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Abstract

Analyses of the relative motion using hotspot tracks, age progressions and plate circuits, and of the absolute motion using
paleolatitude data indicate that three major long-lived surface hotspots geographically within a very low velocity province (VLVP) at
the base of the Earth's mantle, Tristan, Marion and Kerguelen, exhibit small relative motions (b9 mm/yr) in the past 80 Ma. The
geochemical DUPAL anomaly maximum in the South Atlantic and Indian Oceans is also shown to geographically coincide with the
VLVP boundary when the past plate motions are taken into account. These observations can be explained and related by invoking a
mechanism that the VLVP, a compositional anomaly at the core–mantle boundary, serves as an anchor to thermochemical mantle
plumes that give rise to these three long-lived and relatively-slowly moving surface hotspots with the DUPAL signature, and as source
to the DUPAL anomaly in the South Atlantic and Indian Oceans.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Thermochemical plumes are known to exist in fluid
experiments containing compositional anomalies [1–3].
In those experiments, thermochemical plumes are long-
lived and exhibit small relative motion to one another
[1–3]. If these thermochemical plumes exist and are
manifested as hotspots at the surface of the Earth, the
anchoring of a basal compositional anomaly offers a
physical mechanism for explaining relative fixity of
hotspots. The entrainment of the compositionally dis-
tinct material by thermochemical plumes may also give
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rise to distinct geochemistry in the lavas of those
hotspots at the Earth's surface.

Recent extensive seismic waveform modeling and
travel time analyses revealed a rapidly structurally-vary-
ing very-low velocity province (VLVP) at the base of the
mantle extending from the South Atlantic Ocean to the
Indian Ocean [4–7]. The VLVP has steeply dipping
edges, rapidly varying thicknesses (0–300 km) and geo-
metries, and anomalously low shear wave velocities
decreasing from −2% at 300 km above the core–mantle
boundary to −9% to −12% at the core–mantle boundary
[4,5,7]. The maximum P velocity decrease associated
with the seismic anomaly is −3% [4,5]. The VLVP
regionally extends about 1300 km into the lower mantle
beneath southern Africa with both sides of the anomaly

mailto:Lianxing.Wen@sunysb.edu
http://dx.doi.org/10.1016/j.epsl.2006.04.024


139L. Wen / Earth and Planetary Science Letters 246 (2006) 138–148
dipping toward its center [8]. The seismic velocity and
structural features unambiguously suggest the VLVP is a
compositional anomaly [4–7]. The magnitude of shear-
velocity perturbations of the VLVP would also require
unreasonable temperature elevations, if the VLVP is
purely a thermal anomaly [4]. For a compositional ano-
maly, an anomaly produced by the core–mantle reaction
or segregation of subducted oceanic crust would not likely
explain the unique presence and the steeply dipping edges
of the VLVP [4]. Thus, it was suggested that the seismic
characteristics associated with the VLVP can best be
explained by partial melt driven by a compositional
change produced early in the Earth's history [4]. Recent
geodynamic modeling further indicated that the Earth's
subduction history can lead to thermochemical structures
similar in shape to the VLVP [9] and a distinct
composition could explain the shape of the anomaly in
the lower mantle [10].

To understand whether thermochemical plumes are
actually at work in the Earth and to explore the rela-
tionship between the geochemical anomaly at the Earth's
surface and the VLVP at the core–mantle boundary, I
study the motions of the hotspots and geochemistry on
the ocean floor in the South Atlantic and Indian Oceans.

2. Motions of the hotspots in the South Atlantic and
Indian Oceans

Hotspot motions can be studied in two ways. The
relative motions between hotspots can be studied using
hotspot track orientations, age progressions along the
tracks and plate circuits. The absolute motion of the
hotspots can also be studied using paleolatitude data
along the tracks. The South Atlantic and Indian Oceans
have a large number of hotspots and many impressive
island chains and aseismic ridges (Fig. 1, Table 1), that
are thought to be the tracks left by the passage of surface
plates over major hotspots [11–16]. The Tristan hotspot
is thought to have created the Walvis Ridge on the
African plate and the Rio Grande Rise on the South
American plate [11–14]. The Kerguelen hotspot is
proposed to have created the Ninetyeast Ridge on
rapidly northward-moving Indian plate until at about
45 Ma when the Southeast Indian Ridge migrated over
the hotspot, and then left trace entirely on the Antarctic
plate [12–14]. The Marion hotspot is suggested to have
generated the widespread Cretaceous flood basalts on
the Madagascar Island and subsequently created the
submarine Madagascar Plateau [13–16]. The Réunion
hotspot is thought to have progressed along the
Laccadives, Maldives, and Chagos Islands, and then
after the Carlsberg Rise migrated over the hotspot, made
the southern part of the Mascarene Plateau, the
individual islands of Mauritius and the Réunion Island
[12–14]. Among these hotspots, Tristan, Marion and
Kerguelen are the three longest-lived hotspots. There are
now many radiometrically determined ages available
along these tracks [16–24].

2.1. Relative hotspot motions based on track, age
progression and plate circuits

The relative motion between the hotspots can be
studied using orientations and age progressions of these
hotspot tracks. If a group of hotspots are stationary with
respect to each other, plate motions relative to this group
of hotspots could be found so that the predicted past
locations of this group of hotspots based on these inferred
plate motions would follow their tracks and age
progressions observed on the ocean floor. These inferred
plate motions would, of course, also need to satisfy the
constraints of relative motions in the plate circuits. This
can usually be done by deriving a set of finite rotation
poles and angles describing the platemotion of a reference
plate with respect to the hotspots. The hotspot tracks on
the reference plate can be calculated on the basis of the
finite rotations and those on the neighboring plates can be
predicted on the basis of the hotspot motion relative to the
reference plate and relative motions in the plate circuits.

For convenience, the African plate is chosen as the
reference plate, and the Tristan and Kerguelen hotspots
and their track observations are chosen to test their relative
motion first and to derive the motion of the African plate
with respect to the two hotspots.Motions of other hotspots
are then tested by comparing the observed tracks and age
progressions to the predictions, based on the inferred
African plate motion with respect to the hotspots and the
relative plate motions in the plate circuits.

The finite rotation poles and angles of the African
plate motion over hotspots are derived on the basis of the
age progressions observed on the Walvis Ridge and the
tracks observed on both the Walvis and the Ninetyeast
Ridges. The age progression data on the Ninetyeast
Ridge are not used in deriving the African motion, as the
constraints of one track and age progression and one
track are sufficient to derive a unique solution. They are
used as an independent check for the fixity of the
Kerguelen hotspot with respect to the Tristan hotspot.
The position of finite rotation poles is searched globally
with an interval of 0.5° in longitude and 0.5° in latitude.
The finite rotation angle is searched by every 0.1°. At a
given age, the total misfit is defined as the summation of
the distance between the predicted location of the Tristan
hotspot and the observed location on theWalvis Ridge at
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Table 2
Finite rotations for the African plate relative to the Tristan–Marion–
Kerguelen hotspot group

Age
(Ma)

Latitude
(N)

Longitude
(E)

Anglea

(deg.)

10 51.5 −17.3 1.2
20 51.5 −17.3 2.3
30 51.5 −17.3 3.5
40 6.0 (13.0) −23.0 (−25.0) 9.5 (8.5)
50 4.0 (19.0) −26.0 (−35.0) 13.0 (11.7)
60 8.0 (30.0) −29.0 (−44.0) 15.7 (13.1)
70 10.0 (30.0) −30.0 (−43.0) 17.7 (14.5)
80 10.0 (30.0) −31.0 (−44.0) 19.9 (15.9)
90 12.0 −34.0 29.0
100 12.0 −34.0 32.5
110 12.0 −34.0 36.0
120 12.0 −34.0 38.4
130 12.0 −34.0 40.0

Numbers in parentheses are for the example of moving Kerguelen
hotspot models.
a Counter-clockwise.

Table 1
Hotspot locations

Hotspot Latitude
(N)

Longitude
(E)

Track

St Helena (A) −16.0 −6.0 Unknown track
Tristan (B) −37.1 −12.3 Walvis Ridge,

Rio Grande Rise
Marion (C) −46.0 37.8 Madagascar Ridge,

Madagascar Plateau
Kerguelen (D) −49.0 69.0 Kerguelen Plateau,

Ninetyeast Ridge
Shona (E) −51.0 1.0 Unknown
Bouvet (F) −53.9 3.4 Unknown
Comoros (G) −12.0 44.0 Comoros Islands
Réunion (H) −21.1 55.5 Mascarene Ridge,

Laccadives–
Maldives–Chagos Ridge
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that age and the distance between the predicted location
of the Kerguelen hotspot and its closest point on the
Ninetyeast Ridge (regardless of its age). The inferred set
of finite rotation poles and angles is the one that
generates the smallest total misfit. The obtained model of
the African plate motion with respect to the Tristan and
Kerguelen hotspots is presented in Table 2.

The hotspot locations on the South American plate
are predicted by combining the derived African motion
over the hotspots and reconstruction of relative motions
between the South American and African plates [26,27]
(rotation parameters for postchron 34 relative motions
are from Ref. [26] and those for pre-chron 34 relative
motions are from Ref. [27]). The hotspot tracks on the
Indian plate are predicted on the basis of the African
plate motion and plate reconstruction models by Royer
and Sandwell [28] and Molnar et al. [29]. The hotspot
tracks on the Antarctic plate are predicted on the basis of
the African motion and the plate reconstruction model
by Royer and Chang [31].

The predicted hotspot tracks and age progressions
for the three longest-lived hotspots, Tristan, Marion and
Fig. 1. (a) Geographic boundary of the VLVP at the core–mantle boundary (re
seismic data) [7], sample locations alongwith their radiometrically determined ag
regions, the track data are fromCoffin andEldholm [25]) andpredicted hotspot tr
Table 2 and plate circuits.Model paths of plate relative to hotspots are computed
unknown track, African plate, 0–130 Ma; Tristan (B), Walvis Ridge, African pl
100 Ma; Marion (C), Madagascar Ridge and Madagascar Plateau, African plate
Kerguelen (D), Ninetyeast Ridge, Indian plate, 40–80Ma; Shona (E), unknown
0–130 Ma; Comoros (G), Comoros Islands, African plate, 0–80 Ma; and R
Laccadives–Maldives–Chagos Ridge, 40–80 Ma. Green ellipse is the permiss
circles are present-day locations of the hotspots (Table 1). (b) The Ninetyeast R
models byRoyer and Sandwell [28] for a fixedKerguelen hotspot (red track from
drifted Kerguelen hotspot (green track from 40Ma to 80Mawith 10Ma interval
hotspot in the example and rotation parameters in parentheses in Table 2; the p
example to illustrate the effect of a moving hotspot) byMolnar et al. [29] (blue tr
ellipses with 95% confidence level, calculated based on the uncertainties prese
Kerguelen, fit the observations well, except for a slight
mismatch of age progressions along the Ninetyeast
Ridge for the Kerguelen hotspot. The predicted Tristan
tracks match well the geometry and age distribution of
volcanism along the Walvis Ridge on the African plate
(Fig. 1a). The predictions of the Tristan hotspot also fit
the geographic location and the age of the Rio Grande
Rise on the South American plate (Fig. 1a), confirming
the validity of our inference of the African motion over
the Tristan hotspot. The predicted Marion hotspot
tracks match the Madagascar Ridge and the Madagas-
car Plateau well, and the predicted timing when the
Marion hotspot was beneath the Madagascar Plateau
matches well the ages of the floor basalts there (84–
92 Ma) (Fig. 1a). The predicted Kerguelen hotspot track
on the Indian plate matches well the orientation along
the Ninetyeast Ridge, except that the predicted age
progressions are slightly younger than the observations
d contour, dashed portion being less certain because of the nature of the
es inMa (black dots and their associated numbers), and observed (shaded
acks (in 10Ma intervals, black traces) based on theAfrican platemotion in
for the following hotspots, hotspot tracks, plates and times: St Helena (A),
ate, 0–130 Ma; Tristan (B), Rio Grande Rise, South American plate, 70–
, 0–90Ma; Kerguelen (D), Kerguelen Plateau, Antarctic plate, 0–30 Ma;
track,African plate, 0–130Ma;Bouvet (F), unknown track,African plate,
eunion (H), Mascarene Ridge, African plate, 0–80 Ma; Réunion (H),
ible locations for the Kerguelen hotspot in the last 80 Ma. Large colored
idge (shaded region) and predicted hotspot tracks based on plate motion
40Ma to 80Mawith 10Ma intervals) and an example of a southeasterly

s, also see green dots in (a) for the assumed past locations of the Kerguelen
ast locations in (a) are intentionally designed to be more separated in the
acks fromChrons A13 to A34with their associated ages inMa) with error
nted in [29] and the method in [30].



142 L. Wen / Earth and Planetary Science Letters 246 (2006) 138–148
in the older part of the track. Using different plate
reconstruction models yields similar results (Fig. 1b).
The slight mismatch between the predicted and
observed age progressions along the Ninetyeast Ridge
indicates that the Kerguelen hotspot moved with respect
to the Tristan hotspot in the last 80 Ma. To search for
permissible Kerguelen locations in the past, the
Kerguelen hotspot is assumed at various positions at
different times. The African plate motion with respect
to the Tristan and Kerguelen hotspots are re-determined
on the basis of the new assumed Kerguelen past
locations following the same procedures described
above. Permissible locations are determined by search-
ing the possible locations of the hotspot so that rotation
poles can be found and the predicted tracks based on
the those rotation poles would fall on the Ninetyeast
Ridge, regardless of the predicted age progressions (see
green ellipse for the permissible locations in the last
80 Ma in Fig. 1). The maximum distance of all the
permissible locations in the last 80 Ma is about 700 km,
corresponding to a maximum draft rate of about 9 mm/
yr. The observed age progression can better be
explained if the Kerguelen hotspot has moved in a
direction between southeastwardly and eastwardly (see
green dots in Fig. 1a for an example of the past hotspot
locations and green track and dots in Fig. 1b for the
predicted track and age predictions).

The predicted tracks for other hotspots, such as
Réunion, Comoros, Bouvet and Shona, however, do not
match their observed tracks and age progressions (Fig.
1), indicating these hotspots significantly drift away
from the Tristan–Marion–Kerguelen group. Note that
the predicted Réunion tracks mismatch the age progres-
sion along the Mascarene Ridge on the African plate and
are west to the Laccadives Ridge on the Indian plate
(Fig. 1a). The predicted Comoros hotspot tracks are
about 30° away from the Comoros Islands. There are
little coherent hotspot tracks on the ocean floor for the
Bouvet and Shona hotspots, but both their predicted
tracks are off from either the Agulhas Ridge or the
Agulhas Plateau. The St Helena hotspot does not appear
to have a clear track.

The above analyses indicate that the Tristan,
Kergeulen, and Marion hotspots form a group that
exhibit small relative motion (b9 mm/yr) among each
other; other hotspots drift away from the Tristan–
Marion–Kerguelen group. The relative motion (b9 mm/
yr) among the Tristan–Marion–Kerguelen hotspot
group is much smaller than the relative motion observed
between the Pacific hotspots and the Indo-Atlantic
hotspots (about 30 mm/yr) [32] and the drift rate of the
Hawaii hotspot (about 43 to 58 mm/yr) [33].
2.2. Hotspot motions based on paleolatitude data

The motion of individual hotspots can also be studied
using paleolatitude data along its track. Paleolatitude of
a hotspot in the past can be determined using the
characteristic remanent magnetization of basalts pro-
duced along its track by the hotspot. If secular variation
is properly averaged out and the geocentric axial dipole
hypothesis of the Earth's geomagnetic field holds, the
inclination of the characteristic remanent magnetization
should correspond to the latitude of the hotspot at the
time of the eruption.

The paleolatitude data support the inference of the
relatively small motion among the Tristan–Marion–
Kerguelen hotspot group. Torsvik et al. [34] showed
that the paleolatitude observed in the southeast
Madagascar during the Late Cretaceous is 45.3°S in
agreement with the present-day latitude of the Marion
hotspot (46°S). They suggested that the Marion
hotspot is stationary with respect to the mantle. Van
Fossen and Kent [35] reported an agreement of
paleolatitudes and the present-day location for the
Tristan hotspot in the last 90 Ma. The new
paleolatitudes data observed for the Kerguelen hotspot
track place the Kerguelen hotspot 5° north of its
present latitude of 49°S in the last 80 Ma [36]. Such a
paleolatitude shift is within the permissible region
based on the plate reconstruction (i.e., green ellipse in
Fig. 1), but it would also favor a slowly southward
drifted, rather than a fixed, Kerguelen hotspot in the
last 80 Ma.

3. Geographical correlation with the “DUPAL
anomaly”

Basalts from the ocean floor in the South Atlantic
Ocean and the Indian Ocean have been noted to have
high 87Sr/86Sr ratios and anomalously high 207Pb/204Pb
and 208Pb/204Pb ratios for a given 206Pb/204Pb ratio [37–
40]. Hart termed this unique isotope signature and its
geographical distribution the “DUPAL anomaly” [38].
He also suggested that the mantle entity for the DUPAL
signature has probably existed for billions of years, as
the positive values of isotope anomaly require high
time-integrated values for the parent–daughter ratios in
the source, and some isotopic ratios such as 207Pb/204Pb
must date back to the early Earth's history [38].

Since early studies of the DUPAL anomaly [37–40],
there have been many more measurements of those
isotope ratios. I compile measurements of 87Sr/
86Sr, 207Pb/204Pb, 208Pb/204Pb and 206Pb/204Pb ratios
from the PETDB website (http://www.earthchem.org),

http://www.earthchem.org


Fig. 2. (a) Sample locations, (b)ΔSr for those with values greater than 45, (c)Δ8/4 for those with values greater than 80, and (d) Δ7/4 for those with
values greater than 11. The VLVP boundary at the core–mantle boundary is also plotted (black contour) as reference. Two light blue areas indicate
locations of the Ninetyeast Ridge and the Rio Grande Rise.
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the collection of Dr. S. Hart (personal communication)
and Ref. [37]. There are now a total of 2312 mea-
surements. I have excluded the measurements that were
made from the oceanic basalts in the DSDP and ODP
Fig. 3. Three dimensional views of a very-low velocity province (VLVP) at t
panel viewed from 20°N [7], along with relative positions of major hotspots at
thick and has a linear gradient of shear wave velocity reduction from −2%
approximate location of the extension of the VLVP in the mid-lower mantle
drillholes that are away from the hotspot tracks and with
ages older than 80 Ma (e.g., 41,42]). The selected
measurements provide good coverage of the ocean floor
(Fig. 2a).
he core–mantle boundary with left panel viewed from 220°N and right
the Earth's surface color-coded as those in Fig. 1. The VLVP is 300 km
(top) to −9% to −12% (bottom). The blue dashed traces indicate the
.
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I follow the definitions of the isotopic anomalies
outlined by Hart [38]. The magnitude of the Sr anomaly
is defined as:

DSr ¼ ½ð87Sr=86SrÞ−0:7�10; 000

Themagnitude of the isotopic Pb anomaly is defined as
the vertical deviation in either 207Pb/204Pb or 208Pb/204Pb
from the Northern Hemisphere reference line (NHRL):

D7=4 ¼ ½ð207Pb=204PbÞ−ð207Pb=204PbÞNHRL�100

D8=4 ¼ ½ð208Pb=204PbÞ−ð208Pb=204PbÞNHRL�100

The Northern Hemisphere reference line, (207Pb/
204Pb)NHRL and (208Pb/204Pb)NHRL, is defined as:

ð207Pb=204PbÞNHRL ¼ 0:1084ð206Pb=204PbÞ þ 13:491

ð208Pb=204PbÞNHRL ¼ 1:2090ð206Pb=204PbÞ þ 15:627

The updated isotope data confirm the inferences of
the early studies on the DUPAL anomaly [37–40]. All
three isotopic criteria, ΔSr, Δ8/4 and Δ7/4, exhibit a
strikingly coherent geographic pattern (Fig. 2b–d). The
maximum in the anomaly stretches from the South mid-
Atlantic Ocean to the central Indian Ocean, the Rio
Grande Rise, and the Ninetyeast Ridge (Fig. 2b–d).

The DUPAL maxima are geographically confined
within the boundary of the VLVP at the base of the
mantle, when the past plate motion is taken into account
(Fig. 2). The VLVP exhibits an L-shaped form changing
from a north–south orientation in the South Atlantic
Ocean to an east–west direction in the Indian Ocean,
occupying an area of 1.8×107 km2 (Fig. 3). The VLVP
boundary has an uncertainty of about 200 km in lateral
location for the area represented by the heavy black
contour in Fig. 2 and is less certain in the region
represented by the dashed lines in Fig. 2 [7]. Note that the
DUPAL maxima observed on the Ninetyeast Ridge and
the Rio Grande Rise (light blue contours, Fig. 2b–d)
were generated by the Kerguelen and Tristan plumes,
respectively. Their locations were geographically within
the VLVP at the core–mantle boundary, when the
relative plate motions are taken into account (Fig. 1a).

4. Thermochemical Tristan–Marion–Kerguelen
plumes as an explanation for the slowly moving
hotspots and the VLVP for the “DUPAL” anomaly

The relative small motion and the unique DUPAL
signature within the Tristan–Marion–Kerguelen hotspot
group can be explained by amechanism that theymanifest
long-lived thermochemical plumes anchored by theVLVP
at the core–mantle boundary, whose structural features
and velocity characteristics unambiguously suggest that it
is a compositional anomaly [4,5]. This proposed mech-
anism is motivated and supported by the results obtained
in recent fluid experiments containing compositional ano-
malies [1–3]. In those experiments, thermochemical
mantle plumes first develop as classical thermal boundary
layer instabilities from the interface of the compositional
anomaly, then as they rise, they locally deform the denser
compositionally distinct layer, and entrain by viscous
coupling a thin film of the compositionally distinct
materials. The presence of the compositional anomalies,
their interfacial topography and the entrainment act to
anchor the thermochemical mantle plumes [1–3]. As a
result, these thermochemical plumes are long-lived and
exhibit small relative motion to one another [1–3]. The
fact that the Tristan–Marion–Kerguelen hotspot group is
geographically within the VLVPmakes this thermochem-
ical plume proposal attractive.

The entrainment of the compositional distinct materi-
als from the VLVP at the base of the mantle would
further explain the unique isotope signature observed in
the DUPAL anomaly. The observed steeply dipping
edges, rapidly varying thicknesses and geometries, and
anomalously low shear wave velocities associated with
the VLVP (Fig. 3) can best be explained by partial melt
driven by a compositional change produced early in the
Earth's history [4]. In this case, the VLVP likely re-
presents dense chemical bodies from the segregation of
dense melts during the early Earth's differentiations, just
as the Earth's continent crust represents light chemical
bodies which were preferentially accumulated from
buoyant melts. Early Earth's chemical differentiation
processes likely involved melting and gravitational
separation [43]. Dense melts could exist because some
melts may be more iron-enriched and/or melts at depth
may become intrinsically denser at high pressures [44].
Dense melts could reach the core–mantle boundary by
direct sinking, percolation through perovskite solid ma-
trix, or an avalanche of a dense layer at the top of the
lower mantle [4,45,46]. The exact nature of the early
Earth differentiation processes is unknown, but for a
compositional anomaly segregated from such dense
melts in the early Earth's history, we may expect its
isotopic signature to be in equilibrium with and therefore
similar to that of continent crust, which was in fact
proposed as a possible source for the DUPAL anomaly
[38,39,47]. Thus, the VLVP may explain the enrich-
ments and early developments of these enrichments of
the DUPAL signature.
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The thermochemical plume hypothesis would explain
the DUPAL signature observed in the ocean island
basalts (OIBs) associated with these three hotspots.
Under this hypothesis, the OIBs are generated by the tails
of the thermochemical plumes and the DUPAL signature
observed in those OIBs manifests the isotopic character-
istics (or their mixtures with other depleted components)
of the VLVP materials. The Marion hotspot, however, is
worthwhile to mention. Strong DUPAL signature is
observed on the ridge axis to the northeast of the hotspot
and in the alkalic basalts in the older track of the hotspot
in the Madagascan Ridge, but the lavas from near the
current position of the hotspot (Funk Seamount, Prince
Edward Island, and Marion Island) lack the DUPAL
signature [39,48]. One explanation may be that the
entrainment of compositionally distinct materials of the
thermochemical plume is temporally and spatially
heterogeneous. Funk Seamount, Marion Island and
Edward Island represent only the most recent activities
of the hotspot and their isotopic signature may not be
representative to the history of this long-lived hotspot
[48].

The DUPAL signature is also observed in the mid-
ocean ridge basalts (MORB) of the Indian Ridge (Fig. 2).
Although the ridges with the DUPAL signature geo-
graphically coincide with the VLVP at the core–mantle
boundary, a mechanism is still required to relate the
DUPAL signature observed in the Indian MORBs to the
VLVP at the core–mantle boundary. The activities of the
hypothesized thermochemical plumes of the Tristan–
Marion–Kerguelen may explain the DUPAL signature
observed in some sections of the ridge system. For
example, the Marion thermochemical plume may be
responsible for the enriched DUPAL signature observed
in some sections of the Southwest Indian Ridge (e.g.,
39°–41°E) [48]. However, the activities of the Marion–
Kerguelen–Tristan hotspots in the past 80 Ma cannot
account for the DUPAL signature observed widespread
in the Indian Ridges, as much of the present ridges with
the DUPAL signature are far away from the hotspot
tracks. The upper mantle beneath those ridges, which are
presumed to be the source of the enriched MORBs,
would have at least one component with enriched isotope
signals to account for the DUPAL signature observed in
the MORBs in these ridge systems. The observed wide-
spread DUPAL signature in the Indian MORBs suggests
that the upper mantle beneath the Indian Ocean is
isotopically different and is contaminated by at least an
ancient enriched geochemical reservoir.

There are at least two dynamic mechanisms that could
relate the DUPAL signature observed in the Indian
MORBs to the VLVP in the lower mantle and explain the
geographic pattern of the DUPAL anomaly: (1) a broad
upwelling in response to the large-scale mantle circula-
tion may develop surrounding the compositional anom-
aly in the lower mantle with entrainment of some portion
of the VLVP materials. In this case, the returned flow
material in the upper mantle beneath the South Atlantic
and Indian Oceans, with additional input of isotopically
enriched components from the VLVP, is genetically and
isotopically different from other regions; and (2) the
upper mantle beneath the South Atlantic and Indian
Oceans may be contaminated by the initiation of those
three hypothesized thermochemical plumes, similar to
the proposal discussed in the context of thermal mantle
plume [48,49]. In the standard models of thermal plume,
a plume is initiated with a large head followed by a small
tail [50,51]. A thermochemical plume exhibits same
characteristics with a large head entraining a large
volume of the compositionally distinct materials fol-
lowed by a tail containing a small volume of the com-
positionally distinct materials in the center of the tail
[2,3]. In the context of the thermochemical plume hypo-
thesis, the birth of the Tristan, Marion and Kerguelen
thermochemical plumes started with large plume heads
entraining a large volume of compositionally distinct
materials from the VLVP. Some of the entrained VLVP
materials may have erupted with the flood basalts and
have been carried away by plate motion, and some of
them may have been dispersed and stored in the upper
mantle that is currently being tapped by the Indian
MORBs.

5. Discussions

Many other chemical reservoirs have also been pro-
posed as possible sources of the upper mantle conta-
mination beneath the Indian Ocean, including: (1)
recycled ancient subcontinental lithospheric mantle,
(2) subducted ancient sediments with oceanic crust
and (3) delaminated ancient lower continental crust
[47,52–59]. A recent study [47] suggested that the
Osmium isotopic measurements would reject both
subcontinental lithospheric mantle and recycled sedi-
ments with oceanic crust as the cause, and argued that
delaminated lower continental crust may explain the
DUPAL isotopic signature of the Indian MORBs. Such
detachment and dispersal of lower continental crust are
speculated to may have occurred during the rifting and
breakup of Gondwana [e.g., 47].

The proposals that appeal to delaminated ancient
continental lower crust dispersed in the upper mantle or
an ancient compositional anomaly near the core–mantle
boundary as the DUPAL source for the Indian MORBs
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have their own strength and weakness. The continental
lower crust is known to be an end-member that is able to
explain the DUPAL signature. But, it is unclear how the
delamination process may have occurred, where the
delaminated continental lower crust is being stored in
the upper mantle, and why the DUPAL anomaly exhibits
such a geographical pattern. The advantages for
appealing to an ancient reservoir near the core–mantle
boundary are: the existence of the VLVP is clearly
recognized in seismology, its distinct composition is
indicated by the inferred structural and velocity features
of the anomaly, and it would explain the geographic
distribution of the DUPAL anomaly. That is, a candidate
for an ancient and enriched reservoir is known to exist
and is recognized to geographically coincide with the
DUPAL anomaly. But, the presumed isotopic signature
of such an ancient, enriched, dense melt remains to be
confirmed.

The VLVP beneath the South Atlantic and Indian
Oceans is one of the two prominent low velocity
anomalies in the lower mantle, with the other one located
beneath the Pacific Ocean (the Pacific anomaly). The
seismic characteristics and geographic boundary of the
Pacific anomaly is less well defined. Recent seismic
studies indicated that the base of the Pacific anomaly
exhibits similar structural features and velocity structures
as the VLVP in the South Atlantic and Indian Oceans,
suggesting that the base of the Pacific anomaly is also
likely compositionally distinct [60–62]. However, unlike
the VLVP in the South Atlantic and Indian Oceans, the
Pacific anomaly exhibits internal small-scale seismic
heterogeneities [60,63]. A distinct isotopic anomaly is
also noted on the ocean floor in the western Pacific, but
there are no long-lived surface hotspots in the region [64–
66]. Furthermore, the effect of mantle flow on the hotspot
drifting rate is probably different between the Pacific
Ocean and the South Atlantic and Indian Oceans [67,68].
To compare the relationships of the hotspot motion,
geochemistry and seismic anomaly in the lowermost
mantle in these two regions is, at present, difficult.

It is interesting to note that most of the other hotspots,
such as Réunion, Comoros, Bouvet and Shona, are
geographically adjacent to the VLVP near the core–
mantle boundary (Fig. 3). Similar observations are also
reported for other hotspots [69]. One possible explana-
tion is that they manifest thermal plumes generated in
the adjacent areas of the VLVP. The adjacent areas of the
VLVP may experience a large horizontal stress, because
of the VLVP interaction with the surrounding mantle. A
large horizontal stress may produce local thickening of
the basal thermal boundary layer, and thus create a
favorable condition for the development of thermal
plumes. Indeed, seismic data revealed the presence of
strong small-scale heterogeneities near the core–mantle
boundary beneath the Comoros hotspot [70].

The St Helena hotspot is geographically within the
VLVP, but lacks the DUPAL signature. It also appears to
be a short-lived hotspot. One possibility is that, unlike
the Tristan–Marion–Kerguelen group, the St Helena
hotspot has a shallower depth origin.

6. Concluding remarks

Three major long-lived surface hotspots geographi-
cally within a VLVP at the base of the Earth's mantle,
Tristan, Marion and Kerguelen, form a group of hotspots
that exhibit small relative motions (b9mm/yr) in the past
80 Ma. Analyses of the relative motion using hotspot
tracks, age progressions and plate circuits, and studies of
the hotspot motion using paleolatitude data yield the
same results. The geochemical DUPAL anomaly max-
imum in the South Atlantic and Indian Oceans is also
shown to geographically coincide with the VLVP when
the past plate motions are taken into account.

The relative small motion and the unique DUPAL
signature within the Tristan–Marion–Kerguelen hotspot
group can be explained by a mechanism that they
manifest long-lived thermochemical plumes anchored
by the VLVP at the core–mantle boundary. The presence
of the VLVP, its interfacial topography and entrainment
act to anchor the thermochemical Tristan–Marion–
Kerguelen plumes. The anchoring of the VLVP thus
provides a physical mechanism for explaining relative
fixity of those hotspots and their longevity. The entrain-
ment of the compositional distinct materials from the
VLVP at the base of the mantle by the thermochemical
plumes and broad upwelling would further explain the
geographical distribution, uniqueness, enrichments and
early developments of these enrichments of the DUPAL
anomaly.

That the Tristan, Kerguelen, and Marion hotspots are
manifestations of the relatively slowly moving long-
lived thermochemical mantle plumes tapping an ancient
chemical reservoir in the lowermost mantle provides a
mechanism for explaining the relative small motions of
the Tristan–Kerguelen–Marion hotspot group and the
DUPAL anomaly. It would also have significant impli-
cations to many aspects of geophysics and geochemis-
try. For example, the Tristan–Kerguelen–Marion group
may be used as a reference frame for studying the ab-
solute surface plate motion and inter-hotspot motion
with respect to the deep mantle. The isotopic behaviors
of the DUPAL anomaly may be used to place constraints
on the thermochemical convection in the mantle, the



147L. Wen / Earth and Planetary Science Letters 246 (2006) 138–148
nature of the distinct materials in the VLVP, and even-
tually the differentiation processes in the early Earth's
history.

Acknowledgements

I would like to thank Sidney Hermann for helping me
understand the Ar data, Stan Hart for generously sharing
to me the isotope data collection, Albert Hofmann for
advice and assistance in collecting the isotope data, and
Dietmer Müller for comments on hotspot motions and a
reprint. Over the course of the work, this paper benefited
from reviews and suggestions from Anne Davaille,
Allen McNamara and other eight anonymous reviewers,
and Scott King, the Editor. This work is supported by an
NSF Grant EAR-0309859.

References

[1] A. Davaille, Simultaneous generation of hotspots and super-
swells by convection in a heterogeneous planetary mantle, Nature
402 (1999) 756–760.

[2] A. Davaille, F. Girard, M.L. Bars, How to anchor hotspots in a
convecting mantle, Earth Planet. Sci. Lett. 203 (2002) 621–634.

[3] A.M. Jellinek, M. Manga, The influence of a chemical boundary
layer on the fixity, spacing and lifetime of mantle plumes, Nature
418 (2002) 760–763.

[4] L. Wen, P. Silver, D. James, R. Kuehnel, Seismic evidence for a
thermo-chemical boundary layer at the base of the Earth's
mantle, Earth Planet. Sci. Lett. 189 (2001) 141–153.

[5] L. Wen, Seismic evidence for a rapidly varying compositional
anomaly at the base of the Earth's mantle beneath the Indian
ocean, Earth Planet. Sci. Lett. 194 (2001) 83–95.

[6] S. Ni, D.V. Helmberger, Seismological constraints on the South
African superplume: could be the oldest distinct structure on
Earth, Earth Planet. Sci. Lett. 206 (2003) 119–131.

[7] Y. Wang, L.Wen, Mapping the geometry and geographic location
of a very low velocity province at the base of the Earth's mantle,
J. Geophys. Res. 109 (2004) doi:10.1029/2003JB002674.

[8] Y.Wang, L.Wen, Geometry and P- and S-velocity structures of the
“African anomaly”, J. Geophys. Res. (submitted for publication).

[9] A.K. McNamara, S. Zhong, Thermochemical structures beneath
Africa and the Pacific Ocean, Nature 437 (2005) 1136–1139.

[10] E. Tan, M. Gurnis, Metastable superplumes and mantle compress-
ibility, Geophys. Res. Lett. 32 (2005) doi:10.1029/2005GL024190.

[11] J.W. Morgan, Convection plumes in the lower mantle, Nature
230 (1971) 42–43.

[12] R.A. Duncan, Hotspots in the southern oceans—an absolute
frame of reference for motion of the Gondwana continents,
Tectonophysics 74 (1981) 29–42.

[13] W.J. Morgan, Hotspot tracks and the early rifting of the Atlantic,
Tectonophysics 94 (1983) 123–139.

[14] R.A. Duncan, M.A. Richards, Hotspots, mantle plumes, flood
basalts, and true polar wander, Rev. Geophys. 29 (1991) 31–50.

[15] J. Mahoney, C. Nicollet, D. Dupuy, Madagascar basalts: tracking
oceanic and continental sources, Earth Planet. Sci. Lett. 104
(1991) 350–363.
[16] M. Storey, J.J. Mahoney, A.D. Saunders, R.A. Duncan, S.P.
Kelley, M.F. Coffin, Timing of hot spot-related volcanism and
the breakup of Madagascar and India, Science 267 (1995)
852–855.

[17] J.M. O'Connor, R.A. Duncan, Evolution of the Walvis Ridge–
Rio Grande Rise hot spot system: implications for African and
South American plate motions over plumes, J. Geophys. Res. 95
(1990) 17475–17502.

[18] P.R. Supko, K. Perch-Nielsen, R.L. Carlson, Introduction and
explanatory notes, Leg 39, Deep Sea Drilling Project, Initial Rep.
Deep Sea Drill. Proj., vol. 39, 1977, pp. 1–2.

[19] H.M. Bolli, W.B.F. Ryan, et al., Walvis Ridge-sites 362 and 363,
Initial Rep Deep Sea Drill. Proj., vol. 40, 1978, pp. 183–356.

[20] R.A. Duncan, 40Ar/39Ar geochronology of basement rocks from
the Mascarene Plateau, the Chagos Bank, and the Maldives
Ridge, in: R.A. Duncan, J. Backman, R.B. Dunbar, L.C. Peterson
(Eds.), Proc. ODP Sci. Results, vol. 115, 1990, pp. 43–52.

[21] R.A. Duncan, The volcanic record of the Reunion hotspot, in: J.
Weissel, J. Peirce, E. Taylor, J. Alt (Eds.), Proc. ODP Sci.
Results, vol. 115, 1990, pp. 3–10.

[22] T.H. Torsvik, R.D. Tucker, L.D. Ashwal, E.A. Eide, N.A. Rakoto-
solofo, M.J. de Wit, Late Cretaceous magmatism in Madagascar:
palaeomagnetic evidence for a stationary Marion hotspot, Earth
Planet. Sci. Lett. 164 (1998) 221–232.

[23] R.A. Duncan, Geochronology of basalts from the Ninetyeast
Ridge and continental dispersion in the eastern Indian Ocean,
J. Volcanol. Geotherm. Res. 4 (1978) 283–305.

[24] R.A. Duncan, Age distribution of volcanism along aseismic ridges
in the eastern Indian Ocean, in: J.Weissel, J. Peirce, E. Taylor, J. Alt
(Eds.), Proc. ODP Sci. Results, vol. 121, 1991, pp. 507–517.

[25] M.F. Coffin, O. Eldholm, Large igneous province, Sci. Am. (Oct.
1993) 42–49.

[26] P. Shaw, S.C. Cande, High-resolution inversion for South Atlantic
plate kinematics using joint altimeter and magnetic anomaly data,
J. Geophys. Res. 95 (1990) 2625–2644.

[27] R. Nürnberg, R.D. Müller, The opening of the South Atlantic
from Late Jurassic to present day, Tectonophysics 191 (1991)
27–53.

[28] J.-Y. Royer, D.T. Sandwell, Evolution of the Eastern Indian
Ocean since the Late Cretaceous: constraints from Geosat
Altimetry, J. Geophys. Res. 94 (1989) 13755–13782.

[29] P. Molnar, F. Pardo-Casas, J. Stock, The Cenozoic and Late
Cretaceous evolution of the Indian Ocean basin: uncertainties in
the reconstructed positions of the Indian, African and Antarctic
plates, Basin Res. 1 (1988) 23–40.

[30] P. Molnar, J.M. Stock, A method for bounding uncertainties in
combined plate reconstructions, J. Geophys. Res. 90 (1985)
12537–12544.

[31] J.-Y. Royer, T. Chang, Evidence for relative motions between the
Indian and Australian plates during the last 20 m.y. from plate
tectonic reconstructions: implications for the deformation of the
Indo-Australian plate, J. Geophys. Res. 96 (1991) 11779–11802.

[32] J.A. Tarduno, J. Gee, Large-scale motion between Pacific and
Atlantic hotspots, Nature 378 (1995) 477–480.

[33] J.A. Tarduno, et al., The emperor seamounts: southward motion
of the Hawaiian hotspot plume in Earth's mantle, Science 301
(2003) 1064–1069.

[34] T.H. Torsvik, R.D. Tucker, L.D. Ashwal, E.A. Eide, N.A. Rako-
tosolofo, M.J. de Wit, Late Cretaceous magmatism in Mada-
gascar: palaeomagnetic evidence for a stationary Marion hotspot,
Earth Planet. Sci. Lett. 164 (1998) 221–232.

http://dx.doi.org/10.1029/2003JB002674
http://dx.doi.org/10.1029/2005GL024190


148 L. Wen / Earth and Planetary Science Letters 246 (2006) 138–148
[35] M.C. Van Fossen, D.V. Kent, Paleomagnetism of 122 Ma plutons
in New England and the mid-Cretaceous paleomagnetic field in
North America: true polar wander or large-scale differential
mantle motion? J. Geophys. Res. 97 (1992) 19651–19661.

[36] M. Antretter, B. Steinberger, F. Heider, H. Soffel, Paleolatitudes
of the Kerguelen hotspot: new paleomagnetic results and dy-
namic modeling, Earth Planet. Sci. Lett. 203 (2002) 635–650.

[37] B. Dupré, C.J. Allègre, Pb–Sr isotope variation in Indian Ocean
basalts and mixing phenomena, Nature 303 (1983) 142–146.

[38] S.R. Hart, A large-scale isotope anomaly in the Southern Hemi-
sphere mantle, Nature 309 (1984) 753–757.

[39] S.R. Hart, Heterogeneous mantle domains: signatures, genesis and
mixing chronologies, Earth Planet. Sci. Lett. 90 (1988) 273–296.

[40] P. Castillo, The DUPAL anomaly as a trace of the upwelling
lower mantle, Nature 336 (1988) 667–670.

[41] D. Weis, F.A. Frey, Role of the Kerguelen Plume in generating
the eastern Indian Ocean seafloor, J. Geophys. Res. 101 (1996)
13,831–13,849.

[42] J.J. Mahoney, R. Frei, M.L.G. Tejada, X.X. Mo, P.T. Leat, T.F.
Nagler, Tracing the Indian Ocean Mantle Domain through time:
isotopic results from old west Indian, East Tethyan, and South
Pacific seafloor, J. Petrol. 39 (1998) 1285–1306.

[43] G.W.Wetherill, Occurrence of giant impacts during the growth of
terrestrial planet, Science 228 (1985) 877–879.

[44] S.M. Rigden, T.J. Ahrens, E.M. Stopler, Densities of liquid
silicates at high pressures, Science 226 (1984) 1071–1073.

[45] P.J. Tackley, D.J. Stevenson, G.A. Glatzmaier, G. Schubert, Ef-
fects of an endothermic phase transition at 670 km depth in a
spherical model of convection in the Earth's mantle, Nature 361
(1993) 699–704.

[46] D.J. Stevenson, Fluid dynamics of core formation, in: H.E.
Newsom, J.H. Jones (Eds.), Origin of the Earth, Oxford University
Press, New York, 1990, pp. 231–249.

[47] S. Escrig, F. Capmas, B. Dupré, C.J. Allègre, Osmium isotopic
constraints on the nature of the DUPAL anomaly from Indian
mid-ocean-ridge basalts, Nature 431 (2004) 59–63.

[48] J. Mahoney, A.P. Le Roex, Z. Peng, R.L. Fisher, J.H. Natland,
Southwestern Limits of Indian Ocean Ridge mantle and the origin
of low 206Pb/204Pb mid-ocean ridge basalt: isotope systematics of
the Central Southeast Indian Ridge (17°–50°E), J. Geophys. Res.
97 (1992) 19771–19790.

[49] M. Storey, R. Kent, A.D. Saunders, V.J. Salters, J. Hergt, H.
Whitechurch, J.H. Sevigny, M.F. Thirwall, P. Leat, N.C. Ghose,
M. Gifford, Lower Cretaceous volcanic rocks along continental
margins and their relationship to the Kerguelen Plateau, Proc.
Ocean Drill. Program Sci. Results 120 (1992) 33–53.

[50] M.A. Richards, R.A. Duncan, V.E. Courtillot, Flood basalts and
hot-spot tracks: plume heads and tails, Science 246 (1989)
103–107.

[51] R.W. Griffiths, I.H. Campbell, Stirring and structure in mantle
starting plumes, Earth Planet. Sci. Lett. 99 (1990) 66–78.

[52] B. Hamelin, C.J. Allègre, Large-scale units in the depleted upper
mantle revealed by an isotope study of the Southwest Indian
Ridge, Nature 315 (1985) 196–199.

[53] B. Hamelin, B. Dupré, C.J. Allègre, Pb–Sr–Nd isotopic data of
Indian Ocean ridges: new evidence of large-scale mapping of
mantle heterogeneities, Earth Planet. Sci. Lett. 76 (1986) 288–298.

[54] A. Michard, R. Montigny, R. Schlich, Geochemistry of the
mantle beneath the Rodriguez Triple Junction and the South-East
Indian Ridge, Earth Planet. Sci. Lett. 78 (1986) 104–114.
[55] R.C. Price, A.K. Kennedy, M. Riggs-Sneeringer, F.A. Frey,
Geochemistry of basalts from the Indian Ocean triple junction:
implications for the generation and evolution of Indian Ocean
ridge basalts, Earth Planet. Sci. Lett. 78 (1986) 379–396.

[56] L. Dosso, H. Bougault, P. Beuzart, J.Y. Calvez, J.-L. Jordon, The
geochemical structure of the South-East Indian Ridge, Earth
Planet. Sci. Lett. 88 (1988) 47–59.

[57] M. Rehkämper, A.W. Hofmann, Recycled ocean crust and
sediment in Indian Ocean MORB, Earth Planet. Sci. Lett. 147
(1997) 93–106.

[58] B.B. Hanan, J. Blichert-Toft, D.G. Pyle, D.M. Christie, Contrast-
ing origins of the upper mantle revealed by hafnium and lead
isotopes from Southeast Indian Ridge, Nature 432 (2004) 91–94.

[59] C.M. Meyzen, J.N. Ludden, E. Humler, B. Luais, M.J. Toplis, C.
Mevel, M. Storey, New insights into the origin and distribution of
the DUPAL isotope anomaly in the Indian Ocean mantle from
MORB of the Southwest Indian Ridge, Geochem. Geophys.
Geosyst. 6 (2005) doi:10.1029/2005GC000979.

[60] Y. He, L. Wen, T. Zheng, Geographic boundary and shear wave
velocity structure of the “Pacific anomaly” near the core–mantle
boundary beneath western Pacific, Earth Planet. Sci. Lett. 244
(2006) 302–314.

[61] A. To, B. Romanowicz, Y. Capedeville, N. Takeuchi, 3D effects
if sharp boundaries at the borders of the African and the Pacific
Superplumes: observations and modeling, Earth Planet. Sci. Lett.
233 (2005) 137–153.

[62] S.R. Ford, E.J. Garnero, A.K. McNamara, A strong lateral shear
velocity gradient and anisotropy heterogeneity in the lowermost
mantle beneath the southern Pacific, J. Geophys. Res. 111 (2006)
doi:10.1029/2004JB003574.

[63] L. Wen, D.V. Helmberger, Ultra low velocity zones near the
core–mantle boundary from broadband PKP precursors, Science
279 (1998) 1701–1703.

[64] W.H.F. Smith, H. Staudigel, A.B. Watts, M.S. Pringle, The
Magellan Seamounts: Early Cretaceous record of the South Pacific
isotopic and thermal anomaly, J. Geophys. Res. 94 (1989)
10,501–10,523.

[65] H. Staudigel, K.-H. Park, M. Pringle, J.L. Rubenstone, W.H.F.
Smith, A. Zindler, The longevity of the South Pacific isotopic and
thermal anomaly, Earth Planet. Sci. Lett. 102 (1991) 24–44.

[66] A.A.P. Koppers, H. Staudigel, M.S. Pringle, J.R. Wijbrans,
Short-lived and discontinuous intraplate volcanism in the South
Pacific: hot spots or extensional volcanism? Geochem. Geophys.
Geosyst. 4 (2003) doi:10.1029/2003GC000533.

[67] B. Steinberger, Plumes in a convecting mantle: models and ob-
servations for individual hotspots, J. Geophys. Res. 105 (2000)
11127–11152.

[68] C. O'Neill, D. Müller, B. Steinberger, Geodynamic implications
of moving Indian Ocean hotspots, Earth Planet. Sci. Lett. 215
(2003) 151–168.

[69] M.S. Thorne, E.J. Garnero, S.P. Grand, Geographic correlation
between hot spots and deep mantle lateral shear-velocity gradients,
Phys. Earth Planet. Inter. 146 (2004) 47–63.

[70] L. Wen, Intense seismic scattering near the core–mantle
boundary beneath the Comoros hotspot, Geophys. Res. Lett.
27 (2000) 3627–3630.

http://dx.doi.org/10.1029/2005GC000979
http://dx.doi.org/10.1029/2003GC000533
http://dx.doi.org/10.1029/2004JB003574

	A compositional anomaly at the Earth's core–mantle boundary as an anchor to the relatively slow.....
	Introduction
	Motions of the hotspots in the South Atlantic and Indian Oceans
	Relative hotspot motions based on track, age progression and plate circuits
	Hotspot motions based on paleolatitude data

	Geographical correlation with the “DUPAL anomaly”
	Thermochemical Tristan–Marion–Kerguelen �plumes as an explanation for the slowly moving �hotspo.....
	Discussions
	Concluding remarks
	Acknowledgements
	References


