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Abstract 

The crustal structure and lithospheric flexure of the Baikal Rift Zone, Siberia, are examined by means of gravity 
modelling. We model the Bouguer Anomaly (BA) along five 1200 km long gravity profiles. We first evidence that 
continuous elastic plate flexure due to surface loading cannot explain the observed BA. Then we introduce plate 
discontinuities coupled with a realistic brittle-elasto-ductile plate rheology, which allow us to model of external tectonic 
forces acting on the plates and determination of the Moho geometry. We show that the clearest expression of extensional 
processes occurs in the central part of the rift, which exhibits the highest crustal thinning. It evolves southwards to a rapidly 
increasing compression, resulting in an overthickening of the southern plate’s crust and in the long-wavelength flexure of the 

Siberian plate. North of the central rift, crustal thinning (which is always less than 7 km) gives way to a more diffuse zone of 
deformation inside the Sayan-Baikal folded belt. Based on plate flexure models, we propose that the rift shoulders 
surrounding the central and north Baikal basins are not supported by upward bending plate, but have a deep crustal root 
caused by a downward flexure. The other parts of the rift depict two adjacent plates with antithetic flexures. We also infer 
that the axial mantle material upwarping is not related to a large-scale asthenospheric upwelling, since the lithosphere 

rheological interfaces are not significantly disturbed. 
Our results favour the role of horizontal forces and motions, resulting from the India-Asia collision, combined with the 

effect of inherited tectonic structures (and especially the Paleozoic suture bounding the Siberian craton) for explaining the 

crustal structure and plate flexure modeled. 
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1. Introduction either at far-field plate boundaries or at nearby deep 

The existence and development of intracontinental 

rifts are governed by extensional stresses originated 
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lithospheric levels, acting on a complex, heteroge- 

neous lithosphere [ 11. Lithospheric extension gener- 
ates thermal disturbances and isostatic reactions ex- 
pressed by vertical movements such as basin subsi- 
dence and rift flank uplift [2-51. The mechanical 
response of the lithosphere to extensional processes 

is controlled by various factors like the rheology, the 
pre-rift lithospheric structure, and the strain rate, 
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which determine the rift morphology and the style of 

the extensional deformation (e.g., [6-81). 

Despite the variability of these parameters, many 
present-day rift systems generally share some major 
characteristics. For example, variable amounts of 

crustal and lithospheric thinning have been imaged 
by gravity and seismic studies in the Rio Grande 

[9,101, East African [ 1 I- 131 and Rhine Graben [ 141 
rifts. Associated upwarping of anomalous mantle and 
high heat flow values are reported by several authors 

(around 100-I 15 mW/m2 in the Rio Grande, Rhine 

and Kenya rifts, see e.g., [ 15-181). These observa- 
tions, as well as the important amount of upper 

crustal brittle failure, primarily lead to the assump- 

tion that the lithosphere is subsequently weakened at 
the vicinity of the rift axis and hence exhibits a low 

mechanical strength. 
However, as shown by gravity and topography 

modelling, the formation of long-lived high rift flanks 

imply that the lithosphere must retain strength during 
extension (e.g., [3,5,7]). The integrated lithospheric 

strength is usually described by the parameter EET, 
which is the effective elastic thickness. It ranges 
between 17 and 38 km in the western branch of the 

East African Rift [19,20] and between 15 and 30 km 
in the Rio Grande rift [lo]. Moreover, although the 
seismicity is generally located within the shallow 

range of 20 km depth, earthquakes can occur at 
depths up to 25-30 km below the borders of the East 
African Rift [19], suggesting that the brittle-ductile 

transition remains deep besides the rift axis. 
Compared to ‘classical’ examples previously 

mentioned, the Baikal Rift Zone (BRZ), Siberia, 

depicts unusual features. The average heat flow is 
rather low and ranges between 40 and 75 mW/m’ 
[21]. Focal depths of earthquakes reach lower crust 
to upper mantle levels in the Northern Baikal Rift 

(NBR) 1221, where the crust is about 42-50 km thick 
and exhibits no significant thinning [23,24]. Studies 

based on deep seismic soundings and gravity mod- 
elling in terms of local (Airy) compensation could 
advocate a decrease in the crustal thickness from 
40-45 km in the surrounding area to 35 km beneath 
the rift axis, in its central part 125,261. However, 
recent ID gravity modelling tends to invalidate the 
hypothesis of local isostasy, and demonstrate that the 
lithosphere beneath the BRZ exhibits a high EET of 
30-50 km [27,23,28]. The Baikal rift lithosphere 

thus appears stronger and colder than other continen- 
tal rift zones. However, the important variations, in 

nature and orientation, of the main structural features 
along the rift do not allow generalization of these 
results for the entire rift. Imaging the deep structures 
and the mechanical behaviour of the lithosphere in 

the BRZ now requires studying and correlating sev- 
eral gravity profiles sampling different parts of the 

whole rift zone. In this paper we analyze the short 
wavelength gravity field along 5 profiles crossing the 
BRZ. The use of density contrast linked to the Moho 
discontinuity allows us to assess the crustal structure 

and quantify the amount of crustal thinning. The 

flexural response of the lithosphere is modeled as- 
suming realistic brittle-elasto-ductile rheology and 

additional horizontal and vertical boundary forces. 
Finally, the results are grouped and compared to 
previous gravity and seismic studies, in order to 
provide a tectonic interpretation of the inferred crustal 

structure and lithospheric flexure of the BRZ. 

2. Data processing and gravity modelling 

2.1. Data set and methodology 

The gravity data used for this study are prepared 
on the basis of 5’ X 7.5’ maps (Fig. l), previously 

published with the consent of the International Scien- 
tific Environmental Centre of the Russian Academy 
of Sciences (ISEC) [29,23]. A more detailed descrip- 

tion of the source data can be found in [23]. Eleva- 
tion data are taken from the 5’ X 5’ digital topogra- 

phy issued on CD-ROM by GETECH, which is 
based on an original high quality Russian military 
data set. Five 1200 km long representative profiles 

have been prepared on the basis of these data. Of 
these, 3 profiles (A, B and C) strike N-S and cross 
the Southern Baikal Rift (SBR) at the place where 
the main structural features (Sayan, Tunka and south 
Baikal faults, Tunka and south Baikal basins) strike 
approximately E-W or NE-SW (Fig. 2). This rela- 
tively dense sampling was felt necessary because this 
region, located around the southwards pointing edge 
of the Siberian craton (Fig. 21, shows dramatic 
changes in the tectonic regime, from compression in 
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the west to extension in the east [30], which probably 

affect the crustal structure and lithospheric strength 
Two other profiles (D and E) run NW-SE and 

NNW-SSE across the central and northern Baikal 
basins, respectively (Fig. 2). They allow us to study 
two morphologically different rift areas: profile D 

crosses a single, narrow basin (the central Baikal 

basin) which is the oldest rift depression [31], while 
profile E crosses a younger, wide rift zone made of 
two large parallel basins (north Baikal and Barguzin) 
[32]. Finally, in order to have a complete overview 

of the BTU. we compare our results with those 
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Fig. 1. Map of the free-air gravity anomaly over the Baikal Rift Zone. 
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previously obtained in the Upper Angara basin [23], 
located in the NBR (Fig. 2). 

We have computed a simple Bouguer Anomaly 
(BA) for each profile, using an average, commonly 
used density value of 2670 kg/m3 for topography 
loads and for the whole crust [33,29,23]. These 

previous studies have shown that terrain corrections 
are very small over the BRZ. We therefore do not 

take them into account for the present study. The 
effect of density variations due to water and sedi- 
ment infills inside the rift basins was corrected using 

bathymetric cross-sections and geophysical data on 

Fig. 2. Structural map of BRZ with average topography (grey shades). Thick lines are major rift faults; dashed lines are modelled prc 

(this i study), indicated by a letter. Asterisk indicates the profile modelled by [23]. Dots are plate discontinuities used for plate fle 

mot lelling. Fault names cited in the text are indicated (in bold), as well as main rift depressions. SBR = South Baikal Rift, NBR = P 
Baik ;a1 Rift. 
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basement structure [26,32]. The density assumed for 

rift sediment infill is 2250 kg/m3 [33]. This simple 
correction allows us to remove most of the short- 
wavelength negative BA peak observed over the 
basins, except for profile C (Fig. 3). The density 
contrast associated with the Moho discontinuity is 

630 kg/m3 1231. 
In order to explain the observed BA, we first test 

several traditional continuous plate models involving 

a regional (flexural) compensation of the surface 
topography (acting as a vertical, horizontally dis- 

tributed load) and boundary loads (e.g., produced by 
the interaction between lithospheric plates). As usual, 

we begin from simple flexural models based on 
elastic plate approximation. Then we explore more 
realistic models based on a brittle-elasto-ductile, 

quartz-dominated crust/olivine-dominated mantle 
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rheology [34]. These models involve power law 

stresses and exponential temperature dependence of 
the deformation rates (& within the lithosphere (i.e. 

[35,36]): 

&=A*exp(-H*/RT)(a, --(TV)” (1) 

Where A* is a material constant (A* = 5.6 X 10h 

MPa-” set-’ and 4.8 X lo6 MPa-” set-’ for quartz 
and olivine, respectively; H * is the activation en- 

thalpy (H * = 0.19 X lo6 J mol-’ and 0.533 X lo6 J 

molJ ’ for quartz and olivine, respectively); R = 
8.3144 J (mol . K)-’ is the gas constant; T is the 

absolute temperature at the given depth; and n is the 
power law exponent (n = 3 and 3.5 for quartz and 

olivine, respectively). The condition of brittle failure 
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Fig. 3. Continuous elastic plate models using different EET values of 0, 30 and 50 km (thick lines), compared to observed BA (thin line). 

See comments in the text and corresponding FWS values in Table I. 
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in the uppermost crust and mantle is analogous to the 
Von Mises criterion [37]: 

u2 = (ui - u3)/3.9 for crj < 120 MPa (2) 

u2 = (a, - u,)/2.1 - 100 for u3 2 120 MPa (3) 

where u,, u2 and a; are the principal stresses. 
The mechanical models based on brittle-elasto- 

ductile rheology laws allow us to account for a 

realistic stress distribution in the lithosphere, and for 
the distribution of inelastic brittle and ductile be- 

haviours. Thus, they account for the ability of the 
lithosphere to localize deformations caused by exter- 

nal loads. 
The average effective elastic thickness is rela- 

tively high in the BRZ (about 50 km, see [29]) 
compared to other continental rift zones, but it is 
much lower than the maximum mechanical thickness 

that could be expected for a lithosphere of this 

thermal age (400-700 Ma, see [26]) assuming a 
strong lower crust and, consequently, no mechanical 
crust/mantle decoupling [34]. EET values of about 

50 km observed throughout the region would suggest 
that the lithospheric strength is reduced on a large 
scale due to a mechanical crust/mantle decoupling 
[34]. This phenomenon can occur in the presence of 

a weak lower crust with a low temperature of creep 
activation [38]. Therefore, we choose a low tempera- 
ture creep activation rheology (i.e., quartz-dominated) 

for the whole crust. It is worth noting that the 
possible presence of an intracrustal low velocity 
zone in the Baikal rift [39] might be associated with 

this weak crustal rheology. 
To model the mechanical response of the litho- 

sphere, we use the same approach as in the numeri- 
cal scheme presented in [23]. It is based on the 

solution of mass, momentum and energy conserva- 
tion equations, in an assumption of a thin brittle- 
elasto-ductile plate. We solve the problem of litho- 

spheric deformation assuming starting temperature 
distribution and yield-stress profiles derived from the 
solution of the heat transfer problem in the continen- 
tal lithosphere [38], for a thermal age of about 400 
Ma [26], and a low strain rate of about 1 -F 3 X lo- l5 
set-‘, estimated from field observations [40] and 
first GPS measurements [41]. 

Complex rheology profiles can be simply de- 
scribed by three parameters [42]: the maximum 

Table 1 

Plate parameters used for plate flexure modelling 

Profile 

(“;m j 
h, 
(km) Flrn) 

A CT=45 CT=15 CT=85 

B CT=44 CT=14 CT=85 

C CT=42 CT=20 CT=95 

D var: 42-50 var: 14-20 var: 85-95 

E CT=42 CT=20 CT=95 

CT = constant plate parameters. var = variable plate parameters 

(extreme values). See text for T,, h, and h,. 

thickness of the competent crust (h, ), the total crustal 

thickness CT,>, and the depth of the bottom of the 
mechanical lithosphere (h,). The value of h, is 

controlled by surface heat flow and is limited to 
15-20 km for the BRZ. Previous seismic and gravity 

studies give an estimation of average T, values used 
for initial reference models. It is possible to constrain 

h2 from average EET estimates [34]: 

h, = (EET~ - h;)“3 + T, 

These initial parameters are listed in Table 1. 

2.2. Modelling results 

2.2. I. Continuous elastic plate models 
We use for elastic plate models EET values of 0 

(Airy compensation), 30 and 50 km, without hori- 
zontal extension (Table 2 and Fig. 3). Generally, at 

far distances from the rift axis, local or regional 
isostasy models seem consistent, because the rela- 

tively flat topography observed at the extremities of 
the profiles does not allow one to distinguish be- 
tween local or regional compensation [23]. Near the 
rift axis the amplitude and the wavelength of the 

Table 2 

RMS variations associated with elastic plate models 

EET=O EET = 30 km EET = SO km 

Profile A 17.232 23.177 27.478 

Profile B 17.862 22.616 25.096 

Profile C 21.809 21.559 22.582 

Profile D 13.857 14.989 14.449 
Profile E 22.502 21.776 22.000 

Columns 2-4 show RMS (in mGa1) variations depending on the 
effective elastic thickness (EET). 
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observed BA is always poorly reproduced by contin- 
uous plate models, especially for high EET values 
(Fig. 3). Note that, on profiles D and E (Fig. 31, the 
observed BA on both rift sides is lower than pre- 
dicted by local isostasy models. This is visible on 
profile D on both parts of the axial relative high (km 

loo-250 and km 360-440); profile E shows a gener- 
alized low BA which extends from km 100 to 700. 

Given the hypothesis that the observed BA, at 
wavelengths of about 1 OO- 1000 km, is mainly linked 

to the Moho geometry, we infer that surface loading 

(topography) applied on an elastic plate of variable 
effective thickness is not able to reproduce the ob- 
served Moho geometry. Current external sources of 

stress, as well as plate heterogeneities, must be taken 
into account. 

2.22 Parameters of discontinuous continental plate 
models 

We thus introduce in the models at least one plate 

discontinuity separating two flexured domains. Its 
initial location is constrained by geological and geo- 

physical observations. For example, present-day tec- 
tonics and kinematics deduced from field studies, 
stress tensor analysis and GPS measurements indi- 

cate that the deformation in the southern part of the 
rift is accommodated by reverse-sinistral and nor- 
mal-sinistral motions along the Sayan and south 

Baikal faults, respectively [43,30,44]. These faults, 
located on the Paleozoic suture between the Siberian 

craton and the Sayan-Baikal belt (Fig. 2), seem to 
behave as major lithospheric weaknesses accommo- 

Profile C 

Table 3 

RMS variations due to vertical forces applied on continental plates 

S/N plates Profile A Profile B 

(N/m) 

Oe”/Oe” 

OSe”/ - 0.5e” 
le”/ _ le” 

lSe”/- ISe” 
2e’l/ - 2e” 

2.5e” ‘- 2.5e” 
3e”,l 3e” 

18.856 16.693 20.07 I Oe”/Oe” 13.493 17.470 

16.486 13.744 17.613 OSe’?/0.5e’~ 9.477 I 1.540 

14.746 11.469 15.983 le”/le” 9.305 8.563 

13.835 10.259 15.459 1.5e”/1.5e’? 13.140 11.241 

13.841 10.415 16.138 2e”/2e” 18.675 17.131 

14.697 11.812 17.866 2.5e’*/2.5e’: 24.809 23.991 

16.204 14.012 20.367 3e”/3e’* 3 1.204 32.246 

dating the current rift deformation. In the central and 
northern parts of the rift, previous analyses also 

showed that the Primorsky, north Baikal and Bar- 
guzin faults (Fig. 2) are three major active structures 
acting as normal faults [32,45]. The position of these 
discontinuities is then slightly adjusted in order to 

provide the best fit to the gravity data. 
Mechanical plate discontinuities are modeled by 

near vertical free-slip bands. A detailed study com- 

paring several models with variable elastic thick- 

nesses, necking levels and fault geometries for the 
central Baikal basin area is presented elsewhere [28]. 

Unlike the latter study, we do not attempt here to 
constrain a possible fault geometry, detachment or 

necking depth but, instead, to represent a zone of 
lithospheric weakness able to localize the current 

deformation. To account for a more realistic rheol- 

ogy, we use a brittle-elasto-ductile plate model based 
on continental rheological profiles of the BTU, as 

described above (Table 1). An important advantage 

of this procedure is that the use of plate discontinu- 
ities coupled with a realistic rheology allows quanti- 
tative estimation of the actual stresses acting at plate 

boundaries. Indeed, the elastic rheology does not 
seem a convenient approximation for the long-term 

properties of the rocks. since it often leads to self-in- 
consistent stress predictions [34]. 

We test both upward and downward bending of 
the plates by the use of vertical forces, as well as 
compressional and extensional horizontal forces. Dif- 

ferent values of effective vertical and horizontal 
forces are tested, within O-5e” N/m. In the pre- 

SE/NW plates 

(N/m) 

Profile D Profile E 

Columns I and 5 describe the effective vertical force (in N/m) applied on both sides of the modelled plate discontinuity; that is, on the 

southern and northern plates, for the N-S trending profiles (A, B and C) and on the southeastern and northwestern plates for the SE-NW 

trending profiles (D and E). Positive and negative values depict downward and upward acting forces, respectively. Columns 2-J* 6 and 7 

<how the RMS (in mGa1) variations for the corresponding profiles. No horizontal force is applied in this model. 



36 C. Petit et al. /Earth and Planetary Science Letters 149 (1997) 29-42 

sented models the average stress values are of the 

order of 200-300 MPa, which is in agreement with 

geodynamic considerations and yield-stress rheology 
based on experimental rock mechanics results [37]. 

Vertical forces are necessary to model plate interac- 

tion and out-of-plane components of the stresses 
acting on the rift sides (horizontal included) and the 

effects of unknown heterogeneities. As already re- 
ported by [46], relatively weak vertical forces have 

more important effects on the lithospheric flexure 
than much stronger horizontal forces. In turn, hori- 
zontal forces have more important effects on the 

volumetric deformation and weakening of the litho- 

sphere. 
Plate flexure results in a Moho geometry, which 

is used to compute the theoretical (modeled) BA and 
to assess the crustal structure. Relative T, estimates 

between different points of a given profile are con- 
strained within less than 1 km uncertainty by plate 

flexure computation. Conversely, it is worth noting 
that absolute T, values depend on the initial refer- 

ence models used; hence they may be linked to 
greater uncertainties (about 3-4 km). 

3. Results of modelling 

The models were refined by modifying forces and 
plate parameters until the RMS (Root Mean Square) 

residual could not be significantly reduced. Tables 3 
and 4 present some of the various models tested and 

their associated RMS. The profiles located in the 
SBR (A, B and C) depict a strong N-S asymmetry, 

which decreases in amplitude from west to east 
(Fig. 4). The use of the Sayan and south Baikal fault 
as plate discontinuities is convenient and allows us 

to constrain a well fitting plate flexure (Fig. 2). 
These modeled profiles are characterized by an up- 

ward flexure of the northern plate and a downward 
flexure of the southern plate, resulting in a positive 
Moho step in the north of about 15, 10 and 5 km for 
profiles A, B and C, respectively (Table 3 and 
Fig. 4). The thickness of the Siberian craton (north- 
em plate) does not vary significantly between those 

profiles (around 45 km); conversely, the Amurian 
(southern plate) crust thickness changes from 50-60 
km in the west (profile A) to 43-48 km in the east 
(profile C). The overthickened crust of the Sayan- 

Table 4 

RMS variations due to horizontal forces applied on continental 

plates 

Horizontal force Profile A Profile B Profile C Profile D Profile E 

- 2.5e” 15.559 10.883 14.243 8.354 7.526 

-2e’2 15.244 10.671 14.131 8.502 7.584 

- 1 Se’* 14.897 10.488 14.390 8.612 7.678 

- le” 14.524 10.356 14.607 8.785 7.827 

-0.5e” 14.176 10.281 14.948 9.044 8.093 

Oe’2 13.841 10.259 15.459 9.305 8.563 

OSe” 13.634 10.221 16.185 9.604 9.099 

le” 13.470 10.435 16.187 9.421 9.055 

1.5e” 12.855 10.516 16.278 8.979 9.225 

2e” 12.989 10.497 16.114 8.850 9.304 

2.5e” 13.758 10.937 15.995 8.905 9.321 

Column 1 shows the effective horizontal force (in N/m) applied 

on the model. Positive and negative values depict compressional 

and extensional forces, respectively. Columns 2-6 show the RMS 

(in mGa1) variations for the corresponding profiles. Vertical forces 

applied on each model are those associated with RMS minima, as 

seen in Table 3. 

Tunka region has been previously observed by Rus- 
sian teams, who reported a N-S change in the 
crustal thickness from 45 to 53 km across the Tunka 
fault (see [39], and fault location in Fig. 2), which is 

comparable to our results, taking into account their 

uncertainty. 
Although RMS variations associated with the hor- 

izontal forces tested must be interpreted with care, it 

is worth noting that horizontal compressional forces 
improve the fit to models A and B, while extensional 

forces are required in model C (Table 4). This 
observation coincides fairly well with the results of 

stress tensor determination previously obtained by 
the use of earthquake focal mechanisms, which show 
a sharp change in tectonic regime from west to east, 

varying from compression to extension [30]. The 
location of our profiles allows us to confirm that the 
westernmost expression of divergence (i.e., rifting 

sensu stricto) occurs somewhere between 103”E and 
105”E. Note that extension (profile C) does not seem 
to be accompanied here by any significant crustal 
thinning. 

Profiles D and E involve two plate discontinuities 
delimiting a detached block beneath the rift axis 
(Fig. 4). In both cases its northern limit corresponds 
to the fault bounding the western shore of Lake 
Baikal: namely, the Primorsky and north Baikal faults 
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for profiles D and E, respectively (Fig. 21, which are 

known to be the major active faults of this area 
[43,28]. However, the southern block boundary does 
not seem to correlate with any major active fault. We 
propose that this second discontinuity may not repre- 

sent an actual lithospheric fault but rather delimits 
the eastern boundary of a wide axial fractured zone 

(i.e., the detached prism) located between two con- 

tinuous plate domains. The deformation is more 
widespread in the central rift area, probably because 
this region has undergone more important stretching. 

Thus, unlike in the SBR region, the plate area where 
deformation localizes cannot be represented here by 

a single narrow discontinuity. Taking into account 
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Fig. 4. Best-fit models (thick lines) using brittle-elasto-ductile rheology and plate discontinuities (vertical dashed lines). Thin line is the 

observed BA. Each profile is shown with the inferred crust thickness (grey area) and Moho geometry. Arrows represent the stresses applied 

at plate boundaries (horizontal arrows) or near plate discontinuities (vertical arrows). Note that vertical arrows do not necessarily represent 

the actual slip on active faults. Profiles A to E are presented in this study. The last profile (bottom-right comer) is after 1231. Inset on profile 

D corresponds to the area modelled by [28] along a similar profile. 
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their limited dimensions (50 and 160 km, respec- 

tively), we assume local compensation for the axial 

blocks. The resulting Moho surface is upwarped by 
about 7 km beneath the rift axis; corresponding 

crustal thinning is spread over a much wider area in 
the central (160 km) than in the northern rift (50 

km). The plate flexure is directed downwards on 

both sides of the blocks, in order to model the 
relatively low BA observed besides the rift axis. The 

average plate thickness on both parts of the rift axis 
increases from 47-50 km in profile D to 49-53 km 
in profile E. Note the use of horizontal extensional 

forces improves the fit of these models, which is 

obviously in good agreement with the geodynamic 

context. 
Unlike other profiles, the particular convex shape 

of the BA north of 400 km on profile D (Fig. 4) 

cannot be reproduced using constant rheological pa- 
rameters and NW-SE plate flexure (Table 1). This 
misfit may, perhaps, not result from a local density 

anomaly, since this same intracratonic area is well 
fitted on profiles A, B and C. These profiles depict a 
strong N-S plate flexure and E-W variation in 

rheological parameters (Tables 1 and 3) which could 
be responsible for a 3D flexure of the Siberian plate. 

In order to model these variations and to simulate 3D 
plate flexure, we used variable plate parameters along 

profile D, as follows: plate parameters used for 
modelling profiles A, B, and C were attributed to 
profile D at the intersects with these 3 profiles, and 
linearly interpolated between them. This provides a 

good fit in the given area (Fig. 4) which means that 
N-S flexure, mainly related to compressional stresses 
(see profiles A and B) seems to have a strong effect 
on the mechanical behaviour of this part of the 

Siberian craton. 

4. Discussion 

4.1. Crustal and k&spheric structure 

Our gravity models favour a high average crustal 
thickness over the whole rift zone (about 46-50 km 
for the Siberian plate, 44-47 km at the rift axis, and 
50-55 km for the Sayan-Baikal folded zone). Crustal 
thinning mainly concerns the central part of the rift, 
where it reaches about 7 km and spreads over a 160 
km wide area (Fig. 4). It is of comparable amplitude, 

but of minor extent in the northern Baikal basin (50 
km wide). This value of crustal thinning is quite 

consistent with the one deduced from geological 
observations [45]. In the SBR, the crust is clearly 

composed of two different parts: the southern 
(‘Amurian’) overthickened crust, and the northern 
(‘Siberian’) crust of constant thickness. Taking into 

account the uncertainties linked to absolute T, esti- 
mates, these values seem still slightly higher than 

those described in previous studies, where the in- 
ferred crustal thickness is 34-40 km beneath the rift 
basins and 42-48 km beneath the surrounding ranges 

[47]. However, these authors assume a local isostatic 

compensation and a low density contrast at the Moho 
(240 kg/m3), which consequently increase the am- 

plitude of the modelled Moho topography. 
In the central rift area the velocity structure in- 

verted from teleseismic travel time residuals could 
advocate for an asymmetric upwarp of the litho- 
sphere-asthenosphere transition [48], but the corre- 

sponding density contrast used by the authors 
(20 kg/m3) appears much too low to be imaged by 
gravity modelling. Moreover, a near-surface astheno- 

spheric upwelling should strongly modify the posi- 
tion of the rheological interfaces, which is not ob- 
served in our results: the bottom of the mechanical 

lithosphere (h,) remains rather deep (85-95 km, see 

Table 1). 

4.2. Plate jlexure and rifr-related topography 

In order to complete this study, we compare our 

results to those previously obtained in the NBR 
using the same method [23]. Some similar features 
appear on profile E (north of Lake Baikal) and on 
the NBR profile: both depict an antisymmetric BA 

shape, with a 50 mGa1 step between the northern and 
southern extremities (Fig. 4). Both also depict a 

narrow positive BA peak at the rift axis, but its 

wavelength was too small to be considered in the 
previous modelling [23]. The main differences be- 
tween these profiles are: (1) the width of the de- 
tached block (50 and 135 km for profile E and the 
NBR profile, respectively); (2) the flexure of the 
northern plate, which is directed downward on pro- 
file E and upward on the NBR profile. 

On profile D downward acting forces are needed 
to reproduce the observed BA; they result in crustal 
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roots on both sides of the rift axis. Two possible 

sources of additional positive (downward acting) 
loads (see, e.g., [3]) can be invoked: lower crustal 
thinning, implying the presence of dense mantle 
material at crustal levels, and basin sediment infill 
(about 3-4 km of rift sediments in the north Baikal 

basins, see [32]). These results contradict those pre- 
sented by [28] in the central Baikal area, where an 

upward flexure of the plate is modeled in response to 
extensional tectonics. However, this latter modelling 

concerns a shorter part of the profile centred on the 
central Baikal basin (profile D), and may not allow 
one to describe the general sense of flexure (Fig. 4). 

This central rift area is characterized by small 
reliefs bounding the rift depression (Fig. 2). Al- 
though they are much lower than those observed in 

the North Baikal and Sayan regions, their existence 
is difficult to explain in a context of downward plate 
flexure. Here the question is raised of rift-related 

and/or ante-rift reliefs, the latter possibly resulting 
from a tectonic phase of crustal thickening preceding 
the early stages of rifting. Recent analysis of micro- 

tectonic data and rift basins sediments seems to 
indicate that a ‘proto-rift’ phase, characterized by 

transpressional and compressional tectonics, took 
place somewhere between the final Cretaceous and 

the Miocene [32,31,49], and could have resulted in 
pre-rift mountain building in the BRZ. 

Following the same hypothesis of downward plate 
flexure, the high (up to 3000 m) topography encoun- 
tered in the NBR (profile E) should also be associ- 
ated with deep crustal roots; that is, to a thickened 

crust, implying important ante-rift topography. How- 
ever. this gravity modelling is based on the assump- 
tion of constant density contrast between the crust 
and the upper mantle. One must remember that a 

deep-seated negative density anomaly linked to 
anomalous, light upper mantle (see, e.g., [50]) could 
also be responsible for the long-wavelength low BA 
observed on profile E, and create buoyancy forces 
able to support the observed relief. This latter hy- 

pothesis must be taken into account and should be 
checked by other means, such as travel-time tomog- 
raphy, which should allow us to describe velocity 
variations within the crust and upper mantle. 

Conversely, the mountains surrounding the Upper 
Angara and the south Baikal depressions are sup- 
ported by an upward-flexured plate, possibly result- 

ing from isostatic lithospheric rebound in response to 

extensional processes (e.g., [7]). Finally, in the west- 
ernmost part of the rift zone, the high relief observed 

south of the Sayan fault seems to be not due to rift 
tectonics sensu stricto but, apparently, results from 
the overthickening of the Amurian crust under com- 

pressional forces. 

4.3. Tectonic forces 

Horizontal extensional forces are modeled in the 
two profiles crossing Lake Baikal. West of the lake. 
horizontal extension abruptly gives place to increas- 

ing compressional forces, confirming the sharp 

change in tectonic regime already observed [30]. We 
can see here that the Paleozoic suture bounding the 
craton behaves as a major lithospheric weakness and 

acts as a rheological boundary between two plates of 
different character: in response to compression, the 

weak Amurian crust is thickening, while the resistant 
Siberian craton is undergoing a long-wavelength 
flexure (visible on profile D). 

Comparing these results to stress tensors and fault 
motions deduced from earthquake focal mechanisms 

[30], we can propose that the thickening and down- 
ward bending of the Amurian plate west of Lake 

Baikal (profile A) is due to the propagation of 
SW-NE compression coming from the India-Asia 
collision (Fig. 5). This deformation seems to en- 

counter a strong resistance when reaching the rigid 
Siberian craton, which impedes its northeastwards 
propagation. Here, again, we emphasize the role of 
the southwards pointing edge of the Siberian craton. 
acting as a passive indentor in response to conver- 

gence motions. This effect decreases eastwards (pro- 
file B) because the southern plate is able to escape to 
the east, causing reverse strike-slip faulting along the 

Sayan fault and oblique opening (profile Cl along 
the south Baikal fault [30] (Fig. 5), which could 
explain the negligible amount of crustal thinning 
observed here. Further northwards (profile D), this 

motion is accommodated by ‘typical’ normal open- 
ing of the central Baikal basin along the eastern 
border of the craton. When approaching the NBR 
(profile El, crustal thinning seems much lower, pos- 
sibly because the deformation is more diffuse. Let us 
recall that this part of the rift is developing inside the 
Sayan-Baikal folded zone (Figs. 2 and 5) and seems 
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Fig 5. Tectonic interpretation of the lithospheric deformation. Black arrows are average motion directions after [30] for the South Baikal 

Rifl t and after [45] for the North Baikal Rift. The continental plate domains and the axial deformed zone are indicated. Question marks 

indj lcate uncertain correlation between the modelled profiles. 
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aracterized by a fan-like opening accommodated 
crustal block rotations inside the deformed rift 

ne (see [23,30,45]). 

Concluding remarks 

The results presented here favour the role of 
dzontal, far-field motions in the opening of the 

Baikal depression, combined with the effect of inher- 
ited structures, in agreement with the results of fault 
motion predictions issued from the analysis of earth- 
quake focal mechanisms [30] and with the geological 
observations on active fault geometry and kinematics 
[45]. Numerical finite-element kinematic modelling 
[441 has been used to understand more clearly the 
interaction between the modeled strain field and the 
geometry of the Siberian plate, and to determine 
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whether this factor dominates or not over possibfe 

deep mantle effects. We show here that the upwarp- 
ing of mantle material beneath the central and north- 
em lake basins, associated with axial crustal thin- 

ning, seems very localized. The inferred value of 
crustal thinning (7 km) is fairly consistent with that 
deduced from geological neotectonic analysis (IO 
km) [40]. Moreover, this mantle upwarp does not 

seem to be linked to a major asthenospheric up- 
welling, since the observed bottom of the mechanical 

lithosphere is still deep. However, this study does 
not aim at precisely imaging the Iithosphere- 

asthenosphere transition, nor at constraining the real 
origin of the observed mantle upwarp, which should 

be done by a general tomography of earthquake 
travel times and by a detailed analysis of the late 
Cenozoic to Quaternary volcanic rocks outcropping 
in several parts of the BRZ. 
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