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Seismic studies have shown that continental rifts such as Lake
Baikal and the Great Rift Valley of East Africa are like mid-
ocean rifts in that they lie above broad regions of asthenospheric
upwarp of much greater extent than the surface expression of
rifting' ™. The direction of mantle flow in such regions can be
investigated using the seismic anisotropy created by flow-induced
orientation of mantle olivine crystals®®. Seismic studies of the
Mid-Atlantic Ridge have revealed upwelling mantle flow beneath
the ridge and flow normal to the ridge axis on either side®'®. Here
we present results from an array of seismic stations across the
Baikal rift zone in southern Siberia. The splitting in arrival times
of SKS seismic waves indicates that the upper mantle beneath the
rift zone is anisotropic, with the fast direction (which reflects the
direction of mantle flow) being horizontal and normal to the rift
axis. This suggests that the broad upwarp associated with this
continental rift is caused by similar mantle flow to that at mid-

ocean rifts. This may help to elucidate the processes involved in
continental rifting.

Rifting at Baikal began ~30 million years ago at an early
stage of the collision between India and Eurasia''. Molnar and
Tapponnier'” have suggested that the India-Asia collision gener-
ated most of the large-scale tectonics of Asia, and that the colli-
sion perhaps ripped open Lake Baikal more than 3,000 km away.
In eastern Mongolia and China these authors note that deforma-
tion takes place in a shear zone of east-west, left lateral, strike-
slip faults. They suggest that Baikal rifting results from a mecha-
nism equivalent to the development of tension cracks near the
ends of, and oblique to, shear zones. The diagrams in the upper-
right corner of Fig. 1 show that if mantie flow beneath Lake
Baikal is orthogonal to the rift™'?, then the fast direction on the
flanks would also be orthogonal to the rift, that is, in a northw-
est-southeast direction. On the other hand, as shown by the
upper diagram, if rifting is a pull-apart structure within a
regional shear zone'?, and this was the only motion orientating
mantle olivine, the fast direction would not be orthogonal to the
rift, and would most likely be east-west, because this is the
direction of strain associated with the opening of the rift.

Anisotropy of the mantle is readily detected by birefringent
effects on SKS phases from distant earthquakes'* *'. When the
upward-travelling shear wave encounters anisotropic material,
it may split into shear waves with two polarizations with different
velocities, denoted fast and slow. The difference in arrival time
between the fast and slow directions, which can amount to
seconds, quantifies the degree of splitting.

In the summer of 1992 we installed 28 three-component
seismic stations along the profile across the Baikal rift zone
shown in Fig. 1. During the 3.5-month recording period, 9 events
were found to be suitable for studying SKS phases (that is,
strong events with epicentral distances >82° from the mid-point
of the profile; Table 1) We have found that the effect of aniso-
tropy can be distinguished provided the back-azimuth differs
from the fast or slow directions by >10°. Although the events
have a narrow range of back-azimuths (111-122°), most
measurements satisfy this criterion. Figure 2 shows some seismo-
grams with the split arrivals. We determine the two splitting
parameters, fast polarization direction and splitting time, by
searching for the minimum of an error function®'. The radial
and transverse components are rotated into candidate fast and
slow directions, and the slow component advanced in time to
be in phase with the fast component. For optimal parameters

FIG. 1 Map showing the region with the stations of the
seismic array extending from the Siberian platform across
the Baikal rift zone into Mongolia. Stations with well
defined measurements are represented by single circles
with size proportional to the splitting (see lower-left
corner). The line drawn through each circle gives the fast
polarization direction. Those with two inconsistent results
are plotted as double circles. The shorter and longer line
indicates the fast direction of the smaller and larger circle,
respectively. Stations represented by squares are those
on which anisotropy effects cannot be clearly observed.
Contour lines are thickness of subcrustal lithosphere in
kilometres, compiled from previous studies®?>. Arrows are
direction of extensional stress from the generalized global
stress map of Zoback®®. Stations 01, 11 and 28 had
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broadband sensors (STS-2) and the rest employed short-
period sensors with central frequencies 0.5-2 Hz. During
the experiment two stations (18 and 23) were relocated
to nearby new sites (19 and 24). The resulting splitting
parameters at old and new stations are similar. The
schematic diagrams in the the upper-right corner show
two possibilities for the formation of the Baikal rift. Top,
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pull-apart basin from an east-west left lateral shear. The

anisotropy symbol shows that the expected fast direction is in the shear
direction east-west. Numerical simulations®® indicate that almost com-
plete alignment of olivine crystals occurs for strain >0.4. Bottom,
upwelling flow in the mantle spreads out laterally from the rift. The
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expected fast direction is northwest-southeast. The polar plot in the
the lower-right corner gives the back-azimuths and epicentral distances
of the earthquakes relative to station 13 (see Table 1).
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TABLE 1 Seismic events used in this study

Event Origin time Coordinates Depth Distancet Back-azt
no. Date (ut 1992) Lat. (%) Long. (°) (km) m¥ ) )
1 25 Jun 06:30:51.2 —28.063 —-176.735 18 6.1 104.60 116.65
2 26 Jun 03:18:54.0 —33.682 —179.076 33 5.6 107.65 121.97
3 11 Jul 10:44:20.9 —22.284 —178.507 381 6.2 99.10 114.27
4 4 Aug 06:58:35.8 —-21.584 —-177.322 278 5.7 99.22 112.96
5 4 Aug 21:08:44.0 —-12.023 —166.496 109 5.9 82.46 119.97
6 25 Aug 08:24:13.7 -20.620 -175.151 67 55 99.73 110.75
7 30 Aug 20:09:06.9 —-17.738 —178.775 573 5.8 95.36 111.69
8 10 Sep 10:43:20.4 —22.518 —175.052 39 5.5 101.26 111.87
9 15 Sep 21:04:00.9 —14.122 167.263 196 6.1 84.61 120.51

* Body-wave magnitude. T Relative to station 13.

superposition of the two components gives a linear variation
(Fig. 2). The 95% confidence intervals are determined using the
method proposed by Silver and Chan®. The final splitting
parameters (Fig. 1, Table 2) are obtained by weighted averaging
according to the 95% confidence interval of each individual
measurement, and show the following.

(1) Beneath the rift zone and Siberian platform, most of the
fast directions are northwest-southeast, that is orthogonal to
the strike of the rift, and parallel to the extensional stress
direction®®. (2) At the transition to the fold belt in northern
Mongolia, the fast direction changes to nearly east-west, that is
parallel to the faulting and fold axis. (3) The transition takes
place between stations 20 and 22, over a distance of 100 km. (4)
The splitting ranges from 0.3 to 1.6 s with a mean value of 0.9 s
which is consistent with a layer ~100 km thick characterized
by 4% anisotropy. (5) Anisotropy effects cannot be resolved at
stations 07, 08 and 11. At stations 16, 21 and 26, two sets of
splitting parameters fit the data equally well. Therefore, both
sets are presented. One of the two fast directions is consistent
with neighbouring stations.

As SKS phases have a near-vertically-incident ray path, it is
not possible to determine the depth of the anisotropic layer using

values of splitting time alone. We use three approaches to con-
strain the depth. The first is aimed at determining how much of
the anisotropy lies in the crust. It involves searching for aniso-
tropy effects on P to S converted crustal phases™. The observed
converted S-waves in our data show no effects of anisotropy.
Therefore we conclude that the layer of anisotropy is in the
mantle.

The second constraint on depth concerns the sudden transition
in the fast directions from nearly east-west to northwest-south-
east, which occurs between stations 20 and 22. We have calcula-
ted that for an anisotropy contrast at depth, the transition at
the surface occurs over a scale length given by the inner Fresnel
zone at that depth. Given that the wavelength of the SKS phase
is 20 km, we calculate®™ that the associated Fresnel zone occurs
at a depth of <250 km, that is, between the asthenosphere and
the surface.

The third constraint suggests that the source is unlikely to be
entirely in the subcrustal lithosphere. Estimates of subcrustal
lithospheric thickness based on gravity, surface waves and tele-
seismic P-wave delays®” range from 0 km along the rift axis to
~50 km in the regions 100 km each side of the rift axis (Fig. 1).
At least in these regions, the subcrustal lithosphere is not thick

4 2

e £

a a

3 €

< <
4L — rada ) ]

....... transverse
-6 N . .
0 5 10 15 20
Time (s)
6 T T T T T 6[—' T T T T
c b d
4t 1 af

$ 2f 8 2t

[ [

g of g of :

5 §

g 2 £ 2 ]
4} -4+ p
-6 DR -6 A
6 -4 2 0 2 4 6 6 -4 -2 0 2 4 6

Radial Radial

FIG. 2 Original and rotated horizontal components and particle motion
patterns from event 7 for station 24. a, Original radial and transverse
components. b, ‘Isotropic SKS’, that is, SKS arrival before entering ani-
sotropic zone, constructed from fast and slow components, respectively.
¢, Particle motion pattern for the section between the two arrows in a.
The arrival of the fast wave is labelled with a dot and that of the slow
wave by a diamond. Arrows represent particle motion direction. d, Par-
ticle motion pattern for the section between the two arrows in b. The
pattern is close to a straight line with 45° tilt angle.
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TABLE 2 SKS splitting parameters and station locations

Station Fast Splitting Station Station Event
no. direction (")  time (s) lat. (%) long. (°) no.*
01 133+07 1.0+£05 55.965 101.410 9
02 170+13 09+04 55.560 101.803 6
03 145+03 0.8+0.1 55.022 102.055 4,5,6,7,8
04 128+04 1.2+0.41 54.516 102.070 1,2,3,4,5,86,7,

8,9
05 144+03 0.7+01 54.193 102649 1,2,3,6,7,8,9
06 149+09 0.6+02 53.929 102934 1,7,8
07a 110+30 — 53.649 103.255 1,2,3,7,8
07b 020+30 — 53.649 103255 1,2,3,7,8
08a 110+ 30 — 53.243 103.767 1,2,3,7,8
08b 020+30 — 53.243 103.767 1,2,3,7,8
09 138+05 0.9+£0.2 52.778 104105 1,2,3
10 138+07 0.6+01 52.622 104234 1,2,3,4,7,8
11a 110+ 30 — 52.169 104.469 7
11b 020+30 — 52.169 104.469 7
12 144+19 0.6=04 51.847 104.893 2
13 148+17 1.3+03 51.526 105121 8
14 132+06 0.9+0.3 51.292 105.339 6,7,8
15 138+06 1.1+041 51.021 105.682 1,3,7
16a 038+04 1.0+0.2 50.791 105970 3,7
16b 129+07 1.6+0.4 50.791 105970 1,6
17 137+16 1.5+0.4 50.193 106.254 6
18 145+16 0.8+0.1 49.747 106.188 4,6,7,8
19 147124 0.3+03 49.738 106.202 1,2
20 134+09 04+02 49.288 106.412 1,2,3,8
21a 039+11 1.0+04 48931 106.682 2,3
21b 132+10 0.8+0.6 48.931 106.682 1,7
22 105+06 1.1+03 48.383 106.783 1,2,3,7
23 064+04 08401 47.921 106954 1,2,3
24 069+06 0.7+0.1 47.866 107.051 4,7,8
25 04407 03101 47.209 107.422 3,4,7,8
26a 056+10 0.4+0.1 46.635 107.758 4,7
26b 132+03 15+0.2 46.635 107.758 3,6,8
27 055+22 1.3+03 46.115 107619 4,7,8
28 085+34 1.4+06 45.262 108.260 3,4,6,7,8
* See Table 1.
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enough to generate the observed 1-s splitting, unless the aniso-
tropy is >10% which is unrealistic for subcrustal lithosphere.
Therefore we conclude that, at least in the vicinity of the rift
zone, the source of anisotropy is in the asthenosphere.

The fast direction for the southern part of the profile is
roughtly east-west. This may have been generated in a layer of
mantle deformed by the collision of India and Asia. It could
also be a relict from the ancient past. However, this fast direction
is consistent with the dominant direction found across the
Tibetan plateau’. Both the Tibetan and the Mongolia plateaus
have been deformed by Cenozoic deformation related to the
collision. The observed fast directions in both regions may have
the same origin, that is, the continental collision.

Horizontal upper-mantle flow has previously been inferred
using SKS splitting at six stations positioned along the axis of
the Rio Grande rift> of the western United States. The mean
splitting ranges from 0.9 to 1.5 s, with the fast directions being
parallel or subparallel to the rift axis. The results were inter-
preted as being caused by the longitudinal component of a three-
dimensional small-scale convection cell associated with the Rio
Grande rift. Unfortunately, comparison of this earlier study with
our results cannot readily be made as the Baikal rift stations
were installed exclusively along a profile across the rift and not
along it.

Thus, we suggest that the observed orientation of the aniso-
tropy around Lake Baikal is the result of uppermost-mantle flow
associated with recent tectonics. The results in the far south of
the study region can be explained by the shear field associated
with the collision of India and Asia, whereas those from either
side of the Baikal rift reflect the rift’s opening. Other studies**’
have shown that the asthenosphere upwarps in a broad zone
extending either side of Lake Baikal, reaching the base of the
crust at the lake itself. The inferred flow responsible for the
upwarp is expected to remove ancient anisotropy. As at the mid-
Atlantic rift, the fast direction on either side of the Baikal rift
is normal to the rift axis. Measurements of vertical anisotropy
along the Baikal rift axis will be required to identify whether

upwelling mantle flow also occurs directly beneath the rift as is
observed on the Mid-Atlantic Ridge’. Lithosphere thinning
caused by mantle flow would produce a zone of inherent weak-
ness. This can explain how the stresses from the collision of
India and Asia could have induced Baikal rifting'> at such a
great distance from the zone of collision. Cl
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THE earliest stages of cortical visual processing in areas V1 and
V2 of the macaque monkey contain internal subdivisions (‘blobs’
and ‘interblobs’ in layer 4B in V1; thin, thick and interstripes in
V2) that are selectively interconnected and contain neurons with
distinctive visual response properties''®. Here we use anatomical
pathway tracing to demonstrate that higher visual areas, V4 and
the ventral posterior inferotemporal cortex, each contain anatom-
ical subdivisions that have distinct input and output projections.
These findings, in conjunction with others''~**, suggest that modul-
arity and multistream processing within individual cortical areas
are widespread features of neocortical organization.

§ Present address: Department of Anatomy and Neurobiology, Washington University School of
Medicine, St Louis, Missouri 63110, USA.
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We injected two retrograde tracers (three tracers in one case)
into nearby sites in V4 of five hemispheres from three macaque
monkeys. For three pairs of injections, strongly segregated clus-
ters of cells labelled by each tracer were found within extrastriate
visual areas V2, V3/V3A, V4v/VP and PITv (see legend to Table
1 for abbreviations). Figure 1 illustrates results from one such
case (case 1 in Table 1) in which bisbenzimide and nuclear yellow
were injected at sites 4.3 mm apart in V4 (Fig. 1a). Each injection
labelled several bands of cells throughout a 14-mm swath of
dorsal V2 (Fig. 1b), demonstrating that the two injections
involved similar parts of the perifoveal visual field represen-
tation. The bisbenzimide was concentrated in the pale-staining
interstripes revealed by cytochrome oxidase histochemistry,
whereas the nuclear yellow was centred along a subset of the
dark cytochrome-oxidase-staining stripes (red outlines in Fig.
15). We infer that the nuclear yellow was primarily in the thin-
stripe compartments (even in regions where the pattern was
somewhat irregular), because it has been shown elsewhere that
(1) the thick stripes do not have a substantial projection to V4
(refs 1, 3, 12, 14) and (2) anatomical segregation is maintained
even within regions of irregular stripe geometry™'.

The pattern of retrograde labelling in the remainder of extra-
striate cortex is shown as a three-dimensional reconstruction of
occipitotemporal cortex in Fig. 1a, as a single section through
the prelunate gyrus in Fig. I¢, and as a two-dimensional map
of ‘unfolded’ cortex in Fig. 1d. Throughout occipitotemporal
cortex, labelled cells were found in clusters of variable shape and
size ranging from ~4 mm” to >70 mm®.
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