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We constrain the geographic extent, geometry and velocity structure of the seismic anomaly near
the Earth’s core-mantle boundary (CMB) beneath Iceland, based on travel time and three-dimensional
waveform modeling of the seismic data sampling the lowermost mantle beneath Iceland. Our analysis
suggests a mushroom-shaped low velocity anomaly situated in the lowermost mantle beneath Iceland
surrounded by a high velocity province. The best fitting mushroom-shaped model is 600 km high and
has a stem with a radius of 350 km in the lowermost 250 km of the mantle and a cap with increasing

Keywords: radii from 550 km at 250 km above the CMB to 650 km at 600 km above the CMB. The shear velocity
mantle plume structure varies from 0% at the top to —3% at 250 km above the CMB and to —6% at the CMB. These
Iceland inferred seismic features, in combination with the previous evidence of existence of ultra-low velocity

shear wave velocity structure
lowermost mantle

zones at the base of the mantle beneath the region, suggest that Iceland represents a thermo-chemical
plume generated by interaction of downwelling and a localized chemical anomaly at the base of the

mantle.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Iceland is characterized by an anomalously thick crust (Foulger
et al.,, 2003), a major, strong, low-wave-speed anomaly in the up-
per mantle (Tryggvason et al., 1983; Wolfe et al., 1997; Bijwaard
and Spakman, 1999; Ritsema et al., 1999; Zhao, 2001; Hung et
al., 2004; Montelli et al., 2006), local thinning of the transition
zone (Shen et al., 1998), atypical geochemical signatures (Farley
and Neroda, 1998; Mukhopadhyay, 2012), and has long been pro-
posed as the manifestation of a mantle plume rising from the
core-mantle boundary (CMB) (Morgan, 1971). While there has
been accumulated evidence for a mantle plume in the upper man-
tle and the transition zone, the direct evidence for a seismic
anomaly in the lowermost mantle has been limited to just the
presence of ultra-low velocity zone in the region (Helmberger et
al.,, 1998). The detailed geometry and velocity structure of the Ice-
land anomaly near the CMB remain largely unconstrained, fueling
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the debate of its plume origin from deep mantle (Foulger, 2002;
Depaolo and Manga, 2003; Montelli et al., 2006; Mukhopadhyay,
2012; Anderson and Natland, 2014).

In this study, we are able to constrain the detailed seismic
features of the lowermost mantle beneath Iceland, based on differ-
ential time residuals analysis and three-dimensional (3-D) seismic
waveform modeling of the seismic data. The seismic results not
only provide evidence to support the hypothesis that the Iceland is
a mantle plume erupted from the core-mantle boundary, but also
reveal thermo-chemical origin of the plume and likely formation
mechanism of the plume. We present seismic data in Section 2,
differential time residuals analysis and seismic modeling results in
Section 3, and possible origin of the Iceland anomaly in Section 4.

2. Seismic data

Seismic data are collected from the database of the Incorpo-
rated Research Institutions for Seismology (IRIS). A Butterworth
filter with a frequency range of 0.008-1 Hz is applied to all seis-
mograms in the travel time analysis. We measure ScS-S and sScS-
sS differential travel times by the difference of peak-to-peak times
of the two phases on the transverse components of seismograms.
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Table 1

Events for travel time analysis.
Origin time mb Latitude Longitude Depth

(°N) (°E) (km)

1999.316.16.57.20 6.3 40.76 31.16 10
2004.149.12.38.44 6.2 36.25 51.62 17
2004.301.20.34.37¢ 5.8 45.79 26.62 96
2006.169.18.28.02 5.5 33.03 —39.70 10
2008.006.05.14.20% 6.1 37.22 22.69 75
2009.188.19.11.47 5.9 75.35 —72.45 19
2009.250.22.41.37 5.7 42.66 43.44 15
2010.067.02.32.34 5.9 38.87 39.98 12
2010.101.22.08.13 6.0 36.97 —3.54 610

@ sScS-sS differential travel time residuals are used.

We further use waveforms of events (2002/03/03 and 2003/12/26)
recorded in the United States National Seismic Network, the Cana-
dian National Seismograph Network, the Lamont-Doherty Coop-
erative Seismographic Network, the Global Seismograph Network
(GSN), the Cooperative New Madrid Seismic Network and the GEO-
FON to constrain the detailed geometric feature and seismic struc-
tures of the Iceland anomaly in the lowermost mantle (Fig. 2). The
waveforms are deconvolved with their instrumental responses and
bandpass-filtered from 0.008 to 0.125 Hz.

3. Geographic boundary and shear-velocity structure of
the Iceland anomaly in the lowermost mantle

3.1. Geographic boundary of the Iceland anomaly near the CMB

We first constrain the geographic extent of the Iceland anomaly
near the CMB using ScS-S and sScS-sS differential travel-time
residuals. We examine broadband tangential displacements of
ScSH-SH and sScS-sS phases recorded at a distance range between
45° and 85° for all the events occurring from 1999 to 2010, with a
magnitude greater than 5.5 and their ScS and sScS bouncing points
at the CMB located between 45°-80°N and —60°-36°E. We choose
9 earthquakes and hand-pick a total of 54 ScS-S and 17 sScS-sS
travel-time residuals (Table 1). The seismic data provide good cov-
erage in our study area (Fig. 1(a)). We test six tomographic models:
GyPSuM (Simmons et al.,, 2010), HMSL_S06 (Houser et al., 2008),
S362ANI (Kustowski et al., 2008), S40RTS (Ritsema et al., 2011),
SAWG642ANB (Panning et al., 2010) and TX2011 (Grand, 2002) in
the corrections for the effects of the seismic heterogeneities 500
km above the CMB. We choose model S362ANI (Kustowski et al.,
2008) for corrections as that model produces the best correction
between the corrected ScS travel time residuals and the corrected
ScS-S differential travel time residuals, and removes the anti-
correlation between the observed S travel time residuals and the
observed ScS-S differential travel time residuals at most (Table 2).
Average velocity perturbations of lowermost 500 km of the man-
tle beneath Iceland are estimated based on the corrected ScS-S
and sScS-sS differential travel time residuals. The corrected ScS-S
and sScS-sS differential travel time residuals exhibit an approxi-
mately circular area of positive values (low velocities) with radius
of ~400 km beneath Iceland surrounded by regions with normal
or negative values (high velocities) (Fig. 1(b)).

3.2. Geometric feature and velocity structure of the Iceland anomaly

To further constrain the geometric feature and velocity struc-
ture of the low-velocity anomaly beneath Iceland, we select seis-
mic data from events 2002/03/03 and 2003/12/26 with their ray
paths sampling inside and outside the anomaly for waveform mod-
eling (Fig. 2(a) and Table 3). Event 2002/03/03 occurred in the
Hindu Kush region and was recorded in North America. The tan-
gential displacements of the event gradually vary with azimuth,

Oo +00
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-83.0% -15% 00% 1.5% 3.0% -4

Fig. 1. (a) The study region and ScS, sScS reflected points (black crosses) at the
CMB, along with earthquakes (red stars), seismic stations (deep blue triangles) and
great-circle paths (gray lines) of the seismic phases used in this study. The back-
ground is shear-velocity perturbations from a global shear-velocity tomographic
model S362ANI (Kustowski et al., 2008). (b) Observed ScS-S and sScS-sS differential
time residuals plotted at the ScS and sScS reflected points at the CMB, after cor-
rected for the effects of the mantle heterogeneities 500 km above the CMB using
a shear-velocity model S362ANI (Kustowski et al., 2008). The residuals smaller than
—1 s are plotted as blue squares; those ranging from —1 to 1 s as black crosses;
and those larger than 1 s as purple circles. The sizes of the symbols are proportional
to the magnitudes of the travel-time residuals. The boundary from positive travel-
time residuals (low velocities) to zero or negative travel-time residuals (neutral or
high velocities) is mapped out approximately by a dashed circle. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Correlation Coefficients (CC).

CC between S and ScS-S CC between ScS and ScS-S

Raw data —0.16 0.61
GyPSuM —0.30 0.53
HMSL_S06 —0.42 0.33
S362ANI —0.04 0.65
S40RTS —0.33 0.58
SAW642ANB -0.20 0.58
TX2011 —0.30 0.51

from sampling the northern portion of the anomaly to outside
the anomaly. Event 2003/12/26 occurred in southern Iran and was
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Fig. 2. (a) Geometry of events and stations used for waveform modeling. S, Sdiff raypaths in the lowermost 100 km of the mantle (red and green bold lines), along with
earthquakes (red, green and yellow stars), seismic stations (deep blue triangles) and great-circle paths (gray lines), for earthquakes 2002/03/03, 2003/12/26 and 2008/01/06
whose waveforms are used to constrain the detailed geometry and seismic structures of the Iceland Anomaly in the lowermost mantle (Supplementary Fig. 1). Tomographic
shear velocity perturbations at the CMB are also plotted as background (Kustowski et al., 2008). (b) Observed tangential displacements as a function of azimuth for event
2002/03/03. (c) Observed tangential displacements as a function of azimuth for event 2003/12/26. (d) Observed tangential displacements as a function of azimuth for
event 2008/01/06. In Figs. 2(b)-2(d), the name and epicentral distance of each station are indicated on the right. The theoretical arrivals of S, Sdiff phases based on PREM
(Dziewonski and Anderson, 1981) are plotted in dashed lines in Figs. 2(b)-2(d), and the observed S, Sdiff and S, phases are indicated by black and red arrows in Fig. 2(b),
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

recorded in North America. Its ray paths of S, Sdiff phase sample
the interior of the anomaly. The seismic data of these two events
sample inside and outside the anomaly, placing tight constraints
on the geometry and velocity structure of the anomaly, as well as
the detailed transitional structure from the anomaly to the sur-
rounding mantle.

Travel time correction for the seismic data from events 2002/03/
03 and 2003/12/26 consists of two procedures: 1. We re-determine
location and origin time of the chosen earthquakes using seismic
observations recorded by the GSN, a global crustal model CRUST
2.0 (Bassin et al.,, 2000) and a 3-D shear velocity tomographic
model S362ANI (Table 2; Kustowski et al., 2008). 2. We correct
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Table 3
Events list.
Event mb Origin time Latitude Longitude Depth Time corr.
(°N) (°E) (km) ()
2002/03/03 6.3 2002.062.12.08.20 36.50(36.50) 70.48(70.63) 226(214) -2.0
2003/12/26 6.0 2003.360.01.56.52 29.00(29.00) 58.31(58.21) 10(4) 1.0
2008/01/06% 6.1 2008.006.05.14.20 37.22(37.22) 22.69(23.09) 75(79) -2.5

Values in parentheses are relocated latitude, longitude and depth.

4 Earthquake used as reference event for the additional correction for the SH data.

for the travel-time residuals that are caused by the seismic hetero-
geneities 500 km above the CMB. The corrections consist of travel-
time residuals predicted on the basis of the global crustal model
and shear velocity tomographic model and an additional com-
ponent associated with the underestimation of the global crustal
model and shear velocity tomographic model (Table 3 and Supple-
mentary Fig. 1). The corrected travel-time residuals are attributed
to the Iceland Anomaly.

The waveform complexities of event 2002/03/03 vary mainly
with increasing azimuth at the distance range of 94°-107°
(Fig. 2(b)). For example, seismic waveforms at stations MVL and
BINY with similar azimuths exhibit similar characteristics although
they have different epicentral distances of 98° and 95.9°. The
widths of SH phases gradually increase and the travel time de-
lays decrease in an azimuthal range from 333° to 335.7°. Seismic
waves exhibit a clear SH phase at small azimuths followed by an
anomalous phase (labeled S;) in an azimuthal range from 336° to
339°, then back to a simple SH phase at large azimuths up to 345°.
The anomalous phase exhibits same polarity and comparable am-
plitude as the direct SH phase and its separation from the direct
S phase varies from 10 s at 336° to ~17 s at 339°. The waveform
complexities are most likely caused by the laterally varying seis-
mic heterogeneities in the lowermost mantle, as they cannot be
explained by other factors, such as mislocation of the earthquake,
complex source time function and the seismic heterogeneities in
the source-side mantle. The data section has an azimuthal range of
333°-345°, and their ray paths are close near the source and in the
source-side mantle. Mislocation of the earthquake or a complex
source or the seismic heterogeneities in the source-side mantle
would produce similar waveform complexities across the record
section, different from the observations (Fig. 2(b)). Near-station
effects and the upper mantle structure beneath North America
also contribute little to the waveform complexities, because the
records at the same stations for one event 2008/01/06 occurring in
southern Greece, which have similar ray paths in the receiver side
mantle as the data from event 2002/03/03, show simple wave-
forms (Figs. 2(a) and 2(d)). Moreover, the SKS phases of event
2002/03/03 show simple and similar waveforms across the sta-
tions (Supplementary Fig. 2). The above observations rule out the
possibility of contributions of receiver-side crust and upper mantle
heterogeneities as the cause of the observed waveform complexi-
ties of the Sdiff phases for event 2002/03/03.

The ray paths of SH, Sdiff phases for event 2003/12/16 sam-
ple the interior of the anomaly from south to north (Fig. 2(a)).
The travel time and waveform of the event vary mainly with sam-
pling azimuth at the distance range of 94°-110° (Fig. 2(c)). The SH
phases exhibit travel-time delays gradually increasing from 0 s at
an azimuth of 325° to 6 s at 333° and then decreasing to 0 s at
~337°. The width of the SH phase waveform decreases from 31 s
at 325° to 16 s at around 333°, and gradually increases to 29 s
at 337°. Based on the same arguments for event 2002/03/03, we
can infer that the systematical travel-time delays and anomalous
waveforms are most likely caused by the laterally varying seismic
heterogeneities in the lowermost mantle beneath Iceland.

We constrain the geometric and velocity features of the anomaly
in the lowermost mantle beneath Iceland through 3-D waveform

modeling of the seismic data recorded for events 2002/03/03
and 2003/12/26. We apply a coupled normal mode/spectral ele-
ment method to calculate synthetic seismograms (Capdeville et al.,
2003), with source mechanism obtained from the Harvard centroid
moment tensor catalog (Dziewonski et al., 1981). The corrected
ScS-S and sScS-sS differential travel time residuals reveal that the
low velocity anomaly has a maximum radius of ~400 km near
the CMB. With this constraint, we test models of a low-velocity
anomaly at the base of mantle with four different shapes (mush-
room, inverse dome, cylinder and cone) surrounded by a high
velocity structure (Fig. 3). The radius and velocity structure of the
lowermost portion of the anomaly are constrained by the observed
travel time delays and anomalous waveforms of Sdiff phases of
event 2003/12/26. The preferred models for the lowermost portion
of the anomaly have a radius of 350 km (for models with shapes
of mushroom, inverse dome or cylinder) or 400 km (for the cone-
shaped model) and velocity reductions from —3% at 250 km above
the CMB to —6% at the CMB. The synthetics of such models match
the observations of event 2003/12/26 well (Fig. 3, bottom panel).
While models with a radius smaller than 300 km and larger veloc-
ity reductions (for example, from —4% at 250 km to —7% at CMB)
could produce Sdiff phase travel time delays similar to the observa-
tions, they would generate a secondary phase at station JFWS that
mismatch the observed Sdiff waveform. The preferred models of
the lowermost 250 km of the anomaly constrained by the seismic
data of event 2003/12/26 also generate a secondary phase (labeled
as S3q) at stations FAO4 and FAO5 for event 2002/03/03 matching
the observations (Fig. 3, middle panel and Fig. 4, bottom panel).
In this sampling geometry, the direct Sdiff phase is generated by
the seismic structure outside the low-velocity anomaly, while the
secondary phase by the velocity structure inside the low-velocity
anomaly. However, models of cylinder or cone shape cannot pro-
duce a secondary phase (labeled as S,q) as those observed at
stations BLA and MCWV (Fig. 3, middle panel), as seismic waves
to these stations now sample outside the low-velocity anomaly.
A secondary phase at stations BLA and MCWV can only be gen-
erated in the models with mushroom or inverse dome shapes. In
those models, the waveform complexities are reproduced with S,
Sdiff phases propagating the bottom high velocity structure and
the secondary phases sampling the upper low velocity that overlies
the high-velocity structure (Fig. 5). In another word, the waveform
complexities observed at stations BLA and MCWV can only be ex-
plained when the geographic extent of the low-velocity anomaly in
250 km above the CMB is larger than that in the bottom 250 km
of the mantle and when a high-velocity structure is present in
the lowermost 250 km of the mantle. We prefer the mushroom-
shaped model since the synthetics produced by this model fit
the observations slightly better than those of the inverse dome-
shaped model (Fig. 3). The observed waveform complexities place
constraints on the lateral dimension of the cap in the mushroom-
shaped models. A cap with a radius smaller than 500 km would
not produce a strong secondary phase at stations BLA and MCWYV,
and the cap with a radius greater than 700 km would produce an
extra secondary phase at stations FAO4 and FAO5 different from
the observations. We have no tight constraints on the thickness of
the model. However, the travel time delay of SH phase observed
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Fig. 3. Four tested models and synthetics. Top panel: Four kinds of models tested in our forward modeling process. (a) Mushroom-shaped model. It has a cap with increasing
radii from 550 km at the bottom to 650 km at the top, a stem with a radius of 350 km. (b) Inverse dome-shaped model. The radius gradually varies from 650 km at the top

to 350 km at the CMB. (c) Cylinder-shaped model. It has a radius of 350 km.

d) Cone-shaped model with a radius of 400 km at the CMB. All models have a total thickness

of 600 km. The velocity structures vary for 0% at the top to —3% at 250 km above the CMB, and to —6% at the CMB. The surrounding high velocity structure is shown in
green. Middle panel from left to right: Synthetics for event 2002/03/03 calculated based on the 3D models (a), (b), (c) and (d) illustrated in the top panel. The S, Sdiff, Syq
and S3q phases are indicated by black, purple and red arrows in the synthetics. Bottom panel from left to right: Synthetics for event 2003/12/26 calculated based on the 3D
models (a), (b), (c) and (d) illustrated in the top panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

at station HRV suggests that the thickness of anomaly is greater
than 500 km. The best fitting mushroom-shaped model for the
low-velocity anomaly is 600 km high and has a stem with a ra-
dius of 350 km in the lowermost 250 km at the mantle and a
cap with increasing radii from 550 km at the 250 km above the
CMB to 650 km at the top (Fig. 3(a)). The velocity structure varies

from 0% at the top of the cap to —3% at 250 km above the CMB
(the bottom of the cap) and to —6% to the CMB. The high veloc-
ity region surrounding the low-velocity anomaly has a thickness
of 250 km. From south to north, the high velocity structure has
a velocity jump of 1.0 (2.0)% at 250 km above the CMB followed
by a negative gradient from 1.0 (2.0)% to 0.0 (1.0)% and an aver-
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Fig. 4. Cylinder-shaped model and synthetics. Top panel: Cylinder-shaped model tested in our forward modeling process. It has a radius of 350 km and thickness of 600 km.
The velocity structures vary from 0% at the top to —3% at 250 km above the CMB, and to —6% at the CMB. Bottom panel: Synthetics for event 2002/03/03 calculated based
on the 3D model illustrated in the top model. We use the same hypocenter of event 2002/03/03 and theoretical stations with azimuths ranging from 312° to 343°. From left
to right, the calculated displacements have different epicentral distances of 98°, 100° and 107°.

age shear-velocity reduction of —2.0% in the bottom 20 km of the
mantle.

We further check the consistency of the best fitting mushroom-
shaped model with the observed ScS-S and sScS-sS differential
time residuals in the region (Figs. 1(b) and 6). We calculate syn-
thetic seismograms for the preferred mushroom-shaped model for
the ray paths shown in Fig. 1 using the 3-D waveform modeling
method, and then hand-pick the ScS-S and sScS-sS differential
time residuals from the synthetic seismograms. The travel time
residuals from the synthetic seismograms of the preferred model
exhibit positive values inside a circle with a 400-km radius cen-

tered beneath Iceland, and normal or negative values outside the
circle, matching the geographic pattern of the observations (Figs. 6
and 1b). The maximum travel time residual (4.4 s) of the synthet-
ics also fits the observed value well. However, we should point out
that not all the observed travel time residuals outside the circle
are explained by our model. For example, in the region north of
the circle, the observed data exhibit positive travel time residuals
while the synthetics predicts mostly negative values (cf,, Figs. 1(b)
and 6). Such discrepancy could be explained by existence of small-
scale structure in the region or second-order geometric feature of
the anomaly that is not accounted for by the idealized model pre-
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and 107°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

sented in the current study. Nevertheless, the synthetics of the
preferred model match the first-order observations well, confirm-
ing the consistency of the best fitting mushroom-shaped model
that was inferred from waveform modeling with the travel time
data.

4. Thermal-chemical mantle plume as a possible explanation
The mushroom shape of the low-velocity anomaly and the

model feature that the low-velocity anomaly is surrounded by a
high-velocity structure with a D” discontinuity (Fig. 3(a)) have

important implications to the dynamic process beneath Iceland.
Mushroom shape is a typical morphology of a mantle plume in
theoretical geodynamic modeling (Davies, 1999; Loper, 1991) and
lab experiments (Griffiths and Campbell, 1990; Whitehead and
Luther, 1975). Such shape suggests that Iceland represents a man-
tle plume developed in the lowermost mantle. If we interpret the
surrounding high-velocity representative of downwelling in the
lowermost mantle, the model feature of a low-velocity anomaly
surrounded by a high-velocity structure further suggests two pos-
sible dynamic processes in developing Iceland plume: 1) con-
vergence of downwelling to a local region at the CMB and the
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Fig. 6. Same as Fig. 1(b), except for synthetic ScS-S and sScS-sS differential time
residuals of the preferred mushroom-shaped model inferred from waveform model-
ing. S, ScS, sS and sScS travel times are hand-picked from the synthetic seismograms
generated based on the preferred model for the ray paths shown in Fig. 1 using a
3-D waveform modeling method (Capdeville et al., 2003).

thickening of the bottom thermal boundary layer developing an
Iceland thermal plume (Tan et al., 2002), and 2) convergence of
downwelling to a localized chemical anomaly generating an Ice-
land thermo-chemical plume. We favor the second scenario as the
velocity reductions of the ultra low velocity zones (ULVZ) discov-
ered at the base of the CMB beneath Iceland would require partial
melting (Helmberger et al., 1998), making this portion of the low-
ermost mantle resembling more those of the African and Pacific
Anomalies (Wen et al., 2001; He and Wen, 2009) than those of
other low-velocity regions at the CMB. In another word, the ob-
served ULVZ would favor a thermo-chemical origin of the Iceland
root similar to the African and Pacific Anomalies. Considering the
low-velocity anomalies discovered at various depths of the man-
tle beneath Iceland, from the shallow mantle (Tryggvason et al.,
1983; Wolfe et al., 1997), the upper-mantle (Shen et al., 1998;
Hung et al., 2004), the lower mantle (Bijwaard and Spakman, 1999;
Montelli et al, 2006) to the lowermost mantle (Helmberger et
al.,, 1998 and this study), we propose that Iceland represents a
thermo-chemical plume generated by interaction of downwelling
with a localized chemical anomaly at the base of the mantle.
There is no active subduction near the Iceland since the breakup
of Pangea (Wen and Anderson, 1995), but the downwelling could
be associated with the subduction in the older tectonic history of
the Earth.

Due to limited coverage of the seismic data, we have presented
an idealized mushroom-shaped model in this study. When future
data coverage is improved, further investigations on refined mor-
phologic features and more detailed internal small-scale anomalies
of the Iceland velocity structure would provide significant con-
straints on the origin and dynamic processes of the plume.

5. Conclusion

We utilize the observed ScS-S and sScS-sS differential travel-
time residuals to constrain the geographic extent of the seismic
anomaly near the CMB beneath Iceland. We further use 3-D wave-
form modeling of the seismic data sampling the lowermost mantle
beneath Iceland to determine the detailed geometry and velocity
structure of the Iceland anomaly in the lowermost mantle. Travel
time analysis of ScS-S and sScS-sS phases exhibit a circular area of
low velocities with radius of ~400 km beneath Iceland surrounded
by normal or high-velocity regions. Waveform analysis suggests

that the Iceland low-velocity anomaly reaches at least 600 km
above the CMB with a mushroom shape, and is surrounded by a
high velocity province in the lowermost mantle. The inferred char-
acteristics of the Iceland anomaly, in combination with the previ-
ous evidence of existence of ultra-low velocity zones at the base
of the mantle beneath the region, suggest that Iceland represents
a thermo-chemical plume generated by interaction of downwelling
and a localized chemical anomaly at the base of the mantle.
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