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Abstract

We have reconstructed the paleogeography of continents, oceans and oceanic large igneous
provinces (LIPs) since 1000 Ma in order to decode the history of the Pacific Superplume,
using the most reliable recent data for accretional geology from orogens associated with
ophiolites and greenstone belts, and of geochronologic and paleomagnetic data from each
continent. From our reconstructions we have arrived at the following conclusions: (1) the
Pacific Superplume was born at 750 Ma and broke-up the supercontinent Rodinia; (2) the
African Superplume was born at 200 Ma and broke-up Pangea; (3) the Pacific Superplume
was active episodically with culminations at 580-600 Ma, 280-230 Ma and 150-75 Ma;
(4) during the formation of Rodinia much oceanic lithosphere from the Tethyan-Indian type
ocean was subducted along paleo-trenches of proto-Grenville orogens along a V-shaped,
double-sided convergent boundary around the continental lithosphere of Rodinia. These
relations suggest that the massive volumes of lithosphere subducted under the Pacific-type
orogens triggered the birth of the Pacific Superplume after 200 m.y. at the center of Rodinia.
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1 INTRODUCTION

A super-upwell in the mantle, i.e., “superplume”, was first invoked in the early
stages of seismic tomography (Dziewonski, 1984; Woodhouse and Dziewonski, 1984;
Dziewonski and Woodhouse, 1987). This revealed two low-velocity domains of seis-
mic waves extending continuously between the uppermost and lowermost mantle,
originating under the South Pacific and Africa. These major cylindrical structures
with a girth extending for ca. 1000 km are much wider than a skimpy jet plume that
gives rise to a so-called hot spot on the Earth’s surface. Since the early 1990’s, the
heterogeneity of the velocities in the mantle has been well defined by seismic tomog-
raphy with a higher resolution than before (e.g., Fukao, 1992). The lower velocity
area in the lower mantle is considered to be a superplume that is a huge mantle
plume rising from the core-mantle boundary (CMB), and the higher velocity area at
ca. 670 km depth is regarded as a megalith that is interpreted as a massive stagnant
slab. These images illustrate the process of ‘plume tectonics’ (Maruyama, 1994).
Although plate tectonics only treats the uppermost 100 km of the solid Earth, whole
Earth dynamics includes plate tectonics and plume tectonics which is controlled by
episodic superplume activities. Whole Earth dynamics operates at three levels: (1) the
subsurface domain is controlled by plate tectonics; (2) the lower mantle is controlled
by plume tectonics; and (3) growth tectonics takes place in the core. Plate tectonics
puts cold slabs into the mantle. A cold slab stagnates at the mantle transition zone
for 100400 m.y., subsequently collapses, and falls to the surface of the outer core;
this results in episodic super-downwelling in the whole mantle and a new downflow
in the core. A counter flow to the super-downwelling is the super-upwelling of the
hot mantle that causes continental break-up, subsequent dispersal, and formation of
large igneous provinces (LIPs) that include flood basalts and oceanic plateaus. Frag-
mented continents collide and amalgamate to form new large composite continents.
During such a process a subducting slab descends to the mantle through trenches
around a new continent, and this leads to the next super-downwelling beneath the
continent.

Seismic tomography only provides a static image of present superplume activity.
From the viewpoint of plume tectonics, the history of supercontinents and LIPs is
closely related to the superplume activity. In other words, we can draw essential,
although indirect, information about the history of a superplume by decoding the
geological records of supercontinents and LIPs that remain on the surface of the
Earth. The distribution of ancient continents and orogens preserves a record of where
oceanic lithosphere subducted and slabs stagnated. The distribution of LIPs repre-
sents where mantle upwelling occurred. Furthermore, ophiolites and greenstone belts
provide information on the oceanic domains of LIPs and on oceanic lithosphere that
disappeared into the mantle.

In this paper, in order to understand the activity of the Pacific Superplume, we
discuss the paleogeographic reconstruction of continents and oceans since 750 Ma
from an evaluation of the most recent reliable data on regional geology, geochronology
and paleomagnetism from each continent. Our reconstruction concerns not only the
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distribution of continents, but also of mid-oceanic ridges and trenches. In addition,
ancient LIPs, which occur in oceanic regions or are partly trapped in current orogens,
are reconstructed with data from accretionary geology. Comparing the Pacific and
African Superplumes, we have decoded the general modes of interaction between
plume activity and plate tectonics in the Earth’s late history.

2 METHODS AND DATA SOURCES FOR RECONSTRUCTION
2.1 Continental reconstructions

Since the development of plate tectonics in the 1970’s, numerous paleogeo-
graphic maps have been published. In particular, the Paleogeographic Atlas Project
(University of Chicago, http:/pgap.uchicago.edu/PGAPhome.html), the PLATES
project (University of Texas at Austin, http://www.ig.utexas.edu/research/projects/
plates/) and the PALEOMAP project (University of Texas at Arlington, http://www.
scotese.com) have produced systematic series of paleogeographic maps for several
decades. For their constructions they integrated vast amounts of data from paleomag-
netism, sea floor linear magnetic anomalies, paleogeography, paleoclimatology and
geology. Although the Paleogeographic Atlas Project concentrated on the Mesozoic
and Cenozoic, the PLATES and PALEOMAP projects extended from 750 Ma to the
present. Although they have reached a general consensus on Cenozoic and Mesozoic
continental distributions, their Paleozoic and Neoproterozoic reconstructions are sig-
nificantly different. Our maps of continental distributions are mainly dependent on the
latest paleogeographic maps of the PALEOMARP project (Scotese, 2004). The contri-
butions of individual paleomagnetists and their groups will be referred to specifically
in the text.

Figure 1 is a compilation map showing the worldwide distribution of geologic units
in continents and oceans of different ages based on published data, in particularly
from Liou et al. (1990), Windley (1995), and Maruyama et al. (1996), and references
therein. A general view of the compiled map shows that most continents are composed
of Precambrian nuclei (cratons) and orogenic belts with zonal growth toward their
exteriors. Two types of orogens form at convergent plate boundaries. Collisional oro-
gens result from continent-continent collisions and may involve some arc accretion,
and Pacific-type orogens develop as a result of oceanic plate subduction and accretion
(e.g., Maruyama, 1997). The temporal and spatial distribution of collisional orogens
provides data on the timing of continental amalgamation, and that of Pacific-type
orogens supplies direct information on the distribution of trenches. Surely orogenic
belts cannot be developed from continental rifts. Only rifts are developed from rifts.
A rifting event is accompanied by large-scale magmatism. Their traces of which are
preserved as dyke swarms remain on drifted continental margins. At the initial stage of
continental rifting, extensive dike swarms are intruded perpendicular to the rift axes,
as best documented along the Mesozoic coast lines in the Atlantic Ocean (Ruffman
and Greenough, 1990; Hill, 1991). The intrusion ages and distribution of the dykes
provide essential information on continental breakup.
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We assessed the maps of the PALEOMARP project by utilizing reliable recent data
from continental collisional orogens and correcting them if inconsistent. We decoded
the distributions of trenches from Pacific-type orogens and superimposed them on
the maps.

2.2 Paleogeographic reconstructions of oceanic domains

The existence of magnetic stripes on the oceanic floor, the distribution of fracture
zones, and the assumption that hotspots in the Pacific and Atlantic Oceans are mutually
fixed, provided information for the relative motions between the major plates and the
distribution of mid-ocean ridges and trenches in the Pacific Ocean (e.g., Engebretson
et al., 1985). The paleopositions of oceanic plateaus dispersed in the Pacific Ocean
were reconstructed by using the relative motions model (Larson, 1991a). These recon-
structions are available only for the last 140 Ma, because most of the older oceanic
crust has disappeared into the mantle at subduction zones. But a few fragments of
the old oceanic plates remain in the Pacific-type orogens. These fragments occur as
on-land ophiolites/greenstone belts (Fig. 2). In this study, we extracted information

v = R X

M LIPs in oceanic domain
LIPs in continental domain
—  Ophiolite or greenstone belt

%4 Mid-oceanic ridge
< Trench

Figure 2. Distribution map of LIPs, ophiolites and greenstone belts over the world (after Coffin and
Eldholm, 1994; Mann and Taira, 2004). The regions enveloped by orange and purple dashed lines show
the seismic lower velocity zones (Vs) at 2850 m depth in lower mantle and superswell regions, respectively
(Courtillot et al., 2003). These express the present superplume roots and active areas. Numbers of ophiolites
and greenstone belts listed in Table 2. A = Columbia River basalts; B = Ethiopian and Yemen Traps
C = NAVP; D = Deccan Trap; E = Madagascar basalts; F = Rajmahal basalts; G = Parana basalts
H = Etendeka basalts; I = Karoo basalts; J = Ferrar basalts; K = CAMP; L = Siberian Trap; M =
Emeishan flood basalts. a = Iceland; b = Walvis Ridge; ¢ = Rio Grande plateau; d = Broken Ridge;
e = Kerguelen Plateau; f = Ontong Java plateau; g = Nauru Basin; h = East Mariana Basin; i = Pigafetta
Basin; j = Manihiki Plateau; k = Magellan Rise; | = Hess Rise; m = Shatsky Rise; n = Line Islands;
o = Mid-Pacific Mountains.
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on the oceanic domains from the Pacific-type orogens and reconstructed the pale-
ogeography of oceanic domains that included the distribution of mid-ocean ridges,
oceanic islands, and oceanic plateaus.

2.2.1 Extraction of oceanic information from pacific-type orogens

Accretionary geology. Compilation of the Pacific-type orogens enabled us to recon-
struct the paleo-positions of trenches. Moreover, an accretionary complex in a
Pacific-type orogen is a repository of information on oceanic regions, because it
captures material from an oceanic plate subducting through a trench. The geologic
structure of an accretionary complex is characterized by duplexes (Fig. 3). A duplex
has an internal structure in which each faulted-package (horse) is subparallel or
oblique to aroof or floor thrust and each duplex is separated by a link thrust. Each horse
in the duplex preserves primary stratigraphic relations of oceanic rocks (basal basalt,
pelagic bedded chert or micritic limestone, hemipelagic siliceous mudstone or shale
capped by trench-fill terrigenous turbidite. This complex structure was unraveled by
microfossil mapping (Matsuda and Isozaki, 1991). The ages of the constituents in the

Sandstone/Conglomelate
(turbidite)
Shale/Mudstone
(hemipelagite)

Formation process of
Oceanic plate stratigraphy

Age of oceanic plate (migrating period)

OIB! ﬂ u 0m

Oceanic island Mid-oceanic ridge

Bedded chert
(Pelagic sediments)

MORB

Decollement
, R 1 ops

Link thrust

Roof thrust
Floor thrust [

Older<— —> Younger

<
Subduction polarity

Figure 3. Formation process of oceanic plate stratigraphy and an accretionary complex. See text for
explanations.
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horses of a particular duplex become younger oceanward, because of their oceanward
growth with time: moreover, the duplex develops downward with time. Such primary
stratigraphy in an accretionary complex is called “ocean plate stratigraphy” (OPS); it
preserves the stratigraphic relations of the rocks and strata of the upper oceanic plate
as it moves from ridge to trench. Where the oceanic rocks are covered conformably
with terrigenous clastic sediment, the age of that clastic horizon approximates the
time of formation of the accretionary complex at the trench. And, accordingly the
deposition time of the oceanic sediments is the time interval between the lowermost
and uppermost beds of the pelagic and hemi-pelagic sediments, i.e., it indicates the
length of time it took for the oceanic plate to move from the mid-oceanic ridge to
the trench. That is to say, the deposition time interval of the oceanic sediments is the
age of the oceanic plate, which subducts at the trench. Consequently, OPS, which
is now exposed on land, provides us with information on how old the oceanic plate
is, and when it entered the accretionary complex. The best high-precision method to
determine these ages is microfossil dating with radiolarian stratigraphy in the pelagic
and terrigenous sediments in Phanerozoic strata (Isozaki et al., 1990; Matsuda and
Isozaki, 1991). The reliable Ar-Ar dating is also available to determine the eruption
age. In the case of Proterozoic OPS, in which it is difficult to obtain microfossils, the
best methods are U-Pb and Pb-Pb dating of heavy minerals such as zircon and a bulk
isochron.

Summary of modern volcanic sequences. Information about oceanic materials, i.e.,
basaltic greenstones and associated sedimentary rocks, in accretionary complexes,
is essential to reconstruct the oceanic paleogeography. In this study, we compared
the characteristics of modern volcanic sequences in oceanic domains (Table 1) with
those of oceanic materials extracted from accretionary complexes, and so worked out
their primary tectonic settings such as mid-ocean ridge, off-ridge (oceanic islands,
seamounts and oceanic plateaus), fore-arc or back-arc basin, and island arc.

In terms of the geologic features in modern tectonic settings, shallow-marine
pelagic sediments such as limestone are suggestive of deposition on a topographic
high in the mid-ocean, whereas thick deep-sea pelagic sediments like bedded chert
are characteristic of the mid-ocean floor. Terrigenous sediments are expected to be the
predominant lithology in a trench near an island arc, where chert and carbonate can
be recognized but distinguished from the mid-oceanic sediments, by their thickness
and association with terrigenous materials. In this regard, when a mid-ocean ridge
reaches a trench, terrigenous sediment rather than pelagic chert will directly cover
the mid-oceanic ridge basalts (MORB).

Other key geologic features of modern volcanic sequences are the modes of occur-
rence of their crustal constituents. Subaerial eruption is characteristic in oceanic
islands and island arcs due to their topographic features, whereas pillow lavas indicate
submarine settings, i.e., seamounts, mid-ocean ridges and back- and fore-arc basins.
The presence of sheeted dykes is conclusive evidence of a spreading center like a
mid-ocean ridge. As for the crustal thickness of volcanic sequences (above the Moho
depth), there is a distinct contrast between oceanic plateaus and other environment.
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For example, the Ontong Java plateau has an average crustal thickness of about
33 km (e.g., Richardson et al., 2000), and other oceanic plateaus have unusually thick
crusts. Based on experimental studies, basaltic rocks with a bulk composition of
quartz tholeiite or alkali olivine basalt can be transformed to garnet-bearing granulite
at ¢. 1000°C above 1.2 GPa or 0.8 GPa, respectively (e.g., Ringwood, 1975). The
unusual thickness of an oceanic plateau would cause metamorphism at the base of
the plateau crust at higher pressure and temperature conditions than at a normal mid-
oceanic ridge. The crustal thickness of oceanic plateau could form garnet-bearing
granulites like mafic xenoliths found from the northern end of the Kerguelen plateau
(Gregoire et al., 1994), although it depends on the availability of fluids and chemical
compositions of lower crusts of the plateau. In contrast, the thickness of common
oceanic crust does not usually exceed c. 7 km, and the confirmed maximum grade
of modern ocean-floor metamorphism is in the amphibolite-facies, except for a very
rare case in the Mid Atlantic Ridge (e.g., summary in Ishizuka and Suzuki, 1995).
In consequence, the mechanism and process “oceanic plateau metamorphism”, men-
tioned above, differs from those of ocean-floor metamorphism in association with
hydrothermal alteration at a mid-ocean ridge.

The petrography and petrology of volcanic rocks also vary in different tectonic
settings, depending on the rock type and formation process. Oceanic island basalts
(OIB) and island arc basalts (IAB) are porphyritic, whereas oceanic basalts in the
other settings are mainly aphyric. The fractionation control of plagioclase follow-
ing olivine is characteristic in MORB consisting predominantly of low-K tholeiites,
whereas OIB are predominantly alkaline rocks and have the crystallization sequence
of clinopyroxene following olivine. The crystallization of orthopyroxene and amphi-
bole is a specific feature of IAB associated predominantly with calc-alkaline rocks.
However, immature oceanic island arc basalts are predominantly tholeiitic, occasion-
ally associated with boninites and fore- and back-arc-basin basalts, and are similar
to MORB. In recent years, it has been established that oceanic plateau basalts (OPB)
are generally aphyric and their fractionation is controlled by olivine, plagiolclase and
clinopyroxene, depending on the depth of their generation (e.g., Neal et al., 1997),
whereas the fractionation of MORB is generally controlled by olivine and plagioclase.

The geochemical characteristics of basaltic rocks can be used to distinguish their
parental materials and formation processes. Chondrite-normalized rare earth ele-
ments (REE) patterns with depletion of light-rare-earth elements (LREE) are typical
of normal-type (N-) MORB (e.g., Sun and McDonough, 1989). OIB have a REE
pattern with high LREE-enrichment and the depletion of heavy-rare-earth elements
(HREE). Depletion of high-field-strength elements (HFSE) relative to large-ion-
lithophile elements (LILE), and distinctive Nb anomalous behaviors in primitive
mantle-normalized incompatible elements patterns, are suggestive of calc-alkaline
IAB, the sources of which are affected by subduction-zone metasomatism; this is
termed a suprasubduction characteristic. Back- and fore-arc-basin basalts have tran-
sitional signatures between IAB and N-MORB with relative Nb depletion. Immature
oceanic island arc tholeiites also have a negative Nb anomaly. OPB have a flat REE
pattern similar to enriched-type (E-) MORB.
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Radiogenic isotopic compositions of basalts are a powerful tracer to determine their
source materials, because they have not involved a fractionated magmatic process,
such as partial melting or fractional crystallization. MORB have depleted components
(DM), and OIB have enriched components (EM1, EM2, and HIMU; e.g., Zindler and
Hart, 1986). HIMU basalts, which are enriched in radiogenic Pb (**°Pb/2%Pb>20.5),
are restricted to superplume regions (Cook-Austral, Polynesia; St. Helena). OPB have
an OIB-like radiogenic isotopic signature.

Criteria for discrimination of tectonic settings of ancient volcanic sequences in
accretionary complexes. As described above, modern volcanic sequences have
different geologic, petrochemical and isotopic features according to their tectonic set-
tings. Therefore, these features in ancient volcanic sequences trapped in accretionary
complexes can help us distinguish their tectonic settings.

In terms of geologic features, sedimentary rocks such as limestone, bedded chert
and terrigenous clastics associated with basaltic greenstones in accretionary com-
plexes, and their mutual structural relationships (e.g., conformable or not) provide
us with useful information to reconstruct the environment where the greenstones
were erupted. When an oceanic plate is trapped in an orogenic belt, rocks from var-
ious depths of the plate may be exposed after their uplift and erosion. Metamorphic
petrology of such rocks, i.c., the degree of ocean floor metamorphism, enables us to
reconstruct their primary geologic structure and original tectonic setting; if there is
any evidence of high-pressure granulite-facies ocean floor metamorphism, this must
be derived from the lower crust of an oceanic plateau.

The geochemical and isotopic features of modern basaltic rocks from various tec-
tonic settings can be distinguished by several discrimination diagrams (e.g., summary
in Wilson, 1989; Rollinson, 1993). However, these discrimination diagrams may
not always lead us to confident conclusions for determining the tectonic settings
of greenstones. Discrimination diagrams based on compilations of published data
only suggest the general petrogenesis of the greenstones, and do not indicate directly
their tectonic settings. Moreover, greenstones trapped in orogenic belts have been
subjected to secondary modification by hydrothermal alteration and metamorphism
during their travel to a trench, after their travel from their birth place. LILE are
highly mobile under these processes, and so their contents in greenstones cannot
be used to determine their tectonic setting. For the same reason, although the Pb
isotopic ratio of HIMU basalts is a conclusive characteristic for distinguishing its
origin, Sr and Pb isotopic compositions are easily modified by hydrothermal alter-
ation. But, HFSE such as Nb, Y and Zr, and REEs are generally regarded as immobile
against secondary alteration, and the systematics of these elements are useful for
discrimination of greenstones. Nd isotope compositions are also available as a dis-
criminant. Tatsumi et al. (1998) pointed out that superplume-related OIB have higher
Nb/Y ratios than other OIB at given Nb/Zr ratios, and in particular HIMU basalts
have higher Nb/Zr ratios. If Pb isotopic compositions are not available, we can
indirectly trace superplume-related volcanism using Nb-Zr-Y systematics that resist
alteration.
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Cretaceous oceanic plateaus, dispersed at present in the southwestern and western
Pacific, formed in the Pacific Superplume region (e.g., Larson, 1991a). However,
most basalts from those oceanic plateaus show tholeiite-like geochemical charac-
teristics similar to E-MORB, and are homogeneous in composition (e.g., Mahoney
etal., 1993), except for some alkaline basalts with the HIMU signature (Tejada et al.,
1996). Therefore, these tholeiitic OPB exhibit different trends on a Nb/Y-Nb/Zr dia-
gram (Tatsumi et al., 1998) from the superplume-related OIB. Such a difference could
be caused by the formation process of such a huge amount of plateau basalt; melt-
ing a large amount of lithospheric mantle could dilute the geochemical signature of
the HIMU end-member in the resultant melt. Except for well analyzed cases (the
Solomon islands and the Ontong Java plateau), the petrochemical characteristics of
oceanic plateau basalts have been studied by using restricted samples dredged from
the ocean floor that provide only limited information on the subsurface of the oceanic
plateaus. Because of these problems, it is controversial whether superplume-related
plateau basalts can be definitely characterized only by geochemical characteristics
such as the HIMU signature and Nb-Y-Zr systematics. So, we must pay attention to
other aspects of oceanic plateaus or OPB, i.e., their geologic, petrographic and petro-
logic features such as crustal thickness, type of phenocrysts, compositional trend by
differentiation, and so on (Table 1).

As stated above, a comprehensive examination enables determination of the
tectonic settings of greenstones in orogenic belts. With such considerations, we deter-
mined the primary tectonic settings of ophiolites and accreted greenstones in orogenic
belts mainly in the circum-Pacific region, listed in Table 2. The compilations for the
study were taken from the most recent and reliable data available at present, since the
quality and quantity of available data are uneven according to area and age.

2.2.2  Procedures of reconstruction of oceanic domains

Cenozoic-mesozoic reconstruction. The distribution of mid-ocean ridges and
trenches for the last 200 Ma is well known and plate reconstructions are available,
because information on the oceanic domain is immediately retrievable from the extant
oceanic floor.

As stated above, the paleopositions of the Cretaceous LIPs in the present oceanic
domain can be estimated by using the relative plate motions model (Engebretson
et al., 1985; Larson, 1991a); those oceanic LIPs were put back from the present day
to their erupted age, following their plate motions. For the ophiolites and greenstones
in accretionary complexes of the Pacific-type orogenic belts, at first we distinguished
their tectonic settings on the basis of the above-mentioned criteria and available data
about their geology, geochronology and petrochemistry. After that, the paleopositions
of the ophiolites and greenstones were reconstructed using the relative plate motion
model (Engebretson et al., 1985). In a case where a determined setting was an island
arc, back- or fore-arc basin, the ophiolites or greenstone belts were generated at
a continental margin at that period, and migrated with it until the present. In the
case of oceanic settings, we determined the formation age from microfossils from
the bottom of the sedimentary section of the OPS, from trapped sediments in lavas,
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or directly from the isotopic age of the volcanics. In a similar way, we determined
the emplacement age on the basis of microfossils from the terrigenous horizon of
the OPS. From the present day to their emplacement age, we considred that they
were considered to have migrated with their relevant continents, whereas from their
emplacement age to eruption age, the same method for the LIPs in the present oceanic
domain was adopted.

Paleozoic-neoproterozoic reconstruction. Location of mid-oceanic ridges were
considered in terms of a model in which the mid-oceanic ridges were present at
the center of a small ocean surrounded by continental fragments for the period from
continental break-up to initiation of plate subduction. After the beginning of subduc-
tion, the locations of mid-oceanic ridges are unknown because we have no method of
deciding the relative velocity between the oceanic plates. In such cases, we tentatively
arranged the mid-oceanic ridges anywhere in the oceans.

The ophiolites and greenstone belts in accretionary complexes were examined for
their tectonic setting based on the criteria mentioned above. In cases where they were
generated at a continental margin, they could migrate with the continents. In the case
of an oceanic setting, we could not directly use the plate motions. If paleomagnetic
data were available, we were able to use them. But in most cases, they were not
available and we could not determine their detailed positions in the ocean. We could
only determine the pelagic environment in an ocean that faces an orogenic belt. In
cases where greenstones or ophiolites had superplume affinities or oceanic plateau
affinities and the orogenic belts faced the Pacific Ocean, they could be located in the
Pacific Superplume region at their eruption age, based on the analogy that Cretaceous
oceanic plateaus were generated in the Pacific Superplume region.

3 RECONSTRUCTIONS
3.1 From 200 Ma to the present

3.1.1 Continental domain

In this period, the history of continents involved the breakup of the supercontinent
Pangea and the redistribution of the fragments (e.g., Ford and Golonka, 2003; Golonka
et al., 2003, and references therein). Rifting of Pangea was initiated in the Early
Triassic. The drift-rift transition occurred at ~200 and ~185 Ma in the southeastern
US and maritime Canada, respectively. The start of seafloor spreading in the central
Atlantic is dated as 175 Ma. The breakup of Africa from India/Antarctica took place
in the period 198—173 Ma. The initial opening of South Atlantic between Africa
and South America was at 130 Ma. The Central Atlantic Ocean propagated towards
the North Atlantic and the onset of seafloor spreading of Rockall Trough started at
~95 Ma. The separation of Madagascar/India from Africa began at ~180 Ma and was
stable relative to Africa by 112 Ma (Coffin and Rabinowitz, 1988). The breakup of
Greater India from Australia is dated as 136 Ma (Miiller et al., 1998). The beginning
of separation of India from Antarctica and from Madagascar occurred at ~134 Ma
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and at ~88 Ma, respectively (Ramana et al., 2001; Storey et al., 1997). Seafloor
spreading at 85 Ma led to the separation of Australia from Antarctica (Norvick and
Smith, 2001). The Labrador Sea started to open at 62 Ma (Saunders et al., 1997).
South America began to migrate away from Antarctica at ~50 Ma (Livermore et al.,
2005).

The extrusion of much continental flood basalt occurred in this period; the
Columbia River basalts at 6—17 Ma (Baksi, 1989; Tolan et al., 1989), Ethiopian
and Yemen Traps at 30 Ma (Hofmann et al., 1997), North Atlantic Volcanic Province
(NAVP) at 60 + 1 Ma (Eldholm and Grue, 1994), Deccan Traps ~66 Ma (e.g.,
Baksi, 1994), Madagascar basalt at 88 Ma (Storey et al., 1995), Rajmahal basalt at
116 Ma (Pringle et al., 1994), Parana-Etendeka basalts at 138—131 Ma (Stewart et al.,
1996), Karoo-Ferrar basalts at ~180 Ma (e.g., Marsh et al., 1997), and the Cen-
tral Atlantic Magmatic Province (CAMP) at 197-201 Ma (Marzoli et al., 1999a,b).
The age and distribution of NAVP, the Madagascar, Rajmahal, Parana-Etendeka and
Karoo-Ferrar basalts and the CAMP indicate the initial stage of opening or breakup
of the North Atlantic Ocean, Madagascar/India, India/Antarctica, South Atlantic
Ocean, Africa/Antarctica, Central Atlantic Ocean, respectively. Except NAVP, these
LIPs were generated directly or nearly on the African low seismic velocity area
in the lower mantle (Fig. 4). The main breakup event of Pangea occurred in the
African Superplume region. Ultramafic lamprophyres in the Ferrar igneous province
have a HIMU-signature (Riley et al., 2003), suggesting that breakup of Pangea was
controlled by upwelling of the lower mantle.

LIPs in oceanic domain

LIPs in continental domain
Opbhiolite or greenstone belt /
Reconstructed ancient LIPs in
oceanic domain

5’& Mid-oceanic ridge  Trench

Figure 4. Reconstructed paleogeographic maps at ca. 90 Ma. The distribution of continents is referred to
Scotese (2004). Alphabets of LIPs and numbers of ophiolites or greenstone belts are shown as Figure 2.
Although Sorachi-Yezo belt (4) and Iratsu massif (2) is generated in superplume region at ca. 150 Ma, they
were rapidly transported to subduction zone on Izanagi plate and had already been accreted before 90 Ma.
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3.1.2 Oceanic domain

Oceanic plateaus, oceanic floor flood basalts, and aseismic ridges in this period are
widely dispersed in the world’s oceans. Major examples are: Iceland at 0-15 Ma
(McDougall et al., 1984), Walvis Ridge at 79-30 Ma and Rio Grande Plateau at
89 Ma (O’Connor and Duncan, 1990) in the Atlantic Ocean, Broken Ridge at
94-95 Ma, Kerguelen Plateau at 118-34 Ma (Duncan, 2002) in the Indian Ocean,
Ontong Java Plateau at 122 and 90 Ma (Mahoney et al., 1993), Nauru Basin
at 110.8 Ma (Castillo et al., 1994), East Mariana Basin and Pigafetta Basin at
114.6-126.1 Ma (Pringle, 1992), Manihiki Plateau at 91-114 Ma (Lanphere and
Dalrymple, 1976), Magellan Rise at ~135 Ma (Winterer et al., 1973), Hess Rise at
99—112 Ma (Kroenke and Nemoto, 1982) and Shatsky Rise at 126—150 Ma (Nakanishi
et al., 1989) in the Pacific Ocean.

Most oceanic LIPs in the Atlantic and Indian Oceans have a ridge-like geomorphol-
ogy and a long active time-span, or are related to continental flood basalts by hot spot
tracks; e.g., NAVP and Iceland, Parana-Etendeka basalt and Walvis Ridge-Rio Grande
Plateau, and Rajmahal basalt and Kerguelen Plateau-Broken Ridge-Ninetyeast Ridge
(Morgan, 1981; Richards et al., 1989). Although some of those in the Pacific have
the above-mentioned characteristics, most have short active life spans. Their eruption
ages concentrate in the Jurassic-Cretaceous (80—150 Ma) and their paleopositions in
the center of the Pacific Superplume region at their generation age (Fig. 4; Larson,
1991a). Furthermore, western Pacific seamounts have non-sequential, synchronous
ages and non-concordant chain with the Pacific plate motion (e.g., Line Islands at
81-86 and 68-73 Ma, Davis et al., 2002; Mid-Pacific Mountains at 117-132 Ma,
Smoot, 1999), and were derived from the Pacific Superplume along preexisting lin-
ear weaknesses in the lithosphere. In this period, the relevant part of the Pacific
plate was divided into several micro-plates (Nakanishi and Winterer, 1998) and the
Shatsky Rise was generated by propagation of a ridge-ridge-ridge (RRR) triple junc-
tion (Nakanishi et al., 1999). These lines of evidence support the idea that mantle
upwelling took place.

The Resurrection Peninsula and Knight Island Ophiolites from the Orca Group in
southern Alaska contain pillow basalts interbedded with terrigenous sediments and
sheeted dykes (Lytwyn et al., 1997). The Resurrection Peninsula Ophiolite is dated
as 57 &+ 1 Ma by the zircon U-Pb method on intruded plagiogranite. The basalts com-
monly have plagioclase phenocrysts, clinopyroxene microphenocrysts, and olivine
phenocrysts, but have flat REE patterns and transitional-type MORB-like geochemi-
cal signatures. These ophiolites were generated at a trench-trench-ridge (TTR) triple
junction and are relicts of the subduction of the Kula-Farallon ridge.

Meélange units containing greenstones are common throughout the Shimanto
Supergroup in the Ryukyu Islands and southwestern Japan. The greenstones from
some formations (Naze Formation, Makimine Formation, Okitsu Mélange, Mugi
Formation, Ryujin Formation, and Inui Group) have closely related shales and
lack bedded cherts (Kiminami et al., 1994). Radiolarian assemblages from the
shales indicate Cenomanian-Turonian, Santonian-Middle Campanian, Coniacian-
Campanian, Campanian-Early Maestrichtian, Late Campanian-Maestrichtian, and
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Late Maestrichtian-carliest Paleocene ages for the Naze Formation, Makimine For-
mation, Okitsu Melange, Mugi Formation, Ryujin Formation, and Inui Group,
respectively. They all have MORB-like geochemical features, and were generated at
a TTR triple junction and are relicts of the subduction of the Kula-Pacific ridge on the
basis of these characteristics. The ridge motions by plate reconstructions (Maruyama
and Seno, 1986) are consistent with the evidence that the greenstones become younger
eastwards (Kiminami et al., 1994).

In New Caledonia in the southwestern Pacific one of the largest ophiolites of
the world belongs to the Ophiolitique Nappe, the Poya Terrane and Pouebo Terrane
(Cluzel et al., 2001). In the Poya Terrane pillowed and massive basalts, dolerites,
and fine-grained gabbros are interbedded with or covered by abyssal argillite and
chert. The most common radiolaria extracted from the sedimentary rocks indicate
an Upper Cretaceous (Campanian) age. An Upper Paleogene fauna has also been
recovered from some localities. Due to the absence of terrigenous materials, it is
inferred that the ophiolite was accreted in an intra-oceanic environment. The Poya
Terrane in general was metamorphosed in the greenschist facies interpreted as ocean
floor metamorphism. However, because the terrane is severely disrupted, the primary
thermal structure of the crust cannot be reconstructed. The volcanic rocks from the
Poya Terrane are divided into three types on the basis of their REE patterns. An
“undepleted type” has a flat REE pattern and contains augite and plagioclase phe-
nocrysts. A “depleted type” has a slightly depleted REE pattern and Nb depletion
and contains augite microphenocrysts. Nd isotopic variations of “undepleted” and
“depleted” types suggest mixing between DM and EM2 sources. Synthesizing the
features above, “undepleted” and “depleted” types are inferred to have been gener-
ated in a plume-enhanced marginal basin. The third REE type is an alkaline volcanic
rock that has highly enriched REE patterns, is associated with micritic interpillow
sediments, and has pinkish Al and Ti-enriched diopside, plagioclase and Fe-Ti oxides
microphenocrysts. It is interpreted to have erupted as a seamount in the basin that
provided the other types of volcanic rocks. The faunas recovered from micritic inter-
pillowed materials indicate an Upper Paleocene (56—-59 Ma) age, which indicates this
is the youngest of the terranes and is consistent with the interpretation of the tectonic
setting. The mafic rocks from the Pouebo Terrane occur in a metamorphosed ophi-
olitic mélange, and have similar geochemical features to those of the Poya Terrane
and to island arc tholeiites with a slightly enriched REE pattern and Nb depletion.
The protoliths seem to be derived from the reworked Poya and island arc terranes.
The Ophiolitique Nappe is underthrusted by the Poya and Pouebo Terranes and is
mainly composed of harzburgite and dunite. This ultramafic allochthon is extremely
depleted and cannot have been in equilibrium with a melt of MORB composition
(Eissen et al., 1998). The Ophiolitique Nappe was the basement on which, not the
Poya Terrane, but the arc (Loyalty Arc) was built (Cluzel et al., 2001).

The Tangihua Ophiolite Complex, informally known as the Northland Ophiolite,
is situated in the north of North Island, New Zealand. It consists of basaltic pillow
and massive lavas, sheeted dykes, plutonic gabbro, diorite and plagiogranite, cumu-
late layered ultramafic rocks and gabbros, harzburgites and lherzolites (Malpas et al.,
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1992). The lavas are intercalated with siliceous mudstone and micritic limestone.
Intercalated and interpillowed sedimentary rocks have macro- and micro-faunas with
an age ranging from mid-Cretaceous to Paleocene (Brook et al., 1988). Basalts contain
phenocrysts of plagioclase, clinopyroxene, orthopyroxene, and rare magnetites and
titanites. Olivine-rich and hornblende-bearing basalts are rare (Nicholson et al., 2000).
Most lavas have a slightly LREE-depleted REE pattern and negative Nb anoma-
lies. Several lavas have a LREE-enriched REE pattern. The Tangihua Ophiolite was
generated in an arc and a back-arc (Nicholson et al., 2000).

The thick oceanic crust (up to 15-20 km) of the Caribbean plate has bulk Ar-Ar
ages of ca. 90 Ma and 75 Ma (Sinton et al., 1998). It has mostly REE patterns that
range from slightly LREE-depleted through flat to slightly LREE-enriched; but a few
are OIB-like and LREE-enriched (Kerr et al., 1997b; Sinton et al., 1998). Cretaceous
lavas crop out on islands in the Caribbean Sea (Aruba, Curacao, Trinidad, Hispaniola,
Jamaica and Cuba), in the Coastal borderlands of Venezuela, the Pacific coast of Costa
Rica, the Azuero and Sona peninsulas and Caribbean coasts of Panama, and in the
Central and Western Cordillera of western Colombia and Ecuador (Kerr et al., 1997b
and references therein). They mostly have bulk Ar-Ar ages of ca. 90 Ma and 75 Ma
that are coeval with the Caribbean plate (e.g., Sinton et al., 1998). Their REE and
isotopic compositional diversity are similar to that of the Caribbean plate (e.g., Kerr
et al., 1997a; Sinton et al., 1998; Thompson et al., 2003). The contemporaneity and
geochemical similarity between the Caribbean Plate and the Cretaceous lavas that
crop out within and around the Caribbean Sea and in Western and Central Cordillera
suggest a genetic derivation. Moreover, on the island of Curacao and in the Central
Cordillera (Kerr et al., 1996b, 1997a) picritic lavas belong to the Caribbean Plateau
(e.g., Kerr and Tarney, 2005). The isotopic signature of the Caribbean Plateau basalts
shows that they were generated in the Galapagos hotspot (Thompson et al., 2003). This
is consistent with paleomagnetic data that indicate derivation from near-equatorial
latitudes (Acton et al., 2000). Radiolarian species in chert beds exposed on the islands
of the northern Caribbean margin indicate a Pacific rather than a Caribbean/Atlantic
origin (Montgomery et al., 1994). The Caribbean Plateau was generated at the present-
day Galapagos hotspot.

Lavas coeval with the Caribbean Plateau occur on Gorgona Island and at Serrania
de Baudo on the Pacific coast of Colombia, and at Pinon and Pedernales-Esmeraldas
in Ecuador (Kerr et al., 1997a; Sinton et al., 1998). Gorgona Island is well known
for its unique occurrence of Phanerozoic komatiite. Although most coastal lavas
are geochemically similar to those of the Caribbean Plateau, komatiites, picrites and
basalts from Gorgona have more diverse REE patterns that range from strongly LREE-
depleted to LREE-enriched (Kerr et al., 1996a, 1997a). Depleted lavas from Gorgona
are isotopically distinguishable from those of the Caribbean Plateau (Thompson et al.,
2003). The coastal lavas are tectonically separated from the Western Cordillera by
island arcs (Kerr et al., 2002; Kerr and Tarney, 2005). Although the Gorgona and
coastal lavas have been regarded as a part of the Caribbean Plateau, it has been
suggested that these are part of another plateau termed the Gorgona Plateau (Kerr et al.,
2002; Kerr and Tarney, 2005). The accretion ages are critical to settle the controversy.
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On Gorgona Island middle Eocene marine sedimentary rocks occur in a fault-bounded
block in contrast to Miocene and Oligocene unconformable deposits on lavas without
tectonic disturbance (Kerr and Tarney, 2005); this suggests that the accretion age was
Late Eocene. Tonalite batholiths from the island of Aruba in the Caribbean Sea have
a biotite Ar-Ar age of 85-82 Ma (White et al., 1999), indicating Late Cretaceous
accretion of the Caribbean Plateau (Kerr and Tarney, 2005). Paleomagnetic data for
Gorgona Island indicate a provenance latitude of ~26°S (MacDonald et al., 1997).
This is consistent with a longer duration of migration of the Gorgona Plateau compared
with that of the Caribbean. Kerr and Tarney (2005) proposed that the Gorgona Plateau
formed at the site of the present-day Sala y Gomez hotspot.

The East Sulawesi Ophiolite, Indonesia, has a crust with a minimum thickness of
8 km (Kadarusman et al., 2004). The most common basalts are aphyric; and minor
porphyritic basalts have less olivine phenocrysts. Mineral chemistry of cumulate rocks
clearly cannot indicate that the rocks are derived from an arc setting, although the
geochemical features of the basalts indicate their suprasubduction origin. On the basis
of the petrological and mineral chemical data, Kadarusman et al. (2004) suggested that
the rocks were generated in an oceanic plateau. K-Ar dating of underlying mélange
and metamorphic sole indicates it was generated at 138 Ma and emplaced before 28 Ma
(Parkinson, 1998). The plateau can be tracked back to near the Pacific Superplume
region at its formation age (Kadarusman et al., 2004).

The Iratsu and Higashi-Akaishi bodies that contain the highest grade rocks of
the Sanbagawa metamorphic belt in southwestern Japan are composed of ultramafic
rocks, eclogitic metabasites with a basalt-gabbro origin, metacarbonate, metachert
and pelitic gneiss in ascending order (Maruyama et al., 2001; Terabayashi et al.,
2005). The bodies are separated from their surrounding schists on the top by a roof
thrust and on the bottom by a floor thrust. They have a duplex structure composed
of four horses. The reconstructed OPS of the bodies suggests that they were derived
from a huge oceanic plateau covered by pelagic limestone with minor chert on its
flank (Maruyama et al., 2001; Kugimiya and Takasu, 2002). Metagabbros contain
relics of high-pressure (i.e., garnet-bearing) granulite-facies and subsequent eclogite-
facies metamorphism (Yokoyama, 1980). The petrological thickness of the plateau
must have exceeded 30 km because of the occurrence of the relict high-pressure gran-
ulites in the lower horizons of the reconstructed stratigraphy. The Mikabu greenstone
belt that extends for about 800 km along the southern margin of the Sanbagawa belt
is mainly composed of mafic volcanic rocks and ultramafic-mafic cumulates (e.g.,
Ozawacetal., 1997). The Mikabu greenstones also underwent subduction-related high-
P/T metamorphism, and are regarded as the low-grade part of the Sanbagawa belt
(e.g., Banno and Sakai, 1989; Suzuki and Ishizuka, 1998). Their geology and petro-
chemistry including a HIMU signature (high-Nb/Zr and Nb/Y ratio; Ozawa et al.,
1999) indicate that the Mikabu greenstones were derived from a seamount chain
and/or oceanic plateau (Isozaki et al., 1990; Ozawa et al., 1999; Uesugi and Arai,
1999); i.e., they formed by superplume or plume activity. K-Ar dating of igneous
amphiboles from the Mikabu gabbros (Ozawa et al., 1997), and U-Pb dating for zir-
cons (inherited cores) from the Sanbagawa eclogites (Okamoto et al., 2004) combined
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with microfossils from pelagic sediments associated with the greenstones indicate the
Sanbagawa and Mikabu protoliths have eruption ages of 142—153 Ma (Sanbagawa:
Isozaki and Itaya, 1990; Mikabu: Sakakibara et al., 1993). Metamorphic zircons from
the Sanbagawa eclogites have U-Pb ages of 110-120 Ma; this points to the accretion
age (Okamoto et al., 2004).

Greenstones from the Sorachi-Yezo belt in central Hokkaido, northern Japan have
N-MORB- to E-MORB- and OIB-like geochemical features (Sakakibara et al., 1999;
Nagahashi and Miyashita, 2002). Some OIB-like greenstones have high Nb/Y and
Nb/Zr ratios (Sakakibara et al., 1999) and were generated from heterogeneous sources
in an oceanic plateau (Kimura et al., 1994; Sakakibara et al., 1999). The radiolarian
age of chert xenoliths in lavas is Latest Jurassic (ca. 150 Ma) and is regarded as close
to the time of eruption (Sakakibara et al., 1999). Radiolaria from black shale in the
top layer of the OPS including the Plateau indicate that the emplacement age was
Barremian (Sakakibara et al., 1999). This oceanic plateau can be tracked back to the
Pacific Superplume region (Kimura et al., 1994).

The Josephine Ophiolite in northern California and southern Oregon, US, contains
pillow lavas overlain conformably by thin chert and thick turbidite and a sheeted dyke
complex (Saleeby et al., 1982; Harper, 1984). Plagiogranite pods in gabbro-diorite
and between sheeted dykes, and a dacite dyke that cuts both lavas and sediments
have zircon U-Pb ages of 157 and 151 Ma, respectively (Saleeby et al., 1982). The
former is regarded as the generation age and the latter the age of emplacement;
the Josephine Ophiolite had a short time interval from generation to emplacement.
Because the turbidites include andesitic clastics, the Josephine ophiolite is thought
to have formed in proximity to an island arc (Saleeby et al., 1982; Harper, 1984).
A marginal basin origin is indicated by earlier clinopyroxene crystallization based
on the phenocryst assemblage of the lavas and the occurrence of orthopyroxene in
cumulates (Harper, 1984). The trace element patterns of the lavas correspond to those
from MORB to island arc tholeiite. The fact that the highest grade of hydrothermal
metamorphism is amphibolite facies in cumulates indicates a relatively thin crust. We
agree with Saleeby et al. (1982) and Harper (1984) that the above-mentioned data
indicate that the Josephine Ophiolite was generated during the opening of a marginal
basin. The Devils Elbow Ophiolite in western California has similar stratigraphic
and geochemical features as the Josephine ophiolite and is regarded as its southern
continuation; its zircon U-Pb age is 164 Ma (Wright and Wyld, 1986; Wyld and
Wright, 1988). The marginal basin that generated the Josephine Ophiolite began to
open by this time.

The Coast Range Ophiolite that crops out in scattered localities over a 700-km-
long segment in western California contains two rock units. One is associated with
minor felsic igneous rocks and shows island arc geochemical features and a zircon
U-Pb age of 160—170 Ma (Shervais and Kimbrough, 1985). The other is a mélange
with a serpentinite matrix and has MORB or seamount geochemical features and a
Tuthonian radiolarian fauna in chert blocks (Shervais and Kimbrough, 1985). The
first unit was generated in an island arc, and the second in a seamount. The Great
Valley Group that overlies the Coast Range Ophiolite contains greenstones that have
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similar geochemical features and radiolarian ages (MacPherson and Phipps, 1988),
and seems to have an origin similar to the Coast Range Ophiolite.

Although many ophiolites and greenstones were generated in convergent regions,
there are many ancient plateaus in accretionary prisms in circum-Pacific orogenic
belts; the Caribbean Plateau, Gorgona Plateau, East Slawesi Ophiolite, Iratsu massif
and Sorachi-Yezo belt. The eruption ages of these plateaus are dated as 75—150 Ma that
is close to the peak age of the Cretaceous plateaus in the western Pacific. Considering
their emplacement ages and durations of migration, the birth-place of these plateaus
was directly or nearly on the Pacific Superplume region (Fig. 4). This indicates that
the Pacific Superplume contribution to the Cretaceous pulse was much higher than
previously estimated.

3.2 From 550 to 200 Ma

3.2.1 Continental domain

In this period, the history of continents was dominated by the amalgamation of the
supercontinent Pangea (e.g., Ford and Golonka, 2003; Golonka et al., 2003; Windley,
1995, and references therein). The (semi-) supercontinent Gondwana and the three
major cratons of Baltica (northeastern Europe), Laurentia (North America including
Greenland, northern Scotland and northern Ireland) and Siberia were dispersed in
Cambrian (Fig. 5). Laurentia collided with Baltica in the Silurian (East Greenland
Caledonian and Scandian orogenies). The suture of Laurentia with Avalonia that had
departed from the northern margin of Gondwana also formed at this time (Acadian

\/‘ Ophiolite or greenstone belt /
Reconstructed ancient LIPs in
oceanic domain

%% Mid-oceanic ridge < Trench

Figure 5. Reconstructed paleogeographic maps at ca. 500 Ma. The distribution of continents is refered
to Scotese (2004). Numbers of ophiolites or greenstone belts are shown as Figure 2. Af = Africa; Ar =
Arabia; An = Antarctica; Au = Australia; Av = Avalonia; Ba = Baltica; In = India; La = Laurentia;
NC = North China; SA = South America; SC = South China; Si = Siberia.
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orogen). A series of collisions between Laurentia, Baltica and Avalonia resulted in
closure of the lapetus Ocean and formation of Laurussia. Prior to these collisions,
Pacific-type orogens developed in the Cambrian (e.g., Penobscotian and Finnmarkian
orogenies). Laurussia collided with the western and central European blocks from
the Devonian (Hercynian/Variscan orogen). Meanwhile, the most extensive juve-
nile additions to the crust in the Phanerozoic took place around the western, eastern
and southern margins (present-day coordinates) of Siberia, and involved continen-
tal fragments separated from the northern margin of Gondwana (the Central Asian
Orogenic Belt, Jahn et al., 2000, 2004). The Kazakhstan block that mainly consists
of Neoproterozoic and early Phanerozoic juvenile crusts (Heinhorst et al., 2000) con-
verged with Siberia in the Early Carboniferous. The collision of Kazakhstan/Siberia
with Laurussia occurred in the Late Carboniferous (Uralian orogen) and resulted
in the formation of Laurasia that became a northern part of Pangea. The final for-
mation of Pangea was caused by the collision of Laurasia and Gondwana in Late
Carboniferous-Early Permian time (Alleghenian and West African orogens).

The Pacific Ocean has been closing along its eastern (Cordilleran, western North
America) and western margins (Tasmanide, Western Australia) since the Cambrian
(Fig. 5). The Paleo- and Neo-Tethyan Oceans developed as Indian-type oceans that
have one-side subduction (Figs. 6 and 7). These oceans transported the continental
fragments separated from the Gondwana margin to Laurentia, Baltica and Siberia.
Laurentia was subducted along both its eastern and western sides and a V-shaped
subduction zone, like that in the present-day Western Pacific, was formed around
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Figure 6. Reconstructed paleogeographic maps at ca. 250 Ma. The distribution of continents is mainly
refered to Scotese (2004) but we divided Kazakhstan from Baltica because final event of Uralian orogeny
occurred during the Triassic and Early Jurassic (Golonka et al., 2003). Alphabets of LIPs and numbers
of ophiolites or greenstone belts are shown as Figure 2. Af = Africa; Ar = Arabia; An = Antarctica;
Au = Australia; Ba = Baltica; In = India; Kz = Kazakhstan; La = Laurentia; NC = North China;
SA = South America; SC = South China; Si = Siberia; Ta = Tarim.
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Figure 7. Reconstructed paleogeographic maps at ca. 400 Ma. The distribution of continents is mainly
refered to Scotese (2004) but we divided Laurentia from Africa because Alleghenian and Western African
orogen was developed during Late Carboneferous and Earky Permian (Ford and Golonka, 2003). Numbers
of ophiolites or greenstone belts are shown as Figure 2. Af = Africa; Ar = Arabia; An = Antarctica;
Au = Australia; Ba = Baltica; In = India; Kz = Kazakhstan; La = Laurentia; NC = North China;
SA = South America; SC = South China; Si = Siberia.

this craton. This Paleozoic plate conversion and the resultant formation of Laurussia
occurred in the African Superplume region (Fig. 7).

Continental flood basalts erupted in two regions at the Permian-Triassic boundary;
the Siberian Traps at 251.2 £ 0.3 Ma (Kamo et al., 1996), and the Emeishan flood
basalts in South Chinaat251-253 Ma (Lo etal., 2002). These differ from the Mesozoic
continental flood basalts; they were generated far from superplume regions (Fig. 6),
and failed to develop to continental breakup (Courtillot et al., 1999).

3.2.2  Oceanic domain

A large Triassic greenstone belt in the Wrangellia Terrane extends from Vancouver
Island in British Columbia to southern Alaska. It consists of subaerial flows, pillow
basalts, but no sheeted dykes and is overlain by cherts and middle Ladinian limestones
and by late Karnian and early Norian limestones (Jones et al., 1977). The thickness of
this Triassic greenstone is up to ~7000 m (Lassiter et al., 1995). It overlies Pennsyl-
vanian to early Permian volcanics and sedimentary rocks belonging to an island arc
(Jones et al., 1977). The greenstones have an E-MORB-like geochemical signature
(Davis and Plafker, 1984) but suffer isotopically from crustal contamination (Lassiter
et al.,, 1995). These geologic and geochemical features indicate that the Triassic
greenstones in the Wrangellia Terrane were flood basalts on top of an island arc.

In a low-grade metamorphic complex in the Andes of Aysén, southern Chile pillow
basalts from the Chonos metamorphic complex contain turbiditic pelitc-psammitic
schist intercalations (Hervré et al., 1999). The deposition age of the turbidites is Late
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Triassic. The basalts have a phenocryst assemblage of clinopyroxene and plagioclase
and E-MORB-like geochemical features (Hervé et al., 1999). Although geochemi-
cal, geologic and geochronological evidence is minor, this complex may have been
derived from an oceanic plateau setting. Paleozoic pillow basalts from the Eastern
Andes metamorphic complex occur as blocks together with marbles in turbiditic sed-
iments (Hervé et al., 1999). They are correlated with the Late Devonian Bahia de la
Lancha formation in Argentina. The basalts have small phenocrysts of clinopyroxene
and plagioclase, enriched REE patterns and high Nb/Y ratios. Their Nb/Y ratios are
comparable with those in Polynesian basalts. We consider the basalts are OIB related
to a superplume.

The Yakuno Ophiolite in Southwest Japan contains plagiogranite with a zircon U-Pb
age of 282285 Ma (Herzig et al., 1997). Associated amphibolites have Permian K-Ar
and Rb-Sr ages that date the time of low-pressure metamorphism prior to emplacement
(Ishiwatari, 1985b). Basaltic pillow lavas are intercalated with black shales and felsic
volcanics; sheeted dykes are absent (Ishiwatari, 1985a,b). The basalts are mostly
aphyric, although olivine and plagioclase phenocrysts (both are pseudmorphed) are
present. The chemistry of whole rocks, relict clinopyroxene, and relict chromian
spinel all indicates a tholeiitic affinity. Downward increase of the metamorphic grade
up to the pyroxene-granulite facies indicates that the oceanic crust was unusually
thick. Although Ishiwatari (1985a) suggested the ophiolite was derived from a small
oceanic basin like the Black Sea, it is more likely that it was an oceanic plateau in
origin (Isozaki, 1997).

Greenstones from the Angayucham Terrane, central Alaska are overlain by thin
chert beds (Pallister et al., 1989). The radiolaria from inter-pillowed chert points to
a Mississippian deposition age (Barker et al., 1988). The greenstones are E-MORB-
like tholeiites (Barker et al., 1988; Pallister et al., 1989). According to the geologic
and geochemical data, these rocks are an oceanic plateau in origin. Subsequently, the
plateau became occur according to radiolarian ages and finally arrived at the Brooks
Range in Alaska in the Middle Jurassic (Pallister et al., 1989).

The Dun Mountain Ophiolite has a length of >1100 km in the South Island, New
Zealand. The igneous rocks are divided into three: 1) a lower sequence of olivine-
phyric pillow lavas and autobrecciated flows and comagmatic intrusives, 2) an upper
sequence of massive and brecciated, predominantly aphyric, augite and Fe-Ti oxide-
bearing basaltic sheeted flows, 3) a suite of cross-cutting (non-sheeted) mafic dykes
and small irregular plutons, layered ultramafics and gabbroic cumulates, isotropic
gabbros, and abundant plagiogranites dykes and plutons (Sivell and McCulloch,
2000). Plagiogranite has a zircon U-Pb age of 275-285 Ma (Kimbrough et al.,
1992). Mafic dykes and plagiogranites from the suite have a Sm-Nd bulk isochron
age of 278 4+ 4 Ma (Sivell and McCulloch, 2000), while the upper sequence has a
Sm-Nd bulk isochron age of 308 & 12 Ma on basalt and related ferrogabbro. The Dun
Mountain Ophiolite lacks thick pelagic chert but has voluminous terrigenous sedi-
ments, although the upper sequence is conformably overlain by red cherts, Fe-Mn-rich
nodular encrustations, red mudstones and altered hyaloclastites, and thick turbidite
argillites (Sivell, 2002). Lavas from the lower sequence are typically olivine-phyric
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and have LREE-enriched REE patterns, high Nb contents and enriched Nd isotopic
compositions. Massive lava flows from the upper sequence have LREE-depleted REE
patterns, negative Nb anomalies and slightly depleted Nd isotopic compositions. A
suite of dykes and plutons have a LREE-depleted REE pattern, a negative Nb anomaly
and a depleted Nd isotopic composition (Malpas et al., 1994; Sano et al., 1997; Sivell
and McCulloch, 2000). The lower and upper sequences and the suite of dykes and
plutons are similar in geochemistry to OIB, back-arc basin basalt, and island arc
tholeiite, respectively. Although Malpas et al. (1994) considered that lavas from the
lower sequence formed in a seamount in a mid-ocean, Sivell and McCulloch (2000)
concluded that together with the basalts they were akin to back-arc basin basalts and
favored generation in a seamount in a back-arc basin. Dykes and plutons represent
incipient arc magma intruding preexisting back-arc-basin crust at an initial subduction
(Sivell and McCulloch, 2000).

Cambrian ophiolites occur throughout the Tasmanides of eastern Australia. Ophi-
olites in the Tyennan and Delamerian orogens near the western margin of the
Tasmanides have a zircon U-Pb age of 514 Ma on tonalite and 524 Ma on leuco-
gabbro (Black et al., 1997; Maher et al., 1997). Lavas in the Tyennan orogen are
pillowed or massive low-Ti basalts and boninites and cumulates are orthopyroxene-
rich (Crawford and Berry, 1992). The basalts have a LREE-depleted REE pattern and
low Ti, Nb, and Zr contents. Mafic-ultramafic complexes of the Dimboola subzone
in the Delamerian orogen have petrological and geochemical characteristics similar
to those of the Tyennan orogen (Maher et al., 1997). The Lachlan orogen that occu-
pies the central Tasmanides has two major ophiolitic belts; Heathcote and Mount
Wellingston. The Heathcote belt contains a conformable sequence of basalt, chert-
shale-volcanoclastic sandstone, and quartz-rich turbidite, within which tuffeceous
litherenite has a zircon U-Pb age of 503 Ma (Spaggiari et al., 2003). Volcanic rocks
consist of basalts, boninites and andesites; the basalts have flat REE patterns and
geochemical characteristics between MORB and arc tholeiite (Crawford and Keays,
1987). The Mount Wellingston belt has a zircon U-Pb age of 502 Ma from horn-
blende gabbro (Spaggiari et al., 2003). Volcanic rocks are basalts and boninites. The
pillow basalts are conformably overlain by and interbedded with chert and silici-
fied black shale, which in turn is conformably overlain by turbidite. Basalts have
flat REE patterns and geochemical characteristics between MORB and arc tholeiite
and are similar to those in the Heathcote Belts (Crawford and Keays, 1987). The
New England orogen that is situated in the eastern Tasmanides has Neoproterozoic
and Cambrian ophiolites. The Marlborough block consists of dominant serpentinized
harzburgite and minor dunite, pyroxenite, gabbro, and mafic and felsic intrusive rocks
(Bruce et al., 2000). Basalts have depleted MORB-like geochemical and isotopic sig-
natures and a whole-rock Sm-Nd isochron age of 562 Ma. Ophiolitic mélange from
the Peel-Manning Fault system contains basalts that have geochemical affinities with
MORB to island-arc basalt, and lower-Ti and high-Mg island-arc- or fore-arc-basalt
signatures (Yang and Seccombe, 1997). Plagiogranite blocks in a serpentinite matrix
have zircon U-Pb ages of 530, 509, and 535 Ma (Aitchison et al., 1992; Aitchison and
Ireland, 1995). These are suprasubduction zone ophiolites that developed along the
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East Gondwana active margin from the Latest Neoproterozoic to the Late Cambrian
(Crawford and Berry, 1992; Spaggiari et al., 2003).

The Wrangellia Terrane comprises a flood basalt erupted on an island-arc basement.
According to paleomagnetic data, the terrane was positioned somewhere in the eastern
Pacific Ocean and detached from the eastern margin of Laurentia at a paleolatitude of
10°N-20°N in the Late Triassic (Butler et al., 1997). The flood basalts were erupted
near the Pacific Superplume region. The Permian Angayucham Terrane and Yakuno
Ophiolite were regarded as the remnants of an oceanic plateau. Although there is
little supporting evidence, the basalts from Chonos metamorphic belt might also have
formed in an oceanic plateau. These generation ages are nearly coeval with those of
the Wrangellia Terrane (230-290 Ma). Although there are no available paleomagnetic
data for these greenstones and ophiolite, by comparing their data with those from the
Cretaceous oceanic plateaus in western Pacific, it could be concluded that they were
generated in the region of the Pacific Superplume (Fig. 6).

3.3 From 750 to 550 Ma

3.3.1 Continental domain

In the period from 550 to 750 Ma the supercontinent Rodinia brokeup and this led
to the formation of the (semi-) supercontinent Gondwana (Hoffman, 1991; Dalziel,
1992). The formation of Gondwana was likely caused by a rapid fan-like closure of the
Mozambique Ocean that was present between Eastern and Western Gondwana, and
it was dramatically completed by the collisional 550—-500 Ma Mozambique orogeny
that represents the final event of the Pan-African orogen (Dalziel, 1992; the “Inside-
out model” by Hoffman, 1991). However, recent geochronological data require us
to revise our ideas about the distribution of the Pan-African orogen and the forma-
tion model of Gondwana. One of the important points of the previous model was
that Eastern Gondwana was a stable large continent in the period concerned in East
Antarctica that constitutes the core of Eastern Gondwana. Pan-African orogens have
recently been subdivided into three provinces (Shiraishi et al., 1994; Fitzsimons,
2000). According to their ages, Eastern Gondwana was not present until 530 Ma
(Meert, 2003). The qualitative and quantitative geologic and geochronological data
from the Pan-African orogens in the African and South American continents revealed
that the formation of Western Gondwana was not completed until 520 Ma (e.g.,
Campos Neto, 2000). This refers to the idea that Gondwana was formed by the col-
lision of several cratons in sequence rather than by a simple collision between two
large continents. This mode of continental amalgamation is comparable with that of
Laurasia in the Phanerozoic.

Did Gondwana include Laurentia or was there are a Latest Proterozoic supercon-
tinent termed Pannotia (Dalziel, 1997)? This question is related to the time of the
opening of the lapetus Ocean. The remnants of the opening stages of the lapetus
Ocean in the Laurentia, Baltica, and Amazonia cratons that surround the ocean are
dated as ca. 600 Ma (Hoffman, 1989; Svenningsen, 2001). This age indicates that the
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birth of the Iapetus Ocean was followed by the completion of Gondwana formation.
The Baltica and Siberia cratons also departed from Gondwana. Therefore, we regard
Gondwana not as a supercontinent but as a semi-supercontinent.

The breakup of Rodinia and the opening of the Pacific Ocean occurred at ca.
750 Ma (Fig. 8). The initial stage is represented by dyke swarms and associated
volcanism; the Gairdner dyke swarm in central Australia at 827 £ 6 Ma (Wingate
et al., 1998), the Amata dyke swarm in south-central Australia at 824 + 4 Ma (Sun
and Sheraton, 1996), the Mundine Well dyke swarm in northwestern Australia at
755 £+ 3 Ma (Wingate and Giddings, 2000), the Sanfang mafic intrusive in South
China at 828 &= 7 Ma (Li et al., 1999), the Richtersveld Igneous Complex in eastern
South Africa at 833 £ 2 Ma (Frimmel et al., 2001), the Gunbarrel mafic magmatic
event in eastern Laurentia at 780 £ 1 Ma (Harlan et al., 2003), and the Franklin dyke
swarm at 723 4+ 4/—2 Ma in northern Laurentia (Heaman et al., 1992). According to
the reconstruction of continental distributions by the PALEOMAP project (Scotese,
2004), these events occurred in today’s Pacific Superplume region (Fig. 8). In the
period from 750 to 650 Ma, Rodinia was almost surrounded by Pacific-type orogenic
belts. The Cadomian, Avalonian, Timanian, and Baikalian orogens developed along
the margin of Western Africa, Amazonia, Baltica, and Siberia, respectively (e.g.,
Egal et al., 1996; Doig et al., 1993; Kuzmichev et al., 2001; Scarrow et al., 2001;
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Figure 8. Reconstructed paleogeographic maps at ca. 750 Ma. The distribution of continents is mainly
refered to Scotese (2004) but the South China was positioned on the basis of the reconstruction of Li and
Powell (2001). According to the age of the Richtersveld Igneous Complex (Frimmel et al., 2001), Kalahari
was separated from the Rodinia. The distribution of Grenville orogen is modified after Hoffman (1991).
A = Mundine Well dyke swarm; B = Amata dyke swarm; C = Gairdner dyke swarm; D = Sanfang
mafic intrusive; E = Richtersveld Igneous Complex; F = Gunbarrel mafic magmatic event; G = Franklin
dyke swarm. Am = Amazonia; Ar = Arabia; Au = Australia; Ba = Baltica; Co = Congo; EA = East
Antarctica; In = India; Ka = Kalahari; La = Laurentia; NC = North China; RP = Rio de la Plata;
SC = South China; SF= Sao Francisco; Si = Siberia; WA = West Africa.
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Khain et al., 2003). The early stage of the Pan-African orogen developed around
the Sao Francisco-Congo craton (e.g., Campos Netro, 2000; Pimentel et al., 1991),
and the extensive juvenile crust of the Nubian-Arabian shield was formed (Stein and
Goldstein, 1996).

3.3.2  Oceanic domain

The Trinity Ophiolite that formed from the Cambrian to the Silurian is situated in east-
ern Klamath, northern California in western North America. In the Lovers Leap-South
China Mountain area plagiogranite has a zircon U-Pb age of 565-570 Ma (Wallin et al.,
1988). Lavas consist of basalt, andesite, and dacite, all of which have plagioclase and
clinopyroxene phenocrysts, and orthopyroxene is present in a few andesites (Brouxel
et al., 1989). Hornblende phenocrysts occur in dacitic andesites and dacites. The
lavas are divided into two types based on their geochemical features. One is low-K
tholeiite with a depleted REE pattern and the other is calc-alkaline with an enriched
REE pattern. The calc-alkaline rocks are conformably overlain by Ordovician lime-
stones. Both low-K tholeiite and calc-alkaline rocks have negative Nb anomalies
(Brouxel et al., 1989). Well-developed sheeted dykes are absent (Lindsley-Griffin,
1994). Pegmatitic trondhjemite dykes that intrude gabbro have a zircon U-Pb age of
412 Ma (Wallin et al., 1988). In the Dunsmuir area a complete ophiolitic succession is
present. Nd isotopic ratios measured on basalt, plagiogranite, isotropic gabbro, cumu-
late layered gabbro, and gabbroic pegmatite plot on 452 4 40 Ma isochron (Brouxel
and Lapierre, 1988). The peridotite layer has unusually large amounts of lherzo-
lite (Brouxel and Lapierre, 1988) and some lherzolites and harzburgites have high
plagioclase contents (Lindsley-Griffin, 1994). A sheeted dyke complex (Brouxel and
Lapierre, 1988) occurs with predominant basaltic pillow lavas that are unconformably
overlain by Carboniferous sandstone and shale. The basalts are divided into three types
based on their petrography; plagioclase-porphyritic basalts with rare clinopyroxenes,
intersertal basalts with clinopyroxene microphenocrysts and plagioclase laths, and
subaphyric basalts with clinopyroxene microlites (Brouxel et al., 1989). The lavas of
these basalts have depleted REE patterns and negative Nb anomalies (Brouxel et al.,
1989). In the Redding area massive and pillowed flows are overlain by rhyolites,
and are unconformably overlain by Early Devonian shales and limestones (Brouxel
et al., 1988). The flows consist of basalts and andesites that are highly porphyritic
with plagioclase, olivine and clinopyroxene phenocrysts (Brouxel et al., 1989). The
basalts and andesites show a significant geochemical heterogeneity that is indicated
by variable REE patterns that range from moderately depleted to strongly enriched
(Brouxel et al., 1988), and they have negative Nb anomalies (Brouxel et al., 1989).
High-Mg andesites have SiO2 > 55%, MgO > 7%, and flat REE patterns (Brouxel
etal., 1988). The above geochemical characteristics suggest that the Trinity Ophiolite
was generated in an island arc-marginal basin (Brouxel and Lapierre, 1988; Brouxel
et al., 1988, 1989).

A highly deformed mafic-ultramafic complex is situated in the southwestern mar-
gin of the Precordillera of Argentina. It is divided into three tectonic units; a gabbro,
microgabbro, and diabase unit (massive diabase), an ultramafic and layered gabbro
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complex that intrudes quartzofelspathic gneiss (ultramafic-layered complex), and
metasedimentary rocks with interlayered mafic flows and sills. Based on geochem-
istry, metamorphism and geochronology, these units are unrelated to each other and
cannot represent a fragmented single ophiolite (Davis et al., 2000). The massive dia-
base unit consists of gabbro to diabase bodies with small plagiogranite and sheeted
half dykes with pillow lavas. Sedimentary rocks are not associated with pillow lavas
(Gregori and Bjerg, 1997; Davis et al., 2000). This unit has a zircon U-Pb age of
576 + 17 Ma from microgabbro (Davis et al., 2000). The lavas and dykes have REE
patterns that range from flat through slightly LREE-enriched to enriched patterns
and no negative Nb anomaly (Gregori and Bjerg, 1997). These were interpreted to
form at a mid-oceanic ridge associated with a plume (Gregori and Bjerg, 1997) or
at a well-developed rift (Davis et al., 2000). But the geochemical signature of the
massive diabase unit is also similar to that of an oceanic plateau. Present-day western
margin of South America was faced to the Pacific Ocean in this period. Therefore, it is
possible that the massive diabase unit in the southwestern margin of the Precordillera
was generated at the Pacific Superplume region.

A Cambrian accretionary complex in the Gorny Altai Mountains in southern Siberia
continues in the Altai Range through Mongolia to China. The accretionary com-
plex is composed of limestone, greenstone, sandstone and mudstone (Buslov et al.,
1993; Buslov and Watanabe, 1996). The Baratal limestone in the Kurai area has a
207pp/296pb bulk isochron age of 598 4 25 Ma, and has a primary stratigraphy made-
up of massive limestone and limestone breccia that conformably overlies basaltic
greenstones (Uchio et al., 2004). Some limestones contain stromatolites and ooids
that suggest a shallow-marine environment. Some limestone breccias contain clasts
of micritic limestone, greenstone and chert, and are poorly sorted and thinly bed-
ded, suggesting that they formed as gravity-flow (debris flow) deposits. In addition,
laminated limestone and bedded micritic limestone are associated with the limestone
breccias. The absence of coarse-grained terrigenous clastics indicates that all the
limestones were deposited in a mid-oceanic environment distant from a continental
source. The Baratal limestone is interpreted as a paleoseamount limestone that accu-
mulated on MORB- and OIB-type basaltic greenstones (Buslov et al., 1993). Most
of the greenstones have phenocrysts of clinopyroxene and plagioclase. The above
evidence suggests that the limestones accumulated on the slope or at the base of a
slope of a paleo-seamount or plateau (Dobretsov et al., 2004; Uchio et al., 2004).

A Precordilleran ophiolite in Argentina might be a fragment of an ancient oceanic
plateau. The greenstones in the Gorny Altai area of southern Russia have an oceanic
plateau affinity. Although the Central Asian Orogenic Belt that includes the Gorny-
Altai region faced the Tethyan Ocean, the accretionary prism developed along an
oceanic island arc and could have faced the Pacific Ocean (Fig. 5). The oceanic
plateau might have formed in the Pacific Superplume region. Their ages are nearly
coincident (ca. 580—600 Ma). While there are no available paleomagnetic data for
these ophiolite greenstone belt, by comparing them with the Cretaceous pulse, we
can conclude they were generated in the Pacific Superplume region.
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4 DISCUSSION
4.1 The reconstruction of rodinia and initial opening of the pacific ocean

Our reconstructions and discussion are tentatively based on the PALEOMARP project
maps (Scotese, 2004) but the continental arrangement of Rodinia has not yet reached
a consensus; thus it is necessary to consider other reconstructions. Although many
papers concerned with Rodinia have been published since the proposal by Hoffman
(1991) and Dalziel (1991), due to space limitations we keep this review to a minimum
so as to extract the essence of the consensus and arguments.

Because of the presence of Grenvillian-age orogens within the cratons, the con-
nections between Baltica, Amazonia, and Rio de La Plata with Laurentia are broadly
accepted. It is also widely accepted that Siberia was connected to northern Laurentia,
but there has been little agreement on the geometry of the fit due to a lack of decisive
paleomagnetic or geochronological data. Kravchinsky et al. (2001) pointed out that
the Siberian platform, composed of the Anabar, Angara and Aldan blocks, might not
have been fully amalgamated by Late Proterozoic to Early Cambrian time.

To explain the paleoposition of East Gondwana (Antarctica, Australia and India)
against Laurentia in Rodinia, three models have been proposed: (1) East Antarctica
(Transantarctic Mountains) was connected with the southwestern coast of Laurentia.
This is based on correlations of Grenville-age orogens and Precambrian-Paleozoic
sedimentary rocks (the SWEAT model: Moores, 1991; Dalziel, 1991; Hoffman,
1991; Young, 1992), and the idea that South China was placed among Australia
and Laurentia-Siberia (Li and Powell, 2001). Powell et al. (1993) argued against
the validity of the SWEAT model with APWPs for both East Gondwana (mainly
from Australia and partly from India) and Laurentia, and Li (2000) and Wingate and
Giddings (2000) supported this idea from the viewpoint of the APWPs for western
Australia and Laurentia. (2) A suture along the eastern coast of India, the eastern
coast of East Antarctica and the central-southwestern part of Australia continued
into the Grenville orogen through the southern end of Laurentia, and Australia was
connected with western Laurentia (the AUSWUS model: Karlstrom et al., 1999,
2001; Burrett and Berry, 2000). In this model South China was separated by small
oceans from Australia and Siberia (Condie, 2003). Karlstrom et al. (2001) suggested
that the AUSWUS model provided a better fit of paleomagnetic data (APWP) than
the SWEAT model. (3) A model with the Australia-Mexico connection (AUSMEX),
inferred from ca. 1070-Ma paleopoles from Australia with a high-stability paleomag-
netic remanence (Wingate et al., 2002). On the other hand, from zircon U-Pb data
and geologic correlations Fitzsimons (2000) and Boger et al. (2001) suggested that
East Antarctica should be separated into two or three provinces with a Grenville-age
by Pan-African orogens. In addition, Powell and Pisarevsky (2002) pointed out that
India lay near the pole, whereas Australia was at a low latitude at 810 Ma, and final
amalgamation of East Gondwana was not complete until the Early Cambrian. Con-
sidering these suggestions, Pisarevsky et al. (2003) proposed a new reconstruction
of Rodinia at 990 Ma, in which the AUSMEX model was adopted, and India was
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excluded from Rodinia. However, the AUSWUS and AUSMEX models suggest that
up to 10,000-km of Late Proterozoic rift margins in northern Australia and western
Laurentia need to be matched with other continental blocks within any proposed
Rodinia. As for the paleoposition of India, Radhakrishna and Joseph (1996) placed
India near the equator at ca. 1000 Ma, suggesting a Late Proterozoic East Gondwana
as before. On the other hand, Pisarevsky et al. (2003) disproved of this reconstruction
due to the inconsistency between paleopoles of India and Australia at ca. 1070 Ma,
although the APWPs of India from 1100 to 800 Ma were not available.

The recent accumulation of more precise paleomagnetic and geochronological data
has provided several constraints and new models for Late Proterozoic reconstructions;
however the controversy about East Gondwana and Rodinia has become more com-
plicated. Each model has both advantages and disadvantages. At present, although it
is still difficult to evaluate the validity of the recent reconstruction models, it can be
emphasized that Laurentia was positioned in the center of Rodinia in all versions.

Figure 9 shows various models for the opening of the Pacific Ocean. The timing
and distribution of rift systems depends not only on the age and dispersal of dyke
swarm, but also on the arrangement of continents. Maruyama (1994) first proposed
that the Pacific Superplume generated the Paleo-Pacific Ocean at 600—700 Ma on the
basis that the paleolatitude of the RRR triple junction that was at ca. 20°S, correspond-
ing to the active region of the present Pacific Superplume, and to the paleoposition
of the Pacific superplume at the RRR triple junctions between western Laurentia,
Australia and South China, and between the northern Laurentia, South China and
Siberia (Fig. 9a). Li et al. (1999) and Li and Powell (2001) showed a similar triple

(2 (b)
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Figure 9. Paleogeographic reconstruction models of the supercontinent Rodinia. (a) After Maruyama
(1994); (b) Li and Powell (2001); (c) Dobretsov et al. (2002); (d) after Condie (2003). Bold lines show
rifts. Abbreviations of name of cratons are explained as in Figure 8.
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junction at ca. 760 Ma, and suggested a mantle plume beneath South China (Fig. 9b).
Dobretsov etal. (2003) provided stepwise rifting from 950-800 Ma between Australia
and Siberia through 750-700 Ma rifting between Siberia and Laurentia and finally to
an RRR triple junction between the three cratons (Fig. 9¢). Condie (2003) produced
a different model based on the AUSWUS model from other reconstructions based on
the SWEAT model (Fig. 9d). But this also has a RRR triple junction at the opening
of the Pacific Ocean. The RRR triple junctions are recognized in all reconstructions
although the defining cratons differ from one to another. Using the analogy of the
African rift system, an RRR triple junction is the expression of continental rift caused
by plume upwelling (see summary by White and McKenzie, 1989). The paleolati-
tudes of RRR triple junctions vary from 30°N to 20°S. Because the uncertainty of
paleolatitude estimation is up to 30° in this period (Scotese, 2004), the positions are
roughly in agreement in the equatorial area. Although, in principle, paleolongtitude is
not defined only by paleomagnetism, the reconstructed Rodinia of the PALEOMAP
project at 750 Ma is in the Pacific Superplume region. According to the paleopole data
of Weil et al. (1998, 2004), Laurentia occupying the central part of Rodinia moved
to the south by ~20° at ca. 800 Ma from the position at 750 Ma. This means that the
initial rifting of Rodinia occurred in the Pacific Superplume region.

4.2 Comparison of the Pacific superplume with the African superplume

Associated with extensive flood basalt volcanism, the dispersal of Pangea occurred at
80-200 Ma on the African seismic lower velocity zone in the lower mantle that exists
today. The relation of continental breakup with plume initiation has been mentioned
by previous workers on the basis of analogue experiments of mantle convection and
hot spot tracks (e.g., Morgan, 1981; Richards et al., 1989). Richards et al. (1989)
suggested that a number of new mantle plumes were formed in this period. These
are essentially independent and have no relation with one another. Each plume head
generated flood basalts, subsequently plume tail activities left hot spot tracks. The
model needs a number of narrow conduits from the core-mantle boundary, but it is not
consistent with recent mantle tomographic images with higer resolution (e.g., Zhao,
2004). The seismic observations make us infer that the continental fragmentation
was caused by cognate plume upwellings rooted in the upwelling lower mantle. This
view is similar to the hotspot image provided by Courtillot et al. (2003). In analogy
with Pangea, the fragmentation of Rodinia at 720—830 Ma arose in the Pacific. The
breakup of a supercontinent is caused by superplume activity.

Dalziel et al. (2000) insisted that Pangea was fragmented by a preexisting plume.
But the present position of the African superplume overlaps in paleo-latitude with
the region where the 300500 Ma orogens have been present. Pangea was formed
by extensive collision-amalgamation processes around Laurentia after Pacific-type
orogens were developed in the region. The eastern and western Laurentian margins
underwent subduction both from the Pacific and lapetus Oceans with the resultant for-
mation of V-shaped Pacific-type orogens. This means that mantle downwelling rather
than plume upwelling was provided by cold subducted slabs and is not consistent
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with the model of Dalziel et al. (2000). During the formation of Rodinia, a large
amount of oceanic lithosphere would have been subducted beneath proto-Rodinia
along V-shaped paleo-trenches of the proto-Grenville orogens that were positioned
on the Pacific Superplume region. These correlations suggest that the birth of a super-
plume was related to the formation processes of supercontinents, which include the
Pacific-type orogeny along V-shaped subduction zones and the resultant collage of
island arcs. The concentration of oceanic plate subduction during the formation pro-
cess of a supercontinent could have greatly accelerated to create physical instabilities
and chemical heterogeneities in the deep mantle, either or both of which must be
deeply concerned with the birth of a superplume. There is no viable model with a
consensus, however the transportation of oceanic lithosphere into the deep mantle
most likely played an essential role in the birth of a superplume.

4.3 Superplume pulse

Cretaceous oceanic plateaus are widespread in the present western Pacific (e.g.,
Ontong Java Plateau, Manihiki Plateau, Hess Rise), and most formed at 75-150 Ma.
In addition, the accreted fragments of oceanic plateaus in circum-Pacific orogens are
coeval (Table 3). They can be traced back and found to be concentrated in the present
active region of the Pacific Superplume (Fig. 4; Suzuki et al., 2000). This suggests
that a large amount of igneous rocks (10.7 x 10¢ km? and 19.1 x 107 km?) was formed
in the Cretaceous by superplume activity. It is larger than the Australian continent
(7.6 x 10° km?).

In the mid-Cretaceous, most global changes of the surface environment can be com-
prehensively explained by the activities of the Pacific Superplume (Larson, 1991a,b);
the Cretaceous global transgression was caused by arise of sea level due to increasing
spreading rates of mid-oceanic ridges, and the resultant young oceanic lithosphere was
related to the Pacific Superplume activity. Cretaceous global warming also resulted
from increasing rates of degassing by an extensive volcanism related to the super-
plume activity. In our estimation, the total amount of CO, derived from magmatism
at that time is 2.8 x 10%! g, where the CO, contents in plateau basalt was assumed
to be 0.5 wt% (Johnson et al., 1994). Kerrick and Caldeira (1993) concluded that
over a 1-million-year period, excess CO, degassing of >0.5 x 10'® mol would be
required to produce notable grobal warming. The degassing rate of CO, deduced
from our composite volcano (0.82 10'® mol/m.y.) suggests a significant impact for
Cretaceous global warming. In addition, excess CO; could be expelled by increasing
spreading rate of mid-oceanic ridge (Larson, 1991a) and the coinciding formation of
vast granite batholith in circum-Pacific belts (e.g., Wu et al., 2005).

From our review of circum-Pacific ophiolites and greenstone belts we infer that
events such as the Cretaceous pulse occurred at 230-280 and 580-600 Ma, after the
birth of the Pacific Ocean. Recent knowledge from ultrahigh-pressure experiments
enables us to speculate with the following model for the active volcanism in the Pacific
(Fig. 10). Phase relations in a mantle peridotite system (Zhang and Herzberg, 1994;
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Figure 10. Cartoons showing Cretaceous plate tectonics and a superplume in the Pacific. (a) Schematic
phase diagram of mantle peridotite in P-T space (modified after Zhang and Herzberg, 1994; Hirose,
2002) with subduction zone geotherm A and plume geotherm B. The plume geotherm passes the
majorite/perovskite transition curve with a positive slope, suggesting that mantle upwelling can be
accelerated at ca. 670-km depth to transport fertile lower mantle materials to the upper mantle (See
also Kumazawa and Maruyama, 1994). (b) Schematic cross-section showing mantle convection and its
related volcanism at a normal stage. (¢) Schematic cross-section showing whole-mantle convection and the
resultant activated volcanism at a pulse stage. A collapsed megalith accelerates a single-layered convection
at a whole-mantle scale.

Hirose, 2002) suggest that a plume geotherm passes the majorite/perovskite transi-
tion curve with a positive slope indicating that mantle upwelling can be accelerated
at ca. 670-km depth to transport fertile lower mantle materials to the upper man-
tle (Fig. 10a). Within-plate volcanism related to mantle upwelling indicates that a
window between the upper and lower mantle was opened in the Pacific. However,
mantle convection at normal times is double-layered and mantle materials are inde-
pendently circulated within the upper and lower mantles (Fig. 10b). The downwelling
beneath a subduction zone due to plate subduction in the circum-Pacific was stopped
at 670-km depth by a negative Clausius-Clapeyron slope along the cold geotherm
along a subducting plate, resulting in the formation of a megalith (e.g., Irifune and
Ringwood, 1993). Subsequently, the megalith collapsed down to the lower man-
tle, and accelerated a single-layered convection on a whole-mantle scale (Fig. 10c);
the resultant mantle upwelling activated episodically. The hot geotherm passes the
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majorite/perovskite transition curve with a positive slope, suggesting that mantle
upwelling can be accelerated at ca. 670-km depth. As a result, material- and heat-
supply from the lower to the upper mantle through the window activated volcanism
both at the mid-oceanic ridge and within the plate. The episodic events were not
derived from the initiation of a number of plumes (e.g., Richards et al., 1991) but
from the pulse of a superplume at a preexisting thermal window.

5 CONCLUSIONS

In summary, the most probable history of the Pacific Ocean and Superplume is as
follows. The Pacific Ocean was born by the breakup of the supercontinent Rodinia
at ca. 750 Ma. It was derived from the birth of Pacific Superplume. At ca. 550 Ma
subduction zones began to develop along the Pacific margin in both eastern Gondwana
and western Laurentia. The Pacific Ocean passed through the superocean stage (only
one continent and one ocean existed on the earth) from ca. 230to ca. 180 Ma. These are
coincident with the formation of the supercontinent Pangea and the birth of the Atlantic
Ocean, respectively. Including circum-Pacific ophiolites and greenstone belts, there
were three superplume pulse events (80—150 Ma, 230-300 Ma and 580-600 Ma).

Comparing the Pacific Superplume with the African Superplume, the common
relation of a superplume with the surface of the solid earth is as follows. The birth
of a superplume arises from the breakup of a supercontinent accompanied by the
eruption of continental flood basalts. Prior to this, the formation of a supercontinent
occurs in a pre-superplume region. A V-shaped double subduction zone enables the
transportation of a vast amount of cold slab into the mantle. This greatly accelerates
and creates physical instabilities and chemical heterogeneities in the deep mantle,
either or both of which must be deeply concerned with the birth of a superplume.
Once a superplume is formed, it behaves as a thermal window. It gives rise to oceanic
islands and seamounts in a calm period and oceanic plateaus and oceanic flood basalt
in a pulse period.
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