Supplementary information

1. Supplementary methods: More details on the computation of mantle flow and the plume
model Flow is computed with the method of [1, 2] For the results shown here, we use tomog-
raphy model smean [3], to compute the present-day mantle density field. We use a conversion
factor from s-wave speed to density variations (dp/p)/(dvs/vs) = 0.2 below 220 km depth
for the fixed-source model and 0.25 for the moving-source model; variations above 220 km
depth are not considered. For past times, the density field is somewhat different, as backward-
advection of density heterogeneities in the computed flow field is considered for the past 68 Ma.
For the time-dependent surface boundary condition, relative plate motions in the South Pacific
- Antarctic - Australian region are listed in Table 1. Other rotations are from the compilation
of [4, 5], except for Izanagi—Pacific and Kula—Pacific [6], Nazca—Pacific [7] Caribbean—North
American, Philippine—Pacific and Phoenix—West Antarctic [8, 9] — see compilations for origi-
nal references. Absolute motions of the African and Pacific plate are re-determined for times
0-83 Ma through an iteration considering the hotspot motions computed here, optimizing the
fit to Tristan and Reunion tracks for African plate motion, and Hawaii and Louisville tracks for
Pacific plate motion, using a previously explained method [10]. This iteration converges with
sufficient accuracy aftger one iteration step. We assume intervals of constant rotation rate, and
allow for changes of African plate motion at 47 Ma and Pacific plate motion at 25, 47 and 62
Ma. For 83-130 Ma, African absolute plate motions are adopted from [5], before 130 Ma from
[11]. Pacific plate motions before 83 Ma are from [12]. Plate motions used to compute hotspot
tracks are slightly different from the plate motions used as boundary condition for mantle flow:
When computing hotspot tracks, the motion between East and West Antarctic, and between
Lord Howe Rise and Pacific is specified (two models), and the fit to all four hotspot tracks is
jointly optimized, whereas for the surface boundary condition to mantle flow, we independently
determined Pacific and African plate motion, thus introducing additional motion between East
and West Antarctica, and between Lord Howe Rise and Pacific. This approach is used because

computed tracks are more easily comparable, as hotspot motions are the same in all cases. As a



further difference, lithospheric net rotation is set to zero in the mantle flow boundary condition.

For the spreading ridge system in the Pacific basin, plate boundary locations were computed
from the isochrons of [4], using a procedure described in [13]. Plate motions used to rotate
isochrons to the past ridge locations are the same as used for mantle flow boundary conditions.
In particular, our model does not have a plate boundary between North and South Pacific, as, for
example Gordon and Jurdy [8] did. Because some of the isochrons representing plate bound-
aries close to the Hawaiian hotspot during the Cretaceous have been subducted, this procedure
is extended by reconstructing those isochrons, assuming plate geometry and spreading rates
stayed the same unless known otherwise. The re-organization of plate boundaries in the North
Pacific around 83 Ma ago is modelled following [14], however the Chinook plate is treated as
part of the Pacific, rather than a separate plate. Elsewhere, plate boundary locations are from
[9]. Computed Hawaiian hotspot motion is noticably different from the case where plate bound-
aries from [9] are used everywhere, because around 80 Ma ago, the Hawaiian hotspot was close
to a ridge with rather fast spreading rate.

Otherwise, we find that computed hotspot motion is rather insensitive to the plate motion
boundary condition. This occurs, because we assume a low asthenospheric viscosity (see below)
which somewhat decouples plate motions from mantle flow: whether or not we re-compute
plate motions and boundaries taking hotspot motions into account, or whether we independently
determine Pacific and African plate motions, or prescribe their relative motion with one of the
models introduced here has a rather small effect on the computed flow field and hotspot motion,
and does not affect any of our conclusions (Fig. S1).

The mantle is treated as a compressible (moving source model) or incompressible (fixed
source model) viscous liquid with phase boundaries, as in [10]. Assuming incompressibility
yields higher horizontal flow speeds in the lower mantle, which is, in the fixed source case,
necessary to obtain sufficient tilt, hence sufficient southward hotspot motion. Somewhat more
vigorous flow at that time beneath the Pacific might have occurred, since flow speeds are not

as well constrained as directions of flow and, hence, hotspot motion. Only radial viscosity



variations are considered. We use viscosity “model 111" [13], which is consistent with min-
eral physics and very similar to our initially preferred viscosity structure [15], and yields a
mantle flow model that approximately fits geoid, heat flux and postglacial rebound constraints
[16]. Very similar mantle flow models can also account for plate motions [17], and explain
lithospheric stress [18, 19] and anisotropy in the upper mantle [20]. Given the robustness of
these model results and the similarity of the models, we expect that our model would yield very
similar results.

The plume base is assumed either to move with the horizontal component of flow, or to
be fixed [21, 22]. With the latter assumption, the computed Hawaiian plume conduit is more
close to vertical than with a moving source, (except at its base) and thus better matches a recent
seismic model [23]; results for computed hotspot motion are very similar or identical in both
cases.

We take 11.3°W, 38.7°S for the present location of the Tristan hotspot based on volcanism
and radiometric ages on both Tristan da Cunha and Gough Island. We choose 138.1°W, 50.9°S
for Louisville, in order to match location and age of the youngest seamount on the Louisville
chain. For Hawaii and Reunion, the same present locations as in [10] are used.

Buoyant rising velocity is computed as u(z) = ug - (r/79)? - n0/n(2), Where ug = 51 mm/yr,

ro = 100 km, o = 10% Pas, n(z) is the ambient mantle viscosity, r = \“/(B/BO) - (n(2)/m0) -
r1 + 7y, is plume radius, B is anomalous mass flux, By = 10 kg/s, r; = 21.6 km and r,, = 40
km. Values used for B are the same as in [10]. r increases with depth, as viscosity inside
the conduit increases; the conduit is surrounded by a “thermal halo” of thickness r;,. This
assumption about plume radius is probably more realistic than that of previous models [10]. An
even more realistic model [24] based on [25] gives similar results.

Uncertainties of hotspot advection, cannot be formally quantified. Based on our previous
studies, we expect that uncertainties in model parameters — in particular mantle viscosity and
density structure — cause rather large uncertainties in the speed of mantle flow and hence the

magnitude of hotspot motion: It is the amount of hotspot motion that is still compatible with



observed tracks which constrains models, rather than the amount of hotspot motion being con-
strained by model parameters. On the other hand, the direction of mantle flow, and hence the
direction of hotspot motion, is more consistently predicted for various models.

For example, mantle flow is predicted to have caused a southward migration of the Hawaii
hotspot through time, and we are able to obtain a good match between predictions and obser-
vations of seamounts younger than ~47 Ma, and our results are also broadly consistent with
paleomagnetic studies for older times [26]. A change of mantle viscosity parameters alters the
speed of hotspot migration, but makes little difference to the direction of migration. In contrast,
the difference between plate motion chain models 1 to 2 predominantly results in a significant

east-west change of the predicted locations of Emperor seamounts.

2. Supplementary discussion: On a possible link between mantle flow and deformation
in Antarctica Here we show results of computations, which are relevant for the question of
whether the proposed deformation on the Antarctic plate can be explained by tractions due
to mantle flow. Stress computation follows [18] and online supplements. Only tractions due
to mantle flow are included here, according to the objective pursued here. In reality, further
contributions to the stress field may come from the Gondwana/Antarctic Peninsula subduction
zone and the nearby spreading ridge. These are not explicitly accounted for here.

Modeling assumptions are the same as in the main part of the paper for the moving-source
hotspot model, except where specifically mentioned. Fig. S2 illustrates forces acting on the
lithosphere, and the stresses that are induced within the lithosphere, owing to mantle flow with
the present-day density field. The boundary between East and West Antarctica runs from a
region of strongly tensile predicted stress (near the Ross Sea), to a region of less tensile stress
(near the Antarctic Peninsula), a trend that is consistent with the proposed deformation (exten-
sion near Ross Sea, compression near the Antarctic Peninsula). Also, near the Ross Sea, the
tractions increase in strength from the West Antarctic to the East Antarctic side of the boundary,
whereas it is the other way round near the Antarctic peninsula. Hence the local tractions support

the proposed deformation of the boundary.



Fig. S3 shows the same, but based on the density field advected back to 52 Ma. This may
seem more appropriate, but the backward advection, neglecting diffusion, viscous heating and
other effects, also introduces artifacts. We had previously argued [15] that for the mid-mantle
back to about 70 Ma, backward-advection should be a suitable approximation. Since hotspot
motion is mostly affected by mid-mantle flow, it is appropriate for that purpose. Lithospheric
stresses are however, especially at shorter wavelength, most sensitive to density anomalies in
the upper mantle — see e.g. the stress kernels in [18]. Therefore, backward advection is less
appropriate for that purpose, since near surface structure is more likely to be influenced by
diffusion and local ridge and subduction related small scale flow that is not modelled. However,
the boundary between East and West Antarctica still runs from a region of strongly tensile
predicted stress near Ross sea, to a region of less tensile stress near the Antarctic peninsula.

Since the hotspots considered in the main part of the paper are all located in the oceans,
we had used a viscosity structure that is meant to be appropriate for oceans. If we use instead
a somewhat different viscosity structure, with higher viscosities in the asthenosphere, for the
stress computations, then, owing to better coupling with mantle flow, somewhat higher mag-
nitudes of tractions and stresses result than in Fig. S2, but the trends discussed above remain
the same; they do not depend on the viscosity structure used. We have also computed models
without phase boundaries, with an incompressible mantle, and with density fields derived from

a number of other tomography models, and found that our results qualitatively stay the same.
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Supplementary Table S1. Finite rotation parameters
Lon. (°E) Angle (°)

Plate 1
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
EANT
WANT
WANT
WANT
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM
CAM

Plate 2
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
AFR
EANT
EANT
EANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT
WANT

Age (Ma)
2.6
9.7
19.1
25.8
331
38.4
42.5
46.3
52.4
65.6
71.1
73.6
79.1
83
26.55
33.55
43.8
0.78
2.58
5.89
8.86
12.29
17.47
24.06
28.28
33.54
42.54
4791
53.35
61.1
67.67
73.62
83

Lat. (°N)
55
6.5
9.9

9

12.4
12.8
11.7
10.6

9

-2.9
-5.1
-3.5
-1.6
-1.8
-18.15
-18.15
-18.15
64.25
67.03
67.91
69.68
71.75
73.68
74.72
74.55
74.38
74.9
74.52
73.62
71.38
69.33
66.72
66.72

-38.5
-40.9
-39.5
-38.7
-40
-40.8
-39.6
-39.8
-41.3
-41.5
-40.2
-41
-40.9
-38.7
-17.85
-17.85
-17.85
-79.06
-73.72
-77.93
-77.06
-13.77
-69.85
-67.28
-67.38
-64.74
-51.31
-50.19
-52.5
-55.57
-53.44
-55.04
-55.04

10

0.39
1.47
3.23
3.88
5.62
6.88
7.6
8.48
9.78
11.88
13.35
13.82
15.82
17.92
0

0.7
1.7
0.68
242
5.42
7.95
10.92
15.75
19.55
22.95
27.34
34.54
37.64
40.03
44.9
51.05
53.74
62.0

Ref.
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[27]
[28]
[28]
[28]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[29]
[30]
[30]

Footnote
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AUS ANT 4630 -14.00 -146.66 24.70 [31]
AUS ANT 5330 -10.39 -14441 2515 [31]
AUS ANT 6090 -9.95 -143.48 2555 [31]
AUS ANT 7100 -948 -142.98 26.13 [31]
AUS ANT 79.00 -513 -140.20 2657 [31]
AUS ANT 8300 -2.05 -139.21 27.12 [31]
LHR AUS 5000 000 000 000 [32]
LHR AUS 5330 -14.19 13041 -0.72 [32]
LHR AUS 5580 -1593 13347 -211 [32]
LHR AUS 57.90 -16.93 13623 -3.79 [32]
LHR AUS 6120 -465 13151 -443 [32]
LHR AUS 6250 -471 13268 -517 [32]
LHR AUS 6400 -0.19 13037 -546 [32]
LHR AUS 6560 -3.99 131.80 -6.74 [32]
LHR AUS 6770 -9.04 13446 -8.83 [32]
LHR AUS 7110 -1472 139.04 -13.08 [32]
LHR AUS 7360 -953 13720 -12.94 [32]
LHR AUS 79.10 037 133.82 -13.00 [32]
LHR AUS 83.00 157 13342 -13.04 [32]
LHR CAM 463 -498 1784 -490 [33]
LHR CAM 83. -498 1784 -490 [33]
CAM PAC 830 O 0. 0.

AFR = Africa, EANT = East Antarctica (Dronning Maud Land, Northern Victorialand),
WANT = West Antarctica (Marie Byrd Land), CAM = Southern Campbell Plateau, AUS =
Australia, LHR = Lord Howe Rise, PAC = Pacific.

a: End of Antarctic deformation at chron 8o.

b: Reconstruction of Adare Basin at chron 130, three-plate solution for WANT-AUS-EANT.

c: reported from Joann Stock, unpublished manuscript

Only those rotations relevant for plate motion chain models 1 and 2 are included. For the plate
motion boundary condition for flow for earlier times [4, 34, 35] for EANT - Africa, [36] for
AUS-ANT are used.
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Supplementary Figure S1 Dependence of hotspot motion on computed plate motion boundary
condition. Rainbow-colored lines are the same as in Fig. 2. For the single-colored lines, we use
after 83 Ma the plate motion models that were used to construct the hotspot tracks of the same
color shown in Fig. 2 instead.
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Supplementary Figure S2 Tractions and stresses for a 100 km thick lithosphere, due to mantle
flow for the present-day density field. Arrows indicate the sum of basal tractions on the litho-
sphere and downhill forces due to dynamic topography. In order to best illustrate the forces
acting on plates, we assume zero plate motions here — if we would assume freely moving
plates instead, forces acting on each plate would add up to zero. Colors indicate the predicted
stresses within the lithosphere. Also shown (in blue) are plate boundaries at 52 Ma, which were
constructed as explained in supplementary section 1. Where isochrons have been subducted,
boundaries of the Pacific spreading ridge system are usually connected to the closest point of
the circum-Pacific boundary, therefore the Phoenix plate is very small in this reconstruction.
Present-day continental outlines are rotated back to 52 Ma, using the plate motion model 2 with
fit to all hotspot tracks, as for the blue lines in Fig. 2. They do not exactly correspond to the plate
boundary between Antarctica and Australia, since that was reconstructed without consideration
of hotspot motion. The proposed deformation is schematically illustrated. Since the pole of
relative plate rotation in Table S1 is with respect to the present position of Antarctica, it has
been moved accordingly. Place names mentioned in the text are shown.
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Supplementary Figure S3 Same as Fig. S2, but for the density field advected back in time to
52 Ma.
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