in the rifted continental margins around the North Atlantic
(Fig. 6.10): (1) an upper layer of flood basalts (partly subaerial) and sediments, (2) a
middle layer of mafic dykes changing into gabbro with depth, and (3) a lower layer
composed of mixed gabbro and associated  cumulates. This stratigraphy
strikingly resembles the oceanic plateau model constructed from exposed slices of
the Caribbean plateau discussed in Chapter 3 (Figs. 3.6 and 3.7). Ages of magnetic
anomalies on the  in the North Atlantic clearly show that many of the mafic
wedges in the crust were accreted after continental breakup. In other areas, however,
these wedges may precede or be synchronous with continental breakup.

Minimum calculated rates of magma emplacement along the Baltic- Greenland plate
boundary are 0.6-2.4  which are similar to extrusion rates for the Deccan and
Ontong Java  (Table 3.1). The estimated rate of crustal underplating, assuming
a 3-Myr  is 2.2  which is considerably less than the rate estimated
Ontong Java of about 9  (Eldholm and Grue 1994). This rate is only
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greater than the production rate of mafic extrusion and intrusion for the entire South
Atlantic Volcanic Province of only  et

Magma production models indicate that the North Atlantic Volcanic Province and
similar volcanic provinces around rifted continental margins reflect melting chiefly
within a mantle plume (White et al. 1987;  et al. 1995). The geochemical char-
acteristics of basalts along rifted continental margins, discussed previously in Chapter 5,
are interpreted by some investigators to indicate that mafic magmas are derived chiefly
from a deep depleted component in mantle plumes and that depleted asthenosphere
(DM) has played a relatively minor role in magma formation.

In  the following features characterize rifted continental margins
et al. 2000).

1.  reflectors along rifted continental margins represent a mixture
of volcanic rocks (basaltic lavas and felsic ash flow tuffs),  mafic
intrusive rocks, and  sediments.

2. Both the erupted and intruded mafic igneous rocks were emplaced in a short
period of time (1-2 Myr).

 Along some rifted margins, such as the Ethiopia and Parana- Etendeka margins,
felsic volcanic components may be important.

4. Uplifts along rifted flanks of opening ocean basins may be important sources
for  sediments in adjacent extensional basins.

5. Magmatism along rifted continental margins may predate rifting by several
million years, may be synchronous with rifting, or may post-date rifting.

6. Prior to breakup, the continental  were close to sea level and hosted
a variety of sedimentary basins.

7. Most of the mafic magmas erupted and intruded along rifted continental margins
appear to be derived from mantle plume sources, in part from a deep depleted
plume component within these sources.

Accretion of Plume Heads to the Lithosphere

The subject of  of continental crust with plume magmas cannot be
separated from the question of what happens to plume heads as they produce magmas.
Are they recycled back into the asthenosphere or do they become part of the mantle

 Bearing on this question are results from a geochemical study of basalts
from the Arabian-Nubian shield. Basalts from this region appear to have been derived
from the same enriched source for the last 900 Myr (Stein and  Stein and
Goldstein  This is illustrated on an  diagram, where oceanic basalts
erupted between 900 and 870 Ma exhibit somewhat enriched isotopic signatures with

'  values  to +6 and  ratios of 0.7025 to 0.703 (Fig.  As discussed

 ш Chapter 5, these isotopic compositions are typical of plume�generated basalts and

 those found in oceanic plateaus. If basalts are formed at  times

 from a common source, the younger basalts must have higher isotopic ratios owing to

5 radioactive decay. Phanerozoic rift�related basalts in Israel erupted in the last 200 Myr

 somewhat elevated  ratios consistent with Rb/Sr ratios in the 900 Ma
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Figure 6.11. Epsilon Nd versus  ratio showing distribution of  plume-related
basalts from the Arabian-Nubian shield compared with Israel rift basalts erupted in the last 200
After Stein and Goldstein  DM = depleted mantle;  = normal ocean = ridge basalt;
FOZO = focal zone source; OIB = oceanic island basalts; OPB = oceanic plateau basalts;  and

 enriched mantle sources.

source from which the older basalts were derived (Stein and Goldstein  (Fig.
Also supporting a common source are the  ratios which remain unchanged as
calculated for the  ratios of the source. The young basalt source can be
distinguished isotopically from the depleted asthenosphere source (DM) with high

 values and low  ratios. As the Red Sea opened some 30 Ma, this depleted
mantle source was tapped. The Israel rift basalts erupted in the last 200 Ma, however,
appear to have come from the same source as the Proterozoic basalts.

Stein and  suggest that the source of basalts in the Arabian-Nubian
shield for the last 900 Myr has been a fossil plume head that was accreted to the
lithosphere during formation of the Arabian-Nubian shield some  Ma. They
suggest that the plume spread out at the base of the lithosphere,  and became
accreted to the base of the lithosphere. At later times, thinning of the lithosphere during
periods of extension triggered partial melting and volcanism. During the initial stages
of opening of the Red Sea, basaltic magmas were also derived from the accreted plume
head. As the basin continued to open, depleted asthenosphere displaced the lithosphere
and became the source of basaltic magmas as the degree of decompression melting
increased. At the northern end of the Red Sea, where a new ocean basin is just beginning
to open, modern basalts are still tapping the enriched  source.

Another example of plume-head accretion to the lithosphere is given for the
Slave craton in Chapter

Oceanic Plateaus and Continental Growth

Oceanic Plateaus as Lower Continental Crust

Some or most oceanic plateaus have arc systems erupted along their margins. such

as the Solomon arc along the southern margin of the  Plateau and the
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Lesser Antilles arc along the eastern edge of the Caribbean Plateau. During collision

and  these arcs that are obducted at shallow levels onto continental crust.

Although in some instances thick slices of oceanic plateaus can also be obducted (20

km for the Caribbean Plateau) or  (10 km for the Siletz  in Oregon),

arcs should greatly dominate in obducted fragments. Perhaps this is the reason for the

relative abundance of arc�related greenstones in the geologic  as discussed in

Chapter 7.

So what is the fate of oceanic plateaus that collide with continents and lose their

 arcs by obduction? Perhaps they are accreted to continental margins and with

time evolve into lower continental crust. Although  thickening during collision

could result in the production of eclogites in the root zones of accreted plateaus, leading

to minor recycling of plateaus into the mantle as suggested by Saunders et  (1996),

a significant volume of these plateaus may be accreted to the continents. This idea

has important implications for continental development because the lower continental

crust would comprise chiefly accreted and underplated oceanic plateaus, whereas the

upper continental crust would form by  processes � perhaps begin�

ning before accretion of oceanic plateaus to continental margins. Most of the upper

continental crust, however, must develop after collision by subduction�related

 as discussed below. In any case, two important observations indicate that island

arcs are not important components in the lower continental crust: (1) they are generally

less than 25 km thick and as such should be subducted  1993), and (2) lower

crustal xenoliths contain too much Ni, Cr, and Co for an arc source

Condie 1994, 1997c; Abbott 1996).

One way to test the oceanic plateau accretion model is to compare the chemical and

isotopic composition of lower crustal mafic xenoliths with that of oceanic plateau and arc

basalts (Condie 1999). In principle, we can constrain the importance of mantle plume

components in the lower crust from incompatible element distributions and isotopic

compositions of lower crustal mafic xenoliths (Rudnick 1992a, 1995). Although, as

discussed in Chapter 7, the  ratio and Ni content of basalts can be used as tracers

ofplume and arc components, the potential for  to be depleted during

metamorphism makes it unsuitable for studying lower crustal rocks. For this reason, the

 (or  ratio may be a more reliable index, as suggested by Rudnick (1995).

Like the  ratio, the  ratio monitors the subduction geochemical component

(i.e., depletion in Та and  compared with neighboring incompatible elements on

 a primitive�mantle normalized graph), yet La, unlike Th, is not readily lost during

 metamorphism (Hansen et al. 1995). Also, as discussed in Chapter 5,

 of plume�derived basaltic magmas by continental crust can raise

 ratios  thus, caution  be exercised in using these ratios to distinguish

 and arc sources for basalts.

 The  ratio in subduction�related volcanics is generally greater than one, with

tt average value of about  in contrast to the low  ratios  and ocean ridge

 (Rudnick 1995; Condie 1999) (Fig.  There is a distinct minimum in

 between the two groups at about  which serves as a boundary between plume

 arc�related basalts. It is noteworthy that basalts from  (Nikolai green�

 and  see earlier in the chapter) have distinctly low  ratios,



Figure 6.12. Some  ratios in various  (a) oceanic plateaus and arcs; (b)

(c) mafic lower crustal xenoHths. References given in Condie (1999). Vertical line in (a) is at

1.4, the proposed boundary between arc and plateau + ocean�ridge basalts.
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supporting an oceanic plateau origin for  as suggested by other investigators

(Richards et  1991;  et  1995) (Fig.

The distribution of  ratios in mafic,  xenoliths is shown in Figure

6.12(c). At most localities, a wide range in  is evident in the xenolith population,

often spanning the boundary between arc and plume�related magmas at an  value

of  If this ratio is not changed by  the results suggest that both

arc and plume components are present in the lower crust. In some suites, such as the

Colorado Plateau suites in the Navajo and San Francisco volcanic fields, Chudleigh in

eastern Australia, and the  field in Germany, it would appear that the lower crust

comprises chiefly subduction�related components, where most xenoliths have

ratios of more than 1.4 (Condie 1999). On the  some suites such as those in

Germany and the Eastern  desert in California appear to sample chiefly Hessian

plume components in the lower crust.

Similar results are apparent on an  graph when the entire mafic xenolith

suite from a given location is considered as cogenetic (Fig. 6.13). The №40 value is

the Ni content in ppm at a  number of 40, determined by plotting  number

against Ni content for a suite of cogenetic xenoliths (Condie 1999). Mean values for

most suites scatter between arc and plume sources. Again, Eastern Mojave and Hessian

sites suggest a dominant plume source, and Chudleigh, San Francisco, Navajo, and

Geronimo volcanic fields show arc�dominated sources, although with unusually high

№40 values at some sites.

Some arc magmas are intruded into oceanic plateaus before plateau collision with

a continent. For instance, both the Caribbean and Ontong Java plateaus have marginal

arc systems on one or more sides, and arc magmas are probably intruded at deep

levels in these plateaus around their margins (Tejada et al. 1996; Kerr et al. 1997b).

Other arc magmas are clearly intruded into plateaus after their accretion to a continent,

figure  An  versus №40 diagram showing the distribution of lower crustal mafic xenoliths.

References given in Condie (1999). Chud = Chudleigh, Australia; McB =  Australia; Ger

 Geronimo, Arizona;  Massif Central, France; SVF  San Francisco volcanic field, Arizona;

 = Navajo volcanic field,  Mexico; Hog�Hoggar, Algeria; Hes = Hessian, Germany;

fcifel = Germany; Kaapvaal = South Africa; E Mojave = California. №40 is the Ni  at a Mg

number of 40.
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as for instance, in Wrangellia (Condie 1997c, 1999). Perhaps one can approximate
the ratio of arc to plume components in the lower continental crust using the num-
ber of samples from a given xenolith site with  ratios above and below
respectively (see Fig.  If the available xenolith database is representative of the

 lower continental crust and an  value of 1.4 is used to separate arc
from plume components, approximately one-third of the lower crust comprises plume
components, and the remaining two-thirds are arc components (Fig.  This, of
course, is based on the assumption that the  ratio has not been changed during
high-grade metamorphism and that the original basalts were not significantly contam-
inated with continental crust.

Another important aspect of this problem is that plume components can also be
added to the lower crust by later  Hence, the value of one-third for plume
component in the lower crust is a maximum value for the amount of accreted oceanic
plateau component, for some of the xenoliths may come from later underplated plume-
derived basalts. The only way to distinguish xenoliths coming from accreted plateaus
from those coming from plume-derived mafic  is by using isotopic ages:
accreted plateau basalts should be no younger than the age of deformation in an
whereas underplated material is generally younger than this age. Because it is difficult
to date mafic xenoliths, we have few reliable isotopic dates. Nd and Pb isotopic data
from some mafic xenolith localities suggest that the lower and upper crust are similar in
age  thus, both probably represent juvenile crust  et  1993; McGuire
and Stern 1993; Huang et al. 1995). Geochemical data from these suites, however,
suggest arc rather than plume components dominate in the lower crust. Sr,  and
Pb isotope studies from other mafic xenolith localities, however, clearly suggest later
mafic underplating of the crust from plume sources (Downes et al.  Rudnick
et al. 1986; Rudnick 1990; Rudnick and Goldstein  et al. 1990; Huang
et al. 1995). Although some of the arc components may be  contaminated
plume components, it is unlikely that all of the arc components in the lower crust
have this origin. This is because the degree of contamination necessary to change
the  and various isotopic ratios from plume to arc signatures would also
change the major element composition of the mafic rocks to intermediate compositions

 et al. 1990), a change which is not observed in most lower  mafic
xenoliths.

Considered as a whole, the mafic xenolith data suggest that a minimum of one-third
of the post-Archean continental crust comprises mafic rocks from plume sources, either
as accreted oceanic plateaus or as mafic underplate (Condie 1999). Because crustal and
host magma contamination may raise such ratios as  and  in xenoliths, the
value of one-third is a minimum value for the post-Archean lower crust.

Making Continental Crust from Oceanic Plateaus

Although it is likely that an unknown volume of the continents consists of plume-
generated magma, either as accreted oceanic plateaus or as mafic underplate, the ques-
tion of whether felsic upper crustal igneous rocks can be generated by partial melting
of the mafic roots of oceanic plateaus (or plume underplate) is problematic. At severa
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an important component in the lower continental crust, they are not conclusive because
later  of the continents by mantle plume magmas may also produce high-
velocity cumulates and sills. For instance, such underplating is widely recognized along
passive continental margins, as  discussed.

As discussed above, if oceanic plateaus are important in the lower crust, mafic
xenoliths derived from the lower crust should carry the geochemical signatures of
oceanic plateau basalts. Unfortunately, results are complicated by arc-derived basalts
and  contained in oceanic plateaus, upper crustal contamination of basaltic

 remobilization of elements during high-grade metamorphism, and  by
later plume- and  magmas injected into the lower crust (Downes
et  1990; Rudnick 1992b; Downes 1993; Rudnick  Fountain 1995). Also, at given

 localities, the range of compositions can be large, reflecting a mixture of plume
and arc-derived components in the lower crust. Clearly, it is going to be a challenging
problem using  Sr, and Pb isotopes to sort out accreted plateau sources from later

 plume magmas in lower crustal xenolith suites.
Still another aspect of the xenolith argument is that  metased-

 xenoliths, although minor in number, are recognized in most lower crustal
suites (Rudnick 1992; Downes 1993;  et al. 1997). That these sediments are not
deposited on oceanic plateaus cannot be used to negate the existence of oceanic plateaus
in the lower crust because rocks of diverse sources can be tectonically mixed during
plateau-continent and plateau-arc collisions.

Another attractive feature of the oceanic plateau accretion model is that it can account
for the common lack of a positive Eu anomaly in lower crustal rocks (Rudnick 1992b;
Mattie et al. 1997) because a positive Eu anomaly is predicted if lower crustal rocks
are cumulates or restites in which plagioclase remains behind during formation of the
upper crust. In the oceanic plateau accretion model, the upper and lower crust have two
quite different sources and much of the  produced during formation of
the upper crust is recycled into the mantle,  than remaining in the lower crust. A
mixture of cumulate-restite and liquid in the lower crust results, on average, in little
if any Eu anomaly, although in  lower crustal xenolith suites both positive and
negative Eu anomalies have been reported (Rudnick 1992b).

The most convincing test for oceanic plateau accretion as a process of continental
growth is to identify young accreted oceanic plateaus that are in the process of evolving
into continental crust. It is well established that the Mesozoic Cordilleran crust in
northwestern North America is relatively immature  on the whole, more mafic
composition than  cratonic crust (Condie and Chomiak  and

 Wrangellia, the dismembered oceanic plateau accreted to
North America in the Late Cretaceous, may provide a test for this continental
model (Condie 1997c). On the basics of results from several seismic reflection
from the LITHOPROBE project in Canada (Clowes et al. 1992; Varsek et al.
Wrangellia can be traced laterally at depth into central British Columbia (Fig.
The eastern margin of Wrangellia is a major  fault system (the

 fault system) separating the accreted oceanic plateau from the
craton. Although greenstone basalts with both arc and plume geochemical
occur in Wrangellia, the average composition of these basalts clearly is
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INDEX MAP
Figure  Speculative geologic cross section of southeastern British Columbia, Canada, showing

possible extent of Wrangellia. Modified after Clowes et al.  and Condie  INS = Insular belt

(Alexander + Wrangellia); CB = Coast Range batholith; CA = Cadwallader  BR = Bridge

River terrane;  =  belt.

character. Since accretion to the North American craton, the upper crust in Wrangellia

has been intruded by the Coast Range batholith, a complex of felsic plutons carrying

a subduction�zone geochemical signature  and Та depletion) and having juvenile

isotopic characters (Samson and Patchett 1991; Brandon and Smith 1994). Also, the

 arc system and its predecessors have been erupted on the surface of

Wrangellia. With the emplacement of the Coast Range batholith and the eruption of

arc volcanics, the upper crust of Wrangellia has become more felsic and appears to

be evolving into more typical upper continental crust. Perhaps Wrangellia provides us

with a young and still evolving example of how continental crust is formed from two

sources: the lower crust from an accreted oceanic plateau and the upper crust from

subduction�related processes.

What the Future Holds

 ongoing studies of continents suggest that continents,  and water go

"and in hand. However, the details of how arcs, which are largely mafic, evolve into
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felsic continental crust still remain problematic. In any case, hydrous melting of mafic
sources is important to form felsic magmas to make continental crust. What about the
role of mantle plumes in making continents? Although geochemical arguments clearly
favor arcs in making continental crust, we cannot yet eliminate plume contributions.
First and foremost, more effort is needed to see through melting, crustal contamination,
and  effects in lower crustal rocks to sort out plume and arc components.
If the bottom line eventually shows that plumes are of little importance in the growth
of continents, we are then faced with an even more difficult and intriguing question:
Why? If thick oceanic plateaus are not accreted to continents, what is their fate? If
the lower crust does not contain an important  mantle plume
how did it escape  when plumes have bombarded the continental as well
as the oceanic lithosphere through time? Answers to these questions should be very
important in understanding how continents evolve and how they are related to the
convecting mantle.

Another fascinating question is, what does the oceanic plateau model imply about
the origin of the first continents? The earliest continents, in fact, may have started
out life as oceanic plateaus (Abbott and Mooney 1995). Some may have formed by
collision of ocean-ridge and oceanic plateau crustal blocks, followed by subduction
zones developing around their margins. Partial melting of the deep mafic roots of the
thickened blocks or of mafic rocks in descending slabs around their margins (Martin

 may have led to the production of felsic magma that was emplaced at
crustal levels, forming the first felsic crust. Because buoyant subduction is thought to
have been more important in the  than afterwards (Abbott 1996), and because

 oceanic crust may have been similar in thickness to oceanic plateaus (up
to 20 km) (Sleep and Windley 1982), both oceanic crust and oceanic plateaus may
have been accreted to the margins of the first Archean continents. Such collisions may
have been very important during the Late Archean when the first supercontinent formed
(Rogers 1996; Condie  1999). If these ideas survive, they clearly imply that
mantle plumes were important in nucleating continents, then subduction took over in
producing the felsic component in continents. Why do we not see this process occurring
today, or do we see it and not yet recognize it?

This brings us to another question that will be returned to in Chapter 8. Has mantle
plume activity been episodic  if so, what should we look for in the geologic record
that records this



Plate  Distribution of seamounts in the Pacific basin based on satellite gravity  data. The
size of each cross is proportional to the maximum vertical gravity gradient. Small seamounts, blue;
intermediate seamounts, green; and large seamounts, orange. Bold lines are plate boundaries, dotted
lines are fracture zones, and dashed lines are troughs. Reproduced with permission from Wessel and
Lyons (1997). Copyright © 1997 by the American Geophysical Union.



Plate 2. Shear wave velocity and corresponding density model for three depths in the mantle. Blue =
higher than average velocity and density; red = lower than average velocity and density. Map
given in  Courtesy of Miaki

Plate 3. Sinusoidal projection of the Venusian surface centered at 180° longitude. Many large shield
 rest on geoid highs, and rifts tend to connect geoid highs. Most coronae lie along the rift

systems  away from geoid highs and lows. Reproduced with permission from Herrick (1999).
Copyright © 1999 by the American Geophysical Union.



Plate 4.  anomaly cross section beneath Iceland showing a low-velocity anomaly that extends to
the base of the mantle. Reproduced from Bijwaard and Spakman  with permission. Copyright ©
1999 by Elsevier Science. Red  slow, yellow  normal, and blue  fast velocities.



Mantle Plumes in the Archean

There is considerable interest in the role that mantle plumes may have played in Archean
 Ga) magma production,  production of oceanic plateaus,

and in cooling of the mantle (Abbott 1996; Tomlinson and Condie 2001). Mantle
temperatures must have been higher in the Archean, and hence the sinking of buoyant
oceanic lithosphere into the mantle can account for only a small fraction of Archean heat
loss (Bickle  Davies  Although plumes today account  no more than about
10% of the Earth's heat loss, the question of whether plumes were more important in
cooling the mantle during the Archean is an important unknown in terrestrial thermal
history (Davies 1993). If plumes were more important in the early stages of Earth
history, as suggested by Fyfe  perhaps the Archean Earth was more like Venus
is today.

In this chapter we will review methods that have been used to identify Archean
mantle plumes by using igneous rocks derived from plume sources and discuss the

 in terms of mantle evolution.

Tracking Plumes into the Archean with Greenstones

How do we evaluate the role of mantle plumes in the early history of Earth? Three
 approaches to this question are well established. First, it is well known that rock

 in oceanic plateaus and flood basalts differ from those in oceanic crust,
 islands, and arc systems (Condie  et al. 2000). In principle, we

 be able to track plumes through the geologic record by using greenstones, flood
 and giant dyke swarms. A second approach is to use the chemical composition

igneous rocks in greenstone successions (Condie 1997a; Kerr et al. 2000).
 incompatible element distributions are particularly sensitive

 sources within the mantle. And finally, the distribution and composition
 in the geologic record may give us important information on the depth,
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temperature, and importance of plume magma sources with time. We will now review
each of these approaches.

Greenstone  Associations

If we are to use greenstones to track ancient mantle plumes, we must be able to distin-
guish between the various tectonic settings in which greenstones form. We can generally
identify greenstones formed in continental settings (such as rifts, hotspots, cratons) by
their  field, lithologic, and geochemical characters (Condie
Kerr et  2000). However, to distinguish among greenstones formed in various oceanic
settings is more difficult. From our database on modern oceanic plateaus and recently
accreted oceanic plateaus (such as Wrangellia and the Caribbean plateau), oceanic
plateaus  composed chiefly of pillow basalts and related hyaloclastic deposits, and
mafic sills and various cumulate rocks (including  become progressively
more important with depth  et al. 1996; Kerr et al. 1997a). In addition, young
oceanic plateaus, such as Ontong Java, are overlain by a thin veneer of pelagic carbon-
ates and chert (Berger et al.  contain similar rock types, and indeed it is
difficult to distinguish plateau-related from ophiolite-related greenstones if the distinct
ophiolite stratigraphy (including sheeted dykes and  is not preserved.

Thurston and Chivers (1990) showed that Archean greenstones comprise several
different lithologic assemblages. Most appear to represent arc assemblages (Condie
1994). However, two assemblages may represent remnants of  and thus reflect
mantle plume sources. Both are largely or exclusively submarine. Archean mafic plain
assemblages contain a large proportion of pillow basalt with variable amounts  komati-
ite and small amounts of chemical sediments such as chert and banded iron-formation

 volcanic rocks are uncommon in these greenstones. Plat-
form assemblages, which commonly overlie felsic basement, also comprise chiefly
submarine basalts and komatiites. In some cases, a basal unconformity is preserved
with tonalite conglomerates and sandstones (such as Steep Rock and North Caribou
Lake greenstone belts, western Superior Province). In addition, platform successions
contain carbonates, BIF, and minor amounts of felsic volcanic rocks. In some cases,
platform volcanic sequences contain  zircons inherited from the basement and
thus appear to be variably contaminated with upper continental crust (Tomlinson et al
1999). The mafic plain succession is thought to represent a remnant of an oceanic
plateau, whereas the platform succession may have been erupted through, or deposited
on, continental crust.

Most Archean greenstones are  or superterranes that contain several to
greenstone blocks amalgamated to make one greenstone "belt" (Thurston
1994; de Wit and Ashwal 1995;  et al. 1998). The giant 2.7-Ga Abitibi
belt in the Superior Province of Canada, for instance, contains  or more tectonicalljjl
juxtaposed blocks, each with its own distinct rock sequences and
(Desrochers et al. 1993; Xie et al. 1993). These are generally grouped into one
five "domains" (Fig.  Several of the Abitibi domains comprise the mafic
association and are interpreted as remnants of oceanic plateaus and arcs that
2.7 Ga (Polat et al. 1998, 1999). Four greenstone successions from the
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Figure  Generalized map showing distribution of accreted tectonic domains in the Late
Abitibi greenstone belt, southern Ontario. Modified after Desrochers et

have been described as plume-generated magmas (Xie  Some arc volcanism,
as that in the Val d'Or  occurred after collision of most of the Abitibi domains
(Desrochers et al.  Numerous greenstones in the western Superior Province have
mafic plain associations and appear to be the products of plume
et al. 1999; Tomlinson and Condie 2001; Ken et al. 2000). For example, the 2.97-Ga

 Lake greenstone succession in western Ontario is dominated by mafic volcanic
rocks, mostly pillow basalts, but also contains komatiite flows, chemical and clastic
sediments, and minor felsic volcanics (Fig. 7.2). Basalt flows commonly have massive
lower portions and pillowed tops; individual flows are occasionally separated by thin
units of  or chert - probably of hydrothermal origin. Komatiite flows typically
have  tops and cumulate bases and are associated with pyroclastic
komatiites.

 7.2. Generalized stratigraphic sections of Archean  associations. Data from
 (1992), Barley (1993), Lowe (1999), and Tomlinson et al. (1999).
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Another example of a plume-related greenstone with oceanic plateau affinities is
the  greenstone in Zimbabwe. This 2.7-Ga greenstone succession includes up
to 6.5 km of komatiitic and basaltic flows of the Ngezi Group (Fig. 7.2)  et

 Kidd  Pillow lavas are common throughout the Ngezi Group, but
only the Zeederbergs Formation contains abundant  aloclastic breccias and
beds.  overlying this mafic plain sequence is the Cheshire Formation, a
sequence of siliclastic sediments, chert, and carbonates that may represent hydrothermal
deposits associated with plume volcanism.

Of the few known Early Archean greenstones  Ga), the two best preserved
examples  and Pilbara) both comprise, in part, mafic plain associations. The
3.5-Ga Barberton greenstone in South Africa, which again is an amalgamation of
terranes, is composed of up to 10 km of a succession of pillowed basalts, komatiites,
and associated chert and carbonate (Lowe et al. 1985; Lowe 1999) (Fig. 7.2). Both
sediments and submarine  were formed in a broad basin - perhaps on top of
an oceanic plateau. The development of weathered surfaces on some flows indicates
at least localized  exposure during eruption of the magmas. Komatiite flow
sequences usually end with komatiitic tuffaceous units, which, in turn, are overlain
by shallow-water chemical sediments (chert and carbonates). Low-temperature
hydrothermal alteration resulted in widespread  of komatiitic flow tops.
In contrast, basalt eruptions were largely subaqueous flows with little evidence of
pyroclastic eruptions. Another characteristic of the Barberton succession is that
the volcanism is strikingly bimodal with small volumes of dacitic to rhyolitic tuff
associated with the basalts and komatiites.

In the Pilbara craton in Western Australia, the Warrawoona greenstone succession
(3.46 Ga) consists of three sequences  1993; Barley 1993). The lower Taiga
Taiga sequence, composed chiefly of submarine basalt, gabbro, and diabase interca-
lated with minor cherry sediments, is a mafic plain succession of probable plume origin
(Fig. 7.2). Overlying this sequence is the Duffer sequence composed chiefly of
alkaline volcanic rocks and associated sediments probably of arc origin. And finally, this
succession is capped with the Salgash sequence, comprising again a mafic plain suc-
cession of basalts, komatiites, and  sediments. Thus, two of the three greenstone
successions in the Warrawoona Group appear to have plume affinities.

From a total of  Archean greenstones for which  proportions are available,
65% have arc affinities and 35% oceanic plateau or  affinities (Condie 1994,
Condie 1997c). Out of 96  greenstones, only about 10% have
plateau or MORB affinities. Thus, in greenstones of all ages, lithologic proportions
show that arc-types greatly exceed oceanic plateau and MORB types in abundance.
However, Archean greenstones clearly contain a larger proportion of examples
plume affinities than post-Archean greenstones.

Greenstone Geochemistry

One way to track the relative importance of mantle plumes in the Archean is from
geochemical signatures in greenstone basalts and lower  xenoliths (Condie
1997c, 1999; Campbell et al. 1989; Campbell 1998;  et al. 2000). As
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Figure 7.3. (СаО/А120з)8 versus (FeOT)g graph showing the average compositions of basalts from

mafic�plain Archean greenstone associations. Data from  et al.  and Condie

 and Green et al. (2000). See Figure  for other information.

in Chapter 3, oceanic plateau basalts (OPB) generally show flat, incompatible element

distributions with slight depletion in the most incompatible elements in some sequences

(Fig.  In contrast, arc�related basalts show negative Nb�Ta anomalies  in some

instances, negative Th, P and Ti anomalies. The most striking distinction between arc�

related and oceanic nonarc�related basalts is the negative  anomaly

and Gamble  which may be used to constrain the tectonic setting of oceanic

basalts in Archean greenstone belts (Condie  In addition, young oceanic plateau

basalts typically have relatively flat, chondrite�normalized REE patterns in contrast to

 which are depleted in light REE. The  and iron contents of basaltic

magmas are sensitive indicators of the depth and degree of melting (Chapter 4). Average

values of these indicators calculated at  8% are shown in Figure 7.3 for examples

of Archean greenstones with mafic�plain assemblages. Although these greenstones

overlap the oceanic plateau field and show a range in melt fraction and depth of melting,

most appear to come from plume sources deeper than those of young oceanic plateaus.

As shown in previous chapters, the  diagram is useful in constraining

the source composition of basaltic magmas. Contamination of plume�derived magmas

with upper continental crust raises  and  ratios, and samples generally

upon mixing arrays between  Archean upper continental crust and a mafic end

member in the OPB  fields (Fig.  In some instances, it is possible to iden�

tify crustal contamination trends in Archean greenstone belts (Sun et al.  Condie

1994). In these cases, OPB can acquire a  geochemical signature

by upper crustal contamination. Some Archean greenstone belts have been described

as arc or back�arc�type based on limited or ambiguous geochemical data, and these

 also represent crustally  plume�derived magmas. The only reliable

 to sort out crustally  plume�derived basalts from subduction�related

 is by  association. Arc�related basalts, which can be interbedded with
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Figure 7.4. Map showing distribution of Archean greenstone belts in western Canada. Numbered
localities are greenstones with plume affinities based on both  and geochemical data. After
Tomlinson and Condie (2001). 1, Boston township; 2, Tisdale township; 3,  township; 4,

 Group; 5, southern Onaman-Tashota terrane; 6, Heaven Lake belt; 7, Lumby Lake belt; 8,
Steep Rock belt; 9, DiAlton Lake-Toronto Lake belt; 10, Pickle Lake belt;  Red Lake belt; 12,
North Caribou Lake belt.

plume-related basalts  et  Hollings et  are typically associated
with intermediate to felsic volcanics and  Field and geochemical data
vide strong evidence that plume and arc processes operated synchronously or
tently at the same location during development of many Archean greenstones.

Archean basalts from the mafic plain assemblage typically have  distri-
butions similar to young oceanic plateau basalts (Tomlinson et al.  Tomlinson and
Condie 2001). In the western Superior Province in Canada (Fig. 7.4), about 60% of the
basalts fall in or near the field of  oceanic plateau basalts, and  fall in
field of ocean island basalts on the  diagram (Figs.  and
Several of the  greenstone assemblages in the northwestern
Province are identified as plume-generated sequences that erupted through thin conti-
nental basement, and these are generally of similar age (Hollings and Kerrich 1999;
Tomlinson and Condie 2001). Some basalts and komatiites in the Red Lake
belt are inferred to have interacted with older felsic crust based on geochemical
dence of  contamination (Tomlinson et al. 1998). These define the high
and  part of the field for the western Superior Province. As mentioned previously,
many of the Abitibi greenstone successions appear to represent accreted oceanic plateau
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La/Yb
Figure  A  versus  graph showing the distribution of Archean basalts from greenstones

with mafic�plain assemblages. Data sources: Puchtel et al.  and Tomlinson and Condie (2001).

See Figure 5.S for other information and comparison with  basalts.

and oceanic island fragments (Desrochers et al. 1993; Xie et al. 1993). The  and

 ratios for basalts from these Abitibi sequences show a greater range of values

compared with those of modern plume�generated basalts, as evidenced by data from

Tisdale, Boston, and Munro townships (Fig. 7.5) (Tomlinson and Condie 2001).

On the basis of stratigraphy and geochemistry, the Kostomuksha and

 greenstone belts in the southeastern Baltic shield (2.9�3.0 Ga) are interpreted

to represent portions of obducted oceanic plateaus (Puchtel et al. 1998, 1999). These

successions are dominated by mafic volcanics with lesser amounts of komatiite, gabbro,

and komatiitic pyroclastic rocks. The Kostomuksha sequence is capped by chemical

sediments and felsic volcanic rocks. In terms of  ratios, komatiitic and basaltic

lavas from these belts are similar to modern oceanic plateau basalts (Fig. 7.5). The

ratios are slightly lower than modern OPB, reflecting more depleted mantle sources.

Basalts from the  and  Groups also show oceanic plateau

affinities on the  plot (Fig. 7.5). The  3.46�Ga North Star Basalt is

the lowest stratigraphic unit in the Taiga Taiga sequence of the Warrawoona Group

(Fig. 7.2) (Barley  Lavas in this unit range from massive to pillowed and are

commonly associated with hyaloclastic breccias, which indicates subaqueous eruption.

North Star basalts plot in and above the OPB field on the  diagram (Fig.

 The trend of high  ratios leading toward upper continental crust suggests

 contamination (Condie 1994). Basalts from the 3.5�Ga Onverwacht Group in

 belt of South Africa also show increasing  with  but with

 lower  ratios than the North Star basalts. This may reflect a plume source
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with enriched components  2). Basalts from the Ngezi Group of the Belingwe

belt  Zimbabwe plot within the North Star field on Figure 7.5, which is again

suggestive of plume�generated magmas contaminated by upper continental crust.

Geochemical signatures of Archean plume�generated greenstones may be more di�

verse than those of most modern oceanic plateau volcanic sequences. This is partly

due to crustally contaminated plume magmas with elevated  ratios, but some of

the oceanic Archean greenstone sequences show higher  ratios and lower

ratios than young oceanic plateau basalts. The relatively high  ratios in some

Abitibi greenstone sequences may reflect recycling of continental crust within mantle

plumes, whereas lower  ratios may be ascribed to light REE depletion of the

source owing to previous melt extraction. High  ratios in komatiites and basalts

that result from heavy REE depletion combined with negative Zr and Hf anomalies (see

the next section) suggest the presence of majorite garnet in the restite and melting at

depths of 300�600 km (Xie et  1993).

Komatiites

Overview

Komatiites are high�temperature,  volcanic rocks containing more than

MgO  and  1982). Although the tectonic setting in which komatiites

form is still uncertain, most investigators agree that their high liquidus temperatures

require an anomalously hot mantle plume source (Campbell et al.  Xie and

1994;  1995). Komatiites are rare after the Archean and are especially rare in

Phanerozoic greenstones. The only well�documented examples in the Phanerozoic are

the komatiites on Gorgona Island west of Ecuador, which appear to be related to the

Caribbean oceanic plateau (Storey et al. 1991). They were probably derived from the

hot plume tail of the Galapagos  about 90 Ma (Kerr et al. 1996b). Komatiites

are common in Archean mafic�plain greenstones, where they comprise up to 30% of

the succession (Fig. 7.6). In most of these greenstones, however, they comprise 5% or

less of the succession, and in Archean arc�type greenstones they are absent (de Wit and

Ashwal  After the Archean, komatiites decrease rapidly in abundance.

Heads It's Basalts, Tails It's Komatiites

Komatiites with high MgO (25%) and low water contents  have estimated liq�

uidus temperatures of 1410�1420  (Grove et al. 1997). For those Archean komatiites

with the highest MgO contents (27�30%), implied dry eruption temperatures  on

the order of  (Arndt). If the magmas contain appreciable water, as suggested

by some investigators, these temperatures could be lower by  °C (Grove et al.

1997). However, if Archean komatiitic magmas were relatively dry, the temperature

difference between the sources of associated basalt and komatiite is

equates with potential source temperatures of komatiites of the order of  С

more compared with basaltic magma source temperatures of 1400  (Campbell e

1989). This implies either or both (1) the Archean mantle was hotter than the modern

mantle or (2) komatiites came from anomalously hot regions within the mantle.
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Age (Ga)
Figure 7.6. Abundance of komatiite in greenstones as function of age. After de Wit and Ashwal

(1995).

To accommodate the difference in dry liquidus temperature between tholeiitic basalt

and komatiite with a single mantle plume source, Ian Campbell and colleagues at the

Australian National University published a paper in Nature with the title "Heads It's

Basalts, Tails It's Komatiites" (Campbell et al.  A mantle plume source for komati�

ites provides a local high�temperature region in the plume tail, but at the same time the

plume  which has been cooled with entrained mantle, provides a more normal tem�

perature source for associated basaltic magmas. This model supports the idea that ko�

matiites are associated with mantle plumes and that Archean mafic�plain greenstone as�

 which contain komatiites, are the products of plume�generated

Geochemistry

 groups of komatiites are recognized in the Archean.  komatiites

lave near chondritic  and  ratios as well as relatively flat, heavy REE

 these komatiites show flat or depleted incompatible element distributions

Fig. 7.7). In contrast,  komatiites have low  and Ti/Zr ratios

 fractionated REE patterns and usually show relative enrichment in incompatible

 1994). Some greenstones contain one or the other type of komatiite,

 other greenstones like the Abitibi and Lumby Lake greenstones in the Supe�

 Province of Canada include both Al�depleted and Al�undepleted types, often in the

 succession (Xie et  1993; Tomlinson et al. 1999). Al�depleted komatiites come

 sources in which garnet (probably the high�pressure garnet,  remains

 restite after melting, whereas Al�undepleted komatiites come from sources in

 garnet does not remain in the restite (Jochum et al. 1991). With high�precision

 element analyses it is possible to detect relatively small anomalies on

ЭДие normalized plots � anomalies that have proved to be extremely important in

 the depths at which komatiitic magmas are produced. Negative

 common in some komatiites and appear to reflect contamination with
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Figure 7.7.  element distributions in Archean komatiites. Data from Xie et al. (1993),

 (1994), Fan and  (1997), and Tomlinson et al. (1999). Other information given in

Figure

continental crust, as illustrated by komatiites from Kambalda in Western Australia

(Fig. 7.7). Many Al�depleted komatiites show negative  anomalies, which proba�

bly reflect  garnet  (Fig. 7.7, Boston and Lumby Lake). In contrast,

Al�undepleted komatiites either show no  Та, Zr, or Hf anomalies or show positive

 and Zr�Hf anomalies (Lumby Lake and  (Fan and Kerrich  If these

elements were not remobilized during metamorphism or alteration, the latter feature

may reflect perovskite addition.

The  and  ratios are very useful when plotted against

ratios in distinguishing three major evolutionary paths recorded in komatiites: majorite

fractionation, perovskite addition, and crustal contamination (Fig. 7.8). The starred

values in each ratio are interpolated values on primitive�mantle normalized plots.

When plotted against the  ratio, Nb, Zr, and Hf evolutionary paths devi�

ate from the cross�over point (ratios equal to 1) in opposite directions. The

greenstone sequence at Kambalda in  Australia is well known for its

that have interacted with continental crust (Arndt and  1986; Lesher and Arndt

1995). The  sequence comprises komatiites, komatiitic basalts, and tholei�

ite flows. As discussed by Lesher and Arndt (1995), crustal contamination is minimal

in the lower parts of the section but shows a general rise with increasing

height. Komatiites that have undergone crustal contamination show large negative

Nb�Ta anomalies, relatively enriched incompatible element patterns, and plot on the

crustal contamination trend in Figure

High�pressure experimental studies show that komatiitic melts can be produced by

either large degrees of melting of mantle rocks  at low pressures or by small

degrees of melting at high pressures  and Walker 1982; Herzberg 1995). Exper�

iments also confirm that at  majorite garnet and  perovskite
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Figure 7.8. Some  (a) and Hf/  (b) ratios versus  for Archean komatiites.  and
HP are interpolated values on primitive-mantle normalized graphs, and  is the  ratio
normalized to primitive mantle. Patterned areas represent komatiite data, and arrows are calculated
liquid trends for the processes indicated. Diagrams modified after Xie et al.  Xie and Kerrich
(1994), and Fan and Kerrich (1997).

can fractionate high-field-strength  (HFSE) and rare earth elements (REE)
(Drake et al. 1993;  et al. 1994). Because distribution coefficients of these

 change from low pressure (olivine, pyroxenes), through intermediate pressure
: (olivine,  garnet), to high pressure  perovskite),
,  possible to place constraints on the depth that komatiites segregate from their

 in mantle plumes using HFSE and REE distributions (Xie and Kerrich
Fan and Kerrich  Majorite garnet fractionation is recognized by negative Zr and

 anomalies with no effect on  distributions (Fig. 7.8). These features, which
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characterize  komatiites and basaltic komatiites, reflect magma segregation

at depths of 425 to 540 km (Agee 1993).

At pressures exceeding 24 GPa,  perovskite (hereafter perovskite) be�

comes the major liquidus phase in the mantle (Drake et al. 1993). Because  Та, Zr

 Hf are all compatible in perovskite, whereas light REE are incompatible, komatiitic

melts generated at depths below the  seismic  should be enriched in

REE but depleted in  Та, Zr, and Hf given that perovskite is left in the restite (Drake

et al. 1993). The opposite trends result from melting of a perovskite�enriched source or

by accumulation of perovskite in komatiitic melts. Positive Nb, Та, Zr and Hf anomalies

in komatiites from  township in the Abitibi belt (Figs. 7.7 and 7.8) are interpreted

by Xie and  (1994) to reflect melting in a deep mantle plume source that was

previously enriched in perovskite. These rocks plot in the perovskite�added field in

Figure  and (b).  successions within the Abitibi greenstone

belt show a wide range of compositions and of HFSE and REE  (Xie and

Kerrich 1994; Fan and Kerrich 1997). Unlike the Munro komatiites, Tisdale komatiites,

which do not show HFSE anomalies (Fig. 7.7), were likely produced by large degrees

of melting of the upper mantle at shallow depths. Komatiites from Boston Township, on

the other  show incompatible element enrichment and negative  anomalies.

These magmas were produced by partial melting at greater depths  km), leav�

ing  garnet in the restite. Because the Munro, Tisdale, and Boston successions

occur in different  that accreted at 2.7 Ga to make the Abitibi belt, it is possible

that each had a different mantle plume source when it  and that komatiitic melts

segregated at different depths in each plume.

In the  Lake and Wawa greenstone belts in western Ontario, Al�depleted

komatiites with an  geochemical signature are depleted in heavy REE and display

negative Zr and Hf anomalies (Fig. 7.7). These features are explained by Tomlinson

et al.  to represent melting with  garnet  in the hot axial core

of a mantle plume. On the other  basalts and  komatiites with an

OPB geochemical signature from the same succession represent melting at shallower

depths, and these may have come from the plume head (Tomlinson et al. 1999). If so,

this indicates tapping of a chemically heterogeneous plume at different depths.

Archean Flood Basalts

The oldest well�documented continental flood basalts are the  (2.7 Ga) and

 (2.77 Ga) successions in South Africa and Western Australia, respectively.

The Ventersdorp lavas were erupted on the Early Archean Kaapvaal craton and the

Fortescue on the Early Archean  craton  et al.  Nelson et al. 1992).

The Fortescue Group includes several  units composed chiefly  tholeiitic

basalts with smaller amounts of basaltic komatiite, mafic and felsic tuffs, and felsic

pyroclastics (Barley et al. 1992). Sedimentary rocks are common in the Fortescue

Group and include chiefly epiclastic and terrigenous sediments and minor

Preserved sections are up to 5 km thick, and  tholeiitic flows dominate. Basalts

rest directly on Early Archean basement over much of the Pilbara craton. Sedimentary

rocks were deposited in lacustrine, deltaic, and various alluvial fan environments.
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La/Yb
Figure 7.9. A  versus  graph showing the distribution of the Late Archean

and  flood basalts. Data from Nelson et  (1992) and Crow and Condie (1988). See Figure

5.8 for other information and comparison with modern basalts.

The Ventersdorp volcanics in southern Africa were erupted on older cratonic sedi�

ments that accumulated in an extensional basin (Bickle and Eriksson  The Ven�

tersdorp Supergroup is divided into three groups. The most voluminous volcanics are

represented by flood basalts of the  Group, which includes basaltic

komatiite and tholeiite flows (Schweitzer and Kroner 1985; Crow and Condie 1988).

Following eruption of this group, volcanism was more  and included intermediate

and felsic units, and eruptions were interspersed with active faulting and sedimentation.

Final stages of volcanism are characterized by tholeiitic basalt flows.

Both Fortescue and Ventersdorp basalts are relatively enriched in incompatible el�

ements and show light REE�enriched patterns (Crow and Condie 1988; Nelson et al.

1992). Basalts from both groups have very high  and  ratios with the

ratio higher than in most Phanerozoic flood basalts (Fig. 7.9). This suggests consid�

erable contamination of the magmas by the upper continental crust. Both sequences

have negative  values  to  which also are consistent with

contamination (Nelson et al.  The intermediate and felsic components appear to

be the products of fractional crystallization accompanied in some instances by crustal

assimilation. The presence of xenocrystic zircon in Ventersdorp basalts also is strong

evidence for crustal contamination of these lavas.

Ventersdorp and Fortescue flood basalts have many features that are consistent

 derivation from mantle plumes during decompression melting. In both

 basaltic komatiites reflect a high temperature source � probably in the plume tail.

Geochemical data and subsidence history suggest that both successions were erupted in
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short periods from a plume source that was 100-150  hotter than normal mantle, and
that lithospheric rifting allowed the plumes to rise to relatively shallow depths (White
1997). Once melts reached crustal levels, they were able to travel large distances, both
as flows and as dykes and sills in the middle crust.

Plume-Head  of the

One of the outstanding problems in Archean history is that of how the very
Archean lithosphere formed. A recent study of mantle lithosphere xenoliths from the
Archean Slave craton in northwestern Canada sheds light on this question. A sudden
change in the composition of mantle xenoliths in  from this area implies
a change in the composition of the Archean mantle lithosphere at a depth of about
145 km (Griffin et  1998). Garnets from xenoliths derived from depths less than
145 km are extremely depleted in Y,  Ti, and Ga, and the xenoliths have very high
MgO contents (F092-94) compared with the deeper mantle layer (Fo  The shallow
mantle lithosphere layer is similar in composition to mantle xenoliths from convergent
plate margins and may have formed in a similar tectonic setting during collision and
accretion of Archean arcs that now comprise the Slave craton. The sharp boundary in
the lithosphere at 145 km strongly implies a two-stage process in the formation of this
deep lithospheric root (Griffin et al. 1998).

Bearing on the origin of the deep layer are eclogite xenoliths from this layer contain-
ing diamonds with inclusions of the high-pressure mineral assemblage
+ Mg-perovskite, which is stable only at and below the  phase transition in the
mantle. This strongly suggests that the material in the deep lithospheric layer has been
transported from the deep mantle as a mantle plume. Griffin et al. (1998) proposed
a model for the Archean mantle lithosphere beneath the Slave craton where shallow,
strongly depleted lithosphere is formed at an active ocean ridge, subduction zone, or
both. This lithosphere, with associated arcs as represented by the  Super-
group, is accreted to form the Slave craton 2.7 Ga (Fig.  and (b)). At 2.6 Ga, a
mantle plume rises to the base of this newly accreted lithosphere, heating the lithosphere
and causing  of low-melting fractions, which leads to further depletion
and leaves an extremely depleted restite Figure  and (d). The study of Griffin
et al.  is important because it shows how mantle xenolith populations can be
used to detect  of the lithosphere by plume heads. It is possible that the
unusually thick lithosphere characteristic of Archean cratons may have resulted from
widespread underplating by largely restitic material from plume heads.

Secular Changes in the Mantle

The Appearance of Enriched Mantle

As discussed in Chapter 5, enriched mantle components  EM2,  probably
represent continental crust  lithosphere  and oceanic crust (HIMU) that
have been recycled into the mantle during subduction or during delamination and slab
break-off accompanying plate collisions. Only a few examples of Archean basalts with



 Schematic diagram showing development of two mantle lithosphere layers in the
 craton. The ultra-depleted shallow layer represents oceanic and subarc mantle, whereas the deep
 represents an accreted mantle plume head. Modified after  and Griffin et

 with permission of Oxford University Press.
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geochemical evidence for enriched mantle sources have been recognized (Tomlinson

et  Francis et  1999; Tomlinson and Condie 2001), and the first major record

for these sources appears in basalts at about 1 Ga (Condie, 1994, 1997b). Mantle

isochrons  Pb, Sr), however, suggest that geochemical domains began to be pre�

served in the mantle by about 2 Ga (Carlson 1994;  1997). Why are these

mantle components uncommon in most  greenstone basalts that were erupted

in oceanic tectonic settings? In particular, the HIMU component should be widespread

in Archean greenstones because the dominant crust in the Archean was likely oceanic

crust and was probably recycled rapidly into the mantle. One possibility is that basalts

with enriched mantle sources have been overlooked in Archean greenstones because

they are minor. Alternatively, as discussed in Chapter 5 (see Fig.  the enriched

components may not have survived in the Archean mantle owing to more rigorous con�

 Also, during probable  events at 1.9 and 2.7 Ga (see Chapter 8),

the mantle may have been well  losing much of the geochemical evidence for en�

riched and HIMU mantle domains. The similar  ratios in MORB and OIB mantle

sources (Fig. 5.7) is also consistent with this interpretation.

 as

Komatiites provide important information on thermal regimes in the early mantle be�

cause, as previously  under dry conditions they imply mantle temperatures

up to 400  higher than at present. Although Komatiites are generally assumed to

form by partial melting of the mantle under dry conditions, recent experimental studies

show that if water is present, the liquidus temperature of komatiitic magma is reduced

substantially  et al. 1998). Supporting the existence of hydrous komatiitic

melts in the Archean is the presence of a relatively small number of Archean komatiites

containing vesicles,  or both, and the occurrence of

clastic komatiites in some greenstones (Stone et al. 1997;  et al. 1998). However,

experimental data also show that it is difficult to erupt wet komatiitic lavas because

they should erupt explosively and show textural evidence of degassing, or they should

solidify before eruption (Arndt et al. 1998). Although pyroclastic komatiites may reflect

wet magmatic eruptions, they are rare in the geologic record. Also, the effect of water

on liquidus temperature is reduced at the high degrees of melting (30�50%) necessary ,

to produce komatiitic magmas. In addition, trace element distributions and isotopic

characteristics of komatiites indicate that their source was depleted in incompatible

elements, including water, before magma formation, leaving a dry source to melt Cr

content of olivine in equilibrium with  is also very sensitive to melting temper�

 Olivines with Cr contents greater than  ppm crystallize at temperatures

 whereas those with Cr contents less than  ppm crystallize at

below 1250  (Li et al. 1995). Both komatiite and basaltic komatiite typically have Cr

contents of more than 2000 ppm, confirming they are high�rather than

melts. This is in contrast to low�temperature,  island arc magmas that

olivine with Cr contents less than 800 ppm.

For these reasons, Arndt et al.  concluded most komatiites are derived from с

mantle sources and thus, that komatiite  temperatures can be used to
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source temperatures in the Archean mantle and to track the temperature of komatiite

sources with time.

How Hot Was the Archean Mantle?

From the liquidus temperatures of dry komatiitic magma it is possible to estimate the

potential temperature of the magma source region using the distribution of Fe and

between olivine and liquid (Ulmer 1989). Potential temperatures in the magma source

can be calculated from the empirical relationship between liquidus and source tem�

perature  and Bickle 1988; Abbott,  et  1994). Results of these

calculations indicate that the Archean mantle sources of komatiite were 200�300

hotter than modern  sources (Campbell and Griffiths 1992; Nisbet et al. 1993;

Abbott et al.  This, however, does not equate with a similarly elevated temper�

ature for the entire Archean mantle but only for  sources, which are

likely to be mantle plumes. Campbell and Griffiths  have argued that because

komatiites are a very minor component in Archean greenstones, it is the tholeiites in

these greenstones that more closely reflect the temperature of the upper mantle. Because

most Archean tholeiites have MgO contents of  which are values similar

to those of modern oceanic basalts, it would seem that the Late Archean upper mantle

was less than 50  hotter than modern upper mantle of about 1400

Because garnet is stabilized in the mantle relative to pyroxenes, the solubility of gar�

net in silicate liquids is  resulting in magmas that have very low concentrations

of  which are similar to many  komatiites  1995). Because

CaO varies much less with residual mineralogy, the  ratio is strongly pres�

sure dependent, and а  plot can be used to estimate the depth of

melting of primary picrite and komatiite magmas. As shown on Figure

picrites and komatiites less than  Ma have large  values and  ratios

near  In contrast, Late Archean komatiites have intermediate values of these indices,

and Early Archean komatiites have low  and high  ratios. This sug�

gests that young komatiites come from depths of up to  km, Late Archean komatiites

 An  versus

 showing the mantle solidus as a function

of increasing pressure. Pressure given in GPa.

 shown is the distribution of komatiite and

 as a function of age (patterned areas).

Modified after
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Figure  diagram showing the mantle liquidus and solidus relative to melt�

ing depths of  magmas. After Herzberg (1995).

from depths 150�200 km, and Early Archean komatiites from depths of  km

(Herzberg 1995). Similar depth regimes are apparent from phase equilibria relations

 and  1992).

The depth of magma segregation in a mantle plume is critically dependent on the

temperature of the source. Using the maximum  content of mafic and

lavas, one can calculate source temperatures from experimental data (Campbell and

Griffiths 1992). As illustrated in Figure 7.12, young komatiites and  have source

temperatures on the order of  whereas Late and Early Archean komatiites

have source temperatures of  °C and 2000 °C, respectively (Herzberg 1995).

Together with the compositional�pressure data in Figure  this suggests that both

temperature and depth of magma segregation in plumes has decreased with time �

presumably in response to the cooling of the  The cooling Earth model of

Richter (1988) predicts the Earth was hotter by  at 2.7 Ga and by 300  at

3.5 Ga. When compared with this model, it would appear that the average temperature

of plumes is 200�300  hotter than the temperature beneath ocean ridges throughout

geologic time (Fig. 7.13) (Herzberg 1995; Abbott et  1994b, Burgess et  1994). If

this is true, the secular compositional changes in komatiites (Fig.  may be the result

of a hotter bulk Earth rather than just hotter plume sources in the Archean. In any case,

the  Та, Hf, and Zr anomalies previously described in some Archean komatiites,

which require fractionation of very high�pressure phases at elevated temperatures, also

argue for hotter plume sources in the Archean.

Was the Archean Mantle

When normalized to Ti, which is incompatible during high�degree melting of the mantle

and also relatively immobile during secondary alteration and metamorphism,
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Figure 7.13. Temperature of  sources through time compared with the cooling Earth model

of  (1988). After  (1995).

and  Proterozoic  komatiites show enrichment in Fe compared

with  relative to younger picrites and komatiites (Fig.  (Francis et  1999).

Of what significance is this Fe enrichment? It would appear that Fe was somehow

enriched in plume sources older than about 1 Ga. Partial melts of mantle

with greater than  have bulk partition coefficients for Fe slightly less than

and thus their removal from the upper mantle will leave behind a source that is somewhat

enriched in Fe. The predicted enrichment, however, is not nearly enough to account for

 between pre� and  �Ga komatiites and picrites (Francis et al.  If

the compositions of these picrites are representative of mantle plume sources, it would

appear that Fe in these sources must decrease with time, either by loss to the core or

sequestering in the lower mantle. However, current estimates of the partitioning of Fe

between mantle silicates and metallic Fe in the core would have a negligible effect on Fe

content of the lower mantle (Ohtani et al.  It may be that Fe is somehow retained in

the deep mantle � perhaps in the  layer in one or more high�pressure phases rich in Fe.

40 60
 (wt ratio)

 Comparison of the composition of  and Phanerozoic komatiites and picrites

 versus  diagram. After Francis et al.



 Mantle Plumes in the Archean

Were Mantle Plumes More Widespread in the Archean?

For greenstone belts that have geochemical or  data available, it would ap�

pear that about 35% of Late Archean  Ga) greenstones have plume affinities

(Condie 1994; Tomlinson and Condie 2001). In contrast, about 80% of Early Archean

(>3.0 Ga) greenstones have plume affinities, although there are relatively few Early

Archean examples upon which to base this estimate. These proportions of Archean,

plume�related greenstones are considerably greater than those found in

greenstones (Condie 1994, 1997c, 1999).

The observation that plume�related basalts and komatiites are a major component of

Archean greenstone belts and appear to be more frequent in the Archean than subse�

quently rests in part on two major assumptions: (1) Archean basalts with oceanic plateau

affinities are truly part of oceanic plateaus and are not oceanic crust generated at ocean

ridges, and (2) the relative abundance of greenstone belts with plume affinities is not a

relict of preservational bias in the Archean. Let us explore each of these assumptions.

1. It is important to distinguish ocean�ridge from oceanic�plateau basalts in

Archean greenstone belts because the former do not require a mantle plume

component. Because lithologic assemblages formed at ocean ridges and above

oceanic mantle plumes may be similar (i.e., submarine basalts and intrusive

equivalents together with minor chemical sediments), ocean�ridge and oceanic

plateau basalts may be difficult to distinguish from each other � especially in

the Archean when the production rate of oceanic crust was probably greater

than today (Abbott et  1994a). If Archean oceanic crust was on the order of

 thick (Sleep and Windley 1982;  and Mezger 1998), the oceanic

lithosphere would have been more buoyant and could have behaved much like

an oceanic plateau. So where do we draw the line between oceanic�plateau and

ocean�ridge basalts in greenstone successions? This is a difficult question, and

with our present database, three observations favor, but do not prove, plume

affinities for Archean mafic�plain greenstones. First of all, komatiites reflect

higher mantle temperatures than basalts, and greater melting depths probably

occur almost exclusively in these types of greenstone belts. If komatiites

a mantle plume source, as most data suggest (Campbell et al. 1989; Xie

 1994), then  greenstone belts should reflect mantle]

plume sources.  the  ratios in many Archean mafic�plain

are greater than this ratio in  and average  ratios typically

in or above the oceanic plateau basalt field on  plots (Fig.

Although some greenstone basalts may come from depleted mantle

similar to NMORB sources, many if not most of these basalts come from

depleted sources like those of mantle plumes. And finally, the Zr, Hf,

anomalies that have been confirmed to exist in some mafic�plain and

komatiites and basalts suggest a deep mantle source, one that is  о

mantle plumes but not of shallow ocean�ridge sources (Xie and Kerrich 19

Kerrich et al. 1998; Tomlinson et al. 1999).

2. If plume�related basalts were selectively preserved in the Archean

with the  their higher frequency in Archean greenstone
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reflect preservational bias rather than a greater abundance of Archean compared
with post-Archean mantle plumes. What may lead to increased preservation of
these greenstone belts in the Archean? The Archean oceanic lithosphere was
probably thicker and more buoyant than the post-Archean lithosphere owing to
higher mantle temperatures in the Archean  Hoffman and Ranalli
1988; Davies 1999). Hence, it would be less subductable, and during plate
collisions oceanic plateaus may have accreted to the growing continental crust
(Condie  thus selectively preserving volcanic rocks with plume sources
compared with volcanic rocks with arc sources. Also supporting this idea is the
results of thermal modeling of the mantle by Abbott and Mooney  These
investigators showed that that Archean oceanic plateaus, on average, should
have been considerably thicker (40 km) and thus should have been less likely
to subduct than younger oceanic plateaus. After the Archean, when mantle
temperatures fell, oceanic plateaus may have been more subductable and hence,
the frequency of preservation of oceanic-plateau-type greenstones decreased.

 the apparent higher frequency of oceanic-plateau-type greenstones in
the Archean could be due solely to this factor.

However, the variety of plume-generated assemblages present in the Archean (i.e.,
 platform, and continental flood basalt assemblages) combined with the

high frequency of the mafic plain assemblage suggest that mantle plumes were more
widespread in the Archean than subsequently. Also possibly supporting more frequent
mantle plumes in the Archean is the thick Archean lithosphere, which, as discussed
above, may have been produced by widespread  of mantle plumes during
the Archean.

A Final Word

If oceanic plateaus were more widespread in the Archean than at present, then several
questions arise. What proportion of the Archean ocean floor was plume-generated crust
and what proportion was generated at ocean ridges? Although most investigators agree
that major changes occurred near the end of the Archean, there is little agreement as to
how fast they occurred and what they mean in terms of the Earth's thermal history. If
plumes were more widespread in the Archean, did the frequency of plume generation
 suddenly decrease at about 2.5 Ga, or did it gradually decrease, paralleling the cooling
; curve of the mantle? To answer this question, we need more precise isotopic ages from

 greenstone assemblages between 3 and 2 Ga. If plume generation
 decreased at 2.5 Ga, perhaps a critical thermal threshold was reached in the

 at that time. For instance, the  discontinuity may have suddenly become
 resistant to descending plates and rising plumes as the mantle cooled through a

 temperature threshold. Did plume generation shift from  the 660-km
 to dominantly the  boundary zone at the end of the Archean,  if so,

 should we look for in the geologic record that may be sensitive to such a shift? As we
 see in Chapter 8, how fast the plume generation rate may have changed at the end of

 Archean could be very important in terms of the production rate of continental crust.
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Plumes and

Introduction

Supercontinents have aggregated and dispersed several times during geologic history,
although our geologic record of supercontinent cycles is only well documented for
the last two cycles: Gondwana-Pangea and  (Hoffman 1989; Rogers 1996). It
is generally agreed that the supercontinent cycle is closely tied to mantle processes,
including both convection and mantle plumes. Pangea 200 Ma was centered approxi-
mately over the African geoid high (Fig.  and the other continents moved away
from this high during breakup of Pangea. Because this geoid high contains many of
the Earth's hotspots and is characterized by low seismic-wave velocities in the deep
mantle, it is probably hotter than average, as discussed in Chapter 2. Except for Africa,
which still sits over the geoid high, continents seem to be moving toward geoid lows,
which are also regions with relatively few hotspots and high lower mantle velocities,
all of which point to cooler mantle (Anderson 1982). These relationships suggest that
Supercontinents may affect the thermal state of the mantle as the mantle beneath con-
tinents becomes hotter than normal, expands, and produces the geoid highs (Anderson
1982;  1988). This is followed by increased mantle plume activity, which
fragment Supercontinents or at least contribute to dispersal of cratons.

Mantle Plumes and Supercontinent Breakup

One question not fully understood is the role of mantle plumes in the
cycle. Are they responsible for fragmenting Supercontinents, or do they play a
passive role? Many investigators doubt that mantle convection provides
forces to fragment continental  and contend instead that mantle plumes
an active role (Richards et  Storey  Because plumes have the
generate large quantities of magma, it should be possible to track the role of
continental breakup by the magmas they have left behind as flood basalts and
swarms.

216
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Figure  Computer�generated model of supercontinent breakup and formation of a new supercon�

 Frame of reference is fixed with respect to the left corner to the diagram, and the right continent

moves with respect to the left continent, which is stationary. After

 published a numerical model based on feedback between continental

plates and mantle convection whereby Supercontinents insulate the mantle, causing the

temperature to rise beneath a supercontinent. This results in a mantle  that

fragments and disperses a supercontinent. Beginning with a supercontinent with cold

 along each side, a hot upwelling generated beneath the supercontinent

by its insulation fragments the supercontinent (Fig.  (a) and (b)). After breakup, two

smaller continental cratons begin to separate rapidly as the hot upwelling extends to the

surface between the two plates, producing a thermal boundary layer (b). Both plates

rapidly move towards the cool downwellings marked with a vertical arrow in (c). About

150  after breakup, the two continental fragments collide over a downwelling (d).

Nearly 450 Myr after breakup, a new thermal upwelling develops beneath the new

supercontinent, and the supercontinent cycle starts over (e).

The breakup of Gondwana beginning some  Ma provides a means of testing the

 of plume magmatism and supercontinent fragmentation (Storey 1995; Dalziel

 2000). The initial rifting stage beginning  Ma produced a seaway between West

South America and Africa) and East Gondwana (Antarctica, India, Australia) (Fig.

 spreading began in the Somali, Mozambique, and Weddell Sea basins by

•56 Ma (b). Approximately  Ma, South America separated from Africa�India and

 separated from  (c). The breakup was complete by

 Ma when Australia separated from Antarctica and Madagascar, and the Seychelles

 from India as it migrated northwards on a collision course with Asia (d).



Figure 8.2.  reconstructions during the last 200 Ma. Shown also are subduction zones (barbed  major hotspots

(stars), and inferred sizes of plume heads (circles). Ocean ridges are diagrammatic. Symbols: Ba = Balleny; В = Bouvet; С =

Ctozet; Co = Conrad; К =  M = Marion; R = Reunion; SH = St. Helena; Т  Tristan, GFS =  fault system;
 = Gondwana  MB = Mozambique basin; NZ = New  SB = Somali basin; SP = South Pole; WS =

 Sea.  Storey (1995), with permission. Copyright ©  by Macmillan Magazines Ltd.
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Figure 8.3. Timing of supercontinent breakup and plume volcanism associated with several
Modified after  et  (1999).

Precise isotopic dating suggests that continental separation is closely associated with
plume volcanism (Fig. 8.3).  most cases, volcanism begins 3 to  Myr before breakup,
and in most instances, like the  and Parana provinces, the most intense volcanism
accompanies initial fragmentation of the supercontinent. The onset of major volcanism
in the Deccan traps is coeval with continental breakup, and intense volcanism continues
for more the 20 Myr. In the case of  melt production began 60 Ma followed by
extensive rifting at 55 Ma, and the first oceanic crust formed about 53 Ma as Greenland
and Norway separated  et al.  In Afar (Ethiopia), oceanic volcanism has
not yet begun in the Afar depression. The duration between the onset of flood basalt
eruption and the production of oceanic crust ranges from less than 5 Myr in the Parana
and Deccan to  Myr for the Karoo and 25 Myr for the Central Atlantic Province (Fig.
8.3). Plume  of course, can continue after supercontinent fragmentation.
In the North Atlantic Province, volcanism continued around the margin of the North
Atlantic for at least 27 Myr after the initial rifting of Laurentia from Baltica.

The opening of other basins, such as the Red Sea, Gulf of Aden, Arabian Sea, and the
Indian Ocean also appears to be related to plume volcanism. In fact, with the exception
of the Siberian and Emeishan traps in eastern Asia, all major flood basalt provinces
erupted during the last 200 Myr are associated with the opening a new ocean basin
(Wilson 1992; Coffin and  1994; Courtillot et al. 1999). The location of plume
impacts on the lithosphere may not have been random or uniform in the mantle. In some
instances, as illustrated by the breakup of Gondwana (Fig. 8.2), plume impacts were

 located under Supercontinents. In all of the cases cited above, rifting either
 not exist prior to flood basalt eruption or it jumped to a new location at or before

 eruption began. If the plume head model for flood basalt magma generation is
 basalt eruption, uplift (if any), and rifting are all related to rising plume heads,

 they occur in slightly different time sequences in different areas. Most ocean basins
 lined with subduction zones may have been shaped by the episodic impact of large

Plume heads in the interior or at the edges of continents (Courtillot et al.
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Not all investigators, however, accept that mantle plumes are responsible for ruptur�

ing continental lithosphere. Ziegler (1993), for instance, has maintained that, although

plumes contribute to weakening of the lithosphere, it is stresses within the lithosphere

related to plate boundary and drag forces along the base of the lithosphere that are

chiefly responsible for rifting of the continental lithosphere.

Large Plates and Mantle

The insulating properties of large plates, continental or oceanic, result from the litho�

 inhibiting mantle convection currents from reaching the surface of the Earth

(Ballard and Pollack 1987;  1988). An equally, if not more, important effect is

that large plates prevent the mantle beneath them from being cooled by subduction.

Numerical models show that large plates become increasingly effective as insulators

when their width is much greater than the depth of the convecting layer (Guillou and

Jaupart 1995; Lowman and Jarvis 1996; Lenardic and Kaula 1996). The net result of

this effect is that large mantle upwellings develop beneath large plates. If the large plate

happens to carry a supercontinent, the upwelling may promote weakening and eventual

breakup of the supercontinent.

The models of Lowman and Jarvis (1999) have been very useful in quantifying

the relationships between mantle upwelling, supercontinent fragmentation, and whole�

mantle versus layered�mantle convection. Their results indicate that supercontinent

rifting varies with the mode of mantle heating (basal heating versus internal radioactive

heat sources) and the supercontinent aggregation history. Whether tensile stresses in

the interior of model supercontinents exceed the yield stress of the lithosphere of about

80  depends on continental aggregation  supercontinent size, the

number of the convecting mantle, the amount of radioactive heating in the mantle,

and the viscosity distribution with depth. In the  models, subduction�

related forces are at least as important as mantle upwelling in supercontinent breakup.

As observed in the breakup of Gondwana, whole�mantle model results predict that plate

velocities should be rapid after supercontinent breakup, reducing in speed thereafter.

For layered�mantle convection, the Lowman�Jarvis models require unreasonably long

periods of time to generate stresses necessary to rift supercontinents

Model supercontinents survive for more than 500 Myr when internal heating in the

mantle is 40% or less, but less than 250 Myr for models with 80% internal heating of

the mantle. Three�dimensional models, which are more applicable to the Earth, show

that upwelling beneath large plates results chiefly from the absence of subduction rather

than insulation by the lithosphere (Lowman and Gable 1999). Also,

models show that, if internal heat sources are abundant in the mantle

hot upwellings develop beneath large oceanic plates.

As an example of a numerical mantle upwelling model, let us consider a

mantle convection model in which 40% of the heat comes from radioactive

in the mantle and the remainder from cooling of the core (Lowman and Jarvis

This model is close to an "average" model for Earth's heat budget (Davies

The continental blocks in the model collide to form a supercontinent with a

11,600 km (Fig. 8.4). A pair of hot regions is present on each side of the initial



Figure 8.4. Numerical model showing rifting and dispersal of a  for whole-mantle convection with internal heating

(40%). An isothermal boundary layer at the bottom delivers the remainder of the heat. Plate thickness = 99 km; Rayleigh number =

 Model has two continents, each 5800 km wide (a), that collide at the symmetry plane to form a supercontinent  km across

(b). The supercontinent rifts between frames k and 1 about 600 Myr after its formation. Reproduced from Lowman and Jarvis (1999),

with permission. Copyright ©  by the American Geophysical Union.
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 zones) where the supercontinent collected (Fig.  As
the downwelling fades, these hot parcels of mantle rise to the base of the
which is a feature that facilitates the growth of a thermal instability at the base of the
mantle (f,g). Transient plumes develop below the supercontinent and are swept toward
the vertical midplane of the model, where they coalesce into a single mantle upwelling
(h to j). The yield stress of the lithosphere is exceeded on both sides of the midplane,
and thus the supercontinent begins to fragment a short distance from each side of
the midplane, leaving a small continental block at the center (k). Final supercontinent
breakup occurs after 600 Myr when three upwellings converge simultaneously at the
central midplane (1). The only major problem with this model is the long time it takes
to break the supercontinent (600 Myr) compared with the observed survival time of
supercontinents of  Myr (Condie 1998).

The Supercontinent Cycle

In the last 1 Gyr, the formation and breakup of three major supercontinents has been
documented (Rodinia, Gondwana, and Pangea), with a possible short-lived supercon-

 in the latest Proterozoic  1997). Geologic data support the
existence of at least two earlier supercontinents, one at the end of the  and one
in the Early Proterozoic (Hoffman 1989; Barley and Groves 1992; Rogers 1996). As
more precise ages for the breakup and aggregation of supercontinents have become
available, it seems clear that, in the supercontinent cycle, the breakup of one supercon-
tinent is accompanied in part or entirely by the formation of another supercontinent
(Fig. 8.5). For instance, Gondwana was forming at about the same time (650 to 580 Ma)
as Rodinia broke up (800 to 600 Ma) (Veevers et  Also, the breakup of Pangea
in the last 160 Myr was accompanied by numerous major  and microcontinent
collisions (India, North American Cordillera, Southeast Asia), which may represent the
beginnings of a new supercontinent (N in Fig. 8.5). This is not unexpected because su-
percontinents break up over large mantle upwellings (geoid highs), and the fragmented
blocks travel to mantle downwellings (geoid lows), where they collide with other blocks
to form a new supercontinent (Anderson 1982). Thus, collisions occur over the geoid

Age (Ga)
Figure 8.5. The supercontinent cycle. Gray bands refer to overlap between formation of one
continent and breakup of another. Black triangles are proposed  events; symbol
proportional to event intensity. After Condie (1998). R = Rodinia; G = Gondwana; Pn =
P = Pangea; N = new supercontinent forming today.
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lows while  are still fragmenting over geoid  Because there is
always an external ocean as supercontinents come and go, the supercontinent cycle can
be viewed as the expansion and contraction of this ocean.

A speculative representation of the supercontinent cycle is given in Figure 8.6 mod-
ified after Rogers  Locations of older supercontinents and cratons are shown on
the Pangea reconstruction in Figure 8.7.  which includes the Canadian, Green-

 and Siberian shields, was certainly intact by  Ga, and fusion by 2.5 Ga is possible
(Rogers 1996; Aspler and Chiarenzelli 1998). Atlantica includes at least five cratons in
West Africa and eastern South America that appear to have come together about 2 Ga
(Boher et  Other small pre-2-Ga cratons include Baltica,  India, and

 Arctica and Baltica (including the  shield) collided before 1.8 Ga
(perhaps at  Ga) to form a supercontinent referred to as Nena as constrained by the
continuity of  orogenic belts along the southern margin of both blocks (Gower

 1990).  the  in the southwestern United States continue into
East Antarctica or Australia, one or both of these continents also must have been part
of Nena by this time. Nena appears to have remained a coherent plate from  Ga until
its incorporation into the Neoproterozoic supercontinent Rodinia during the Grenville
event at  Ga. This coherence is supported by the restriction of
orogens to the margins of Nena with little penetration far into the interior of the continent
(Gower and Tucker  During formation of Rodinia, most or all of the remaining
continental blocks were accreted to the growing supercontinent, although the positions
of many of the small blocks, such as Kalahari, North Africa, Congo, and North China
are not known with high degrees of certainty. Rodinia fragmented at 800-600 Ma with
the separation of East and West Gondwana and  (Siberia, Laurentia, Baltica).
In the early Paleozoic, East and West Gondwana collided followed by the collision of
Laurasia in the mid-Paleozoic to form Pangea.

Episodic Crustal Growth

Although an episodic distribution of isotopic ages has been recognized since the classic
article of Gastil (1960), it is only since the early 1990s that the episodic growth of
juvenile continental crust has been recognized (Condie 1998). The distribution of U/Pb

 ages coupled with Nd isotopic data suggest two major peaks in juvenile crust
production rate, one at 2.7 Ga and another at 1.9 Ga (Fig. 8.8). In addition, smaller
peaks may be present at about 2.8, 2.5, 2.0, and 1.7 Ga, and one or more peaks occur
in the  the most prominent of which is at about  Ma.

One of the first quantitative models to explain episodic continental growth was that
of McCulloch and Bennett (1994). They proposed a non-recycling model involving
three reservoirs: continental crust, depleted mantle, and primitive mantle. The model

 based chiefly on Nd isotopic data but also accommodates Sr and Pb isotopes and
 element distributions in each reservoir. It is assumed in the model that the

 of depleted mantle increases with time in a stepwise manner, which is linked to
 episodes of continental crust formation at 3.6, 2.7, and 1.8 Ga. The isotopic and

race element composition of the upper mantle is  by progressive extraction
 crust and increasing size of the depleted mantle reservoir. The buffered



Figure 8.6. Diagrammatic representation of  formation and breakup. Modified after Rogers (1996).
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Figure 8.7.  and cratons shown on a Pangea reconstruction. After Rogers
(1996).

composition of the upper mantle remains depleted in incompatible elements through
time.

Stein and  were among the first to advocate that episodic instability
at the  seismic discontinuity controls the growth of continental crust. They
suggested that convection patterns changed in the mantle from layered convection (the

Background
Growth Rate

1.1

0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8

Age (Ga)

 8.8. Frequency distribution of juvenile continental crust over the last 3.8 Ga. Based on a total
 of continental crust of  x  Juvenile crust ages are U/Pb zircon ages used in

 with Nd isotope data and lithologic associations. Modified after Condie
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normal case), when the growth rates of continental crust were relatively low, to whole-
mantle convection, when the growth rates were high. Whole-mantle convection occurs
in short-lived episodes during which subducted slabs that have accumulated at the

 discontinuity  sink into the lower mantle in a manner similar to
that proposed  et  (1997). Stein and  showed that such a model
can account for several geochemical observations including the following:

 values of the upper mantle are maintained between primitive and depleted
mantle values.

2. Trace element models for  extraction require that the mantle reservoir
source be larger than the upper mantle (above the 660-km discontinuity) but
less than the entire mantle.

 Primordial  and radiogenic  must be present in both the lower and upper
mantle.

4. Trace element distributions and Pb isotopes require the upper mantle and con-
tinental crust to have evolved as an open system.

One of the important features of the Stem-Hofmann model is that, during periods of
whole-mantle convection, plumes rise from the  layer above the core and replenish
incompatible elements to the upper mantle, which has been depleted by oceanic crust
and arc formation.

On the basis of instability at the 660-km discontinuity and using parameterized
mantle convection, Davies (1995) proposed catastrophic global  and tectonic
events at  spacings. The favored models show layered convection, which
becomes unstable and breaks down episodically to whole-mantle convection, as in the
Stem-Hofmann model. The Early  overturn cycles may occur on timescales
of a few hundred million years. During the catastrophic mantle overturns, hot lower
mantle material is transferred to the upper mantle and may be responsible for rapid
episodic growth of juvenile crust as well as replenishment of the upper mantle with
incompatible elements.

Peltier et al.  extended thermal constraints to evaluate the catastrophic mantle
models more thoroughly. These investigators  the physical processes that
control the  number at the 660-km discontinuity, which in turn controls the
frequency of slab avalanches at this discontinuity. They also suggested a correlation
between avalanche events and the supercontinent cycle. Their results imply that slab
avalanches occur at a spacing of 400-600 Myr and that they are brought about by
the growth of an instability in the thermal boundary layer at the 660-km
During and after slab avalanches, a large mantle  is produced directly above
the avalanches, and this downwelling attracts fragments of continental lithosphere, thus
leading to the formation of a supercontinent.

On the basis of episodic occurrence of juvenile crust and associated mineral
Barley et al. (1998) proposed a global tectonic cycle beginning in the Late Archean
the breakup of a supercontinent. Enhanced  at 2.8-2.6 Ga results from
global mantle plume event, which is analogous to a  event as used in this
cussion. Condie (1998) also proposed a model to explain the episodic growth
crust based on superplume events in the mantle, which is more fully discussed below
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The Mid-Cretaceous Superplume Event

In two important articles, Larson  suggested that one or more super-
plumes beneath the Pacific basin could explain many geological and geophysical fea-
tures during the Mid-Cretaceous. The major evidence that Larson presented to support a
Mid-Cretaceous  event is an enhanced rate in production of juvenile crust
(Larson  Calculated production rates of oceanic crust, which are summarized
in different categories in Figure 8.9, show a clear maximum between 120 and 80 Ma.
This maximum is particularly striking in the world total, which includes crust produced
both at ocean ridges and oceanic plateaus. All three production curves peak at about

 Ma and decline thereafter until 40-30 Ma. Although the average calculated
spreading rate of  during peak crust production is similar to the present-day
rate, rates in the Pacific were considerably higher. Many of the largest oceanic plateaus
in the modern ocean basins were formed 120-80 Ma (for instance, Ontong Java and
Caribbean) (Kerr  The Mid-Cretaceous pulse in production of juvenile crust also
correlates closely with the Mid-Cretaceous  (long period of normal mag-
netic polarity), suggesting that the heat source for the  pulse is located near the
core-mantle boundary and thus supporting the superplume idea.
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 8.9. Summary of oceanic crust and oceanic plateau production rates in the last 150 Myr. Also
shown with the horizontal black bars are major tectonic events around the Pacific basin. Modified

 Larson (1991a) and Vaughn (1995).
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Figure 8.10. Mean variation in depth of  as a function of crastal age. Dashed line shows the
predicted depth from cooling of the  with time. Modified after Humler et  (1999).

Deformation and orogenesis are also widespread in the continents around the Pacific
at this time  1995) (Fig. 8.9). The striking correlation suggests that this de-
formation is related to the Pacific  event. If the Pacific lithosphere were
elevated by  the stress state at continental margins adjacent to subduction
zones might switch from tension or strike-slip to compression, leading to enhanced
deformation over the new subduction zones (Coblentz et al. 1994). As pointed out by

 (1993), superplumes may also thermally elevate the Pacific lithosphere, increasing
ocean-ridge push forces, which in turn cause increased coupling between subducting
and overriding plates. This increased coupling may be manifested at convergent margins
as uplift and shortening, as observed around the Pacific margin 120-80 Ma.

Still another factor consistent with a Mid-Cretaceous superplume event in the Pacific
is the unusually shallow depth of seafloor of this age. It is well established that depth of
the seafloor (away from hotspot effects) is related to  thickness and the temper-
ature of the lithosphere. The first-order relationship between depth and age of normal
oceanic crust  km thick) can be modeled by simple cooling and thickening of the
lithosphere. However, crust that is 120-80 Ma is shallower than predicted (Fig. 8.10)
(Humler et al. 1999). Because the chemical composition of oceanic crust is related to
the temperature of the mantle sources, such parameters as sodium, rare earth element
distributions, and Zr/Y ratios in oceanic basalts can be used to infer mantle source tem-
perature (Shen and  1995). Results from Pacific ocean-ridge basalts  Ma
indicate that the mantle beneath ocean ridges at this time was hotter by about 50 °C and
that the depth of ocean ridges was several hundred meters shallower than afterwards
(Humler et al. 1999). These results, which are confirmed by seismic data, suggest that
Mid-Cretaceous oceanic crust is 1-2 km thicker than normal, reflecting greater magma
production rates at Cretaceous oceanic ridges in the Pacific. This means either that
the mean mantle temperature was hotter at this time or that Pacific ridges were over
hotter parts of the mantle. In the first case, results are consistent with a worldwide
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 event, and in the second case the results imply a Pacific-centered super-
plume event.

Still another interesting observation comes from paleomagnetic data, which suggest
little motion of the Pacific plate between 120 and 80 Ma  and Sager 1995).
Perhaps the Pacific plate was relatively fixed over the Pacific upwelling at this time,
which was also part of the superplume event.

What Is a Superplume Event?

Before describing superplume events, it is necessary to agree on what constitutes a
superplume and if there is a need for such a term. Because the term has been used
in different ways in the literature, which has led to confusion and misunderstanding,
some investigators believe the term should be abandoned. However, as described in
Chapter  there is a need for a term to describe large mantle plumes that appear to
come from the  layer as opposed to plumes that may come from shallower boundary
layers in the mantle. In that light, a superplume is herein defined as a large mantle
plume that spreads at the base of the  flattening the plume head to  to
3000 km in diameter. Single superplumes typically give rise to large erupted volumes
of mafic magma (>0.5 x  in periods of time less than 3  This differs
from the usage of Larson  a) and  who use the term superplume
synonymously with mantle upwelling as used in this book. I choose to retain the term
mantle upwelling for the large volumes of mantle that move upward as part of the
return flow of mantle convection. Mantle upwellings are not plumes because they
do rise from thermal boundary layers as distinct blobs that divide into head and tail
components. Rather, they are broad regions of upwelling extending  many thousands
of kilometers in diameter. Superplumes, on the other  are large plumes with distinct
head and tail components that come from deep boundary layers in the mantle - chiefly
or entirely the D" layer.

Condie (1998) and  and Abbott (1999) have presented arguments that super-
plume events have been important throughout Earth history. Although the meaning of
the term superplume event varies in the scientific literature, we will constrain the term
to refer to a short-lived mantle event  Myr) during which many mantle super-
plumes as well as smaller plumes bombard the base of the lithosphere. During a super-
plume event, plume activity may be concentrated in one or more mantle upwellings, as
during the Mid-Cretaceous superplume event some  Ma, when activity was focused
mainly in the Pacific mantle upwelling. However, as pointed out by Condie (1998;
2000a), Precambrian superplume events at 2.7 and 1.9 Ga correlate with maxima in
worldwide production rate of juvenile crust and thus may not have been confined to
one or two mantle upwellings.

Precambrian Superplume Events

Isley and Abbott  have used the distribution of komatiites, flood basalts, mafic
dyke swarms, and layered mafic intrusions in the geologic record to identify superplume

 in the Precambrian. A time series analysis of the data shows major superplume
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Figure  Time series distribution of global mantle plumes based on the distribution of plume-
related igneous rocks in the geologic record. After  and Abbott (1999).

events at  and  Ga and several minor or possible events between
2.5 and 1.75 Ga (Fig.  The 2.75-2.70 and 2.0-1.9 Ga events correspond well
with the peaks in juvenile crust formation at these times (Fig. 8.8). The 2.45 Ga peak
corresponds to a juvenile crust formation event recorded in India and the North China
craton, and an inferred  event at about  Ga correlates with the
Ga  formation event in the Guiana shield and in West  (Condie
1998). One or two peaks at  Ga correlate with widespread continental growth
in Southern  and Southern Baltica at this time. A possible superplume event
at 2.25 Ga, which is based solely on the ages of dyke swarms in Laurentia, has no
counterpart in the juvenile crust record. A small peak at about 3.4 Ga is suggestive of an
Early  superplume event perhaps associated with the formation of continental
nuclei in southern Africa and western Australia.

 and Superplumes

Three of the seven major kimberlite-diamond events in the last 500 Myr correlate
with three possible superplume events at 480, 280, and 100 Ma, suggesting a cause
and effect relationship. Supporting this correlation is the worldwide distribution of

 containing diamonds associated with the superplume events at 480 and
100 Ma  1999). The kimberlites erupted at about 480 Ma  Ma)
include kimberlites in the White Sea area of Russia and examples in China, Canada,
South Africa, and Zimbabwe. Those formed at 280 Ma (320-250 Ma) include examples
in North America and Siberia, and those formed at 100 Ma (120-80 Ma) include
examples from several locations in Africa, Brazil, Canada, India, Siberia, and the United
States. The Mid-Cretaceous kimberlite-diamond event at  Ma is the most widespread
and best documented event. This event, which also correlates with the breakup of
Pangea (Figs. 8.5 and 9.2), is not restricted to areas surrounding the Pacific basin but
is worldwide in scope.

In addition to these three kimberlite-diamond events, there are kimberlite events that
do not correlate with superplume events at 1 Ga (Africa, Brazil, Australia, Siberia,

 India), 410-370 Ma (Siberia, United States), 200 Ma (southern Africa,
Canada, Tanzania), and 50 Ma (Canada, Tanzania) (Haggerty 1999). This indicates
that not all kimberlite-diamond events require superplume events.
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Initiation of Superplume Events

Slab Avalanches

Most models for the episodic growth of continents involve catastrophic sinking of
through the  discontinuity in the upper mantle, which, upon arrival at tt
D" layer above the core, initiate a  event (Stein and  Peltit
et  1997;  and Machetel  Condie 1998). Although seismic tomograph]
results clearly suggest that descending slabs sink into the lower mantle today (Gran
et al.  this may not have been the case in the geologic past when the Earth wa
hotter.  and Yuen (1985) have shown that, in a hotter mantle with a large
Rayleigh number, such as probably existed in the  the amount of leakage acros
the 660-km discontinuity is  resulting in layered convection. Com
puter models of mantle evolution also suggest that increased internal heating of the man

 strongly favors layering in the mantle (Zhao et al. 1992), and this would have
the case during the Archean when heat production by radiogenic isotopes was more
nounced than it is today. Layered convection in the Archean is important because slab
avalanches may not occur. It may have been in the Late Archean, when the 660-km dis-
continuity became less "robust," that slabs occasionally fell through to the lower mantle
(Peltier et al.  Condie  Cooling of the Earth also may have been responsible
for the shutdown or decrease in intensity of slab avalanches after  Ga. As the mantle
temperature and Rayleigh number decreased with time, slabs should more easily have
penetrated the 660-km discontinuity, leading eventually to whole-mantle convection.

Numerical simulations by Yuen et al.  show that at the higher temperatures that
existed in the Archean, the mantle would have convected more chaotically, which is a
type of convection known as hard turbulence (Chapter 4). Their results show that during
hard turbulence with a higher Raleigh number, which is also temperature dependent,
phase transitions such a the  transition at 660 km become stronger barriers and
result in layered convection. This implies that subducted slabs may accumulate at the
660-km boundary, which eventually leads to gravitational instability and catastrophic
collapse of the slabs through the phase boundary. It is this catastrophic collapse that
may trigger superplume events in the D" layer.

Core Rotational Dynamics

Another possible mechanism by which a superplume event could be triggered is by
resonance of tidal waves in the fluid outer core  and  1999). When
the core rotational frequency and solar tidal waves are in resonance, frictional power
may be converted into heat,  the D" layer above the core and leading to

 generation of many mantle plumes. Numerical models predict two major reso-
nances in the past, one at about 3 Ga and another at about 1.8 Ga. These times cor-

 respond closely to the observed peaks in juvenile crust production at 2.7 and 1.9 Ga
(Kg. 8.8). During the core resonance periods, the temperature near the inner core

 should increase, which is an effect that could stop inner core growth and produce a
 new momentum equilibrium for the geodynamo. This, in turn, could lead to a decrease
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in magnetic reversal frequency, thus accounting for the  associated with the

 events.

A Superplume Event Model

Based on the episodic age distribution of continental crust, Condie (1998, 2000a)

proposed that continents grew episodically and had major periods of growth at 2.7 and

 Ga (Figs. 8.5 and 8.8). In this model, each maximum in continental growth reflects a

superplume event caused by catastrophic slab avalanching at the  discontinuity

and also correlates with supercontinent formation. The total duration of each of the

 events is 100 Myr or less.

The following major assumptions are made in developing a superplume model that

ties together catastrophic slab avalanches in the mantle, the supercontinent cycle, and

episodic production of continental crust (Condie 1998, 2000a):

 There are two main episodes of production of juvenile continental crust centered

at 2.7 and  Ga, and two minor episodes, one in the late Paleozoic  Ma)

and one in the Mid�Cretaceous  Ma). In addition, a third episode may

occur in the  (480 Ma).

 Supercontinents form over geoid lows (mantle  and break up over

geoid highs (mantle upwellings). Mantle upwellings are chiefly responsible for

the breakup of supercontinents.

 Mantle temperature has decreased exponentially with time as Th, U, and К

isotopes have  and the  number of the mantle has decreased

similarly.

4. With time, convection  the mantle has changed from layered  the Precambrian

to dominantly whole mantle thereafter. Two episodes of penetrative, whole�

mantle convection occurred at 2.7 and  Ga.

5. The 660�km seismic discontinuity has become a progressively less effective

barrier to the descent of  slabs with time as mantle temperature

decreased.

6. During Earth history, there have been two major and five or more minor

superplume events. Each event involved avalanching of slabs through the

660�km discontinuity, consequent production of mantle plumes in the

layer, and enhanced production of juvenile crust. In addition, the formation

of a supercontinent appears to have been associated with some superplume

events.

As suggested by Condie (1995, 1998), Earth history can be broadly divided into

three stages (Figs. 8.8 and  Stage I (>2.4 Ga) characterized by a hot, chaotically

convecting mantle, rapid recycling of juvenile crust into the upper mantle, one

(2.7 Ga) and perhaps one minor superplume event (2.5 Ga), and significant continental

growth at 2.7 Ga; Stage II  Ga) characterized by one major  Ga) and

minor superplume events and significant continental growth at  Ga; and Stage

 Ga) during which two or three rather minor superplume events occurred

only minor increases in production rate of continental crust.
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Stage I. The probable occurrence of coexisting depleted and enriched upper-mantle
reservoirs in the same geographic area before 2.4 Ga, as shown by Nd isotopic studies,
suggests rapid recycling of continental crust into the mantle (McCulloch and Bennett

 and  The changes in the Nd isotopic composition of clastic
sediments with time are also consistent with such recycling (Armstrong  Before
the first major superplume event at 2.7 Ga, continental crust survived only as small
microcontinents, some of which were "captured" in Late Archean collisional orogens.
As the mantle cooled and continental crust became less easy to subduct, collisions
between continental blocks led to the formation of the first supercontinent beginning
about 3 Ga and culminating with major collisions at  Ga (Fig. 8.5). Perhaps associated
with a second superplume event at 2.5 Ga, continental growth continued in what are
now North China and India.

Because it is likely that the upper mantle convected separately from the lower mantle
during the Archean, perhaps subducted slabs may have collected at the  discon-
tinuity. If so, in the Late Archean this discontinuity may have  because of
slab load and cooling of the mantle, and perhaps it failed at two times, leading to slab
avalanches at 2.7 and 2.5 Ga. The first avalanche at 2.7 Ga probably occurred over a
wide area on the surface of the 660-km discontinuity, whereas the avalanche at 2.5 Ga
may have been localized because it is represented by continental crust only in China
and India. It would appear that the avalanche at 2.7 Ga was the most intense. Each
avalanche produced mantle plumes in the  layer, and these bombarded the base of
the lithosphere  and Yuen  where they underwent decompression
to produce juvenile crust. Plumes may have been temporarily stalled at the 660-km
discontinuity owing to a displaced phase boundary within the plumes
1995). The plumes should also have heated the upper mantle, resulting in enhanced
rates of juvenile crust production at ocean ridges and arcs. Multiple slab
is supported by three-dimensional computer simulations in which  and
spatially localized flushing is observed to occur at different locations on the 660-km
discontinuity surface  et  1994). After the Late Archean slab avalanches, a
return to layered convection occurred as the Rayleigh number of the boundary layer at
the 660-km discontinuity returned to its previous subcritical value, as the flux of plates
crossing the boundary eliminated the temperature gradient across the boundary (Peltier

 1997).
When avalanches occur, they may cause "super" subduction zones above them, which

attract plates from great distances, thus aiding in the growth of a new supercontinent
over the avalanche sites. Also contributing to the growth of supercontinents is juvenile
crust produced directly or indirectly by numerous mantle plumes arriving at the base
of the lithosphere.

Stage II. After formation of the Late Archean supercontinent, the mantle re-
turned to layered convection, and some fragments of descending slabs again began to
accumulate at the 660-km discontinuity. Owing to shielding by the large Late Archean
supercontinental plate, a mantle upwelling developed beneath the supercontinent,

 to breakup between 2.2 and 2.0 Ga (Fig. 8.5). As the supercontinent broke up,
fragments moved toward geoid lows, where they  initiating the growth of a
new supercontinent at  Ga. With the supercontinent breakup, subduction rates began
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to increase, and perhaps the increase in slabs arriving at the  discontinuity caused
another slab avalanche, which in turn initiated a large number of mantle plumes. Again,
the slab avalanches are indirectly responsible for increasing the production rate of juve-
nile crust as well as contributing to the formation of another supercontinent. The width
of the  continental age peak (Fig. 8.8) may reflect several slab avalanches between

 and  Ga, of which only the  and perhaps a  avalanche appear to have
had worldwide effects. As the Late  supercontinent broke up over a prolonged
period of about 200  fragments traveled to geoid lows and a new supercontinent
began to form, the oldest portion of which is the  craton, which formed
at about  Ga. This was followed by continued collision of cratons and arcs from

 to  Ga with the addition of significant volumes of new continental crust.
Stage III. Between 1.3 and  Ga, a new supercontinent, Rodinia,  al-

though, as discussed in the next section, it is unlikely that a  event accom-
panied growth of this supercontinent. Rodinia survived for about 600 Myr, and it was
dispersed by a new mantle upwelling between 800 and 600 Ma (Figs. 8.5 and 8.6). The
formation of  (650-580 Ma) overlapped the breakup of Rodinia, and this
was followed by the formation and breakup of the short-lived supercontinent
between 580 and 545 Ma (Fig. 8.5)  1997). Pangea formed between 450 and
250 Ma, began to fragment about  Ma, and broke up in the last  Myr. A new su-
percontinent may have begun to form in the last  Myr, as recorded by the India-Tibet
collision, collisions between Australia and Indonesia, and numerous terrane collisions
in the American Cordillera  in Fig. 8.5).

Because of the overlap in formation-breakup cycles of  supercontinents,
it is not clear how, or if, minor superplume events at 480, 280, and 100 Ma are related
to the supercontinent cycle (Fig. 8.5). It is noteworthy, however, that the 480- and
280-Ma events occurred during the formation of Pangea, and the 100 Ma event may
correlate with the beginning of a new supercontinent. These superplume events were
small  the relatively cool mantle with a low Rayleigh number made it easier for
slabs to penetrate the 660-km discontinuity, and only small amounts of slab material
collected at this boundary before collapse occurred. The last event, the Mid-Cretaceous
superplume event, may have resulted from the last slab avalanche in Earth history. The
mantle upwelling beneath the Pacific plate may have developed in the last 100 Myr
because the large Pacific plate shielded the underlying mantle from subduction. That
the Pacific plate remained in approximately the same location between 130 and 95 Ma
supports a shielding origin for the upwelling.

Prevot et  (2000) have suggested that true polar wander (see Chapter 2) has been
intermittent during the last 200 Myr with two long periods of standstill at  Ma
and  Ma. Corresponding closely to the Cretaceous superplume event is an
abrupt tilt of 20° in the Earth's rotational axis, which occurred at  ± 10 Ma. These |
investigators have suggested that this tilt was caused by a major reorganization of mass |
in the mantle caused perhaps by  of subducted slabs, which, upon arriving
at the core-mantle boundary, triggered a superplume event. Furthermore, the stability ,1
of Earth's rotation axis both before and after the alleged superplume event implies
existence of steady convection, which does not modify the large-scale mass
in the mantle.
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Figure  diagram showing a possible relationship of the  cycle to
events. Modified after Condie (1998).

Superplume Events and Supercontinents

A possible relationship  superplume events to the supercontinent cycle is summarized
in Figure 8.12. The timing of various events within this cycle is constrained chiefly by
data from two sources:  isotopic ages of juvenile continental  and (2) results of
computer simulations of mantle processes (Tackley et  1994; Condie 1998, 2000a).
Beginning with a supercontinent, computer models suggest that it takes on average

 Myr for shielding of a large supercontinent to cause a mantle upwelling
beneath it (Lowman and  The upwelling breaks the supercontinent over
approximately a 200-Myr period  Myr for Rodinia and  In the case
of the 2.7- and  superplume events, this breakup may be the trigger for the
avalanching of slabs through the  discontinuity. Alternatively, the collapse of
slabs may result from a threshold for total slab mass at a given location on the 660-km
discontinuity, and in this case accumulation could be spread over several hundred mil-
lion years beginning when a supercontinent fragments. From the time a slab avalanche
begins to the time juvenile crust is produced is probably quite short (< 100 Myr). This
is because slabs can sink to the bottom of the mantle in  Myr or less (Larson and

 and in a mantle in which viscosity increases with depth, mantle plumes
can rise to the base of the lithosphere in a few million years  and Yuen 1997).
This scenario suggests a correlation of slab avalanches with supercontinent formation
rather than with supercontinent breakup. If Supercontinents are really cyclic, it is clear,
they are not periodic. Also, supercontinent breakup and aggregation overlap by 50
to  Myr, perhaps with an increase in the proportion of overlap in the Phanerozoic
(Fig. 8.5).

As suggested by Condie (1998), the duration of supercontinent formation and the
total lifespan of Supercontinents decrease with age. The duration of supercontinent for-
mation (including enhanced production of juvenile crust) in the first two Supercontinents
is 500 Myr, or less decreasing to about 300 Myr in Rodinia and then to  Myr for
Gondwana and Pangea. Paralleling this decrease is a decline in the volume of juvenile
continental crust produced during each supercontinent cycle. Approximately 30-50%

;. of the present  crust may have been produced during formation of each of
i  first two Supercontinents at 2.7 and 1.9 Qa, whereas only about 12% was produced
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Figure  Equal-area projection of the continents showing the distribution of juvenile continental
crust produced in four time windows.  after  (1998).

during the formation of  (Fig. 8.13). The total amount of juvenile continental
crust produced during the  appears to have been only 10-15% of the present
volume. Only the first two  which are both associated with
events, contain significant volumes of juvenile crust.

What may have been responsible for decreases in the length of supercontinent cycles
and in the volume of juvenile crust produced during each supercontinent cycle? If
related to superplume events, the major cause may be the decreasing "strength" of the

 discontinuity with time. As the  discontinuity became more permeable
to descending slabs with falling mantle temperature, slabs would begin to sink steadily
through the boundary, and thus fewer slabs would accumulate at the boundary. Hence,
when an avalanche  it would be relatively small. The small volume of plates
in an avalanche may have two effects: (1) the duration of a superplume event should be
shorter, and perhaps more limited in geographic extent, and (2) because of the smaller
mass of sinking slabs, the number of mantle plumes generated would decrease, and thus
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also would the volume of juvenile crust associated with these plumes. If the proposed
 model is viable, the decreasing aggregation time of supercontinents with

time may reflect cooling of the mantle as radiogenic heat has decreased with time.
One aspect of the catastrophic  growth model that is not well understood

is that of whether the supercontinent cycle can operate independently of superplume
events (Condie 2000a). Peltier et  (1997) suggested that the supercontinent cycle is
caused by slab avalanche events in the mantle. In their model, the avalanches produce
mantle  directly over the avalanches, which act as "catchment basins" for
an aggregating supercontinent. However, if supercontinents accumulate over geoid lows
and break up over mantle upwellings (Anderson  Lowman and Jarvis

 both of which are a consequence of the supercontinent cycle, slab avalanches in
the mantle may not be a necessary part of supercontinent formation. As discussed earlier,
mantle upwellings that eventually break supercontinents result from thermal shielding
of a large volume of mantle from subduction and cooling. If so, how are superplume
events related to the supercontinent cycle? Perhaps slab avalanches can be considered
as an add-on to the supercontinent cycle (Fig.  A slab avalanche, which initiates
plume bombardment of the  and consequent production of juvenile crust,
may occur any time during the supercontinent cycle. In the model of Condie
supercontinent breakup involving increased rates of subduction may trigger a slab
avalanche, and this may be the only common denominator to both cycles. This applies,
however, only to the  avalanche because there was no supercontinent to fragment
in the Late  avalanche. Perhaps superplume events "inject" juvenile crust into
the supercontinent cycle, thus increasing the volume of each succeeding supercontinent.

In the proposed model, as the Earth gets older, superplume events will fade out before
the supercontinent cycle comes to an end because the  seismic discontinuity be-
comes more permeable to descending slabs as the mantle cools and the Rayleigh number
drops. With the exception of three possible small superplume events in the Ordovician,
late Paleozoic, and Cretaceous, superplume events appear to have ended after 1.9 Ga.
The supercontinent cycle, however, may continue as long as convection continues in
the mantle in response to shielding of parts of the mantle by large lithospheric plates.

The First Supercontinent

One of the intriguing yet puzzling questions of any of the episodic models  production
of continental crust is that of just how and why the first supercontinent formed. There
are no robust data that support the existence of a supercontinent prior to the Late
Archean. For a supercontinent to form requires a significant volume of continental
crustal  that survive recycling into the mantle. Before the Late Archean, the

 mantle temperatures and inferred large mantle convection rates in response to large
Rayleigh numbers probably resulted in rapid recycling of continental crust-presumably
before continental pieces had time to collide to make a supercontinent (Armstrong

 and Housh  So what happened in the Late Archean that led to formation
 of the first supercontinent?
 One possibility is that the first slab avalanche in the mantle at 2.7 Ga, which liberated

 plumes from the  layer, led to the production of large volumes of continental
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crust in a relatively short time  100 Myr). If this were the case, unlike later supercon-
tinents, the first supercontinent would form in response to the first slab avalanche. The
mantle plumes resulting from the avalanche could produce juvenile crust in two ways:
directly, by the production of oceanic plateaus, and indirectly, by heating the upper man-
tle and increasing the production rate of ocean crust due to increased convection rates,
or increasing the total length of the ocean ridge system, or both (Larson  The
increased production rates of oceanic crust are accompanied by increased subduction
rates, which account for increased production rates of juvenile continental crust in arc
systems. As discussed in Chapter 6, a supercontinent may form by collision between
Archean oceanic plateaus, surviving fragments of continental crust older than 2.7 Ga,
and oceanic arc systems. Also contributing to growth of a Late Archean supercontinent
is the thick Archean subcontinental mantle lithosphere, which is relatively buoyant
(Griffin et  thus resisting subduction during plate collisions. As pointed out in
Chapter 7, the frequency of Late Archean greenstones with oceanic plateau geochem-
ical affinities supports the idea that oceanic plateaus were a major contributor to the
Late Archean supercontinent.

The Grenville Event at 1 Ga

The last  supercontinent, Rodinia, formed during the worldwide Grenville
orogenic event at  Ga. A survey of U/Pb zircon isotopic ages  isotopic
data, however, indicates that the volume of juvenile crust formed during the Grenville
event was not unusually large (Fig.  (Condie 2000b). Calculated
rates during the time interval of  Ga fall within the background level of crustal
production of about  Why was so little juvenile continental crust formed
during this time period? During formation of the previous two supercontinents at 2.7 and

0.5 0,7 0.9
Age (Ga)

Figure 8.14. Volume distribution of juvenile continental crust and collisional orogens in
 Ga. Other information given in Figure 8.8. Modified after Condie (2000b).
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1.9 Ga, large volumes of juvenile crust were extracted from the mantle (Condie 1998,

2000a). The first and most obvious reason may be that more juvenile  crust

is present but that it has not as yet been isotopically dated. The obvious place to look

for such crust is in  orogens around the perimeter of Rodinia, for juvenile

crust is more frequently preserved in accretionary orogens than in collisional orogens

(Windley 1992). However, there are few areas around the margin of Rodinia that are

eligible because most of these  blocks are known to comprise

cratons. The only remaining candidates are perhaps Tibet, the outer edges of the Rio de

la Plata and Salvador cratons in South America, and part of the  in extreme

West Africa. Even if minor amounts of Grenvillian crust occur in these areas, it is

unlikely that the total amount of juvenile crust of this age exceeds 15% of the total

continental crust (Condie 2000b).

If a superplume event is necessary to form large volumes of continental crust, then it

follows that a superplume event did not occur in the  Ga time window. Only two

major superplume events can be verified in the  at 2.7 and 1.9 Ga. Without

a Grenvillian superplume event, a large time gap of the order of  Gyr exists between

the  Ga and the  events. This indicates that, although superplume events

are episodic, they are not periodic.

It appears that the supercontinent cycle and superplume events can operate inde�

pendently of each other. This conclusion is also supported by the time distribution of

juvenile crust and  zircon ages. For instance, if the volume of collisional and ac�

cretionary orogenic belts is compared with that of juvenile crust in the last  Gyr, very

different age patterns emerge (Fig.  A prominent peak in orogenic crust abundance

occurs at 75 Ma with other peaks at about 250, 550, 650, and  Ma, whereas the

juvenile crust distribution shows a well�defined peak only at about  Ma, correlative

with the Mid�Cretaceous superplume event. The four oldest orogenic peaks correlate

with formation of supercontinents: Rodinia at 1.3�1.0 Ga, Gondwana at 650�580 Ma,

and Pangea at 450�250 Ma. The youngest orogenic peak at 75 Ma may correlate with

the inception of a modern supercontinent.

As previously  Rogers  suggested that two supercontinents formed

during the 1.9 Ga supercontinent (and superplume) event. These are Atlantica and

Nena (Figs. 8.6 and 8.7). These two supercontinents appear to have survived breakup

of the Paleoproterozoic supercontinent at 1.6�1.4 Ga and were later incorporated in�

tact into the Neoproterozoic supercontinent Rodinia. Why these two supercontinents

survived the Mesoproterozoic breakup is unknown. An alternative interpretation is

that two supercontinents formed at 1.9 Ga and that neither was large enough to pro�

vide adequate  shielding for the production of mantle upwellings large

 enough to break the continental lithosphere (Lowman and Jarvis 1996). In either

 however, if supercontinent breakup is necessary to trigger superplume events,

survival of two supercontinents could account for the lack of a Grenvillian super�

e event. During supercontinent breakup at 1.5 to 1.35 Ga (Fig. 8.5), perhaps

 a small portion of the supercontinent (or supercontinents) was  and

 resulting increase in subduction rates was not sufficient to initiate slab collapse

 the  seismic discontinuity, which would normally lead to a superplume
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PCRS

300

Age (Ma)

Figure 8.15.  magnetic reversal rate during the  Also shown are three major

superchrons: CNS = Cretaceous Normal; PCRS =  Reversed; and ORD =

Ordovician. К = major  events. After Johnson et  (1995) and  (1999).

Superchrons and Superplumes

Also coincident with a Mid�Cretaceous  event at  Ma is the Creta�

ceous superchron, when very few magnetic reversals occurred for a period of  My

(Figs.  and 9.5). Larson and Olson (1991) showed that magnetic reversal frequency

correlates inversely with mantle plume activity for the past 150 Myr as measured by

the production rate of juvenile crust in oceanic areas. To explain this correlation, these

authors proposed a model whereby removal of large amounts of heat from the core

not only fuels the superplume event but also stops, or greatly retards the frequency of

magnetic reversals in the magnetic field. They have suggested that, as mantle plumes

rise from the  layer, it thins, resulting in core cooling by allowing heat to be con�

ducted more rapidly across the core�mantle boundary. The outer core convection then

increases to restore the abnormal heat loss, causing a decrease in frequency of magnetic

reversals. In effect, this switches the Earth's geodynamo from a reversing AC state to a

 D С state. When the convective activity increases above some threshold

value, a magnetic superchron is initiated.

Although this model has been widely  other explanations for superchrons

exist. Loper (1992) suggested that the thermal inertia of the D" layer may not result

in rapid changes in the core's heat flux when  are formed. Cox (1968)

proposed a model for magnetic field reversals caused by perturbations of the outer

core that feed sufficient reverse flux into the geodynamo to overcome the main dipole.

In this model, increased convective vigor generates more frequent instabilities in the

fluid outer core, leading to an increase in reversal rate.  and  (1987)

suggested still a different model whereby the decrease in reversal rate just before the

Mid�Cretaceous superchron is caused by a decrease in core convection due to a buildup

of heat at the core�mantle boundary. This excess heat is released with the plumes that

rise from D" near the end of the superchron. The loss of heat results in increased core

convection, which in turn causes an increase in reversal rates.



Perspective

Using the Global Paleomagnetic Database, Johnson et  identified two other
superchrons in the last 600 Myr. One, the  reversed
is well  and the other, in the Early  may be a previously unrec-
ognized superchron (Fig.  Each of the  superchrons has a
duration and a spacing on the order of 200 Myr. If each superchron reflects a superplume
event, the spacing between events is considerably less than the spacing between Late

 and the Early Proterozoic superplume events. The Ordovician and late Paleo-
zoic events need to be further tested against the geologic record as possible superplume
events. Data suggest a period of enhanced production of juvenile crust in the late Pale-
ozoic - at least in Asia (Sengor et al.  In the superplume model of Condie
the three Phanerozoic superchrons may reflect superplume events, although less intense
than their counterparts in the  As previously  the decrease in
intensity results from cooling of the mantle and consequent weakening of the
discontinuity, which would result in more  and less intense slab avalanches in
agreement with observations. An interesting test of this idea is to check for magnetic
reversals in rock successions that formed during the 2.7- and  superplume
If the model is feasible, superchrons should occur near each of these peaks. Although
single magnetic reversals have been identified in igneous rocks formed at or near the

 peak (Morgan 1985; Zhai  1994;  et al. 1996), multiple reversals in
single  successions at or near these peaks have not been documented.

Perspective

Although many investigators agree that  exist, whether or not superplume
events have occurred in the geologic past still remains debatable and speculative. How-
ever, the episodic distribution of continental  growth in Earth history seems to
presuppose some kind of episodic event in the mantle. One way to test the idea that the
episodic growth of continents is due to superplume events is to look in the geologic
record for evidence of such events. In the next and final chapter, we will explore the
geological record to see if features have been preserved that are consistent with idea of
superplume events.
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Introduction

One of the most exciting aspects of episodic mantle plume activity is the consequences

it may have had in Earth history and especially the effects on near�surface Earth systems

 1998; Condie et  2000; 2001). For instance, the extensive  associ�

ated with a  event should pump significant amounts methane  into

the ocean�atmosphere system, where it is rapidly oxidized to carbon dioxide

Because  is an important greenhouse gas, a superplume event should lead to rapid

global warming followed by cooling as weathering draws down the  level. Because

new ocean ridges form during supercontinent breakup, the supercontinent cycle may

also have important consequences for near�surface Earth systems (Worsley et al.

Veevers 1990). Increased  levels in the atmosphere should also affect the carbon

cycle � perhaps enhancing photosynthesis and the burial rate of carbon. This should be

reflected in the sedimentary record by black shales, hydrocarbons, and coal. Increased

hydrothermal fluxes on the  may also increase nutrient supplies to oceanic

The increase in volume of oceanic plateaus as well as elevation of the oceanic

sphere by  should raise sea level, producing widespread shallow marine

environments available for expansion of marine life and for carbonate platform  reef

formation. Superplume events may also contribute to mass extinctions. As documented

for the Deccan traps 65 Ma and the Siberian traps 250  even single superplumes

may contribute to mass extinctions  1987;  et al. 1995). During eruption

of plume�related magmas, large volumes of sulfur dioxide  and halogens are in�

jected into the atmosphere, both of which can produce toxic environments for some

organisms. And finally, both radiogenic isotopes, such  and

stable isotopes, such as  and  should respond to paleoclimatic

and to input of mantle�derived fluids into the atmosphere and oceans (Veizer et al

1999).

In this, the final chapter, we will consider potential effects of mantle plume  jo

the ocean�atmosphere�biosphere system and review evidence in the geologic

that is consistent with such events.
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 Supercontinents, and the Carbon Cycle

Introduction

The  cycle is an integrated system of carbon reservoirs linked by transfer

processes (Condie et  2000a,b). In Figure  these reservoirs and processes are

depicted as boxes and arrows, respectively. Carbon enters the ocean�atmosphere system

by weathering, volcanism, and metamorphism. Part of this carbon is in a reduced state

because it includes organic carbon remobilized during destruction of older sediments. In

the surface environment, carbon is rapidly cycled through the biosphere (paths labeled a,

Fig.  The amounts of organic carbon and carbonate buried depend upon global rates

of erosion and sedimentation (Derry et al. 1992) and upon recycling processes on the

 and Holland  If the average degree of reduction of buried carbon

differs from that of the carbon entering the surface environment, then a net transfer of

oxidizing or reducing power must occur between the carbon cycle and the cycles of

other elements � principally sulfur, oxygen, nitrogen, iron, and manganese.

The operation of the carbon cycle can be monitored by an isotopic mass balance as

follows (Des  et al.

 =  +  (9.1)

where  represents the isotopic composition of carbon entering the global surface

environment consisting of the atmosphere, hydrosphere, and biosphere. The right side

of the equation represents the weighted�average isotopic composition of carbonate

 and organic  carbon being buried in sediments, and  and  are

the fractions of carbon buried in each form  = 1 —  timescales longer

than  =  mil,  (Holser

et al. 1988). Thus, where values of sedimentary  and  can be  it is

possible to determine  for ancient carbon cycles. Note, for example, that higher

values of  or both indicate a higher value

The processes that cycle carbon can be affected by crustal tectonics and mantle

plume events. A summary of possible effects of Superplumes and Supercontinents on

the carbon cycle is given in Figure  The feedbacks shown in the figure have been

discussed by Worsley et al. (1986), Des Marais (1997),  (1998), and Condie et al.

 (2000a).

 Formation

 Supercontinent assembly impacts the carbon cycle in several ways (Kerr 1998; Condie

 Continental collisions are initially a net source  owing to the burial

 и thermal destruction of sedimentary organic matter and carbonates within collisional

 both (paths b and c, Fig.  1996). Continued uplift of a superconti�

 accelerates erosion of sedimentary rocks and their carbon (paths d and e). Whether

us carbon source changes the  of seawater depends on the ratio of the reduced

ttbon  = �20 to  to oxidized carbon  =  recycled back into

• oceans (path f). For example, if both carbonate and organic carbon are recycled in



Figure 9  Carbon reservoirs in the Earth showing possible effects of supercontinents and superplumes. Each box represents a carbon

reservoir.  crust = oceanic crust + oceanic plateaus + island arcs. Biosyn = biosynthesis; Decomp = decomposition. Lettered
paths  to text discussions. After Condie et  (2000a).
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approximately the same ratio as their ratio prior to  formation, the

of seawater will not change (Des  et al.  As the surface area of a growing

supercontinent increases, weathering of surface rocks withdraws more  from the

atmosphere, transferring it to the continents (path g), where it is eventually returned

to the oceans by erosion (path h). Increased erosion also releases more nutrients (e.g.,

phosphorus),  productivity (paths h, a) (Worsley and Nance

The nutrient source and  sinks can draw down atmospheric  levels, favoring

cooler climates that intensify ocean circulation and thus increase nutrient upwelling

and marine productivity (Berry and Wilde  Intense drawdown of  together

with increasing albedo caused by the increasing  ratio can lead to widespread

glaciation. These factors collectively promote increased burial rates of organic carbon,

relative to carbonates, and thus may raise the  value of seawater. However, uplift

of collisional mountain belts during supercontinent formation can recycle older carbon

that is depleted in  For instance, a dramatic drop of  in marine carbonates

about 55 Ma coincides with initial uplift of the Himalayas in response to the India�

Tibet collision and may reflect recycling of carbon depleted in  (Beck et al. 1995). In

addition, the final stages in the formation of Pangea were accompanied by compressive

stresses around the margin of most of the supercontinent, leading to significant uplift

and erosion.  et al.  suggested this enhanced erosion may be responsible for

a pronounced minimum in seawater  at 250 Ma. Hence, it appears the control of

 in seawater during supercontinent formation reflects a delicate balance between

carbon burial and carbon recycling.

Two concepts have been proposed for a possible role of gas hydrates

solids in shallow marine sediments) in global climate change (Kvenvolden  The

first one is direct injection of methane, or more likely its oxidized equivalent  into

the ocean�atmosphere system as gas hydrates dissolve during warm climatic regimes.

This would provide a strong positive feedback for global warming. The second is

that continental�margin gas hydrates release methane during falling sea level, which

generally accompanies global cooling. Such cooling, for instance, could occur during

 or supercontinent formation. However, with the present�day reserves of gas

 neither of these effects should have significant effects on climate change or

 sea level (Kvenvolden  If gas hydrates were widespread during

he  supercontinent formation could lead to gas hydrate evaporation as

 level drops, which would introduce  carbon as  into the atmosphere,

ncreasing both organic and carbonate burial rates as well as greenhouse warming

Haq  Also, because gas hydrates contain carbon with very negative  values

averaging about  they may offset any increase in the  due to organic carbon

As sea level falls during supercontinent formation, the ensuing regression restricts the

 of shelf carbonates and mature clastic sediments, and the emerging shelves

an accommodate deposition of extensive  Organic carbon sedimentation

 either farther offshore or in freshwater basins within the interior of the super�

 1983). Overall, supercontinent formation promotes higher rates of

 and sedimentation (path i, Fig.  which correlate with organic carbon burial

 and platform carbonate deposition becomes more restricted. The net result is



246 Mantle Plumes and Earth Systems

that periods of  formation favor relatively high ratios of organic versus
carbonate sedimentation and burial. If this is the  positive carbon isotope anoma-
lies should develop in  during supercontinent formation unless other processes
obscure this effect.

Supercontinent Breakup

Supercontinent breakup creates new, narrow ocean basins having restricted circulation
and  active spreading centers  1998; Condie et  2001). These
features promote anoxia in the deep ocean (path i, Fig. 9.1). The actively eroding
escarpments along new rift margins contribute sediments to these basins, and marine
transgressions increase the rate of burial of organic and carbonate carbon on stable con-
tinental shelves. The amount of shallow marine carbonate deposition (path j), however,
critically depends on redox stratification of the oceans, for reducing environments are
not conducive to carbonate precipitation. Should anoxic deep-ocean water invade the
shelves, it would facilitate organic carbon burial on the shelves, including the deposition
of black shale and the accumulation of gas hydrates.

The increase in length of the ocean-ridge network that accompanies supercontinent
fragmentation promotes increased degassing of the mantle, including CO2 (path k).
Increasing atmospheric  levels and rising sea level promote warmer climates, re-
sulting in increased weathering rates (path g)  and  1997) as well as the
potential for the marine water column to become stratified and for deep water to become
anoxic (path i) (Berry and Wilde 1978). Increasing carbonate in the oceans together
with a growing ocean-ridge system would also enhance rates of removal of seawater
carbonate by deep-sea alteration (path 1). To the extent that these developments enhance
the fraction of carbon buried as organic matter, they would also lead to an increase in
the  of seawater because  is preferentially incorporated into organic carbon
(Des Marais et al. 1992;  et al. 1999).

 Events

During a superplume event, ascending plumes warm the upper mantle and lithosphere
and thereby elevate the  by thermal expansion and create oceanic plateaus by the
eruption of large volumes of submarine basalt. Rising sea level triggers marine trans-
gressions (Larson 1991b) (path i, Fig. 9.1). Oceanic plateaus can locally restrict ocean
currents (Kerr 1998), thus promoting local stratification of the marine water column
which leads to anoxia (path  Plume volcanism and associated extensive hydrothermal
activity exhale both  and reduced constituents into the  system
(Larson  1998). The increased  flux warms
the climate and enhances weathering rates (path g) (Berner and Berner  During
superplume events, when anoxia is widespread in the oceans, gas hydrates could form
in large volumes, provided the oceans are not warm enough to dissolve the hydrates.

Biological productivity during a superplume event is enhanced by several factors
such as increased concentrations of CO2, increased nutrient fluxes from both

 activity (such as P, H2, sulfides, trace metals, etc.) and enhanced
 and elevated temperatures due to  greenhouse warming (paths
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Carbonate precipitation is enhanced by increased chemical weathering and by marine
transgressions (path j). Increased hydrothermal activity on the sea floor should also
increase the rate of deep-sea alteration, which in turn should increase the removal rate
of carbonate from seawater (path 1). Liberation of large amounts of  into the oceans
by increased hydrothermal activity might decrease ocean pH, the net effect of which
would be to dissolve marine carbonates - particularly adjacent to high-temperature
emanations  However, a more acidic ocean would also dissolve more Na
and Ca increasing the oceanic pH again. If the oceans are relatively reducing, hy-
drothermal exhalation of  promotes siderite deposition, for example, adjacent to
banded iron formations  et  This, in turn, promotes carbonate depo-
sition overall because siderite is less soluble than calcite and dolomite. Organic matter
burial is enhanced by increased  marine transgression, and the expan-
sion of  waters - in particular onto continental shelves (path i) (Larson 1991b;
Kerr 1998). In summary, phenomena associated with  promote the for-
mation and deposition of both organic and carbonate carbon. It has been proposed
that the relative deposition of carbonates and organic carbon reflect redox buffering of
the crustal and surface environment by the redox state of the upper mantle (Holland
1984). Redox buffering by the mantle should be even stronger during
events.

Subduction of carbon may also play a role in determining the response of the carbon
cycle to superplume events. During most of Earth history, the relative rates of subduction
of carbonate and reduced carbon reflect their relative crustal abundances. If they did
not, the mean  values of crustal versus mantle carbon reservoirs would differ
substantially today because the preferential subduction of either oxidized or reduced
carbon would have made the crust-mantle exchange of carbon an isotopically selective
process. However, the  values of the total crust and mantle carbon reservoirs are
identical within the uncertainties of measurements (Holser et al. 1988). Therefore,
subduction has not favored either carbonates or organic carbon. Although Jyotiranjan
et al. (1999) suggested that inorganic carbon is subducted and recycled faster than
organic carbon during a mantle plume event, their conclusion is based solely on data
from  and there is no evidence to support preferential inorganic carbon burial
during a worldwide superplume event.

Sea Level

Changes in sea level leave an imprint in the geologic record by the distribution of sed-
iments and biofacies, the aerial extent of shallow seas as manifested by preserved in-

 sediments, and by unconformity-bounded packages of sediments. A widely
used approach to monitor sea level is to map successions of  and regressive
fades in marine sediments. To estimate sea level changes, it is necessary to correlate
facies and unconformities over large geographic regions on different continents and
different tectonic settings using sequence stratigraphy (Vail and Mitchum  Using

' this technique,  and  patterns are identified in seismic reflection profiles and
 used to construct maps of the landward extent of coastal onlap from which changes
 sea level are estimated.
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Figure 9.2. Eustatic sea level relative to present sea level  the last 600  Also shown is

calculated production rate of oceanic crust. Data from  (1987), Haq et al. (1988), and Algeo

and  (1995).

Although most investigators seem to agree about a long�term component (200�

400 Myr) in sea level change during the  short�term components and

amplitudes of variation remain uncertain. Several factors can cause short�term changes

in sea level. Among the most important are tectonic controls, chiefly continental col�

lisions, which operate on timescales of  yr, and glacial controls that operate

on timescales of  yr. Tectonic controls seem to produce sea level changes at

rates less than 1  whereas glacial controls can produce rate changes up to

10  yr.

Major transgressions are recorded in the early and late Paleozoic and in the Late

taceous (Fig. 9.2). The long�term changes in sea level may be related to one  more of

the following factors:  rates of  spreading, (2) the characteristics of

tion, (3) the motion of continents with respect to geoid highs and lows, (4)

events, and (5) supercontinent insulation of the mantle  Eriksson 1999).

One of the most important causes of long�term sea level changes is the volume of

ridge systems. The cross�sectional area of an ocean ridge is dependent upon spreading

rate because the depth of the ridge is a function of its age. For instance, a ridge that

spreads 6  for 70 Myr has three times the cross�sectional area of a ridge that spreads

at 2  for the same amount of time. The total ridge volume at any time is dependent

on spreading rate (which determines cross�sectional area) and total ridge length.

Subduction can also affect sea level. For instance, if additional convergent and

vergent plate margins form in an oceanic plate while spreading rate is
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a constant value, the average age of oceanic lithosphere decreases and leads to uplift
above  zones, causing a drop in sea level  1993). Also, when conti-
nental plates move over geoid highs, sea level falls, and conversely, sea level rises when
plates move over geoid lows. As the mantle warms up beneath a supercontinent, the
continental plate rises isostatically with a corresponding fall in sea level.

Worsley et  (1984, 1986) proposed a model in which Phanerozoic sea level is
directly tied to the supercontinent cycle with a repeat time of about 400 Myr. The rapid
increase in sea level observed between 600 and 530 Ma and again at about 100 Ma
corresponds to the onset of breakup of Laurasia  and the
extended breakup of Pangea, respectively. The low sea level at about 600 Ma corre-
lates with the assembly of  and the low at about 250 Ma correlates with
the final assembly of Pangea (Fig. 9.2). The low stands of sea level accompanying

 probably reflect the geoid highs developed beneath the superconti-
nents, whereas the high sea levels accompanying supercontinent dispersal reflect en-
hanced ocean-ridge activity. Because major changes in sea level in the Phanerozoic
appear to be related to changes in volume of the ocean-ridge system, times of high sea
level are also times of rapid production of oceanic crust (Fig. 9.2)  1987). The
oceanic crust production rate increases by up to a factor of two during supercontinent
breakups.

 events should result in a rising sea level  1998; Eriksson 1999;
Condie et al. 2000a). Sea level rises because of  uplift and thermal erosion of
the oceanic lithosphere above plume heads (Kerr 1994;  and Silver
1998). Also, oceanic plateaus contribute to a rise in sea level, and during
events, when many oceanic plateaus form, the effect could be significant. When super-
continent formation and superplume events coincide, such as at 1.9 and 2.7 Ga, each
process affects sea level in opposite directions. Hence, the net effect on sea level, if
any, is the weighted average of these competing events.

Global Warming

Carbon dioxide and methane are two important greenhouse gases  and
 1991). The primary source for these gases on Earth is volcanism, and es-

pecially volcanism related to ocean ridges and to mantle plumes (Fig. 9.3). Because
of free oxygen in the  system, methane is rapidly oxidized to
which is the principal terrestrial greenhouse gas. The rate of input of  into the

 system is proportional to the rate of  generation and to the
 of mantle plume activity  1983; Condie et al. 2001). There are three im-

portant negative feedbacks that control levels of  in the atmosphere, as discussed
with respect to the carbon cycle earlier in this chapter (Fig. 9.1). The most important
is chemical weathering on the continents. Because this effect varies with the surface

 of continents exposed to weathering, it is at maximum when supercontinents exist.
Photosynthesis and hydrothermal alteration associated with submarine volcanism (both
ocean ridge and  also remove  from the atmosphere. Hence, the amount of
global warming due to  in the atmosphere at any given time results from a delicate
balance of volcanic input and the three processes of extraction (Fig. 9.3).
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(MOR and Plume)

Figure 9.3. Simplified source and sinks  in

 atmosphere and oceans.

Ч
Weathering

 Alteration
Photosynthesis

During breakup of supercontinents new ocean ridges form, and the input of  into

the atmosphere�ocean system increases. This could lead to global warming before some

combination of the three negative feedbacks reduces the  level. In contrast, forma�

tion of a supercontinent could lead to global cooling in response to enhanced chemical

weathering, which, as previously  could lead to widespread glaciation. A

 event may inject large quantities of  into the atmosphere, leading to

rapid global  in a short time (<50 Myr).

Paleoclimatic temperature regimes can be estimated directly in the last few hundred

million years from the oxygen isotope record left by shallow marine organisms

in particular, microfossils (Larson  The geological sedimentary record can also

be useful in that certain sediments, such as  bauxites, and glacial deposits

record specific paleoclimates. In addition, black shales and hydrocarbon deposits, both

of which are generated from the fossil remains of  are most widespread

during warm climatic regimes. The Chemical Index of Alteration (CIA), commonly

referred to as the  index  and Young  also has been used

to estimate the degree of chemical weathering in the source areas of shales. The CIA is

calculated from the molecular proportions of oxides, where CaO is the amount in only

the silicate fraction, and CIA =  + CaO +  +  x 100, the

molecular ratio. The higher the CIA, the greater the degree of chemical weathering in

sediment sources. For example, CIA values over 85 are characteristic of residual clays

in tropical climates (Nesbitt and Young 1982). This index has proved particularly useful

in recognizing warm paleoclimatic regimes in the  geologic  where

other climatic indicators may be rare (Condie et  2000a, 2000b).

The Biosphere

Superplume and supercontinent events can affect the biosphere in two major ways.

(1) increased  levels and other nutrients in the atmosphere and oceans can lead

to diversification and increases in the biomass, and (2) introduction of toxic gases and

trace elements into seawater and climate changes associated with volcanic eruptions can

lead to mass extinctions. Also, heat input from submarine eruptions can destabilize
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water column, causing large�scale overturn that  near�surface marine organisms.

Increased input of  into seawater may cause dissolution of carbonates, leading to

increased anoxia and episodes of enhanced deposition of black shales and hydrocarbons

 and  Input  phosphorus, iron, and trace metals

(Sb, As, Se) into seawater is directly tied to the intensity of deep�sea hydrothermal

activity, which in turn is related to the intensity of ocean�ridge and plume volcanism

(Von  and Fowler  Increased nutrients in seawater, such

as methane, iron, manganese and phosphorus, can lead to increases  the biomass,

especially in microorganisms that abound around submarine hydrothermal vents. Thus,

the breakup of supercontinents with increased ocean�ridge activity and

events can both lead to increased nutrient supplies for marine organisms. Studies of

modern  mats show that the rate of carbon fixation in these organisms is higher

for greater levels of  in the atmosphere (Rothschild and  1990). Hence,

an increase in hydrothermal venting associated with either supercontinent breakup

or  could lead to an increase in the biomass � at least in photosynthe�

sizing microorganisms and in organisms that live around hydrothermal vents on the

Eruption of continental flood basalts and  eruptions on oceanic plateaus

can transfer immense amounts of  into the atmosphere in short periods of time

(Rampino  and Caldeira  Eruption of the Deccan traps 65 Ma

may have transferred as much as 2 x  moles of  into the atmosphere in less

than one million years, an amount that could have produced a global greenhouse effect

of about 2  (Caldeira and Rampino, 1991). The Mid�Cretaceous superplume event

may have increased atmospheric  levels by a factor of 5�15 times the modern

 value, resulting in global warming of up to 8 °C  et  1995).

Volcanic eruptions also transfer toxic components such as As, Se, Sb, as well as volcanic

ash into the atmosphere or ocean. If carried into the stratosphere, volcanic gases and

aerosols can cause dramatic short�term  such as acid rain, diminishing sunlight,

and global cooling (Officer et  Many or all of these effects could lead to mass

extinctions of both submarine and terrestrial organisms (Caldeira and Rampino 1991;

 et al.  Given that one superplume, such as that responsible for eruption

of the Siberian traps 250 Ma (Campbell et  1992), may have had major impact on

living organisms, the effect of a superplume event involving many superplumes could

be devastating to living systems.

Sedimentary Systems

Strontium Isotopes in  Carbonates

Veizer and  were the first to suggest that the growth rate of continental

 can be tracked with Sr isotopes using the  ratio in marine carbonates.

Because the  ratio in marine carbonates reflects chiefly the balance of Sr from

 and deep�sea hydrothermal (mantle) sources entering the oceans (Veizer

 Asmerom et al. 1991), relatively high  ratios in marine carbonates in�

dicate sources with high Rb/Sr ratios (continental crust), whereas low ratios reflect
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2.0

Age (Ga)

Figure 9.4. The record of  ratio in seawater since the Late Archean using marine carbonates

as a proxy. Also shown is the mantle growth curve. Gray patterns show distribution of carbonate

isotopic ratios. Carbonate strontium isotope data from  and Veizer (1994).

dominant mantle input. Before 2.5 Ga,  ratios fall near the mantle growth

curve  (Fig. 9.4), indicating that the oceans were largely buffered  mantle

input and that little continental crust existed � at least above sea level (Veizer and Comp�

ston 1976). After the major period of continental  growth at 2.7 Ga, however,

the  ratio in seawater increased rapidly as increased amounts of continental

Sr entered the oceans (dashed line, Fig. 9.4) (Veizer and Compston 1976; Taylor and

McLennan 1985; Condie 1998).

Both supercontinent breakup and superplume events should pump more mantle Sr

into the oceans via submarine  and hence should decrease the  ratio

of seawater, provided the effect is intense enough to offset continental inputs of Sr. In

contrast, supercontinent formation would lead to uplift and erosion and greater input

of continental Sr by rivers, which is an effect that should raise the  ratio of

seawater. If a significant volume of juvenile continental crust accompanies formation

of a supercontinent, the effect should be even more pronounced.

Banded Iron Formation

Banded iron formation, commonly referred to as  is finely  chemical

sediment composed chiefly of  quartz and iron oxides. The most

minous  (Superior type) were deposited in  passive�margin, or plat�

form basins during stands of high sea level in the Late Archean and

(Simonson and Hassler 1996). The iron and silica in BIF appear to have been derived

chiefly from hydrothermal vents on the deep  and the deposition of BIF on

shallow continental shelves and intracratonic basins requires one of two processes.

(1) upwelling, which brings iron�rich waters from the largely anoxic deep basins  о
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the oxidizing shallow water on the continents, or (2) extensive hydrothermal plumes,

depleted in oxygen and enriched in iron,  with ocean�ridge systems, oceanic

plateaus, or both (Klein and  1992;  1995; Abbott and  2001). In the

second process, the hydrothermal plumes transport iron into the upper water column

as they rise to a level of neutral buoyancy and then spread outward by ocean currents.

In this manner, the iron is carried onto continental shelves without  and BIF

is deposited in various basins along continental margins.

Supercontinent breakup and  events can account for several features of

BIF deposition. First, the enhanced submarine volcanism and hydrothermal venting

associated with ocean�ridge or oceanic�plateau volcanism, or both, during these events

may be a source of the iron and silica in BIF. Furthermore, elevated sea level caused by

the superplume event or supercontinent breakup provides shallow marine basins on sta�

ble continental  which is a feature necessary to preserve  from later subduc�

tion. This applies to both the upwelling and hydrothermal plume models of deposition.

Sedimentary Phosphates

In many respects, what we know about the deposition of BIF also applies to many

sedimentary marine phosphates. The main  between the environments of

deposition is that phosphates are deposited in biologically productive upwelling zones,

whereas BIFs are not. For marine phosphate deposition, we need a source of phosphorus,

relatively anoxic seawater to keep the phosphorus in solution, and upwelling along

continental margins (or hydrothermal plumes), which brings phosphorus�rich seawater

onto continental shelves and basins that contain oxidizing water and biologic activity

where phosphates can be precipitated (Cook and Shergold

Again, supercontinent breakup and superplume events provide the necessary condi�

tions for enhanced deposition rate of marine phosphates.

Geological Consequences of Superplume Events and Supercontinents

Mid�Cretaceous Event

The last recognized superplume event is the Mid�Cretaceous event (Larson  a), and

its effects are concentrated chiefly in and around the Pacific basin. The

curve for the last  shows a broad increase from  to  Ma and then a

steady decrease to the present (Fig. 9.5). The broad temperature peak from  Ma

cannot be explained by supercontinent fragmentation alone but also requires excess

 in the atmosphere (Larson  Approximately 2 to 6 times

the present content of  is required to raise Mid�Cretaceous temperatures to the

observed levels  1983;  et  1995). Although much of this increase

 have been caused by increased ocean�ridge volcanism, as reflected by the peak

 production of oceanic crust at this time (Fig. 9.5),  in the Pacific basin

also may have contributed  Models by  and  show that the

Mid�Cretaceous superplume event may have produced atmospheric  levels of 4 to

 times the modern  value. This would have resulted in global warming

 3�8  over today's mean temperature. The fragmentation of  at this time
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Figure 9.5. Distribution of  oil reserves, black shale, and sea level in the last

150 Myr. Also shown from Figure 8.9 is the production rate of oceanic crust and magnetic reversals.

Modified from Larson  with permission. Copyright © 1991 by the Geological Society of

America.

could contribute another 5  of warming. Computer models of  et  (1995)

show that a combination of increased atmospheric  and an increased poleward flux

of heat is necessary to explain the global distribution of warm climates in the

 The greater poleward heat flux is necessary to prevent the tropical oceans

from overheating owing to the increased  content. The model that best matches

observations from Mid�Cretaceous paleoclimatic indicators has a globally average

surface temperature 6.2  higher than at present and atmospheric  of 4 times the

present�day level.



Geological Consequences of  Events

The approximately  increase in eustatic sea level, reaching a maximum at
about 100 Ma, can also be related to increased ocean-ridge activity, displacement of
seawater by oceanic plateaus, and uplift of the oceanic  over
(Larson  la,  1998). Note  sea level  the  the
pulse in ocean-crust production, as predicted by the model of  (1987) (Fig. 9.5)
As pointed out by Hardebeck and Anderson (1996), however, some of this rise in sea
level also must have been related to the continuing breakup of  The effect of the

 event is superimposed on the supercontinent breakup effect. The gradual
decrease in sea level after  Ma is not predicted by the superplume model but is
probably related to continental collisions associated with the development of a new
supercontinent (including India-Tibet, Australia-Southeast Asia, and the Mesozoic

 collisions in the American Cordillera).
Extensive deposition of black shale is recorded worldwide from about  to 85 Ma

and may reflect increased  related to a Mid-Cretaceous superplume event
1980). Black shales are generally interpreted to result from  events caused by
increased organic productivity and poor circulation in basins on continental platforms.
As discussed above, a superplume event can supply both of these requirements: directly,
by hydrothermal spring input of methane into the oceans, and indirectly, by increasing
sea level and the frequency of partially closed basins on the continental shelves (Kerr
1998). The upwelling of trace metals and nutrients from the deep oceans may have
increased the habitat of some marine organisms and may have led to the extinction of
other organisms - especially those becoming extinct near the
boundary some 90 Ma (Wilde et  1990). Larson  also pointed out that about
60% of the world's oil reserves were generated between  and 88 Ma (Irving et al.
1974), which is consistent with the abundance of black shale at this time. There is
also a broad peak in natural gas reserves at about the same time (Bois et al. 1980). A
Mid-Cretaceous superplume event may have contributed carbon and other nutrients,
such as phosphorus and iron, for the expansion of  at this time. The high
stand of sea level vastly increased the continental shelf area covered with shallow seas,
providing appropriate depositional environments for the hydrocarbon precursors. Also
consistent with a superplume event at this time is the peak in seawater  which is
consistent with extensive burial of carbon (Fig. 9.6).

Although there is a small dip in the  ratio of seawater at about 100 Ma
(Fig. 9.6), the input of mantle Sr at this time from a combination of ocean-ridge and
plume-related sources must have been relatively minor (Ingram et al.  Veizer et al.
1999).

 Event

, The  reversed  centered at about 280 Ma (Fig. 8.15)
 also record a superplume event. Many geological features similar to those

 found associated with the Mid-Cretaceous superplume event occur during the
 superchron (Larson  Paleoclimates at this time, however,

fevere mixed. Swampy, tropical, and wet climates characterized the Northern Hemi-
 whereas in the Southern Hemisphere the supercontinent  underwent
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Figure 9.6. Secular changes in  and  ratios of seawater in the last 600 Myr based on data

from marine carbonates. Also shown are  superchrons from Figure 8.15. Sr and carbon

isotope data from Veizer et  (1999).

widespread glaciation  1999). Also, about 50% of the world's coal reserves

formed during the  1980), and large re�

serves of natural gas appear to have formed at this time. The volume of coal is partic�

ularly striking because coal contains about nine times the fossil fuel energy of oil and

gas  and it does not migrate from the source rock. There is also a dramatic

minimum in the  level of the atmosphere at 300�280 Ma, as calculated from buried

carbon  chiefly the burial of vascular land  1994). Consistent with the

increased burial rate of carbon at this time is the peak doublet in  of seawater,

which rises to a value of about +4 per mil (Veizer et al. 1999) (Fig. 9.6). The rapid

decrease in the  ratio of seawater between 300 and 250 Ma may represent a

response to enhanced input of mantle Sr via plume and ocean�ridge volcanism dur�

ing a superplume event. The minimum  ratio at about 250 Ma could reflect a

combination of factors, including waning superplume activity and the final collisions

of continental plates forming Pangea, both of which would enhance the continental Sr

isotope signature.

There is also a sea level high centered at about 280 Ma, which is also consistent

with a superplume event (Fig. 9.2). This high sea level is readily apparent in the

cratonic sequences in North America (Sloss  The Permo�Carboniferous reversed

superchron correlates with the Absaroka  sequence, which began at the

same time as the superchron. After the peak at about 280 Ma, sea level fell to

minimum at the  boundary (250 Ma) (Fig. 9.2). Although not fully
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 this fall again may have been in response to waning plume activity and the
final growth of Pangea, each event providing positive feedback to a drop in sea level.

Ordovician Event

The recent recognition of a superchron in the Ordovician centered at about 480 Ma
presents the possibility of still another superplume event in the Phanerozoic (Johnson
et  Consistent with a superplume event at this time is a peak in eustatic sea
level and in calculated production rate of oceanic crust (Fig. 9.2). Black shales are also
widespread in the Ordovician. A steep fall in  ratio of seawater at this time could
have been a response to enhanced input of mantle Sr accompanying a superplume event
(Fig. 9.6). Puzzling, however, is the minimum in  of seawater (about — 1) (Fig. 9.6).
Perhaps uplift associated with Taconic collisions in  recycled buried
organic carbon, thus enriching seawater in  Alternatively, maybe oxidized carbon
was preferentially buried on widespread continental shelves at this time. If so, however,
why did these environments favor carbonate deposition and not organic carbon? The
rapid increase in  toward the end of the superchron leads into Late Ordovician-
Silurian glaciation, and it is interpreted by Kump et  as a response to increased
weathering of carbonate platforms caused by a  sea level drop (reaching
a minimum in the Silurian, Fig. 9.2) rather than as a response to increased burial of
organic carbon.

The  Event

Sea Level

Although well-preserved shallow marine sedimentary successions are widespread in
the Phanerozoic and Neoproterozoic, only small remnants of older Precambrian suc-
cessions remain in the geologic record. For this reason, it is not possible to use sequence
stratigraphy to estimate sea levels in most sedimentary rocks older than about 800 Ma
(Eriksson  Remnants of Meso- and Paleoproterozoic marine intracratonic, pas-
sive margin, and platform sediments, however, are widespread on the continents, and
hence their areal distribution as a function of time yields important insight into the
relative elevation of sea level with time. Condie et al. (2000b) estimated the abundance
of preserved sediments from these tectonic regimes during the Precambrian as a guide
to relative sea level.

 The areal distribution of sediments from any particular tectonic setting varies with
age owing to the effects of erosion. Veizer and Jansen (1985) and Veizer (1988) have

; shown that the preservation of sediments decays exponentially with time and varies
 tectonic settings. Phanerozoic intracratonic and platform sediments have a

I half-life of about 350 Myr and an oblivion age (life expectancy) of about  Myr
I (Veizer  A  of about 700 Myr, however, seems more appropriate for
I Late  and Proterozoic sediments, remnants of which are widespread on the

 continents (Condie et al. 2000b). A histogram of restored areal distribution of these
 shows prominent peaks at  Ga and 800-600 Ma and a smaller peak at
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Figure 9.7. Histogram showing the restored  distribution of  passive margin, and
platform sediments during the Precambnan. Data from Condie et al. (2000b). Area restored using a
sediment half-life of 700 Myr.

about 2.7 Ga (Fig. 9.7). This strongly suggests that shallow marine sediments were more
widespread on the continents at these times than at other times during the
and by inference, that sea level was also high. It is significant that the highest peak for
restored intracratonic sediment occurs at  Ga, corresponding to one of the two major
superplume events identified by Condie (1998) and discussed in the previous chapter.

Also supporting high sea level at about 1.9 Ga is the widespread occurrence of
submarine flood basalts of this age erupted on continental platforms. Many examples
of such basalts occur in the Ungava orogen in Quebec, in the  in West Africa,
and on the Baltic shield in Scandinavia  1999). This suggests that continental
shelves were extensively inundated at 1.9 Ga.

The peak in abundance of shallow marine sediments at  Ga suggests that a
superplume event overpowered supercontinent formation at this time, resulting in a
significant rise in eustatic sea level. This may reflect the relative timing of the two events
at  Ga. Supercontinent formation  many craton and arc collisions at  Ga
occurred on the tail end of the  superplume event and may have contributed to
the lowering of sea level following the superplume event. This is consistent with the
timing of events within the superevent cycle suggested by Condie (1998).

Black Shales

There is a good correlation between a  superplume event and the distribution of
black shales during the Precambrian (Condie et al. 2000, 2001). A cumulative thick-
ness histogram shows a clear maximum in black shale abundance at 1.9-1.7 Ga with
smaller peaks at about  Ga and 600 Ma and the suggestion of a peak at 2.7 Ga
(Fig.  The relatively small cumulative thickness of black shales older than 2 Ga
may reflect removal by erosion of older successions. To minimize the effects ot
ferent sedimentary environments and facies as well as selective erosion of shale
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Age (Ma)
Figure  Age distribution of black shale in  passive margin, intracratonic, and platform

 (a) Frequency distribution of total thickness of black  (b) Ratio of black shale to
total shale. Error bars  one standard deviation of mean age. From Condie et  (2000a).

successions, results are also shown for the ratio of black shale to total shale with time
(Fig.  Again, peaks are apparent in the range of 2.0-1.8 Ga as well as in Late

 Ma) and in the Late Archean (2.7-2.5 Ga).
When black shale is weighted by preserved thickness, a time series  and Abbott

1999) shows three peaks in the Paleoproterozoic (i.e., at about  1.85, and 1.7 Ga)
 small peaks at 600 Ma,  Ga, and near the  boundary

 2.5 Ga (Fig. 9.9). Plotted as a time series weighted by errors in ages and by the
ratio of black shale to total shale, a very strong peak occurs at 1.9 Ga with smaller
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Age (Ga)
Figure 9.9. Time series of BIF, black shale, CIA in intracratonic shales, and restored

sediments in the Proterozoic compared with global plumes from  and Abbott (1999).

series generated by summing Gaussian distributions of unit area using mean ages and

deviations given in Condie et  (2000a). CIA =  + CaO +  + fed)

100] molecular ratio with CaO representing the silicate fraction only. Modified after Condie et

(2000a).
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peaks at 1.7, 2.0, and 0.6 Ga and again, three small peaks at the Archean-Proterozoic
boundary (Condie et al. 2000). Considered collectively, there is evidence of one-to-
three well-defined maxima in black shale deposition at  Ga with a  less
well-defined maximum in the Late Neoproterozoic and one-to-three small maxima in
the Late  (Fig. 9.9).

If both organic and carbonate carbon were buried during the
event in approximately the same ratio in which they were buried during most of Earth
history, as constrained by carbon isotopes and discussed below, there should also be
peaks in carbonate abundance during superplume events. Although a survey of the
abundance of marine carbonates in the  record shows that they are relatively
abundant in the Paleoproterozoic (an observation also made by Grotzinger and Kasting
1993), there is only a suggestion of peak abundances at 1.9-1.8 Ga (Fig. 9.10). A
possible reason for the absence of strong peaks at 1.9 Ga may be that carbonates
weather more rapidly than siliceous sediments and have not survived
1997). This, however, requires selectively high rates of carbonate weathering at 1.9 Ga
compared with other times in the Proterozoic. Possibly many carbonates of these ages
were deposited in deep ocean basins and later subducted. Widespread hydrothermal
systems on the  associated with plume  may have produced anoxia
in shallow shelf environments where carbonates are normally deposited.

Although CIA data from shales show considerable scatter in some s'tratigraphic sections,
owing perhaps to later remobilization of Ca, Na, or K, there is a major peak in CIA

 Age distribution of shallow marine carbonates in Precambrian passive margin,
 and platform basins. From Condie et al.
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at about  Ga and another at 1.7 Ga (Condie et al. 2000, 2001b) (Fig. 9.9). These
peaks in CIA suggest that paleoclimates were unusually warm at these times, which
is a feature consistent with increased input of greenhouse gases (principally
into the atmosphere. This is to be expected during superplume events. The origin and
significance of the 1.7 Ga CIA peak is not yet understood. That it seems to correlate
with  sediment and black shale peaks at about the same time indicates a
warm climatic regime and relatively high sea level at 1.7 Ga. Isley and Abbott
have proposed a superplume event at about 1.7 Ga (Fig. 9.9) based on the distribution
of plume-related igneous rocks in the geologic record. The sediment and CIA peaks at

 Ga seem to support the existence of such an event.

Banded Iron Formation

The last major period of  (banded iron formation) deposition was at about 1.9 Ga
when the large  of the Labrador Trough in northern Quebec, the Animikie basin
in Minnesota, and the Nabberu basin in Western Australia were deposited (Klein and
Beukes 1992). As shown by Isley and Abbott (1999), this last peak in BIF deposition
correlates well with a  superplume event and suggests a cause and effect relation-
ship, as discussed previously (Fig. 9.9). A similar correlation with superplume events
has been suggested for the voluminous BIFs at 2.7 and 2.5 Ga (Barley et al. 1997; Isley
and Abbott 1999).

A superplume event can account for several features of BIF deposition. First, the
enhanced submarine volcanism and hydrothermal venting associated both with ocean-
ridge and oceanic plateau volcanism during a superplume event may be the source of
the iron and silica in BIF. Furthermore, the elevated sea level caused by a superplume

 as discussed previously, provides extensive shallow marine basins along stable
continental platforms necessary to preserve BIF against later subduction. This applies
to either the upwelling or hydrothermal plume models of deposition. The end of the
event at  Ga may be related to either, or more likely a  of the following:
(1) a decrease in concentration of ferrous iron in the oceans, which is a feature resulting
from decreasing amounts of submarine hydrothermal activity as a superplume event
declines in intensity; or (2) increasing oxygenation of deep ocean waters, including,
perhaps, introduction of dense plumes of  water. After 1.8 Ga, the effects
of  photosynthesis, together with organic burial and a weaker hydrothermal
flux, led to global sulfate deposition and to the complete disappearance of BIF. It
would appear that later superplume events, including a possible event at  Ga, were
insufficient to reinitiate deposition of BIF.

Sedimentary Phosphates

Although sedimentary phosphates do not become widespread until after about
some important deposits occur in the Paleoproterozoic (Cook and
These are in Australia in the Rum Jungle  Ga) and Broken Hill  Ga) areas,
the  successions in Minnesota  Ga), in the
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Finland (2.0�1.9 Ga), and in the Yenisey Province of Siberia (1.85 Ga) (Cook and

 1979;  et  1988; Rosen et  1994;  and Ehlers 1998).

These phosphates were deposited at or near  Ga and hence may correlate with a

 superplume event. The source of the increased phosphorus and widespread

anoxia in seawater at this time could be from submarine hydrothermal systems as�

sociated with a superplume event. This model also explains the association of some

phosphates with  for dissolved phosphate is strongly absorbed on ferric oxides

under aerobic conditions  1999).

Strontium Isotopes in Seawater

In the Paleoproterozoic, the  ratio in some of the least radiogenic marine

carbonates (such as those from the Albanel Formation in Quebec [1.85 Ga] and the

 Arthur Group in North Australia  increased to values near  whereas

in slightly older carbonates the ratio remained relatively low  (for example in the

Coronation Supergroup in Canada [1.9  near the mantle growth curve (Fig. 9.4)

 and Veizer 1994). Perhaps the relatively low  ratios in seawater at

1.9 Ga reflect increased mantle input of Sr from a superplume event at this time,

whereas the higher ratios at  Ga reflect increased input of continental Sr from

a growing supercontinent (Condie 1998). That a superplume event at 1.9 Ga did not

decrease seawater Sr isotope ratios to even lower values may be due to the large volume

of continental crust formed at 2.7 Ga, which, even during a 1.9�Ga superplume event,

continued to supply significant amounts of continental Sr to the oceans. Intermediate

 ratios in Mesoproterozoic marine carbonates (about 0.705; Fig. 9.4) correlate

with supercontinent stasis, perhaps with minor breakup at  Ga, and the formation

of Rodinia at 1.3�1.0 Ga (Condie 2000).

Stromatolites

Stromatolites, layered structures thought to be deposited by microbial mat communi�

ties, are widespread in the Proterozoic with a prominent peak (or peaks) in distribution

at about  Ga. Maxima at this time are found in the number of stromatolite occur�

rences, the diversity of stromatolites, and in the number of occurrences of microdigitate

stromatolites  and  1993;  1998) (Fig.  investi�

gators have not recognized this peak because data were averaged over long time intervals

 and Raaben  In addition to stromatolites, there are

maxima in the reported occurrences of microfossils, oncoids, and chemofossils (bio�

genie chemical remains) at about 1.9 Ga (Hofmann 1998). The peaks in abundance and

 diversity of stromatolites at about  Ga may reflect a  of global warming,

 high sea level stands, and enhanced input of  into the sedimentary cycle. All of

 these may be related to a superplume event at 1.9 Ga. Grotzinger and Knoll (1999)

 suggested that the degree of carbonate saturation in seawater may be very important

 controlling stromatolite diversity, and during superplume events, seawater carbonate

 may increase significantly. Thus, a superplume event may increase both the
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Figure  Distribution of reported number of occurrences of total stromatolites and of microdigitate

stromatolites during the  Data from Grotzinger and  (1993) and  (1998).

availability of carbonate and the proportion of shallow platforms for the deposition and

preservation of carbonates.

The distribution of Paleoproterozoic carbonates indicates that cement crusts, and in

particular microdigitate stromatolites deposited in tidal flats, were a common mode of

deposition of calcium carbonate during the Paleoproterozoic (Grotzinger and Kasting

1993). This feature appears to require Proterozoic seawater that was greatly

rated in СаСОз compared with Phanerozoic seawater. The peak in reported occurrences

of microdigitate stromatolites at about 1.9 Ga (Fig.  is particularly intriguing be�

cause it correlates with the suggested  event at this time. This is consistent

with enhanced  input into the oceans from submarine volcanism and

vents accompanying the superplume event because higher  means an increase

the  ratio in seawater, favoring deposition of carbonate over sulfate.

high sea level stands create widespread shallow tidal flats, where both  and

ions increase in concentration in seawater due to evaporation.

Massive Sulfate

The first massive sulfate  in the geologic record occur at  Ga, following

a possible  superplume event (Fig. 9.12). That widespread sulfate deposition

followed a  superplume event is consistent with the following sequence of events:

 Large amounts of sulfur were injected into the oceans as sulfide during

superplume event, but only some of the sulfur was deposited as iron sulfides on

the deep  1998).
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Figure 9.12. Distribution of massive sulfate  during the  Data from
and Kasting (1993) and miscellaneous sources.

2. The oceans became oxic as submarine volcanic input related to the
event subsided.

3. As carbonate levels decreased in seawater owing to falling  input from the
 marine carbonate deposition became less important and  ion

became available to precipitate as sulfates (Grotzinger and Kasting 1993).

Increasing levels of sulfate in the oceans at this time is supported as well by sulfur
isotopes in which the range of  increases (<  to > +20) after 2.2 Ga

 Also, the completion of a supercontinent may have  numerous partially
closed basins for  deposition, as it did on Pangea during the Permian and

The sulfate, black shale, and CIA peaks at 1.7 Ga may reflect another superplume
event with all of these peaks recording widespread global warming. If so, why is
there no evidence of sulfate evaporite deposition corresponding to the 2.7 and 1.9 Ga
superplume events? There probably was not enough oxygen available to oxidize sulfur
at 2.7 Ga. However, by 1.9 Ga, this should not have been a problem. If there was a

 superplume event, for some reason it must have caused more global warming
than the  event, thus leading to widespread sulfate deposition.

Carbon and Sulfur

The impact of a superplume event on the biogeochemical cycles of carbon and sulfur
can be explored by considering their stable isotopic records. As discussed previously
for carbon, these cycles consist of elemental reservoirs linked by processes that ei-
ther transport or chemically transform the elements. Both elements are rapidly cycled
through the biosphere, which converts a small amount to reduced species by utilizing
reducing power provided by weathering, thermal sources, and oxygenic photosynthesis.
The amounts of organic carbon, carbonate, sulfides, and sulfate buried depend upon
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Figure  Variation in 5 С in marine carbonates during the  data  and
Holland  Kaufman (1997), and Melezhik et  (1999).

both the elemental fluxes through the surface environment and the burial rates in a

range of sedimentary environments that favor sedimentation of either oxidized or re�

duced species. The burial of both reduced carbon and sulfides is favored by reducing

marine environments  1983).

The net effect of  and supercontinent formation at  Ga may have been

to introduce significant volumes of  into the  system, increasing

depositional rates of both organic and carbonate carbon (Condie et al. 2000b). Although

data suggest that as many as three positive carbon isotope excursions occur in marine

carbonates during the time interval of 2.06 to 2.4 Ga (Karhu and Holland 1996; Melezhik

et al. 1999), only a poorly defined and questionable carbon isotope anomaly is observed

in marine carbonates at 1.9 Ga (Fig. 9.13). Therefore, the relative burial rates of both

reduced and oxidized carbon changed very little at this time, even as their absolute rates

increased. The absence of a significant  carbon isotope anomaly also means that

burial of plume�related carbon masked supercontinent�related carbon burial, the latter

of which should favor burial of organic carbon. It is worth emphasizing that the absence

of a negative  excursion in carbonates during the  event indicates

that mantle plumes do not preferentially recycle inorganic carbon relative to reduced

carbon. After 2.05 Ga, the carbon isotope record indicates that the fraction of carbon

buried as organic matter dropped from as much as 50% of the global carbon flux to less

than 20% (Karhu and Holland  After  Ga,  remained remarkably constant

for hundreds of millions of years (Fig.

A mass balance equation similar to that for carbon (eq.  applies also for sulfur,

as follows:

S  f �S  f &
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where  represents the isotopic composition of sulfur entering the surface environ-
ment. The right side of the equation represents the weighted-average isotopic composi-
tion of sulfate  and sulfides  being  and  and  rep-
resent the  of sulfur buried in each form  1 —  Over timescales
greater than  Myr,  = 0 per mil, the average value for  sulfur (Holser et

 Hence, lower values of  indicate higher values
The range  values increased between 2.5 and 2.2 Ga and is consistent with an

increase in seawater sulfate levels (Knoll and  Condie et al. 2000b). Be-
cause bacterial sulfate reduction utilizes  preferentially over  (Harrison and

 sedimentary sulfides typically have lower  values than their coeval sulfates.
Isotopic mass balance considerations require that the weighted average of the
and  values of sulfur species being buried must equal  which is typically zero.
Between  and  Ga,  values become more negative, indicating that a substantial
sulfate reservoir existed and that the burial rate of sulfate increased relative to that of
sulfide during that time interval. This isotopic trend is consistent with the observed
peak in the distribution of sulfate  between 1.8 and 1.6 Ga (Fig.

The carbon and sulfur isotope trends in Paleoproterozoic sediments are consistent
with a high sea level stand at 1.9 Ga (Condie et al. 2000b). This is followed by a sea
level decline and a decline in platform sedimentation in favor of
coastal environments that accumulated more  sulfates. This view
is corroborated by the decline, from 1.9 to 1.7 Ga, in stromatolite diversity, in the
abundance of preserved banded iron formation and black shale, and in declining
and  values. The trend towards greater rates of sulfate deposition between 1.8 and
1.7 Ga is indicated by increased abundance of platform  evaporites and
generally lower  values.

The Case for a  Event

Consistent with a  event at 1.9 Ga are the following (Condie et  2000):

 High sea level as inferred from the relative abundance of  passive
margin, and platform sediments.

2. A relatively high abundance of black shale.
3. A peak in CIA (Chemical Index of Alteration) in shale, implying unusually

warm paleoclimates.
4.  the abundance
5. An abundance of shallow marine phosphate deposits.
6. A peak in the number of reported occurrences and in the diversity of stromato-

lites.

The peak in distribution of shallow marine sediments at  Ga (Fig. 9.7) suggests that
the superplume event overpowered supercontinent formation, resulting in a significant
rise in sea level. The black shale and CIA peaks may reflect a 1.9-Ga superplume

 which introduced massive amounts of  into the  system,
increasing depositional rates of carbon and global warming. Increased  shale
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deposition and preservation at 1.9 Ga are due primarily to anoxia driven onto stable

continental shelves. The peak in CIA suggests that paleoclimates were warm at  Ga,

which is a feature consistent with increased input of greenhouse gases (principally

into the atmosphere.

Increased  and marine phosphate deposition at  Ga reflect increased input

of iron and phosphorus into deep,  oceans by submarine hydrothermal activity

followed by upwelling (or spreading of hydrothermal plumes) into shallow, oxidizing

seas on continental shelves. The slightly low  isotope ratios in seawater at

 Ga may reflect increased mantle input of Sr from the  event, whereas

higher ratios at  Ga reflect increased input of continental Sr from the growing

supercontinent. A peak in reported occurrences and diversity of stromatolites and

microdigitate stromatolites at about  Ga requires seawater on continental shelves that

was greatly  in СаСОз and warm climates, both of which are consistent

with high sea level stands and enhanced  input into the oceans from submarine

 and hydrothermal vents accompanying a  superplume event. The

first massive sulfate  in the geologic record at  Ga follow the 1.9�Ga

superplume event, reflecting oxdizing conditions and greater availability of  ions

as carbonate deposition declined during superplume waning.

The  Event

On the basis of the distribution of plume�generated mafic igneous rocks,  and

Abbott (1999) proposed two superplume events in the Late  at about 2.5 and

2.7 Ga (Fig. 9.9). A correlation with a superplume event has been suggested for the

voluminous  at about 2.5 Ga (Barley et  1997; Isley and Abbott 1999). If the

production of significant volumes of juvenile continental crust is a necessary conse�

quence of a major superplume event, as suggested by Condie (1998), the  event

probably does not qualify as a major event because the volume of known juvenile crust

of this age is relatively minor (Fig. 8.8). Perhaps the 2.5�Ga event is a subsidiary event

associated with the 2.7�Ga superplume event, during which large volumes of juvenile

continental crust were produced.

There is  good correlation between the superplume event proposed by Condie

and Isley and Abbott (1999) at 2.7 Ga and peaks in the abundance of BIF and the CIA

distribution in shale (Fig. 9.9). The peak in BIF abundance may reflect a source of

from hydrothermal vents associated with plume  The large volumes

introduced into the  system during this event may have increased the

depositional rates of both organic and carbonate carbon and caused global

accounting for the CIA maximum. As at  Ga, the number of occurrences of

rine stromatolites shows a peak at 2.7 Ga  1998) � again perhaps

enhanced input of CO2 into seawater. Decreasing amounts of  pumped into

atmosphere by plume magmas, negative feedback of continental weathering, and

creasing albedo caused by the newly formed Late Archean supercontinent appear

have decreased atmospheric  levels sufficiently to cool worldwide climates

2.7�Ga superplume event. This  to widespread  at  Ga (Young
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Although peaks in black shale abundance occur at about 2.0 Ga and 600 Ma (Fig 9 9)
neither of these times has been recognized as a superplume event (Condie
and Abbott 1999). Both of these peaks, however, correlate with breakup of supercon-
tinents, the Late Archean supercontinent at 2.2-2.0 Ga and Rodinia at 800-600 Ma
(Condie 1998). It is possible that the increased burial of organic carbon in black shales
at these times is the result of supercontinent breakup. As previously  su-
percontinent breakup might favor the burial of organic carbon compared to carbonate
carbon (Fig. 9.1) and thus could result in increases in the depositional rate of black
shale. Particularly important may have been the formation of numerous partially closed
basins, leading to widespread anoxic environments  The supercontinent
breakup model is supported by the appearance of positive  anomalies in marine
carbonates at both of these times (Fig.  reflecting enhanced burial rates of carbon
(Karhu and Holland 1996; Des Marais  Kaufman 1997). The occurrence of two
or three  peaks between 2.1 and 2.4 Ga may record stages in the breakup of the
Late Archean supercontinent, each stage opening new  for deposition of organic
carbon. Also consistent with increased burial rates of organic carbon at  Ga are
paleosol data, which indicate that the oxygen level of the atmosphere rose rapidly at
this time (Karhu and Holland  The appearance of multicellular organisms in the
Late  again suggests increasing oxygen levels in the atmosphere (Knoll
and  1998). Hence, both the 2.0 and 0.6 Ga black shale peaks may also corre-
late with increasing diversification of oxygen-dependent biota in response to oxygen
liberated into the  system.

Why is there no evidence of growth in atmospheric oxygen at 1.9 Ga, when even
greater amounts of organic carbon appear to have been buried? Possible factors con-
tributing to minimal atmospheric oxygen input at this time include the following:

1. An increase in total surface area exposed to weathering as the Paleoprotero-
zoic supercontinent grew may have resulted in enhanced removal of oxygen in
weathering products (including oxidation of recycled organic carbon).

2. Oxidation of reduced volcanic gases emitted by widespread submarine hy-
drothermal vents associated with the superplume event could also have con-
sumed free oxygen in the oceans.

3. Because geologic indicators of atmospheric oxygen level are not very sensitive
to increases when  PAL oxygen levels are  increases in oxygen level
at 1.9 Ga may not be recognized in the geologic record.

There is a broad peak in CIA at  Ma (Fig. 9.9), suggesting widespread warm
 at this time. Perhaps increased ocean-ridge volcanism resulting from growth

>f the worldwide ocean-ridge system as Rodinia broke up resulted in significant CO2
 into the atmosphere-ocean system, which in turn caused greenhouse warming,

 to an overall increase in the intensity of rock weathering. Marine transgressions
 breakup of this supercontinent may also have contributed to global warming.

If the 2.0 and 0.6 Ga black shale peaks correlate with supercontinent fragmentation,
 is there no peak in black shale abundance at 1.5-1.4 Ga when a Paleoproterozoic
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 allegedly broke up (Condie  Although there may be a small peak
in black shale abundance at this time (Fig. 9.9), it is defined entirely by black shale from
one basin, the Belt Basin in western Laurentia.  other basins of this age exist
that have not been accurately  which would reinforce this peak. Alternatively,
the Paleoproterozoic supercontinent may have only partially fragmented. Supporting
this idea is increasing evidence that two of the largest pieces of the Mesoproterozoic
supercontinent  remained intact since they formed as part of the Late Archean
supercontinent (Rogers 1996) (Fig. 8.7).

Mass Extinctions

A relationship between mass extinctions and flood basalt eruption was first sug-
gested by Vogt  and later the idea was advocated by several other investigators
(Officer et  1987;  et  1986, 1996).  the ages of many flood basalt
eruptions in the last 250 Myr are close to the ages of mass extinctions (Rampino and
Stothers 1988; Stothers 1993) (Fig. 9.14). Although the coincidence of ages is im-

 not all data are of equal reliability (Courtillot et al. 1996). In particular, the
isotopic ages of many flood basalt eruptions and extinctions are not  as shown
by error bars in Figure  Eight flood basalt provinces have now been dated precisely

0 50 100 150 200 250

Ages of Volcanic Traps (in Ma)
Figure  Correlation of  flood basalt eruptions with mass extinctions. Modified
permission of Courtillot et al. (1996). Copyright © 1996 by the Geological Society  America.
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by the  method: the Columbia River, North Atlantic, Central Atlantic, Dec�

can,  Ferrar, Karoo, and Siberian provinces. Five of these correlate

very strongly with mass extinctions: the Cretaceous�Tertiary

(P�T),  and end�Eocene events. Correlation of the Parana�Etendeka

with the  extinction is questionable, and two flood basalts do

not correlate well with extinctions (the Columbia River and  The Mada�

gascar and  flood basalts with poorly constrained ages may also correlate with

mass extinctions. In summary, of the 10 major mass extinctions recognized in the last

250  7 correlate or may correlate with flood basalt eruptions. Of

 flood basalt events recognized in the same time  at least 9 may be associated

with mass extinctions (Courtillot et  and Smith 2000; Hames et  2000).

The two largest extinctions at the K�T and P�T boundaries correlate with the two largest

flood basalt eruptions. At least six of these extinctions, however, also correlate with large

impacts and are associated with evidence diagnostic for an impact origin  and

 In particular, the K�T extinction event at 65 Ma is associated with over�

whelming evidence for an impact origin, including the probable impact site in Yucatan.

The environmental damage produced by the rapid eruption of large volumes of flood

basalt is due chiefly to toxic gases (principally  and halogens) and sulfate aerosols,

and this requires  eruption (Devine et al.  McCartney et al.  In addi�

tion, variable amounts of  may be introduced into the troposphere. Model calculations

indicate that tremendous volumes of  and halogens may be introduced into the at�

mosphere during single, large flood basalt eruptions. Such eruptions should have severe

consequences on global climate and would probably produce acid rain, ozone damage,

and increased reflectance of solar  leading to rapid cooling in the hemisphere

 (Handler 1989). The ability of flood basalt eruptions to inject large volumes

of toxic aerosols into the stratosphere is also important in changing global climate and

in leading to extinction of organisms. The effect of  emitted during a flood basalt

eruption in warming the atmosphere, however, may have been rather minor. Calcula�

tions show that, even for a relatively large eruption like the Deccan traps, the surface

temperature of the planet would be raised less than 2  over a period of 4 x  years

(Caldeira and Rampino 1990). This indicates that the K�T extinctions were not caused

by global warming resulting from volatiles released by eruption of the Deccan traps.

If the effect of single flood basalt province eruptions can lead to mass extinctions,

imagine the potential damage of a  event. Yet, of the three Phanerozoic

 events at 100, 280, and 480 Ma, only the  event falls at or near a

mass extinction (the  extinction at 90 Ma) (Figs. 9.14 and 9.15).

The other two events correlate with minima in extinctions! The Cenomanian�Turonian

(C�T) extinction, during which approximately 7% of the families and 26% of the genera

became extinct, involved mostly marine invertebrates  1986). That this

extinction affected deep�ocean organisms more than shallow�ocean organisms confirms

that enhanced oceanic  at this time played a significant role in the extinction

(Kerr 1998). During the 100�Ma superplume event  Ma), most of the volume of

 Ontong Java and Caribbean plateaus was erupted. Perhaps global warming, rising

sea level, and anoxia caused by eruption of these and related oceanic plateaus were

 responsible for the C�T extinctions.
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Figure  Patterns of  and plant family extinctions during the Phanerozoic. After
Benton (1995).

Why mass extinctions are not recognized during possible  events at 480-
and  presents a major problem. Although no major flood basalt eruptions are
recognized on the continents during these superplume events, oceanic plateaus (sub-
ducted or accreted to the continents) may have been important at these times. If these
two superplume events are real, the question of the missing mass extinctions clearly
needs to be solved.

Conclusion

So what does the geologic record tell us about the possibility of superplume events in
Earth history? With the accuracy of isotopic ages, sediment and fossil distributions in
the stratigraphic record allow for superplume events in the geologic past and strongly
support major events at 2.7, 1.9, 0.28, and 0.1 Ga and possible events at 2.5,
and 0.48 Ga. The effects on the  system predicted to
result from superplume events is impressive. As more precise ages become available, it

 be possible to distinguish the effects of a superplume event lasting on the order of
50 Myr from supercontinent events that last for  or more.
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