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ABSTRACT

We review evidence for plumelike upwellings beneath the Eifel, Great Basin,
Hawaii, Afar, and | celand hotspots by using teleseismic shear wave splitting to resolve
theanisotropy associated with mantleflow. An approximately parabolic pattern of fast
polarization azimuths (@) is consistent with splitting observations around the Eifel,
Great Basin, and Hawaii hotspots, and this pattern may be explained by a model of
upwelling material that is being horizontally deflected or sheared in the direction of
absoluteplatemotion (parabolic asthenospheric flow, PAF). The sour ce of splitting be-
neath I celand and theAfar isnot clear, but the data arenot inconsistent with a plume-
like upwelling. The success of the upwelling model in explaining the splitting data for
the Eifel and the Great Basin, regionsfar from plate boundaries, suggeststhat a man-
tleanisotropy pattern existsfor at least some hotspotsdriven by plumelike upwellings
and that splitting can be a useful diagnostic to differentiate between plumelike and
alternative sour ces (e.g., propagating cracks, leaky transform faults) for mantle hot-
spots. Furthermore, the PAF pattern provides two useful tectonic and geodynamic pa-
rameters: the direction of relative motion between the lithosphere and asthenosphere
and the stagnation distance, which isproportional to the strength of theupwelling and
the speed of the moving plate. When this pattern isused with other types of geophysical
data such as seismic velocity tomographic images, one can estimate the plate speed,
upwelling volumetricflow rate, buoyancy flux, asthenospheric thickness, excesstemper -
ature, and viscosity.
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INTRODUCTION

The plate tectonics hypothesis, that rigid plates move over
the Earth’s surface above a fluidlike mantle, explains most of
Earth’s geological and geophysical features (Dietz, 1961; Hess,
1962). Some of the most prominent features that are not easily
explained by platetectonicsare“ hotspots,” anomalousvolcanic
regions far from plate boundaries (e.g., Hawaii and Yellow-
stone) that are often associated with some combination of rapid
and voluminous eruptions of basaltic lava, broad topographic
swells and geoid highs, and linear age progressions of volcanic
centers (e.g., Morgan, 1971; Courtillot et al., 2003). These are,
in contrast, often explained by the plume hypothesis—that cylin-
drical conduits of hot upwelling mantle material arerresponsible
for ~10% of Earth’s heatflow (Sleep, 1990; Davies and Richards,
1992). Recently the plume hypothesis has been challenged, and
plate tectonic models have been proposed instead to explain
such regions (e.g., Anderson, 1994; King and Anderson, 1998;
Smith and Lewis, 1999).

The existence of plumes is difficult to establish with seis-
mological databecause of their hypothesi zed geometry and depth.
Typical regional tomographic inversions of teleseismic body
wave data, which suffer from the inherent tradeoff between
misfit reduction and model complexity, tend to smear anomalies
vertically inregions penetrated by mostly subvertical rays. Con-
sequently applications of this technique around hotspots (e.g.,
Bijwaard and Spakman, 1999; Foulger et a., 2001; Wolfeet al.,
2002) have led to intriguing but sometimes controversial image
interpretations. In addition, resolution constraints and choice of
reference velocity in past global and regional inversions have
limited detailed imaging of the deep lower mantle beneath hot-
spots (Ritsema and Allen, 2003).

Although recently there has been successin providing seis-
mological evidence for some plumelike structures with surface
wave anisotropy tomography (Montagner and Guillot, 2000),
finite-frequency body wave tomography (Montelli et al., 2004),
and SS precursors and receiver functions (Li et al., 2003), new
approachesfor detecting plumeswill hel p resolvethe controversy.
For example, seismic velocity anisotropy in the upper mantle
can be detected by teleseismic shear wave splitting (Fig. 1), i.e.,
the separation of the shear wave in the anisotropic upper mantle
into two waves, polarized in mutually orthogonal orientations,
traveling at different speedsto the seismic station. The accumu-
lated splitting delay time (dt) is proportional to the product
of the magnitude of anisotropy and the length of the ray path
through the anisotropic medium, with typical teleseismic dt of
0.3-2.0 s. Therefore, constraining the depth of anisotropy from
shear wave splitting can be difficult. However, correlations of
increasing dt with increasing lithospheric thickness (Silver,
1996), in splitting from SKS and local S phases (Fischer and
Wiens, 1996), and in splitting direction and surface wave aniso-
tropy in oceanic and young continental regions (Montagner and
Guillot, 2000) suggest that the upper 300 km of the mantle is
anisotropic and the dominant source of teleseismic splitting.
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Figure 1. The geometry of teleseismic shear wave splitting. Shear phases
(eg., SKS, ScS, and S), generated by earthquakes (stars), experience
shear wave splitting while propagating upward through the mantle al-
most directly beneath the seismic station (triangle). Core-refracted
phasesobtain aradial polarization (in the earthquake-station plane) dur-
ing a P-to-S conversion upon exiting the liquid outer core, while Sand
ScS phases obtain their initial polarization at the source. The dominant
source of shear wave splitting is most likely the anisotropy 0—-300 km
beneath the seismic station.

This anisotropy can be explained by alattice preferred orienta-
tion of olivine fast a-axes due to either past or present mantle
deformation via dislocation creep (Fig. 2). This splitting inter-
pretation has been used to explain correlations of fast polariza-
tion azimuth (¢) with absolute plate motion (Vinnik et al., 1992;
Bormann et al., 1996; Schutt and Humphreys, 2001), although
many other interpretations have been proposed to explain other
correlations (Fig. 3; Savage, 1999). We defer more detailed dis-
cussion of the relationships among olivine, deformation, aniso-
tropy, and splitting to review papers published elsewhere (e.g.,
Savage, 1999).

An essentia prediction of the plume hypothesisin the pres-
ence of mobile plates is the deflection of buoyant, actively up-
welling plume material leading to an approximately parabolic
subhorizontal flow patternin map view (Fig. 4). Thisprediction
may be tested by analyzing shear wave splitting of shear phases
generated from teleseismic earthquakes (Savage and Sheehan,
2000; Walker, 2004). The ability to resolve this deflection de-
pends on the volumetric flow rate, asthenospheric thickness,
plate speed, spatial extent of the seismic array, and existence of
additional anisotropy that could complicate or mask a plume
signal. Widely spaced arrays on fast-moving plates above weak
upwellings and a thick asthenosphere will not be capable of re-
solving this deflection, and they will detect the asthenospheric
flow only in thedirection of plate motion. Narrow arrayson slow-
moving plates above vigorous upwellings and a thin astheno-
sphere will detect the deflection, but it will bein aradial pattern
originating from the hotspot. Between these two end-member
modelsisaspectrum of different parabolic asthenospheric flow
(PAF) models. These model s have been described kinematically
by Sleep (1987), Richards et al. (1988), and Olson (1990). Sub-
sequent numerical modeling (Ribe and Christensen, 1994, 1999)
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has confirmed that the kinematic models are a good approxima-
tion for the horizontal flow directions near the conduit, but the
kinematic pattern is wider than that provided by the numerical
modeling far downstream from the conduit.

Because mantle anisotropy from a plume may be mostly
confined to the upper 300 km of the Earth’s mantle, an observed
PAF pattern can suggest only the top of a “plumelike’ up-
welling, but not necessarily aplume defined in the strictest sense
as originating from the lower mantle (e.g., Morgan, 1971). Fur-
thermore, depending on the complexity of mantle flow and rhe-
ology, itisnot clear if an upwelling interpreted from an observed
PAF pattern must be an active upwelling or if it can also be pas-
sivein nature.

In this chapter we review and discuss the results of shear
wave splitting around the Eifel, Hawaii, Iceland, and Afar hot-
spots and the Great Basin, which has some of the characteristics
of ahotspot and isreferred to as such for convenience. The Eifel
results are relatively new, and we refer the reader to Walker
(2004) for more detail regarding the data analysis, modeling,
and tectonic/geodynamic parameter calculations. We show that
the splitting data for the Eifel and the Great Basin uniquely
predict asimple plumelike upwelling. Datafrom around Hawaii
are consistent with such an upwelling, but do not predict one
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Figure 2. Relationship between seismic
anisotropy and dislocation creep deforma-
tionfor olivinein anhydrous conditions. (A)
For a single crystal of olivine, the fast a
axis and slow b-axis give rise to a maxi-
mum P-wave and S-wave anisotropy of
~25% and 12% (modified from Nicolas
and Christensen, 1987). Abbreviations:
gP—quasi-P, qS1—quasi-S1 (fast); qS2—
quasi-S2 (dow). (B) A dunite comprised of
randomly oriented grains of olivine has an
average or bulk isotropy. Progressive pure
shear or simple shear deformation of the
same rock via dislocation creep will create
alattice preferred orientation (LPO) of fast
olivinea-axesin the direction of shear (sim-
ple shear) or elongation (pure shear), lead-
ing to an elongation along line E and a bulk
anisotropy (Nicolasand Christensen, 1987).
The dark line beneath each deformed sam-
plerepresentstheflow direction and L PO of
olivine fast a-axes. Thisline is a proxy for
the shear wavesplitting fast polarization az-
imuth (@) and delay time (dt) that would be
observed for a shear wave. Lab and field
studies confirmthat L PO S-wave anisotropy
of dunites can be at least as large as 4%
(Mainprice and Silver, 1993). Under water-
rich conditions, the intermediate c-axis can
become subparallel to the shear plane, and
the fast a-axis subparallel to the pole of the
shear plane (e.g., Jung and Karato, 2001).

uniquely. The splitting data from Iceland and the Afar, hotspots
bisected by spreading ridges, are more difficult to interpret, and
permissible modelsinclude a mantle upwelling interacting with
the spreading plates and basal lithospheric topography, aligned
magma-filled lenses, and fossilized lithospheric anisotropy from
past orogeni ¢ events. We comparethe model parametersderived
from the splitting data for the Eifel and the Great Basin to
parameters for Hawaii estimated by rigorous finite-difference
flow modeling. We also calculate the volumetric flow rates for
each upwelling and cal culate the Eurasian plate speed in afixed
hotspot reference frame. We then discuss the implications of
these data in terms of the plume hypothesis, and we mention
those hotspots for which there is forthcoming data as well as
some avenues of future research.

EIFEL HOTSPOT

A vertically oriented anomaly of low compressional- and
shear- (P- and S-)seismic velocity was imaged in the mantle
(Ritter et al., 2001; Keyser et al., 2002) down to the 400 km
depth limit of resol ution beneath the 1997-1998 Eifel PlumeProj-
ect Seismic Network, a dense network comprising 158 mobile
seismic stations centered on the Eifel hotspot in west central
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Figure 3. Different models that can produce shear wave splitting. Line
orientation and length indicate the fast polarization azimuth (¢) and
relative delay time (dt). Abbreviations: g,—maximum compression
direction; g;—minimum compression direction; C—crust; LM—
lithospheric mantle; AM—asthenospheric mantle. (A) Pure shear de-
formation via dislocation creep leads to a lattice preferred orientation
(LPO) of olivine fast a-axes perpendicular to the direction of com-
pression (parallel to the strike of the orogeny). (B) Lithospheric stretch-
ing induces an LPO of olivinefast a-axesin the direction of extension.
(C) A shape preferred orientation (SPO) of aligned magma-filled lenses
or dikes can develop in the presence of partial melt in a normal-fault-
ing stress state, leading to effective anisotropy with ¢ perpendicular to
theleast compressive stress direction (parallel to the strike of the struc-
tures). The magnitude of this SPO anisotropy depends on the density
of lenses or dikes, velocity contrast, aspect ratio, and scale of the lenses
or dikes with respect to the dominant seismic wavelength. (D) Simple
shear due to the relative motion between the moving plate and under-
lying mantle can lead to an LPO of olivine fast a-axes and @ in the di-
rection of the vector difference of the two velocities. In the special case
inwhich the plate speed is much faster than that of the underlying man-
tle, simple asthenospheric flow will develop, and @ will be oriented in
the direction of absolute plate motion (APM).

Europe (Ritter et al., 2000). Receiver functions also resolve a
depression of the 410 km discontinuity (Grunewald et al ., 2001;
M. Budweg, 2003, personal commun.). We analyze shear wave
splitting in seismograms recorded during the seven-month op-
eration of the Eifel Network, and we compare the observed fast
polarization azimuths to those predicted for asimple upwelling.

Eifel Data

During the seven-month deployment of the Eifel Network,
several core-refracted SKS phases were recorded. However, only
two of these events are analyzed because they were of high qual-
ity, with an energy signal-to-noiseratio greater than 20. We used
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the method of Silver and Chan (1991) to make apparent splitting
measurements and associated errors by filtering the waveforms
with a 0.2 Hz low-pass filter, then performing a grid search over
¢ and dt to minimize the eigenvalue of thetrial fast-low covari-
ance matrix. Figure 5 shows an example of splitting at permanent
station WLF (for location see Fig. 6). We also analyzed up to fif-
teen years of recorded data on permanent seismic stations
throughout west central Europe. These permanent stations af-
forded us the possibility of testing between different models of
mantle anisotropy: single layer with ahorizontal fast axis, single
layer with a dipping fast axis, or two layers with horizontal fast
axes. In general, we found that the best-fit models for both the
dipping-axis and the two-layer case fit the data at each station
marginally better than the single-layer models, but that the minor
improvement in fit does not justify the inclusion of extra model
parameters. In addition, these best-fit dipping-axis or two-layer
models for stations that are relatively close together are very dif-
ferent, and the mifit functions used to find them have many local
minima. Because the single-layer model has only one local min-
imum and because these models are very similar for stations that
are relatively close together, we prefer the single-layer model to
estimate the first-order anisotropy signal beneath the study area.

Figure 6 shows the single-layer splitting @ in the Eifel re-
gion of west central Europe (white bars). Numerous “null” sta-
tions did not demonstrate any splitting (white crosses), and this
can beinterpreted as showing that thereisno anisotropy beneath
the station, or that the fast axis of anisotropy (assuming asingle
layer) isparalel or perpendicular to the back azimuth. The back
azimuth of thetwo Eifel SKSevents(~70° and ~250°) are~180°
apart. Because some null stations occur between nearby con-
strained stations that have a @ subparalléel to the back azimuth,
the nulls likely indicate that there is anisotropy beneath those
stations with a ¢ of ~70°.

Eifel Interpretation

A semicircular pattern of @ exists around the Eifel hotspot
(Fig. 6). Thisspatial pattern, the high signal-to-noiseratio of the
analyzed waveforms, and thesmall 95% error bars (average< 20°)
on these model sargue against thisrotation asresulting from noise
(Fig. 7). Many lines of evidence suggest that the lithosphere be-
neath the Eifel regionisonly 50-70 kmthick (e.g., Babuskaand
Plomerova, 1993). The @ variation and the dt > 0.4 s cannot be
explained by asingle layer of fossilized lattice preferred orien-
tation anisotropy within the lithospherethat is parallel to the 70°
strike of the Hercynian orogeny, an interpretation that explains
many of the ¢ beneath Europe’s permanent broadband stations
(Bormann et al., 1993; Silver, 1996). In addition, whereas the
northwest-oriented ¢ to the northeast of the Eifel could be ex-
plained by vertically oriented lenses (Crampin, 1991; Kendall,
1994; Gao et a., 1997) that have formed in the lithosphere and
the asthenosphere perpendicular to the northeast minimum hor-
izontal compressive stress orientation, it isdifficult to explain the
range of other azimuths with such a model when the minimum


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on 13 August 2009

Shear wave splitting around hotspots

stress orientation remains relatively constant throughout the
area (Sperner et a., 2003).

Hence our interpretation is that the splitting data resolve a
lattice preferred orientation of olivine associated with active
mantle deformation of the asthenosphere, which beginsat adepth
of ~60 km beneath the Rhenish massif (e.g., Babuska and Plo-
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Figure 4. Geodynamic modeling results rel-
evant to predicting upper-mantle anisotropy
associated with upwellings. Panels A and B
show the predicted asthenospheric flow pat-
tern expected for afixed mantle upwelling in-
teracting with a moving plate (in this case for
Hawaii beneath the Pacific plate; modified
from Ribe and Christensen, 1994). The up-
welling material impinges upon the plate, then
spreads laterally into the asthenosphere, dur-
ing which it is sheared in the direction of
absolute plate motion (APM), leading to ap-
proximately parabolic mantle flow in map
view. Panels C and D show the results of
olivine lattice preferred orientation (LPO)
modeling, assuming that both dislocation
creep and dynamic recrystallization are im-
portant L PO generation and preservation pro-
cesses, for aspreading ridge and an upwelling
of radius R at a depth of 0.5R beneath a mov-
ing plate (modified from Kaminski and Ribe,
2002). The flow and fast directionsin panel C
may be subparallel at some distance from an
upwelling, but are not generally subparallel
in the proximity of the conduit. The color
scale in panel D is the magnitude of radia
anisotropy (§ = (V4, -V )V, whereV and
Vv, ae the Swave velocities for horizontally
and verticaly polarized waves, respectively),
which is expected to be strongly positive near
the conduit. Different mantle viscosities can
lead to different flow-modeling results; for ex-
ample, small-scale convective features may
be present if the asthenospheric viscosity is
smaller.

merova, 1993). Thisinterpretation is somewhat consistent with
theresultsof Becker et a. (2003) for our study area, which show
evidence that the largest axis of the finite strain ellipsoid in the
asthenosphere from global tomography-based geodynamic flow
models (which have arelatively poor spatial resolution) is be-
tween northeast-southwest and northwest-southeast down to
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400 km depth, the average of which is subparallél to the aver-
age @ observed throughout the study region.

In light of this interpretation, it makes sense to test the
plumelike upwelling hypothesis. We do this by using a hydro-
dynamical streaming potential function (Milne-Thomson, 1968)
to estimate the orientations of the flow lines expected for aver-
tical conduit feeding upwelling material into atabular horizontal
stream (the top of the asthenosphere). Assuming that the defor-
mation is occurring partly viadislocation creep and that the fast
wavespeed directions are approximately parallel to the flow di-
rections, we perform a grid search using @ from constrained-
station estimates over the four model parameters; upwelling
center latitude and longitude, parabolic width (stagnation dis-
tance), and pattern opening direction (background asthenospheric
flow relative to afixed hotspot reference frame). If the astheno-
sphere passively deforms due to plate motion, the background
asthenospheric flow direction is parallel to absolute plate mo-
tion. The stagnation streamline is the imaginary line that sepa-
rates the normal asthenosphere from the horizontally spreading
upwelling material at the base of the lithosphere (Sleep, 1987).
The distance from the conduit upstream to thisline is the stag-
nation distance, r = u/sh, where uisthe volumetric flow rate, s
is the plate motion speed, and h is the thickness of the low-vis-
cosity asthenosphereinto which the upwelling laterally spreads.
Thismodel is computationally efficient to compute. However, it
iscrudeinthat it is purely kinematic, does not account for vari-

0

2
t

?/
3 4
(s)

able viscosities and deformation mechanisms, and does not ac-
count for the possibility of small-scale convection.

The optimum Eifel PAF model and 95% confidence limits
were derived from a bootstrap method (Table 1). This model
explains 61% of the variation in @ from the 70° mean and has a
stagnation distance of r_ = 60 km (Fig. 8). Approximately the
same model is recovered if we include the null stations in our
grid search and use severa different grid-search optimization
techniques. An incremental F-test demonstrates that the PAF
model (four model parameters) explains the data statistically
better than a unidirectional model with a ¢ of 70°. Inspection
of the marginal misfit functions, random sampling of the misfit
space (4D histogram projections), and 2D plots of local minima
clearly confirm that the optimum PAF model iswell constrained
and uniquely predicted by the data (Fig. 9).

The obvious second-order variation (39% not fit by the PAF
model) is interpreted to be due to a combination of data error
and model error. The data error will decrease in time after more
splitting data have been collected and analyzed around the Eifel
hotspot; however, we interpret the model error to be due to
several possible factors. As mentioned earlier, the lithosphere
beneath the Eifel region is only 50-70 km thick. Inspecting the
Fresnel zonefor an SK S phase arriving at two stations separated
by 50 km suggests that there is no significant overlap above
~100 km depth (Alsina and Snieder, 1995; Wylegalla et al.,
1999). If anisotropy is purely single-layer, this suggests that
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Figure 6. Shear wave splitting results
for the study area and the Eifel region.
Lines—station splitting estimates, with
orientation parallel to fast polarization
azimuth and length proportional to delay
time. White crosses—stations for which
no splitting was observed (null stations).
Measurements at stations a—f are pre-
sented in Figure 7. Thick contour—
boundary of uplifted Rhenish Massif.
Black lines with hatch marks—Cenozoic
rift system including the Rhine graben
in the south, the Rut graben in the north-
west, and the Leine graben in the
northeast. Thick lines—deep-seated
reverse and wrench faults that separate
Hercynian orogeny terranes (RH—
Rhenohercynian and S—Saxothuringian
sutures; Edel and Fluck, 1989). White
bodies—vol canic centerswith their ages
in Ma (R—Recent) (lllies et al., 1979;
Jung and Hoernes, 2000). Double-
headed arrow in the south—P _-velocity
fast orientation (Smith and Ekstrom,
1999). Double-headed arrow in the
north—regional average least horizon-
tal compressive stress direction (0,)
(Mueller et a., 1997). Black vector—
absolute plate motion (APM) and 20
error bars in a fixed hotspot reference
frame (Gripp and Gordon, 2002).
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Figure 7. Examples of station splitting estimates for stations a-f (for location, see Fig. 6) showing arotation of fast polariza-
tion azimuth (@) around the Eifel hotspot. White boxes give the station name, splitting parameters, and number of events an-
alyzed; dt—delay time. The optimum splitting parameters are indicated by the global minima (pluses) of the misfit grids. The

95% confidence region isindicated in white.

changesin splitting could be observed only dueto alateral vari-
ation of anisotropy in alayer above ~100 km depth. For atwo-
layer model, the splitting that occurs in the upper layer has the
most effect on the total apparent splitting (e.g., Rimpker and
Silver, 1998; Saltzer et al., 2000). It istherefore also possible to
explain rapid lateral variationsin apparent splitting by acombi-
nation of uniform or slowly varying anisotropy below and rap-
idly varying anisotropy above ~100 km depth. We specul ate that
the remaining 39% variation not fit by the PAF patternis dueto
subregions of additional lithosphere and asthenosphere aniso-
tropy associated with fossilized olivine fabrics, magma-filled
lenses, strong active deformation near the base of the plate as-
sociated with flow complexities (e.g., small-scale convection),
or the effects of dynamic recrystallization (Fig. 4C; Kaminski
and Ribe, 2002). Using additional techniques and data to un-
ambiguously locate the depth distribution of anisotropy beneath
the Eifel will of course help distinguish which of these possible
phenomeng, if any, are responsible for the second-order variation.

Figure 10 shows the flow lines from the PAF pattern and
our station splitting estimates superimposed on a map of shear
wave velocity between 100 and 170 km depth (Keyser et a.,
2002). For most of the data, dt = 1.0-1.5 s. However, the con-
strained dt in and close to the Quaternary Eifel volcanic fields
are anomalously large (~2-3.5 s). These large dt near the pre-
dicted upwelling center may suggest strong anisotropy in the

asthenosphere, which has been predicted just downstream of
conduits by modeling the development of the lattice preferred
orientation of olivine associated with the deflection of upwelling
plume material by a moving plate (Kaminski and Ribe, 2002;
Fig. 4). However, because the modeled lattice preferred orien-
tation variesdramatically in three dimensions, one must forward-
model the observed splitting before a valid comparison can be
made (e.g., Tommasi, 1998; RUmpker et al., 1999, 2003). None-
theless, if splitting above the hotspot is due to anisotropy in the
conduit, the olivine fast a-axes are probably not vertical (Rimp-
ker and Silver, 2000), and this may suggest the presence of
water (Jung and Karato, 2001; Karato, 2003). Varying water
content has already been invoked for the Eifel upwelling to ex-
plain the discrepancy between P- and S-velocity anomalies
(Keyser et al., 2002).

The large dt may also be aresult of alack of ability to re-
solve splitting because @isroughly parallel to the back azimuths
of thetwo SK S phases. Thethreshold of splitting resolution (the
deviation between @ and back azimuth below which splitting is
not reliably detected) depends on two factors: the signal band-
width and the signal-to-noiseratio. The higher these two factors
are, the lower the threshold. The data have a high signal-to-
noise ratio, but the bandwidth is only fair (between 0.02 and
0.2 Hz). However, athough the null measurements clearly do
not have significant energy on their transverse components, the
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measurements with large dt have a significant amount of trans-
verseenergy that iswell attenuated after correction using the op-
timum splitting parameters. Given the facts that these dt are
some of the largest observed anywhere in the world for SKS
phases and that in some places our splitting parameters change
remarkably over short spatial distances, we prefer to present the
PAF pattern as afirst-order pattern for the study region, recog-
nizing that anisotropy is likely to be more complex. Of course
more data need to be collected before the level of this complex-
ity can bereliably ascertained.

Our PAF pattern has interesting consistencies with other re-
sults. The most obvious consistency isthat our optimum conduit
location from the grid search is at the center of the low-velocity
anomaly between 100 and 170 km depth and between the two
most recently active Eifel volcanic fields (Fig. 10). In addition,
with respect to all directions from 0 to 360°, the optimum back-
ground asthenospheric flow direction of 260 + 20° is consistent
(within 20 uncertainties) with the HS3-NUV EL 1A absolute plate
motion direction of 239 + 44° (Gripp and Gordon, 2002) and
with the average direction (~270°) of fast olivine a-axesinferred
from amagnetotelluric investigation that documents adirectional
dependence on conductivity for asthenospheric depths below
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Figure 8. Testing the parabolic astheno-
spheric flow (PAF) model for the Eifel
hotspot. The lines indicate the station
splitting estimates normalized to a uni-
form delay time because the PAF pattern
we test is only kinematic. The gray cir-
clesindicate null stations. The black dots
show the plume-center search grid (Rit-
teretal., 2001; Keyser et al., 2002) while
maintaining a twenty-node sampling
in both X and Y directions. The black
curves are the asthenospheric horizontal
flow lines of the optimum PAF model,
which predict 61% of the spatia varia-
tionsin fast polarization azimuth.

70-90 km across the region (Leibecker et a., 2002). This sug-
gests that the PAF pattern is due to a plumelike upwelling be-
neath the hotspot and that asthenospheric flow beneath the Eifel
is a passive response to plate motion. A 410 km discontinuity
deflection (Grunewald et a., 2001) and the depth extent of the
low P- and S-velocity anomalies (Ritter et a., 2001; Keyser et dl.,
2002) suggest that the upwelling originates from at least 400 km
beneath the Eifel. In fact, a large part of the low P-velocity
anomaly beneath the Eifel, albeit not resolved as well as the
main anomaly beneath the center of the Eifel Network, plunges
toward the northeast as would be expected for a plate dragging
upwelling material toward the southwest.

Eurasian Plate Speed Estimation

Resolving the plate motion of Eurasiawith respect to afixed
hotspot reference frame has been challenging. The success of
the PAF model in explaining the data allows us to put a con-
straint on absolute plate motion. If we assume that the vertical
thickness of plume material spreading beneath the plate is the
same beneath the Eifel and Hawaii, and if we use the Eifel ex-
cess upwelling temperature of 100150 K and the conduit radius
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Figure 9. The resolution of the optimum parabolic asthenospheric flow (PAF) model. We searched for the optimum PAF
model parameters that best explain the observed fast polarization azimuths. The model parameters are the latitude and
longitude of the plume center, the stagnation distance (P), and the absolute plate motion direction (APM). (A) The mar-
ginal misfit curves showing the optimum model (solid circle) and the 95% confidence region as defined by the region
beneath the horizontal line. The numbers in brackets are minimum, optimum, and maximum values for each parameter.
(B) The histograms of the results of randomly targeting nodes in the misfit grid and testing whether they are below the
95% confidence contour. (C) 2D projections of the locations of local minimathat are not possible solutions at the 20 confi-
dence level (circles) showing the optimum solution (square). These plotsindicate that the optimum model iswell resolved.

of 50-60 km estimated from the tomographic data (Ritter,
2005), mantlerheological parametersfrom Karato and Wu (1993),
and geodynamic plume parametersfor Hawaii (Ribe and Chris-
tensen, 1999), we calculate a Eurasian plate speed of 12 mm/a,
which is within the 95% confidence limits of the 19 + 14 mm/a
Eurasian absolute plate motion of Gripp and Gordon (2002).

The 2.7 Ma west Eifel and recently active east Eifel volcanic
fields, which are aligned in an approximately northeast-south-
west orientation (Fig. 10), are separated by 65 km, which may in-
dicate a recent Eifel volcanic center propagation rate of 24
mm/a. In summary, the PAF pattern for the Eifel and other types
of geological and geophysical data suggest to us that since the
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Figure 10. Splitting results across the Eifel hotspot in west central Europe. The short white lines are the teleseismic station
splitting estimates, with length proportional to delay time. The background tomographic map indicates relative seismic
S-velocity between 100 and 170 km depth (Keyser et al., 2002). The black lines are flow lines of our optimum parabolic
asthenospheric flow model. This model has a stagnation distance of 60 km (Table 1). APM—absolute plate motion.

Late Pliocene, the absolute Eurasia plate motion has been on the
order of 10-30 mm/ain the west-southwest direction.

Eifel Plume or Plumelike Upwelling?

It is interesting to note that there is no pre-Late Pliocene
linear volcanic age progression or recognizable flood basalts as-
sociated with the Eifel hotspot. If the plate motion did not change
significantly in the Pliocene, this hotspot is not similar to those
that can be explained by the classic plume model. Courtillot
et al. (2003) reviewed the current debate regarding the origin of
mantle hotspots. They argue that many global topographic, geo-

logic, geophysical, and geochemical data can be explained by
three different sources for hotspots: plumes from the core-mantle
boundary (e.g., Morgan, 1972), plumelike upwellings from the
transition zone (e.g., Montagner, 1994; Allegre, 2002), and upper-
mantle features related to lithospheric extension (e.g., Anderson,
2000). It now appears that the Eifel hotspot has a topographic,
P-velocity (Ritter et a., 2001), S-velocity (Keyser et al., 2002),
Q (Meyer, 2001), receiver function (Grunewald et al., 2001),
geochemical (Wilson and Patterson, 2001), and mantle aniso-
tropy anomaly that suggests a plumelike source. However, this
upwelling ismost likely weak and hasalow excesstemperature.
This explains the lack of major continuous volcanism and a
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recognizable hotspot track. Our preferred model is that the
source of the Eifel plumelike upwelling is a fluctuating temper-
ature and perhaps compositional perturbation, perhaps along a
boundary layer in the mantle transition zone. This view is con-
sistent with the receiver function study across the Eifel
(Grunewald et al., 2001), which suggests anomalously hot ma-
terial in the vicinity of the deflected 410 km discontinuity, but
none associated with the unmodified 660 km discontinuity. Al-
though global images from Bijwaard et al. (1998) have been pre-
sented by Goes et a. (1999) as evidence for a lower-mantle
source of Eifel volcanism, the more recent global tomographic
results of Montelli et a. (2004) show only an upper-mantle ve-
locity anomaly beneath the Eifel hotspot.

OTHER HOTSPOTS
Great Basin

Savage and Sheehan (2000) and Savage (2002) made mea-
surements of teleseismic shear wave splitting throughout the
Basin and Range in the western United States. They observed a
semicircular pattern of ¢ surrounding a region in central and
eastern Nevada, a region that is characterized by mostly null
splitting measurements. They showed that a PAF model with a
conduit centered beneath the null region explains the majority
of the @ variation.

Walker et al. (2004b) made splitting measurements for six
seismic stations along the Snake River Plain, Idaho (Fig. 11).
After considering two-layer and dipping-axis anisotropy models,
they found that asinglelayer of anisotropy with ahorizontal fast
axis was sufficient to explain the splitting measurements. They
found a pattern in their single-layer station splitting models
where @rotates ~30° clockwise from the northeast to the south-
west part of the Snake River Plain, then possibly back ~20° to-
ward the northwestern Snake River Plain. After considering
several mechanisms to explain these data as well as splitting
observations along a transect that crosses the eastern Snake
River Plain (Schutt et al., 1998), they found that the Savage and
Sheehan (2000) PAF pattern simultaneously explained all the
@, but that the on-axis reduction in dt imparted from the PAF
anisotropy can be explained by the effects of aligned magma-
filled lenses in the partially molten region above.

Aswith the Eifel data, we performed agrid search (Fig. 11)
over the four model parameters of the PAF pattern for all the
data, excluding those from California, and refined the PAF model
of Savage and Sheehan (2000). Specifically we found that the
optimum model opensin the direction of absolute plate motion,
with astagnation distance of r_= 180 km, and is centered at the
edge of the 2.0 km topographic bulgein eastern Nevada (Table 1).
This pattern isuniquely determined at the 95% confidencelevel,
and it fits 64% of the variation from the average ¢ orientation,
whichisadlightly better fit than that for the Eifel hotspot (61%).

Splitting @ in California are not explained by the down-
stream component of this PAF model. This may be due to
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regional effects of shearing along the San Andreas fault zone
(e.g., Silver and Savage, 1994), a local downwelling beneath
Californiaassociated with the recently subducted Farallon slab
(e.g., Schmid et al., 2002), and/or the relative motion between
the northwest-moving Californiaand an eastward-moving sub-
asthenospheric flow in afixed hotspot reference frame (Silver
and Holt, 2002).

The existence of an upwelling beneath eastern Nevada is
consistent with other geophysical data. The predicted upwelling
conduit lies directly beneath the highest elevations (~2 km) in
the Great Basin (Fig. 11). In addition, reconciling crustal thick-
nesses, low gravity, and the high elevation data throughout the
Great Basin shows alarge buoyancy anomaly in the upper man-
tle (Parsons et al., 1994). Although these authors suggest that
thisanomaly isaremnant of the hypothesized Yellowstone plume
head that erupted ca. 17 Ma throughout the northern Great
Basin, it isalso possiblethat the upwelling predi cted by the split-
ting dataaoneis providing at least part of this buoyancy anom-
aly. Furthermore, there is a low-velocity anomaly at ~350 km
depth that is elongated in the northeast-southwest orientation
(Van der Lee and Nolet, 1997) within the predicted stagnation
streamline of the upwelling (the line separating upwelling ma-
terial from normal asthenosphere), although the resolution of
velocity anomalies at that depth is not clear.

If an upwelling does exist beneath eastern Nevada, the lack
of a hotspot track there may suggest that the upwelling has a
buoyancy that islargely compositional in origin or is not ascend-
ing rapidly enough to produce significant decompression melt.
Forward modeling of refracted tel eseismic shear waves near the
410 km discontinuity (Song et al., 2004) and receiver function
images (Gilbert et al., 2003) suggest the existence of a low-
velocity zone above 410 km in northern Nevada, Oregon, and
southwest Idaho that pinches out beneath eastern Nevada (the
region to the south and east of eastern Nevada was not sampled
by the refracted waves). Thislow-velocity zone appearsto have
athickness that varies dramatically over short lateral distances,
which Song et al. (2004) suggest means that the low-velocity
zone is compositional in origin. They speculate that the zone
may have developed due to dense melt segregation of an up-
welling with a high water content through the 410 km disconti-
nuity. Within the spatial coverage of their study, the most likely
place for such an upwelling isin eastern Nevada, where such a
low-vel ocity zone was resolvable, but not detected.

For the Great Basin PAF model, large dt are not found
abovethe predicted conduit, whereas splitting with considerable
to large dt has been observed above the Eifel, Hawaii (Walker
etal., 2001), and Yellowstone (G. Waite, 2003, personal commun.)
hotspots. If splitting above these latter hotspots is due to aniso-
tropy within aconduit itself associated with ahigh water fugac-
ity, thelack of splitting indicateseither that thereisno upwelling
beneath eastern Nevada or that upwelling material has a low
water fugacity. This latter view may be consistent with the in-
terpretation of Song et al. (2004) that compositional segregation
and dehydration are occurring within a narrow depth range
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above the 410 km discontinuity (the upwelling material in the
upper 300 km of the mantleisanhydrous). If the upwelling peri-
dotite is dehydrated, it is also less likely to experience decom-
pression melting and produce a hotspot track.

Hawaii

Walker et a. (2001, 2003) analyzed shear wave splitting
recorded on five broadband stations in the central Pecific to de-
termine if and how the anisotropy near Hawaii is significantly
different from that at greater distances (Fig. 12). They found a
consistency in anisotropy far from the hotspot above oceanic

183

Figure 11. Splitting resultsin the western
United States (ID—Idaho, NV—Nevada,
UT—Utah, CA—Cadlifornia, AZ—
Arizona). Theresultsacrossand alongthe
Snake River Plain are station averages
from Schutt et a. (1998) and Walker et
al. (2004b). All other results areindivid-
ual splitting measurements plotted above
their 200 km piercing-point depth
(Savage, 2002). Null measurements—
gray crossesoriented so that legsare par-
allel to the two possible fast directions.
Color background—relative S-velocity
perturbation at 350 km depth (Van der
Lee and Nolet, 1997). APM—absolute
plate motion of North America (and 20
uncertainties), from Gripp and Gordon
(2002). White circles—latitude and lon-
gitudegrid used to find the optimum par-
abolic asthenospheric flow (PAF) model.
Thin black curves—flow lines of the
optimum PAF model, which predicts 64%
of the variation in fast polarization az-
imuth and has a stagnation distance of
180 km (Table 1).

plates of vastly different age. At stations H20 (ca. 50 Ma; see
also Vinnik et al., 2003) and JOHN (ca. 110 Ma), @isidentical
and approximately parallel to Pacific plate motion, with dt be-
tweenl.land 1.4 s.

Close to Hawaii, the story is more complicated. The avail-
abledatasuggest that there may be atwo-layer anisotropy model
beneath station KIP, where the upper-layer @is paralel to alat-
tice preferred orientation of olivinefast a-axesinduced by shear
along the Molokai fracture zone when it was a transform fault
(supported by P, measurements from Raitt et al., 1971; Bibee
and Shor, 1976), and the lower-layer @is parallel to the absolute
plate motion. Wolfe and Silver (1998) found a similar two-layer
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model for KIP. However, the fact that the apparent dt are not fit
well by atwo-layer model, but seem to be partly a function of
back azimuth (not necessarily initial polarization azimuth) hints
at a more complicated anisotropy, perhaps a two-layer model
with adipping fast axisin thelower layer. At both KIPand H20,
asingle-layer model of orthorhombic olivine with afast a-axis
dipping ~20° toward 280° explains ~50% of the splitting pa-
rameter variation (Walker, 2004). A single-layer model with a
horizontal fast axis explains the splitting measurements at sta-
tions POHA and OSN-1, although these stations recorded far
fewer events than were recorded at KIP. Splitting at POHA was
alsorelatively less consistent in that there were many more nulls
observed, and atwo-layer model similar to that at KIP cannot be
ruled out due to alarge uncertainty in one of the few non-null
measurements.

At OSN-1 @ deviates from that at POHA and KIP (lower
layer) by ~30°. The 20 error for OSN-1, KIP, and POHA isabout
+ 5°, which indicates that this deviation is significant. Whereas
Walker et al. (2001) have analyzed three events for OSN-1,
Callinset a. (2002) have analyzed six events, and they report a
similar average @, which deviates from that at POHA and KIP
by ~20°. A similar deviation in the asthenosphere is also ob-
served in global surface wave azimuthal anisotropy data (Mon-
tagner and Guillot, 2000), although the lateral resolution is not
as good as that provided by splitting. In addition, a regional
surface wave anisotropy study across the SWELL pilot array
(Laske and Orcutt, 2000), located ~400 km west-southwest of
Hawaii, resolves a similar rotation of the northwest-southeast
fast S-velocity direction in the lower lithosphere and astheno-
sphere, although the actual azimuths themselves are not identi-
cal to the observed @. A PAF model centered just southeast of
station POHA and opening in the direction of absolute plate mo-
tionisconsistent with thisrotation (Fig. 12), and it explains 75%
of the @ variation from the mean (Table 1). However, this PAF
model is not uniquely determined from those few data points.

K.T.Walker et al.

Figure 12. Splitting resultsaround Hawaii
and the surrounding region (modified
from Walker et al., 2003). Triangles—
analyzed stations. Short lines—station
splitting estimates. A two-layer model
explains splitting at station KIP, with
shading reflecting the interpreted depth
(white—lithospheric, black—astheno-
spheric). The parabolic asthenospheric
flow model shown explains 75% of the
variation in fast polarization azimuth
(for the few stations analyzed: OSN-1,
POHA, and lower layer beneath KIP)
and has a stagnation distance of 300 km.

The stagnation distance r_ = 300 km for the Hawaii PAF
model (Fig. 12; Walker et al., 2001). Sleep (1990) estimated this
parameter to be 350-450 km based on the topographic area of
the swell and assuming an asthenospheric flow speed of half the
plate speed. However, the flow speed is more like 60%—70% of
the plate speed (Ribe and Christensen, 1994), which revises
Sleep’s estimate to r_ = 250-375 km and brackets the 300 km
estimate in Figure 12. Of course additional splitting data must
be collected (especially on the seafloor away from the possible
complications associated with the hotspot axis) if one is to
determine the optimum parameters of the PAF pattern from the
anisotropy data alone.

Iceland

Bjarnason et a. (2002) measured the splitting of core-
refracted shear phases (SKS, SKKS, PKS) recorded on the
ICEMELT seismic network, which consisted of fifteen tempo-
rary broadband stations deployed throughout Iceland in 1993—
1995 (Fig. 13). High levelsof microseismic noiserequired harsh
frequency filtering prior to making the measurements. However,
the measurements were still constrained, and this allowed the
authors to determine that there were no significant variationsin
splitting parameters as a function of back azimuth and initial
polarization azimuth. Consequently they used the stacking al-
gorithm of Wolfe and Silver (1998) to calculate the optimum
single-layer anisotropy models with horizontal fast axes.

There does not appear to be a PAF pattern in the observed
¢ beneath Iceland. Instead Bjarnason et al. (2002) divided the
station splitting estimates based on similarity into two groups
separated by the northeast-southwest—trending neovol canic rift
that cuts through the center of Iceland. The eastern group dis-
playsstronger anisotropy, with adt of 0.7-1.4 sand aNW-NNW
@. Anisotropy isweaker to the west, with delays of 0.2-1.0 sand
abroader range of @ between north-northwest and northeast.
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Figure 13. Splitting results around Iceland. White lines—station split-
ting estimates from Bjarnason et a. (2002). Background color map—
topography. White vectors—absolute plate motion (APM) for the
North American and Eurasian plates (Gripp and Gordon, 2002). Dashed
line—mid-Atlantic spreading ridge, which bisects Iceland through a
zone of fissures and dike intrusions. The preferred interpretation of
Bjarnason et al. (2002) isthat the averages of ¢in both the western and
the eastern half of Iceland are explained by the relative motion between
the moving plates and an underlying 30 mm/a mantle flow toward
N34°W (Fig. 3). We recalculate a mantle flow velocity of 19 mm/ato-
ward N65°W using the revised Gripp and Gordon (2002) plate motions.

Bjarnason et al. (2002) considered several hypotheses in-
volving mantle flow and aligned magma-filled lenses to explain
their data. Their preferred interpretation is that the observed @
is parallel to the orientation of the relative motion between the
lithosphere and the subasthenosphere relative motion, from
which they calculate a common subasthenospheric horizontal
velocity of N34°W at 30 mm/a. They state that this model isnot
inconsistent with an upwelling model beneath | celand, because
a thinning of the transition zone, imaged by receiver function
migration (Shen et al., 2002), suggests that the upwelling may
be occurring ~100 km to the south of the upwelling that was
imaged with body wave tomography (Wolfe et a., 1997). How-
ever, the calculation of asthenospheric flow based on splitting
is strongly dependent on the plate motion models. For example,
using the revised HS3-NUVEL 1A absolute plate motion model
(Gripp and Gordon, 2002), we calculated a subasthenospheric
velocity of 19 mm/atoward N65°W, which is perpendicular to
the spreading ridge and subparallel to the fast anisotropy direc-
tion predicted by Becker et al. (2003) by modeling the aniso-
tropy expected to develop between the convecting mantle and
moving plates in a no-net-rotation reference frame.
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If either the north-northwest or west-northwest subastheno-
spheric flow model is correct, there is an additional anisotropic
complexity in the ~75-km-thick Icelandic lithosphere (Bjarna
son, 1999) and/or the asthenosphere beneath Iceland that gives
riseto the lateral variability in splitting observed in the western
group. For example, the variability may be related to different
domains of magma-filled lensesor dikesaligned in different ori-
entations (Kendall, 1994); to two-layer anisotropy associated
with an olivine lattice preferred orientation in the lithosphere
due to ductile stretching (Silver and Savage, 1994), which was
not resolvable given the individual splitting measurement errors,
or to one of several mechanisms that influence the devel opment
of a lattice preferred orientation associated with mantle defor-
mation, such as: (1) the effects of dynamic recrystallization that
was recently modeled (Kaminski and Ribe, 2002; Fig. 4); (2) the
effects of a more complicated mantle upwelling than that pre-
dicted by a simple cylindrical conduit impinging upon a flat
lithosphere-asthenosphere boundary (e.g., Ritter et al., 2001);
(3) arheology change during gravitational spreading away from
the upwelling, perhaps associated with melt and volatile extrac-
tion (e.g., Saltzer and Humphreys, 1997); or (4) the effect of
high water content in the upwelling mantle material within the
conduit (Jung and Karato, 2001; Karato, 2003). These possible
complexities must be considered because of the lack of depth
resolution in the splitting data and because the data recorded
within the east and west subgroups vary considerably from their
respective averages. Additional seismic data collected at many
locations on the seafloor around Iceland, away from possible
complexities associated with pockets of partial melt, hold great
promise for distinguishing with more certainty the source(s) of
| celandic anisotropy.

Afar

Ethiopia is similar to Iceland in some respects, with a bi-
secting north-south rift, numerous basaltic dikes intruding into
the rift zone, and a nearby mantle hotspot (Woodhouse and
Dziewonski, 1984; Hadiouche et a., 1989; Ritsema and van
Heljst, 2000; Debayle et al., 2001; Fig. 14). The main differ-
ences between thetwo arethat Ethiopiaisstill inthe early stages
of rift development whereas Iceland sits atop a fully developed
spreading center, the spreading rates for the Main Ethiopian Rift
are far slower, and Ethiopiaisin aregion comprised in part of
Precambrian continental lithosphere whereas Icelandic litho-
sphereis being created locally.

Figure 14 shows the single-layer splitting estimates from
numerous studiesin East Africaand Saudi Arabia. Gashawbeza
et d. (2004) have made SK S-splitting measurements on twenty-
six broadband stations of the Ethiopian Broadband Seismic Ex-
periment (Nyblade and Langston, 2002). Kendall et al. (2003),
Maguire et a. (2003), and Ayele et a. (2004) also made splitting
measurements for several stations inside the Main Ethiopian
Rift. Barruol and Ismail (2001) analyzed shear wave splitting on
station ATD, located near the Afar triple junction. These studies
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Figure 14. Splitting results for the Afar region. Short lines—station
splitting estimates from Wolfe et a. (1999; Saudi Arabia), Barruol and
Ismail (2001; Djibouti), and Gashawbeza et al. (2004; Ethiopia). Black
vectors—absolute plate motion (APM) in a fixed hotspot reference
frame (Gripp and Gordon, 2002; Sella et al., 2002; Fernandes et a.,
2004). Thick black curves—Main Ethiopian Rift. Thin black lines—
faults that help define the structural elements in the Precambrian
basement. The interpretation of Gashawbeza et al. (2004) is that the
Ethiopian splitting data characterize the orientation of olivine lattice
preferred orientation fossilized in the lithosphere sinceits creation dur-
ing past orogenic episodes (Fig. 3). Wolfeet al. (1999) list thisasapos-
sible interpretation for splitting in Saudi Arabia, but also note that the
data are compatible with alattice preferred orientation of olivine at the
base of the lithosphere due to lateral asthenospheric flow associated
with the Afar upwelling. Here the hotspot isindicated by an oval based
on surface wave (A. Sebai, 2004, personal commun.) and body wave
tomography (Montelli et al., 2004).

found that @ is fairly consistent throughout Ethiopia with a
NNE-NE orientation, although asignificant 15-20° rotation from
north-northeast to northeast exists from northwest to east across
the network. The dt areless consistent and vary between 0.5 and
1.7 s, with an increasing trend within the rift toward the Afar
triple junction. In Saudi Arabia Wolfe et al. (1999) made SKS-
splitting measurements on eight temporary broadband stations,
and they found generally north-south @, but dtthat varies from
05tol5s

In Ethiopia Gashawbeza et al. (2004) interpreted a correla-
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tion between ¢ and the trends of the Paleozoic suture zones
reconstructed by Berhe (1990) as due to a lattice preferred ori-
entation of olivine inherited and preserved from Paleozoic oro-
genic events. Although the geological structural trends at the
surface, in the few places they are exposed, are oriented NNW-
NNE (C. Ebinger, 2004, personal commun.), the splitting results
could be reflecting the dominant lattice preferred orientation in
thelithospherethat isobscured by surficial geology or that char-
acterizes most of the lithosphere beginning at a depth of afew
kilometers. This hypothesis has also been proposed to explain,
at least in part, the splitting in Saudi Arabia (Wolfe et al., 1999),
Tanzania and Kenya (Barruol and Ismail, 2001; Walker et d.,
2004a), and South Africa(Silver et al., 2001; Fouch et al., 2004).

The general uniformity and orientation of ¢ throughout
Ethiopiamakeit compatibleto acertain extent with several pos-
sible anisotropy models. Although thereis no noticeable change
in dt between rift and off-rift stations, the dt in therift are prob-
ably too large to be explained by fossilized anisotropy in the
presumably thinned lithosphere because orogenic events would
most likely giverise to amaximum S anisotropy of ~4% (Main-
priceand Silver, 1993). Consequently, Gashawbezaet al. (2004)
interpret the splitting in the rift as due to a combination of fos-
silized anisotropy in the lithosphere and magmafilled lensesin
the lithosphere and the asthenosphere aligned by a WNW-ESE
least compressive stress orientation (o,; Vauchez et al., 2000).
Kendall et al. (2003) and Ayele et a. (2004) interpret their split-
ting measurements as dueto aligned magmafilled lenses, which
issupported by asignificant increasein dt toward the Afar triple
junction assuming that the porosity of melt increases toward
it. However, the crustal maximum horizontal compressive stress
orientationindicatorsintheAfar can bedivided into two groups:
NNW-SSE and WNW-ESE (Sperner et al., 2003). If the max-
imum stress orientations in the upper crust predict those at
greater depths, neither of the two groups of stress indicators
predicts the observed NNE-NE ¢.

The width of the Afar hotspot (Fig. 14) is defined by the
approximate low (—4%) S-velocity anomaly contour between
50 and 300 km depth (A. Sebai, 2004, personal commun.) and
the approximate |ocation from recent global body wave tomog-
raphy at thetransition zone (Montelli et al., 2004). If thishotspot
is associated with an upwelling, for pure radial flow Gashaw-
beza et al. (2004) point out that there is a significant deviation
between predicted and observed ¢ at the Ethiopian stations far-
thest to the northwest and at the easternmost stations. Further-
more, there is no PAF @ pattern as one might expect for an up-
welling, slowly moving plate, and flat lithosphere-asthenosphere
boundary. However, because ~90% of ¢ are consistent with ra-
dia flow, these authors note that a modification of flow by other
factors (such as a nontypical conduit shape, the channelization
of asthenospheric flow by topography along the lithosphere-
asthenosphere boundary, or the creation of spaceviarifting) could
explain all @. In this view the upwelling material is moving
toward the southwest beneath Ethiopiaand toward the north be-
neath Saudi Arabia, inducing shear and olivine lattice preferred
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orientation anisotropy along the base of both plates, which was
one of the hypotheses proposed by Wolfeet al. (1999) to explain
splitting beneath Saudi Arabia. Because one would expect the
lateral velocity of the upwelling material to increase toward the
upwelling center, this model also predicts the observed increase
in dt toward the Afar triple junction.

We can estimate the speed required of the lateral astheno-
spheric flow to produce the observed @variation acrossthe Main
Ethiopian Rift by performing the same calculation asfor Iceland
(Bjarnason et al., 2002). The geologic rate of spreading across
the rift is dow, with a maximum estimate of ~7 mm/a (Sella
et al., 2002; Fernandes et a., 2004), giving the Somalia micro-
plate a maximum absolute plate motion velocity of 11 mm/a
toward 290°. To explain the 18° of ¢rotation we cal culate asub-
asthenospheric flow direction of N6°W at 20 mm/a. However,
this velocity is poorly constrained due to the small ¢ and plate
motion deviations. In fact, if the rate of spreading is assumed to
be insignificant compared with the 18 mm/a absolute plate mo-
tion of Nubia (Africa), the direction of subasthenospheric flow
velocity can be anywhere from 225° clockwise to 025°. For up-
welling material to be flowing laterally from the upwelling to-
ward 225° beneath the array, the flow speed must be at least
50-100 mm/a beneath the seismic network. To explain the
north-south @in Saudi Arabia(Wolfeet a., 1999), asimilar cal-
culation yields a minimum subasthenospheric flow velocity of
~150-200 mm/afor the HS3-NUVEL 1A Arabia absolute plate
motion (Gripp and Gordon, 2002). Although some plates move
at comparable speeds (e.g., Pacific at 103 mm/a), these values
are probably too high to be realistic beneath Ethiopia and Saudi
Arabia, especially considering that the observed north-south @
beneath Saudi Arabiaexist much farther from the upwelling than
the Ethiopian stations.

Thus @ beneath Ethiopiaand the Afar can be reasonably ex-
plained entirely by lateral flow originating at an Afar upwelling
only if (1) the absolute plate motion of the Africaplateis slower
than that given by the HS3-NUVEL 1A model (Gripp and Gor-
don, 2002); (2) lithospheric thickening toward Sudan, which
would be expected if the mantle lithosphere has stretched dur-
ing the last 30 m.y. over a broader region rather than directly
beneath the rift, encourages radial flow from the upwelling to
bend toward the southwest beneath Ethiopia and to the north-
west beneath the Red Sea (Bormann et al., 1996; Ebinger and
Sleep, 1998); and (3) the speed of background mantle flow as-
sociated with global convection cells (e.g., Becker et al., 2003)
isnot as significant as that due to an Afar upwelling.

In summary, it seemsthat the existing splitting observations
intheAfar are smple, but what they say about the anisotropy be-
neath the surface is not. Because of the distinct possibility that
several anisotropy sources haveinfluenced the splitting, interms
of testing the plume hypothesisit can only be said that the exist-
ing splitting data are not inconsi stent with a plumelike upwelling.
It seemslikely that thisambiguity will be resolved when we have
better constraints on the depth distribution of anisotropy as well
as higher-resol ution tomographi c images beneath the Afar region.
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FORTHCOMING DATA

Several other hotspots are the focus of current seismic
investigation. These include the Yellowstone (R. Smith, 2004,
personal commun.), Society |slands (G. Barruol, 2004, personal
commun.), and Galapagos (D. Toomey, 2004, persona com-
mun.) hotspots. In addition, alarge volume of seismic datawill
be collected on the seafloor around Hawaii during 20052006
(G. Laske and C. Wolfe, 2004, personal commun.) and possibly
inthefuturearound Iceland (N. Ribe, 2003, personal commun.).

DISCUSSION

The results reported earlier show that shear wave splitting
can help improve our understanding of the interaction between
the lithosphere and the asthenosphere around some hotspots.
Specifically, ssimple PAF explains 61% and 64% of the variation
of thefast polarization azimuthsfor the Eifel and the Great Basin,
respectively (Table 1). These two PAF models are uniquely de-
termined from the splitting data alone, the model parameters
have small error bars, and the model parameters as well as the
models themselves are consistent with other geophysical data.
In these two regions, al these data suggest that a plumelike up-
welling exists. However, these regionslack certain observations
that support the classic plume model, such as a recognizable
hotspot track associated with both upwellings and flood basalts
associated with the Eifel upwelling. Although it seems natural to
link the PAF model to an active upwelling, without guidancefrom
quantitative flow and lattice preferred orientation modeling, the
lack of a hotspot track might mean that the upwellings are pas-
sivein nature, aresult of return flow from subduction or thefill-
ing of space created by lithosphere stretching. Of course, the data
are not inconsistent with amantle plume either, because factors
such as composition and water fugacity play an important role
in the buoyancy and solidus temperature of upwelling material.
In particular, adry, compositionally buoyant plumeislesslikely
to produce volcanism than a wet, thermally buoyant plume.

For the Hawaii hotspot, there aretoo few stationsto uniquely
determine the origin of splitting, as well as find a unique PAF
model that fits the data. However, the PAF model shown, which
is consistent with results from finite-difference modeling of
Ribe and Christensen (1994, 1999), explains 75% of the varia-
tion in the splitting data, indicating that the few measurements
are consistent with a plumelike upwelling model for Hawaii.

The PAF model parameters can put constraints on upwelling
dynamics. For example, the stagnation distance is defined as
the distance upwind from the vertical conduit to the point where
the radial spreading velocity equals that of the background as-
thenospheric flow (Sleep, 1990). For the simple PAF patternthis
distance is r, = u/sh, where u is the upwelling volumetric flow
rate, sisthe background asthenospheric flow speed (assumed to
be 60%—70% of the plate speed; Ribe and Christensen, 1994),
and histhethickness of the mechanical asthenosphere (the zone
into which the spreading plume material flows). The buoyancy
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TABLE 1. PARABOLIC ASTHENOSPHERIC FLOW PATTERN PARAMETERS AND CORRELATIONTO A MODEL OF
A PLUMELIKE UPWELLING BENEATH A MOVING PLATE IN A FIXED HOTSPOT REFERENCE FRAME

R?2 Center latitude Center longitude Parabolic width (km) Pattern opening direction Absolute plate motion
Eifel 0.61 50.31 £ 0.17° 7.05+ 0.45° 60 + 15 260 * 20° 239 + 44°
Nevada 0.64 39.49 + 0.11° -114.84 + 0.11° 180 + 25 240 £5° 252 £ 19°
Hawaii 0.75 19.64° —-155.30° 300 295° 300 £ 9°

Note: Uncertainty values indicate the 95% confidence limits. R? is the variation of ¢ from the mean explained by the model (maximum of 1.0). The
results for Eifel and Nevada are derived from a grid search, whereas that for Hawaii is from a forward model based loosely on a priori constraints.

flux isdefined astherate at which the upwelling supplies abuoy-
ancy anomaly beneath the lithosphere, and has traditionally
been ascribed to thermal buoyancy B = p,aATu, where p, is
the normal asthenosphere density, aisthethermal expansion co-
efficient (3.5 x 10~> K1), and AT is the excess plume temper-
ature (Sleep, 1990). However, compositional buoyancy could
also contribute to the total buoyancy flux both beneath the swell
and in the conduit itself (e.g., Saltzer and Humphreys, 1997;
Ribe and Christensen, 1999). Using r .= 300 km (Fig. 12), the B
of 2200-3500 kg/sand AT = 300K for Hawaii (Ribe and Chris-
tensen, 1999), and the absol ute pl ate motion of 200 mm/a(Gripp
and Gordon, 2002), we calculate h = 100-180 km, which may
be considered an upper bound on the vertical thickness of the
upwelling material that is the least viscous and most rapidly
spreading beneath the plate. This thickness estimate is consis-
tent with that inferred by Gaboret et al. (2003), who used global
seismic velocity tomographic images and a velocity-to-density
relationship from Karato (1993) to find a sublithospheric low-
viscosity channel (101°-102° Pas) at 100-300 km depth beneath
the Pacific basin. Using our value of h and the parameters stated
earlier, we note that the upwelling volumetric flow rate u = 2rr_sh
and calculate u = 340-740 m3/sfor Hawaii, which islarger than
the ~300 m3/s calculated by Sleep (1990). Using the same thick-
ness h for beneath the Great Basin and the west central Eurasian
plate (a questionable assumption used here for heuristic pur-
poses only), we calculate u = 50-140 m3/s and 10-40 m3/s for
the Great Basin and Eifel upwellings, respectively. Although
one could go further and use these upwelling rates and tomo-
graphic estimates of upper-mantle velocity to calculate buoyancy
fluxes, the recent evidence for compositional buoyancy asso-
ciated with residual material depleted of denser components
during the process of melt segregation makes such an approach
guestionable (e.g., Saltzer and Humphreys, 1997; Ribe and
Christensen, 1999). As mentioned earlier, the lack of a hotspot
track beneath eastern Nevada may suggest that a large portion
of the ~100 m3/s volumetric flow there is due to a passive up-
welling or to the upwelling of compositionally buoyant, dehy-
drated mantle (Walker et al., 2004b).

Wolfe and Solomon (1998) calibrated the potential effects
of magma-filled lenses on teleseismic splitting by measuring
splitting acrossthe rapidly spreading southern East Pacific Rise,
an extending region thought to have a significant magma supply
without the complications of fossilized lithospheric anisotropy.

They found @ parallel to the direction of absolute plate motion,
with dt between 0.8 and 2.2 s, i.e., the opposite direction for ev-
idence of anisotropy dueto vertical magma-filled lenses (which
are simply predicted to be parallel to the East Pacific Rise).
Rather their data suggest that rel ative motion between the spread-
ing plates and the underlying mantle is the dominant source of
anisotropy.

TheAfar and I celand hotspots are associated with relatively
slow and fast spreading ridges, respectively. Iceland is associ-
ated with relatively vigorousvolcanism, whereastheAfar isnot.
Furthermore, the Ethiopian seismic array was located at a dis-
tance of 50-500 km from the Afar hotspot in aregion of Protero-
zoic terranes that have experienced several tectonic episodes,
which might have led to fossilized lithospheric anisotropy (Fig.
14). Thelceland array waslocated directly above the hotspot on
new oceanic lithosphere (Fig. 13). In view of these differences,
it is not surprising that the characteristics of observed splitting
arealso different. Splitting isgenerally coherent across Ethiopia
and across Saudi Arabia, but varies remarkably in Iceland. A
parabolic patternin @isnot observed around | celand or, thusfar,
intheAfar region. The existence of splitting, though, which ob-
viously indicates anisotropy from at least one source beneath
theseregions, isnot inconsistent with aplumelike upwelling be-
cause an asthenospheric signal could be masked by another source
of anisotropy.

Based on the results of Wolfe and Solomon (1998), one
might expect that anisotropy would not be dueto aligned magma-
filled lenses in regions of less vigorous volcanism such as the
Main Ethiopian Rift. Any existing fossilized lithospheric aniso-
tropy beneath this rift from past orogenic events has probably
been moadified, if not erased in part, due to dynamic recrystal-
lization and melt intrusion. These other data may therefore sug-
gest that the general uniformity in dt observed onrift and off-rift
stations in Ethiopia by Gashawbeza et al. (2004) is not a perfect
balance between fossilized anisotropy off the axis and magma-
filled lenses beneath it. Rather it may be equally plausible that
the differencein rel ative motion between the platesand laterally
spreading Afar upwelling is the dominant source of anisotropy
beneath Ethiopia and Saudi Arabia. In this view, the observed
splitting can be used to map the direction and speed of mantle
flow beneath the lithosphere (e.g., Silver and Holt, 2002), which
can help define the geometry of the likely nonflat lithosphere-
asthenosphere boundary. Of course fossilized lithospheric aniso-
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tropy may still be the cause of splitting off the rift axis in
Ethiopia, which predicts a mantle lithospheric thickness of 55—
190 km (Mainprice and Silver, 1993).

The lithosphere and the asthenosphere beneath Iceland
(Bjarnason et a., 2002) likely have a higher melt porosity than
beneath Ethiopia and the East Pacific Rise, and therefore the
variations in splitting observed there may be aresult of aligned
magma-filled lenses. Nonethel ess, the existence of splitting be-
neath |celand, as beneath the Afar, prohibits one from ruling out
plate/upwelling relative motion as an important contributor to
splitting. Such an upwelling may explain the average splitting @
observed in the eastern and western sides of Iceland using the
estimate of Bjarnason et al. (2002) for the subasthenospheric
flow velocity of 30 mm/aat N34°W. Using the revised Eurasian
and North American plate motion estimates of Gripp and Gor-
don (2002), we calculate a revised subasthenospheric flow rate
of 19 mm/atoward N65°W.

FUTURE WORK

There is much work that remains to be done around hot-
spots to better refine our knowledge about the rel ationships be-
tween anisotropy, mantle flow, deformation mechanisms, melt
segregation/migration, and water content. In places where nu-
merous high-quality splitting measurementsvary systematically
as a function of back azimuth, initial polarization azimuth, or
incidence angle, one can use avariety of existing techniques to
characterize multiple-layer anisotropy (e.g., Silver and Savage,
1994; Montagner et al., 2000). In regions where existing split-
ting measurements vary appreciably laterally, these relationships
can beinvestigated using currently available techniques such as
waveform modeling to forward-model the observed |ateral vari-
ation in splitting (e.g., Tommasi, 1998; Rimpker et al., 1999,
2003). Around hotspots where splitting measurements do not
vary appreciably laterally (e.g., Ethiopia), existing surfacewave
tomography techniques should be very helpful in determining
the depth of azimuthal anisotropy and the source of splitting
(e.g., Freybourger et al., 2001; Weeraratne et al., 2003), possi-
bly allowing one to rule out a number of otherwise permissible
modelsthat explain the splitting alone. To thisend, itisalsoim-
portant to point out that if a surface wave inversion for aniso-
tropy, using a large dataset from a good distribution of back
azimuths, detects only radial Vg, > Vg, anisotropy within the
depth of resolution, shear wave splitting recorded in the same
region reflects only (1) anisotropy where the fast a and inter-
mediate c-axes are in the horizontal plane and the slow b-axes
are vertical or (2) anisotropy from greater depths. Additional
techniques should also be explored to measure anisotropy as a
function of 3D space with resolutions that are higher than that
currently provided by surface wave anisotropy tomography.

Although considerabl e advances have been made, there are
still many tectonic and geodynamic models that remain to be
critically tested. The plume hypothesisis an excellent example.
To help resolve this debate a self-consistent approach to future
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plume hypothesistesting isrequired. Using observationsof seis-
mic anisotropy, we propose the following generalized approach,
part of which has been implemented by the works of Becker
et al. (2003) and Gaboret et al. (2003) on globa anisotropy.
Shear wave splitting data recorded around hotspots should be
used to correct S phases that are used in S-velocity and Q to-
mographic imaging, which will reduce the mislocation of
back-projected energy and reduce vertical smearing. P-velocity
tomographic imaging should also be performed. The resulting
3D velocity images can then be patched into global 3D images;
mapped to temperature, buoyancy, and perhaps other rheologi-
cal parameters; and accepted as input into geodynamic models.
These models can then be back-projected in time for several
m.y., then run forward to predict the mantle flow, interactions
with moving plates, olivine lattice preferred orientation, melt
segregation associated with the hotspot or upwelling, and a
variety of other hypothesized phenomena that give rise to
anisotropy. Observations of seismic anisotropy can then be
forward-modeled from these geodynamic models using arange
of techniques (ray-based to full wavefield modeling). The recent
advances in computational power can be used in multidimen-
sional grid searches to find the optimum tectonic/geodynamic
model that simultaneously explains a variety of seismic aniso-
tropy datasets, thereby giving one a self-consistent process by
which to test afull range of hypotheses that explain mantle hot-
spots, even in regions where the anisotropic signal dueto active
mantle flow is obscured by unrelated lithospheric anisotropy.
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