How long do plumes take to rise

through the mantle?

Bernhard Steinberger (GFZ, CEED) with contributions from Peter Nelson and Trond Torsvik
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1) From Lin and van Keken (2006) 2) Analytical estimate

e Purely thermal plume (Stokes formula)
* Lower mantle viscosity 10%? Pas * Viscosity from Steinberger &
Calderwood (2006)
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* Density contrast 30 kg/m?3
* Head diameter 1000 km
(Campbell, 2007)

> > 150 Myr
-1.2083

00, 05 1.0 1.5 2.0 25 3.0 Uncertainties:
 Thermochemical?
* Mantle viscosity?
* Nonlinear viscosity?
* Large-scale flow?



Yellowstone — a classical hotspot?
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... in a very untypical
location !

reconstructed eruption site—"
not along LLSVP margin

— s-wavespeed anomalies in
lowermost mantle,

— reconstructed LIPs (green)
— likely deep hotspots (stars)
— after Torsvik et al. (2006)

Only LIP since 300 Ma In
area of recent
subduction

Subduction locations
and amounts (color
Intensity) from a global

plate reconstruction
(see Steinberger and Torsvik,

2012, for details) e " 1
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Slab depths from model
UU-PO7 (Amaru, 2007)
courtesy of Wim Spakman
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D’ models (Figures from Burke et al., 2008)

Utrecht tomography model Kuo et al.
Figures from Wim Spakman
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Lower-mantle plume beneath the Yellowstone
hotspot revealed by core waves

Peter L. Nelson* and Stephen P. Grand
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‘T g Upper mantle flow
w0l 1 4 (650 km depth)
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- — _ _ Lower mantle flow
Plume head rises (V,jse ~ 1/n) Plume conduit also rises (2600 km depth)

gets advected by large-scale flow (but less fast) +

(density anomalies from tomography) gets advected by large-scale flow
How fast?

— vary total rise time (prescribed)



Computation of flow field

Density field converted from tomography
model (dp/p)/(dv,/v,)~0.25, reduced in
uppermost 250 km

Considered additional (chemical) density
anomalies in LLSVPs

Radial viscosity structure with strong increase
with depth (~10%° Pas below lithosphere, to
~1023 Pas in lowermost mantle above D)
Plate velocities prescribed at surface
Free-slip at CMB

Time-dependence through time-dependent
plate velocities and backward-advection of
density heterogeneities



Pacific hemisphere flow depth 650 km; density from s10mean mean tomography
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African hemisphere flow depth 650 km; density from s10mean mean tomography
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Pacific hemisphere flow depth 2650 km; density from s10mean mean tomography
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African hemisphere flow depth 2650 km; density from s10mean mean tomography
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Yellowstone plume motion

Map view Projection onto cross section

Distance from Yellowstone

’r"-ﬁ"
LT
hd
ot
—~
i1
;

\‘é\‘p 0.6 0.7 0.8 0.9 106.8

depth [normalized radius]




v T |
—
U] gl
&%
. -
Condkﬁ'(\r
shape for.
§8m“£?§ﬁ5\ a
rise/time \
v | R

0.6 0.7 0.8 0.9
depth [normalized radius]



Plume head
reaches
surface

47 | 77 | 107

Myr ago

Many other things can also be varied
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— Seismic tomography model from which density model is derived (many models to

choose from; relatively large influence)

— Combination with high-resolution regional model (rather small change)

— Whether or not LLSVPs are considered chemically distinct (also only small change)

— Scaling from seismic velocity to density anomalies (to account for possible damping)
— essentially larger scaling gives faster flow and larger tilt

— Mantle viscosity structure (overall lower viscosity gives larger tilt; apart from that, for
those viscosity models, where results look “reasonable”, they are also similar



Dynamic model (Steinberger and Torsvik,
G-Cubed, 2012):

— Subduction zone moving ~2 cm/yr
— Typical hotspot motion <=1 cm/yr

— Plume overridden by subduction zone
(Yellowstone at ~50 Ma)

— Plume reaches surface behind slab
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Hotspots located near margins of Large Low Shear Velocity Provinces (LLSVPS)
“‘Jason” and “Tuzo”

Plumes detected in the lower mantle
{(SEMUCB-WM1 model):
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Hawaii plume motion

Map view Projection onto N-S cross section Distance from Hawaii
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~ Source locations of plumes:
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From Boschi, Becker and Steinberger (G-Cubed, 2007)
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Hawaii e ..
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SEMUCB-WM1
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Comores
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SEMUCB-WM1
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Iceland
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Eifel

Projection
on E-W cross section
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