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Abstract

P-wave velocity images are determined under the Baikal rift zone in Siberia by using teleseismic tomography. Our results show
prominent low-velocity anomalies in the upper mantle under the Baikal rift zone and high-velocity anomalies in the lithosphere
under the Siberian craton. The low-velocity anomalies are interpreted as a mantle upwelling (plume) which has played an important
role in the initiation and evolution of the Baikal rift zone. The rift formation may be also controlled by other factors such as older
(prerift) linear lithosphere structures favorably positioned relative to the upwelling and favorable orientation of the far-field forces

caused by the India—Asia collision.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Baikal rift zone is composed of a branched
chain of Late Cenozoic half-grabens extending over a
distance of about 1500km in Siberia [1-3] (Fig. 1). It
is situated at the boundary of the Siberian platform
(craton) to the north-west and the Mongolian fold belt
to the south-east. Lake Baikal occupies only about a
third of the rift zone. It is the deepest lake (1620m) in
the world and contains 20% of the world’s fresh water
[4]. The Baikal rift zone is characterized by high
surface heat flow, flanking normal faults, and lower
upper mantle velocity [5—7]. The 1500km echelon
system of rift depressions is the most seismically active
continental rift in the world. During the past 280yrs, 13
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earthquakes with magnitudes larger than 6.5 have
occurred within this area [8]. The Baikal rift is more
than 2000km away from the nearest active plate
boundary, and hence it is well suited to study the
intracontinental rifting.

The Baikal rift is probably the most debated of all rifts
in terms of its origin. Most Russian scientists support the
active rift hypothesis that theorizes an anomalous upper
mantle formed beneath the continental lithosphere and
led to the development of the rift (e.g., [2,4,6,7,9]). The
passive hypothesis suggests the rift began as a result of
the collision of India with Asia [1,3,10—12]. Several
recent studies suggested the possibility of a mixture of
several effects, giving a rather complex evolutionary
picture (e.g., [13—15]). These disagreements are mainly
caused by the fact that the deep structure of the Baikal
rift zone has not been understood well [6], although
many researchers have studied the crust and upper
mantle structure under this region using various
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Fig. 1. Map of the study area. Solid squares show the locations of 36 portable seismic stations deployed by University of California (UC) and
University of Wisconsin (UW) during July to October 1991. Solid circles and triangles denote 28 portable stations deployed by UC and 12 portable
stations installed by UW, respectively, during July to September 1992. The two curved lines show the approximate boundaries between the Siberian
craton, the Baikal rift zone and the Mongolian fold belt [42]. Insert shows the location of the present study area.

geophysical methods including seismic tomography
(e.g., [4,6,7,9,16-19]).

In this work, we carefully collected a large number
of high-quality arrival time data from original seismo-
grams of teleseismic events recorded by a portable
seismic network and used a modified tomographic
inversion method. A tomographic image of the upper
mantle under the Baikal region is obtained, which
sheds new light on the deep structure and origin of the
Baikal rift zone.

2. Data and method

We used 76 portable seismic stations from two
PASSCAL (Program for Array Seismic Studies of the
Continental Lithosphere) experiments conducted during
July to October 1991 and July to September 1992 by a
field team from the Institute of Earth’s Crust, Irkutsk,
University of Wisconsin, and University of California at
Los Angeles [4,7,18]. These stations were equipped
with short-period, three-component seismographs and
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were deployed in and around the Baikal rift zone (Fig.
1). Note that a few stations were deployed at almost the
same sites in the southwestern part of Lake Baikal
during the 1991 and 1992 experiments (Fig. 1). We used
710 first P arrivals from 79 teleseismic events recorded
by the 36 portable stations in 1991, which were
collected by Gao et al. [4] (Figs. 1 and 2). In this
work, we newly picked 1072 first P arrivals from
seismograms of 63 teleseismic events recorded by the
40 portable stations deployed in 1992. These events
have epicentral distances of 25 to 95degrees and
magnitudes larger than M 4.9 (Fig. 2). Only seismo-
grams with a clear onset were used, and those from an
event were not used if the number of high-quality arrival
time picks was less than 8. Combining the 1991 and
1992 data sets, we have a total of 1782 first P-wave
arrivals from 142 teleseismic events recorded by 76
portable stations (Figs. 1 and 2). Hypocentral para-
meters of the 142 events redetermined accurately by
Engdahl et al. [20] were used in this study. The 1782
rays crisscross well in both the horizontal and vertical
directions down to 700km depth (Fig. 3).

Theoretical arrival times were calculated by using the
iasp91 Earth model [21]. Residuals were found by
subtracting these theoretical arrival times from observed
ones, and relative residuals were formed for each event
by subtracting the event’s mean residual from the raw
residuals [22,23]. Distribution of average relative

Fig. 2. Epicentral locations of the 79 teleseismic events recorded in
1991 (solid squares) and 63 events recorded in 1992 (solid diamonds),
which are used in this study. The gray triangles denote the portable
seismic stations deployed in and around the Baikal rift zone in 1991
and 1992.

residuals at each of the stations reflects the lateral
heterogeneity under the seismic network (Fig. 4). Large
early arrivals at stations north of Lake Baikal reflect the
cold and thick lithosphere under the Siberian craton.
Large delayed arrivals are visible about Lake Baikal,
suggesting the existence of significant low-velocity
materials under the rift zone. Minor to moderate early
and delayed arrivals appear at stations south of Lake
Baikal, which reflect the complex structural variations
under the Mongolian fold belt [7,19].

To invert the relative travel time residuals for the
three-dimensional (3-D) velocity structure under the
study area, we used an updated version of the
tomographic inversion method [23,24]. A 3-D grid
was set up in the study area; the velocity perturbations
from the 1-D iasp91 Earth model [21] at the grid nodes
were taken as unknown parameters. The velocity
perturbation at any point in the model was computed
by interpolating the velocity perturbations at the eight
grid nodes surrounding that point. A 3-D ray tracing
technique was used to compute travel times and ray
paths [25,26]. The large and sparse system of observa-
tion equations that relate the observed relative residuals
to the unknown velocity parameters was resolved by
using a conjugate-gradient algorithm [27] with damping
and smoothing regulations [24,28], similar to the
previous tomographic studies [29-31]. We made
detailed analyses of the trade-off between data variance
reduction and model norm and selected the final 3-D
velocity model based on the result of the trade-off
analyses. The station elevations were taken into account
in the 3-D ray tracing and inversion.

Note that several studies have investigated the 3-D
velocity structure of the Baikal rift zone using the
teleseismic arrival time data recorded by the 1991 and
1992 seismic experiments [4,7,12]. Gao et al. [4] used
the 1991 data set to determine the geometry of the
lithosphere—asthenosphere boundary. Gao et al. [7] used
data from 28 stations in 1992 to determine the 3-D
velocity structure with the ACH method [32]. Achauer
and Masson [12] applied the ACH method to the 1991
and 1992 data sets collected by Gao et al. [4,18]. In
comparison with the previous studies, we have used an
improved data set from all the available stations
deployed in 1991 and 1992 and applied an updated
tomographic method as mentioned above.

3. Analysis and results
Teleseismic tomography cannot determine the 3-D

crustal structure well because the teleseismic rays arrive
at stations nearly vertically and so they do not crisscross
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Fig. 3. Distribution of the 1782 teleseismic rays used in this study in plan view (a) and in north—south (b) and east—west (c) vertical cross-sections.
Triangles denote the seismic stations used. The bold bar in panels (b) and (c) denotes the location of the Baikal rift zone.

near the surface. Hence it is necessary to correct the
teleseismic relative residuals for the heterogeneous
crustal structure (e.g., [31,33]). In this work we used
two 3-D crustal velocity models to make the crustal
corrections. One is the model CRUST2.0 [34] which is
an updated version of CRUSTS.1 [35] and is specified
on a 2x2 degree grid for the lateral velocity variations

of the crust and Moho topography. The other is a 3-D
crustal model derived from a receiver function analysis
[36] of the same teleseismic waveform data used in this
study. We conducted many tomographic inversions
using different grids. The spacing between grid nodes
ranges from 0.5 to 2 degrees laterally and 50 to 200km
in depth. Inversions were also performed by using
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Fig. 4. Distribution of average relative residuals at each of the seismic
stations. Solid and open circles denote early and delayed arrivals,
respectively. The scale for the residuals is shown on the right. The
curved line denotes the national boundary between Russia and
Mongolia.

various damping and smoothing parameters, and
different starting velocity models. The pattern of the
tomographic images is generally stable, although there
are slight changes in the amplitude of the velocity
anomalies.

Figs. 5 and 6 show our optimal tomographic model
based on the trade-off between the data variance
reduction and model norm as well as detailed resolution
analyses which are described in the following. The
model CRUST2.0 was used to make the crustal
corrections (Figs. 5 and 6). Fig. 7a shows the
tomographic result with the crustal corrections using
the model [36]. The crustal corrections to the teleseismic
residuals range from 0.05 to 0.35s. The two tomo-
graphic models using different crustal corrections are
quite similar to each other (Figs. 6a and 7a). A
prominent low-velocity (low-V) anomaly is visible
beneath the Baikal rift zone from the Moho down to
about 300 km depth, then it connects with a smaller low-
V zone at depths of 300—600km under the southern
edge of the Siberian craton (Figs. 6a and 5d). The low-V
zone looks more continuous in Fig. 7a. High-velocity
(high-V) anomalies exist under the Siberian craton

down to about 180km depth (Figs. 6a, 7a). Both high-V
and low-V anomalies exist in the lithosphere of the
Mongolian fold belt (Figs. 5a, b, 6a, and 7a). It is known
that the Mongolian fold belt exhibits complex geolog-
ical structures [3,6,13,19].

To confirm the main features of the tomographic
result, we conducted detailed resolution analyses. A
direct way to evaluate the resolution of a tomographic
result is to calculate a set of travel time delays that result
from tracing the corresponding rays through a synthetic
structure as though they are data, and then to compare
the inversion result with the initial synthetic structure. In
the synthetic tests, the numbers of stations, events and
ray paths are the same as those in the real data set. In this
work we conducted three kinds of resolution tests
[23,25]. The first is the synthetic tests for examining the
resolvability of the structure right beneath the Baikal rift
zone (Fig. 8). The second is checkerboard resolution
tests for evaluating the spatial resolution of tomographic
images in the entire study area (Fig. 9). The third is a
restoring resolution test [25] (Fig. 7b) for the obtained
tomographic model (Fig. 7a). In all of the tests, random
errors having a normal distribution with a standard
deviation of 0.1s were added to the synthetic data, and
the same inversion algorithm as that for the real data was
used.

Fig. 8 shows the results of three synthetic tests of the
low-V anomalies beneath the Baikal rift. In these tests a
slow anomaly of up to 2% is put in the synthetic model
from the surface down to 200, 400 and 600km depth,
respectively (Fig. 8a, c, e). After the inversions, the slow
anomalies are well recovered with little smearing in the
horizontal and depth directions (Fig. 8b, d, f).

The checkerboard resolution test is just a special
form of a synthetic test. The only difference between
them is in the input model. To make a checkerboard,
positive and negative velocity perturbations (2%) are
assigned to the 3-D grid nodes that are arranged in the
modeling space, the image of which is straightforward
and easy to remember. Therefore, by just examining the
inverted images of the checkerboard, one can easily
understand where the resolution is good and where it is
poor. In this work, we performed many such tests by
adopting different grid spacings and found that the
optimal grid spacing for the tomographic inversion of
our data set is 2degrees in the horizontal direction and
50 to 200km in depth (Fig. 9). The test results show that
the checkerboard pattern is well recovered for all depth
levels in and around the Baikal rift zone (Fig. 9). The
spatial resolution is reduced in the mantle transition
zone, compared with that in the upper mantle down to
400km depth (Figs. 8 and 9).
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Fig. 5. Plan views of P-wave velocity images obtained in this study. The layer depth is shown above each map. Red and blue colors denote slow and
fast velocities, respectively. The velocity perturbation scale is shown on the right. Solid triangles denote the locations of the portable seismic stations.

The restoring resolution test [25] is also a special
form of a synthetic test. In this test the obtained
tomographic image (Fig. 7a) was taken as the input
model. The inverted result (Fig. 7b) shows that the low-
V zone under the Baikal rift zone is well recovered.
Through these synthetic tests, we believe that the main
features of the tomographic result (Figs. 6a and 7a) are
reliably resolved by our data set and inversions,
although the resolution of the tomographic images in
and below the mantle transition zone is reduced.
Because of the geometry of the seismic array used
(Fig. 1) our tomographic images have a good resolution
in the NW-SE direction but a poor resolution in the
SW-NE direction.

4. Discussion

Gao et al. [4,7] used the teleseismic data recorded by
the same portable seismic array to invert for the
geometry of the lithosphere—asthenosphere boundary
(LAB) beneath the Baikal rift zone. They found that the

LAB upwarps under the rift, and the upwarp has an
asymmetric shape. It was further found that the LAB
downwarps on either side of the rift (see Fig. 6 in Gao et
al. [7]). This feature of LAB is quite consistent with our
present result (Figs. 6a and 7a) if we assume that the
high-V zone from the Moho down to about 180km
depth represents the lithosphere, although we did not
make any assumption about the LAB geometry in our
tomographic inversions.

Gao et al. [7] used the ACH method [32] to determine
the 3-D velocity structure down to 410km depth under
the Baikal rift zone. Note that they used only 28 stations
(dots in Fig. 1) along a 1280-km long, NW—SE oriented
profile in their tomographic inversion. Achauer and
Masson [12] also applied the ACH method to the same
data set to determine tomographic images down to
337km depth. In plan views, the images of the two
previous studies look similar to our present result.
However, they did not show their tomographic results in
a vertical cross-section in their papers, so it is difficult to
compare the present result with theirs in depth views.



D. Zhao et al. / Earth and Planetary Science Letters 243 (2006) 681-691 687

Baikal Rift

)
w0
m

<

oo
o
D
1
1
]
1
1
1
I
]
1
‘._
]
1
]
]
]
1
)
g
o]
(=]
1
T

Depth (km)
-9
o
b
=N
—
=

[=2]

(=]

=]
1
[=2]
[=2]
=]
T

96'E 104°E 12°E

Fig. 6. (a) Vertical cross-section of P-wave velocity image along a
profile as shown in panel (b). The model CRUST2.0 [34] was used for
the crustal correction. Red and blue colors denote slow and fast
velocities, respectively. The velocity perturbation scale is shown below
the cross-section. The three dashed lines denote the Moho, 410 and
660km discontinuities. The bold bar at the top of the cross-section
denotes the location of the Baikal rift zone. Solid triangles in panel (b)
show the locations of seismic stations.

Petit et al. [19] used a large number of lower-quality
data from local and teleseismic events to determine the
3-D P-wave velocity structure of a broad region around
the Baikal rift zone. An important result of their
inversion is that a thin, plume-like, low-V zone is
revealed under the southern portion of the Siberian
craton down to about 660km depth, and the plume is
tilting toward the northwest. Their result is consistent
with our present one, although their plume image looks
different from that in our tomographic image.

Our tomographic images show that low-V anomalies
extend down to the mantle transition zone under the
Baikal rift zone (Figs. 6 and 7). If the low-V zones
represent a hot upwelling (plume), it is interesting to
determine whether this upwelling originates from the
660km discontinuity or from the lower mantle or even
the core—mantle boundary. To clarify this problem, we
need a future seismic network with a larger aperture to
determine the deeper structure under the Baikal region.
Receiver function methods can also be used to map the

geometry of the 410 and 660km discontinuities, which
can provide information on the origin depth of the
upwelling. If the upwelling originates from the lower
mantle, then it will cause the 660 km discontinuity to be
elevated, and the 410km discontinuity to be depressed,
resulting in a thinner mantle transition zone (e.g., [37]).
A recent receiver function analysis shows that both the
410 and 660km discontinuities deepen from the Baikal
rift zone toward the Siberian craton [38]. This suggests
that the upwelling under the Baikal rift zone may

Baikal Rift
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Fig. 7. (a) The same as Fig. 6a but the 3-D crustal model [36] was used
for the crustal correction. (b) The result of a synthetic test with the
image in (a) as the input model (see text for details). (c) Map showing
the location of the cross-sections shown in panels (a) and (b).
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Fig. 8. Input models (left) and inverted results (right) of the synthetic tests conducted (see text for details). Circles and crosses denote slow and fast
velocities, respectively. The velocity perturbation scale is shown at the bottom. The bold bar at the top of the cross-sections denotes the location of the

Baikal rift zone.

originate beneath the 410km discontinuity and above
the 660km discontinuity, rather than in the lower
mantle, being consistent with the present tomographic
result that the low-V zones extend down to 600km
depth and no deeper (Figs. 6 and 7).

The low-V zones under the Baikal rift do not show a
simple vertical pillar shape, but a complex and deflected
image. Such a result is not surprising if the low-V zones
represent a hot upwelling plume. Deflected plumes have
been revealed under Iceland, Hawaii, Africa and South
Pacific by global tomographic imaging [24,28,39] and
receiver function analyses [37]. The existence of
deflected plumes in the mantle is also shown by
computer simulations, suggesting that plumes can be
tilted by the mantle flow [40]. Local structures of the
lithosphere such as the edge of the Siberian craton may
also affect the route of an upwelling plume, causing its
deflection [41].

The Baikal rift basins began to form in the Oligocene
(about 30-35Ma) and they are still developing.
Magmatism related to the development of the rift zone

is relatively small in volume. However, most of the
volcanics in the rift zone and its vicinity are not much
different in chemical composition from volcanics of
other continental Cenozoic rift zones [42,43]. Here,
olivine tholeiites, alkaline olivine basalts, and hawaiites
are predominant. The latter include basanites, olivine
melaleucites, and melanephelinites [44]. The geochem-
ical and isotopic data from the basalt fields in the Baikal
rift zone indicate that mantle plumes could be the source
of these volcanics [6,45,46]. Although the major volca-
nic activity took place in the late Oligocene—Quaternary
period (i.e., during the rift zone development), the
earliest volcanism in the Baikal region occurred in the
Latest Cretaceous—Paleocene (80—35Ma), i.c., at a time
when the rift zone did not yet exist [44]. This fact was
taken as strong evidence for the existence of mantle
plume(s) in the region, and was considered as a typical
feature of active rifting [6]. The last volcanic episodes
occurred here about 2—10ka ago [44].

Mantle plumes seem to be the main cause of the
Baikal rift zone, but they are not sufficient for rifting [6].
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Fig. 9. Results of a checkerboard resolution test (see text for details). Open and solid circles denote slow and fast velocities, respectively. The velocity
perturbation scale is shown on the right. The layer depth is shown above each map.

It was suggested that the combination of three condi-
tions was necessary for the development of the rift zone:
(1) mantle plumes, (2) older (prerift) linear lithosphere
structures favorable in position relative to the plumes,
and (3) favorable orientation of the far-field forces
provided by the India—Asia collision [6,13—15]. These
are the same conditions as those suggested for other
Cenozoic continental rifts (Kenya, Rio Grande, and
Rhine) although a different order of the listed causes
was considered [12].

In this study we could only determine the structure
under the western portion of the Baikal rift zone because
of the location of the available seismic stations. It is
important to know whether a similar structure exists
under other parts of the broad Baikal rift zone. In future
investigations, portable seismic stations should be
deployed to cover the eastern and central parts of the
rift zone, which will enable us to determine the deep
structure under the entire rift zone to clarify its origin
and evolutional processes.

5. Conclusions

We determined a detailed 3-D P-wave velocity
structure of the upper mantle beneath the Baikal rift
zone using a large number of high-quality arrival time
data collected from original seismograms of teleseismic
events recorded by a dense portable seismic network.
Low-velocity anomalies in the upper mantle with a
lateral velocity reduction of up to 2% are revealed under
the Baikal rift zone. The low-velocity feature extends
from the surface down to the mantle transition zone and
tilts toward the northwest under the stable Siberian
craton. It is interpreted as a mantle upwelling (plume)
which has played an important role in the initiation and
evolution of the Baikal rift zone. The lithosphere of the
stable Siberian craton is imaged as a high-velocity
anomaly having a thickness of 150—180km. Strong
lateral heterogeneity exists in the lithosphere of the
complex Mongolian fold belt. In addition to the
dominant role of the Baikal mantle plume, the rift
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formation may also be controlled by other factors such
as older (prerift) linear lithosphere structures favorably
positioned relative to the plume and favorable orienta-
tion of the far-field forces caused by the India—Asia
collision.
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