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Abstract

The Kerguelen Plateau, a Large Igneous Province in the southern Indian Ocean, was formed as a product of the
Kerguelen hotspot in several eruptive phases during the last 120 Myr. We obtained new paleolatitudes for the central
and northern Kerguelen Plateau from paleomagnetic investigations on basalts, which were drilled during ODP Leg
183 to the Kerguelen Plateau-Broken Ridge. The paleolatitudes coincide with paleolatitudes from previous
investigations at the Kerguelen Plateau and Ninetyeast Ridge (the track of the Kerguelen hotspot) and indicate a
difference between paleolatitudes and present position at 49°S of the Kerguelen hotspot. We show that true polar
wander, the global motion between the mantle and the rotation axis, cannot explain this difference in latitudes. We
present numerical model results of plume conduit motion in a large-scale mantle flow and the resulting surface
hotspot motion. A large number of models all predict southward motion between 3° and 10° for the Kerguelen
hotspot during the last 100 Myr, which is consistent with our paleomagnetic results.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Whether or not and to what extent hotspots are
fixed can give important information about the dy-
namics of the Earth’s deep interior where they
probably originate. Furthermore, the hotspot refer-
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[5-8] have been used to argue both for hotspot
mobility and for hotspot fixity. Relative hotspot
motion between hotspots in the Indian and Atlan-
tic oceans has been reported to be a few mm/yr [5].
In contrast, motion of hotspots in the Pacific re-
gion relative to hotspots in the Indo-Atlantic re-
gions has been found to be a few cm/yr [6].
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A way to determine hotspot motion that does
not directly depend on any plate motion models
makes use of the characteristic remanent magne-
tization (ChRM) of basalts which have been pro-
duced by the hotspot: if secular variation is prop-
erly averaged out, if the hotspot is fixed, if the
geocentric axial dipole (GAD) hypothesis holds,
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Fig. 1. Bathymetric map of the Indian Ocean showing the Kerguelen Plateau. Summary of ODP drill holes on the Kerguelen Pla-
teau that recovered volcanic rocks (Leg 119: Site 738; Leg 120: Sites 747, 748, 749, and 750; Leg 183: Sites 1136, 1137, 1138,
1139, 1140). Basalts of bold signed Sites (1138 and 1140) were used to paleomagnetically determine new paleolatitudes, which are

presented here. Contour intervals =500 m.
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and if the rotation axis does not move with re-
spect to the mantle (true polar wander, TPW), the
inclination of the ChRM should remain constant
and should correspond to the present-day latitude
of the hotspot. If that is not the case, one or more
of the conditions will not be fulfilled.

This paper contributes to the topic of hotspot
motion by looking particularly at the Kerguelen
hotspot, and it presents paleomagnetic data as
well as modeling results. The Kerguelen hotspot
in the southern Indian Ocean has produced the
Rajmahal Traps, the Kerguelen Plateau, the Bro-
ken Ridge complex and the Ninetyeast Ridge
since its origin approximately 120 Ma ago. We
present new paleomagnetic investigations of ba-
salts of the Kerguelen Plateau (Fig. 1) that were
drilled during ODP Leg 183 to the Kerguelen—
Broken Ridge Plateau, yielding new paleolatitudes
for the northern Kerguelen Plateau (NKP) and
the central Kerguelen Plateau (CKP). Two curves
of TPW that were independently derived from
continental paleomagnetic data [9,10] are used to
compute one component of changes in hotspot
latitude. In addition to this, the latitude change
of the Kerguelen hotspot due to its motion in
large-scale mantle flow is calculated. Combining
both effects, we are able to compute changes in
hotspot paleolatitudes and to compare predictions
with the paleomagnetic results.

2. Paleomagnetism

During Ocean Drilling Program (ODP) Leg
183, 144.5 m of massive lava flows were pene-
trated and 69.0 m of core was recovered on the
CKP (Fig. 1) (Hole 1138A: 53°40'S, 75°35'E).
The basalt sequence can be separated into 21 lith-
ologic units [11]. 87.9 m of pillow basalts with
sediment layers between some pillow complexes
have been penetrated and 49.1 m of core has
been recovered on Site 1140, ~270 km north of
Kerguelen Island on the NKP (Hole 1140A:
47°56'S, 69°54'E) (Fig. 1). “*Ar/*Ar radiometric
data yield ages of 100.41£0.71 and 34.30+0.59
Ma for Sites 1138 and 1140, respectively [12].

Azimuthally unoriented discrete inch cores
(n=151 for CKP and n =81 for NKP) were drilled
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Fig. 2. (a,b) Characteristic behavior of samples of Site 1138
during alternating field and thermal demagnetization, respec-
tively. The orthogonal vector diagrams [55] show nearly uni-
vectorial decay to the origin after the removal of a small vis-
cous overprint. Temperature steps and field steps are 50—
25°C and 2-5 mT, respectively. Sample identifications follow-
ing conventions of the ODP are as follows: (a) 183-1138A-
80R-2, 114-116 cm; (b) 183-1138A-80R-3, 40-42 cm. V: ver-
tical component; H: horizontal component; Jy: starting
magnetization. (c¢) Alternating field demagnetization of sam-
ple 183-1140A-37R-4, 16-18 cm from Site 1140, showing
a magnetization less hard than samples of Site 1138 (a).
(d) Thermal demagnetization of sample 183-1140A-33R-2,
104-106 cm from Site 1140 showing a rather large viscous
component, which, however, could be easily removed after
heating to 120°C.
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from the recovered basalt cores and analyzed in
the Paleomagnetic Laboratory at the University
of Munich, Germany. Overlying sediments have
not been used for paleolatitude analysis because
of damaged and highly disturbed cores due to
the rotary drilling technique. Most of the samples
were subjected to detailed thermal demagnetiza-
tion. Some samples were also demagnetized using
stepwise alternating field treatment in increments
of 3-20 mT. Thermal and alternating field results
are consistent (Fig. 2). During both demagnetiza-
tion techniques, the samples show a univectorial
decay after the removal of a small viscous magne-
tization (Fig. 2a,b for Site 1138; Fig. 2c,d for Site
1140), allowing calculation of a characteristic di-
rection with principal component analysis.

All the ChRMs of samples of Site 1138 have a
negative inclination. Assuming a southern hemi-
sphere origin, the negative inclinations denote
normal polarity. We did not recover sufficient ori-
ented material in lithologic Units 15 and 18 of
Site 1138 to obtain reliable paleomagnetic direc-
tions. Lithologic Unit 1 of Site 1140 has a nega-
tive inclination, followed by positive inclinations
downhole in Unit 2-6. Unit 4 consists of a ~1 m
thick layer of dolomitized nannofossil chalk. Two
other thin calcareous-dolomitic sedimentary inter-
beds are between basalt flows at the Unit 2-3 and
Unit 5-6 boundaries. We subdivided lithologic
Unit 6, which consists of several pillow lava se-
quences, into four paleomagnetic subunits, based
on directional grouping.

Rock magnetic studies on igneous rocks from
Leg 183 basement sites have been conducted [13].
The magnetic properties of basalts from Sites
1138 and 1140 are controlled mainly by titano-
magnetite. The magnetic minerals vary in size,
but most fall within the pseudo-single-domain
size range of 0.2-14 um [13]. The generally good
magnetic stability and other properties exhibited
by titanomagnetite-bearing rocks support the reli-
ability for our studies.

Mean inclinations versus depth are plotted in
Fig. 3. Mean-site inclinations have been calcu-
lated after [14]. For Site 1138 we obtained a
mean inclination of —62.3° (s =4.2°, k=63)
and for Site 1140 a mean inclination of 55.3°
(095 =7°, k=69). In Table 1 results are listed.

Table 1
New paleomagnetic results from the CKP (ODP Site 1138)
and NKP (ODP Site 1140)

Unit num- Sample Mean flow k s
ber number inclination

n/N
Site 1138
2 717 —65.0 691 2.4
3 9/9 —62.3 392 2.7
4 6/6 —61.5 654 2.9
5 9/8 —60.2 937 1.9
6 717 —54.6 682 2.5
7 9/8 —53.2 664 2.2
8 6/6 —62.6 144 6.2
9 12/10 —68.3 306 2.8
10 10/10 —-73.0 371 2.5
11 6/6 —73.5 2344 2.5
12 717 —71.9 671 2.5
13 16/16 —68.3 141 3.0
14 11/10 —64.0 154 39
15 0/0 - - -
16 3/3 —60.3 82 22.7
17 515 —52.5 130 7.8
18 1/0 - - -
19 6/6 —56.0 187 5.4
20 717 —51.4 92 6.7
21 717 —55.1 80 7.2
22 716 —53.8 171 5.7
Site 1140
1 15/13 —48.5 115 3.8
2 4/4 53.0 5466 1.6
3 8/8 50.2 532 2.5
4 4 - - -
5 13/7 49.4 1023 2.0
6a 15/14 65.9 90 4.1
6b 6/6 60.6 638 2.9
6¢ 8/7 49.1 334 3.5
6d 717 61.7 198 4.6

2.1. Paleosecular variation

The recording of paleosecular variation in lava
is a tool for evaluating the quality of a paleomag-
netic direction. The GAD takes no account of
secular variation, although its effect must be aver-
aged out before paleomagnetic measurements are
said to conform with the model. Recordings of
the secular variation as a function of age and of
latitude, observed from lava flows, have been
published [15]. To obtain reliable paleomagnetic
directions, the sampled lava flows must be time-
independent and must cover a certain time span
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Fig. 3. Mean inclinations from Site 1138 (a) and 1140 (b) versus depth. Mean inclinations for lava flows are represented by gray
filled circles and the mean inclination of the sites by the dotted lines (Site 1138: —62.3°, s =4.2°; Site 1140: —55.3°,

o5 =7.0°). Also shown are recovery and lava type.

of some thousands of years. One way to control
this is to compare the angular dispersion of the
sampled lava sequence with the data base [15].
The directional angular dispersion was estimated
when calculating the mean site inclinations [14],
was corrected by the within-site scatter [16], and

transformed into pole space [16] for comparison
with the global data set. The dispersion of virtual
geomagnetic poles from global igneous rocks is
available for several time windows. The 80-110
Ma window is needed to compare dispersion of
Site 1138 (Fig. 4a) and the 22.5-45 Ma window
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for comparison with Site 1140 (Fig. 4b). Confi-
dence limits for the angular dispersion for Sites
1138 and 1140 are determined [17].

The angular dispersion is indistinguishable
from the predicted virtual geomagnetic pole scat-
ter for Site 1138 (Fig. 4a). A geological argument
for time lapse between the single lava events is the
oxidized unit boundaries found in the lava flows
of Site 1138. They suggest subaerial weathering
between the eruptions, which only can take place
if a considerable time passed [11].

For Site 1140 the dispersion is less than pre-
dicted (Fig. 4b) and hence, paleosecular variation
might not completely be averaged out.

Another problem in calculating paleosecular
variation on lava flows is the sporadic nature of
volcanic activity. During high activity it is possi-
ble that several flows are extruded within a very
short period of time and therefore they record the
same geomagnetic field. This serial correlation
may lead to incorrect estimates of the angular
dispersion. To avoid this problem similar direc-
tions of consecutive flows are often combined in
directional groups. Forming directional groups of
units 3, 4, 5 and 6, 7 and 8, 9 and 10, 11 in Site
1138 lead to very similar results as calculations
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Fig. 4. Comparison of the dispersion of the mean direction
of (a) Site 1138 and (b) Site 1140, shown as squares, with
data taken from a global data bank [15], for the correspond-
ing time intervals. The dispersion of the mean direction of
Site 1138 corresponds to the dispersion of data of similar lat-
itude and age. This indicates a complete averaging out of pa-
leosecular variation.

without directional grouping do (inclination =
—62.0°, s =5.7°, k=54).

In Site 1140 units are separated by sediment
layers and ows limits are almost not overlapping.
We conclude that there is probably no serial cor-
relation between the lava units.

2.2. Paleolatitudes

Seismic investigations prior to Leg 183 indicate
that geological structure and seismic stratigraphy
are relatively simple in the vicinity of Sites 1138
and 1140 [11], and probably no tectonic tilting
occurred in Sites 1138 and 1140. We refer to the
problem of tectonic tilting in Section 4.

For the CKP (Site 1138) we determine a paleo-
latitude of 43.6°S (max.: 47.8°S; min.: 37.9°S)
and for the NKP (Site 1140) of 35.8°S (max:
43.0°S; min.: 28.9°S), slightly discordant from
the estimated present-day latitude of the Kergue-
len hotspot at 49°S.

2.3. Previous paleomagnetic investigations

So far, paleomagnetic investigations on basalts
produced by the Kerguelen hotspot have been
performed on the Kerguelen Island, on the Nine-
tyeast Ridge during ODP Leg 121, on the south-
ern Kerguelen Plateau during ODP Leg 120 and
on the Rajmahal Trap basalts in northeastern In-
dia. Table 2 summarizes locations and calculated
mean directions. One problem with data from
Kerguelen Plateau is local tectonic tilting. This
issue will be addressed in Section 4.

The most recent paleolatitude determination
comes from Kerguelen Island, where 32 dated
lava flows have been paleomagnetically investi-
gated and the results combined with previously
published data [18]. For the mean direction
from 59 lava flows with ages between 20 and
22 Ma an inclination /=—65.5° and a corre-
sponding paleolatitude of 47.7°S have been ob-
tained.

During Leg 121 of the ODP basaltic basement
was drilled along the Ninetyeast Ridge. Eight ba-
salt flows (total thickness of 78 m) were sampled
at Site 756 in the southern part of the Ridge
which have an age of 43 Ma and a mean inclina-
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Table 2

Summary of paleolatitudes determined from characteristic inclinations of basaltic lava flows in previous studies for the Kerguelen

Plateau, the Rajmahal Traps and the Ninetyeast Ridge

Location Age Inclina- Incpmax Incpmin Number Qs Precision Paleolatitude Paleolaty,, Paleolaty;, Reference

tion of flows

or sites
(Ma) ©) ©) ©) ©) (k) S) °S) °S)

Rajmahal Traps 117 —65.0 —67.5 —62.5 48 2.5 85 47.0 50.4 43.8 [21]
Kerguelen Plateau 749  100-115 —62.0 —66.0 —58.0 S 4.0 353 432 48.3 38.7 [20]
Kerguelen Plateau 748 100 —63.0 1 44.5 [20]
Ninetyeast Ridge 758 81.9 —64.0 —66.9 —59.6 22 3.7 69 45.8 49.5 40.4 [19]
Ninetyeast Ridge 756 433 62.1 66.0 57.8 8 434 48.3 38.5 [19]
Kerguelen Island 20-22 —65.5 —69.9 —61.1 59 4.4 17 47.7 53.8 422 [18]
tion of I=+62.1°, corresponding to a paleolati- 3. Modeling

tude of 43.3°S [19]. Site 758 lies at the northern
end of the Ninetyeast Ridge and drilled basement
consists of §1.9 Ma old basalts. From the ChRM
of the 22 drilled basalt flows (total thickness of
182 m) a mean inclination of —64° was deter-
mined, which would correspond to a paleolatitude
of 45.8°S. Parts of the basement are suspected to
be tilted [19].

Four basement sites (Sites 747-750) were
drilled during ODP Leg 120 on the Kerguelen
Plateau. The mean inclination from 13 lava flows
of Site 747 is —51° which is 11° shallower than
the inclinations at Sites 748 and 749 [20]. This
shallow inclination is most likely due to north-
ward tilting of the basement at Site 747. The
mean inclination of five basalt flows from Site
749 on the southern Kerguelen Plateau is —62°
which translates into a paleolatitude of 43.2°S
(+5.1°, —4.5°). This result is supported by one
lava flow of similar age at Site 748 which yields
a paleolatitude of 44.5°S. The paleomagnetic
samples from the two flows at Site 750 had un-
stable magnetizations and no paleolatitude was
determined [20].

A detailed paleomagnetic investigation on ba-
salts of the Rajmahal Trap has been carried out
and a well constrained mean direction has been
obtained [21]. These results were combined with
the data from the Rajmahal Traps [22,23], arriv-
ing at a mean inclination of —65° (paleolatitude
47°S, max: 50.4°S, min: 43.8°S) based on 48
sites.

In this section we try to explain the apparent
southward motion of the Kerguelen hotspot. We
therefore compute paleolatitudes of the products
of the Kerguelen hotspot due to a combination of
both TPW and hotspot motion. For comparison
of these modeled paleolatitudes with the paleo-
magnetically obtained paleolatitudes we need to
make sure that the measured inclinations corre-
spond in fact to the paleolatitude of the hotspot.
Several volcanological observations indicate that
the subaerial flows from Site 1138 are near vent
flows [11]: (1) aa and slab pahoehoe flows rarely
travel more than a few tens of kilometers from
vents, (2) abundant small vesicles indicate that
the lavas did not flow far enough for vesicles,
which formed at vents, to coalesce, and (3) clasts
in some of the welded basal breccias appear to be
spatter, which only forms close to vents. The sub-
marine flows from Site 1140 consist of pillow ba-
salts which cool and solidify rather quickly.

3.1. True polar wander

TPW is commonly referred to as the rotation of
the entire earth with respect to the spin axis [24].
Assuming fixed hotspots, differences between pa-
leomagnetically determined paleolatitudes and
those predicted by hotspots can be attributed to
TPW. We used two TPW curves [9,10] (Fig. 5) for
a prediction of the paleolatitudes of the products
of the Kerguelen hotspot, assuming a fixed hot-
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curves approximately show the contributions of polar motion
to changes in hotspot paleolatitudes.

spot. Using this assumption, TPW is considered
to be the only cause for a difference between the
present latitude and the paleolatitudes of the hot-
spot. With the TPW paths in Fig. 5 an arrow in
the direction of the Kerguelen hotspot and a
dashed line perpendicular to it are shown. The
distances between this dashed line and the polar
wander curves approximately show the contribu-
tions of polar motion to changes in hotspot paleo-
latitudes for Kerguelen. For both TPW curves the
effect is small until ~ 100 Ma and significantly
bigger for more than ~ 100 Ma. The change in
hotspot latitude that would result from these
TPW curves alone is shown in Fig. 6 (dashed
lines).

These TPW curves were constructed in a ‘fixed
hotspot’ reference frame and thus, strictly speak-
ing, would also have to be modified, if hotspot
motions are considered, as will be done in the
next section. We have computed the difference
between the hotspot reference frame and three
different reference frames that take into account
the calculated motion of African hotspots [25],
and how the TPW curves [9,10], and hence the
distance between Kerguelen hotspot and pole
would change if this difference is taken into ac-

count. We found that in each case, the modifica-
tions would lead to predicted hotspot latitudes
further south, i.e. would shift the dashed lines in
Fig. 6 down. This shift is rather insignificant (no
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Fig. 6. Predicted and paleomagnetically determined paleolati-
tudes of the Kerguelen hotspot versus time for the last 120
Myr. The horizontal line at 49°S represents the present-day
latitude of the hotspot. Vertical black lines show paleo-
latitudes obtained in previous paleomagnetic investigations
(1: Kerguelen Island [18]; 2,3: Ninetyeast Ridge (Leg 121)
[19]; 4: southern Kerguelen Plateau (Leg 120) [20]; 5:
Rajmahal Traps [21]) and new paleolatitudes of the CKP
(Site 1138) and the NKP (Site 1140), presented here. All pa-
leomagnetic latitudes lie farther north than the present loca-
tion of the hotspot. Dashed lines represent changes in lati-
tude with time due to TPW. Two paleomagnetically
determined TPW paths (A,C,E [9]; B,D,F [10]) were used for
the calculation. The results would suggest a northward mo-
tion of the hotspot since 120 Ma relative to the spin axis,
which does not correspond to the paleomagnetic results. Sol-
id lines represents the results of modelling hotspot motion
(A,B [36]; C,D [35]; E,F [34]). All three models give a south-
ward motion of the hotspot during the last 117 Myr and
hence correspond to the paleomagnetic results. The dotted
lines represent the combination of hotspot motion and TPW.
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more than 1.5°) for models 1 and 2, but up to 4°
for model 3. In any case, the modifications in-
crease rather than reduce differences between the
paleolatitudes and predicted latitudes, based on
TPW alone. Thus, these modifications were not
implemented in this paper, because: (1) we want
to keep the model simple, (2) they may not cause
much difference and (3) they will not affect the
conclusion that a significant southward hotspot
motion is required to explain the paleolatitudes.

It has also been suggested that the TPW paths
track motion of the Tristan hotspot between 90
and 120 Ma rather than TPW [26]. Recently new
data have been published [27], which also conflict
with the TPW predictions of [9,10]. These analysis
suggest that the time-averaged position of the spin
axis has deviated by no more than ~ 5° over the
last 130 Myr. In this case, the TPW effect on the
hotspot’s paleolatitudes would not be significant.
In either case, whether we use one of the pub-
lished (or modified) TPW curves or there has
been no significant TPW over the past 130 Ma,
TPW alone probably cannot explain the differen-
ces found between the paleolatitudes and the pre-
sumed present-day latitude of the Kerguelen hot-
spot. We therefore next turn to hotspot motion as
the remaining possible explanation.

3.2. Hotspot motion

The geodynamic modeling follows a method [2]
for estimating the motion of mantle plumes due to
large-scale mantle flow. This method, many of the
assumptions that go into it, and general features
of the results have been previously described in
more detail [2,25,28]. Therefore only a brief over-
view is given here.

The computation essentially consists of two
steps. In the first step, a large-scale mantle flow
field is computed [29,30] based on models of in-
ternal density heterogeneities and surface plate
motions, assuming a viscous mantle. Here we con-
sider the three radial mantle viscosity structures
[2,25,31] shown in Fig. 7. They are all character-
ized by a substantial increase of viscosity with
depth, as it has been shown [1,2,25] that both a
rather low viscosity in the upper mantle and a
high viscosity in at least part of the lower mantle
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Fig. 7. Three radial viscosity models used in this paper.
Dashed line: ‘Model A’ [28]; dotted line: ‘Model B’ [2]; con-
tinuous line: ‘Model C’ [31].

are required for a successful model of hotspot
motion. The plate motions [32,33], which are a
boundary condition for mantle flow, are also
based on the assumption of hotspot fixity, and
therefore should, in principle, be modified in or-
der to account for hotspot motion. Since hotspot
motions tend to be substantially smaller than
plate motions, the modifications in plate motions
are small compared to the plate motions them-
selves [28]. Also, because for all the viscosity
structures used the plates are somewhat decoupled
by a zone of low viscosity from the flow at deeper
level, these small changes in plate velocity only
lead to very minor changes in flow at mid-mantle
depth, which is most responsible for hotspot mo-
tion [25]. Therefore, modifications of the plate
motion model were not implemented here.

Models of internal density heterogeneities are
based on subduction history [34] or seismic to-
mography anomalies ([35-38]; S. Grand, personal
communication), converted to density anomalies,
based on mineral physics results [39]. In most
cases, internal density heterogeneities derived
from seismic tomography are advected back in
the flow field for 68 Ma [2], and the flow field is
computed for an incompressible mantle without
phase boundaries, but we include results for a
compressible mantle and a mantle with phase
boundaries as well, as described previously [28],
using experimentally determined phase boundary
parameters [40,41].

In the second step an initially vertical plume
conduit is inserted into the mantle. This initial
condition is reasonable if conduits are established
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by fast-rising plumeheads [42,43]. Subsequently,
the plume conduit is advected and distorted in
the large-scale mantle flow, and in addition rises
buoyantly. For most models presented, we assume
a rising speed u=1.9 cm/yr (for viscosity model
A) or u=0.8 cm/yr (for viscosity models B and C)
if the viscosity of the surrounding mantle is 10?!
Pas, and that the plume rising speed is inversely
proportional to the surrounding mantle viscosity
[44]. This is a reasonable assumption [25] for a
plume with a comparatively small anomalous
mass flux such as Kerguelen [45-47], nevertheless

A

a rather uncertain one. We have therefore also
computed results for a number of different buoy-
ant rising speeds. In order to assess the impor-
tance of the effect of viscosity inside the conduit
increasing with depth [25], we include results for
models where the plume radius increases with
depth.

For most of the calculations, we assumed the
Kerguelen hotspot to be underneath the Kergue-
len Island. The present-day position of the hot-
spot is not well known and it is possibly farther
south underneath Heard Island (Fig. 1) or be-

B

Fig. 8. Calculated drift of the Kerguelen hotspot for the last 117 Myr. The density models used to compute mantle flow were de-
rived from seismic tomographic models (A [36]; B [35]) or slab distribution (C [34]). A scaling factor (8p/p)/(dvs/vs)=0.2 from
seismic velocity to density heterogeneities has been used. Shading corresponds to age, i.e. the calculated position of the hotspot
117 Ma ago is shown in dark shading, the supposed present-day position in bright shading, tick marks are made every 10 Ma.
All calculations indicate a southward motion of the Kerguelen hotspot. The amounts are 6° for the slab-dependent density model
[34] and the tomographic model of [36] and 9° for the tomographic model of [35]. Arrows represent the present-day flow of the
mantle at a depth of 670 km. 1° arrow length = 1°/40 Ma horizontal flow velocity.
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tween Kerguelen and Heard islands. The position
at Kerguelen (49°S) was chosen for keeping the
(then still existing) difference between the paleo-
magnetic data and the present latitude small;
however, we also include results for other as-
sumed plume locations.

Some representative results are shown in Fig. 8.
One of the models is the same as in [2], two more
calculations are based on a second tomographic
model and a slab model as input to obtain the
mantle flow. The three calculations indicate a
southward motion of the Kerguelen hotspot be-
tween 6° and 9° during the past 100 Myr, depend-
ing on the model used. This corresponds to a
hotspot motion in the order of 1 cm/yr.

Results for a larger number of models are
shown in Table 3. Predicted hotspot locations
are given for ages determined for Sites 1138 and
1140. With the exception of model runs 31, 32
and 34 all other models predict a southward mo-
tion of between 0.4° and 5.7° during the past 34
Myr and between 3.1° and 9.9° during the past
100 Myr, and the results shown in Fig. 8 are also
within that range. Runs 31 and 32 were computed
for a larger scaling factor 0.3 (and hence a faster
mantle flow field), and in run 34 velocity anoma-
lies in the upper 220 km were also converted. Ap-
parently, for these cases, our backward advection
procedure does not work well. For example, in
run 34, the lithospheric roots seen by tomography
are interpreted as high-density anomalies, and
they are located in a low-viscosity zone (as the
viscosity structures are meant to represent mantle
viscosity within and below oceanic lithosphere),
and they are hence advected far from their origi-
nal location, leading to artefacts in the flow field.
For comparison, corresponding cases without ad-
vection (33 and 35) both give a southward motion
within the range of other models. Thus, these out-
liers show the limitations of our backward advec-
tion procedure rather than putting the southward
hotspot motion into question, and we disregard
them in the following discussion. In all other cases
considered (runs 12/13, 15/16, 39/40) results with
and without advection are similar, with differen-
ces in latitude of no more than 2.2°.

Much of the difference between various model
results comes from using different density fields.

With other parameters the same (models 1/15/36,
12/29/42, 18/39) computed latitudes differ by up to
3.8°. Variations of buoyant rising speed by up to
a factor of 10 (models 2-7, 19-24, 43-48) lead to
considerable variations of the computed hotspot
longitudes (up to 11°), yet computed latitudes
vary much less. For models 2-7 at 34 Ma they
differ by 3.3°, but in other cases, differences are
not more than 2.5°. We will explain this qualita-
tively in Section 4. Results for models 8, 25 and
49 (corresponding to a plume conduit radius in-
creasing with depth) are also rather similar to
the corresponding models with constant plume
conduit radius. For different viscosity structures
(models 1/12, 15/18/29, 36/39/42), computed lati-
tudes differ by not more than 1.6°. Differences in
hotspot location (models 9-11, 26-28, 50-52),
cause variations in computed southward motion
by no more than 1.2°. Including compressibility
and phase boundaries (models 29/30, 31/32, 36/37/
38) changes results by at most 1.7°.

4. Discussion

In Fig. 6 we combine some typical results of
hotspot motion with polar motion. Each plot con-
tains three curves, showing changes in latitude
due to polar motion (Fig. 5), due to the motion
of hotspots (Fig. 8), and due to a combination of
both. Results for three mantle density models as
input for hotspot motion calculations, and two
recent determinations of TPW are shown.

The horizontal lines at 49°S represent the as-
sumed present-day latitude of the Kerguelen hot-
spot. Also shown are paleomagnetically obtained
paleolatitudes with error bars (vertical lines). Two
of them (Site 1138 and 1140) are new paleomag-
netic results presented here. They all are further
north than the present hotspot position. It is very
unlikely that all sites are tectonically tilted in a
way to produce such an offset (Fig. 6). The rela-
tively large discrepancy between the paleolatitude
of Site 1140 and the present-day latitude of the
hotspot could be caused by ridge—plume interac-
tions. The Southeast Indian Ridge intersected the
plume location at approximately 40 Ma, at the
time the NKP was formed, and subsequently mi-
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Table 3

Parameters and results of numerical model runs, in addition to those where results are displayed in Fig. 8

# ™ SF MVM PVM td adv com pb HSO HS34 HS100

1 3 1 A 1.9 1 y y n n 1 69.6E  44.8S 70.8E  39.7S
2 3 1 A 0.9 1 y y n n 1 684E  43.3S 67.6E  39.1S
3 3 1 A 2.8 1 y y n n 1 70.5E 4538 727E  39.9S
4 3 1 A 3.8 1 y y n n 1 71.2E  45.7S 743E  40.1S
5 3 1 A 5.7 1 y y n n 1 71.7E  46.28 759E  40.4S
6 3 1 A 7.6 1 y y n n 1 72.0E 46.5S 76.9E 40.5S
7 3 1 A 9.5 1 y y n n 1 72.8E  46.6S 78.5E  40.4S
8 3 1 A 3.0 2 y y n n 1 71.8E 4548 748E  40.0S
9 3 1 A 1.9 1 y y n n 3 72.4E 47.0S 74.6E 42.38
10 3 1 A 1.9 1 y y n n 2 749E  49.6S 77.8E  45.6S
11 3 1 A 1.9 1 y y n n 4 674E  42.58 67.5E  37.4S
12 3 1 C 0.8 1 y y n n 1 69.2E 45.1S 71.6E 40.8S
13 3 1 C 0.8 1 y n n n 1 71.3E  46.6S 75.8E  43.0S
14 3 1 C 0.8 1 n n n n 1 73.3E  48.1S 764E 4528
15 4 1 A 1.9 1 y y n n 1 66.5E  46.6S 64.8E  43.4S
16 4 1 A 1.9 1 y n n n 1 70.4E  46.1S 70.8E  43.7S
17 4 1 A 1.9 1 n n n n 1 70.5E  48.0S 68.3E 4548
18 4 1 B 0.8 1 y y n n 1 65.7E  47.7S 66.2E  45.0S
19 4 1 B 0.4 1 y y n n 1 654E  46.6S 649E  43.3S
20 4 1 B 1.2 1 y y n n 1 664E  48.0S 67.0E  45.58
21 4 1 B 1.6 1 y y n n 1 66.8E  48.1S 67.5E  45.7S
22 4 1 B 2.4 1 y y n n 1 68.0E  48.3S 68.7E  45.9S
23 4 1 B 33 1 y y n n 1 68.7E  48.2S 694E  458S
24 4 1 B 4.1 1 y y n n 1 69.1E 48.2S 70.0E 45.8S
25 4 1 B 2.1 2 y y n n 1 68.4E  47.6S 68.8E  45.3S
26 4 1 B 0.8 1 y y n n 3 67.2E 4998 679E  47.3S
27 4 1 B 0.8 1 y y n n 2 68.9E 51.9S 69.5E 49.6S
28 4 1 B 0.8 1 y y n n 4 64.2E  45.58 644E  42.8S
29 4 1 C 0.8 1 y y n n 1 654E  47.8S 65.1E  44.3S
30 4 1 C 0.8 1 y y y y 1 66.9E  48.6S 66.0E  44.9S
31 4 2 C 0.8 1 y y n n 1 654E  50.0S 66.5E  44.4S
32 4 2 C 0.8 1 y y y n 1 66.3E  51.1S 66.3E  45.1S
33 4 2 C 0.8 1 y n n n 1 70.3E 45.28 70.4E 43.98
34 4 3 C 0.8 1 y y n n 1 57.0E 5138  445E  56.3S
35 4 3 C 0.8 1 y n n n 1 68.5E  45.3S 66.7E  43.7S
36 5 1 A 1.9 1 y y n n 1 67.6E  45.8S 654E 434S
37 5 1 A 1.9 1 y y y n 1 67.6E 4598 65.7E 434S
38 5 1 A 1.9 1 y y n y 1 67.2E  46.3S 64.5E  45.1S
39 5 1 B 0.8 1 y y n n 1 67.2E 46.4S 66.0E 44.58
40 5 1 B 0.8 1 y n n n 1 69.2E  46.2S 69.1E  43.7S
41 5 1 B 0.8 1 n n n n 1 71.2E  47.6S 69.0E  45.6S
42 5 1 C 0.8 1 y y n n 1 66.4E 46.7S 63.7E 44.6S
43 5 1 C 0.4 1 y y n n 1 64.9E 45098 61.1E  44.0S
44 5 1 C 1.2 1 y y n n 1 67.3E  47.08 65.3E  44.9S
45 5 1 C 1.6 1 y y n n 1 68.0E 47.2S 66.4E 45.0S
46 5 1 C 2.4 1 y y n n 1 68.7E  47.3S 67.7E  45.1S
47 5 1 C 33 1 y y n n 1 69.3E  47.58 68.9E 4528
48 5 1 C 4.1 1 y y n n 1 69.6E  47.6S 69.6E  45.3S
49 5 1 C 23 2 y y n n 1 69.5E  47.2S 69.1E 4548
50 5 1 C 0.8 1 y y n n 3 68.6E  48.8S 66.5E  47.3S
51 5 1 C 0.8 1 y y n n 2 70.6E SL.1S 68.7E 49.58
52 5 1 C 0.8 1 y y n n 4 64.6E  44.8S 61.4E  42.1S
53 5 2 C 0.8 1 y y n n 1 65.8E  47.3S 62.6E  45.08
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grated further north. A pipeline-like flow from the
plume towards the ridge [48,49] could have biased
the location of the outcoming magma toward the
north. The paleolatitude of Site 1140, however,
can also be influenced because the secular varia-
tion might not be completely averaged out.

We have shown that TPW [9,10], despite its
large uncertainties, cannot explain that difference.
Thus it appears that a southward hotspot motion
is required to explain the observed paleolatitudes.
Our models yield a southward motion of 3-10°. It
should, however, be pointed out that for the cal-
culation of the paleolatitudes we assume the
Earth magnetic field to be a GAD field. This
GAD hypothesis has most recently been ques-
tioned by [50,51]. These authors argue for long-
term octupole contributions. A long-term octu-
pole contribution would rectify the latitude offset
that we observed. The curves in Fig. 6 that take
both hotspot and polar motion into account gen-
erally give the best fit to the paleomagnetic data.

A southward motion of roughly the required
amount is a feature of almost all models of hot-
spot motion tested. This can be explained quali-
tatively: the calculated hotspot motion tends to
reflect the mantle flow in the mid-mantle zone
[25], which is represented in Fig. 8 by arrows.
This flow tends to be in a southerly direction in
the vicinity of Kerguelen. For the recent past, the
flow at mid-mantle depths can be regarded as a
superposition of a flow component related to sub-
duction in the Indonesian region, and (if density
heterogeneities are inferred from tomography) a
component related to a large-scale upwelling
under southern Africa. The density anomalies

that drive the upwelling under Africa are mostly
located in the lower part of the mantle, whereas
the density anomalies that drive the downwelling
under Indonesia are mostly located in the upper
part of the mantle — such is also required by the
fact that both are associated with a geoid high
[52,53]. Hence both the upwelling — mostly in
the lower part of the mantle — and the downwel-
ling — mostly in the upper part of the mantle — are
associated with an outward flow component at
mid-mantle depths. In the vicinity of Kerguelen,
these are in a southeasterly resp. southwesterly
(see Fig. 8C) direction, providing a qualitative ex-
planation why almost all of our model results
feature a southward motion of the Kerguelen hot-
spot. The outward flow from the subduction zone
tends to be at greater depth than the outward flow
from the large-scale upwelling. Motion of a plume
with larger buoyant rising speed tends to repre-
sent flow at deeper levels, hence if a larger buoy-
ant rising speed is assumed, the computed hotspot
motion tends to have a larger westward compo-
nent (or smaller eastward component). The model
derived from subduction history only contains the
flow component related to subduction, hence the
computed hotspot motion is in a southwesterly
direction. This qualitative argument should essen-
tially also hold for the more distant past, as there
has been a long-lived Thetys subduction zone to-
wards the north of Kerguelen, and a large-scale
upwelling beneath Africa may also have been
present for a long time, possibly since the breakup
of Pangaea.

In addition, the Kerguelen hotspot was for part
of its history located under the fast northward

«—

First column: #=Run number. Second column: TM =tomography model: 3=[37], 4=[38], 5=S. Grand, unpublished model.
Third column: SF =scaling factors (8p/p)/(&vs/vs) to convert seismic velocity to density variations: 1: scaling factor 0.2, only man-
tle density anomalies below 220 km depth are included; 2: scaling factor 0.3, only mantle density anomalies below 220 km depth
are included; 3: scaling factor 0.2, all mantle density anomalies are included. Fourth column: MVM =mantle viscosity model —
see Fig. 7. Fifth column: uy = plume conduit rising speed for a surrounding mantle viscosity of 10*! Pas in units of cm/yr. Sixth
column: PVM = plume viscosity model: 1: viscosity inside plume conduit and plume conduit radius are constant, plume conduit
rising speed is inversely proportional to viscosity of the mantle surrounding the conduit; 2: viscosity inside plume conduit and
plume conduit radius increase with depth, plume conduit rising speed is inversely proportional to the square root of viscosity of
the mantle surrounding the conduit. Seventh column: td = time-dependent plate motion boundary condition (y/n). Eighth column:
adv =advection of density heterogeneities for 68 Ma (y/n). Ninth column: com =compressible mantle (y/n). Tenth column:
pb =phase boundaries (y/n). Eleventh column: HSO =assumed present-day hotspot location: 1 =Kerguelen Island (69.0°E 49.0°S),
2 =Heard Island (73.5°E 53.1°S), 3 =half-way between 1 and 2 (71.2°E 51.0°S), 4 =northwest of 1 (67.0°E 47.0°S). Columns 12
and 13: HS34 =computed hotspot location at 34 Ma. Columns 14 and 15: HS100 =computed hotspot location at 100 Ma.
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moving Indo-Australian or Indian plate. During
these times the kinematic (plate-driven) south-
ward return flow at mid-mantle depths provides
an additional component of southward hotspot
motion. The relative importance of this effect
can be assessed by comparing results with con-
stant present-day flow field, where this effect
should be absent or less important, to results
with time-dependent plate motions. Comparison
of model runs 13/14, 16/17 and 40/41 indicates
that this effect contributes between 1.4° and 1.9°
during the past 34 Myr.

5. Conclusion

We determined reliable new paleolatitudes for
the CKP (43.6°S) and the NKP (35.8°S). These
paleolatitudes are in agreement with previous pa-
leomagnetic investigations on the Plateau, but in
disagreement with the latitude of the Kerguelen
hotspot (49°S). TPW cannot explain this discrep-
ancy. Thus it appears that a southward hotspot
motion is required to explain the observed paleo-
latitudes. Our models for the motion of the Ker-
guelen hotspot yield a southward motion of
3-10°, depending on the parameters used, and
therefore fit the paleomagnetic results. The agree-
ment between the paleomagnetic and the model-
ing results indicates that indeed the Kerguelen
hotspot has moved southward since its first occur-
rence approximately 120 Ma ago.
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