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a b s t r a c t

We present a high-resolution tomographic image in the upper mantle for the Hainan plume determined
by using both local and teleseismic data. The arrival-time data from teleseismic events are measured
precisely from seismograms recorded by nine permanent seismic stations in Hainan island and Leizhou
peninsula. Our results show that striking low-velocity (low-V) anomalies of up to −5% in the crust and −2%
eywords:
eismic tomography
pper mantle
ainan plume
lume deflection

in the mantle are visible under the Hainan hotspot from the surface down to 250 km depth. The Hainan
plume is imaged as a continuous, NW–SE tilting, low-V column with a diameter of about 80 km. Given the
denser data coverage and finer parameterization, our result represents a significant improvement with
respect to earlier, regional and global tomographic studies. Such an inclination of the Hainan plume can
be explained by numerical simulations. The tilted plume conduit in the upper mantle could be associated
with the subduction of oceanic plates, especially the Philippine Sea plate, and the extrusion of the Eurasian

d plu

i
p
v
t
n
t
t
7
r
p
i
(
2

h
g
i
r

plate. Most likely, the tilte

. Introduction

There are a variety of tectonic features in East Asia that are con-
rolled by the collision of the Indian and Eurasian plates and the
ubduction of the Philippine Sea and Pacific plates (e.g., Molnar and
apponnier, 1975; Tapponnier et al., 1986; Yin and Harrison, 2000;
hao, 2004; Lei and Zhao, 2005, 2007a), such as the formation of
he Tibetan plateau, Tien Shan orogenic belt, active large fault zones,
arge earthquakes, and active intraplate volcanoes (Fig. 1). In main-
and China there are a number of active and Quaternary volcanoes,
uch as the Changbai, Wudalianchi, Tengchong, Datong, Kunlun,
ianshan, and Hainan volcanoes (Liu, 1999, 2000) (Fig. 1). Among
hese volcanoes, the first two are considered to be active back-arc
olcanoes, which may be caused by the deep dehydration of the
ubducted Pacific slab in the mantle transition zone (e.g., Zhao,
004; Lei and Zhao, 2005; Huang and Zhao, 2006). The Hainan vol-
ano is situated at the Hainan island which is in the southernmost
ortion of the South China block and is separated from mainland

hina by the Qiongzhou strait (Figs. 1 and 2). The Hainan volcano
as erupted many times since the Eocene. The Pliocene and Quater-
ary volcanism at the Hainan island can be grouped into two major
ruptive stages, Late Tertiary and Quaternary, which are distributed

∗ Corresponding author. Tel.: +86 10 6284 6760; fax: +86 10 6292 7306.
E-mail addresses: leijs@hotmail.com, leijs@eq-icd.cn, leijs@eyou.com (J. Lei).
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me conduit has buoyantly risen from the lower mantle.
© 2008 Elsevier B.V. All rights reserved.

n six eruption areas, Chinniuling, Penglei-Geding, Lungtang, Yang-
ukang, Towenling, and Maanling (Ho et al., 2000) (Fig. 2). The early
olcanism was dominated by flood type fissure eruption of quartz
holeiites and olivine tholeiites, while the later phase was domi-
ated by central type eruption of alkali olivine basalts and olivine
holeiites (Ho et al., 2000). The basaltic lava flows are widely dis-
ributed and occupy an area (including Leizhou peninsula) of over
000 km2. Such a strong activity of Cenozoic magmatism may be
elated to the deep structure and tectonics of the region. The Hainan
lume was termed by Lebedev et al. (2000), and some recent stud-

es have suggested that Hainan may be a volcano of hotspot-type
e.g., Lebedev and Nolet, 2003; Liang et al., 2004; Montelli et al.,
004a,b).

Forty-five years ago Wilson (1963) suggested the existence of
otspots on the Earth, which are usually characterized by topo-
raphic swell, higher temperature, and recent volcanism with
sotopic signatures distinct from those that characterize mid-ocean
idge or andesitic basalts (Davies, 1988; Sleep, 1990; Courtillot et
l., 2003). Subsequently, Morgan (1971) proposed the existence of
antle plumes to explain hotspot volcanoes such as Hawaii and

celand. Many researchers have used geochemical and geophysi-

al approaches to study the Hainan volcanism (e.g., Zhu and Wang,
989; Tu et al., 1991; Zhang et al., 1996; Ho et al., 2000; Lebedev et
l., 2000; Friederich, 2003; Lebedev and Nolet, 2003; Liang et al.,
004; Montelli et al., 2004a,b), though few geochemists consider it
o be of hotspot type. Late Cenozoic volcanic activity was very inten-

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:leijs@hotmail.com
mailto:leijs@eq-icd.cn
mailto:leijs@eyou.com
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ig. 1. Location of the Hainan hotspot (white triangle, HN) and topography map of E
ianshan (TS), and Kunlun (KL) volcanoes in mainland China. Dots denote the eart
hick lines denote the plate boundaries.
ive in the Hainan region, where magmas were erupted through a
elatively young (late Paleozoic) and thin (<33 km) continental crust
Zhou and Armstrong, 1982). Some shallower geophysical features
f the Hainan island were summarized by Liu (2000) as follows:
1) a thin continental crust 31–33 km thick; (2) a high heat flow of

ig. 2. Regional tectonic features in Hainan island and adjacent areas and distribu-
ion of 464 local earthquakes (white circles) used in the study. Double circles denote
olcanic craters. Stars represent the historic earthquakes since the year 1400. The
ig star (QSE) denotes the 1605 (M 7.5) Qiongshan earthquake. White dots denote
ecent earthquakes recorded by the Hainan seismic network during 2002–2006.
he traces denote major faults in and around Hainan island. A, Wangwu-Wenjiao
ault; B, Jianfeng-Diaoluo fault; C, Jiusuo-Lingshui fault. a, Changliu-Xiangou fault;
, Haikou-Yunlong fault; c, Puqian-Qinglan fault. PB, Pleistocene basalt; QS, Quater-
ary sediment. The traces of the faults and the locations of the volcanic craters were
canned from Ma (1989).
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ia. Black triangles denote the Wudalianchi (WDLC), Changbai (CB), Tengchong (TC),
es relocated by Engdahl et al. (1998). Thin traces represent active faults in China.

p to 87 mW/m2; (3) a very high vertical geothermal gradient of
.5–8.0 ◦C/100 m; (4) a low-velocity (low-V) anomaly 1–3 km thick
t 6-11 km depth in the crust; and (5) a lower resistivity layer about
km thick at 6.3–11.6 km depth below the surface. Pn arrival-time
ata show a low-V anomaly around the Hainan island in the upper-
ost mantle (Liang et al., 2004). Regional travel-time tomography

evealed low-V anomalies down to 200 km depth (Lei and Zhou,
002) and from the surface down to 1300 km depth (Huang and
hao, 2006) beneath the Hainan region. Surface-wave tomography
f East Asia shows a low-V anomaly beneath the Hainan island
rom the crust to a depth of about 660 km (Lebedev and Nolet,
003). Friederich (2003) also displays a similar low-V anomaly but

ts depth range does not exceed 450 km perhaps because Hainan
s near the southern edge of his study region. Global tomographic

odels show the existence of a low-V anomaly beneath the Hainan
otspot extending down to about 1900 km depth (e.g., Ritsema et
l., 1999; Montelli et al., 2006) or to the lowermost mantle (e.g.,
hao, 2001, 2004; Antolik et al., 2003; Lei and Zhao, 2006a). How-
ver, all these models have a spatial resolution of 200–500 km or
arger and so they cannot display a detailed morphology of the
ainan plume in the crust and upper mantle.

The Hainan seismic network has been in operation since 1999
nd it consists of nine digital seismic stations. A few studies have
een conducted to investigate the deep structure under Hainan by
pplying the receiver function technique to the data recorded by
he broadband seismic station QIZ of the Hainan network (Yang
nd Zhou, 2001; Qiu et al., 2006). These results showed the exis-
ence of a thin mantle transition zone under QIZ. However, no
omographic study has been made using the new data set from
he Hainan seismic network. The availability of high-quality and
bundant local and teleseismic data recorded by this seismic net-
ork allows us to determine a detailed 3D velocity structure of

he crust and upper mantle to understand the origin of the Hainan
olcanism.
In this study we have applied a new tomographic method to both
ocal and teleseismic data recorded by the Hainan seismic network
o determine the upper mantle structure under the Hainan island
nd adjacent regions. Our results provide new constraints on the
ature of the Hainan plume.
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. Tectonic setting

Hainan island is located near the southeastern margin of the
urasian plate, and has been affected by the motions and interac-
ion of the Indian and Philippine Sea plates and by the extension
f the South China Sea basin (Fig. 1). Hence this region has been
ffected by complex tectonics, frequent volcanic eruptions and
arge earthquake shakings (Ma, 1989; Li, 1991) (Fig. 2). These phe-
omena were mainly caused by the extension of the South China
ea basin, which is a back-arc basin resulting from extension with
n approximate EW trend. The extension caused a series of depres-
ions, uplifts, and right-lateral strike-slip faults from South China
ea to mainland China (Liu and Zhang, 1989; Li, 1991) (Fig. 2).

Major active faults in the region can be sorted into two types,
-W oriented faults, and NW–SE oriented faults (Fig. 2). The

-W oriented faults are deeper and larger, such as the Wangwu-
enjiao, Jianfeng-Diaoluo and Jiusuo-Lingshui faults, which are

losely related to the distribution of depressions, uplifts and vol-
anic rocks in the region. The Wangwu-Wenjiao fault is at the
oundary between some depressions in the Lei-Qiong region and

ig. 3. (a) Distribution of nine seismic stations (triangles) used in this study. The sta-
ion code is shown beside each station. The black dot denotes the Hainan hotspot,
hile the double circle denotes the location of Haikou city. (b) Azimuthal distribu-

ion of teleseismic events (diamonds) used in the study. The hypocenter parameters
ere determined by Dr. E. Engdahl with a procedure described by Engdahl et al.

1998). The numbers represent the epicentral distances in degrees (1◦ = 111.2 km).
he triangle denotes the center of the study area.
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ome uplifts in the central and southern areas of Hainan island.
ctive volcanoes and earthquakes are distributed north of the
angwu-Wenjiao fault (Fig. 2), while the area from the Wangwu-
enjiao fault to the Jianfeng-Diaoluo fault is relatively stable (Liu

nd Zhang, 1989; Li, 1991). Toward the south, seismicity becomes
ctive south of the Jianfeng-Diaoluo fault, where many moderate-
o-strong earthquakes as well as swarms of small earthquakes
ccurred (Hu et al., 1997; Chen et al., 2002).

North of the Wangwu-Wenjiao fault, the NW-SE oriented faults
re neogenic and active, and they are closely associated with the
ost recent volcanic activity and the distribution of the Neozoic

tratification. These faults are distributed uniformly with a spatial
eparation of 30–40 km, such as the Changliu-Xiangou fault, the
aikou-Yunlong fault, and the Puqian-Qinglan fault (Fig. 2). These
W–SE faults have generated strong earthquakes, such as the 1605
iongshan earthquake (M 7.5). Therefore, it is of great importance to
tudy the crust and upper mantle structure under the Hainan region
or understanding the seismotectonics in the region in addition to
he Hainan volcanism.

ig. 4. (a) An example showing original vertical-component seismograms recorded
y the Hainan seismic network for an earthquake (M 7.2) occurred in the Fiji-Tonga
egion on January 3, 2006. The vertical dashed lines show the P first arrivals we
icked. The letters and numbers on the left denote the corresponding seismic sta-
ions and epicentral distances in degrees, respectively. (b) Great circle paths for the
races in (a). The star denotes the epicenter, and triangles show the seismic stations
n Hainan island. Dotted lines represent the tectonic boundaries.
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ig. 5. Distribution of P-wave ray paths used in this study in (a) map view and in
aths of the local data, while black lines represent the ray paths of the teleseismic da
he coastlines.

. Data and method

Fig. 3a shows the distribution of nine digital seismic stations
sed in this study. Except for three-component broadband seis-
ometers at station QIZ, the other eight stations are all equipped
ith short-period sensors. These stations have been operating for-
ally since 1999, and a large amount of high-quality waveform

ata have been accumulated, thanks to the very low noise level in
he less industrialized Hainan island (Fig. 4). These stations cover
he entire Hainan island and southern Leizhou peninsula, but they
re unevenly distributed in the region. In NE Hainan there are more
tations, while only one station (SYA) exists in southern Hainan and
ne station (DFG) in western Hainan.

In this study both local and teleseismic first P-wave arrival times
re collected. Over 3500 high-quality local arrival times are selected
rom 464 earthquakes. These local events are mainly distributed
n the margins of Hainan island (Fig. 2). The local rays used are
llustrated in Fig. 5. We collected carefully over 850 high-quality
eleseismic P-wave arrivals from high-quality original seismograms
Fig. 4) of 138 teleseismic events (Fig. 3b) after examining over 1500
arthquakes that occurred from 2002 to 2006. All these local and
eleseismic events have at least five recordings, respectively, and
he picking accuracy of the arrival-time data is estimated to be

.10–0.15 s. We relocated the local earthquakes using the double-
ifference location method (Waldhauser and Ellsworth, 2000) and
sed the teleseismic hypocenter parameters determined by Dr.
ngdahl (see Engdahl et al. (1998) for the location procedure).
he magnitude of these teleseismic events is greater than 4.8. The

m
e
a
u
t

e north–south and (c) east–west vertical cross-sections. Gray lines denote the ray
hite triangles denote the seismic stations used in this study. White curves represent

vents selected have an epicentral distance between 28◦ and 90◦

rom the center of the network, while their azimuthal distribution
s not uniform (Fig. 3b). Most of them are located in the subduction
ones of the northern and western Pacific, and a few are in central
sia and the Indian Ocean. The teleseismic rays used in this study
re also shown in Fig. 5. Fig. 6a and c illustrates the histograms of
bsolute travel-time residuals of the local data and relative travel-
ime residuals of the teleseismic data calculated for the initial 1D

odel (Fig. 7).
Taking into account the Earth’s ellipticity (Dziewonski and

ilbert, 1976) and the station elevations, we compute the theo-
etical travel times by using an updated version of the 3D ray tracer
y Zhao (2001) for the 1D initial model (Fig. 7) that is summarized
rom the previous studies (Qiu et al., 2006; Ding et al., 2004; Jia
t al., 2006) for the crust and by adopting the iasp91 Earth model
Kennett and Engdahl, 1991) for the mantle. This 3D ray tracer can
alculate the travel times and ray paths for both local and teleseis-
ic events efficiently and accurately, and can deal with a velocity
odel containing velocity discontinuities of complex geometry and

D velocity variation everywhere in the model. For details, see Zhao
t al. (1992) and Zhao and Lei (2004). To calculate the travel times
ccurately, in the present study we have taken into account depth
ariations of the Moho discontinuity (Fig. 8) which were deter-

ined by using gravity data (Li et al., 2006). In order to minimize the

ffect of the uncertainties in hypocenter locations and origin times,
s well as the velocity heterogeneities outside of the study area, we
sed relative travel-time residuals of the teleseismic events in the
omographic inversion. For details of the calculation of the relative
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ig. 6. Histograms of the travel-time residuals. (a and b) The absolute residuals fro
btained for the initial model (Fig. 7), while (b and d) are inferred from the solution

esiduals, see Zhao et al. (1994) and Lei and Zhao (2005). When cal-
ulating the travel times of the teleseismic events, we determined
he teleseismic ray paths between the hypocenter and receiver and
ound the intersection between the ray and the boundary plane of
he modeling space. Then we determined the ray path between the
ntersection and the station.

Fig. 9 shows the distribution of the average relative travel-time
esiduals at all the stations, which shows a clear pattern of delayed
nd early arrivals. Delayed arrivals are visible at stations LZH and
SL in Leizhou peninsula and northern Hainan, where numerous
eogene/Quaternary volcanoes exist (Fig. 2), while early arrivals are
bserved at stations in other areas, which correspond to the tecton-
cally relatively stable regions. Although early arrivals are observed
t stations NDA and QIZ, their amplitudes are much smaller. The
aximum amplitude of delayed arrivals (0.4 s) is larger than that

f early arrivals (0.3 s), which suggests the existence of stronger
ow-V anomalies in the upper mantle under northern Hainan and
outhern Leizhou peninsula.

We applied the tomographic method of Zhao et al. (1994) to
he absolute residuals of local earthquakes and relative residuals of
eleseismic events for determining the 3D velocity structure under
ainan. A 3D grid was set up in the model and velocity perturba-

ions at the grid nodes were taken as unknown parameters. In the
odel the lateral grid spacing is 0.5◦ × 0.5◦ and the vertical grid
pacing is 4–10 km in the crust and 50 km in the upper mantle.
he velocity perturbation at any point in the model was obtained
y interpolating the velocity perturbations at the eight grid nodes
urrounding that point. A conjugate gradient algorithm (Paige and
aunders, 1982) with damping and smoothing regulations (Zhao,

i
c
o
t
m

local data. (c and d) The relative residuals from the teleseismic data. (a and c) are
l.

001; Lei and Zhao, 2006a) was used to invert the large and sparse
ystem of observation equations.

To obtain a suitable damping parameter used in the present
tudy, numerous inversions with different damping parameters
ave been performed to form a trade-off or L-shaped curve (Fig. 10)
hat can measure the misfit of each solution model to the data
Eberhart-Phillips, 1986; Hansen, 1992; Ekström et al., 1997; Boschi,
006; Lei and Zhao, 2007a). An optimal damping parameter is usu-
lly thought of as that corresponding to the maximum curvature
f the L-shaped curve (e.g., Hansen, 1992; Boschi, 2006; Boschi et
l., 2006). Following this criterion, we took a damping value of 12.0
Fig. 10) to invert for our final solution model (Figs. 11 and 12a–c).

. Results and resolution analyses

Teleseismic rays are nearly vertical and do not have a sufficient
ath coverage in the crust (Fig. 5). Therefore, it is difficult to resolve
he crust structure if teleseismic rays are used alone. Poor con-
traints of the crust structure would certainly affect the mantle
mage (Lei and Zhao, 2007a). To obtain a reliable mantle struc-
ure, some researchers corrected the teleseismic travel-time data
y using the previous crust models (e.g., Allen et al., 2002; Hung et
l., 2004; Lei and Zhao, 2005, 2007a,b; Zhao et al., 2006). Local rays
re almost horizontal, so seismic rays crisscross well in the crust

f local and teleseismic data are used jointly; as a result, both the
rust and mantle structures are constrained better. For more details
f the effect of the local and teleseismic data on the image, see Sec-
ion 5.1. In the present section we mainly discuss the tomographic

odel (Figs. 11 and 12a–c) obtained from both local and teleseismic
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ig. 7. (a) The starting 1D model used for the tomographic inversion in this study.
he model in the crust is summarized from the previous results (Ding et al., 2004;
ia et al., 2006; Li et al., 2006), while that in the mantle is the iasp91 velocity model
Kennett and Engdahl, 1991).

ata. It can be seen clearly from Fig. 6 that for our final 3D velocity
odel both the absolute residuals of the local data and the relative

esiduals of the teleseismic data are reduced significantly compared
ith those for the initial 1D model. In particular, the number of the
eleseismic relative residuals within 0.1 s is increased from 187 for
he initial model to 214 for the final 3D model, and the number of
he absolute residuals of local earthquakes within 0.1 s is increased
rom 504 for the initial model to 625 for the 3D model.

ig. 8. Illustration of the Moho discontinuity beneath the Hainan and adjacent
egions (Li et al., 2006). This model was inferred from gravity data. Depth scale
in km) is shown at the bottom.
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ig. 9. Distribution of the relative travel-time residuals at each of the nine seismic
tations. Diamonds and circles denote negative and positive residuals, respectively.
he scale for the residuals (in s) is shown at the bottom.

Fig. 11 shows our final tomographic images in map view. At 1 km
epth a prominent low-V anomaly is visible from NE Hainan to
eizhou peninsula through Qiongzhou strait, while south of the
angwu-Wenjiao fault obvious high velocity (high-V) anomalies

re observed (Fig. 11a). Such a pattern of velocity anomalies of up
o 5% extends down to 35 km depth (Fig. 11b–f), suggesting that
he Wangwu-Wenjiao fault may extend through the Moho discon-
inuity to the uppermost mantle. High-V anomalies south of the

angwu-Wenjiao fault are revealed in the crust under the rel-
tively stable uplift, while low-V anomalies are observed in and
round Leizhou peninsula (Fig. 11b–f) that is an active Quaternary
olcanic area (Fig. 2). However, there are still some changes in the
attern of anomalies from the shallow crust down to the uppermost
antle. For example, under NE Hainan island, low-V anomalies

re visible at 1 km depth (Fig. 11a) and they become weaker at
km depth (Fig. 11b), while in deeper layers down to 15 km depth
hey change to high-V anomalies (Fig. 11c and d). At and below
5 km depth high-V anomalies are revealed in western Hainan,
hile low-V anomalies are visible in eastern Hainan (Fig. 11e and

). The pattern of velocity anomalies is complex in the crust, per-

ig. 10. Trade-off or L-shaped curve for the RMS travel-time residuals versus the
ariance of the velocity perturbations. Numbers inside the open circles denote the
amping parameters adopted for the inversions. The thicker circle denotes the opti-
al damping parameter (12.0) for the final tomographic model.
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ig. 11. Map view of P-wave velocity perturbations (in %) inferred from both local
etails). The layer depth is shown above each map. Red and blue colors denote slo
he bottom. White and black lines denote active faults and the coastlines, respective
ayers. The triangles indicate the Hainan hotspot. The stars represent the 1605 Qion

aps reflecting a strong heterogeneity in the crust. In the mantle the

mplitude of velocity anomalies is reduced, and the morphology of
ow-V anomalies is changed with depth (Fig. 11g–l). Striking low-

anomalies of −2% are clearly visible at depths of 70 and 120 km
nder NE Hainan and Qiongzhou strait (Fig. 11g and h), and they
ove gradually toward the southeast with depth (Fig. 11h–l).

i
r
o
a
p

leseismic data with respect to the initial 1D model as shown in Fig. 7 (see text for
fast velocity anomalies, respectively. The velocity perturbation scale is shown at
ite circles denote the earthquakes within half distances between two neighboring
earthquake.

Fig. 11a–d shows that most faults pass through low-V anomalies

n the shallow crust except for those south of Hainan. The faults may
epresent fracture zones in the crust or lithosphere. The correlation
f the NW-SE oriented faults (e.g., Puqian-Qinglan fault) with low-V
nomalies is visible at a much shallower depth range in NE Hainan,
erhaps reflecting a much shallower depth extent of these faults.
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his is in agreement with the results of deep seismic soundings (Jia
t al., 2006). In addition, the distribution of earthquakes is closely
elated to the orientation of the NW-SE oriented faults in NE Hainan
Fig. 11b and c).

Fig. 12a–c illustrates our final tomographic images along three
ertical cross sections. From the N-S and E-W cross sections it is
isible that prominent low-V anomalies extend down to only about
50 km depth (Fig. 12a and b), while in the NW-SE cross section
he Hainan plume is imaged clearly as a continuous and deflected
ow-V anomaly from the surface down to 250 km depth (Fig. 12c).
hese results suggest that the Hainan plume ascends from a depth
outheast of Hainan island.

The estimation of the resolution matrix is generally considered

o be preferable to the checkerboard/synthetic tests (e.g., Leveque
t al., 1993; Barmin et al., 2001; Boschi, 2003), but the former is
omputationally heavy and it cannot be directly obtained during
he inversion if one uses the LSQR algorithm. Therefore, the res-
lution of the tomographic images is evaluated through synthetic

n
d
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ig. 12. (a–c) The same as Fig. 11 but for vertical cross-sections as shown in the insert m
ote that the same parameterization is used in these two models from the crust to the u
he scale for the velocity perturbation (in %) is shown on the right of (f). Polygons on the
a–f) denote the Moho discontinuity. White dots denote earthquakes that occurred in a r
riangles in (g) denote seismic stations. No vertical exaggerations (except for surface topo
etary Interiors 173 (2009) 33–50

ests in most of the tomographic studies. In order to evaluate the
esolvability of our data set and to confirm the main features of our
omographic image, three kinds of resolution tests (e.g., Zhao et al.,
994; Lei and Zhao, 2005, 2007a,b) were carried out. The first is a
heckerboard resolution test for examining the spatial resolution of
ur tomographic image in the entire study area (Figs. 13 and 14). The
econd is synthetic tests that are designed to determine whether
he assumed plume-like structure can indeed be resolved (Fig. 15).
he third is a restoring test for our obtained tomographic model
Fig. 16). The checkerboard resolution test and restoring test are
ust special forms of a synthetic test. The only difference between
hem is in the input model. The numbers of seismic stations, events,
nd ray paths are the same as those in the real data set. Random

oises having a normal distribution with zero mean and a standard
eviation of 0.1 s were added to the synthetic travel times to simu-

ate the data errors which are usually present in a real data set. By
onsidering our data set as mentioned above, the model has been
arameterized with an optimal grid spacing of 0.5◦ × 0.5◦ laterally

ap (g). (d–f) The tomographic image determined only from the teleseismic data.
pper mantle. Red and blue colors denote the slow and fast anomalies, respectively.
top of (a–c) show the surface topography along each cross-section. Dashed lines in
ange of 25 km off the profiles. The red triangles denote the Hainan hotspot. White
graphy shown) here and in Figs. 14–16.
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ig. 13. Results of the checkerboard resolution test for the P-wave structure in map
ig. 7. The model is parameterized with a grid spacing of 0.5◦ × 0.5◦ in the horizont
olid circles denote slow and fast velocity anomalies, respectively. The scale for the

nd 4–10 km in the crust and 50 km in the mantle vertically after
aking many resolution tests with different grid spacings, because

uch a parameterization can reflect the teconic features well, and
lso provide the reliable information on the deep structure in the
egion. In the checkerboard resolution test, positive and negative
elocity perturbations of 2% are assigned to the 3D grid nodes that
re arranged in the modeling space. The resolution is considered
o be good for the areas where the checkerboard image is recon-
tructed. In the restoring test, the 3D model obtained from the real
nversion (Fig. 12a–c) is taken as the input velocity model.

The resolution is good for the entire Hainan island in the shal-
ow crust (Fig. 13a–c) and the uppermost mantle (Fig. 13f), while
n the middle and lower crust it is relatively poor (Fig. 13d and e).
his is due to the fact that most local earthquakes in this region

ccurred in the upper and middle crust (Fig. 11a–d). At 70–120 km
epth the resolution is good in the entire Hainan island (Fig. 13g and
), but at 170 km depth and deeper portions the good-resolution
rea biases toward the east (Fig. 13i–l), because many rays come
rom the teleseismic events in the western Pacific subduction zones

a

n
f
t

using both the local and teleseismic data, based on the starting model as shown in
ctions and 4–50 km in depth. The layer depth is shown above each map. Open and
ty perturbation (in %) is shown at the bottom.

Figs. 3b and 5). In order to see more clearly the main features
n our images, we displayed the results of the checkerboard test
long the corresponding vertical cross sections (Fig. 14) using the
tar-cross way through which it is easy and straightforward to
nderstand where the resolution is good and where it is poor (e.g.,
ei and Zhou, 2002; Lei and Zhao, 2005, 2007a,b). Stars denote the
rid nodes where the pattern of the input velocity anomalies is
etrieved correctly after the inversion, while crosses denote the grid
odes where the pattern of the input velocity anomalies is wrongly
ecovered after the inversion. The size of star and cross symbols
enotes the ratio of the inverted amplitude of the velocity anomaly
o that in the input model. It is found that the resolution is good
long these three cross sections (Fig. 14), though the amplitude of
nomalies at some grid nodes is not completely retrieved (Fig. 14a

nd b).

To further confirm the main features of our obtained image, a
umber of synthetic tests have been carried out by assuming dif-

erent geometries of low-V anomalies in the input models. Among
hem, five synthetic tests are illustrated in Fig. 15. The first three
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Fig. 14. The same as Fig. 13 but for the vertical cross-sections. Star-cross way is used to express the resolution (Lei and Zhou, 2002; Lei and Zhao, 2005, 2007a). Stars denote
the grid nodes where the pattern of the input velocity anomalies is retrieved correctly after the inversion, that is, fast velocity anomalies in the input model are recovered to
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e fast, and slow ones in the input model are recovered to be slow after the inversio
s wrongly recovered after the inversion. The size of star and cross symbols denote
he stars with values of 100% show the grid nodes where the checkerboard pattern
ocations of cross-sections are shown at the bottom.

ests have low-V anomalies of up to −2% in the input model right
nder the Hainan hotspot from the surface to depths of 150, 250 and
00 km, respectively (Fig. 15a, b, e, f, i and j). The low-V anomaly in
he input model of the fourth test is similar to that in the third
est, but there is no velocity anomaly between 150 and 250 km
epths (Fig. 15m and n). The fifth test is to input low-V anoma-

ies beneath the Hainan hotspot (Fig. 15q) that are quite similar to
hose in our final image (Fig. 12c). Note that in the input model
he shape of the velocity anomaly is assumed to be cylindrical.
he purpose of the first three tests is to confirm whether low-V
nomalies right beneath the Hainan hotspot only extend down to
50 km depth (Fig. 15a–l). The objective of the third and fourth
ests is to make sure whether low-V anomalies right beneath the
ainan hotspot around 250–300 km depth are reliable (Fig. 15i–p).
he aim of the fifth test is to affirm whether the geometry of
he southeastward deflected plume with depth is a real feature
Fig. 15q and r). Fig. 15a–d shows that the resolution of the image
bove 150 km depth is better than that at depths of 150–250 km
Fig. 15e–h), but the data used cannot differentiate a continuous
tructure below 250 km depth (Fig. 15i–p). Fig. 15q–r suggests that
ur data cannot resolve well the structure below 250 km depth but
an resolve the structure above 250 km depth, in particular near

10.5◦ E. These synthetic tests suggest that the low-V anomaly
ight beneath the Hainan hotspot around 250–300 km depth is
ot reliable (Fig. 12a–c), being consistent with the results of the
heckerboard resolution test (Figs. 13k,l and 14a,b) and a relatively
oor coverage of rays around these depths (Fig. 5c), but the south-
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ile crosses denote the grid nodes where the pattern of the input velocity anomalies
atio of the inverted amplitude of the velocity anomaly to that in the input model.
vered perfectly. The scale for the degree of recovery (in %) is shown at the bottom.

astward deflection of the low-V anomaly under the Hainan hotspot
s a robust feature (Fig. 12c).

From the results of the restoring test (Fig. 16), it can be seen that,
lthough the amplitude of velocity anomalies is not fully recovered
long the three vertical cross-sections, the pattern of anomalies is
he same as that derived from real data (Fig. 12a–c). Note that the
ow-V anomaly right beneath the Hainan hotspot around 300 km
epth is almost not recovered (Fig. 16a and b), indicating that this

ow-V feature is not robust. This is similar to the results from
he checkerboard resolution test (Figs. 13k,l and 14a,b) and the
ynthetic tests (Fig. 15i–p). In conclusion, these extensive resolu-
ion tests all demonstrate that the main feature, a southeastward
eflected plume, revealed by our present study is reliable.

. Discussion

.1. Effect of the local and teleseismic data

To investigate how the local and teleseismic data used con-
ribute to our resulting crustal images, we conducted two more
omographic inversions by separately using the local and teleseis-

ic data in the same parameterized model in the crust to the upper

antle (Figs. 12d–f and 17d–i). It is found that when only the local

ata are used, the pattern and velocity amplitude of the crustal
odel correlate well with those inferred from both local and tele-

eismic data, but there are some significant differences between
hem in details (Fig. 17a–f). The model without the teleseismic



d Plan

d
H
t
h
H
i
a
o
d
w
m
t
h

s
c
d
t
t
b
a

F
a
v
L

J. Lei et al. / Physics of the Earth an

ata shows discontinuous low-V anomalies in the crust under the
ainan hotspot (Fig. 17d–f). When the teleseismic data are added,

he model illustrates a continuous low-V anomaly under the Hainan
otspot from the uppermost mantle to the surface (Fig. 17a–c).
owever, the tomographic images exhibit remarkable differences

n the pattern between the model from only the teleseismic data
nd that from both the local and teleseismic data. The model with-
ut the local data shows a weak column-shaped high-V anomaly

etected under the Hainan hotspot in the entire crust and some
eak low-V anomalies observed in the lower crust to the upper-
ost mantle (Fig. 17g–i). Some similarities still exist between these

wo models, for example, some high-V anomalies under the Hainan
otspot are also observed at 5–20 km depth in the both models as

t
a
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h
t

ig. 15. Five synthetic tests. Left (a, b, e, f, i, j, m, n, q) and right (c, d, g, h, k, l, o, p, r) panels
nd fast velocity anomalies. Velocity perturbations of up to −2%, relative to the 1D veloc
elocity perturbation scale (in %) is shown on the right sides of the panels (g, o and r). Black
ocations of cross sections are shown on the insert map. Open triangles in the insert map
etary Interiors 173 (2009) 33–50 43

hown in Fig. 17d–i. All these results suggest that the crustal model
an be determined by using only the local data. The teleseismic
ata also contain useful structural information on the crust, and
hey are generally consistent with the local data for the crust, but
he teleseismic data alone cannot determine the 3D crustal image,
ecause the local rays are nearly horizontal and the teleseimic rays
re approximately vertical in the crust (Fig. 5).

To understand how the local data affect the upper mantle struc-

ure, we have compared the upper mantle models determined with
nd without the local data. Both models illustrate a column-shaped
nd southeastward deflected low-V anomaly under the Hainan
otspot in the upper mantle, quite similar in the pattern and ampli-
ude of velocity anomalies (Fig. 12). However, some significant

show input and output models, respectively. Open circles and crosses denote slow
ity model as shown in Fig. 7, are assigned to the 3D nodes in the input model. The

triangles denote the Hainan hotspot. Dashed lines denote the Moho discontinuity.
denote the seismic stations used.
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Fig. 15.

ifferences still exist in the morphology of anomalies between the
wo models. The model determined with both the local and tele-
eismic data shows a clearer image of the mantle plume (Fig. 12a–c).
hese results suggest that it is of importance to add the local data
hen we determine the upper mantle structure. Therefore, in the

ollowing we discuss the surface fault zones, tectonics, and mor-
hology of the plume using the 3D model obtained with both the

ocal and teleseismic data.

.2. Deep structure of the fault zones
In the region major active faults can be divided into two sub-
roups. One is W–E oriented, while the other is NW–SE oriented.
ur present results show some correlations between the faults and

he velocity anomalies in the crust. The W–E oriented Wangwu-

Z
C

1
Y

inued )

enjiao fault is an obvious boundary between high- and low-V
nomalies. North of this fault a striking low-V anomaly is visible,
hich corresponds to the depression region where many volca-
oes exist, while south of this fault a high-V anomaly is observed,
hich corresponds to the stable and uplifted region (Fig. 11a–d).

his correlation extends down to the upper mantle, though exten-
ive low-V anomalies are detected in the entire eastern portion of
he region (Fig. 11e and f), suggesting that the Wangwu-Wenjiao
ault may have cut through the Moho discontinuity to the upper

antle. Such a lithosphere-scale fault is somewhat similar to the

hang-Bo fault in North China and the Red-River fault in Southwest
hina (Ma, 1987; Lei et al., 2008a,b).

In northeast Hainan, an obvious low-V anomaly is visible at
km depth along the NW-SE faults, i.e., Changliu-Xiangou, Haikou-
unlong, and Puqian-Qinglan faults (Fig. 11a), while at 5 km depth
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Fig. 15. (Continued ).

Fig. 16. Output model of a restoring test using the same inversion technique and the same data set with the Gaussian noise of 0.1 s. The input model is the tomographic
model as shown in Fig. 12a–c.
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Fig. 17. (a–c) The same as parts (a–c) of Fig. 12 but for the depth range of 0–35 km. (d–f) The crustal images determined by using only the local data. (g–i) The crustal images
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nferred from only the teleseismic data. The velocity perturbations of (a–f) and (g–i
s used in these three models from the crust to the upper mantle. The vertical exagg

hese NW–SE oriented faults are located on the margin of high-V
nomalies (Fig. 11b). At greater depths these faults exhibit obvious
igh-V anomalies (Fig. 11c and d). These results suggest that the
W–SE oriented faults may be very active but appear to be shal-

ower. The depth extent of the faults can hardly be determined in
he present study because the width of the faults should be much
hinner than the resolution scale of our tomographic image. There-
ore, further efforts should be made to deploy more seismic stations
cross these faults to better understand the seismogenic faults.

.3. Causes of the Qiongshan earthquake

In the region a number of small earthquakes occurred on the
argin of Hainan island (Fig. 2). In particular, in northeast Hainan
ome of them are located around the NW-SE faults and in or around
igh-V anomalies (Fig. 11a–f).

In addition to these small earthquakes, in the region there
ccurred 15 strong earthquakes (M > 5.0) since 1524 (Fig. 2). Among
hem, the 13 July 1605 Qiongshan earthquake (M 7.5), related to the

f
t

d
O

hown on the right of (f) and (i), respectively. Note that the same parameterization
n of the tomographic images is 5:1.

ctivity of the Puqian-Qinglan fault, was one of the most destructive
arthquakes in South China. It was felt over 600 km far away from
he hypocenter and killed several thousand people within Qiong-
han city and 80–90% in the suburbs (Chen and Huang, 1979), and it
as a unique earthquake in the history of China that caused the land
ith about 72 villages to sink below the sea level (Hu et al., 2007).

he vertical motion was, on average, 3–4 m and amounted to 10
eters in some places. The sunken areas were as large as 100 km2

Xu, 2006). Some researchers suggested that the occurrence of the
iongshan earthquake was closely related to the upwelling of the
ainan plume that caused the extensional stresses leading the nor-
al fault (the Puqian-Qinglan fault) to slip (e.g., Xu, 2006; Hu et al.,

007). This is also supported by the source mechanism solutions of
mall earthquakes in Northeast Hainan (Diao et al., 2007), but fluids

rom the rising plume may have also played an important role in
he generation of the Qiongshan earthquake.

The hypocenter of the Qiongshan earthquake is far from the sub-
ucting slab and is located in a volcanic area of Northeast Hainan.
ur tomographic results illustrate obvious high-V anomalies above
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5–20 km depth and low-V anomalies below this depth under the
iongshan hypocenter (Figs. 11 and 17a–c), suggesting that the con-
ection between the plume upwelling in the mantle and crustal
agmatic and volcanic activity is complicated. Such a structure is in

ood agreement with a recent magnetotelluric image that displays a
ow-conductivity body above 13 km depth and a high-conductivity
ody extending from 13 km depth down to the upper mantle in the
egion (Hu et al., 2007). Moreover, previous studies also indicate
hat the focal depth of the Qiongshan earthquake is ∼13 km (Zhang
t al., 1990). These results suggest that the Qiongshan source areas
re underlain by low-V and high-conductivity anomalies which
re interpreted to be a fluid-filled, fractured rock matrix that con-
ributed to the initiation of the Qiongshan earthquake. The fluids

ay come from the upward intrusion of the hot and wet astheno-
pheric materials (or partial melts) of the plume rising from the
eep mantle. When the fluids enter the active Puqian-Qinglan fault,
he fault zone friction may decrease and thus faulting could be
riggered to generate the Qiongshan earthquake.

A similar structure was also found in the source areas of the
976 Tangshan earthquake (M 7.8) in North China (Huang and Zhao,
004; Lei et al., 2008a), the 1995 Kobe earthquake (M 7.2) in Japan
Zhao et al., 1996), and the 2001 Bhuj earthquake (M 7.6) in India
Mishra and Zhao, 2003), suggesting that the low-V anomalies may
e associated with crustal fluids. However, the fluids under the Kobe
arthquake are considered to originate from the dehydration of the
ubducting Philippine Sea slab (Zhao et al., 1996), while the Tang-
han earthquake may be related to the deep dehydration of the
acific slab that is stagnant in the mantle transition zone under
astern China (Lei et al., 2008a).

Therefore, we consider that the generation of the Qiongshan
arthquake may be not only associated with the extensional
tresses resulting from the upwelling of the mantle plume, but also
elated to fluids from the rising plume.

.4. Deflection of the Hainan plume

Our present results show that the middle and upper crustal
elocities in northern Hainan and southern Leizhou peninsula
re much lower than those in central and southern Hainan
Figs. 11 and 17a–c). This is supported by many geophysical obser-
ations such as a thinned crust (Li et al., 2006) (see Fig. 8), a
elatively higher geothermal background (Chen et al., 1991) from
orthern Hainan to southern Leizhou peninsula, and an obvious

ow-resistivity anomaly (Hu et al., 2007) in northern Hainan. It is
lso consistent with the previous seismic results like local tomog-
aphy using data from a temporary seismic network (Ding et al.,
004), deep seismic soundings (Jia et al., 2006), and Pn tomography
Liang et al., 2004). Such a pattern of seismic velocity anomalies in
he crust corresponds to the uplifts in central and southern Hainan
nd depressions in northern Hainan. These observations suggested
hat the Quaternary volcanoes (Fig. 2) are quite active and erupted

any times in southern Leizhou peninsula and the entire Leiqiong
asin. Furthermore, the Cenozoic basalts in northern Hainan dis-
lay the eruption morphology and isotopic ratios typical of hotspot
olcanism (Tu et al., 1991). Lebedev et al. (2000) and Yang and Zhou
2001) suggested a thinned mantle transition zone under Hainan
rom their receiver-function analyses. These results all indicate the
xistence of the Hainan plume, or the intrusion of hot mantle mate-
ials to the crust as proposed by Sun et al. (1988).

Surface-wave tomographic studies of East Asia also display obvi-

us low-V anomalies under Hainan down to a depth of 450 km
Friederich, 2003) or deeper to 660 km (Lebedev and Nolet, 2003).

antle body-wave tomography of East Asia shows a broad low-
zone under Southeast Asia including Hainan down to 1300 km

epth (Huang and Zhao, 2006). Global tomographic models all
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how a prominent and rather broad low-V anomaly under the
ainan region down to 1900 km depth (e.g., Ritsema et al., 1999;
ontelli et al., 2006) or deeper to the lowermost mantle (e.g.,

hao, 2001; Antolik et al., 2003; Lei and Zhao, 2006a). These tomo-
raphic results all support the existence of the Hainan plume, but
hese models are still too coarse to resolve a plume-like structure
nder the Hainan hotspot in the upper mantle. Our present results
re much improved over the previous models and provide a high-
esolution velocity model down to 300 km depth, indicating that
he plume has a diameter of about 80 km (Fig. 12c), which is much
hinner than the diameter (about 400 km) estimated by the pre-
ious studies (e.g., Montelli et al., 2006). Because viscosity in the
lume is expected to be lower in the upper mantle than in the lower
antle, the plume is expected to be thinner in the upper mantle.

urthermore, our image shows that the Hainan plume conduit is
nclined toward the southeast from the surface (Fig. 12a–c). A num-
er of resolution tests all demonstrated that these main features
btained are reliable (Figs. 13–16).

Deflection of the plume is also found under Hawaii, Iceland and
frica (e.g., Ritsema et al., 1999; Zhao, 2001; Bijwaard and Spakman,
999; Lei and Zhao, 2006b; Nolet et al., 2007), possibly owing to
antle flow (e.g., Zhao, 2001; Nolet et al., 2007). However, these

lobal models usually exhibit remarkable inclination of the plume
n the middle and lower mantle rather than in the upper mantle,
ossibly due to their limited spatial resolution of the upper mantle.
ecently, Yang et al. (2006) imaged the Azores plume in the shallow
antle, and found a northeastward tilting low-V anomaly under

he Azores hotspot, which was explained in part due to the upper
antle flow driven by the absolute plate motion of the African and

urasian plates. Hainan island is located in an area of convergence
etween the Eurasian plate, Indian plate and Philippine sea plate,
ence the deflection of the plume conduit may be associated with
he subduction of oceanic plates, especially the Philippine sea plate,
nd the extrusion of the Eurasian plate toward the southeast, away
rom the Tibetan plateau. This extrusion by itself is expected to
ause a plume conduit tilt in the opposite sense of what is observed.
ost likely, the tilted plume conduit has buoyantly risen from the

ower mantle, as discussed below.
The imaged shape of what is interpreted to be the Hainan plume

onduit can be compared with the shape of the plume conduit
redicted from a geodynamic model of plumes in large-scale man-
le flow. The model (Steinberger and Antretter, 2006) essentially
ssumes that the motion of each part of the conduit can be com-
uted as a superposition of advection in large-scale mantle flow and
uoyant rising. A tilted plume conduit may thus result from shear
ow. However, due to buoyant rising, shearing in a deeper part of
he mantle may also cause a tilted conduit less deep in the mantle
t a later time. In particular, strongly tilted conduits may occur in
egions of large-scale downward flow, as parts of the conduit may
et dragged down with the flow. This may also have happened to the
ainan plume, because lithospheric slabs have been inserted and
resumably sunk into the mantle at a number of subduction zones

n the region (e.g., Zhao, 2001; Lei and Zhao, 2006a). Geochemical
omposition also reflects a slab-derived component in the mantle
ource (Zhu and Wang, 1989; Tu et al., 1991; Flower et al., 1992;
hang et al., 1996). Large-scale mantle flow is computed based on
lobal tomography interpreted as density anomalies that drive flow.
t is time dependent, because plate motions that are used as surface
oundary condition change with time, and the advection of den-
ity heterogeneities in large-scale flow is considered. Beneath the

ainan region, computed flow in the lowermost mantle is towards

he southeast, towards a large upwelling beneath the south-central
acific (sometimes referred to as the Pacific superplume), away
rom what has been interpreted as Mesozoic subducted slabs under
iberia (van der Voo et al., 1999), and it is stronger at 50 Ma (as
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Fig. 18. Computed Hainan plume conduit shapes. The plume source is moving with
large-scale flow; plume buoyancy flux is 103 kg/s. The two conduits are for different
assumed ages of origin, 100 and 50 Ma. Color indicates depth; scale is shown at the
bottom. Other modeling assumptions are the same as that in Fig. 13 of Steinberger
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nd Antretter (2006). Gray arrows denote the horizontal flow component in the
owermost mantle (at 2512 km depth) at 50 Ma. Arrow length scale is 5◦ of arc per
m/year. Grid spacing is 10◦ .

hown in Fig. 18) than it is now. In contrast, the computed horizontal
ow component in the upper part of the lower mantle and the tran-
ition zone beneath the region is approximately towards the west,
ith smaller speed. Thus, shearing between southeastward flow in

he lowermost mantle and slower westward flow around ∼660 km
epth causes a tilted plume conduit in the lower mantle. Two
esults are shown in Fig. 18. The assumed anomalous mass flux 103

g/s is a generic value typical for medium-size plumes, and gener-
lly predicted plume conduit shapes do not strongly change even if
his value is changed by a factor of 2 or 3 (Steinberger and Antretter,
006). Computed tilt is stronger for older plume initiation age (at
hich time a vertical plume conduit is assumed) 100 Ma than for

ge 50 Ma, both because the conduit has been sheared for a longer
ime, and computed flow in the lowermost mantle is stronger for
arlier times. On the other hand, the predicted conduit shape is
lose to vertical in the upper mantle. At face value, this is in contrast
ith seismic images that show a plume conduit that is tilted in the
pper mantle. However, since a tilted conduit may have buoyantly
isen from the lower mantle, the observed tilt in the upper man-
le may correspond to the predicted tilt in the lower mantle, with
pproximately the same direction and amount. Other causes for a
onduit predicted to be tilted in the upper mantle are shearing due
o fast plate motions (e.g., for Hawaii) or due to a strong large-scale
orizontal asthenospheric flow component (e.g., for Yellowstone).
owever, plate motion in the Hainan region is slow compared to

he Pacific plate motion in the vicinity of Hawaii, and flow mod-
ls rather predict asthenospheric flow approximately radially away
rom Hainan towards the surrounding subduction zones. Hence,
he explanation that the tilted conduit has buoyantly risen from
he lower mantle appears most likely, and supports the lower man-
le origin of the Hainan plume, as is also inferred from some other
omographic images (e.g., Zhao, 2001; Antolik et al., 2003; Lei and

hao, 2006a) as discussed above. An implication of this explana-
ion is that the hotspot (surface expression of the tilted conduit)

oves southeastward as the tilted conduit rises to the surface, and
hus could cause an age-progressive “hotspot track” with volcanism

s
C
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etting progressively younger towards the southeast. In contrast,
otion of South China lithosphere over a stationary hotspot would

ause a hotspot track with ages getting older towards the east to
outheast. In practice, such an age progression may be difficult to
stablish, in particular in continental lithosphere, because volcan-
sm may continue for a substantial time period after the hotspot has
assed. Nevertheless, the present location of the hotspot beneath
ortheastern Hainan in combination with late Tertiary and Quater-
ary volcanism also occurring on Leizhou peninsula, towards the
orthwest of the present-day hotspot location, supports the trend
redicted due to rise of a titled conduit. The expected age progres-
ion depends on the amount of tilt and buoyant plume rising speed.
he latter can also be estimated from the model of Steinberger
nd Antretter (2006). For an anomalous mass flux 103 kg/s the pre-
icted centerline temperature anomaly is about 150 K in the upper
antle, corresponding to about 2% seismic velocity anomaly, which

grees well with the observed anomaly (Figs. 11 and 12a–c). From
his temperature anomaly, the viscosity inside the conduit, and a
lume conduit diameter of about 160 km in the upper mantle can
e inferred. Steinberger and Antretter (2006) infer from a plume
iameter of ∼160 km a buoyant rise time of ∼4 Ma from a depth
f 250 km to the surface which, with the observed tilt, implies an
ge progression of about 25 km per Ma. However, the tomographic
odel (Fig. 12a–c) shows the Hainan plume only about half as wide,

n which case buoyant rise speed would be reduced by about a fac-
or of 4, and a reduced age progression of about 6 km per Ma would
e expected.

Therefore, further efforts should be made to deploy many
ortable seismic stations in and around Hainan island and com-
ine body-wave with surface-wave observations (West et al., 2004)
nd/or employ the finite-frequency tomographic method (e.g.,
ung et al., 2004; Montelli et al., 2004a; Tromp et al., 2005) to better

mage the Hainan plume in both the upper and lower mantle.

. Conclusions

A high-resolution tomographic model of the upper mantle has
een determined beneath Hainan island and adjacent areas, and
he configuration of the Hainan plume in the upper mantle has,
or the first time, been revealed by using high-quality local and
eleseismic data. The Hainan plume is imaged as a continuous low-
column extending from the surface down to 250 km depth with a
iameter of about 80 km. This low-V anomaly is tilted towards the
outheast, being consistent with the plume conduit predicted by
umerical modeling. Such an inclination may be associated with
he subduction of oceanic plates, in particular the Philippine sea
late, and the extrusion of the Eurasian plate, but most likely the
ilted plume conduit has buoyantly risen from the lower mantle.
istortion of the conduit in the lower mantle may be caused by

arge-scale mantle flow. Our present results show a much better
mage of the Hainan plume than those in the previous models and
rovide new constraints on the mantle dynamics under Southeast
sia.
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