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[1] South Pacific intraplate volcanoes have been active since the Early Cretaceous. Their HIMU-EMI-

EMII mantle sources can be traced back into the West Pacific Seamount Province (WPSP) using plate

tectonic reconstructions, implying that these distinctive components are enduring features within the

Earth’s mantle for, at least, the last 120 Myr. These correlations are eminent on the scale of the WPSP and

the South Pacific Thermal and Isotopic Anomaly (SOPITA), but the evolution of single hot spots emerges

notably more complicated. Hot spots in the WPSP and SOPITA mantle regions typically display

intermittent volcanic activity, longevities shorter than 40 Myr, superposition of hot spot volcanism, and

motion relative to other hot spots. In this review, we use 40Ar/39Ar seamount ages and Sr-Nd-Pb isotopic

signatures to map out Cretaceous volcanism in the WPSP and to characterize its evolution with respect to

the currently active hot spots in the SOPITA region. Our plate tectonic reconstructions indicate cessation of

volcanism during the Cretaceous for the Typhoon and Japanese hot spots; whereas the currently active

Samoan, Society, Pitcairn and Marquesas hot spots lack long-lived counterparts in the WPSP. These hot

spots may have become active during the last 20 Myr only. The other WPSP seamount trails can be only

‘‘indirectly’’ reconciled with hot spots in the SOPITA region. Complex age distributions in the Magellan,

Anewetak, Ralik and Ratak seamount trails would necessitate the superposition of multiple volcanic trails

generated by the Macdonald, Rurutu and Rarotonga hot spots during the Cretaceous; whereas HIMU-type

seamounts in the Southern Wake seamount trail would require 350–500 km of hot spot motion over the

last 100 Myr following its origination along the Mangaia-Rurutu ‘‘hotline’’ in the Cook-Austral Islands.

These observations, however, violate all assumptions of the classical Wilson-Morgan hot spot hypothesis,

indicating that long-lived, deep and fixed mantle plumes cannot explain the intraplate volcanism of the

South Pacific region. We argue that the observed short-lived and discontinuous intraplate volcanism has

been produced by another type of hot spot-related volcanism, as opposed to the strong and continuous

Hawaiian-type hot spots. Our results also indicate that other geological processes (plate tension, hotlines,

faulting, wetspots, self-propagating volcanoes) may act in conjunction with hot spot volcanism in the

South Pacific. In all these scenarios, intraplate volcanism has to be controlled by ‘‘broad-scale’’ events

giving rise to multiple closely-spaced mantle plumelets, each with a distinct isotopic signature, but only

briefly active and stable over geological time. It seems most likely that these plumelets originate and

dissipate at very shallow mantle depths, where they may shoot off as thin plumes from the top of a

‘‘superplume’’ that is present in the South Pacific mantle. The absence of clear age progressions in most
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seamount trails and periodic flare-ups of massive intraplate volcanism in the South Pacific (such as the one

in the Cretaceous and one starting 30 Myr ago) show that regional extension (caused by changes in the

global plate circuit and/or the rise-and-fall of an oscillating superplume) may be driving the waxing and

waning of intraplate volcanism in the South Pacific.
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1. Introduction

[2] Age progressive trails of intraplate volcanoes

are attractive research targets in the Earth sciences.

Some of the most fundamental concepts about deep

mantle plumes and hot spots, absolute plate

motion, and many aspects of chemical and physical

geodynamics are based on our research of such

volcanic lineaments. Despite their importance,

these concepts are still vigorously debated, in

particular, the fixed framework of long-lived hot

spots. There are many robust observations that

support the concept of hot spots. It was first noted

by Darwin [1837, 1842] that ocean islands often

exist in chains that go through a sequence of sub-

sidence from volcanic islands to atolls. A few years

laterDana [1849] observed that in these chains only

one end is volcanically active, whereas to the other

end the volcanoes progressively erode, subside and

become older. He even predicted the existence of

drowned islands (i.e., guyots) to the west of the

Hawaiian Islands, which were only to be discovered

by Hess [1946]. This very early recognition of age

progressive island chains was put on a quantitative

basis with K-Ar age determinations [McDougall,

1964, 1971] and the resulting ‘‘linear’’ age-distance

relationship in theHawaiian-Emperor seamount trail

inspired the ‘‘fixed’’ hot spot concept [Wilson, 1963;

Morgan, 1971, 1972a, 1972b]. Subsequently, the

80 Myr long history of the Hawaiian-Emperor trail

has become the cornerstone in our modeling of

absolute Pacific plate motion [Epp, 1984; Duncan

and Clague, 1985; Henderson, 1985; Engebretson

et al., 1985; Lonsdale, 1988; Wessel and Kroenke,

1997; Steinberger, 2000; Harada and Hamano,

2000; Koppers et al., 2001] together with the

Louisville seamount trail in the South Pacific

(Figure 1) [Hawkins et al., 1987; Lonsdale, 1988;

Watts et al., 1988]. The concept of stationary hot

spots has been so successful that it has been a

largely unquestioned paradigm throughout all

major Earth science textbooks and through much

of the scientific literature for several decades.

[3] However, over the last few years it has become

clear that the concept of a stationary hot spot

cannot be applied to all linear intraplate volcanoes,

and it does not even strictly apply to its type-

example, the Hawaiian-Emperor chain. For exam-

ple, Cande et al. [1995] pointed out that the bend

in the Hawaiian-Emperor chain does not coincide

with any major plate reorganization in the global

plate circuit, leading to proposals that the Hawaiian

hot spot actually moved over geological time due

to the massive return-flow of subducted oceanic

lithosphere toward the spreading ridges within the

deep convecting Pacific mantle [Steinberger and

O’Connell, 1998; Steinberger, 2000; Wang and

Wang, 2001].

[4] The classic concept of a stationary hot spot

may have to be further modified when it is applied

to most other volcanic island and seamount trails.
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In the South Pacific, seamount trails are typically

shorter, less voluminous than Hawaii, and discon-

tinuous (Figure 2) [cf. Vogt, 1972; Pringle et al.,

1994; McNutt et al., 1997; Koppers et al., 1998;

Clouard and Bonneville, 2001; Nikishin et al.,

2002; this study]. They also are often non-age-

progressive [cf. Jackson, 1976; Bonatti and

Harrison, 1976; Turner and Jarrard, 1982;McNutt

et al., 1997; Dickinson, 1998; Davis et al., 2002;

this study]. These observations require major

modifications to the general concept of hot spots,

or maybe even the definition of new types of hot

spot volcanism. In either case, many or all premises

of the Wilson-Morgan hot spot hypothesis appear

to be open to questions—diminishing the simplicity

and age-predictive power of the classical mantle

plume hypothesis [Smith and Lewis, 1999; Foulger

and Natland, 2003].

[5] A similar conclusion was reached by Courtillot

et al. [2002] who suggested that three distinct types

of hot spots can be recognized in the Earth’s

mantle. They recognized only seven ‘‘primary’’

Wilson-Morgan hot spots (including the Hawaiian,

Louisville and Eastern hot spots for the Pacific

mantle region) based on the presence of clear linear

age progressions, large buoyancy fluxes and high
3He/4He ratios reflecting a deep mantle source. All

other hot spots are considered ‘‘secondary’’ or

‘‘tertiary’’ either caused by shallow mantle plume-

lets rising from the top of ‘‘superplumes’’ [cf.

Davaille, 1999; Davaille et al., 2002, 2003] or

extensional features in the oceanic lithospheres [cf.

Anderson, 2001, 2002].

[6] By far the largest number of secondary hot

spots can be found in the ‘‘South Pacific Thermal

and Isotopic Anomaly’’ or the ‘‘Superswell’’

(SOPITA; Figure 1) offering a unique opportunity

to study these hot spots over a long geological time

period. In fact, the SOPITA represents the only

locus of intraplate volcanism in the Pacific that

Figure 1. Location of the West Pacific Seamount Province (WPSP) with reference to the South Pacific isotopic and
thermal mantle anomaly (SOPITA [Staudigel et al., 1991]) and the DUPAL isotopic mantle anomaly [Hart, 1984].
Only those hot spot trails of which radiometric age information is available (see legend for age ranges) and those hot
spots assumed to be currently active in the Pacific Basin (filled circles) are plotted.
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continuously has been producing seamounts over

the last 140 Myr. Its Cretaceous counterpart is

preserved in a large range of seamounts and guyots

found in the West Pacific Seamount Province

(WPSP; Figures 1 and 3). In addition, the SOPITA

hot spots display very distinct and long-lived

isotopic signatures [Staudigel et al., 1991] that

offer the possibility to combine source region

chemistry and seamount geochronology to map

out these mantle melting anomalies over geological

time. The results of these hot spot mappings may

resolve many important issues regarding the sta-

tionary character, continuity and longevity of the

SOPITA melting anomaly in the South Pacific

mantle—and its secondary hot spots.

[7] In this review, we use 40Ar/39Ar seamount ages

and Sr-Nd-Pb isotopic signatures to map out Creta-

ceous volcanism in theWPSP and to characterize its

evolution with respect to the currently active hot

spots in the SOPITA region. We will exploit the

resulting relationships to evaluate the validity of the

classic concepts of mantle plumes and stationary hot

spots [Wilson, 1963; Morgan, 1971, 1972a, 1972b]

and to shed light on alternative models for intraplate

volcanism in the South Pacific as being controlled

by lithospheric architecture and stress [cf. Jackson

and Shaw, 1975; Winterer and Sandwell, 1987;

Sandwell et al., 1995; Wessel et al., 1996; Smith

and Lewis, 1999; Favela and Anderson, 2000;

Hieronymus and Bercovici, 2000; Anderson, 2001,

2002; Foulger and Natland, 2003] or ‘‘super-

plume’’ mantle convection [cf. McNutt, 1998;

Janney et al., 1999; Courtillot et al., 2002; Davaille

et al., 2002, 2003]. We will start out by briefly

reviewing the geological framework and the analyt-

ical techniques for a large suite of new data based on

Figure 3. (opposite) Sample locations and 40Ar/39Ar data of the West Pacific Seamount Province. (a) Simplified
map delineating the proposed seamount trails (see legend for age ranges) as distinguished on basis of their azimuth
and 40Ar/39Ar age data. (b) Japanese seamount trail. (c) Northern Wake, Southern Wake and Typhoon seamount trails.
(d) Magellan, Ujlan and Anewetak seamount trails. (e) Ralik and Ratak seamount trails. All recombined 40Ar/39Ar
ages are shown in conjunction with the Jurassic geomagnetic reversals (red lines) and fracture zones (blue lines) for
the oceanic basement [Nakanishi et al., 1992; Abrams et al., 1993; Nakanishi, 1993]. Fracture zones are based on the
geomagnetic reversal patterns, except for Osagawara FZ#1 and FZ#2 that are based on seismic profiling [Abrams et
al., 1993]. All bathymetric maps have been produced using Generic Mapping Tools (GMT) version 3.0 [Wessel and
Smith, 1995] from the predicted bathymetry database of Smith and Sandwell [1996, 1997] on basis of altimetric
gravity data. Contours represent 200 m depth intervals. Polarity timescale after Cande and Kent [1992]. Conventional
K-Ar ages have been omitted from this compilation since these ages may be inaccurate due to pervasive seawater
alteration [cf. Koppers et al., 2000].

Figure 2. Histograms displaying timescales and per-
iodicity of Pacific hot spot volcanism. (a) Typical
overall duration of volcanism per hot spot trail in Myr
(n = 43). Segments of seamount trails where measured
from the predicted bathymetry database of Smith and
Sandwell [1996, 1997] and their lengths (in angular
distance) were converted to timescales based on the
Pacific stage pole model of Koppers et al. [2001].
(b) Cumulative periodicity of seamount volcanism in the
Pacific basin using 5 Myr bins. In both histograms we
use the same data set, which excludes intraplate
volcanism producing oceanic plateaus.
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the Ph.D. thesis of Koppers [1998]. In Sections 4

and 5, we will discuss the 40Ar/39Ar geochronology

and the apparent (lack of) age progressions in the

WPSP seamount trails and their distinct Sr-Nd-Pb

isotopic characteristics. In the discussion, we will

use ‘‘backtracking’’ and ‘‘hot spotting’’ techniques

to actually map out the evolution of the South

Pacific hot spots over the last 140 Myr. Note that

Figure 3. (continued)
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throughout this review, we will use the term ‘‘hot

spot’’ as a generic term describing intraplate volcan-

ism due to any type of mantle melting, either

caused by a plume-like upwelling, wetspots or

decompression melting due to plate extension.

2. Geological Framework

[8] This paper focuses on the West Pacific Sea-

mount Province (WPSP) that stretches all the way

from the Mid-Pacific Mountains to the Mariana

trench in the Western Pacific basin (Figure 3a).

The WPSP was originally formed in the South

Pacific—a region that today exhibits active intra-

plate volcanism and that has been referred to as the

‘‘Superswell’’ for its unusually shallow ocean floor

[Menard, 1964;McNutt et al., 1996;McNutt, 1998]

or the ‘‘South Pacific Isotopic and Thermal Anom-

aly’’ (SOPITA) for the coincidence of an isotopi-

cally and thermally anomalous mantle region

[Staudigel et al., 1991].

2.1. The South Pacific Isotopic and
Thermal Anomaly

[9] The mantle underneath the French Polynesian

region in the South Pacific ocean is both thermally

and isotopically unusual [Hart, 1984; Staudigel et

al., 1991; McNutt et al., 1996]. One of the largest

concentrations of hot spots in any ocean (eleven

hot spots) has produced an anomalously large

number of seamounts and volcanic islands over

the last 20 Myr [Stefanick and Jurdy, 1984;

Duncan and Richards, 1991; Bemis and Smith,

1993]. These intraplate volcanoes are located on

relatively thin and hot oceanic lithosphere of the

South Pacific Superswell [McNutt and Fischer,

1987; McNutt and Judge, 1990; Larson, 1991;

Cazenave and Thoraval, 1994; McNutt et al.,

1996, 1997; McNutt, 1998]. This Superswell coin-

cides with a negative geoid anomaly that ne-

cessitates dynamic support from broad-scale

convection in the upper mantle [Castillo, 1988;

McNutt, 1998]. Most tomography studies picture

this ‘‘superplume’’ with enough resolution, in

some cases all the way from the core-mantle

boundary to the bottom of the lithosphere [cf.

Gu et al., 2001; Romanowicz and Gung, 2002].

The SOPITA volcanoes also have unusual isotope

compositions for their underlying mantle [Vidal et

al., 1984; Zindler and Hart, 1986; Staudigel et al.,

1991; Chauvel et al., 1992; Woodhead and Devey,

1993]. It was Hart [1984] who first drew attention

to this isotopic anomaly by relating them to a

globe-encircling zone of intraplate volcanoes with

common (isotopic) source region characteristics.

This DUPAL anomaly (Figure 1) includes both

high 87Sr/86Sr ratios and high Pb isotope ratios

deviating from an average northern hemisphere

trend. However, Staudigel et al. [1991] observed

that the SOPITA anomaly (Figure 1) is distinct

from the DUPAL anomaly by covering the entire

spectrum between isotope end-members for ocean

island basalts (HIMU-EM1-EM2) [Zindler and

Hart, 1986]. Most of these mantle components

can be linked to the subduction of crustal compo-

nents into the mantle, suggesting that the South

Pacific mantle is unusually enriched in subducted

components [Hofmann and White, 1982; White

and Hofmann, 1982; Zindler and Hart, 1986;

Staudigel et al., 1991], where HIMU represents

old and recycled (altered) oceanic crust that is

characterized by high 206Pb/204Pb ratios and

EM1-EM2 represents subducted oceanic crust with

a few percent pelagic or continental sediment

intermixed [cf. Zindler and Hart, 1986; Chauvel

et al., 1992]. Alternatively, the mantle itself may

not be enriched in these components, but these

subducted components may be delivered more

efficiently to the intraplate volcanoes in this region

because they are particularly enriched in recycled

volatiles that may enhance heat transfer and,

therefore, promote ductile flow and partial melting

[Staudigel et al., 1991]. In either case, the unusual

abundance of these subducted components seems

responsible for the coincidence of isotopic and

thermal anomalies in the South Pacific.

2.2. West Pacific Seamount Province

[10] The West Pacific Seamount Province (WPSP)

is located on the oldest part of the Pacific plate and

offers an ancient record of SOPITA intraplate

volcanism. The WPSP includes all ‘‘seamounts’’

with an age older than 70 Ma that are located in the

West Pacific. It marks the convergence of numer-
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ous seamount trails and oceanic plateaus that may

be arranged geometrically in nine different sea-

mount trails (Figure 3a). The WPSP sits on unusu-

ally shallow seafloor with a thin elastic plate

thickness [McNutt and Fischer, 1987; Smith et

al., 1989; Wolfe and McNutt, 1991; Winterer et

al., 1993; McNutt, 1998] and a slower than normal

subsidence when compared to conductive heat loss

models [Parsons and Sclater, 1977]. These obser-

vations are best explained by a thermal rejuvena-

tion of the WPSP lithosphere occurring �70 Myr

subsequent to formation at its Jurassic spreading

centers [Schlanger et al., 1981; Epp, 1984;

Schlanger et al., 1987; Smith et al., 1989; Lincoln

et al., 1993; Larson et al., 1995; Haggerty and

Premoli Silva, 1995; Nagihara et al., 1996]. Con-

centrated intraplate volcanism in the Wake sea-

mounts, Marshall Islands, Mid-Pacific Mountains

and Line Islands were causally related to this

thermal rejuvenation forming the Darwin Rise

[Menard, 1964, 1984a, 1984b; Crough, 1978;

Detrick and Crough, 1978; Wolfe and McNutt,

1991]. This ancient ‘‘Superswell’’ resulted in a

lithospheric uplift of 200–700 m causing the

exposure and erosion of many carbonate reefs

during the Cretaceous [Winterer et al., 1993].

2.3. Models for Intraplate Volcanism

[11] Different expressions of intraplate volcanism

can be reconciled under one generalized ‘‘hot

spot’’ model, but only if several types of hot spots

are distinguished. In previous studies a distinction

was made between strong Hawaiian-type and weak

Marquesian-type hot spots based on their (geo-

physical and) geochemical evolution [Duncan et

al., 1986; Haase, 1996]. These distinctions were

recently restated by Courtillot et al. [2002] by

labeling these ‘‘primary’’ and ‘‘secondary’’ hot

spots. In the first model, focused mantle plumes

penetrate the lithosphere producing Hawaiian-type

hot spots that are continuously active over extended

geological periods (i.e., more than 80 Myr)

while producing voluminous volcanic edifices

aligned in age progressive seamount trails. As a

consequence, their isotopically-enriched tholeiitic

shield-building lavas are predominantly derived

from plume melts, while post-shield lavas have

more depleted isotopic signatures and are increas-

ingly derived from lithospheric melts [Chen and

Frey, 1983; Clague et al., 1989]. These primary hot

spots are speculated to have a deep origin, possibly

at the core-mantle boundary [Courtillot et al.,

2002]. In the second model, broad and diffuse

mantle plumes spread out underneath the overlying

lithosphere producing multiple weak Marquesian-

type hot spots [Sleep, 1984; Duncan et al., 1986;

Woodhead, 1992; McNutt et al., 1997]. At these

Marquesian-type hot spots, shield-building and

post-shield lavas are mainly derived from litho-

spheric melts, whereas enriched isotopic plume

signatures are restricted to the post-shield stage of

intraplate volcanism when sufficient time has

elapsed to entrain plume material in the lithospheric

melts [Hauri et al., 1994; Janney et al., 1999].

These secondary hot spots are speculated to have

been formed at shallow depths in the upper mantle,

where they may have originated as parasitic plume-

lets on top of superplumes [McNutt, 1998;

Davaille, 1999; Courtillot et al., 2002]. In this

context, most active and ancient hot spots in the

SOPITA and WPSP regions may be considered

weak Marquesian-type or secondary hot spots,

because their seamount trails are short of length

(10–40 Myr; Figure 2a) and because they (almost)

completely lack the typical tholeiitic basalts that are

illustrative of strong Hawaiian-type hot spots [cf.

Hart et al., 2000].

[12] These modifications of the classic hot spot

concept make it more complicated, and less appeal-

ing as a unique and predictive model. For this

reason, it is important to explore alternative con-

cepts to explain intraplate volcanism. Numerous

studies (including this study) show that seamount

trails quite often have complex and non-linear age

distributions. This is particularly true for the Line

Islands in the Central Pacific, where coincidences of

multiple hot spot trails may play an important role

and/or alternative mechanisms that produce intra-

plate volcanism [cf. Henderson and Gordon, 1982;

Schlanger et al., 1984; Epp, 1984; Davis et al.,

2002]. Epp [1984] suggested many alternative mod-

els to explain the complex age distribution in the

Line Islands, including flow toward mid-oceanic

ridge segments, thermal feedback, re-melting of
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the lithosphere and interaction with transform

faults. In addition, Davis et al. [2002] proposed

that two major episodes of volcanism (around 70

and 83 Ma) occurred synchronously over distances

up to 1,500 km. Each of these episodes lasted for

�5 Myr and, according to these authors, are related

to the periodic upwelling of the eastern ‘‘Super-

swell’’ during the Cretaceous that caused intraplate

tensional stresses and volcanism. Bonatti and

Harrison [1976] suggested that simultaneous vol-

canism along lineaments in the South Pacific may

be due to a hotline in the mantle, rather than a hot

spot. Complex age distributions are also typical for

the ‘‘closely-spaced’’ seamount trails and en eche-

lon ridges [Winterer and Sandwell, 1987; Sandwell

et al., 1995; McNutt et al., 1997; Dickinson, 1998]

in the SOPITA region, which indicate non-age-

progressive volcanism running slightly oblique to

the general plate motion trend [McNutt et al., 1997;

Winterer, 2002]. Cracking of the lithosphere

through tensional stresses [Sandwell et al., 1995]

or bending through uneven thermal contractions in

young lithosphere [Gans et al., 2003] may explain

these ridges that often occur in gravity lows, such

as the Pukapuka ridge. These cracking and

bending mechanisms require no elevated ‘‘hot

spot’’ temperatures or (deep) mantle plumes [Smith

and Lewis, 1999; Favela and Anderson, 2000;

Winterer, 2002; Foulger and Natland, 2003];

they also may explain seamount trails that show

volcanic phases up to 10 Myr older than expected

[Koppers et al., 1998] or that have completely

erratic age distributions as shown in this study.

Courtillot et al. [2002] labeled these features

‘‘tertiary’’ hot spots.

[13] Plate deformation and cracking of the litho-

sphere to generate leaking transform faults is not

that surprising in the context of plate tectonics.

Lithospheric plates are not believed to be ‘‘com-

pletely’’ rigid anymore [Anderson, 2001, 2002;

Gans et al., 2003] and, as a consequence, they

can experience thinning and form weak zones

under tensional and geothermal stresses. Intraplate

volcanism can form over (and enhance) these

weak zones where decompression-generated melts

penetrate the lithosphere and form seamount trails

that typically are non-age-progressive. In these

models, shallow mantle melting is facilitated by

increased thermal stresses surrounding fractures

and by the presence of H2O-rich metasomatized

mantle domains or ‘‘wetspots’’ that sufficiently

lower the solidus of the mantle underneath the

fractures to induce partial melting [Bonatti, 1990;

Smith and Lewis, 1999; Favela and Anderson,

2000].

[14] Although many models have been proposed

to explain intraplate volcanism, the ‘‘plume

theory’’ has dominated geodynamics over the

last decades with only a few challenges. This

is largely due to its perceived success and

predictive power in explaining intraplate volcan-

ism, geodynamics and absolute plate motion. In

contrast, the alternative ‘‘extensional’’ models

are relatively vague about the exact location of

an intraplate volcano; they have no predictive

power to explain age progressions and, there-

fore, leave us without a simple concept for

absolute plate motion. Throughout this review

paper we will focus on what we do observe at

seamount trails, in terms of their geospatial

distributions over the last 140 Myr and their

geochemistry, laying out the available geological

data that may support hot spot or extensional

models, or both.

3. Analytical Methods

[15] All data reviewed in this paper were previously

published, either in the peer-reviewed literature or

in the Ph.D. thesis of Koppers [1998]. In total we

will review 40Ar/39Ar geochronological and Sr-Nd-

Pb isotope data from 41 seamounts and guyots in

the WPSP (Figure 3; Table 1, 2). New 40Ar/39Ar

incremental heating experiments are listed in

Table 1 and displayed in the age plateau diagrams

of Figure 4; new Sr-Nd-Pb radiogenic isotope data

are listed in Table 2 and displayed in Figures 6 and 7.

Analytical data and sample details can be found in

the Appendices A through D. References to all

previously published data have been listed in

Table 1 and 2. Data tables and Appendices can be

downloaded from the EarthRef Digital Archive by

using the http://earthref.org/cgi-bin/err.cgi?n=1445

link and by following the Quick Links. You can also
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search by Reference or Keywords from the http://

earthref.org/databases/ERR/ web page.

3.1. 40Ar/39Ar Geochronology

[16] Incremental heating 40Ar/39Ar age determina-

tions were performed on hornblende, plagioclase,

groundmass K-feldspar and crystalline ground-

mass separates using an argon laserprobe com-

bined with a MAP-215/50 mass spectrometer at

the Vrije Universiteit Amsterdam [Wijbrans et al.,

1995]. Sample preparation, acid leaching and

argon mass-spectrometry are described in Koppers

et al. [2000]. All argon ages are normalized to

the flux monitor standard Taylor Creek Rhyolite

sanidine (age = 27.92 Ma). Incremental heating

plateau ages and argon-isotope isochron ages

were calculated as weighted means using 1/s2

as weighting factor [Taylor, 1982] and as YORK2

Figure 4. Incremental heating 40Ar/39Ar analyses for West Pacific Seamount Province basalts. Reported 40Ar/39Ar
ages are weighted age estimates and errors on the 95% confidence level including 0.2–0.3% standard deviation in the
J-value. All samples where monitored against Taylor Creek Rhyolite sanidine (27.92 Ma). Data are listed in Table 1.
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least squares fits with correlated errors [York,

1969] using the ArArCALC v16 software

[Koppers, 1998, 2002] (see also the http://earthref.

org/tools/ararcalc.htm website). In this paper the

errors on the 40Ar/39Ar ages are reported at the

95% confidence level; all other errors represent

standard deviations.

[17] To determine whether an incremental heating

experiment yields meaningful crystallization ages,

we adopted quality criteria proposed by Fleck et

al. [1977] and Pringle [1993] (1) high temperature

plateaus in the age spectra should include more

than three incremental heating steps and at least

50% of the total amount of 39ArK released, (2) the

plateau and isochron ages should be concordant at

the 95% confidence level, (3) the 40Ar/36Ar inter-

cepts on the isochron diagrams should be concor-

dant with the atmospheric value of 295.5 at the

95% confidence level, and (4) the mean squared

of weighted deviations [York, 1969; Roddick,

1978] for both the plateau ages (MSWD =

Figure 4. (continued)
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SUMS/N-1) and isochron ages (MSWD = SUMS/

N-2) should be sufficiently small compared

to F-statistic critical values for significance.

Although these criteria are well suited for evalu-

ation of 40Ar/39Ar results from unaltered whole

rock samples and mineral separates, they are not

necessarily suitable for the evaluation of altered

basaltic groundmass separates [Koppers et al.,

2000]. For a more detailed discussion on 40Ar/39Ar

dating of altered groundmass samples we refer to

Appendix A. Remaining excess argon due to in-

complete degassing of the submarine basalts under

hydrostatic pressure [Dalrymple and Moore, 1968]

is likely not a problem in this study [Koppers et al.,

1998, 2000]. First, the studied rocks crystallized in

water less than 1400 m deep or subaerially

[Schlanger et al., 1987; Winterer et al., 1993;

Larson et al., 1995]. Second, most samples are

abundantly vesiculated, which indicates that out-

gassing occurred upon eruption. And, finally, the

samples do not contain significant amounts of

(altered) glass and/or olivine, which are potential

Figure 4. (continued)
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sources of remaining excess argon in submarine

basalts [Dalrymple and Moore, 1968; Seidemann,

1977, 1978]. As a result, wemay use an atmospheric
40Ar/36Ar value of 295.5 for the calculation of

the 40Ar/39Ar plateau ages, as is confirmed in the
40Ar/36Ar intercepts calculated from the isochrons.

3.2. Sr-Nd-Pb Isotope Geochemistry

[18] Sr-Nd-Pb isotope composition and dilution

analyses were performed on whole rock powders

and clinopyroxene, plagioclase, nepheline and

hornblende separates. For two samples of Vlinder

Guyot we analyzed the K-feldspar separated from

the groundmass. Minerals separates were acid

leached following the recipe for 40Ar/39Ar dating

[Koppers et al., 2000] but they were additionally

treated by etching in 7% HF for 10 min. We

removed the effects of seawater alteration on the

whole rock samples using an acid leaching proce-

dure that evolved from the procedure used by

Shimizu and Hart [1973]. Leached whole rock

powders were prepared by leaching of 6–25 gram

of sample in an ultrasonic bath with (1) 250 mL

ultra-pure 1 N HCl for 1 hour, (2) 250 mL 7 N HCl

Figure 4. (continued)
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for 2–8 hours, and optionally (3) 250 mL 7% HF

for 10 min. Every 15 min the rock fraction was

stirred; every 60 min the acids were refreshed. The

temperature of the acid solutions was set between

35–60�C. Before dissolution, residues were

washed 5 times in ultra-pure water, dried at a hot

plate and checked microscopically for the presence

of remaining secondary phases. Preparation of the

samples, standard liquid chromatography and mea-

surement of radiogenic Sr-Nd-Pb isotope compo-

sitions and Rb-Sr-Sm-Nd-U-Pb isotope dilution

were all performed at the Vrije Universiteit

Amsterdam using Finigan MAT-261 (fixed) and

MAT-262 (moveable) multicollector systems.

Rb-Sr, Sm-Nd and U-Th-Pb abundances were alter-

natively analyzed using XRF (Vrije Universiteit

Amsterdam), INAA and ICP-MS (Activation Lab-

oratories Ltd. in Canada).

3.3. Removal of Hydrothermal and
Seawater Alteration

[19] Hydrothermal and seawater alteration may

cause significant shifts in Sr- and Pb-isotopic

signatures of submarine basaltic rocks. Another

concern is the shift in parent-daughter ratios due

to low temperature seawater alteration, introducing

Rb and U [Corliss, 1970; Hart, 1969] which adds

uncertainty to the radioactive ingrowth corrections

for the studied Cretaceous seamount basalts. Acid

leaching of whole rock powders (<125 mm) nor-

mally removes the anomalous isotopic signatures

by the preferential dissolution of secondary alter-

Figure 5. Age distributions and progressions in the West Pacific Seamount Province. (a) Age differences in the
Ujlan, Anewetak, Ralik and Ratak seamount trails with respect to the 47.6 mm/yr age progression (horizontal zero
line) for the Magellan seamount trail [Koppers et al., 1998]. (b) Age progressions in the Northern and Southern Wake
seamount trails with respect to the 48.1 mm/yr age progression (thick gray line) observed in the Japanese seamount
trail. An alternative age progression line of 83.1 mm/yr (light blue area) is defined by Alcatraz and Scripps in the
Northern Wake seamount trail. The angular great circle distances have been calculated relative to the minor bend in
the Wake seamount trails at 22�580N–155�440E and 21�060N–156�430E, respectively.
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ation phases [Shimizu and Hart, 1973; Cheng et

al., 1987; Staudigel et al., 1991; Pringle, 1992;

Castillo et al., 1992; Koppers et al., 1995]. Acid

leaching also preferentially removes Rb-Sm-Nd-U-

Th-Pb from basalts, whereas Sr is increased in

basalts containing abundant plagioclase minerals

[Cheng et al., 1987]. Similar chemical depletions

and enrichments are evident in our own leaching

experiments, as reported in Appendix B. We find

that measured parent-daughter ratios reflect the

proportion of plagioclase and clinopyroxene in

the residues, and not that of altered basaltic ground-

mass, which preferentially dissolves during leach-

ing. This allows us to perform radiogenic ingrowth

corrections in these acid-leached basalts with rea-

sonable confidence, in particular, since the mea-

sured parent-daughter ratios are low (87Rb/86Sr <

0.14; 147Sm/144Nd < 0.14; 238U/204Pb < 2.9;
232Th/204Pb < 23) reflecting typically low plagio-

clase and clinopyroxene values.

4. 40Ar/39Ar Geochronology and Age
Progressions

[20] We have grouped the WPSP seamount trails

according to region, age and azimuth (see colored

lines in Figure 3a). The first group is located in

the south of the WPSP and includes the Magellan,

Ujlan, Anewetak, Ralik and Ratak seamount trails

that have NW trends and range in age between

70–100 Ma (green; Figures 3d and 3e). The

second and third groups are located in the north

of the WPSP and include the EW trending North-

ern Wake, Southern Wake and Japanese seamount

trails that range in age between 100–120 Ma (red;

Figures 3b and 3c) and the NNE trending

Typhoon group that is older than 120 Ma (blue;

Figure 3c). All other seamounts, that are not

uniquely associated with a particular seamount

trail, are considered solitary seamounts. New

incremental heating 40Ar/39Ar ages for these nine

seamount trails were determined on groundmass

separates, mineral separates (plagioclase, horn-

blende, biotite) and bulk-rock grain samples.

These results are plotted as age plateau diagrams

in Figure 4. In this section, we review these new

age results together with all previously published
40Ar/39Ar ages for the WPSP as compiled in

Table 1 and in the annotated bathymetric maps

of Figure 3. Conventional K-Ar ages have been

omitted from this compilation since these ages

may be inaccurate due to pervasive seawater

alteration [cf. Koppers et al., 2000]. We will

discuss the available 40Ar/39Ar geochronological

evidence in terms of analytical (and geological)

uncertainties and in terms of age progressions

alongside these seamount trails.

4.1. The Magellan, Ujlan, Anewetak, Ralik,
and Ratak Seamount Trails

[21] The Magellan seamounts and the Marshall

Islands comprise five potential trails ranging in

age between 70–100 Ma (Figures 3a, 3d, and 3e).

All of them are short due to intermittent volcanic

activity. Only one of them displays a linear age

progression consistent with a singular hot spot

origin, namely the Magellan seamount trail

[Koppers et al., 1998]. On the basis of new

bathymetric data [Smith and Sandwell, 1996,

1997] we can now distinguish between these five

different seamount trails that are only spaced 230–

280 km apart and that have distinct isotopic sig-

natures (see section 5.1).

4.1.1. Magellan Seamount Trail

[22] The Magellan seamount trail (MST; Figure 3d)

includes three seamounts (Vlinder, Pako and Ioah)

extending over Cretaceous seafloor that also

includes some volcanic edifices that are notably

older (Vlinder and Ita-Mai-Tai). The recombined
40Ar/39Ar age results of Vlinder (95.1 ± 0.5 Ma,

n = 5), Pako (91.5 ± 0.3 Ma, n = 2) and Ioah (87.1 ±

0.3 Ma, n = 2) yield a well-constrained age pro-

gression at 47.6 ± 1.6 mm/yr for the MST [Koppers

et al., 1998]. Nonetheless, Vlinder guyot was build

on top of an older volcano (102.4 ± 0.5 Ma; 101.6 ±

0.6 Ma; 100.2 ± 0.4 Ma) that still defines its western

and northwestern deeper portion. Vlinder also fea-

tures post-erosional volcanism occurring at least

20–30 Myr after drowning and erosion (based on

subsidence models). In addition, Ita-Mai-Tai guyot

(118.1 ± 0.5 Ma, n = 3) was formed 34–36 Myr

before the MST hot spot arrived at the predicted

location of this southern-most guyot in the MST.

The latter volcanic stage is confirmed by Late-
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Aptian hyaloclastite-rich turbidite flows as encoun-

tered on the apron of Ita-Mai-Tai guyot at DSDP

Site 585 [Wedgeworth and Kellogg, 1987]. These

deviations from a linear age progression indicate

magma sources other than the Magellan hot spot to

produce the older pedestal underneath Vlinder, the

post-erosional volcano on top of Vlinder and the

volcanic shield of Ita-Mai-Tai [Koppers et al.,

1998].

4.1.2. Ujlan Seamount Trail

[23] The Ujlan seamount trail is a short (�570 km)

alignment that is located at the western site of the

Ujlan-Anewetak cluster in the Marshall Islands

(Figure 3d) (J. R. Hein et al., Geological, geo-

chemical, geophysical and oceanographic data

and interpretations of seamounts and Co-rich

ferromanganese crusts from the Marshall Islands,

KORDI-USGS R. V. Farnella cruise F10-89-CP,

unpublished report, 1990). There are four dated

features within a 100 km section of this trail,

including Likelep (82.5 ± 0.2 Ma, n = 5), Laju-

tokwa (81.2 ± 0.5 Ma, n = 3), Lotab (79.7 ± 0.4 Ma)

and Ujlan (80.1 ± 0.5 Ma). These average ages

cluster in a narrow period with slightly older ages

in its NW part. This distribution of ages is consist-

ent with the local plate velocity derived from

neighboring MST trail (Figure 5a). The average

age of Likelep guyot includes ages on plagioclase,

hornblende and biotite mineral separates of sample

LIK-2 (82.0 ± 0.4Ma; 82.4 ± 0.4Ma; 82.8 ± 0.4Ma),

plagioclase sample LIK-1 (82.8 ± 0.4 Ma) and

bulk-rock sample F1089CP 19–18 (82.4 ± 0.8 Ma);

the combined age of Lajutokwa guyot includes

plagioclase samples LAJ-1 (81.1 ± 0.7 Ma)

and LAJ-2 (80.9 ± 0.7 Ma). All mineral separate

analyses have concordant plateau, isochron and

total fusion ages, their age plateaus represent

between 60–100% of the total amount of 39ArK
released in 7–12 contiguous increments, and their

trapped argon signatures are similar to atmospheric

values. The concordant plagioclase, hornblende

and biotite ages of LIK-2 also demonstrate the

effective minimization of alteration in these

mineral separates due to the applied acid leaching

procedures. These 40Ar/39Ar ages agree with the

Early Campanian foraminiferal ages of Likelep’s

carbonate cover [J. R. Hein et al., unpublished

report, 1990; Lincoln et al., 1993].

4.1.3. Anewetak Seamount Trail

[24] The Anewetak seamount trail (�860 km)

includes the eastern site of the Ujlan-Anewetak

cluster in the Marshall Islands (J. R. Hein et al.,

unpublished report, 1990) and is volumetrically

more prominent than the Ujlan seamount trail

(Figure 3d). This trail displays a very complex

distribution of ages that is (largely) incompatible

with the age progression at theMST (Figure 5a). For

example, Neen-Koiaak (102.3 ± 0.3 Ma, n = 3), Lo-

En (113.0 ± 0.9 Ma, n = 3) and Mij-Lep (106.0 ±

1.9 Ma, n = 1) display Early-Cretaceous ages

inconsistent with the expected 100–80 Ma age

range for the Anewetak seamount trail based on

absolute Pacific plate motion models. The apparent

anomalously old age for Lo-En guyot is confirmed

by the presence of an Albian-age nanoflora in

phosphatized clasts of pelagic limestone sampled

at ODP Site 872 [Watkins et al., 1995] and F1089CP

dredge site D-33 [Lincoln et al., 1993]. In this

seamount trail only the ages of Anewetak atoll

(77.5 ± 0.8 Ma, n = 4; 75.0 ± 0.8 Ma, n = 2) and

Lami seamount (85.5 ± 0.6 Ma) fall within the 100–

80 Ma stage pole for the Pacific plate. Despite the

wide spread in the observed ages for the Anewetak

seamount trail the quality of the 40Ar/39Ar age data

is good. First, we note the age concordance of

plagioclase samples NEK-1 (103.0 ± 0.7 Ma) and

NEK-2 (102.5 ± 0.9 Ma), aphyric basalt sample

LOE-1 (114.9 ± 2.2 Ma; 112.9 ± 1.0 Ma) and bulk-

rock sample ODP-144 872C 18X1 88–93 (110.9 ±

2.8 Ma), and bulk-rock samples E-1-4-3A

(77.1 ± 1.2 Ma; 77.8 ± 1.0 Ma) and E-1-5-6A

(75.3 ± 1.2 Ma; 74.8 ± 1.0 Ma). Second, we note

that plagioclase sample MIJ-1 and groundmass

sample LAM-1 exhibit concordant plateau, isoch-

ron and total fusion ages, despite the fact that their

age plateaus cover only 43–44% of the total amount

of 39ArK released.

4.1.4. Ralik Seamount Trail

[25] This seamount trail (�1,550 km) is located at

the west side of the Marshall Islands (Figure 3e)

[Davis et al., 1989; Lincoln et al., 1993] and
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displays a very complex distribution of ages. Only

the ages of Bwewa-Kan seamount (87.5 ± 0.8 Ma)

and the oldest ages of the shield-building stage of

Wodejebato guyot (ODP Site 877: 83.3 ± 1.1 Ma;

Site 873: 81.9 ± 0.5 Ma, n = 3) may be compatible

with the age progression at the MST (Figure 5a).

North-Wod-En guyot (87.8 ± 0.5Ma; 86.1 ± 0.7Ma,

n = 2; 85.4 ± 1.0 Ma) and South-Wod-En guyot

(75.7 ± 0.9 Ma) most likely are too young, whereas

Lobbadede guyot (94.3 ± 0.5 Ma) is too old to

belong to the same hot spot trail. The older age of

Lobbadede is confirmed by its pre-Cenomanian

fossil ages as well as by the Albian fossil ages at

Lewa guyot [Lincoln et al., 1993] that is located just

north of Lobbadede (Figure 3e). Ages from multi-

ple sample sites at Wodejebato guyot demonstrate

that shield-building volcanism continued for at least

4 Myr at the main summit (Site 877: 83.3 ± 1.1 Ma;

Site 873: 81.9 ± 0.5 Ma, n = 3; Site 874: 78.6 ±

1.0 Ma; Site 876: 78.5 ± 1.4 Ma, n = 2) and at a

satellite volcano on its NE rift (77.4 ± 1.8Ma, n = 2).

Moreover, volcaniclastic flows drilled at ODP

apron Site 869 have been identified as an older

volcanic phase (96.0 ± 0.6 Ma; 94.3 ± 0.4 Ma,

n = 3; 91.8 ± 0.6 Ma) for Wodejebato guyot. This

latter phase is also supported by the presence of

Figure 6. Radiogenic isotope correlation diagrams comparing ocean-island basalts for the Cenozoic and Mesozoic
Pacific. To calculate equivalents to present-day mantle compositions, we applied a radiogenic ingrowth model for the
Mesozoic mantle source (inferred from the WPSP basalts) using the best estimates of the initial ratios (Table 2), an
average primordial mantle source with Rb/Sr = 0.030, Sm/Nd = 0.325 and U/Pb = 0.296 [McDonough et al., 1992]
and the 40Ar/39Ar ages of this study (Table 1). The composition of the mantle end-members DMM, HIMU, EMI and
EMII are after Zindler and Hart [1986] and Woodhead and Devey [1993]. The SOPITA reference fields are denoted
by light-colored areas [McDonough and Chauvel, 1991; Staudigel et al., 1991; Chauvel et al., 1992; Farley et al.,
1992; Dupuy et al., 1993; Hauri and Hart, 1993; Hauri et al., 1993; Woodhead and Devey, 1993; Woodhead et al.,
1993]; the WPSP basalts are denoted by red squares.
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Albian fossils at the south flank of Wodejebato

[Lincoln et al., 1993]. The quality of the plagioclase
40Ar/39Ar analyses meets the adopted quality crite-

ria. However, the ages from the groundmass ana-

lyses BWE-1, WOD-3 and WOD-4 are less well

defined; they yield narrow (28–41%) and slightly

sloping age plateaus (Figure 4). Because all three

groundmass plateau ages have similar total fusion

ages, these analyses are considered fair estimates of

their crystallization ages.

4.1.5. Ratak Seamount Trail

[26] The Ratak seamount trail is the most prominent

and longest seamount trail (�1,650 km) in the

Marshall Islands, although its continuation to the

north of Ratak guyot is unclear (Figure 3e). Yet,

only three guyots have been dated by 40Ar/39Ar

geochronology: Ratak (85.3 ± 1.4 Ma, n = 2; 81.4 ±

0.7 Ma, n = 2), Erikub (87.1 ± 0.5 Ma, n = 5) and

Limalok (68.2 ± 0.5 Ma, n = 2). The reproducibility

of these bulk-rock and groundmass analyses implies

that the plateau ages are reliable estimates of their

crystallization ages. The possibility of an age pro-

gression in the Ratak seamount trail is inconsistent

with the fact that the older Erikub guyot lies south of

Ratak guyot (Figure 3e) [Davis et al., 1989].

4.2. Japanese, Northern Wake, and
Southern Wake Seamount Trails

[27] The Japanese and Wake seamounts comprise

potential hot spot trails ranging between 100–

120 Ma in age (Figures 3a, 3b, and 3c). These

seamount trails display a minor change in azimuth

from WNW to ENE, which is particularly evident

from the Northern and Southern Wake seamount

trails. Of these seamount trails only the Japanese

Figure 7. Radiogenic isotope correlation diagrams for ocean-island basalts of the WPSP organized according to the
nine-studied seamount trails. See Figure 6 for references and applied ingrowth corrections.
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seamount trail (JST) exhibits an age progression

consistent with a singular hot spot origin [Winterer

et al., 1993].

4.2.1. Japanese Seamount Trail

[28] The 40Ar/39Ar ages for Takuyo-Daini (118.1 ±

2.0 Ma), Takuyo-Daisan (117.5 ± 1.1 Ma, n = 2),

Winterer (108.3 ± 2.0 Ma) and Isakov (103.7 ±

3.6 Ma) yield an age progression at 48.1 ± 4.5mm/yr

(r2 = 0.994; MSWD = 0.34) for the JST (Figures 3b

and 5b). This age progression is particularly evident

because the JST delineates small-sized guyots

that most likely are produced from monogenetic

volcanic events, comparable to the seamounts of

the well-definedMusicians [Pringle, 1993;Koppers

et al., 1998] and Foundation [O’Connor et al., 1998]

seamount trails. Additional evidence that reflects

a single hot spot origin comes from the fact that

no other seamount trail crosses the JST (Figure 3b)

and that the thermal rejuvenation of the JST

lithosphere is minimal [Larson et al., 1995].

Despite large errors on the (unleached) bulk-rock

analyses, we may consider these crystallization

ages for the following reasons: (1) most samples

are alkali-rich basalts, (2) the 40Ar/39Ar ages for

acid-leached groundmass sample TAK-2 (117.4 ±

1.2 Ma) and unleached bulk-rock sample A5-37-3

(118.4 ± 3.6 Ma) are within error at the 95%

confidence level, and (3) the radiometric ages

agree with the late Aptian to early Albian palae-

ontological ages [Winterer et al., 1993; Premoli

Silva et al., 1993].

4.2.2. Wake Seamount Trails

[29] The Northern Wake (�920 km) and Southern

Wake (�980 km) seamount trails have parallel

azimuths and a minor bend at 22�580N–155�440E
and 21�060N–156�430E, respectively (Figure 3c).

Their Sr-Nd-Pb isotopic signatures (see next Sec-

tion) can be used to further distinguish between

these trails since the Southern Wake seamount trail

features HIMU-type signatures as opposed to more

EM-type signatures for the Northern trail. The

Northern Wake seamount trail was sampled only

at Alcatraz (112.7 ± 0.8 Ma, n = 2; 117.8 ± 4.0 Ma)

and Scripps (101.4 ± 1.4 Ma, n = 2); whereas the

Southern Wake seamount trail was sampled at

HIMU (119.9 ± 0.8 Ma, n = 3), Golden Dragon

(102.1 ± 0.4 Ma, n = 2), Missy (96.7 ± 0.9 Ma),

Jennings (103.4 ± 0.4 Ma, n = 2), Maloney

(100.7 ± 0.6 Ma, n = 2; 97.7 ± 0.6 Ma), Lamont

(87.2 ± 0.6 Ma; 81.6 ± 1.2 Ma, n = 2) and Miami

(96.8 ± 1.2 Ma). Wilde guyot (90.6 ± 0.6 Ma; 86.4 ±

3.8 Ma) is not readily assigned to either one of these

seamount trails (Figure 3c). In Figure 5b we plotted

the age progressions along the Wake seamount

trails with reference to their minor bends (origin

positions). When assuming local plate velocities

similar to that of the JST (48.1 mm/yr) we can

reconcile only the old age of HIMU seamount with

the ages of Scripps and Miami guyots; all other

seamounts would be up to 16–20Myr younger than

the passage of both Wake hot spots. When assum-

ing an age progression defined by Alcatraz and

Scripps in the Northern Wake seamount trail

(88.3 mm/yr) we can also include Jennings, Malo-

ney and Miami guyots. In this case, however,

HIMU seamount would be �13 Myr too old,

whereas other guyots may be up to 7 Myr too

young. Unfortunately, these scenarios are not test-

able because the dated nephelinitic samples of

Miami, Lamont and Scripps guyot are plausibly

post-erosional summit eruptives [Winterer et al.,

1993] as reflected in the young age dates for

Lamont guyot (81–87 Ma). In the discussion we

will propose an alternative model that is consistent

with the random distribution of ages in the Southern

Wake seamount trail.

4.3. Typhoon Seamount Trail

[30] The Typhoon seamount trail (�260 km) is

distinguished from the other WPSP seamount

trails on basis of its NNE azimuth and older
40Ar/39Ar mineral ages of 134.2 ± 2.3 Ma (n = 2)

for Seth guyot (Figure 3c). This seamount trail

represents the oldest trace of absolute Pacific

plate motion yet found. Groundmass samples

SET-3, SET-4 and SET-5 yield horizontal age

plateaus including 32–44% of the total amount

of 39ArK released in 5–6 contiguous increments.

However, their ages exhibit an extended age

range of �25 Myr (SET-3 = 114.0 ± 1.3 Ma;

SET-4 = 139.3 ± 0.7 Ma; SET-5 = 121.2 ± 0.9 Ma)

as opposed to concordant plagioclase and horn-
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blende ages (134.2 ± 2.7 Ma; 134.2 ± 4.1 Ma)

for SET-2. They further exhibit significantly

discordant plateau and total fusion ages, and

extremely low molar K/Ca ratios (0.06–0.14).

Together these observations suggest that most of

their primary argon signature has been lost from

these groundmasses due to alteration [Koppers et

al., 2000]. The �25 Myr age range also appears

incompatible with the relatively small volume of

this guyot, which rather implies a short-lived

volcanic history. Nevertheless, the well-defined
40Ar/39Ar mineral ages of SET-2 clearly indicate

that volcanism started at least 134 Myr ago at

Seth guyot.

4.4. Solitary Seamounts

[31] Solitary seamounts are defined as those vol-

canic edifices that morphologically cannot be as-

sociated with any of the nine studied WPSP

seamount trails. Makarov guyot (Figure 3b) has

been dated at 93.9 ± 2.6 Ma using the normal

isochron method on an unleached bulk-rock sam-

ple [Ozima et al., 1977]. The quality of this

analysis, however, cannot be tested because no

other 40Ar/39Ar analyses were performed for this

guyot and because no plateau or total fusion ages

were reported. ODP Site 878 was drilled on MIT

guyot (Figure 3c) revealing three volcanic units:

(1) a lower series of alkali basalts, (2) a middle

series of basanites, and (3) an upper series of

hawaiites [Christie et al., 1995]. Basalts of the

lower series yield an age of 123.3 ± 0.5 Ma (n = 5),

whereas basalts of the middle and upper series

yield a combined age of 120.1 ± 0.9 Ma (n = 4).

These ages correspond perfectly to the stratigraphic

relations at this drill site [Erba et al., 1995] and the

upper boundary of the reversed polarity Chron

M1R as sampled in the upper series [Pringle and

Duncan, 1995b]. Hemler guyot (Figure 3c) is

located at the eastern end of the Dutton ridge [cf.

Smoot, 1983]. Two total fusion experiments on

nepheline (99.5 ± 1.2 Ma) and hornblende (100.7 ±

1.2 Ma) yield concordant ages resulting in an

recombined age of 100.1 ± 0.8 Ma (n = 2). Look

seamount (Figure 3e) is located between the Ralik

and Ratak seamount trails [cf. Lincoln et al.,

1993] and is characterized by an exceptionally

old age (140.4 ± 0.5 Ma, n = 2; 140.0 ± 1.6 Ma;

138.4 ± 1.0 Ma, n = 2). This age is exceptional

considering the fact that all volcanism in the

seamount trails of the Marshall Islands ranges in

age between 69–113 Ma (see above). The quality

of the 40Ar/39Ar analyses, nonetheless, meets the

adopted quality criteria. Each incremental heating

experiment yielded concordant plateau, isochron

and total fusion ages that included at least 82% of

the total amount of 39ArK as released in more than

9 contiguous increments. The 40Ar/36Ar intercept

values are indistinguishable from the atmospheric

value.

5. Sr-Nd-Pb Geochemistry

[32] The Sr-Nd-Pb isotopic ratios measured for

the WPSP basalts are listed in Table 2 and

illustrated in Nd-Sr and Sr-Pb isotope correlation

diagrams (Figures 6 and 7). In these diagrams

we compare the Cretaceous WPSP data to the

inferred mantle components after Zindler and

Hart [1986] and the reference fields of SOPITA

hot spot volcanism. It is evident that on a regional

scale the isotopic fields of the WPSP and SOPITA

are similar in diversity and the types of mantle

end-members involved (Figure 6). For example,

the WPSP basalts may cluster at extreme values

close to the HIMU and EMII mantle components

[Davis et al., 1989; Smith et al., 1989; Staudigel

et al., 1991; Koppers et al., 1995] or they show

evidence for the admixture of the EMI mantle

component [Koppers et al., 1998]. More impor-

tantly, each seamount trail reflects a distinct

mantle source composition, as opposed to the

extreme mantle source heterogeneity at the scale

of the entire WPSP region (Figure 7). Such a

unique isotopic discrimination allows for the

geochemical mapping of Cretaceous hot spot

volcanism in the WPSP through geological time.

In the following we will discuss each seamount

trail for its distinct mantle source composition,

while drawing comparisons to the currently active

intraplate volcanoes in the SOPITA region. We

will limit this discussion to only highlight the

most common or most prominent mantle com-

ponents in each seamount trail that are required to
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perform a basic geochemical mapping of the

WPSP through time.

5.1. Magellan, Ujlan, Anewetak, Ralik, and
Ratak Seamount Trails

[33] The seamount trails in the Marshall Islands

and Magellan Seamounts cover almost the entire

range of isotopic compositions in the SOPITA

data arrays (Figure 7). First, basalts of the Ratak

seamount trail are confined to extreme HIMU

signatures with 206Pb/204Pb ratios that are gener-

ally higher than 20.6. Second, the Ujlan sea-

mount trail has 87Sr/86Sr higher than 0.705

indicative of EMII signatures. Third, the Anewe-

tak and Ralik seamount trails display isotopic

compositions intermediate to these HIMU-EMII

signatures. And, finally, the Magellan seamount

trail (MST) shows evidence for a contribution

from the EMI mantle component [Koppers et al.,

1998]. These are interesting observations, be-

cause all five seamount trails were formed within

the 100–80 Ma period of Pacific plate motion

and because they run sub-parallel within an area

less than 1,000 km wide (Figures 3d and 3e).

This puts strong constraints on the chemical

geodynamics of the South Pacific mantle, as we

will discuss later in this paper.

5.1.1. Magellan Seamount Trail

[34] Isotopic signatures of Vlinder, Pako, Ioah and

Ita-Mai-Tai guyot point to the EMI mantle compo-

nent. This is most evident since they have the

lowest 206Pb/204Pb and 143Nd/144Nd ratios mea-

sured in the WPSP and, therefore, the MST most

closely resembles the currently active Rarotonga

hot spot in the SOPITA based on its isotope

geochemistry [Koppers et al., 1998].

5.1.2. Ujlan Seamount Trail

[35] Three samples have been analyzed from the

Ujlan seamount trail (LIK-2, LOT-1 and LOT-2)

showing an EMII signature comparable to the

currently active Samoa hot spot in the SOPITA.

Most illustrative of this signature are the ex-

tremely high 87Sr/86Sr ratios above 0.707 at low
143Nd/144Nd ratios. The good internal consistency

of two leached whole rock (LOT-1, LOT-2) and

one clinopyroxene (LOT-1) analyses for Lotab

guyot demonstrates that seawater alteration was

insignificant for these samples.

5.1.3. Anewetak Seamount Trail

[36] In this seamount trail only the anomalously

older (>100 Ma) Lo-En and Neen-Koiaak guyots

(see above) have been investigated for their Sr-Nd-

Pb isotopic signatures. Two acid-leached whole

rock samples from ODP Site 872 at the summit of

Lo-En yield comparable isotopic signatures falling

intermediate to the EMII-HIMU mixing line. These

results are similar to the 87Sr/86Sr ratio (0.703694)

measured from a plagioclase separate of the NEK-2

sample. Both Lo-En and Neen-Koiaak have signif-

icantly lower 87Sr/86Sr ratios than their neighboring

Ujlan seamount trail, while having higher
143Nd/144Nd ratios between 0.5127–0.5128. For

this reason, they most likely resemble the currently

active Macdonald (or Rarotonga) hot spot in the

SOPITA.

5.1.4. Ralik Seamount Trail

[37] Wodejebato guyot displays a large variation in

the Sr-Nd-Pb isotopic systematics (Figure 7) and is

comparable to the high 87Sr/86Sr fields of the

Macdonald, Rarotonga and Society hot spots.

Lavas forming the volcanic shield at Wodejebato

(ODP Sites 873–877) have 87Sr/86Sr > 0.704 as

opposed to lower 87Sr/86Sr ratios for the NE-

satellite volcano and the ODP apron Site 869

[Koppers et al., 1995; Janney et al., 1995]. Volca-

niclastic materials at Site 869 are comparable in

isotopic composition [Janney et al.., 1995] and
40Ar/39Ar age (�94 Ma) with Lobbadede guyot

(Figure 3e). The signatures for North- and South-

Wod-En guyot have slightly higher Pb-isotopic

signatures at even lower 87Sr/86Sr ratios, as con-

firmed by independent clinopyroxene and plagio-

clase analyses. This may indicate some affinity

with the currently active Rurutu hot spot in the

Cook-Austral Islands.

5.1.5. Ratak Seamount Trail

[38] The two basanites from ODP Site 871

at the summit platform of Limalok guyot plot

toward EMI [Koppers et al., 1995] exhibiting an
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isotopic signature that partly coincides with

the isotopic signature of the Rarotonga hot spot.

Limalok, thus, exhibits an unexpected isotopic

signature, considering the fact that all other sam-

ples from the Ratak, Erikub, Bikar and Majuro

guyots typically have HIMU-type signatures

with 206Pb/204Pb > 20.6 [cf. Davis et al., 1989;

Staudigel et al., 1991] similar to the Rurutu and

Mangaia hot spots.

5.2. Northern Wake and Southern Wake
Seamount Trails

[39] The majority of the seamounts and guyots

studied in the Wake seamount trails display

Figure 8. Plate tectonic reconstructions. (a) Backtrack reconstruction for the Magellan seamount trail. Models 1-2-3
represent ‘‘true’’ Pacific plate motion based on the angular plate velocities of Steinberger [2000] that account for hot
spot motion and the ‘‘best-fit’’ Euler poles of Koppers et al. [2001]. Models A–B represent ‘‘conventional’’ Pacific
plate motion based on the fixed hot spot hypothesis, using ‘‘best-fit’’ Euler poles of Koppers et al. [2001] in
combination with estimates on the apparent angular plate velocities of Wessel and Kroenke [1997] and Steinberger
[2000], respectively. For each model seven age dates for Vlinder, Pako and Ioah were used (Table 1) [Koppers et al.,
1998]. (b) Backtrack reconstruction of the WPSP according to seamount age, accepting model A. The 40Ar/39Ar ages
used are listed in Table 1. The currently active hot spots of the SOPITA region (filled black circles) are shown for
reference.
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87Sr/86Sr ratios lower than 0.7035 while envel-

oping the entire range of 206Pb/204Pb ratios

(18.7–21.5). Of these seamount trails the South-

ern Wake seamount trail is most remarkable

since it exhibits HIMU signatures at 206Pb/204Pb

ratios larger than 20.6 (Figure 7). These HIMU

signatures are comparable to the isotope signa-

tures of the current Rurutu hot spot and the

Late Cretaceous Ratak seamount trail (see

above).

5.3. Northern Wake Seamount Trail

[40] Alcatraz and Scripps guyot have been ana-

lyzed for the Northern Wake seamount trail and

yield 206Pb/204Pb ratios between 19.1–20.6 at
87Sr/86Sr ratios lower than 0.7035 (Figure 7).

Miami guyot can be included in this isotopic data

array, but Wilde guyot exhibits too high 87Sr/86Sr

(�0.705) and too low 143Nd/144Nd (<0.5128)

probably due to its post-erosional character

[Winterer et al., 1993]. As a consequence, the

basalts from Wilde guyot were most likely not

produced by the Northern Wake mantle plume,

but predominantly from lithospheric melts.

5.4. Southern Wake Seamount Trail

[41] HIMU seamount and Golden Dragon guyot

were in previous studies characterized as typical

HIMU type intraplate basalts [Smith et al., 1989;

Staudigel et al., 1991]. For these basalts new Sr-

Nd-Pb analyses were performed on hornblende,

clinopyroxene and plagioclase mineral separates

and on leached whole rock samples. Similar ana-

lyses were also performed on samples from Malo-

ney guyot and Jennings guyot. Each analysis

confirms the typical HIMU-type signature in the

basalts of the Southern Wake seamount trail. The

reproducibility for these mineral analyses is excel-

lent, showing that the effects of seawater alteration

are negligible. For example, mineral analyses for

sample HIM-1 yield average 87Sr/86Sr(i) at

0.702727 ± 10 (n = 5), 143Nd/144Nd(i) at

0.512781 ± 6 (n = 4) and 206Pb/204Pb(i) at 20.41 ±

16 (n = 3) as displayed in Figure B1. Only post-

erosional volcanism at Lamont guyot (80–86 Ma)

is deviating from this HIMU signature by exhibiting

too low 206Pb/204Pb and, therefore, falling in the

Northern Wake array.

5.5. Solitary Seamounts

[42] Despite the fact that the solitary seamounts

cannot be associated with any of the studied WPSP

seamount trails, they show Sr-Nd-Pb isotopic sig-

natures quite similar to trails that are located closest.

MIT guyot displays low 87Sr/86Sr in combination

with intermediate 143Nd/144Nd and Pb-isotope sig-

natures. This isotopic signature is similar only to the

low 87Sr/86Sr lavas of the Marquesas hot spot of the

SOPITA and falls close to the isotopic signatures of

the Northern Wake seamount trail (Figure 7). Two

volcanic edifices have been analyzed from Hemler

guyot for Sr-Nd-Pb geochemistry [Smith et al.,

1989; Staudigel et al., 1991]. Of these edifices the

northern satellite volcano displays extreme

EMII mantle source characteristics similar to the

Samoan hot spot or the Late Cretaceous Ujlan

seamount trail. Less extreme isotopic signatures

are more typical for main Hemler volcano, which

were reproduced by multiple clinopyroxene, pla-

gioclase and nepheline mineral analyses (Table 2;

Figure B1). Look seamount is located between the

Ralik and Ratak seamount trails. Its isotopic signa-

ture measured from hornblende and clinopyroxene

samples is likewise intermediate in composition

between these two seamount trails. Because Look

seamount is more than 50 Myr older than its

surrounding seamounts, this may suggest that in-

traplate volcanism in the WPSP is principally

controlled by lithospheric melting, as predicted in

case of the weak Marquesian-type hot spot model.

This coincidence has major geodynamic conse-

quences, since it suggests that the ‘‘enriched’’

mantle compositions have been frozen-in as geo-

chemical heterogeneities in the Pacific lithosphere,

following earlier melting stages [cf. Staudigel et al.,

1991; Phipps Morgan and Morgan, 1999], and

have been re-sampled during the formation of Look

seamount.

6. Discussion

[43] The continuity in the geochemical character-

istics of SOPITA hot spot volcanism back through
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time may be used to relate ancient seamounts to

their present-day active source. In the following we

will combine the reviewed 40Ar/39Ar ages and Sr-

Nd-Pb isotope geochemistry to unravel some of the

morphological and geochronological complexities

of Western Pacific Seamount Province (WPSP).

This allows us to resolve part of the evolution of

intraplate volcanism in the South Pacific and their

mantle sources, while addressing their longevity

and (dis)continuity over the last 140 Myr. As will

be shown in each section, most of our observations

violate the basic assumptions that characterize the

classical Wilson-Morgan hot spot model. This

makes it clear that long-lived, deep and fixed

plumes do not offer a satisfactory explanation for

South Pacific intraplate volcanism. The consequen-

ces of this will be discussed in the last section,

where we will review alternative models to explain

intraplate volcanism of the South Pacific mantle. In

these discussions, we will also investigate the

structural control by the Pacific lithosphere itself,

which is an often forgotten factor in the formation

of intraplate volcanoes. We will argue that global

intraplate volcanism is likely due to two main

processes: (1) lithospheric extension, and (2) some

modified plume concept. Such a modified plume

concept may include both deep plumes and small

shallow plumelets, whereby the latter may be rising

from the top of superplumes. Plume-lithosphere

interactions may also be required. However, we

emphasize here that many of these concepts are

based on the interpretation of geochemical data

only that have very little (or no) spatial resolving

power; in other cases, these concepts are based on

geophysical models that have relatively little

resolving power for the types of magma sources

and their interaction with the lithosphere. Our

understanding of global intraplate volcanism,

therefore, will increase only if we collect and

reconcile all available geophysical and geochemi-

cal data (or models) to find the best possible model.

6.1. SOPITA: WPSP Connection
Revisited

[44] Plate tectonic reconstructions indicate that

most WPSP seamounts originated in the NW part

of the SOPITA region during the Cretaceous

[Ozima et al., 1977; Duncan and Clague, 1985;

Smith et al., 1989; Staudigel et al., 1991;

Bergersen, 1995; Koppers et al., 1995, 1998]. This

has been confirmed by measured southern paleo-

latitudes for the WPSP seamounts [Sager and

Pringle, 1987; Premoli Silva et al., 1993; Sager

et al., 1993b; Winterer et al., 1993; Tarduno and

Sager, 1995; Tarduno and Gee, 1995] and by

similarities in their Sr-Nd-Pb isotopic signatures

[Davis et al., 1989; Smith et al., 1989; Staudigel et

al., 1991; Koppers et al., 1995, 1998]. Direct

connections between individual Cretaceous hot

spots and active hot spots in the SOPITA, however,

are difficult to demonstrate, because (1) there is not

one continuous volcanic trail that connects the

WPSP to the SOPITA region, (2) hot spots are

not necessarily fixed, and (3) individual hot spots

may be too short-lived. Below we will reconstruct

locations of the Cretaceous WPSP hot spots (using

backtracking and hot spotting) and compare them

to the SOPITA hot spots based on their Sr-Nd-Pb

isotopic source characteristics. Such comparisons

may allow us to distinguish between cogenetic

pairs of hot spots, if these hot spots have main-

tained their distinct isotopic compositions and if

they have longevities exceeding 40 Myr.

Figure 9. (opposite) Plate tectonic reconstructions. (a) Backtrack reconstruction of the Magellan, Ujlan, Anewetak,
Ralik and Ratak seamount trails. Ellipses 1-2-3 outline a three-stage evolution of the Marshall and Magellan
seamounts due to the passage of the Pacific plate over Macdonald, Rurutu and Rarotonga hot spot. A = Look
seamount. (b) Backtrack reconstruction of the Typhoon, Japanese, Northern Wake and Southern Wake seamount
trails. A, Hemler guyot; B, MIT guyot. (c) Detail of the Southern Wake and Ratak seamount trails. Note the
pronounced �1,000 km long age-trend for the exclusively HIMU-type seamounts that become younger from the east
to the west. Numbers next to the S-Wake symbols are ages in Ma; ages for the Ratak seamounts range between 81–
87 Ma. All backtrack reconstructions were based on Model A from Figure 8a using the ‘‘best-fit’’ Euler poles of
Koppers et al. [2001] and apparent angular plate velocities of Wessel and Kroenke [1997]. The 40Ar/39Ar ages used
are listed in Table 1. The currently active hot spots of the SOPITA region (filled black circles) are shown for
reference.
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6.1.1. Absolute Plate Motion in a
Non-Fixed Hot Spot Frame of Reference

[45] Plate motions measured relative to hot spots

are the net effect of lithospheric plate motion and

hot spot motion. As a result, plate motion models

should be corrected for hot spot motion, when

applying backtrack reconstructions to find the

‘‘ancient’’ location of a hot spot during seamount

formation. Uncorrected plate motion models, how-

ever, may still be very useful (as shown below),

because they reflect the cumulative sum of sub-

parallel plate and hot spot motions through geo-

logical time and, therefore, they may yield the

‘‘present-day’’ location of an (apparently) long-

lived and drifted hot spot, in similar backtrack

reconstructions. For fixed hot spots these ‘‘an-

cient’’ and ‘‘present-day’’ hot spot locations would

coincide.

[46] We thus have to consider two types of angular

plate velocities; one that includes hot spot motion

and one that exclusively reflects the motion of the

lithospheric plate. Steinberger [2000] estimated

both types of angular plate velocities from his

modeling of global mantle flow. We illustrate the

differences in these plate motion models by recon-

structing the location for the Magellan hot spot

[Koppers et al., 1998] using various fixed and

mobile hot spot models (Figure 8a). Models

including hot spot motion (models 1-2-3: squares)

predict an ‘‘ancient’’ location for the Cretaceous

Magellan hot spot close to Samoa. However, this

‘‘ancient’’ hot spot location is notably different

from the reconstructed ‘‘present-day’’ location of

the Magellan hot spot near Rarotonga (models A–

B: diamonds) assuming fixed hot spots. Because

the Magellan and Rarotonga hot spots bear close

(but not exact) resemblance in Sr-Nd-Pb isotopic

signatures (Figure 7) these reconstructions may

indicate that the extension of the Rarotonga

hot spot is indeed long-lived (at least 100 Myr)

and that this hot spot could have moved from a

location near Samoa to the southeast for more than

1,000 km (�10 mm/yr) since the Cretaceous.

6.1.2. Reconstruction of the WPSP Hot
Spots
[47] Using the argument from above, we will

evaluate the long-term geochemical history of the

SOPITA hot spots by reconstructing the ‘‘present-

day’’ hot spot locations for the WPSP seamount

trails. In Figures 8b and 9 the WPSP hot spot

locations are reconstructed based on model A in

Figure 8a using the 40Ar/39Ar ages of Table 1 (this

study) in combination with a new set of Euler poles

of Koppers et al. [2001] and angular plate velocity

estimates of Wessel and Kroenke [1997]. The

resulting distribution of reconstructed hot spot

locations is bimodal according to seamount age

(Figure 8b). Long-lived WPSP hot spots older than

110 Ma would today be located east of the Mac-

donald-Rurutu-Society line; hot spots active

between 70–110 Ma would be located to the west.

As a direct result the older Typhoon, Japanese and

Wake seamount trails do not match hot spot

locations of the younger Magellan and Marshall

seamount trails (compare Figures 9a and 9b) and

yield ‘‘present-day’’ locations of their hot spots to

the north of any currently active hot spot in the

SOPITA. This disparity can be reconciled with the

classical Wilson-Morgan hot spot hypothesis, only

if the hot spots that produced the older seamount

trails disappeared before the younger seamount

trails were produced. This requires a discontinua-

tion in the Early Cretaceous hot spot volcanism

around 120–100 Ma. As we will show below, only

the Southern Wake seamount trail appears to be as

long-lived as 120 Myr, putting a maximum limit on

the recorded duration of hot spot volcanism in the

Pacific. Nonetheless, in all our reconstructions we

still need to allow for 350–500 km of ‘‘individual’’

southward motion of this HIMU-type mantle

Figure 10. (opposite) Plate tectonic reconstructions comparing the conventional backtracking technique with the
hot spotting technique of Wessel and Kroenke [1997]. (a) Comparison based on the stage pole model of Model A
from Figure 8a using the ‘‘best-fit’’ Euler poles of Koppers et al. [2001] and apparent angular plate velocities of
Wessel and Kroenke [1997]. (b) Comparison based on the stage pole model of Wessel and Kroenke [1997].
(c) Comparison based on the stage pole model of Engebretson et al. [1985]. In all diagrams the reconstructed
backtrack locations (filled pink circles) have been calculated using the 40Ar/39Ar ages listed in Table 1. The currently
active hot spots of the SOPITA region (filled black circles) are shown for reference.
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source to make a perfect fit to the currently active

Rurutu and Mangaia hot spots.

6.1.3. Hot Spotting Versus Backtracking

[48] Hot spot locations for ancient seamount

trails may alternatively be reconstructed using

the ‘‘hot spotting’’ technique of Wessel and

Kroenke [1997, 1998]. In their technique, each

seamount can be used to reconstruct its mantle

flow line without knowledge of its age of for-

mation. Combining the flow lines of multiple

seamounts belonging to one and the same hot

spot then should create multiple crossings at their

‘‘ancient’’ hot spot location. However, we have

to assume that the WPSP seamounts were exclu-

sively formed during single stages of hot spot

volcanism, and that their hot spots are fixed in

the mantle over long periods of geological time

(100–200 Myr). Only in that case do these

crossings coincide with the traditional ‘‘back-

tracked’’ hot spot locations.

[49] In Figure 10 we show results of three compar-

isons we made using the ‘‘hot spotting’’ and

‘‘backtracking’’ techniques for the WPSP sea-

mounts based on three different stage pole models

for the Pacific plate [Engebretson et al., 1985;

Wessel and Kroenke, 1997; Koppers et al., 2001].

For reference, we also show the locations of the

currently active hot spots of the SOPITA region.

No direct overlap is apparent in any of these

comparisons that may indicate long-lived and fixed

locations for the WPSP hot spots. For example, one

distinct cluster of backtrack locations falls in each

comparison to the west of the entire ‘‘hot spotting’’

cluster. More importantly, most ‘‘hot spotting’’

crossings neither coincide with the WPSP back-

track clusters (based on accurate 40Ar/39Ar ages)

nor with the current locations of the SOPITA hot

spots. This does not necessarily indicate an error in

the ‘‘hot spotting’’ technique [cf. Aslanian et al.,

1998; Geli et al., 1998]. These observations rather

may be explained by the intermittent style of hot

spot volcanism in the WPSP and SOPITA regions,

by the superposition of multiple hot spots on the

evolution of single seamount trails (see below) or

by extended periods of volcanism at individual

seamounts. The fact that the western cluster of

backtrack locations (80–100 Ma) shows no

corresponding ‘‘hot spotting’’ cross indicates that

no younger seamount trails are present on the

Pacific plate to generate such a crossing. This

follows since the ‘‘hot spotting’’ technique requires

for every single hot spot trail to minimally include

two segments that were formed during two (very)

distinct stage poles, in order to be able to create

clearly defined crossings. The periodic character

of intraplate volcanism in the Pacific over the last

140 Myr (cf. Figure 2b) certainly minimizes such

a coincidence. One might also invoke a linear

source of intraplate volcanism rather than hot spot

volcanism, such as Bonatti and Harrison’s [1976]

mantle ‘‘hotline’’ (see below for a further discus-

sion). More recently, it has been suggested that

extension may cause plate thinning and mantle

upwelling, which in turn may result in partial

melting and the formation of intraplate volcanoes

[e.g., Winterer and Sandwell, 1987; Sandwell et

al., 1995; Favela and Anderson, 2000]. In these

alternative scenarios, intraplate volcanism is not

related to plate motion (at least not directly) but

to the architecture and physical make-up of the

lithospheric plate, allowing for most of the

observed discrepancies.

6.2. Non-Singular Hot Spot Models and
the WPSP

[50] Simple continuous hot spot models do not

adequately explain the WPSP. For example, two

periods of Cretaceous volcanism can be distin-

guished in the seamount trails of the Marshall

Islands and Magellan seamounts [Davis et al.,

1989; Lincoln et al., 1993; Winterer et al., 1993;

Haggerty and Premoli Silva, 1995; Koppers et

al., 1998]. Their Late Cretaceous period of

volcanism agrees well with the formation of the

Musicians seamounts [Pringle, 1993], the Went-

worth seamounts [Pringle and Dalrymple, 1993]

and the Line Islands [Schlanger et al., 1984]

during the 100–80 Ma stage pole of Pacific plate

motion [Koppers et al., 1998]. They also have

consistent northwestern azimuths (Figure 3)

implying that the majority of these seamounts

should have formed within this 100–80 Ma stage

pole. However, the occurrence of volcanism prior
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to 100 Ma is unanticipated and cannot be rec-

onciled with a singular hot spot model, in

particular, since individual guyots (Wodejebato,

Vlinder) show evidence for both volcanic events.

[51] The backtrack reconstructions show that the

age distributions within the Magellan, Ujlan, Ane-

wetak, Ralik and Ratak seamount trails may be

explained by the successive passage over the

Figure 11. Adjusted model for weak Marquesian-type or secondary hot spots. Plumelets consisting of
heterogeneous subducted materials are formed as small parasitic plumes from the top of a superplume [cf. Courtillot
et al., 2002]. During upwelling the entrained materials segregate into discrete plumelets with strong affinities toward
one (or more) end-member mantle components such as HIMU, EMI and EMII. Depending on the size and continuity
of these plumelets, hot spot volcanism may be produced following partial melting of the plumes and the oceanic
lithosphere they penetrate. Melt residues (and terminated plumelets) will be mixed back into the asthenosphere. The
localized formation of multiple plumelets results in complex age distributions along closely-spaced en enchelon
seamount trails with typical superposition of volcanism. Discontinuity and temporary terminations of the plumelets
(at the base of the lithosphere) may lead to intermittent volcanism, and their motion within a more viscous upper
mantle may cause significant changes in the observed age progressions. These diagrams are based on this review and
partially by studies of Duncan et al. [1986], Janney et al. [1999], Sleep [1984], McNutt et al. [1997], Steinberger and
O’Connell [1998] and Courtillot et al. [2002].
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currently active Macdonald, Rurutu and Raro-

tonga/Society hot spots between 120 and 80 Ma

(compare Area 1, 2 and 3 in Figure 9a). This

concurs with other studies on the Marshall Islands

[e.g., Lincoln et al., 1993] but this scenario is only

partially supported by the observed Sr-Nd-Pb iso-

topic signatures in the WPSP seamounts. In most

cases the ‘‘present-day’’ locations for the WPSP

hot spots cannot be matched in isotopic space with

the currently active SOPITA hot spots. For exam-

ple, the Ralik seamounts that formed in ‘‘Area 2’’

do not resemble the typical HIMU isotope signa-

tures for Rurutu since their 206Pb/204Pb ratios are

all below 20, whereas the Ralik seamounts that

formed in ‘‘Area 3’’ have 87Sr/86Sr ratios below

0.704 which is atypical for the Rarotonga and

Society hot spots. The Ujlan seamounts have

‘‘present-day’’ locations near Rarotonga and Man-

gaia in ‘‘Area 3’’ but their 87Sr/86Sr ratios are

unusually high. On the other hand, Lo-En guyot

in the Anewetak seamount trail matches its pre-

dicted ‘‘present-day’’ location in ‘‘Area 1’’ with an

isotopic signature that is comparable to the cur-

rently active Macdonald hot spot. A similar posi-

tive match has already been discussed for the

Magellan and Rarotonga hot spots indicating that

the Rarotonga hot spot may have been active over

the last 100 Myr. These observations put important

constraints on the chemical geodynamics of the

South Pacific mantle, in particular, since the

Magellan, Ujlan, Anewetak, Ralik and Ratak sea-

mount trails cover the entire range of isotopic

compositions (Figure 7) while being located only

a few 100 km’s apart (Figure 3). Most Cretaceous

hot spots apparently ceased activity around 80 Ma

in the Pacific. This is true also for the Magellan and

Anewetak hot spots, which both terminate toward

the SSE on the bathymetric maps in Figures 3d

and 3e. As a consequence, the ancient South

Pacific hot spots typically display intermittent

activity and, in most cases, ceased to exist after

�20 Myr of intraplate volcanism. These hot spots,

therefore, have to be comprised of short and small-

volume plumelets with very distinct isotopic sig-

natures that remain stable only on a relatively short

�20 Myr timescales in a configuration of closely-

spaced conduits every 230–280 km.

[52] Further backtrack reconstructions demonstrate

an age trend in the Southern Wake source region

between 121 and 97Ma toward the west (Figure 9c).

This age-trend is entirely defined by HIMU-

type seamounts with 206Pb/204Pb > 20.6 and is

almost 1000 km long. Neither uncertainties in

absolute plate motion nor a western motion of the

Southern Wake hot spot during the 125–110 and

110–100 Ma stage poles would account for this

trend. The reason for this is that two neighboring

seamounts (HIMU and Golden Dragon; Figure 3c)

define both ends of this trend but have very

different ages of 120 and 102 Ma. This leaves

the possibility of intraplate volcanism along a

‘‘hotline’’ of closely-spaced conduits in the mantle

[Bonatti and Harrison, 1976; Epp, 1984; Maia and

Diament, 1991; Janney et al., 1999] that were

simultaneously active during the Cretaceous

while generating an irregular age progression in

the Southern Wake seamount trail (Figure 5b).

More strikingly, the Southern Wake hot spot region

closely resembles the present-day configuration of

seamounts in the Cook-Austral Islands (Mangaia,

Maria, Rimatara, Rurutu, Tubuai; Figure 9c) by its

azimuth and length, but also by comparable HIMU-

type mantle source characteristics (Figure 7) [Palacz

and Saunders, 1986; Nakamura and Tatsumoto,

1988; Hauri and Hart, 1993] and its irregular age

progression [McDougall andDuncan, 1980; Turner

and Jarrard, 1982]. These observations strengthen

the existence of the Rurutu-Ratak-Wake seamount

trail [Koppers et al., 1995] representing at least

120 Myr of hot spot volcanism. However, our

current reconstruction rather indicates that this sea-

mount trail is associated with a ‘‘hotline’’ in the

Cook-Austral Islands [Turner and Jarrard, 1982]

and not just the Rurutu hot spot [Koppers et al.,

1995]. Plate motion parallel to this hotline during

both the 43–0 and 125–100 Ma stage poles most

probably would have induced the irregular age

progressions in the Cook-Austral and the Southern

Wake seamount trails. Nonetheless, a southward

hot spot motion during the 100–80 and 80–45 Ma

stage poles would be required to explain the

observed 350–500 km latitudinal offset between

the Southern Wake and Cook-Austral hot spot

regions (Figure 9c).
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6.3. Short-Lived and Discontinuous
Intraplate Volcanism

[53] Plate tectonic and geochemical correlations

suggest that the basalts sampled in the WPSP and

SOPITA regions have been produced from the

same heterogeneous mantle source in the South

Pacific over the last 120 Myr [cf. Smith et al.,

1989; Staudigel et al., 1991; Koppers et al., 1995].

This indicates that HIMU, EMI and EMII are

enduring mantle sources on the scale of the WPSP

and SOPITA. However, on the scale of single hot

spots, we could establish cogenetic relations

between only a few hot spots in the South Pacific

over the last 140 Myr. In fact, the majority of the

seamount trails in the Pacific basin were formed by

pulses of short-lived volcanism not exceeding

40 Myr (Figure 2a) and occurring during the

Cretaceous and over the last 30 Myr only

(Figure 2b). These observations are in marked

contrast to the continuous and long-lived character

of Hawaiian-type hot spots (Figure 2a) [Vogt, 1972;

Pringle et al., 1994; McNutt et al., 1997; Koppers

et al., 1998; Clouard and Bonneville, 2001] and any

model explaining this type of intraplate volcanism

has to identify a regional force that can turn on/off

‘‘hot spots’’ in a very large region. Other observa-

tions seem to violate the basic assumptions of

the classical Wilson-Morgan hot spot hypothesis

as well. First of all, it has been shown that

Pacific hot spots display hot spot motions [Gordon

and Cape, 1981; Sager and Bleil, 1987; Tarduno

and Cottrell, 1997; Cande et al., 1995; Norton,

2000; Koppers et al., 2001] undermining the

‘‘fixed’’ character of standard hot spots. Second,

most South Pacific hot spots have produced non-

age-progressive seamount trails that show clear

indications for repeated volcanic episodes and

overprinting [e.g., Bonatti and Harrison, 1976].

[54] It thus becomes more attractive to view intra-

plate volcanism in the South Pacific region as the

result of short-lived hot spots (in connection with

deep ‘‘superplume’’ activity as envisioned by

McNutt [1998]) and lithospheric extension. We will

show that a combination of these ‘‘end-member

models’’ is the most likely explanation for the above

observations. Such a combined model has to be able

to answer the following questions: How to explain

the negative anomaly in the geoid that coincides

with the uplifted SOPITA region? Is there a relation

with the South Pacific ‘‘superplume’’ as shown in

tomographic studies? Why are linear volcanic

ridges associated with low gravity lineations in

the oceanic crust? Why does intraplate volcanism

(almost) never occur on older oceanic crust? Why is

the maximum horizontal stress sub-parallel to the

direction of absolute plate motion for Pacific oce-

anic crust younger than 80 Ma as shown in global

stress compilations? Which process triggers the

episodical activation of intraplate volcanism in the

Cretaceous and again 30 Myr ago? Which process

explains the high number of ‘‘short-lived’’ hot spots

in the South Pacific mantle? Is there a relation with

global plate re-organizations and the build-up of

tensional stress in the Pacific plate? And, finally,

how to explain the non-age-progressive nature of

the WPSP and SOPITA seamount trails?

[55] Most of these questions will remain unan-

swered, but in the following we will discuss both

models to illustrate the complexities that arise

when adopting one of these models over the other.

It will become clear that these simplified end-

member models cannot explain all characteristics

of intraplate volcanism in the South Pacific. For

example, the existence of the ‘‘superplume’’ in the

deep South Pacific mantle can be causally related

to the ‘‘superswell’’ in the same area and, therefore,

to regional lithospheric extension. The lithosphere

may become weak due to this extension process

and prone to intrusion of small plumelets that

originated from the base of the lithosphere or the

surface of the deep superplume. In such a ‘‘mixed’’

scenario it becomes unclear whether intraplate

volcanism is caused by plumes or extension, both

these processes seem to play an important role.

Thermochemical convection experiments show

further evidence for these kind of ‘‘mixed’’ scenar-

ios, where superplume regimes oscillate vertically

throughout the whole mantle (causing the super-

swells) on timescales exceeding 100 Myr, while

thin plumelets rise from the top of these super-

plumes on much shorter timescales of �20 Myr

only [Davaille et al., 2002, 2003]. The same

experiments also show that deep mantle plumes

(like Hawaii) may coexist with these superplume
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regimes [Davaille et al., 2002, 2003]; they may

even be generated from the same boundary layer

deep in the mantle [Gu et al., 2001; Romanowicz

and Gung, 2002; DePaolo and Manga, 2003]. It is

important to realize that deep plumes, superplumes

and lithospheric processes may all be the result of

the same convecting Earth.

[56] In Figure 11 we start out by illustrating an

adjusted hot spot model explaining ‘‘short-lived’’

intraplate volcanism in a ‘‘superplume’’ setting

(like McNutt [1998]). Even though this may not

be a comprehensive model, it clearly shows our

new observations that contradict the standard hot

spot hypothesis. This first ‘‘end-member model’’

assumes that small plumelets shoot off from the top

of a superplume that is being deflected at the

670 km boundary layer [Janney et al., 1999;

Courtillot et al., 2002] or at the bottom of the

lithosphere [McNutt, 1998; Romanowicz and

Gung, 2002] in a similar fashion as observed in

thermochemical convection experiments [Davaille,

1999; Davaille et al., 2002, 2003]. These plumelets

can contain any mixture of the HIMU-EMI-EMII

mantle components, but for simplicity we assume

that the plumelets sample one of these components

preferentially, thereby determining their distinct

geochemical source characteristics. Depending on

their size and buoyancy, these plumelets may rise

through the upper mantle, and based on the struc-

tural make-up of the overlying lithosphere, they

may successfully create magma conduits through

the Pacific plate in order to produce intraplate

volcanism. Long seamount trails of unique geo-

chemical heritage can be produced only when

several plumelets with the same mantle signature

are (fortuitously) lined up underneath each other in

the South Pacific mantle. Discontinuity in the

arrival of separate plumelets may lead to intermit-

tent hot spot volcanism, while simultaneous for-

mation of multiple plumelets may result in

‘‘irregular’’ age progressions and ‘‘overprinting’’

along the seamount trails. Convectional mantle

flow in the asthenosphere may deflect the thin

mantle plumes and generate ‘‘apparently’’ faster

or slower age progressions. In this alternative

plume model, each plumelet is only shortly stable

for 10–40 Myr before they dissipate or become

less buoyant than the overlying lithosphere. These

plumelets also need to be physically small (when

compared to the Hawaiian plume) so they can

coexist in the South Pacific mantle, spaced no

more than 200–300 km apart, and still retain their

distinct geochemical source characteristics. Large

plumes of typical Hawaiian dimensions (�100 km)

would be instable in this configuration, causing

mantle plumes to merge, in particular, if they rise

from deeper in the mantle [Albers and Christensen,

1996; Davaille, 1999; Davaille et al., 2002, 2003].

This locates the origin of intraplate volcanism in

the South Pacific mantle at rather shallow depths,

possibly even shallower than the 400 km depth as

based on the modeling of the negative geoid

anomalies [McNutt and Judge, 1990].

[57] In the following we will review some exten-

sion-related processes that may explain some of the

phenomena we have been describing for the South

Pacific and WPSP seamount trails. These explan-

ations do not exclude the presence of plumelets and/

or superplumes in the South Pacific mantle, but we

believe that these extension-related processes are

complementary in our understanding of intraplate

volcanism, in particular, as mechanisms that facili-

tate channeling of magmas through the oceanic

lithosphere. As discussed by Favela and Anderson

[2000] stress-induced magmatism and the reactiva-

tion of already existing fracture zones in the interior

of oceanic lithospheres may explain short-lived

volcanic chains, its intermittent character and the

sometimes simultaneous eruption along mantle

‘‘hotlines’’ such as we have shown for the Wake

seamount trail and Cook-Austral hot spot region.

Local stress variations can reactivate seafloor struc-

tures, such as inactive transform faults [Vogt, 1974;

Jackson and Shaw, 1975; Bonneville and McNutt,

1992; Favela and Anderson, 2000], while the pro-

gressive opening of these fractures continuously

channels magma through the lithosphere to produce

seamount trails [Solomon and Sleep, 1974; Anguita

and Hernan, 1975; Turcotte and Oxburgh, 1978].

Age progressionsmay still be produced in these type

of seamount trails, but continued volcanism over the

length of the entire fracture zone will cause signif-

icant disturbances in the age progressions. Loading

of the lithosphere by volcanic edifices [Hieronymus
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and Bercovici, 1999, 2000] may cause lithospheric

flexure and cracking followed by the formation of

new volcanoes. Depending on lithosphere thick-

ness, this process is expected to produce continuous

volcanic ridges (thin lithosphere) or discretely

spaced seamounts in a trail (thick lithosphere) with

more or less linear age progressions. However, the

formation of the first volcano in these seamount

trails still requires an independent intraplate process,

making these self-propagating volcanic trails a sec-

ondary lithospheric phenomenon. Intermittent sea-

mount volcanism (as often observed in the WPSP

and SOPITA) may be caused by regional stress

changes that freeze and unfreeze lithospheric trans-

form faults. This effect may be enhanced by sudden

changes in the lithospheric thickness across the

transforms causing thermal stress changes [Sleep,

2002]. This fate is more likely in the context of

lithospheric stress changes than a fortuitous align-

ment of plumelets in the deepmantle (see Figure 11).

The main source of these stress variations may be

regional extensional stress that exists as a conse-

quence of the pull of subducting slabs surrounding

the Pacific plate and the push at the spreading ridges

[Solomon and Sleep, 1974; Wortel and Cloetingh,

1981; Zoback et al., 1989; Sandwell et al., 1995].

Because of the high absolute plate velocity of the

Pacific plate, the maximum tensional stress is

expected to be orthogonal to the direction of abso-

lute plate motion for the youngest part of this plate,

but this effect should diminish toward older and

more rigid lithosphere [Sandwell et al., 1995]. This

stress distribution is confirmed by the small number

of stress measurements in the Pacific plate, as

determined by the focal mechanisms of intraplate

earthquakes [Zoback et al., 1989]. Interestingly, the

orientation of the maximum tensional stress seems

to become sub-parallel to the absolute plate motion

vector in Pacific crust older than 80 Ma [Zoback et

al., 1989]. The fact that only a very small number of

earthquakes are recorded in the interiors of oceanic

plates indicates that the strain build up can only be

very minimal. In such a low strain setting we only

can expect that far-field tensional stresses cause

boudinage in the young part of the Pacific plate

[Winterer and Sandwell, 1987; Sandwell et al.,

1995; Wessel et al., 1996] resulting in cracking

and intraplate magmatism in the thinnest lithosphere

that is under higher tensional stress. Alternatively,

thermal contraction in young lithosphere close to the

spreading ridges [Gans et al., 2003] may explain a

similar buckling of the Pacific plate with seamount

formation in the gravity lows.

[58] Assuming whole mantle convection and a

‘‘marble cake’’ nature of the mantle [Allègre and

Turcotte, 1986; Phipps Morgan and Morgan,

1999], the delivery of the mantle components

HIMU-EMI-EMII to the South Pacific volcanoes

can be explained without the need for different

‘‘mantle plumes’’ ascending from the deep mantle

in a closely-spaced configuration. Partial melting

will preferentially sample the more fertile compo-

nents [Bonatti, 1990; Phipps Morgan and Morgan,

1999; Phipps Morgan, 2001] in the asthenosphere,

depending on their volatile content and on the depth

of mantle upwelling under the extended South

Pacific lithosphere. Variations in the depth of melt-

ing causes different mantle components to be sam-

pled for different intraplate volcanoes, resulting in

the unusual isotope compositions for the SOPITA

and WPSP [Vidal et al., 1984; Zindler and Hart,

1986; Staudigel et al., 1991; Woodhead and Devey,

1993; this study]. As a consequence ‘‘hot spots’’

may become ‘‘wet’’ spots without plumes.

[59] We have shown that we can explain a large

number of observations with the extensional mod-

els, but not all of them. The South Pacific region is

clearly associated with a geoid low that cannot be

explained by extension alone, but requires the

dynamic support from a superplume originating

deep in the mantle [cf. McNutt, 1998]. Also this

model falls short of explaining recent tomographic

images depicting a large-scale thermal upwelling

starting at the core-mantle boundary and reaching

all-the-way to the bottom of the Pacific lithosphere

[cf. Romanowicz and Gung, 2002]. Nevertheless,

the physical state of the lithosphere plays an

important role during intraplate volcanism; we

often seem to forget that intraplate magmas need

to find their way through a rigid oceanic litho-

sphere; plumes cannot burn themselves holes to

reach the surface, but they need to take advantage of

any existing weak spot or fracture zone to have a

change to penetrate the overlying lithosphere. How-

ever, there is still an important question to answer

Geochemistry
Geophysics
Geosystems G3G3 koppers et al.: intraplate volcanism in south pacific 10.1029/2003GC000533

37 of 49



with respect to the waxing and waning of intraplate

volcanism in the regional Pacific. Massive volcan-

ism in the South Pacific has been recorded once

during the Cretaceous and again starting 30 Myr

ago, separated by a 30–40 Myr quiescence period

(Figure 2b). If both volcanic episodes are caused by

superplume activity, why do we see an enormous

burst of flood basalt volcanism during the Creta-

ceous maybe causing the normal magnetic quite

zone [cf. Larson, 1991] and other global phenom-

ena, which seem to be completely absent for the

modern equivalent of the superplume? Does this

mean that the current superplume is another variety

of superplumes, or is this a second and weaker

phase in the succession of an oscillating super-

plume [cf. Davaille et al., 2002]. Explaining this

periodicity in the light of lithospheric extension is

equally difficult, because the last major plate reor-

ganization in the Pacific is synchronous with a

reorganization of the Pacific-Farallon fracture

zones around Chron 23 or 48–50 Ma [Hey et al.,

1988]. This would require a long period of strain

build-up (�20 Myr) without significant volcanism

before intraplate volcanism starts to increase in the

SOPITA region around 30 Ma (Figure 2b).

7. Summary

[60] The 40Ar/39Ar ages of seamount formation in

the West Pacific Seamount Province (WPSP) range

from 134 to 69 Ma and describe five different stage

poles of absolute plate motion. Sr-Nd-Pb isotopic

signatures indicate that the WPSP seamount trails

exhibit distinct mantle source characteristics, which

is in sharp contrast to the extreme isotopic variation

in the entire WPSP mantle region. Most prominent

are the HIMU signatures at 206Pb/204Pb larger than

20.6 for the Southern Wake and Ratak seamount

trails and the EMII signatures at 87Sr/86Sr larger

than 0.705 for the Ujlan seamount trail. Other

seamount trails have signatures intermediate to

these extreme cases or they show a potential con-

tribution from the EMI mantle component, such as

is the case for the Magellan seamount trail. On the

basis of these profound differences in Sr-Nd-Pb

isotope geochemistry we were able to map out the

WPSP hot spots and start to relate them to currently

active hot spots in the South Pacific Isotopic and

Thermal mantle Anomaly (SOPITA).

[61] Of the eleven hot spots that are currently

active in the SOPITA we could identify only two

hot spots that appear to be long-lived and that have

Cretaceous counterparts in the WPSP. Plate recon-

structions show that the Southern Wake seamount

trail most likely originated from the Mangaia-

Rurutu ‘‘hotline’’ in the Cook-Austral Islands,

whereas the Magellan seamount trail may have

originated from the Rarotonga hot spot. Combined

with similarities in their Sr-Nd-Pb isotope charac-

teristics, our hot spot mappings suggest that these

WPSP seamount trails are closely related to the

Mangaia, Rurutu and Rarotonga hot spots in the

SOPITA region and have been active, therefore, up

to 120 Myr. These mappings also indicate that their

mantle source regions maintained their distinct

geochemical HIMU, EMI and EMII signatures

over long periods of geological time.

[62] All other hot spots in our reconstructions

show discontinuous volcanism. For example, the

Typhoon and Japanese hot spots were terminated

during the Early Cretaceous, whereas the cur-

rently active Samoan, Society, Pitcairn and

Marquesas hot spots apparently have no long-

lived counterparts in the WPSP. Most of these

hot spots may have become active over the last

20–30 Myr only. Even though we could demon-

strate the longevity of some weak Marquesas-type

or secondary hot spots in the South Pacific, their

style of volcanism typically has been intermittent

over the last 140 Myr, resulting in numerous

seamount trail segments that represent no more

than 10–40 Myr of hot spot volcanism. In addi-

tion, we confirm that some mantle sources, such

as the Mangaia-Rurutu ‘‘hotline’’ in the Cook-

Austral Islands have moved 300–500 km over the

last 100 Myr (3–5 mm/yr).

[63] From our observations it is clear that most

premises of the classical Wilson-Morgan hot spot

hypothesis appear to be violated for the hot spots in

the South Pacific mantle. All studied hot spots

violate one or more assumptions of a classical hot

spot: (1) none of them are active continuously,

(2) most are short-lived or intermittently active,
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(3) some show evidence of hot spot motion, and

(4) most have poor age progressions, if any at all. On

top of this we have strong evidence for volcanism

along mantle ‘‘hotlines’’ and the ‘‘superposition’’ of

hot spot volcanism. We thus conclude that long-

lived, deep and fixed mantle plumes cannot explain

intraplate volcanism in the South Pacific mantle

over the last 140 Myr.

[64] Short-lived and discontinuous hot spot volcan-

ism of the South Pacific mantle, therefore, seems

best explained by a prolonged ‘‘broad-scale’’

mantle upwelling enclosing many ‘‘plumelets’’

of distinct Sr-Nd-Pb isotopic signature that remain

stable on short �20 Myr timescales in a config-

uration of closely-spaced but dynamic diapirs.

This would require a different style of hot spot

volcanism with a rather shallow origin in the

upper mantle, and in other studies, these alter-

nate hot spots have been earmarked as weak

‘‘Marquesian-type’’ or ‘‘secondary’’ hot spots

[Duncan et al., 1986; Haase, 1996; Courtillot

et al., 2002]. The question remains which pro-

cess(es) drive(s) the upwelling of these plumelets?

The formation of these plumelets may be related

to the inferred ‘‘superplume’’ in the South Pacific

that may have been slowly oscillating vertically

over the last 140 Myr with a periodicity of 80–

90 Myr. This phenomenon is also observed in

thermochemical convection experiments [Davaille,

1999; Davaille et al., 2002, 2003] and has been

used to explain periodic volcanism in the Line

Islands during the Cretaceous [Davis et al., 2002].

The plumelets may also be attracted by a thinning

of the lithosphere due to intraplate extension or

they may represent the loci of a ‘‘wet’’ heteroge-

neous mantle spot that does not require physical

plumes at all. In these cases, the periodicity of the

intraplate volcanism can also be explained by

changes in the local stress field following major

plate re-organizations in the global plate circuit.

These tensional stresses may also be the result of

lithospheric uplift due to the upwelling of the

South Pacific superplume itself.

[65] This work and previous studies have rendered

the simple and elegant ‘‘hot spot’’ model insuf-

ficient to explain the age distribution and source

region characteristics of intraplate volcanoes in

the South Pacific. Abandoning the hot spot model

has been resisted, because many aspects of plate

tectonics appear to depend on it, and for this

reason, most authors have explained apparent

inconsistencies by modifying the hot spot model.

This effectively leads to new models that retain

the concept of mantle plumes, but that lack both

simplicity and predictive power. New models that

call on ‘‘extension’’ are indeed simple and they

can explain most characteristics of the Earth’s

intraplate volcanism, but they don’t allow us to

predict the nature of age progressions along the

volcanic chains they produce and, therefore, it is

difficult to independently test their validity. For

this reason, Occam’s Razor asks us to choose the

most simple model, but all that we can observe is

either quite complicated and/or it lacks predictive

powers that would allow us to test these hypotheses.

We have argued in this paper that we require a

process that forces regional magmatism from a

large-scale source of buoyancy below (like the rise

of plumelets shooting off the top of a superplume)

and we require a process that acts from above, as

lithospheric extension opens up pathways that

allow the lithosphere to be penetrated by magma.

This is not a simple solution any more, so we either

keep searching for better simple models or we

accept that nature is more complicated than

Occam’s Razor suggests.

Appendix A: On Groundmass
40Ar/39Ar Dating

[66] Dating groundmass samples using 40Ar/39Ar

geochronology has become a powerful tool when

determining the age progressions along seamount

trails [cf. Koppers et al., 1998]. This is particularly

true since crystalline groundmasses provide crys-

tallization ages concordant to 40Ar/39Ar ages of

comagmatic minerals, despite the inability to per-

form isochron calculations for many of such

experiments and typical age plateau widths ranging

between 30 to 70% of the total amount of 39ArK
released [Koppers et al., 2000]. In this Appendix,

we like to draw attention to some important

observations that can be made when interpreting

the age spectra from typical groundmass 40Ar/39Ar

analyses.
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[67] The observed argon release patterns in Figure 4

for the groundmass samples LAM-1, NWO-2,

SWO-1, WOD-3, WOD-4, MIS-2, and TAK-2 are

characterized by: (1) too high apparent ages for the

low temperature increments, (2) accurate age

plateaus at the intermediate temperature increments,

and (3) too low apparent ages for the high temper-

ature increments. The low temperature sections are

further characterized by higher K/Ca ratios and

higher atmospheric components than observed

for the age plateau. These observations can only

be explained by the recoil of 39ArK (increasing

apparent ages) in combination with the preferential

degassing of alteration phases as located in-between

and on the surfaces of plagioclase, clinopyroxene

and Ti-magnetite crystallites (increasing K/Ca

ratios and the atmospheric component). The inter-

mediate temperature sections exhibit age plateaus

that are high in their radiogenic component (98–

100%) and have rather constant K/Ca ratios that are

equal to or higher than the bulk-groundmass K/Ca

ratios. We conclude that the contributions of alter-

ation and 39ArK recoil to the groundmass age

plateaus are negligible, and that these age plateaus

most likely represent degassing of the interstitial

spaces (high K/Ca) instead of groundmass plagio-

clase (low K/Ca). In most cases, the plateau ages

are concordant to their total fusion ages. The high

temperature sections are further characterized by a

spike in the release of 37ArCa paralleled by strong

decreases in the K/Ca ratios, reflecting the prefer-

ential outgassing of the calcium-rich phases, such as

clinopyroxene and plagioclase. Their low apparent

ages are explained by either the recoil loss of 37ArCa
or the redistribution of 39ArK into the high temper-

ature, low-potassium phases.

[68] In contrast, the release patterns for ground-

mass samples BWE-1, BAT-1 and GRA-1 yield no

horizontal age spectra (Figure 4). The persisting

effects of 39ArK recoil in the alteration phases of

the groundmass best explain these discordant

experiments. If alteration increasingly contributes

to the groundmasses, then 39ArK recoil will result

in decreasing age spectra from high apparent ages

in the low temperature sections to low apparent

ages in the high temperature sections, not exhibit-

ing age plateaus. This effect will be even more

significant considering the low-potassium nature of

these groundmasses (K/Ca < 0.2 [Koppers, 1998]).

Appendix B

B1. Effects of Acid Leaching on Whole
Rock Samples

[69] The main difficulty in the geochemical study

of ancient seamount basalts is the common oc-

currence of alteration products in their ground-

mass. The amount of low temperature alteration in

these submarine samples is completely determined

by the proximity of seawater—an important

source of K, Rb, Sr and U [Corliss, 1970; Hart,

1969; Honnorez, 1981; Staudigel and Hart,

1983]. A continued exposure to seawater leads

to the progressive weathering of Tertiary and, in

particular, Cretaceous submarine basalts [Corliss,

1970; Hart, 1969]. For example, low temperature

alteration increases the 87Sr/86Sr ratios [Spooner,

1976; Staudigel and Hart, 1983; Cheng et al.,

1987] and, over longer periods of time, it may

also decrease the 143Nd/144Nd ratios and LREE

[Staudigel and Hart, 1983; Cheng et al., 1987]. In

here we will assess the success of acid leaching

on basaltic samples in minimizing such alteration

signatures in their Sr-Nd-Pb isotopes and major-

trace element geochemistry. The acid leaching

procedures were already outlined in section 3.2;

the discussed data are listed in Table 2 (isotopes)

and Appendix D (major and trace elements).

B2. Acid Leaching for Sr-Nd-Pb
Isotope Geochemistry

[70] Figure B1 presents the 87Sr/86Sr(i) ratios from

multiple phases in 9 different samples of Golden

Dragon, Hemler, HIMU, Lobbadede and N-Wod-

En guyot. Seawater alteration is evident for the

‘‘unleached’’ whole rock powders (UWR) since

they always display higher 87Sr/86Sr(i) ratios than

their acid-leached whole rock powders (LWR) and

minerals. Seawater alteration also caused a lower-

ing in the 143Nd/144Nd(i) ratios [Cheng et al., 1987]

as observed for the ‘‘unleached’’ samples HIM-1

(UWR = 0.512780; CPX = 0.512888) and HIM-4

(UWR = 0.512900; HBL = 0.512994). These

systematics illustrate the effective removal of alter-
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ation (Cretaceous seawater 87Sr/86Sr �0.7072) due

to acid leaching of the basaltic rock and its mineral

phases. This removal is also implied by the con-

sistency in 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb

ratios measured for comagmatic mineral phases

(see Table B1).

[71] The 87Sr/86Sr(i) ratios for some LWR are

lower compared to their mineral phases. From

this observation we conclude that Rb introduced

by seawater alteration may not always be entirely

removed by acid leaching. The measured Rb/Sr

ratios, therefore, are slightly higher than the

primary Rb/Sr ratios of the basalt residues and

cause an overcorrection for radiogenic ingrowth

and decrease the 87Sr/86Sr(i) ratios. This presumes

that the mineral phases measured (e.g., clinopy-

roxene, hornblende) are not significantly changed

by alteration. However, in a few cases (HIM-3

plagioclase, HEM-2 nepheline) the mineral phases

still show anomalously high 87Sr/86Sr ratios,

indicating that alteration (authegenic feldspars

Figure B1. Acid leaching effects on 87Sr/86Sr for different types of basaltic phases. Note the pronounced down-shift
from unleached whole rock signatures to acid-leached mineral and whole rock signatures. Data are listed in Table 2.

Table B1. Reproducibility of Sr-Nd-Pb Isotope Measurements for Comagmatic Mineralsa

Lab Code Seamount Name

Phase Count Initial Ratios

CPX HBL PLAG LWR 87Sr/86Sr n 143Nd/144Nd n 206Pb/204Pb n

GLD-5 Golden Dragon 1 1 1 0.512781 ± 25 3
HEM-1 Hemler 2 0.704653 ± 18 2 0.512641 ± 1 2 18.75 ± 15 2
HEM-2 Hemler 1 1 0.704647 ± 4 2 0.512639 ± 14 2
HIM-1 HIMU 2 2 1 0.702727 ± 10 5 0.512781 ± 6 4 20.31 ± 2 2
HIM-2 HIMU 1 2 0.512786 ± 3 3
HIM-3 HIMU 1 1 1 2 0.702709 ± 43 4 0.512783 ± 10 3 20.24 ± 19 2
ITA-1 Ita Mai Tai 1 1 0.512503 ± 46 2
JLW-1 Jalwoj 2 0.703626 ± 13 2 0.512732 ± 8 2 18.90 ± 6 2
LOB-1 Lobadede 2 1 1 0.703864 ± 17 3 0.512570 ± 6 2 19.12 ± 1 2
LOO-2 Look 1 1 0.702861 ± 4 2 0.512711 ± 1 2
NWO-2 N-Wod-En 2 1 1 0.703571 ± 51 3 0.512768 ± 6 3 19.61 ± 14 2
PAK-1 Pako 1 1 1 0.705147 ± 74 3 0.512450 ± 1 2 18.40 ± 2 3
OMA-1 Vlinder 1 1 0.704453 ± 44 2 17.93 ± 16 2
VLI-4 Vlinder 1 1 0.704470 ± 27 2 18.21 ± 24 2
VLI-5 Vlinder 1 1 1 0.512648 ± 32 2 18.77 ± 3 2

a
For mass fractionation corrections, standard values and within-run errors see Table 2.
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and clays) was not completely removed by acid

leaching. The measured range in 87Sr/86Sr(i) ratios

is nevertheless small (<0.0002, without UWR), in

particular, when considering the complete range of
87Sr/86Sr(i) compositions measured for the WPSP

basalts (0.7025–0.7075; Figure 6, 7). Similar rela-

tions hold for the 143Nd/144Nd and Pb-isotope ratios

indicating that acid leaching minimizes the isotopic

alteration signatures in the altered WPSP basalts

and minerals.

B3. Acid Leaching for Major and
Trace Geochemistry

[72] In Figures B2 and B3 the depletion-enrich-

ment of the LWR analyses with respect to UWR

Figure B2. Depletion diagram for major elements. The elements are plotted in ascending order from the largest
depletion to the largest enrichment in the hawaiites (green circles). Hornblende basanites are denoted by light blue
squares. Data are listed in Appendix C.

Figure B3. Depletion diagram for REE (La-Ce-Pr-Nd-Sm-Eu-Yb-Lu) and a selection of trace elements (Sr-Rb-Th-
U-Ta-Nb-Zr-Hf ). The elements are plotted in ascending order (except Eu) from the largest depletion to the largest
enrichment in the hawaiites (green circles). Hornblende basanites are denoted by light blue squares. Data are listed in
Appendix C.
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analyses are plotted for major and trace elements.

In these diagrams an overall depletion of P2O5,

Fe2O3, MnO, TiO2, MgO and most of the trace

elements is evident. These depletions increase in

stronger leaching experiments and for some ele-

ments are almost complete (P2O5 and all REE).

The profound negative spike for P2O5, U and Th

may be explained by the preferential dissolution of

groundmass (apatite) and secondary phosphates in

the residues. In addition, the loss of ignition (LOI

in Appendix C) was decreased by 29 ± 16%

indicating that leaching (partially) removed the

hydrated alteration minerals (clays, zeolites, phos-

phates). This is also indicated by depletions of Cs

(59 ± 27%) and Rb (34 ± 26%), which are

elements typically introduced by seawater alter-

ation [Honnorez, 1981]. All these observations

point to the preferential dissolution of altered

groundmass in the acid-leached basalts [cf. Cheng

et al., 1987].

[73] Rock type, on the other hand, seems to control

the extent to which elements remain in the residues.

For the hawaiites an enrichment of Sr and BaO is

apparent. Also note here that the overall depletion

of the REEs results in a positive Eu-anomaly due to

an increased modal plagioclase in the leaching

residue. However, for the hornblende basanites an

enrichment of MgO, TiO2 (compared to the hawaii-

tes), Ta, Nb, Zr and Hf is apparent. In both cases,

the enrichments may be explained by the predom-

inance of phenocrystic phases (plagioclase; horn-

blende) in the major and trace element inventory of

the acid leaching residues.

[74] In conclusion, the geochemical systematics

of the unleached and acid-leached powders sug-

gest that the parent-daughter ratios in the leach-

ing residues reflect the proportion of plagioclase

over clinopyroxene in the basalts, and not that of

alteration products in the groundmass. Moreover,

the depletion of Sm-Nd and U-Th-Pb to low

concentrations during leaching suggests that

Sm/Nd, U/Pb and Th/Pb ratios of the residues

resemble primary (mineral) ratios. The significant

decrease in the Rb/Sr ratios during acid leaching

also seems due to phase removal, rather than

chemical fractionation during acid leaching

[Cheng et al., 1987]. We can, therefore, perform

approximate corrections for radiogenic ingrowth

in acid-leached basaltic samples.

Appendix C: 40Ar/39Ar Analytical Data

[75] The reduced data for each performed
40Ar/39Ar analyses are listed in separate data tables,

organized according to seamount name.1 The
40Ar/39Ar data tables in this appendix are divided

into three sections: (1) sample information, (2) data

from the incremental heating analyses, and (3) the

age results. A few data tables include data from

duplicate analyses or total fusion experiments (as

notified in the tables). The data listed for the
40Ar/39Ar experiments are as follows:

argon laser wattage (or temperature

in degrees Celsius) in W

atmospheric component in 36Ar 36Ar(a)

calcium-derived 37Ar 37Ar

chlorine-derived component in 38Ar 38Ar(cl)

potassium-derived component in 39Ar 39Ar(k)

sum of radiogenic and atmospheric

components in 40Ar 40Ar*(a)

increment size 39Ar in%

percentage radiogenic component in
40Ar 40Ar* in%

molar K/Ca ratio K/Ca

weighted 40Ar/39Ar age and 2s
uncertainty plus error in J - value in Ma

40Ar/36Ar isochron intercept and 2s
uncertainty mean squared weighted

deviation MSWD

number of increments included in

age calculation

n

The crosses ‘‘X’’ in the data section identify those

increments used to calculate the plateau age,

whereas the letters ‘‘Z’’ denote increments (within

error to the plateau age) added for the isochron

calculation. MSWD’s for the plateau and inverse

isochron ages were calculated based on [N-1] and

[N-2] degrees of freedom, respectively. For a data

compilation see Table 1. This data set can also be

downloaded from the EarthRef Digital Archive by

1 Supporting appendices are available at ftp://agu.org/apend/gc/
2003GC000533.
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following the http://earthref.org/cgi-bin/erda.

cgi?n=148 link.

Appendix D: Major and Trace
Element Data

[76] In this Appendix we present the geochemical

data for unleached (UWR) and acid-leached

(LWR) whole rock basalts as determined by XRF,

INA, ICP-MS and ICP-AES. For details

concerning analytical procedures and the accuracy

of the presented data, the reader is referred to

Koppers [1998]. The major elements were deter-

mined using XRF with the exception of BaO (ICP-

MS) or BaO, Fe2O3, CaO and Na2O (INA). The

trace elements were determined using ICP-MS,

XRF or INA (Eu, Lu and Sm; light-gray back-

ground). This data set can also be downloaded

from the EarthRef Digital Archive by following the

http://earthref.org/cgi-bin/erda.cgi?n=149 link.
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