Effects of Mantle Flow on Hotspot Motion
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The motion of hotspots in large—scale mantle flow is discussed. The con-
cept of mantle plumes and the experiments and observations on which it is
based are reviewed. Results that support hotspot motion (from experiments,
plate reconstructions and paleolatitude data) are contrasted with observa-
tions on which the concept of hotspot fixity is based (mainly geometry and
age progression of hotspot tracks). A numerical model of hotspot motion
in large-scale mantle flow is introduced. It is shown how hotspot motion
may approximately represent flow at mid-mantle depth, particularly plate
return flow. Such a model can explain some aspects of the observed hotspot
distribution, yields predictions on the origin and shape of plume conduits
and gives constraints on mantle viscosity structure. Some results for the
motion of individual hotspots are shown, including coherent motion toward
the southeast for Hawaii and Louisville, westward motion for Easter, and
southward motion for Kerguelen. For Hawaii and Louisville, the calculated
motion fits well the observed geometry and age progression of hotspot tracks.
Furthermore, calculations can explain observed relative motions of Pacific
and African hotspots back to 43 Ma without invoking any additional plate
boundary in the Pacific-Antarctic region. Paleomagnetic and modelling re-
sults of polar motion are reviewed and combined with models of hotspot
motion; resulting predictions of paleolatitudes are compared with observa-
tions for the Pacific plate. Calculated hotspot motion in combination with
polar motion can explain any latitudinal shift of Pacific hotspots back to
about 70-80 Ma.

1. INTRODUCTION mantle flow models. There is as well observational evi-
dence for hotspot motion. In this paper, we review ar-
guments for and against hotspot motion, with emphasis
on a qualitative discussion of the behavior of plume con-
duits in mantle flow in section 3. We then introduce our
numerical model of plumes in mantle flow. This model
was developed in order to contribute to the discussion
about hotspot motion from a geodynamic perspective.
Our results are in accordance with predictions arising

Hotspots have long been regarded as fixed and are
therefore used as reference points for plate motion. Nev-
ertheless, hotspot motion is expected from dynamical
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378 EFFECTS OF MANTLE FLOW ON HOTSPOT MOTION

from the qualitative discussion. Our proposed model
includes moderate motion of hotspots as well as polar

motion and reconciles many observations.

2. EXPERIMENTAL AND OBSERVATIONAL
EVIDENCE FOR MANTLE PLUMES

We begin by reviewing experiments and observations
that support the existence of mantle plumes: Since
the groundbreaking works of Wilson [1963], Morgan
[1971,1972] and others it has been recognized that hot-
spots are caused by sources of heat — presumably up-
wellings from deep in the mantle — that are essentially
stationary i.e. they move much more slowly than the
tectonic plates. This insight was mainly based on the
observation that active hotspot volcanoes are frequently
associated with chains of islands and seamounts that get
older with increasing distance from the active hotspot
and that the age progressions can often be explained
by a rigid plate moving over fixed hotspots. As an ex-
ample, Figure 1 shows topography and age progression
of the Reunion hotspot track on the African and In-
dian plate. This hotspot simultaneously left tracks on
both plates for a period of time, while it presumably
was close to the plate boundary. The age progression is
different on both plates, as the plates moved at different
speed relative to the hotspot.

Subsequent laboratory experiments showed that “If
the upwelling material has less viscosity than the sur-
rounding material, the structure ...eventually ascends
as a spherical pocket of fluid fed by a pipe” [White-
head and Luther, 1975]. This kind of upwelling became
the standard model of a “mantle plume”; examples are
shown in Figure 2. The exact shape and development
of plumes depends on the viscosity contrast inside and
outside the plume, whether the plume continues to be
fed from the boundary layer, and to what extent ma-
terial of the surrounding mantle is entrained. Detailed
treatments are given by Olson and Singer [1985] and
Griffiths and Campbell [1990]. When scaled to Earth
dimensions, the experiments suggest a plumehead ra-
dius of a few hundred ki, whereas the trailing conduit
has a radius of a few tens of km at most; the ascent
time of the plumehead through the mantle is of the
order of 100 Ma, with large uncertainties. Obviously,
the experiments are a simplification of plumes in the
real Earth, which are expected to rise from the time-
dependent boundary layer of a system convecting at
high Rayleigh number. Nevertheless, the concept that
plumeheads in the mantle establish rather narrow con-
duits is widely accepted. Those conduits may subse-
quently be affected by large-scale flow, as detailed in
the next section.
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Figure 1. The Reunion hotspot track. The distribution
of Tertiary extrusives in India (Deccan traps) is shown in
black, according to Choubert and Faure-Muret [1976]. To-
pography is shown in greyshades between -3000 and -1000
m, in white above -1000 m, and in uniform grey below -3000
m. This figure and all other maps were made using GMT
graphics [Wessel and Smith, 1995], with topography from
ETOPOS data [National Geophys. Data Center, 1988]. Age
data of sea floor basalts along the track (shown as circles
for African plate, squares for Indian plate) are from Duncan
and Hargraves [1990] and references herein, and compiled by
Miller et al. [1993].
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Figure 3. Experimental realization of a plume tilted in
large-scale flow. Figure after Richards and Griffiths [1988].

The notion that plumes consist of “heads” and “tail-
s” (conduits) is also supported by observations: Many
plume tracks — corresponding to the motion of a plate
over the tail — begin with extensive flood basalts —
corresponding to the eruption of the plumehead. The
clearest example is the association of the Deccan flood
basalts with the Reunion hotspot track (Figure 1). The
subject is discussed more extensively by Richards et al.

[1989].

3. DISTORTION OF A PLUME CONDUIT IN
SHEAR FLOW

Richards and Griffiths [1988] simulated the tilt of a
plume in a simple experiment (Figure 3): The plume
conduit is advected (horizontally) in large-scale flow
(here: horizontal flow speed u(z)), but conduit elements
also rise buoyantly (here: buoyant “Stokes” rising speed
v, of the conduit through the surrounding viscous man-
tle — which is not to be confused with the rising speed
of material through the conduit); total velocity of each
conduit element is simply the vector sum of ambient
flow velocity uw and rising velocity v.. In the case of
this experiment (stationary, fixed plume source; hori-
zontal simple shear flow; constant viscosity of fluid out-
side conduit) a parabolic conduit shape results, as can
be seen. The situation in the real Earth is more compli-
cated: the source of the conduit is not fixed in space, but
moves with the flow; mantle flow is not only horizon-
tal; buoyant rising speed varies with depth; plumes are
probably thermal features such that there is no sharp
distinction between plume and surroundings. Never-
theless, the simple concept that motion of each conduit
element can be calculated as vector sum u + v. may
still be approximately valid for the Earth and is there-
fore used in our models.

Based on this simple concept we will now qualita-
tively discuss the behavior of hotspot plumes in large-
scale mantle flow, beginning with the variables that de-
termine v.. The same effects as discussed here will also
appear in our numerical model. Ambient mantle flow u
will be further discussed in section 6.

A modified Stokes’ formula for the rising speed of a
plume conduit is

EA/ .2
Vg = My (1)

7]ou[

where Ap is the density contrast between plume and
suwrroundings, g is gravity, r. is conduit radius and 14,
is the viscosity of the surrounding mantle. Obviously
this equation is a rather crude approximation: Neither
the effects of boundaries (surface and CMB) and vis-
cosity interfaces nor any time dependence (such as for
example discussed by Sleep [1992]) are considered. A
more accurate treatment is however also prevented since
many of the model parameters are not well constrained.

The numerical value 0.54 has been determined exper-
imentally by Richards and Griffiths [1988] for a “chemi-
cal” plume (i.e. with different materials inside and out-
side the conduit), but may be different for a thermal
plume conduit, which is not materially distinct from the
surrounding mantle and hence may also rise by thermal
entrainment of surrounding mantle [Richards and Grif-
fiths, 1989].

Ap is due to the temperature contrast between plume
and surroundings. Estimates for plume excess temper-
ature AT are of the order 200 to 300 K [e.g., Schilling,
1991]. For representative values AT = 300 K, ther-
mal expansivity @ = 3 - 107K~ and mantle density
pm = 3300kg m3 we obtain Ap = 30kg m~*. Whereas
pm and AT increase with depth (see Albers and Chris-
tensen [1996] for calculations of the depth dependence
of AT), a is expected to decrease to values of less than
1075 K~ in the lower part of the lower mantle [Chopelas
and Boehler, 1989], where therefore somewhat smaller
values of Ap are expected.

Nout 1s usually inferred from models of postglacial re-
bound and the geoid. None of these methods can con-
strain details of mantle viscosity structure so that con-
siderable uncertainties remain. Models of postglacial
rebound give some kind of viscosity “average” for about
the upper half of the mantle, with resolving power de-
creasing with depth. This “average” was determined to
10%! Pas in the classic paper by Haskell [1935], and a
recent re-analysis by Mitrovica [1996] obtains a similar
result. Some depth dependence can also be resolved,



with results indicating a substantial increase of viscos-
ity with depth [Mitrovica, 1996; Lambeck and Johnston,
1998]. For example, the preferred viscosity structure of
Lambeck and Johnston [1998] features an increase from
4 -10?° Pas above the transition zone to 10?* Pas or
greater in the lower mantle. Models of the geoid based
on mantle density heterogeneities in a dynamic Earth
were developed by Ricard et al. [1984] and Richards
and Hager [1984]. They do not constrain absolute vis-
cosity, but also show an increase of viscosity with depth.
The limitations of this method have been discussed by
Thoraval and Richards [1997], indicating that a robust
feature of many models again is a substantial viscosity
increase with depth (at least a factor of 30). A joint
model of postglacial rebound and the geoid by Mitro-
vica and Forte [1997], also indicates a similar viscosity
increase. The viscosity structure used here in most cases
(4 - 10%° Pas between 100 and 400 km, 10?! Pas in the
transition zone, and an increase in the lower mantle in
four steps of 200 km from 1022 Pas to a maximum value
of 4 - 10?2 Pas below 1270 km and above D”, i.e. a vis-
cosity increase with depth by a factor 100, henceforth
referred to as “viscosity model A”) is in accordance with
the evidence cited above, however our models of hotspot
motion favor an even stronger viscosity increase [Stein-
berger and O’Connell, 1998], and we will also show some
results for the preferred viscosity structure of that paper
(here referred to as “viscosity model B”). Similar to the
approach presented here, a high-viscosity lower man-
tle has been previously inferred from models of hotspot
motion [Richards, 1991].

r. can be estimated from scaling laboratory experi-
ments to Earth dimensions to be a few tens of km or
less (as mentioned above). Similar values in the up-
per mantle can also be inferred from the width of most
hotspot tracks (of the order of 100 km or less) and asso-
ciated gravity anomalies [e.g., Morgan, 1972]. 7. might
be somewhat larger in the lower mantle, as will be ar-
gued below. Also the fact that most hotspot plumes
have not been observed by seismic tomography indi-
cates narrow conduits. Seismic observations have been
reported for the Iceland plume, indicating r. ~ 150 km
in the upper mantle [Wolfe et al., 1997] and r. < 250
km in the lower mantle [Bijwaard and Spakman, 1999],
however this might be broader than usual, as this is the
first tomographic evidence reported for a whole mantle
plume.

Another estimate of r. can be made from Poiseuille’s
formula for flow in a pipe, which can be written

8Bnin > i

"= <7rApdp/dz &
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where B is the anomalous mass flux of the plume con-
duit (defined as volume flux times difference of density
inside and outside the conduit), 7, is the viscosity in-
side the conduit and dp/dz is the non-hydrostatic pres-
sure gradient driving flow through the conduit. 7;, and
dp/dz are not well constrained, but at least eqn. 2 indi-
cates how 7. is expected to vary with anomalous mass
flux and depth, and it gives an estimate in accordance
with the above:

The anomalous mass flux B has been determined
for various hotspots based on the magnitudes of asso-
ciated topographic swells [Davies, 1988; Sleep, 1990].
For plumes close to ridges, the length of the geochem-
ical anomaly gives an additional constraint [Schilling,
1991]. Results indicate anomalous mass fluxes between
about 0.3 - 10% kg/s for the smallest plumes and 8 - 10°
kg/s for the largest one (Hawaii). Differences between
various estimates are considerable, with uncertainties
largest for the smallest hotspots.

Because of the higher temperature, 1;, is expected
to be considerably less than 1),,;. If the temperature is
adiabatic both inside and outside the conduit, the ratio
Nin/Nout May be constant, but due to thermal entrain-
ment, 7in/MNowt 15 expected to increase with decreasing
depth. Taking n;, = 10'° Pas as a reasonable guess, and
using the hydrostatic approximation dp/dz = Apg with
Ap = 30 kg m ™ as estimated above, we get 7. & 40 km
for a representative value B = 103 kg/s, resp. . ~ 70
km for the Hawaiian plume flux B = 8.3-10? kg/s (Ta-
ble 1), in accordance with the above estimates. The ac-
tual value of dp/dz might be considerably smaller [Sleep,
1992], but 7, might also be smaller. Conduits of the
largest plumes should be about a factor (8/0.3)'/1 ~ 2
thicker than for the smallest plumes, and for a viscosity
increase of a factor 100, r. will increase with depth by
a factor (100)'/4 ~ 3 or less.

In the upper mantle, the observed sharpness of the
bend in the Hawaiian-Emperor-Chain gives an impor-
tant constraint on the rising speed. As pointed out
by Griffiths and Richards [1989], the deflection of the
Hawaiian plume in the uppermost mantle (a layer of low
viscosity below the lithosphere) is likely not more than
200 km. The reason is also explained in Figure 4. Using
numerical values for plate motion ug ~ 10 cm/yr and
a layer thickness of d ~ 300 km (estimated thickness. of
the mantle layer of lowest viscosity, as discussed above),
this implies a rising speed of at least about 7.5 cm/yr,
and correspondingly less for smaller plumes. In any
case, a few cm/yr is probably a reasonable estimate for
a conduit rising speed in the uppermost viscosity layer,
corresponding to a horizontal deflection of typically a
few hundred km or less and a typical risetime of the
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Table 1. Parameters used for the hotspots shown. Ages are
equal to age of associated flood basalt, where available
(Tristan, Reunion, Kerguelen, Louisville), otherwise
inferred from the length of the track (Samoa, Tahiti), or
reasonable guesses are made, where the end of the track
has been subducted (Hawaii, Easter). Anomalous mass
fluxes B are based on Dawies [1988], Sleep [1990], Schilling
[1991] and Davies [1992].

Hotspot Age, Ma B[10%kg/s)
Easter 100, 60 2.1
Hawaii 100 8.3
Kerguelen 117 0.9
Louisville 120 3.0
Reunion 67 14
Samoa 14 1.6
Tahiti H 4.5
Tristan 125 1.0

conduit of the order of 10 Ma or less. For comparison,
with the above estimates r, = 70 km, Ap = 30kg m >
and 7, = 4-10%° Pas, eqn. 1 gives v, ~ 6 cm/yr for the
Hawaiian plume in the upper mantle. This shows that
the above estimates are almost in accordance, but ris-
ing speed cannot be lower than estimated above (such
as would be the case for a significantly thinner conduit).

Although Figure 4, which reiterates the argument
made by Griffiths and Richards [1989], is a simplifica-
tion, it summarizes the effects that we expect flow in
the “low-viscosity” uppermost mantle to have on con-
duit shape and hotspot motion. We can classify three
possible kinds of behavior (although in reality they will
not be sharply distinct):

1. As the plumehead presumably rises comparatively
fast, it will establish a conduit that is closer to
vertical. In an initial stage (lasting a time equal
to the rise time of the conduit through the layer
of low viscosity, about 10 Ma or less) the conduit
will get tilted, and the hotspot will move (a few
100 km, at most) in the direction of the plate,
until the shape remains stationary

2. If the plate changes its motion, the conduit will
adjust its shape, and the hotspot will move in the
direction of the difference of plate motions before
and after the change (again, a few 100 km at most,
lasting about 10 Ma or less).

3. During other times, the conduit shape will re-
main stationary in the uppermost mantle. The
observed length of hotspot tracks indicates typi-
cal hotspot lifetimes of ¢;, = 100Ma or more, and

plate reconstructions show that plate motions also
tend to remain constant over long periods of time,
such that we expect this to be the usual case. In
the simple case shown in Figure 4, this would cor-
respond to a fixed hotspot. More realistically, the
exit point of the plume from the lower mantle will
also move, and the hotspot surface motion will
approximately represent the motion of this point;
the stationary shape corresponds to the conduit
shown in Figure 3, with the difference that the
plume source moves in our model.

Motion of that exit point (which is probably not
sharply defined in the Earth as viscosity increase with
depth may be gradual, but nevertheless provides a use-
ful concept) may be due to two reasons: Firstly, it is due
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Figure 4. Plumes deflection in the upper mantle and cur-
vature of hotspot track for change in plate velocity — a very
simple example, after Griffiths and Richards [1989]: A given
plate velocity, a constant exit point of the plume from the
lower mantle and a simple shear flow in the upper mantle
is assumed (top left). This gives rise to a parabolic con-
duit shape in the stationary case (top right). If the plate
motion changes, the shape of the conduit will adjust to the
new plate motion. During a time of adjustment, the hotspot
surface position will move relative to the fixed source in a
direction parallel to the difference of plate motion before
and after the change (bottom left). Relative to the plate,
this means that even if the plate motion changes discontin-
uously, the hotspot track does not have a sharp bend, but is
curved with a radius of magnitude similar to the deflection
of the conduit (bottom right).



to ambient mantle flow at that depth. Hence most of
the time hotspot surface motion has a component rep-
resenting flow at mid-mantle depth (that is, where the
transition from “low” to “high” viscosity, hence from
“fast” to “slow” conduit rising speed occurs). This flow
is frequently toward ridges, opposite to plate motions
and coherent under one plate. Secondly, if the conduit
is already tilted below that depth and v, is not negli-
gible, another component of motion is due to conduit
elements rising from different locations. Such a tilt is
caused by shearing of the conduit due to variations of
flow velocity with depth, and the corresponding com-
ponent of hotspot motion represents the change of flow
velocity with depth. Therefore, as a general tendency,
with increasing age of a hotspot, its motion will repre-
sent flow at increasing depth: This is even exactly true
in the simple case of an initially vertical conduit dis-
torted in a time-independent horizontal flow field with
no lateral variations: In this case, the surface motion
at a time ¢ after the conduit was vertical is equal to the
flow speed at the depth from which the conduit element
rose during time ¢, as can be easily shown.

In order to estimate the depth levels which thus may
be represented in hotspot surface motion, we have to
estimate v. in the lower mantle: for a constant conduit
radius 7. it should be approximately v. ~ 1/15. (i.e.
decrease by about a factor 100 in the model used here).
If 1in/Nour is constant, it follows from eqns. 1 and 2
Ve ~ 1/\/Mout (i.e. decrease by about a factor 10 in the
model used here). As we have shown, the increase of
7in With depth is likely less than the increase of 7,4,
hence v, in most of the lower mantle will probably be
less than 10 % of the upper mantle value, i.e. not more
than a few mm/yr. For example, for 7. = 100 km (more
than what would be expected from scaling of lab exper-
iments, but less than tomographic images below Iceland
would indicate) 1y, = 4 - 10> Pas and other values as
before, we obtain v, ~ 1.3 mm/yr. With a representa-
tive hotspot lifetime of ¢; = 100 Ma, this indicates, that
hotspot surface motion probably represents flow in the
upper part of the lower mantle most of the time, and
that flow in the lowermost mantle has little effect on
hotspot motion.

v, will not only decrease with depth in absolute terms,
but also relative to ambient mantle flow speeds, as
those do not decrease as strongly with depth: Nu-
merical calculations of mantle convection with depth-
dependent viscosity by Gurnis [1986] indicate that root
mean square flow speeds decrease ~ 1/1In(n,.¢) (i.e. by
a factor of about 1/4.6 for a 100-fold viscosity increase),
and our flow calculations give similar results, with typ-
ical flow speeds in the lower mantle of the order of 1
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cm/yr. Therefore conduit motion in the lower mantle
should be dominated by advection; the source regions
of the plumes should move with the horizontal flow at
the top of D” — frequently toward large-scale upwellings
in the lower mantle. The lines of thought presented in
this section are also illustrated in Figure 5. The mantle
flow field that hence causes hotspot motion and conduit
distortion is discussed in section 6.

4. EXTINCTION OF PLUME CONDUITS

In another laboratory experiment, Whitehead [1982)
showed that plume conduits break up into separate
drops if they become sufficiently distorted (r>v 60° from
vertical — see Figure 6). However this result was again
obtained for a chemical plume. Richards and Griffiths
[1989] find that in thermal plumes the instability is
surpressed by thermal entrainment, and that a plume
conduit may be deflected to almost horizontal orien-
tation without any instability. These results are for
re = 25km and 1), = 10%! Pa s when scaled to the
mantle, therefore they are probably relevant at least
for smaller plumes. A strongly tilted conduit may how-
ever be wiped out due to thermal entrainment effects
(also demonstrated by Richards and Griffiths, [1989])
even without an instability developing.

An instability may not develop either during the life-
time ¢;, if the viscosity of the surrounding mantle is
sufficiently high. A simple estimate for that condition
is that buoyant rising of one conduit diameter takes
longer than ¢, i.c.

2refve > (3)

With the above estimates we find that this may well be
the case in (at least the lower part of) the lower mantle.

Finally, even if an instability develops and a conduit
breaks up into drops in the uppermost mantle, the con-
duit beneath may remain intact if the drops rise fast
enough such that enough material and heat is carried
through the conduit to prevent extinction. We used a
simple scaling argument to estimate

Ve 2 2k, (4)

[Steinberger and O’Connell, 1998] where [ is conduit
length and x is thermal diffusivity, which has been
found to be of the order of 10~%m?s~! for mantle ma-
terials [e.g., Osako and Ito, 1991].

In summary, a strong tilt therefore favors destruction
of plume conduits. However extinction may also occur
without a strong tilt, due to thermal entrainment, lack
of material supply, etc. On the other hand conduits
may survive despite a strong tilt.
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Figure 5. Left: Density anomalies beneath North America (model 3, i.e. inferred from Grand’s tomo-
graphic model); cross section at 44.6 deg N; spherical harmonic expansion up to degree and order 32.
Dark colors represent positive density anomalies (corresponding to fast anomalies in Grand’s model),
light colors represent negative anomalies (normalized to the maximum anomaly occurring in that depth
layer). Also shown are arrows representing the E-W and vertical components of the induced present—day
flow as calculated with the method of Hager and O’Connell [1979,1981] for viscosity model A. Length
of arrows corresponds to displacement that would result from 50 Ma of constant flow. Right: Sketch
showing how mantle flow may cause motion of hotspots and plume sources.

5. HOTSPOT MOTION VERSUS FIXITY -
EVIDENCE FROM HOTSPOT TRACKS,
PLATE RECONSTRUCTIONS AND
PALEOMAGNETISM

The concept of hotspot fixity was first introduced af-
ter it was shown “that the Hawaiian-Emperor, Tuamotu-
Line and Austral-Gilbert-Marshall island chains can be
generated by the motion of a rigid Pacific plate rotat-
ing over three fixed hotspots” [Morgan, 1971]. More
recent sampling shows that the age progression along
the Tuamotu-Line and Austral-Gilbert-Marshall island
chains is substantially more complicated than that ex-
pected from a single hotspot [Jarrard and Clague, 1977;
Duncan and Clague, 1985; Pringle and Duncan, 1995;
MecNutt et al., 1997]. Figure 7 however shows that ge-
ometry and age progression of several other hotspot
tracks, in particular Hawaiian—-Emperor and Louisville,
can still be explained well by the fixed hotspot hy-
pothesis.  Of course, this is not a proof for hotspot
fixity, since obviously hotspots moving coherently (i.e.
without changing their distances) can explain the data
equally well.

On the African hemisphere, the geometry and age
progression of most hotspot tracks is not nearly as clear
as for Hawaii and Louisville. Miiller et al. [1993] showed
that the fixed hotspot hypothesis is also compatible
with the tracks there.

When looking at African and Pacific hotspot tracks
combined, it becomes less clear whether hotspot fixity is

in accord with observations. Cande et al. [1995] show
a significant difference between the predicted Hawai-
ian hotspot track, assuming fixity relative to African
hotspots, and the observed Hawaiian-Emperor chain.
Their result is reproduced in Figure 8. The relative
motion of Pacific and African hotspots, especially with
regard to plate reconstructions in the Pacific-Antarctic
region is also the subject of a paper by Raymond et al.
[1999] in this volume. Another interpretation by Harada
[1997] suggests that the Pacific and African hotspots are
fixed within the uncertainties.

Another method to determine hotspot motion uses
paleolatitude data that are inferred from the inclination
of the characteristic remanent magnetization of drilled

Figure 6. Laboratory experiment showing the breakup of a
“chemical” plume conduit due to tilting. Figure after White-
head [1982].
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Legend

----------------------- Model 0: Stationary hotspots
Model 1: Seismic model
S12WM13, constant viscosity inside conduit
—————————— Model 2: Seismic model
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Figure 7. Hotspot tracks on the Pacific plate — observed and calculated for fixed and moving plumes
(viscosity model A; three cases). Age data (shown as dots) for Hawaiian hotspot compiled by Clague
and Dalrymple [1989] and from Tarduno and Cottrell [1997], for Louisville hotspot from Watts et al.
[1988], for Tahiti and Samoa compiled by Duncan and Clague [1985]. Topography is shown in greyshades
between -5000 and -2000 m, in uniform grey above -2000 m, and in white below -5000 m. Results for
model B are also very similar.
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Figure 8. Prediction of the Hawaiian hotspot track from plate reconstructions assuming fixity relative
to Indo-Atlantic hotspots. This prediction is different from the dotted line (assuming hotspot fixity) in
Figure 7, because it is calculated for a given African absolute plate motion and a given relative motion
Pacific vs. Africa, whereas in Figure 7 we use the best—fitting Pacific plate motion. Also shown is the
motion of the Hawaiian hotspot (in the mean mantle reference frame of our flow calculations) as predicted
from our model B, with greytones corresponding to age and tickmark interval 10 Ma. Figure modified

after Cande et al. [1995].

basalts and sediment cores, using the axial dipole hy-
pothesis: If all hotspots and the rotation axis were fixed
relative to each other, the paleolatitude of hotspots
should be the same as the present latitude for all times.
This method can be extended to data other than from
hotspot tracks: For a given model of absolute plate mo-
tion, based on hotspot tracks, the paleolatitude of any
point on the plate can be predicted for all times, and
compared with the observed paleolatitude. Using this
method, Sager and Bleil [1987] find a “latitudinal shift
of Pacific hotspots during the late Cretaceous and early
Tertiary”. In the top left panel of Figure 9 we redo
their analysis, using our own model for the best fit-
ting plate motion assuming fixed hotspots, and essen-
tially reproduce their finding. Their results are however
largely based on sediment cores and seamount paleo-
magnetism, which are less reliable than basalt cores.
Tarduno and Cottrell [1997] have used data from basalt
cores and find similar results, giving “evidence for mo-
tion of the Hawaiian hotspot during formation of the

Emperor seamounts”. The drawback here is that incli-
nation data from basalt cores are far fewer in number.

6. A MODEL OF PLUMES IN LARGE-SCALE
MANTLE FLOW

Since geodynamic models indicate that hotspots are
unlikely to be fixed relative to one another, (as outlined
in section 3) and the observational evidence for hotspot
fixity versus mobility remains inconclusive (as shown
in section 5) we have developed a numerical model of
plumes in large-scale mantle flow. This enables us to
make predictions of hotspot motion for various models
of mantle flow and viscosity structure.

The details of the modelling procedure have been de-
scribed elsewhere [Steinberger and O’Connell, 1998], so
here we give only a brief overview with emphasis on
understanding the physical processes: In a first step,
a large-scale mantle flow field is calculated with the
method of Hager and O’Connell [1979, 1981]. Using a
spherical harmonic expansion, this method solves the
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Figure 9. Latitudinal shift of Pacific hotspots — four cases. Observed paleolatitude data of samples on
Pacific plate are from Epp et al. [1983], Sager [1984], Sager and Bleil [1987), Tarduno and Gee [1995],
Tarduno and Cottrell [1997]. Larger squares represent more reliable data points (mostly on Hawaiian—
Emperor chain). Similar to Sager [1984] we consider data points that are based on the paleomagnetism
of extrusives, with a sufficiently large number of samples (N > 18), to be more reliable. For clarity, error
bars (representing 95% confidence intervals) are only shown for more reliable data with ages > 10 Ma. In
the top left panel, predicted paleolatitudes are calculated by rotating samples from their drilling location
back to the paleo-location where they were emplaced, using the measured age and a model of Pacific plate
motion that optimizes the fit of the Hawaiian and Louisville hotspot tracks, assuming hotspot fixity. In
the top right panel, the motion of the pole in the “fixed hotspot” reference frame is taken into account:
In this case, the angular distance from the predicted paleo-location to the paleo-pole at the same age
according to the Besse and Courtillot [1991] curve is the predicted paleo-latitude. In the two bottom
panels, we use instead models of Pacific plate motion that optimize the fit of the Hawaiian and Louisville
hotspot tracks, taking into account the calculated hotspot motion for two of our models (see Table 3).
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equations of motion for a viscous mantle rheology, with
viscosity varying with radius only. Because of the high
viscosity, inertial forces are neglected.

Internal driving forces arise from mantle density het-
erogeneities dp that are inferred from models of seis-
mic s-wave speed anomaly dvg. In most of the flow
calculations shown here, we use either SI2WM13 (by
Su et al. [1994] ~ for our models 1 and 2), or the
most recent model of S. Grand (retrieved via anony-
mous ftp and similar to Grand et al. [1997] — for our
model 3). For viscosity model A, we use conversion
factors (6p/p) [ (dvs/vs) = 0.2 for SI2WMI13 resp. 0.4
for Grand’s model, and only consider velocity hetero-
geneities below 220 km, in order to at least partly ex-
clude effects of compositional continental roots. Both
values are close to what has been inferred from geoid
modelling [e.g., Forte et al., 1993] and from laboratory
experiments in combination with theoretical arguments
[Karato, 1993]. A higher value is used for Grand’s
model because of the lower amplitudes of that model.
For viscosity model B, we use conversion factors 0.4 for
Grand’s model and 0.2 for all other models at all depths,
as in our previous paper, unless stated otherwise. The
boundary conditions on the Earth’s surface are taken
to be the observed time-dependent global plate mo-
tions [Gordon and Jurdy, 1986; Lithgow-Bertelloni and
Richards, 1998].

Mantle flow in our model is time-dependent for two
reasons: First, plate motions change with time as the
plate geometry changes and the velocities change; this
changes the plate motion boundary condition that is
applied to the model. Secondly, the flow field carries
the internal density anomalies to new positions. We
use the flow field to advect the density field backward
in time from its present position for 68 Ma. This in-
troduces some uncertainty in the model, since the ad-
vection is approximate. Nevertheless, the errors that
accumulate over 68 My due to neglecting diffusion, vis-
cous dissipation, adiabatic heating and cooling effects,
are estimated to be relatively small. We have given
a more detailed justification for the advection model
in our previous work [Steinberger and O’Connell, 1998,
appendix A2]. A constant density field is used before
68 Ma.

Figure 5 shows, as an example, a cross section be-
low North America through model 3, as well as an in-
ferred flow field. Note that both the density model and
the calculated flow field are fully three-dimensional; we
are however only able to plot the vertical and east-west
component of the flow field. The dark structure in the
center of the figure has been interpreted as the remains

of the subducted Farallon plate, which are now in the
lower mantle. As should be expected, this presumably
cold and dense material drives a large-scale downward
flow in our calculation. S12WM13 does not have as high
resolution as more recent models such as Grand’s. It
does, however, provide a global model, which is needed
to calculate a global flow field. In addition, the calcu-
lation of the flow provides an effective low-pass filter
that averages the smaller scale features in the density
field. Hence the lower resolution seismic models may
still provide a sufficiently accurate flow field, especially
in oceanic regions where more detailed tomographic re-
sults are not available. As an example, Figure 10 shows
an inward flow at the base of the mantle towards an
upwelling under southern Africa that corresponds to a
large-scale negative seismic anomaly in this region. If
Grand’s model is used instead, the horizontal flow at
the base of the mantle in this region is still dominated
by this inward flow. Flow in the upper mantle is, to a
larger degree, related to plate motions. Figures 10 and
11 show a flow at the top of the lower mantle that is
frequently toward ridges i.e. has a “return flow” com-
ponent opposite to plate motion. However, mantle flow
in the depth range shown tends to be much slower than
plate motions.

We then insert a plume conduit in the calculated
large scale flow. We choose a vertical conduit as the
initial condition, corresponding to the assumption that
the plumehead that establishes the conduit (Figure 2)
rises rapidly and is thus not significantly advected lat-
erally. This assumption is discussed in more detail in
Steinberger [1999]; here we just state that this assump-
tion seems the most reasonable, because many hotspots
are assumed rather old, such that the large-scale flow
through which the plumehead has risen is poorly known,
and also because an initially tilted conduit would fur-
ther complicate the model by introducing more param-
eters. If a flood basalt is associated with the hotspot,
we choose its age as the initial time. For example, for
the Reunion hotspot we start with a vertical conduit
67 Ma ago (see Figure 1). All the ages used are listed
in Table 1. The conduit is then advected and distorted
in the flow field, whereby the velocity of each conduit
element is a superposition of ambient mantle flow and
vertical buoyant rising, as discussed in section 3.

Obviously, the separation of mantle flow in “plume
flow” and “large scale flow” is somewhat artificial. For
example, neither the flow into nor out of the conduit are
considered. The separation is however justified since
(a) plume conduits are expected to be thin features,
as argued above, hence we expect their presence and
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Figure 10. Calculated hotspot motion (mid-panel) and
conduit shape (lower panel) for Tristan, Reunion and Ker-
guelen hotspots, for the viscosity model B shown. Arrows
represent present—day flow at depths 800 km (mid-panel),
resp. 2700 km (lower panel), with the arrow length corre-
sponding to the total motion that would result from 68 Ma
of constant flow. In the mid-panel, the motion of hotspots
is plotted in the reference frame of the flow calculations (a
mean mantle reference frame), with different shades of grey
corresponding to different times, and tickmarks every 10 Ma.
This hotspot motion is not to be confused with hotspot
tracks on plates. In the lower panel, different shades of
grey correspond to calculated conduit locations at different
depths, with a tickmark interval of 0.1 Earth radii.
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buoyancy does not significantly alter large-scale mantle
flow, and (b) heat flow of plumes, hence their mate-
rial flux is estimated to be substantially smaller than
large-scale mantle flow: Davies, [1988] estimates that
plumes supply less than 10 % of the total heat out of
the mantle. Therefore we do not expect that inflow and
outflow of plumes alters the large scale mantle flow field
significantly either.

Based on eqns. (1) and (2), and in accordance with
the discussion in section 3 we will use plume rising
speeds as specified in Table 2, unless noted otherwise.
Obviously these models are somewhat arbitrary. We
therefore use several different models to show that re-
sults do not critically depend on exact values of v,
chosen (as was already argued in section 3 — see also
Steinberger [1999] where results for more hotspots are
shown).

Figure 10 is an example of our calculations, which il-
lustrates what is described above: In the middle panel,
the recent surface motion of the hotspots tends to be
similar in direction and magnitude to the horizontal
flow in the mid-mantle (here shown at depth 800 km).
Whereas Tristan and Reunion show very little motion
during the past 40 Ma, the motion of Kerguelen is quite
significant, in a south—easterly direction. This coincides
with Morgan [1981], who finds Kerguelen to be the least
fixed hotspot in the Atlantic and Indian Oceans.

The lower panel shows the calculated shape of three
conduits. The bases of the conduits are advected with
the flow toward the large upwelling under South Africa.
Since the flow in the mid and upper mantle is in quite
different directions, there is a significant tilt of the con-
duits, with the base of the conduits closer to the up-
welling under South Africa. Corresponding results for
viscosity model A are shown in Steinberger [1999] and
are very similar.

7. MOTION OF HOTSPOTS IN THE PACIFIC

Another example is shown in Figure 11. Here cal-
culations are not for actual hotspots; instead the ini-
tial hotspot locations are on a ten degree grid. The
motion of a hotspot is only shown if the conduit has
not been tilted more than 60° at depths between 670
and 1070 km. The figure thus illustrates the regions
where plumes, if present, could have survived and given
rise to long-lived hotspots on the surface. We restrict
ourselves to this depth range, as instabilities will de-
velop slowly at greater depths, and will not necessarily
lead to extinction at shallower depths, according to es-
timates 3 and 4. The “pattern” of surviving plumes cal-
culated does not critically depend on this depth range
chosen. Figure 11 can therefore help to explain the
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Figure 11. Motion and distribution of hypothetical hotspots (initially located on a 10-degree-grid) in
the Pacific: Calculations are for model 1 A, with v. = 4cm/yr for nou: = 10>! Pas (i.e. 10 cm/yr below
the lithosphere), corresponding to a conduit radius of 88 km according to eqn. 1. Motion is only plotted
for plumes tilted < 60° at depths between 670 and 1070 km. Initial surface positions of plumes are on
a grid, with eruption of plumeheads 100 Ma ago. Arrows represent present—day flow at depth 1000 km,
with the arrow length corresponding to the total motion in 50 Ma. Locations of actual hotspots are
shown as black dots. Again, hotspot motion is plotted in the mean mantle reference frame.



observed hotspot distribution: In the regions of recent
subduction and fast seismic anomalies, with the associ-
ated downward flow (see Figure 5), plume conduits fre-
quently get tilted more than 60°, and the hotspots are
more likely to become extinct. This agrees with the ob-
servation that hotspots cluster in the Pacific and around
Africa, where tomography shows large-scale negative
seismic anomalies in the lower mantle, hence large scale
upwelling is inferred. The fact that Yellowstone is in a
region of recent subduction is no contradiction to this,
since its assumed age (equal to the Columbia River
Basalts) is much less than 100 Ma: For this age (15
Ma) our models predict a Yellowstone conduit tilt of
less than 60 degrees.

Results shown in Figure 11 are not specific for this
particular viscosity structure — e.g. they are very sim-
ilar for viscosity structure B [Steinberger and O’Con-
nell, 1998, Figure 7]: both figures also show a coher-
ent hotspot motion in a ~ south-easterly direction over
much of the Pacific plate, including the locations of
Hawaii and Louisville. This motion corresponds to a
largely coherent flow in the mid-mantle opposite to
plate motion. During the first ~ 10 Ma, hotspot mo-
tion tends to be in a different direction, as explained
in section 3. For the actual parameters of the Hawaiian
hotspot, the motion for model B is included in Figure 8.
Results for actual hotspots are also shown in Steinberger
[1999] for model A and in Figure 12 for a greater number
of models: A coherent motion of Hawaii and Louisville
remains a common feature of most models. As men-
tioned above, coherent hotspot motion yields tracks
that are compatible with the assumption of hotspot fix-
ity; therefore our result can help to reconcile the find-
ings of Morgan [1971] and others with a convecting man-
tle. This is further illustrated in Figure 7: By choos-
ing a different “best fitting” Pacific plate motion (Table
3), the calculated hotspot motions can fit the observed
tracks and age progression about as well as assuming
hotspot fixity. We note that especially for Tahiti the
models with a moving hotspot do not fit the age pro-
gression as well as assuming hotspot fixity. This misfit
occurs because in our model, during the first few Ma,
the initially vertical conduit is being tilted towards a
steady state, as explained above. There are no indica-
tions for such an effect in the observed age progression.
This probably shows that, if volcanism in the Tahiti
chain is due to a hotspot plume in the sense of the
model discussed here, the tilt of its conduit did not sig-
nificantly change during the past ~ 5 Ma, in contrast
to our model.
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Table 2. Plume rising speeds (column 3) and corresponding
variations (if any) of viscosity inside conduit (column 4) for
a given model (column 1) and viscosity range outside
conduit (column 2). By = 10 kg/s and 1o = 10*! Pas are
used; anomalous mass fluxes B are listed in Table 1. Model
A requires larger values v. - 1oy than model B, because of
the higher viscosity below the lithosphere. A higher ratio
Nin /Mout 1s used in the layer of lowest viscosity in models 2
and 3 A, because that layer may be at least partly be fed
by plumes [Phipps Morgan et al., 1995], hence its viscosity
may be closer to plume viscosity at the same depth.

Model  nout ve [cm/yr] Nin

1A all 1.72-\/ B/Bq - 10 [ Nout const.
2/3 A > 1021 Pas 1.36- B/B(] : \/7}0/7]011/ ~ Tout
2/3 A <10* Pas  1.36:\/B/Bo - n0/Nout const.
B all 0.86-+/B/Bo - 10 /Nout const.

Below the Nazca plate the flow in the mid-mantle
is in a very different direction than that under the Pa-
cific, especially for model B [Steinberger and O’Connell,
1998, Figure 7]. We therefore expect a motion of the
Easter hotspot relative to Hawaii and Louisville of up to
several cm/year. Figure 13 shows that all models with
hotspot motion, especially model B, fit the observed age
progression better than the fixed hotspot model. More-
over, for model B the calculated hotspot motion yields a
hotspot location that is, for the assumed plate bound-
ary, actually on the Nazca plate for longer periods of
time, thus further helping to explain the observed fea-
tures (Nazca and Sala y Gomez ridges) that have been
associated with the Easter hotspot. Predicted tracks
considerably differ among each other, and none of them
fits observations too well; detailed reconstructions of
this track are difficult for several reasons: The present
location of the Easter hotspot is uncertain; the speed of
the Pacific plate between 0 and 25 Ma might be over-
estimated in our models (see Table 3); a hotspot loca-
tion on the Pacific plate may also lead to features on
the Nazca plate (and vice versa) owing to plume-ridge
interaction; there have been ridge jumps that may lead
to kinks in the ridge and segments with reversed age
progression, but the past location of the ridge and the
timing of the ridge jumps are poorly known. A more
detailed investigation of this hotspot track might actu-
ally help to improve plate reconstructions in this region.
For example, the ridge topography around 85°W | 25°5
might indicate such a kink. When interpreted that way,
it would mean that the ridge jumped from east to west
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Figure 12. Summary of results for Hawaiian and Louisville hotspot for a greater number of models.
Calculated hotspot surface locations 40 Ma ago (in mean mantle reference frame) and predicted locations
of base of conduit at D” are shown. Results are shown for the viscosity models A (grey symbols) and B
(black symbols). Grey symbols marked with a number “2” are for Model 2 (Table 2), whereas for black

symbols marked with “2”, v. = 0.86 cm/yr - \/B/Bo - \/10/Nout is used. For the data point marked
with “0.3”, a constant conversion factor (6p/p) / (dvs/vs) = 0.3 is used, otherwise conversion is done as
specified in the text. The top left panel contains four black diamonds for assumed hotspot ages 100, 110,
120 and 130 Ma. Grey diamonds marked with the letter “b” (for big) and “s” (for small) correspond to
buoyant rising speed increased resp. reduced by 50 %. Density anomalies are advected for 68 Ma in all
cases except for black circles. Presumed present locations of Hawaiian and Louisville hotspots are shown
as stars.
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Table 3. Table of “absolute” Pacific plate rotations in a mean mantle reference frame. These were
re-determined for the time intervals given in the first column (in Ma) for fixed hotspots (Model 0) and four
models of moving hotspots. Our method of determining “best-fitting” plate motions is described in
Steinberger [1999]. For each time interval, a constant rotation rate vector is assumed. Vectors are given in
spherical coordinates (latitude[deg],longitude[deg],magnitude[deg/Ma]). Before 80 Ma, plate motions were
not re-determined but adopted from Lithgow-Bertelloni and Richards [1998].

Model 0 Model 1 A Model 2 A Model 3 A Model B
t [Ma] lat lon mag lat lon mag lat lon mag lat lon mag lat lon  mag

0-5 64 99 1.00 -64 101 094 -65 97 093 -65 90 103 -64 107 0.91
5-25 73 122 0.87 -77 110 0.82 -77 97 084 -74 133 086 -79 92 0.80
25-43 59 122 0.58 -55 156 0.51 -7 157 051 -63 151 0.57 -56 168 0.48
43-80 -8 105 0.59 1 104 0.55 1 101 056 -7 104 054 -7 99  0.49

of the hotspot around 22 Ma ago, and the hotspot has plate motion), as discussed above. For comparison, in
remained beneath the Nazca plate since then. The ob-  the plate boundary model used here, a ridge jump over
served age progression (indicating a steeper slope in the the plume occurs 10 Ma ago, and the predicted age
age vs. distance plot ~ 20 Ma ago) might even result — vs. distance curves have a steeper slope following that
from a change of plume tilt from toward the west (due to  ridge jump. More age data would however be required
Pacific plate motion) to toward the east (due to Nazca  to support such an interpretation.
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Figure 13. Easter hotspot track and age progression on the Nazca plate — Data [O’Connor et al.,
1995, and references herein] (shown as dots) and calculations for fixed and moving hotspots (four cases
~ legend sce Figure 7); two solid lines are for viscosity models A and B as indicated. Assumed hotspot
ages are 100 Ma for model A and 60 Ma for model B; if a significantly older age is assumed for model B,
the calculated plume conduit is severely distorted. Location of the Easter hotspot is assumed half-way
between Easter and Sala y Gomez Islands, as inferred from extrapolating age data on Sala y Gomez
Ridge. Following previous suggestions [0’Connor et al., 1995; Morgan, 1978], it is assumed that Baster
Island is due to channeling of plume material toward the ridge. Black lines show the calculated hotspot
track for the model of past plate motions and geometry used [Gordon and Jurdy, 1986]; segments with
reversed age progression occur when the calculated hotspot location is on a part of the Pacific plate
that subsequently gets transferred to the Nazca plate according to the model. Grey lines are calculated
assuming the hotspot is always located on the Nazca plate regardless of any model of plate boundaries.
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Figure 14. Calculated hotspot motion and track for Hawai-
ian plume, for viscosity model C (top panel). Predicted
hotspot motion (in mean mantle reference frame) is shown
in mid-panel, along with arrows indictating plate motions
before and after 43 Ma, and the difference. The bottom
panel shows the predicted hotspot track on the Pacific plate.

So far we have concentrated on model results that
correspond well with observations. We conclude this
section by showing a model that does not fit the ob-
servations, thus constraining the range of acceptable
models. Figure 14 shows a result for a viscosity struc-
ture, similar to model B, but without the channel of
low viscosity beneath the lithosphere, and with v. as
in Table 2 for model B. The bottom panel shows that
this model cannot reproduce the observed sharp bend of
the Hawaiian-Emperor chain; rather it exhibits a fairly
wide arc. In this model (C) the buoyant rising speed
of the plume in the uppermost viscosity layer below
the lithosphere is much less, and hence the deflection
2o much larger, than in the previous models A and B.
As we already saw for the simple model in Figure 4,
the mid-panel of Figure 14 shows the hotspot moving
approximately parallel to up, — up, during a time fol-
lowing the change in plate velocity from ug, to ug,.
According to Figure 4 and Table 2, we should expect
a horizontal plume deflection z¢ &~ 90 — 150km in the
uppermost viscosity layer for models A and B, whereas
2o ~ 1150km for model C, and a similar radius of cur-
vature of the bend. Both results roughly agree with the
respective numerical results shown in Figures 7 and 14,
but only the first one is compatible with the observed
sharp bend.

The results for model C thus indicate that a layer of
low viscosity underlying the lithosphere is necessary to
explain the observed hotspot tracks. While details of
the mantle viscosity structure may not be constrained
by these models, we can also conclude that a relatively
high viscosity in at least parts of the lower mantle is re-
quired, simply in order to keep the mantle flow speeds
low enough to achieve relative hotspot motions in ac-
cordance with observations. Examples were shown in

Steinberger and O’Connell [1998].

8. IMPLICATIONS OF HOTSPOT MOTION
FOR PLATE TECTONICS

In Figure 8, the calculated motion of the Hawaiian
hotspot is shown together with the discrepancy between
the observed Hawaiian hotspot track and the prediction
assuming fixity relative to Indo-Atlantic hotspots, ac-
cording to Cande et al. [1995]. Back to 43 Ma, the
time of the bend of the Hawaiian—-Emperor chain; the
calculated hotspot motion explains the difference be-
tween the observed track and the prediction of Cande
et al. [1995]. Before that however, the calculated mo-
tion of the hotspot is not sufficient to explain the dis-
crepancy. Figure 12 shows that — independent of which
tomographic model, viscosity structure, etc. is chosen
— many models can significantly reduce that difference
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Figure 15. True polar wander — comparison of a curve
based on paleomagnetic results with model calculations of
changes of the principal axis of inertia due to advection of
mantle density heterogeneities. The latter are inferred from
the tomographic models ST2WM13 [Su et al., 1994] and from
Grand’s latest model (as in models 1/2 and 3), for viscosity
model A, otherwise the model is the same as in Steinberger
and O’Connell [1997]. Results for viscosity model B are
considerably different; more generally, only viscosity mod-
els that are compatible with geoid modelling tend to yield
true polar wander curves in agreement with paleomagnetic
evidence.

during the last 43 Ma. None of the models, though,
even approximately explains the much larger misfit be-
fore 43 Ma.

In Figure 9, the observed minus predicted latitudes
on the Pacific plate are plotted under four different as-
sumptions. As mentioned above, in the first case, which
takes into account neither polar motion nor hotspot mo-
tion, a significant shift with time occurs. This shift
is greatly reduced if polar motion, according to the
curve of Besse and Courtillot [1991] is taken into ac-
count. That curve is inferred from continental pale-
omagnetic data, and is therefore independent of data
from the Pacific plate. While details remain uncertain,
a polar motion of 5 to 10 degrees from ~ 160° E to-
ward the present pole during the past ~ 50 Ma is a
common feature of several models of true polar wan-
der [e.g., Andrews, 1985; Livermore et al., 1984]. It
is also supported by numerical models of polar motion
based on calculated changes of the degree two geoid
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caused by advection of mantle density heterogeneities
which we performed [Steinberger and O’Connell, 1997].
Figure 15 shows results for viscosity model A and the
two tomographic models mainly used here: directions
and magnitudes during the past ~ 50 Ma are similar to
the models based on paleomagnetism. Similar calcula-
tions, based on subduction history, were also recently
performed by Richards et al. [1997].

In the lower panels of Figure 9, hotspot motion is also
taken into account, and the best-fitting Pacific plate
motion is re-determined. Because of the largely co-
herent hotspot motion opposite to plate motion, these
models yvield slower plate motions with a smaller north-
ward component than the model with fixed hotspots.
Additionally, the motion of the African plate is re-
determined based on the calculated motion of the Re-
union and Tristan hotspots shown in Figure 10. By con-
sidering the difference between our re—calculated mo-
tion of the African plate and its motion in the hotspot
reference frame that was used by Besse and Courtillot
[1991], their curve is converted into the same mean-
mantle reference frame in which our calculations are
done. The effects of this step are small (especially
between 0 and 40 Ma) however, because of the small
hotspot motion calculated during that time.

When these effects are included, there is essentially
no trend in observed minus predicted paleolatitudes
between 0 and 70-80 Ma. Figure 12 shows that the
amounts of hotspot motion in the two models included
in Figure 9 are fairly typical for a larger number of mod-
els, which will therefore all approximately remove any
trend during that period. However there is a significant
systematic offset from zero. The horizontal line through
the data points is drawn by hand. An offset is even ap-
parent in data from lava flows on the Hawaiian Island
of ages 0 to 5 Ma. These data points are averaged over
a large number of samples such that short term secular
variations should be averaged out, and are considered
more reliable [Sager, 1984]. It would be difficult to ex-
plain this offset of several degrees during the past 5
Ma by a hotspot motion unaccounted for in our model,
especially since the Hawaiian track during the past 5
Ma gives no indication for a significant hotspot motion.
The offset is therefore very likely due to other reasons
and we conclude that the removal of any trend indicates
that our models describe hotspot motion adequately, at
least back to ~ 70 — 80 Ma ago.

The data point for Detroit Seamount (81 Ma) by Tar-
duno and Cottrell [1997) however is offset significantly
from all other points. To determine whether this is due
to hotspot motion more rapid than in our model, an
episode of rapid true polar wander not accounted for
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in the Besse and Courtillot [1991] curve, or long-lived
non-dipolar components in the Earth’s magnetic ficld
will clearly require more data. The offset in paleolati-
tude in Figure 9 may reflect a feature of the field that is
persistent over relatively long times [Johnson and Con-

stable, 1998].
9. DISCUSSION AND OUTLOOK

The purpose of this paper was to discuss the prob-
lem of hotspot motion from a geodynamic viewpoint.
This problem is motivated by observations — some of
them support the idea of hotspot fixity, others seem
to require significant motions of hotspots. Following a
general introduction to the current ideas about plumes
and hotspots, we therefore reviewed these observations.
We then presented a numerical model that is intended
to explain most of the observations. In this context,
the introduction also served to justify why this partic-
ular numerical approach was taken. Numerical results
are shown here for only a few representative hotspots,
where effects can be seen well, and/or results have im-
portant implications regarding plate motions. A more
systematic treatment of all known hotspots is given in
Steinberger [1999].

A coherent motion of Hawaiian and Louisville hot-
spots of the order of 1 cm/yr and a southward compo-
nent of Hawaiian hotspot motion of similar magnitude
during the Cenocoic is feature of most models tested.
Our results therefore explain the apparent misfit be-
tween observed and predicted Hawaiian hotspot track
that has been reported by Cande et al. [1995] only
back to 43 Ma. Where the remaining misfit comes from
and to what extent unrecognized plate boundaries can
change the results is the subject of ongoing research
[Raymond et al., this issue]. In combination with polar
wander, paleomagnetic data can however be explained
back to about 70-80 Ma. This result does not depend
on the particular polar wander curve chosen, as a polar
motion of the order of 5 degrees away from the Pa-
cific during the Cenocoic is a common feature of several
paleomagnetic true polar wander curves as well as our
predictions from the advection of mantle density het-
erogeneities. 5 degrees from polar motion plus about 7
to 8 degrees from hotspot motion are sufficient to ex-
plain the previously reported trend in observed minus
predicted paleomagnetic data back to about 70-80 Ma.
Our results do not support the hypothesis of a partic-
ularly rapid motion of the Hawaiian hotspot before 43
Ma, as proposed by Norton [1995], therefore a rather
abrupt change in absolute plate motion at around 43
Ma for the Pacific plate is required, accompanied by

corresponding adjustments in the motions of surround-
ing plates. Our results also give predictions of the shape
of plume conduits: Plume source locations tend to be
displaced relative to corresponding surface hotspots, ap-
proximately towards the center of large-scale upwellings
under Southern Africa and the South Pacific (Figures
10 and 12).

We have shown that not all models for “reasonable”
parameters (i.e. in agreement with other evidence) give
results in agreement with observations. Therefore, our
models can help to further constrain model parameters
such as viscosity structure. Comparison of various mod-
els introduced here and in our other papers, that are in
agreement with observations, shows that we can make
reasonably robust predictions of direction and magni-
tude of hotspot motion and of the tilt of plume con-
duits. In general, predictions do not depend on pai-
ticular model parameters chosen, but are similar for a
great number of models. Because of model uncertain-
ties, obviously no detailed predictions can be made at
present. The validity of our predictions and hence of the
proposed underlying physical mechanism is supported
by the fact that our model can help to explain a number
of previously unexplained observations, particularly for
more recent times. The examples shown here focussed
on the Hawaiian, Louisville and Easter hotspots and
hence plate motions in the Pacific region. In other in-
stances, significant misfits remain. We anticipate that,
due to better model constraints, we will be able to make
more accurate predictions of hotspot motion in the fu-
ture, and that, in combination with better constraints
on plate reconstructions and a greater number of pale-
omagnetic data, remaining misfits can be resolved.
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