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“Our extrapolations [...] show that there will be 1,000,000
hotspots by the year 2000. We hope someone proves that
hotspots do not exist, before it is too late.” {Holden and Vogt,

1977).

Abstract. The Wilson [1963] - Morgan [1971] hotspot
hypothesis has been extremely successful for determining past
plate motions and has served as a stimulating influence in many
fields of Earth Science. In this paper, we provide a brief review of
some of the important landmarks in the development of the
unified geophysical-geochemical hotspot or plume model for linear
island and seamount chains. We briefly rveview topics under the
headings of kinematics, hotspot-plate interactions, and petrology
and geochemistry, and then take a closer look at some problems
that have developed with the simplest hotspot model in each of
these categories. These second-order problems include such items
as departure from linearity, prolonged volcanism a$ certain sites,
and isotopic complexity, which are exemplified by such chains as
the Cook-Australs, the Marquesas, and the Gulf of Alaska. In
such cases, the hoispot model requires additional complexity in
order to explain the observations. It is ¢lear that not all oceanic
or continental intraplate volcanism can be explained in terms of
the classical hotspot hypothesis unless hotspots are part of a con-
tinuum which contains upwelling blobs of variocus size, longevity
and isotopic characteristics. Within this context, we discuss some
of the possible constraints provided by isotopic and convection
modelling, and conclude that not all plumes are created equal.

Introduction

I has now been close to 25 years since J. Tuzo Wilson proposed
his famous interpretation of the Hawalian and other island chains
[Wilson, 1963}]. The purpose of this paper is to present a brief
review of the principal milestones of the hotspot theory in the
past quarter-century and of its fundamental remalning problems,
and to discuss how the latter may in the future affect our views
on the origin and mechanisms of mid-plate volcanism.

Because of the voluminous character of the subject, our review
cannot pretend to deseribe every achievement nor treat every
aspect of hotspot theory in the past 25 years {(a Nl bock would
not suffice; and indeed the literature is rich in reviews on various
individual topics). Rather, our purpese is to give a kind of report
card of how well the simple model of a universal, long-lasting,
radiogenic hotspot, deeply and securely anchored in the mantle,
fares against the rapidly growing datasets in many Earth science
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disciplines, The original notion of fixed hotspots, later correlated
with a chemically distinct source in the deep mantle [Schilling,
1973], has been of immense value in unraveling past plate motions
and has served as a stimuius for studies of mantle convection and
chemical geodynamics [Allégre, 1982]. The hotspot hypothesis
has several closely interrelated aspects treated in the literature:
() kinematic aspects of their fixity and utility for studies of past
plate motion [e.g., Minster and Jordan, 1978; Morgan, 1981; Gor-
don and Henderson, 1987]; (ii) links with the physics of mantle
convection [Davies, 1984; Olson and Christensen, 1986}, and the
dynamics of mantle plumes [Ribe, 1983}; and {iii) the related issue
of the chemical diversity of the Earth’s mantle [Alldgre et al,
1980; Gurais and Davies, 1986; Zindier and Hart, 1986].

in the first section, we atfempt to describe a “simple’® universal
hotspot model, explaining most first-order observations regarding
island and seamount chains, and we list the basic successes of this
approach. We then take a closer {“second-order”) Jock at the
various characteristics of linear island chains, address a number of
problems with their interpretation in the framework of the simple
theory, and discuss the constraints they may put on the origin
and mechanism of extrusion of ocean island basalis.

A Brief Review of the “Simple” Hotspot Model

As early as the 19th century, Dana [I1849] interpreted the
degree of erosion of the various Hawaiian islands to infer that vol-
canic activity along the chain had progressed scutheastwards with
time; indeed, a correct description of this progression is found in
ancient Hawaillan mythology in the form of the successive dwel-
lings of the goddess Pele, although it is not clear thab i associ-
ated her with the actual building of the islands. The systematic
recognition of the linearity of islands chains, notably in the
Pacific Ocean, goes back to Wegener [1915] who mentioned in
his book on continental drift the existence of oceanic islands
aligned perpendicular te the drifting direction of continents.

In 1963, and following systematic dating of igneous rocks from
oceanic islands, J. Tuze Wilson made the fundamental, quantita-
tive observation that the age of an island is usually different from
that of the adjoining sea floor, and further established a linear
correlation between the age of volecanism and distance along the
oceanic chain; he went on to propose his now famous medel, in
which, as the plate passes over a magma source fixed with respect
to the mantle,
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“the islands are in fact arranged like plumes of smoke }...]
carried dewnwind from their sources”
[Wilson, 1863},

The ensuing success of the model was due to its simplicity, its
unjversality {the same model explains observations in geographi-
cally different areas), and to the fact that it could aceount simply
for many observations, which fall grossly into three categories:
plate kinematics, hotspot/plate interactions, and origin and chem-
ical nature of the hotspot magmas. We will now review very
quickly the principal milestenes in the model’s development.

Kinematics

The simple hotspot medel is based on the assumption that the
magma sources are securely anchored in the deep mantle; as such,
they can provide a reference {rame for the study of the plates’
absolute motions both at present and in the past. That this is at
all possible as demonstrated for example by Minster and Jordan
[1978] (and that the hotspots are therefore, to a precision of about
1 em/fyr, fixed with respect to each other), constitutes in itsell a
major success of this simple model; Murther successes in the field
of plate kinematics include: (i} the explanation of the linearity
and asymmetry of island chains, with the center of present
activity located at one end [Wilson, 1963]; {i{) the parallehsm of
the various island chains inside a given oceanic plate [Wilson,
1963]; (i) the reconstruction of the change of direction of the
Pacific plate’s motion about 43 Ma b.p. [{Christoflerson, 1968} on
the basis of the sharp bends observed for example along the
Hawaii-Eimperor chain; (iv} the linearity of the age-distance rela-
tionship along a given chain, and the consistency of the inferred
rates of progression amongst chains [Duncan and MceDougall,
1976; Farrard and Clague, 1877}

We must stress that the above are major observations of an
absolutely fundamental charaeter, and that they remain the basis
for the firm, undeniable success of the hotspot hypothesis.

An implicit assumption of the hotspot mode} is the long-lived
character of the mantle source, in other words that hotspots can-
not be born and killed, or turned on and off, at will. B is obvious,
for example, that the model would make no sense if the Hfetime
of the hotspot source were shorter than the age separation
between two istands in a chain. At the other extreme, a frst-
order assumption for the “simple” hotspot model is that of their
continuous existence and activity since at least 125 Ma {Anderson,
1982; Chase and Sprowl, 1983), and pessibly 200 Ma [Le Pichon
and Huchon, 1924]. Such an assumption of long-lived character
can then be tested in the oceans by retracing the tracks of
hotspots into the geological past, and effecting associations with
islands and seamounts; and on continents by leoking for evidence
of hotspot tracks in the stratigraphic record of uplifts prier te
Jurassic time [e.g., Crough, 1981}

Perhaps the most ambitions and successful such study is Gor-
don and Hendersen’s [1987], whe claim to account for all major
islands and plateaux in the Pacific plate by considering 14
hotspots, moving at most § em/yr with respect to each other. In
the Southern Atlantic and Indian Oeeans, Duncan {1981] and
Morgan [1981] similarly accounted for much of the seamount and
island voleanism.

Interaction with the Plate

One of the fundamental peints in the simple hotspot model is
that ideally it considers little mechanical interaction between the
plume and the oceanic lithosphere, This idea is indeed inherent
in the concept of the oceanic island being the “trace’, on the
moving plate, of the refative motion of the two systems (plate and

deep mantle). Although it was realized early on that this is only
an assumption, the following observations seem to confirm it, at
least to a first approximation:

While some temporary deviation of the trace of a hotspot chain
is observed (e.g., in the Hawalian chain) when passing over a
major fracture zone [Epp, 1978, this signature typically lasts no
longer than 300 km, and the linearity of the chain is equickly
restored, altesting to the robust character of the plate/mantle
velocity vector.

The formation of discrete islands in a chain was explained on
the basis of the experimental study of the ascending motion of
buoyant pipes under various conditions of density and viscosity
contrasts {Skilbeck and Whitehead, 1978]. It was suggested that
the charaecteristic separation between individual islands must
increase with plate thickness [Vogt, 1974], which readily explains
the formation of discrete islands on older lithosphere, and of con-
tinuous plateaux at the ridges. While this model requires the pipe
to bend during the formation of an island, the short duration of
this process (1—2 Ma) constitutes only a small perturbation to
the model.

An alternate model for the upwelling column is that of discon-
tinuous blobs [Schilling and Noe-Nygaard, 1974], explored experi-
mentally by Olson and Singer [1985], who found that such blobs
were favored over a continucus plume, under the conditions of
lazge horizontal velocities in the mean mantle flow typically
expected in mid-plate regions. Using this model, they caleulate a
replication time on the order of 5 Ma, generally consistent with a
distributed melt model for Hawaii.

Since the oceanic plate has a finite elastic rigidity, it must
deform under loading by isiands, and a considerable number of
studies have addressed this problem [e.g., Walcott, 1970, McNutt
and Menard, 1978; Waltts et al., 1985]. While a general correlation
was established beiween the flexure of the plate and its age at the
tinre of island formation {Watts, 1978], early studies pointed to a
deficiency in the elastic response of the plate, as predicted by ade-
quate models of its rheology and thermal history, leading to the
concept of “lithospheric thinning” in the plate [Detrick and
Crough, 1978]. As discussed helow, some controversy remains as
to whether the hotspot is the thinning agent, or results #self from
the delamination of the plate. Still, the concept of thinaing has
been by and large successful in explaining the wealth of geophysi-
cal data made avajlable in the past decade from satcllite
altimetry McNutt, 1984].

Ovigin of Hotspots; Petrology and Chemistry

The fixity of hotspots, and the fact that they produce vol-
canoes, led ¢quickly to the notion that they could be the surface
expression of buoyantly rising convective instabilities [Morgan,
1971; 1972a,b]. In this way, the hotspot, or plume, Ly pothesis
became closely linked with gquestions regarding the possible
geometry of mantle convection: mantle plumes could rise from the
deep mantle and melt as a result of adiabatic decompression {Tur-
cotte and Oxburgh, 1978], thus producing volcanoes.

In 1985, isotopic analysis of ccean basalts {Tatsumoto et al.,
1965] began to provide evidence that the Earth’s mantle is chemi-
cally and isotopically diverse. In a series of landmark papers,
Schilling and others showed that basalts from Hawaii, Iceland, the
Azores and other regions were enriched, relative te MORB, in the
light rare Harth elements and other so-called incompatible or
magmatophile elements [Schilling and Winchester, 1967; Schilling,
1978, 1973; Schilling et al,, 1983]. Further, they were able to show
that isotope ratios showed a gradual change [rom normal mid-
oceanic ridge basalt [MORB] values o more radiogenic values as
hotspot islands were approached. These observations provided an




OKAL AND BATIZA 3

) S
9 b 0®
kY -~ V\L . N e
Q_ "y
§-257 o, &8 v
; . it % Tubuoi ¥ Sovavoe Pres Th'e{; Bank i
e $ o s -Mogke 2 : i ' .
(3 -3 Uﬁ-‘\jﬁ\ /W\ g Hiod { L *f o S 0o
\[’/ W //\‘4__ i ] -
/ ) iokutea e
Patmerston, /? —
o ‘\—/f: o
i//g ‘-pf- N va | 5 - N ' o
AN Bty = P = et A
L y ‘?‘ = k__\ = ﬁ ! aﬁ@f(\_ )
gaZ Rmoiongn\!' Mangat (A,;% s @M\ ‘L,\)/
£4 ey > D &/ Rapo
C 1/ N \J3-18 5 ) i 5,
- -~ >
o o b
= (= &
% z %
Fig. 1. Map of the Cook-Anstral Island chain adapted from Turner and Jfarrard [1982]. Numbers in italic indicate

ages of islands along the chain {in Ma}). The two dashed lines identify the two subehains parallel to each other, offseb
250 km at the level of President Thiers Bank, and running concurrently in the Cook Islands, Note the gross violations

of age-distance relationships.

important fink between diapiric convective instabilities {geophysi-
cal plumes) and the evolving idea of mantle heterogeneiiy,
because they provided for simple mixing of two mantle com-
ponents: a depleted MORB mantle source, and a presumably
deeper, enriched, plume source. So, in its simplest form, the com-
bination of rising convective instabilities with chemical and isoto-
pic stratification of the mantle gave rise to a “unified plume
theory™. This simple model of a convective upper mantle as a
source for MORB with a separately convecting deeper layer as
the source of the enriched plumes was found fo be consistent with
both Sr and Né isotope ratios [DePaolo and Wasserburg, 1878,
1979]. The goed carrelation between bathymetry and chemical
anomalies along mid-ocean ridges has been convincingly demon-
strated, though it is best developed along the Mid-Atlantic Ridge
{Schilling et al., 1983; Hamelin et al., 1984].

A Seeond-Order Look; Problems with a Simple Hotspot Theory

It this section, we examine a number of problems and irregular-
ities which surface when aitempting to deseribe all island chains
in the framework of the simple theory mentioned ahove. It must
be emphasized that many of these problems are cbserved in
chains other than Hawaii-Imperor, which becanse of its accessibil-
ity, volume of extruded material, present-day subaerial activity,
and well-documented history of scientific investigation, has
remained the classical model of a hotspot chain, However, as
more data {in fields as different as isotope geochemistry and satel-
lite geodesy) become avaHlable for islands in the other chains, a
long string of problems arise. We address them in the order of
the broad categories listed above; however, these problems are
often intermixed, through alternate explanations (e.g., the intro-
duction of several hotspots in a single chain),

Plate Kinematics

Fatlure to remnain a lénear chain. This problem is particularly
acute in the Austral Islands, where lateral offsets on the order of
300 km. are frequent {Figure 1}. In the southern section, two
major portions of the ¢hain, each running for 800 km or more, arc
offset laterally about 250 km between President Thiers’ Reefs and
the seamounts to the west of Rapa. This is significantly longer
than observed, for example in the Hawaiian chain, upon passage

over a major {racture zone; in addition, this offset in the Austral
chain is not correlated with a fracture zone, but rasher located as
much as 300 km east of the Austral Fracture Zone. In the
western portion of the Cook-Austral Islaads, the twe chaing run
concurrently, parailel to each other {the northern branch from
Altuki fo Mauke and the southern cne from Rarotonga to Man-
gaia}. A possible explanation would involve two hotspots, rather
than one; this would require turning them on and ofl frequently,
in order to aceount for the complex geography of the chain.

A similar problem, though less acube, is the chservation that
some linear island chains consist not of a single straight line of
voleanic edifices, but instead of overlapping, and occasionally
alternating, en-échelon systems. Good examples are Hawaii [Jack-
son et al, 1672}, the Society Islands [Talandier and Okal, 1984),
and the New England Seamounts. More complex variants, such
as “cross-irends” that disturb the linearity of hotspot tracks are
also observed, as for example, in the Line Islands [Epp, 1984;
Schlanger et al., 1984] (although Gordon and Henderson [1987]
interpret the disturbance as a crossover with the pre-existing
track of the Marquesas hotspot}. Finally, it may be noted that in
the case of many large voleanoes within hotspot chains, the lorms
of individual non eircular islands may not be parallel to the trend
of the chain: very localized non-linearity of this type is usualy
caused by the development of long voleanic rift zones and preb-
ably reflects local tectonics and edifice effects [Fiske and Jackson,
1972; Vogt and Smoot, 1984].

Duration of volcanism along o chain and/or fluctuation in the
rate of exirusion. Some islands chains are clearly much shorter
than others: the Marquesas are an obvious example, although
Gordon ard Henderson [1887] have traced the activity of the
Marquesas hotspot backwards in time all the way to the Shatsky
Rise {about 130 Ma b.p.), claiming continucus activity evidenced
by geoid highs in the absence of major seamounts between the
Marquesas and the Line Islands. These authors thus alleviate the
need for bringing to life, or “turning on” the Marquesas hotspot
as recently as 10 Ma, as would be suggested by the lack of islands
or seamounts northwest of Fiac. If must however be accepted
that the level of activity of this particular hotspot Huetuated sub-
stantially in the past few million years; in particular, there is no
evidence, not even seismie, of any activity younger than about 1
Ma, In the continuous upwelling pipe model of Morgan [1871],

one must then assume that the burner was adjusted from ‘‘sim’’
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to “hot’’ at 10 Ma, and probably back o “sim’ about ! Ma ago.
in the alternate model of the “chain of blobs™ [Schilling and
Noe-Nygaard, 1574], one would assume that the number or size of
the blobs suddenly increased during that same period. Although
Olson and Singer [1985] suggest that interaction between rising
blobs and the mean flow of the mantle, plus interaction of the ris-
ing blobs with the lithosphere, could in general result in such
behavior, the specific reasons for the Marquesan sequence eludes
us completely. Similarly, Gordon and Henderson [1987] had to
introduce the concept of “waning” for several hotspots {Brahms,
Rachmaninofl, Gardner, and possibly Louisville} in their Pacific
model describing most islands, major seamounts and plateaux as
derived from hotspots.

A much more common case is that of more continuously vari-
able extrusion rates along the length of an isiand/seamount chain
[e.g., Vogt, 1981]. An excellent exampie is the Hawaii-Emperor
chaln which shows gaps and large variations in the extrusion rate
along the chain [Shaw, 1973]. Epp [1978] shows that this is very
common in the North Pacific, and recens data from the Louisville
Ridge in the South Pacific indicate non-uniform eruption rates as
well {Lonsdale, 1987). Atlantic and Indian Ocean hotspots [Mor-
gan, 1978, 1981, 1883; McDougall and Duncan, 1980; Puncan,
1981; Hartnady and le Roex, 1985] exhibit the same phenomena.

A variation of this problem concerns the massive extrusior of
voleanics, together with sill emplacement, during the Cretaceous,
in what is now the Western Pacific Basin {Schlanger et al., 1081).
This enigmatic basin-wide event has no modern parallel. We
speculate that it could be linked to the dispersal of Pangea [Le
Pichon and Huchon, 1984], though this requires a long-time gap
between dispersal {Late Triassic - Early Jurassic), and Mid-Pacific
voleanism. Alternatively, one can he tempted to explain this vol-
canism by multiple crossings of hotspot traces; however the
presently active hotspots, when traced back in time [Gordon and
Henderson, 1987, cannot explain the 3 to 4 episodes of volecanism
documented on the plate in the Nauru, Marshall and Mariana
basins. Furthermore, in such a model, the interpretation of the
apparently simple cooling and subsidence of the region [Schianger
and Moberly, 1986] remains problematic.

A related problem is posed by the vast oceanic plateaux for
which hotspot origin has been suggested [Mahoney, 1987]. Alter-
natively, several plateaux and related sill complexes have been
interpreted as large outpourings due chiefy to very rapidly chang-
ing spreading patterns [Winterer, 1976; Castillo et al., 1986].

Duration of voleanism on on individual isfand. 16 is a basic
aspect of the simplest hotspot theory that only one island or
seamount be active at a time. At the young end of many hotspot
chains, this is not the case. For example, post-erosional basalts
are 1-3 Ma younger than shield-building lavas on Caha and the
Samoan Islands {Jackson, 1976; Natland and Turner, 1987]. The
petrologic characteristics of these voleanics {i.e., highly alkaline
and silica-undersaturated) indicate generation at great depth and
their small volumes (considerably less than 1% of the edifice) sug-
gest that they could be remnants from the main thermal event
causing shield building. The example of Hawaii and Samoa sug-
gest that post-erosional activity survives for at least 3—4 Ma
after shield-building. Most thermal models would indicate that
this stretches the upper limit for the continued presence of a sin-
gle magma body, but such time scales may be characteristic for
the waning of deep thermal events. The gravitational anchor
model of Shaw and Jackson {1973] provides some rationale for
continued eruption of tiny volumes of post-erosional products, On
Samos, the volumes of post-erosional products is much larger, but
still only a fraction of the entire edifice.

In some cases, however, prolonged voleanism at a single voleano
presents a more serious problem for the simple hotspot model.

Excellent examples are the Canary Islands, where active volcan-
ism has occurred for =20 Ma [Schminke, 1975], and the Caroline
Islands, where volcanism has occurred for == 8 Ma [Mattey, 1982;
Dixon et al., 1984]. Clearly, and uatil more is known about the
average active life of oceanic volecances, this problem must be
held in asbeyance. The ease of contemporaneous activity at
several sites along a chain is similarly problematic: in the Line
Islands, FHaggerty et al [1982} and Schlanger et al. [1984] have
documented Late Cretaccous volcanism taking place simultane-
ously over a distance of 2500 km. Similarly, along the so-called
Easter hotline, coptemporaneous young voleanism has occurred
over a linear distance of 2700 km [Bopatti and Harrison, 1976].
Continental examples of this phenomenon are present in Australia
[Pilger, 1982].

Violation of ege-distance relafionships. Some of the linear
chains have beex found to exhibit strong departures from the
predicted age-distance relationships. While some of these ineon-
sistencies may be due to the poor quality of the early datasets,
relying heavily on K/Ar ages, there are clear cases of outright vie-
lation: In the Southern Cook Islands, only 210 km separate Raro-
tonga (1.1—2.3 Ma} and Mangaia (13—19 Ma} {Turner and Jar-
rard, 1982]; in this case, the direetion of progression of age itself is
wrong. Other examples include Rurutu, located in the middle of
the Cook-Austral chain, and dated no older than 1 Ma [Dalrymple
et al., 1975}

In the case of Tubuai, the morphology of the isiand leads to
considering two major episodes of voleanism dated 25{+10)-—17
Ma and 169 Ma, respectively; one Tubual basanite has been
dated as young as 1 Ma. The duration of volcanism on Tubuai is
thus at least 16 Ma, and possibly 24 Ma [Mottay, 1976]; indeed,
the Austral-Cook chain is cleazly the least convincing example of
age-distance cotrelation among Pacific chains [Duncan and
McDaougall, 1976; Jarrard and Clague, 1977]. Several avenues can
be explored to aceount for this discrepancy: one of them is to use
several hotspots (at least three, according to Turner and Jarrard
|1982]) to describe the chain; however, each must be turned on
and off very fast (in less than a few Ma) to explain the absence of
preseat-day activity, except at the southeastern end of the chain
at Macdonald., Another possibility is to interpret the younger,
strongly alkalie, formations as comparable to the simple post-
erosional activity discussed above for Qahu; the extended period
of retention of the magma source involved in this model, is how-
ever, difficult fo explain by any simple thermal model.

Other examples of age-distance discrepancy include the Pratt-
Walker-Bowie chain in the Gulf of Alaska, which has voleanoces
that are both too young and too old to be part of a single hotspot
chain [Dalrymple et al., 1987]; the Cocos Ridge, which has a 2--3
Ma veleano {Cocos Island) astride a portion of the ridge predicted
to be 12—14 Ma [Oastille and Batiza, 1986], and the Caroline
Island chain [Dixon et al., 1984; Mattey, 1§82], which suffers from
age discrepancy and/or prolonged volcanism {up to 8 Ma) on sin-
gle island volcanoes.

Volcanoes along a chain that are too old to fit the age progres-
sion may be explained as having been present on the lithosphere
prior to passing over the hotspot. These could be ridge-generated
[Batiza, 1981, 1982; Batiza and Vanko, 1984], which ean be tested
by petrologic means since they would be mostly tholeiitic like
MORB. Alternatively, they eould be isolated off-ridge volcanoces
like Henderson Seamount, in the FEastern Equatorial Pacific
[Honda et al., 1987} In some cases, the flexure response of the
lithosphere can be used to determine the age difference between
the load (volcano} and the plate [Watts et al., 1480}.

Explaining the presence of volcances that are much younger
than the proper age along a chain can be more problematic,
because it is usually diflicult to determine whether the young vol-




canics are a thin cap on a voleano of the correct age or whether
the entire edifice is a young voleanso. In the former case of vol-
canic reactivation, renewed volcanism can be caused by passage
over a second hotspot; this possibility can be tested kinematically,
as done by Gordon and Henderson [1987]. Another alternative is
fortuitous volcanic reactivation as discussed by McBirney {1963
and Sykes {1978]. Thus, the presence of volcanoes whose ages
violate the predicted age-distance relationship does not necessarily
disprove their possible hotspot corigin; however, in cases where
there are many such volcances, as in the Gulf of Alaska [Dalrym-
ple et al,, 1987, the hotspot model loses the appeal of its simpli-
city.

Relative motion between hotspots. Gordon and Henderson [1887)
have proposed to account for minor deviations from predicted
hotspot fracks by allowing Pacific hotspots to move slowly with
respect to each other. When referred to Hawali, the maximum
motion required is 8 mm/yr; the maximum relative motion
between two hotspots is about 11 mm/yr between Easter and
Tahiti. These numbers are comparable to those mentioned by
Morgan [1972a] or Molnar and Francheteau [1975]; in the Pacific,
Chase and Sprowl [1984] have proposed to interpret them as
representative of the motion of the hotspots away from the geoid
high. However, the general difference in order of magnitude
between plate/hotspot and hotspot/hotspot velocities constitutes
only a minor adjustment to the simple model.

Interaction with the Plate

Action of a hotspot an e ridge system: Trapping. While the gen-
eral concept of the robustness of the plate/mantle velocity vector
with respect to encounter with a hotspot is at frst order satisfac-
tory, the conspicucus presence of a large number of hotspots on,
or in the immediate vicinity of, mid-ocean ridges arcuses suspi-
cion that hoispots may be able to “trap’ ridges, or viee versa.
fceland is the perfect example of a hotspot having managed to
trap a mid-oceanic ridge through an episode of ridge-jumping,
about 9 Ma ago [Morgan, 1981}, The experiments of (lson and
Singer {1983] provide some insight into this process, because they
show that hotspot fixity is enhanced by the vertical, rather than
horizontal, mantle flow expected beneath ridges.

More generaily, there is some evidence that the distribution of
hotspots is controlled by lithospheric vulnerability [Gass et al.
1978; Pollack et al., 1981], which is a combination of plate speed
and thickness. Though this interpretation has been questioned by
Vogt {1981] and Stefanick and Jurdy {1984] on several grounds, it
is clear that the old, cold and strong lithosphere, though eracked,
may act to filter thermal and magmatic events that are transi-
tory, weak, or of small size. The observation that offridge non-
hotspot voleanoes are added to the lithosphere at rates consistent
with plate thickening [Batiza, 1981; Smith and Jordan, 1585]
could indicate progressive decrease of availability of magma.
Alternatively, it could indicate progressive thermomechanical
difficulty for the rising magma to puncture the lithosphere [Spera,
1980; Spence and Turcotte, 1985; Scott et al., 1986].

On the other hand, there exist a number of cases of oceanic
islands which were clearly generated on-ridge by a hotspot which
is presently an intraplate feature, IZxamples include the Kerguelen
hotspot. {which generated the Broken Ridge in an cr-ridge
geometry), the Tristan da Cunha hotspot [Humphris et al., 1985],
and the Northern Teamotus, which have little if any signal in the
geoid, but are abruptly terminated at the Austral Fracture zone
[Piger and Handschumacher, 1981]. One must therefore admit
that, just as a ridge can be trapped by a hotspot, it can also
escape one. Using the example of the Tuamotu Islands, Okal and
Cazenave {F985] speculated that a hotspot had been responsible
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for rift propagation, in the sense of Hey’s |1977] modet, an idea
already proposed by Vogt {1971] and Vogt and Johnson [1978] to
explain “V"-shaped structures at the Mid-Atlantic and Galapagos
spreading centers, and by Schilling et al. [1982] on the basis of
petrological and geochemical arguments in the Galapagos. This
idea has also recently been investigated by Phipps Morgan and
Parmentier [1985], who showed that lateral magma-fracture is a
plavsible mechanism for rifts propagating away from a hotspot;
indeed all propagating rifts move away from topographic highs.
Okal and Cazenave {1985] proposed that the “circle of influence”
of a hotspot for such effects could be on the order of 500 km wide,
a figure comparable to estimates of its structural anomaly
obtained from seismic probing e.g., Tryggvason et al., 1983].

Action of a ridge sysiem on a hotspol: Leaking. At the same
time, and along the Oeno-Henderson-Ducie-Crough lineament,
Okal and Cazenave [1985] noticed that, over a distance of
1000 ki, the ¢hain is misaligned by 15° from the azimuth of the
plate’s absclute velocity. They explained this situation by assum-
ing that conversely, an existing fracture zone can deviate the
surficial expression of a hotspot, as long as the lateral distance
does not exceed the radius of influence mentioned above. These
speculative medels fall into the general category of deviated
and/or leaking hotspots, which have now been proposed for about
a decade. In particular, Schilling [1985] has recently demonstrated
a related phenomenon of hotspot-ridge interaction. His evidence
shows that hotspots moving ofl-ridge may maintain a flow channel
to the ridge, resulting in predictable geochemical anomaly widths
and elevations, This follows the earlier suggestion of Morgan
{1978], based entirely on plate kinematics and age-distance rela-
tionships, who proposed that in the vicinity of Mid-Ocean Ridges,
hotspots could “leak” along horizontal sublithospheric channels
into the Mid-Oceanic Ridge, in order to explain the volcanism of
such islands as Amsterdam in the Indian Qcean and Darwin in the
Galapagos. Okal and Stewart [1982] speculated that interplate
earthguakes located at the mouths of such channels may exhibit
slow strain release, as a result of thermal decoupling of the
transform faults, Epp {1984] lists several examples of these and
other perturbations to the simple hotspot model that may obscure
or complicate the simplest pattern discussed earlier.

Plate thinning: Plume control vs. delamination. MeNutt {1984]
reviewed genersl evidence for an anomalously weak elastic
response of the lithosphere under the load from hotspot islands:
her observations are readily interpreted in the context of the thin-
ning of the plate, However, as more geoid data become inser-
preted, it is becoming clear that the response of the plate to
hotspot loads, as quantified by its elastic thickness and depth of
isostatic compensation, can vary greatly between hotspot chains,
and even inside a chain. In a recent review, Calmant [1987] has
found elastic thickness valwes varying from less than 6 km (and
thus basically unmeasurable) under the youngest Austra! Islands
{Rapa, Macdonald} to == 20 km in the Marquesas, and o~ 30 km
under the Hawailan swell. Similarly, MeNuts {1987] has found
that the depth of compensation of the Marquesas is considerably
smaller than for the Hawaiian chain (45 vs. 70 k).

In the Austral Islands themselves, Caimant and Cazenave
{1986] have pointed out that the extreme southern {and youngest}
group, Macdonald and Rapa, are practically not supported elasti-
cally, and largely compensated, while the next group to the west,
Rarvavae, Tubuai, and Rurutu, have clastic thicknesses on the
order of 10 km. This situation eannot be explained simply, all
the more so since these same authors have estimated that it may
take 3—4 Ma before the plate attains its permanent flexural rigi-
dity through initial stress relaxation, as suggested by a strong
elastic response under Tahiti already documented by McNutt and
Menard {1978].

5




6 HOTSPOTS: THE FIRST 25 YEARS

While the interpretation of the weakened elastic response of the
lithosphere must clearly be soughi in its thermal regime, a con-
sistent explanation of its observed variation has yet to emerge.
MeNutt [1987] has put constraints on the depth extent of the
temperature anomaly below the Hawaiian and Marquesan swells.
Detrick and Crough [1978} showed that lithospheric thinning was
taking place too fast to be explained by simple conduction of heat
from the plume; a number of models in which convection provides
the additional heat flux could better explain the thinning of the
plate [Spohn and Schubert, 1982], especially under temperature-
dependent rheologies which can reduce the required excess mantle
heat flux [Yuen and Fleitous, 1985].

A completely alternate view of lithospheric thinning is the
delamination model, in which the location of voleanism may be
the result, as opposed to the cause, of the plate’s thinning. This
model, developed initially for continental voleances [Bird, 1979]
can reconcile the obviously hot state of the voleanic sites with
apparently “colder’” geophysical data, such as normal values of
whole mantle SeS travel times [Best et al., 1974] and ¢ [Sipkin
and Jordan, 1980}, or long-wavelength positive gravity anomalies
[Sleep, 19841 In such a model, one would invoke a form of
anchoring of the delaminating plate to enmsure the kinematic
characteristics of the island chain,

Geoachemisiry and Origin of Hotspots

Variations in chemistry. When compared to MORB, oceanic
basalts generally have higher ®Sr/®Sr and lower '*Nd/'*Nd
isotopic ratios, However, a continnum of values is featured
between the less radiogenic islands, such as Iceland and Easter,
whick approach MORB characteristics, and the highly radiogenic
ones, such as Tristan, Gough and Samoa. The situation is made
moere complex when other isotope couples are considered, includ-
ing the various Pb isotopes and *He/*He. These recent geochemi-
cal observations require at least four and possibly six different
endmember mantle components, and we refer to Zindler and Hart
119861 for a complete review of these arguments.

An important aspect of the extreme variability of the isotopic
signature of hotspot voleanies is the fact that significant isotopic
differences can be documented inside a given chain, or even
hetween various magmatic stages on a single island. For example,
in the Austral Islands, Pb and Sr isotope studies indicate that the
southernmost group (Macdonald, Marotiri, Rapa) is much less
radiogenic than the next one to the north (Tubaai, Rurutu}, but
that these differences cannot be simply due to a variable degree of
mixing [Grall et al., 1985]. Further North, Rarotonga and Man-
gain have fundsmentally different isotopic signatures, despite
being only 200 km apart [Palacz and Saunders, 1986]. This is in
agreement with the extreme gradients featured in the Austral
Islands vegion on the so-called “Dupal” anomaly maps |Hart,
1984].

On Ua Pou in the Marquesas Islands, Duncan et al. [1986] have
documented an increase in ¥Sr/®3r from the shield-building
tholelites to the later-stage alkali basaits. This situation is the
opposite of that on Hawaii [Chen and Frey, 1983, and this clearly
requires different processes of interaction between the plume and
the lithospheric plate in the two chains.

Depth of hotspot sources and/or plumes. That magma is sup-
plied to growing island chains over long periods of time, and that
these sources remain reasonably stationary with respect to each
other is very well established, although it is elear that kinematic
perturbation can occur and that diapirically upwelling mantie
and/or mush interacts with the lithosphere in several ways. The
major remaining  question about the “simple” unified
geochemical/geophysical plume hypothesis concerns the depth of

origin of the upwelling mantle material (e.g., core-mantle boun-
dary [CMB], lower mantle, transition zone, upper mantle?), and in
particular whether this depth is similar for all plumes. This ques-
tion 1s important because it is now well-known that while the
source of mantle plume magmas is usually different [rom the
MORB source, different plumes may have different mantle
sources, and [urthermore, enriched plume-like sources exist in the
upper mantle {Batiza and Vanko, 1884, Zindler et al., 1984,
These observations provide important constraints for the related
questions of chemical and isotopic stratification of the mantle,
and of the dominant modes of mantle convection {i.e., whole man-
tle vs. layered). Also, isotopic systematics and mass balance calcu-
lations can provide strong constraints on planetary accretion and
differentiation. But accurate calculations of this sort require that
the nature of all major reservoirs be well known; in this way, the
question of the origin of hotspots magmas becomes pivotal.

Early models, such as Morgan's [1971], argued for a plume
source at the core-mpantle boundary [CMBl. These were based
principally on seismological eontentions that significant structural
anomalies existed on the CMB below Hawaii [Kanasewich et al.,
1973}, These were explained later as artifacts of small scale varia-
tions under the receiving seismic arrays [e.g., Capon, 1874; Okal
and Kuster, 1975], and indeed the recent tomographic medels of
the deepest mantle have in general failed to reveal a direct
geographical correlation between structure on the CMB and the
surface of the planet [Dziewonski, 1984; Morelli and Dziewonski,
1985]; an exception would be Lavely and Forsyth’s [1986) observa-
tion of a seismic anomaly under the Azores-Gibraltar region. The
recent tomography of the CMB carried out at wavelengths of o=
1000 km, fails to coirelate topographic anomalies on the CMB
with hotspos locations at the surface [Gudmundsson et al., 1986].

DePaclo [1980] presented a simple mode! in which plumes ori-
ginate within a homogeneous lower mantle that convecis
separately from the upper mantle region supplying MORB. Chase
[1981] and Davies [1984] present both geophbysical and geochemi-
cal arguments in a favor of a “plum-pudding” model similar o
that favored by Allégre et al. {1982, Zindler et al. [1984], and
Zindler and Hart [1986]. In these models, the whole mantie or the
upper mantle contain heterogeneous domains of variable composi-
tions, size and convective-mixing history. Several recent studies,
summarized by Curnis and Davies [1986] have investigated the
question of whether heterogeneities in the mantle can survive
intact after diffusion and physical mixing due to convection. They
conclude that isotopic heterogeneities, large and small, can sur-
vive for long periods, consistent with geochemical evidence,

The difficulty of assigning a depth of origin to island, seamount
and MORB sources is due partly to the fact that magmas re-
equilibrate during ascent thus masking evidence of a previous
higher pressure history. It is for this reason that the plume source
has been placed by various workess at a great range of depths:
from the CMB [Anderson, 1975] to as shallow as the base of the
lithosphere [Anderson, 1985], and even the crust [O’Hara and Yar-
weod, 1978]. In the absence of direct seismological evidence for
the depth of origin of plumes, the debate about the depths and
the geometry of plume sources can be expected to continue.

Age and geographicel location of hotspots. Studies of the geo-
graphical distribution of hotspots indicate that they are preferen-
tially located within a geoid high covering half of the Earth
[Chase, 1979; Crough and Jurdy, 1980; Vogt, 1981; Stefanick and
Jurdy, 1984]. This geoid high was apparently the former site of
Pangea and was located along an equatorial belt [Anderson, 1982;
Le Pichon and Huchoxn, $984]. In contrast, the geoid low which is
also hemispheric and makes a “tennis ball pattern with equa-
torial significance with the geoid high marks the site of ancient
{200-125 Ma} subduction {Chase, 1979; Chase and Sprowl, 1983;




Jurdy, 1983]. These observations can be interpreted to show that:
(i) the location of hotspots and subduction zones control the posi-
tion of the Farth’s spin axis [Crough and Jurdy, 1980; Jurdy,
1983; Le Pichon and Huchon, 1984]; (ii) the present geoid pattern
may reflect deep mantle convection |Chase, 1879 and others); and
{ili) the present hotspots were caused by heating from the thermal
blanket effect on Pangea over the mantle [Aunderson, 1982; Le
Pichon and Huchon, 1984].

These suggestions provide a self-consistent scenaric in which
continentls aggregate at the Equator, heat the mantie below by a
thermal blanketing effect causing episodic production of many
hotspots which then cause fragmentation and dispersal of the
supercontinent. This suggestion is consistent with the lack of
direct evidence for hotspots clder than 200-125 Ma, and has
important implications for the evolution of convective patterns
within the Earth. It is possible that such a scenario could result in
cycles of supercontinent formation and break-up on the order of
400 Ma long {Le Pichon and Huchon, 1984; Bond et al., 1684).
Note however that the continent conecentrations necessary to
explain the origin of hotspots in this moedel have not all been pro-
ven from a geological standpoint.

If these suggestions prove to be correct, then continental
break-up by hotspots may probably indicate a lower mantle
source for hotspots initially. If such a source persists over the life-
time of hotspots {==200 Ma}, the isotopic differences among
hotspots, together with variation along a single chain, and even
within a single voleano, permit the conclusion either that the
lower mantle is heterogeneous or that the lower mantle material
mixes freely with heterogeneous upper mantle material during
ascent, Alternatively, after the initial paroxismal event, the con-
vective pattern could change, rooting diapiric convective instabili-
ties at many levels in the mantle,

Clearly, any model linking the geophysical characteristics of
mantie plumes has the difficult task of explaining the very com-
moen, but inconsistent, interchain, intrachain, and interisland
differences in isotopic ratios discussed earlier that document mix-
ing of several distinct mantle sources. Witheut finer independent
constraints on depth of generation, the simplest approach is to
invoke a plum-pudding model. In some favorable cases, however,
like Ua Pou, it has been possible to obtain some geometric con-
straints on the mantle sources, but this is ususual and not repeat-
able,

Conclusions
Not All Hotspols are Created Equal

The first observation resulting from this brief review is that, as
more and more geophysical and geochemical data are obtained
and analyzed, it appears that substantial differences between
chains exist at nearly every stage of the genesis of the islands:

In the first place, the chemical nature of the mantle hetero-
geneities from which ocean island basalts are derived is clearly
variable. Recent advances in isotope analyses now require at least
four and possibly six separste reservoirs {Zindler and Hart, 1986],
the isotopic signatures of the islands resulging from a mixing
between endmembers, whose variability cannot be confined to the
shallow region of interaction with the lithosphere.

The ohvious differences in rates of lava extrusion between
island chains are most probably accompanied by variations in the
depth of melting, as witnessed by substantial differences in major
element composition (e.g., the absence of tholeiites on the
Scciety Islands}. Similarly, the actual mechanism of interaction
with the plate during the final stages of magma ascent is highly
variable, as evidenced by the differing trends in the evolution of

OKAL AND BATIZA

isotopic signatures found in the Marquesas and Hawaifan chains
[Duncan et al., 1986]. Despite their relatively low contribution to
the total volumes erupted, the level of activity during the post-
erosional stages also vary significantly,

Finally, the mechanical relationship between plate and island is
itself the subject of substantial variation, with no universal corre-
lation with plate age. The degree of thinning and re-heating {or,
alternatively, of delamination) undergone by the plate must be
adjusted by variations in the thermomechanical properties of the
plume/plate systemn which presently elude us.

A Clear Scoffiaw: the Cook-Austral Chain

In Section 2 of this paper, we have often drawn on the Cook-
Austral Islands to find examples of substantial deviation from the
“simple” hotspot model. This has ineluded: failure to remain a
single linear chain {Raivavae-Rapa, Rarotonga-Aituki); violation
of age-distance relationships (Rarotonga; Rurutu); prolonged or
renewed episodes of voleanism (Tubuai); strong isotopic gradients
{(Macdonald-Rapa vs. Tubual-Rurutu; Rarotonga vs. Mangaia);
and rapid lateal variations in the mechanical response of the plate
o loading {Macdonald-Rapa vs. Tubuai-Rurutu).

These ancialies, and the correlation of some of the properties
among smaller geographic entities, suggest that the production of
istands involved processes of differing chemical, thermal and
mechanical nature, for groups such as Macdonald and Rapa on
the one hand, and Rurutu and Tubual on the other. It is there-
fore tempting to assume physically different upwelling systems
(plumes or blobs), which in turn supports a discontinuous nature
for the mantle heterogencities responsible for island chains {Schil-
ling and Noe-Nygaard, 1974; Schilling et al., 1982

About the only remaining characteristics of a hotspot chain
upheid in this case are its general WNW-ESE orientation, and the
location of the only known active volcano (Macdonald) as its
eastern end. One may even challenge the latter, since the chain,
when prolenged =¢1200 km over poorly chartered waters,
encounters in the vicinity of 35° 85, 125" W a geoid high clearly
apparent on worldwide maps fe.g., Franchetean, 1983], correlated
with an area of anomalously shallow bathymetry, where the very
few available shiptracks are densely populated with seamounts.
The nature and origin of this volcanism, and its possible relation-
ship with the Cock-Austral hotspot]s] remains an open problem.

When regrouped, all this negative evidence makes a clear
maverick, if not an outright scofflaw, of the Cock-Austral chain.
Actually, one starts wondering whether the hotspot theory would
have emerged as it did, had more cases of Austral-type chains
been doeumented {especially if located in more accessible regions}
early in the game.

A Final Perspective

With the above remarks in mind, we must also emphasize that
not all intraplate voleanism forms linear island chains. Some may
also form isolated voleanoes [Batiza, 1982, large plateanx, which
may not all be convineingly explained by hotspots, and even
basin-wide voleanic events [Schlanger et al, 1981]. Tt may then
e possible to regard hotspot chains as part of a continuum start-
ing at tiny, cphemeral, blobs, and ranging to vast hemispheric
upward surges of hot material. This approach allows for variation
in their rate of thermal and magmatic activity, with, for example,
the Marquesas representing a single, short-lived burst of thermal
activity, Hawaii, a prelonged episode of sustained extrusion, and
the other chains having a presumably more complex history
[McNugt, 1987). It also accommodates readily such variations to
the hotspot model as described by Epp [1984] or the “hot line”
concept of Bonatti and Harrison [1976].
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Further, the size and distribution of plumes or blobs may vary
with time, and be partly filtered by a cracked, though strong,
iithosphere. Treating this speculative notion requires both addi-
tional field evidence for the characteristies of volcanism, and
iaboratory theoretical tests to determine whether such a scheme is
permitted by known properties and history.

Acknowledgments. We dedicate this paper o the memory of
Bill Menard, who inspired us by his profound knowledge and
visicn of the Pacific floor and its tenants, large and small. We
thank Sy Schlanger, David Epp and Jean-Guy Schiiling for care-
ful reviews of an earlier draft of the manuscript. This research
was supported by the Office of Naval Research, under Contracts
ND0014-C-84-0616 (EAO) and N0O0014-80-C-0856 {RB), and the
National Science Foundation under Grants OCE-83-08080 and
OCE-85-08042 {RB).

References

Allégre, C.J., Chemical Geodynamics, Tectonophysics, 81, 109-
132, 1982,

Allégre, C.J, O, Brévart, C. Dupré, and J-F. Minster, Isotopic
and chemical effects produced in a continuously convecting
Earth mantle, Phsl. Trans. Hoy. Soc. London, 297A, 447-47%,
1980.

Allégre, C.J., B. Dupre, P. Richard, and D. Rousseau, Subcon-
tinental versus suboceanic mantle, 2. Nd-Sr-Pb isotopic com-
parison of continental tholeiites with mid-ocean ridge tholeiites
and the structure of the continental lithosphere, Earth Planet.
Sci. Letts,, 57, 25-34, 1982,

Anderson, D.1., Chemical plumes in the mantle, Geol. Soc. Amer.
Bult., 86, 1593-1800, 1975,

Anderson, B.L., Hotspots, basalts, and the evolution of the man-
tle, Seience, 213, 82-89, 1981.

Anderson, D.L., Hotspots, polar wander, Mesozole convection, and
the geoid, Nature, 297, 391-363, 1982,

Anderson, D.L., Hotspot magmas can form by fractionation and
contamination of mid-ocean ridge basalts, Nalure, 518, 145-149,
1685,

Batiza, R., Lithospheric age dependence on the rate of off-ridge
volcano production in the North Paecific, Geophys. Res. Lett., 8,
853-858, 1981,

Batiza, R., Abundance distribution and sizes of voleances in the
Pacific Ocean and implications for the origin of nom-hotspot
volcanoes, Earth Planel. Sei. Letts., 60, 196-206, 1982,

Batiza, R., and D. Vanko, Petrology of young Pacific seamounts,
J. Geophys. Res., 89, 11235-11260, 1984,

Best, W.JI., [.R. Johnson, and T.V. McEvilly, S¢S and the mantle
beneath Hawail [ebstract], Ess, Trans, Amer, Geaphys. Un., 55,
1147, 1974,

Bird. G.P., Continental delamination and the Colorade plateau,
J. Geophys. Res., 84, 7561-7571, 1979,

Bonattt, E., and C.G.A. Harrison, Hot lines in the Earth’s mantle,
Nature, 268, 402-404, 1976.

Bond, G.C., P.A. Nickeson, and M.A. Komruz, Breakup of a
supercontinent between 625 Ma and 555 Ma: new evidence and
implications for continental histories, Earth Planet. Sci. Letls.,
70, 325-345, 1984,

Calmant, 3., The elastic thickness of the lithosphere in the Pacific
Ocean, Earth Planet. Sei. Letts., in press, 1987,

Calmant, 8., and A. Cazenave, The effective elastic lithosphere
under the Cock-Austral and Society Islands, Farth Planet. Secid
Letts., 77, 187-202, 1986.

Qapon, J., Characterization of crust and upper mantle structure
under LASA as a random medium, Bull. Seismol. Soe. Amer.,
64, 235-268, 1974

Castills, P., and R. Batiza, Petrology of the Cocos Ridge: a case
study of petrologic evolution of a hotspot [abstract], Fos,
Trans. Amer. Geophys. Un., 67, 410, 1986.

Castillo, P., R. Batiza, and R.J. Stern, Petrology and geochemis-
¢ry of Nawru Basin igneous complex: large volume off-ridge
eruptions of MORB-like basalt during the Cretaceous, nitial
Repts. Deep Sea Drilling Proj., 89, 555-576, 1986,

Chase, C.G., Subduction, the geoid, and lower mantle convection,
Nature, 282, 464-468, 1979.

Chase, C.G., Oceanic istand Ph: two-stage histories and mantle
evolution, Earth Planct. Sci. Letts,, 52, 377-284, 1981,

Chase, C.C., and D.R. Sprowl, The modern geoid and ancient
plate boundaries, Farth Planel. Sci. Letls,, 62, 314-320, 1983,
Chase, C.G., and D.R. Sprow!, Proper motion of hotspots: Pacific
piate [abstract!, Fos, Trans. Amer. Geophys. Un., §5, 1099,

1684

Chen, C-Y.,, and F.A. Frey, Origin of Hawaiian tholeiite and
alkalic basalt, Nature, 3082, 785.780, 1983.

Christofferson, E., The relationship of sea-fioor spreading in the
Pacific to the origin of the Emperor Seamocunis and the
Hawaiian Islands chain [abstract], Trans. Amer. Geophys. Un.,
48, 214, 1988,

Crough, 5.T., Thermal origin of mid-plate hotspot swells, Geo-
phys. J. Roy. astr. Soc., 55, 451-469, 1978,

Crough, S.T., Mesozoic hotspot epeirogeny in eastern North
America, Geology, 9, 2-6, 198%.

Crough, S.T., and D.M. Jurdy, Subducted lithosphere, hotspots,
and the geoid, Farth Planet. Sei, Lefts., 48, 15-22, 1980.

Dalrymple, G.B., R.D, Jarrard, and D.A. Clague, I{/Ar ages of
some voleanic rocks from the Cook and Austral Islands, Geol
Sec. Amer, Bull., 86, 1463-1487, 1975,

Dalrymple, GB., D.A. Clague, T.L. Vallier, and H'W. Menard,

"OAr/agAr Age, petrology, and tectonic significance of some
seamounts in the Gulf of Alaska, in; Seamounts, Islands and
Alolls, A Memorial fo Henry William Menard, Edited by B.
Keating, P. Fryer, R. Batiza and G. Boehlert, American Geo-
physical Union Monograph, this volume, 1987,

Dana, I.D., Geology, Volume 10 of the United States exploring
expedition during the years [888-1839, 1840, 1841, 1842, 758
pp-, Sherman and Co., Philadelphia, i849.

Davies, G., Geophysical and isotopic constraints on mantle con-
vection: an interim synthesis, J. Geophys. Res., 88, 6017-6040,
1984,

DePaolo, B.P., Crustal growth and mantle eveolution: inferences
from models of element transport and Nd and Sr isotopes, Geo-
chem. Cesmochim. Acte, 44, 1185-1196, 1980,

DePaclo, D.J., and (1.J. Wasserburg, Nd isotopic variations and
petrogenetic models, Geophys. Res. Letts., 3, 248-252, 1676,

DePaclo, D.J., and G.J. Wasserburg, Neodynium isotepes in flood
basales from the Siberian Platform and inferences about their
mantle sources, Proc. Natl Acad. Sci, USA, 76, 3056-3060,
1979.

Detrick, R.S., and B.T. Crough, Islands subsidence, hotspots,
and lithospheric thinning, J. Geophys. Res., 83, 1236-1244,
1678,

Dixon, T.H., R. Batiza, K. Futa, and D. Martin, Petrochemistry,
age and isotopic composition of alkali basalts from Ponape
island, Western Pacific, Chemical Geology, 43, 1-28, 1984,

Dunean, R.A., Hotspots in the southern oceans: an absolute frame
of reference for motion of the Gondwana continents, Tectono-
phystes, 74, 29-42, 1081.

Duncan, R.A., and 1. McDougall, Linear volcanism in French
Polynesia, J. Volcanol. Geotherm. Res., 1, 197-227, 1976,

Duncan, R.A., M'T. McCulloch, H.G. Barsesus, and D.R. Nelson,
Plume versus lithospheric sources for melts at Ua Pou, Marque-
sas [slands, Nature, 828, 534-538, 1986,




Dziewonski, AM., Mapping the lower mantle: determination of
lateral heterogeneity in P velocity up to degree and order 8, J.
Geophys, Res., 83, 5929-5652, 1984,

Epp, D., Age and tectonic relationships among volcanic chains on
the Pacific plate, Ph.D, Dissertation, 199 pp., University of
Hawaii, Honolulu, 1978,

Epp, D., Possible perturbations to hotspot traces and implications
for the origin and structure of the Line Islands, J. Geophys.
Res., 89, 11273-11286, 1984.

Fiske, RS, and E.D. Jackson, Orientation and growih of
Hawaiian volcanic rifts: The effect of regional structure and
gravitational stresses, Pros. Roy. Soc. London, 3294, 259-326,
1672,

Francheteau, I, The oceanic crust, Seienfific American, 249,
114-129, 1983,

Gass, 1.G., D.S. Chapman, H.N. Pollack, and R.S. Thorpe, Geo-
logical and geophysical parameters of mid-plate volcanism, Phél.
Trans. Roy. Soc. London, 2884, 581-597, 1978.

Gordon, R.G., and L.J. Henderson, Pacific plate hotspot tracks, J.
Geophys. Res., in press, 1987,

Grall, HM., B. Hanan, E.A. Okal, and J.-G. Schilling, The Mac-
donaid hotspot: Pb isotopes [abstract], Ees, Trans. Amer. Geo-
phys. Un., 66, 409, 1985,

Gudmundsson, O., R.W. Claytos, and D.L. Anderson, CMB
topography inferred from ISC PeP travel times [abstract), Fos,
Trans. Amer. Geophys. Un., 67, 1100, 1986.

Gurnis, M., and G. Davies, Mixing in numerical models incor-
porating plate kinematics, J. Geophys. Res., 91, 6375-6395, 1086.

Haggerty, J.A., 5.0, Schlanger, and 1. Premoli-Silva, Late Creta-
cecus and Eocene voleanism in the southern Line Istands, and
implications for the hotspat theory, Geolagy, 10, 433-437, 1982.

Hamelin, B.; B. Dupré, and C.J. Allégre, Lend-strontium isctopic
variations along the East Pacific Rise and the Mid-Atlantic
Ridge: a comparative study, Earth Planet. Sci. Letts., 87, 340-
350, 1984,

Hart, SR., A large-scale isotope anomaly in the Southern Hemi-
sphere mantle, Neture, 309, 753-757, 1984,

Hartnady, C.JH., and AP. le Roex, Southern Ocean hotspot
tracks, and the Clenozoic absolute motion of the African,
Antarctic, and South American plates, Earth Planet. Sei, Letts,,
75, 245-257, 1985.

Hey, R.N., A new class of pseudofaults and their bearing on plate
tectonics, Earth Planet. Sei. Letts., 37, 321-325, 1977.

Holden, Y.C., and P.R. Vogt, Graphic solutions to problems of
plumacy, Eos, Trans. Amer. Geophys. Un., 58, 573-580, 1977.
Honda, M., T. Bernatowics, F.A. Podosek, R. Batiza, and P.T.
Taylor, Age determination of East Pacific Seamounts {Hender-
son, 8 and 7) — Implications for near-ridge and intraplate vol-

canism, Mar. Geol, 74, 79-84, 1587,

Humphris, S.E., G. Thompsen, J-G. Schilling, and R.H. Kingsley,
Petrologic and geochemical variation along the Mid-Atlantic
Ridge between 46°S and 82°S; influence of the Tristan da
Cunha mantle plume, Geschem. Cosmochim. Aeta, 49, 1445-
1464, 1985,

Jackson, E.D, Linear volcanic chains on the Pacific plate, in: The
Geophysics of the Pacific Basin and its Margins, Edited by G.H,
Sutton, M.H. Manghnani and R, Moberly, Amer. Geophys. Un.
Geophys. Monog., 19, pp. 315-335, Washington, D.C., 1978.

Tackson, E.D.,, EA. Silver, and G.B. Dalrymple, Hawaiian-
Emperor chain and its relation to Cenczoie circum-Pacific tece
tonics, Geol Sec. Amer, Bull, 83, 601-618, 1972,

Jarrard, R.D., and D A, Clague, Implications of Pacific istand and
seamount ages for the origin of voleanic chains, Revs. Geophys.
Space Phys., 15, 57-76, 1977.

Jurdy, DM., Early Tertiary subduction zones and hotspots, J.
Geophys. Res., 88, 6395-6402, 1983.

OKAL AND BATIZA 9

Kanasewich, E.R.,, RM. Ellis, CH. Chapman, and P.R.
Gutowski, Seismic array evidence of a core boundary souree for
the Hawaiian linear volcanic chaln, J. Geophys. Res., 78, 1361-
1371, 1973.

Lavely, EM., and D.W. Forsyth, Shear wave velocity anomalies
in the lowermost mantle [abstract}, Fos, Trans. Amer. Geophys.
Un., 67, 312, 1986.

Le Pichon, X., and P. Huchon, Geoid, Pangea and convection,
Earth Planet. Sei. Letfs., 67, 123-135, 1984,

Lonsdale, I'., Geography and history of the Louisviile hotspot
chain in the Southwest Pacific, J. Geophys. Res., in press, 1987.

Mahoney, ., Isotopic survey of Pacific Ocean plateans: implca-
tions for their nature and origin, . Seamounts, lslands and
Atolls, A Memorial to Henry William Menard, Edited by B.
Keating, P. Fryer, R. Batiza and Q. Boehlert, American Geo-
physical Union Monograph, this volume, 1987,

Mattey, D.P., The minor and trace element geochemistry of vol-
canic rocks from: Truk, Ponape, and Kusaie, Eastern Caroline
Islands: the evolution of a young hotspot trace across old
Pacific Ocean crust, Contred. Mineral. Petrol., 80, 1-13, 1982.

McBirney, AR., Factors governing the nature of submarine vol-
canism, Bull. Voleanol., 26, 455-469, 1963..

MeDougall, L, and R.A. Duncan, Linear voleanic chains: recording
plate motions?, Tectonophysics, 63, 275-295, 1980,

McNutt, MK., Lithospheric flexure and thermal anomalies, J.
Geophys. Res., 89, 11180-11194, 1984,

MeNutt, M.K., Temperature beneath mid-plate swells, in:
Seamounts, Islands and Atolls, A Memorial to Henry William
Menard, Edited by B. Keating, P. Fryer, R. Batiza and G.
Boehlert, American Geophysical Union Monograph, this volume,
1987,

MeNutt, MK, and HW. Menard, Lithospheric Hexure and
uplifted atolls, J. Geophys. Res., 83, 1206-1212, 1978.

Menard, HW., and M K. McNutt, Evidence for and consequences
of thermal rejuvenation, J. Geophys. Res., 87, 8570-8580, 1982,
Minster, J.B., and T.H. Jordan, Present-day plate motions, J.

Geophys. Res., 88, 5331-5354, 1978

Molnar, P., and T. Afwater, Relative motion of hotspots in the
mantle, Nature, 246, 288291, 1973,

Molnar, P., and J. Francheteau, The relative motion of ‘hotspots’
in the Atlantic and Indian Oceans during the Cenozoic, Geo-
phys. J. Roy. astr. Sec., 48, 763-774, 1975.

Merelli, A., and AM. Dziewonski, Stability of aspherical models
of the lower mantle [abstract], Eos, Trans. Amer. Geophys.
Un., 68, 975, 1985,

Morgan, W.J., Conveciion plumes in the lower mantle, Nature,
280, 42-43, 1871.

Morgan, W.J,, Plate motions and deep mantle convections, Geol,
Sec, Amer. Mem., 138, 7-22, 1072a.

Morgan, W.J., Deep mantle convection plumes and plate motions,
Amer. Assoe. Petrol Geol. Bull., 58, 203-213, 19725,

Morgan. W.J., Rodriguez, Darwin, Amsterdam..., a second type of
hotspot island, J. Geophys. Res., 83, 5355-5360, 1978,

Morgan, W.J., Hotspot tracks and the opening of the Atlantic and
Indian Oceans, in: The Oceanic Lithosphere, Edited by €. Emi-
liani, The Sea, wvol. 7, 443-487, J. Wiley & Somns, New York,
1981,

Morgan, W.J., Hotspot tracks and the early rifting of the Atlan-
tic, Tectonophysics, 94, 123-139, 1983,

Mottay, G., Contribution i 'dtude géologique de la Polyndsie
Frangaise: — Archipel des Australes — Mehetia (Archipel de la
Socidte), Thése de Séme cyele, 228 pp., Univ. Paris-Sud, Orsay,
1978,

Natland, J.H., and D.L. Turner, Age progression and petrologic
development of Samoan shield volcanoes: evidence from K/Ar
ages, lava compositions and mineral studies, in; Circumpacific




10 HOTSPOTS: THE FIRST 25 YEARS

Earth Series, Edited by T. Brocher, Amer. Assoc. Petrol. Geal.,
in press, 1987.

C'Hara, M.J., and G. Yarwood, High-pressure-temperature point
on an Archean geotherm, implying magma genssis by crustal
anatexis, and consequences for garmet-pyroxene thermometry
and barometry, Phel. Trans. Roy. Soe. London, 2884, 441-458,
1978,

Okal, EA., and A. Cazenave, A Model for the Plate Tectonics
evoluiion of the Eastceniral Pacific based on SEASAT investi-
gations, Barth Planet. Sei. Letts., 72, 98-116, 1985,

Okal, E., and G. Kuster, A teleseismic array study in French
Polynesia: implications for local and distant structures, Geo-
phys. Res Left., 2, 3-8, 1975.

Okal, E.A., and LM. Stewart, Slow earthquakes along oceanic
fracture zones: evidence for asthenospheric flow away from
hotspots? Farth Plan, See. Lett., 57, 756-87, 1982,

Olsen, P., and U, Christensen, Solitary wave propagation in 2
fluid conduit within a viscous matrix, J. Geophys. Res., 81,
6367-6374, 1986.

Olson, P., and H. Singer, Creeping plumes, J. Fluid Mech., 158,
511-531, 1985,

Palacz, Z., and A.D. Saunders, Coupled trace element and isotope
enrichment in the Coock-Austral-Samoa islands, Southwest
Pacific, Farth Planet. Sei. Letts., 78, 270280, 1986,

Phipps Morgan, J., and E.M. Parmentier, Causes and rate-
limiting mechanisms of ridge propagation: a [racture mechanics
model, J. Geophys. Res., 80, 8603-8612, 1985,

Pilger, RI. Jr, The origin of hotspot traces: evidence from
eastern Australia, J. Geophys. Res., 87, 1825-1834, 1982.

Pilger, RH. Jr., and D.W. Handschumacher, The fixed hotspot
hypothesis and origin of the Faster-Sala y Gomez-Nazca trace,
Geel. Soc. Amer. Bull., 82, 437-446, 1981,

Pollack, HN., LG, (Gass, R.S. Thorpe, and D.S. Chapman, On the
vulnerability of lithospheric plates to mid-plate volcanism:
Reply to P.R. Vogt, J. Geophys. Res., 86, 961-966, 1981,

Ribe, N.H., Diapirism in the Earth’s mantle: experiments on the
motion of a hot sphere in a fluid with temperature-dependent
viscosity, J. Volcanol. Geotherm. Res., 16, 221-245, 1983,

Schilling, J-G,, Sea floor evolution: rare earth evidence, Phil
Trans, Roy. Sec. London, 2684, 663-706, 1971,

Schilling, J.-C., Ieeland mantle plume: geochemical evidence
along the Reykjanes Ridge, Nature, 242, 565-580, 1973,

Schilling, J.-G., Upper mantle heterogeneity and dynamics,
Nature, 814, 62-67, 1085,

Schilling, J-G., and A. Noe-Nygaard, Faerce-Ieeland plume; rare
earth evidence, Farth Planet. Sei. Letts., 24, 1-14, 1974.

Schilling, J-G., and LW. Winchester, Rare Earth fractionation
and magmatic processes in; Mantles of the Earth and tervesivial
planets, Edited by SI{. Runecorn, pp. 267-283, Interscience
Publishers, London, 1967.

Schilling, J.-G., R.H. Kingsley, and JID. Devine, Galapagos
hotspot-spreading center system: 1. Spatial petrological and
geochemical variations {83°W-101°W), J Geophys. Res., 87,
3593-5610, 1982,

Schilling, J-G., M. Zajac, R. Evans, T. Johnston, W. White, J.D.
Devine, and R. Kingsley, Petrologic and geochemical variations
along the Mid-Atlantic Ridge from 2§°N to 73" N, Amer. J.
Sei., 288, 510-586, 1983,

Schlanger, 5.0., H.C. Jenkyns, and I. Premoli-Silva, Volcanism
and vertical tectonics in the Pacific basin related to global Cre-
taceous transgressions, Farth Planef. Sed Lelts., 52, 435-449,
1981.

Schlanger, 8.0., M.O. Garcia, B.H. Keating, J.J. Naughten,

W.W. Sager, J.A. Haggerty, J.A. Philpotts, and R.A. Duncan,
Geology and Geochronology of the Line Islands, J. Geophys.
Res., 89, 11261-11272, 1984,

Schlanger, S.0., and R. Moberly, Sedimentary and voleanic his-
tory: East Mariana Basin and Nauru Basin, fnitial Repts. Deep
Sea Drilling Proj., 89, 653-878, 1986,

Schminke, ¥.-U., The Canary Islands, Fdited by G. Kunkel, pp.
87-184, Junk, The Hague, 1975,

Seott, DR., D.J. Stevenson, and J.A, Whitehead Jr., Observations
of solitary waves in a viscously deformable pipe, Nature, 818,
759-761, 1986,

Shaw, HR., Mantle convection and voleanic periodicity in the
Pacific: evidence from Hawail, Geol Soc. Amer. Bull, 84,
1505-1528, 1973,

Shaw, HR., and E.D. Jackson, Linear isiand chains in the Pacifie:
result of thermal pilumes or gravitational anchors?, J. Geophys.
Res., 78, 8634-8652, 1973.

Sipkin., S.A., and TH. Jordan, Regional variation of Qg.s, Bull
Seismol. See. Amer,, 70, 1071-1102, 1980,

Skilbeck, J.N., and JA. Whitehead, Jr., Formation of discrete
islands in linear chains, Nature, 272, 489-501, 1978,

Sleep, N.H., Lithospheric delamination beneath Hawaii: no plume
[abstract], Fos, Trans. Amer. Geophys. Un., €5, 1087, 1984,

Smith, D.X., and T.H. Jordan, Abundances and production rates
of Pacific seamounts [abstract], Fos, Trans. Amer. Geophys.
Un., 66, 1679, 1985.

Spence, DA, and DL. Turcotte, Magma-driven propagation of
cracks, J. Geophys. Res., 90, 575-380, 1985,

Spera, F., Aspects of magma transport, #: Physics of magmatic
processes, Edited by R.B. Hargraves, pp. 268-324, Princeton
Univ. Press, Princeton, N.J., 1980.

Spohn, T., and G. Schubert, Convective thinning of the litho-
sphere: A mechanism for the initiation of continental rifting, J.
Geophys. Res., 87, 4669-4681, 1082,

Stefanick, M., and D.M. Jurdy, The distribution of hotspots, J.
Geophys, Res., 89, 9916-6925, 1984

Sykes, L.R., Intraplate seismicity, reactivation of preexisting
zones of weakness, alkaline magmatism and other forms of tec-
tonism postdating continental fragmentation, Revs. Geophys.
Space Phys., 16, 621-688, 1978,

Talandier, J., and E.A. Okal, The velcanoseismic swarms of
1981-1983 in the Tahiti-Mchetia area, French Polynesia, J.
Geophys, Res., 89, 11216-11234, 1984,

Tatsumote, M., CE. Hedge, and AE.J. Engel, Potassium, rubi-
dium, strontium, thorium, uranium, and the ratio ¥8:/®sr in
oceanic tholeiitic basalt, Scienee, 150, 886-888, 1865.

Tryggvason, K., E.S. Husebye, and R. Stefdnsson, Seismic image
of the hypothetized Iceland hotspot, Tectonephysics, 100, 97-
118, 1983.

Turcotte, D.L., and ER. Cxburgh, Intraplate voleanism, Phil.
Trans. Roy. Sec. London, 2884, 561-579, 1978.

Turner, D.L., and R.D. Jarrard, K/Ar dating of the Cook-Austral
Island chain: a test of the hol spot hypothesis, J. Voleanel
Geotherm, Res., 12, 187-220, 1982,

Vogt, P.R., Asthenosphere motion recorded by the Ocean floor
south of Iceland, Farth Planet. Sei. Leits., 18, 153-160, 1671,
Vogt, P.R., Volcano spacing, fractures and thickness of the litho-

sphere, Earth Planet. Sed. Letfs., 21, 235-252, 1974,

Vogt, PR., On the applicability of thermal conduction models to
mid-plate voleanism: Comments on a paper by Gass et al., J.
Geophys. Kes., 86, 950-960, 1981.

Vogt, P.R., and G.L. Johnson, Magnetic telechemistry of cceanie
crust?, Nuture, 245, 373.375, 1873,




Vogt, P.R.,, and N.O. Smoot, The Geisha Guyols: Muitibeam
bathymetry and morphometric interpretation, J. Geophys. Res.,
&9, 11085-11107, 1984,

Waleott, R.I, Flexure of the lithosphere at Hawaii, Tectonophy-
stcs, 9, 435-446, 1970.

Watts, AB., An analysis of isostasy in the world’s oceans, 1.
Hawaiian-Emperor Seamount chain, J. Geophys. Rea., 83
5085-0004, 1978,

Watts, A.B., J.H. Bodina, and NM. Ribe, Observations of flexure
and the geological evolution of the Pacific ocean basin, Nalfure,
283, 533-537, 1980,

Watts, AR., DP. McKenzie, B. Parsons, and M. Roufosse, The
relationship between gravity and bathymetry in the Pacific
Ocean, Geophys. J. Roy. astr. Soc., 83, 263-298, 1585,

Wegener, A., Die Entstehung der Kontinente und Ozeane, Fried.
Wieveg & Soha, Braunschweig, 1015,

)

OKAL AND BATIZA 11

Wilsen, J.T., Continental Drift, Seientific American, 208, 86-100,
1963.

Winterer, E.L., Anomalies in the tectonic evolution of the Pacific,
in: The Geophysics of the Paeific Basin and its Margins, Edited
by G.IH. Sutton, M.H. Manghnani and R. Moberly, Amer. Geo-
phys. Un. Geophys. Monog., 1§, pp. 268-278, Washington,
D.C., 1975.

Yuen, DA, and L. Fleitout, Thinning of the lithosphere by
small-scale convective destabilization, Neture, 18, 125-128,
1985,

Zindler, A., and S. Hart, Chemical Geodynamics, Annu. Revs.
Earth Planet. Sci., 1{, 493-571, 1986,

Zindler, A, H. Staudigel, and R. Batiza, Isotope and trace ele-
ment geochemistry of young Pacifie seamounts: implications for
the scale of upper mantle heterogeneity, Barth Plonet Sci.
Letts., 70, 175-195, 1984.







