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Abstract

We use previously published estimates of Moho and lithosphere-asthenosphere boundary
(LAB) depths combined with a 3D thermal model to infer variations of the effective elastic
thickness (EET) of the lithosphere in the Baikal rift zone. The predicted continuous EET map
is validated using EET values from previous forward flexural models across separate profiles.
This map presents a present-day snapshot of the lithosphere mechanical behaviour. It suggests
that the cratonic keel bounding the NW part of the rift is characterized by a strong lithosphere
where the crust and mantle are mechanically coupled, whereas the more recent (Palaeo-
Mesozoic) fold zone located SE of the rift is significantly weaker. Predicted spatial EET
variations correlate well with the spatial distribution of earthquakes: where EET abruptly
drops from high (~ 50km) to low (~25 km) values, epicentre distribution also changes from
very localised to diffuse, suggesting that the degree of crust-mantle coupling responsible for
EET drops also controls strain localisation. Finally, we suggest that even though the current
thermal state of the lithosphere does not favour partial melting near the LAB depth, the latter
could have been promoted in case of moderately hotter lithosphere (+120°C compared to the
temperature at the current base). This could be the case during the earlier volcanic period,

which spanned from the Oligocene to the Pleistocene.

Introduction
The lithosphere is defined as the outermost, rigid envelope of the earth, comprising the

crust and the uppermost mantle. Yet, there is a strong debate concerning the true rigidity of
the continental uppermost mantle over geological timescales, which questions its belonging to
the lithosphere in its original sense. Indeed, earthquake depth distribution and spectral
analyses of gravity data in the continental domain led some authors to conclude that most of
the lithosphere rigidity lies within the crust — including its lower part, and that the uppermost
mantle has no significant strength [e.g., Emmerson et al., 2006; Maggi et al., 2000]. On the
other side, most numerical models of lithosphere deformation successfully reproduce
geodynamic processes using a rigid uppermost mantle [e.g., Huismans and Beaumont, 2002;
Huismans et al., 2001; Lavier and Manatschal, 2006; Burov and Poliakov, 2001]. Finally,
recent seismic studies appear to provide new evidence for the presence of very deep mantle
seismicity, at least below actively deforming cratons, which supports the idea of strong mantle
[e.g., Monsalve et al., 2006; De la Torre et al., 2007]. According to the “strong mantle”
school, the degree of crust-mantle coupling plays a dominant role in the strain localisation

because it reflects the competition between localising (i.e., elastic-brittle) and delocalising



diffuse (i.e. elastic-ductile) strain behaviours [e.g., Hopper and Buck, 1998]. For example, in
the classical “wide rift” vs. “narrow rift” distinction made by Buck [1991] the rheological
layering of the lithosphere exerts a first-order control on the rift geometry: “wide” or
“diffuse” rifts are associated with a weak lithosphere whereas “narrow” or “discrete” rifts are
zones of well-localised deformation in a relatively strong lithosphere. The crust and mantle
parts of the lithosphere can be mechanically coupled provided that the temperature at the
Moho is low enough and the lower crust rheology is strong enough to prevent the
development of a thick, low-strength ductile lower crust. In some cases, the degree of crust-
mantle coupling can be directly assessed from geological or geophysical data like earthquake
depths and focal mechanisms [e.g., Mouthereau and Petit, 2003; Stich et al., 2005], GPS or
SKS splitting data [e.g., Flesch et al., 2005] or magneto-telluric sounding [e.g. Park et al.,
1992]. It can be also assessed indirectly from “decoding” the effective elastic thickness (EET)
of the lithosphere. According to the “weak mantle” hypothesis, the effective elastic thickness
of continental lithosphere is close to, or lower than the crustal seismogenic thickness, so that
crust/mantle coupling does not occur, because the strong mantle does not exist. On the other
hand, the “strong mantle” hypothesis predicts high EET values (50-60 km) when the crust and
mantle elastic cores are mechanically coupled and an abrupt reduction of EET to values lower
than 30 km if they are decoupled [e.g. Burov and Diament, 1995; Watts and Burov, 2003;
Burov and Watts, 2006]. Given the effect of crust mantle coupling both on strain localisation
and on EET variations, an argument to the “strong mantle” hypothesis should be found in a
good spatial correlation between rapid changes from diffuse to localised strain and sharp EET
jumps in the case of uncoupled/coupled behaviour transition.

In this paper, we use previously published estimates of Moho, EET and lithosphere
asthenosphere boundary (LAB) depths in the Baikal rift [Petit and Déverchere, 2006] to
constrain the present-day thermal state and predict the spatial distribution of the effective
elastic thickness of the lithosphere, assuming crust and mantle rheologies commonly used in
thermo-mechanical numerical models of lithospheric deformation. Then, following the
approach developed in [Burov and Diament, 1995, 1996; Burov and Watts, 2006; Watts and
Burov, 2003], we validate the predicted EET and, consequently, the assumed rheological
parameters using the previous EET estimates obtained from robust forward flexural models.
Finally, we compare the results with the spatial distribution of the earthquakes in order to

determine how the present-day strength heterogeneities correlate with strain localisation.



The Baikal rift: general setting
The Baikal Rift System is located in northeast Asia, north of the India-Asia collision

zone (Fig. 1). It extends over ~1500 km in a ~SW-NE direction and is made of a dozen of
small-scale sedimentary basins [Logatchev and Florensov, 1978]. The narrow (60 km) Lake
Baikal occupies the central and deepest (up to 9 km including water and sediments infill) part
of the rift, and the other basins are emerged. Schematically, the lithosphere of the BRS is
composed of two adjacent domains of different ages and structures: 1) the Siberian craton, to
the NW, which basement is Archaean and is overlain by a thick Proterozoic to Mesozoic
sedimentary cover. 2) the Sayan-Baikal fold belt to the east and southeast, which is made of
micro-continents accreted against the craton during the Palacozoic and Mesozoic (Fig. 1).
Rifting started ca. 30 Ma ago in the central part of the rift, but most basins started to develop in
the late Miocene [e.g., Petit and Déverchére, 2006 and references therein]. Earthquake
epicentres and active faults show that the southern half of the rift localises on the cratonic
suture, while the northern half develops within the fold belt and is made of discontinuous en-
échelon basins. The main episode of volcanic activity started in the Miocene, although some
volcanic emissions occurred as early as 40 Ma ago in the SW part of the rift [Rasskasov et al.,
2002]. Miocene to quaternary volcanics outcrop in the SW of the rift in the Hamar-Daban area
south of Lake Baikal, east of Lake Baikal in the Vitim region and at the extreme NE of the rift,
in the Udokan area (Fig. 1). Most volcanic centers are located off-axis. Eruptions ceased ~600
ka ago, and none of these volcanic centres is still active today.

The geometry of the Moho and LAB have been calculated by Petit and Déverchére
[2006] using band-filtering and downward continuation of the Bouguer gravity data,
considering that these interfaces are located at different mean depths and thus produce different
characteristic wavelengths in the Bouguer gravity signal. The Bouguer anomaly grid comes
from gravity survey with original data spacing of about 1’ and includes terrain corrections (in a
range of 200 km around each data station). This data set was originally produced by Russian
Geodetic Service and is available from GETECH (www.getech.com). The density constrasts
used are 550 kg/m3 and 40 kg/m3 for the Moho and LAB interfaces, respectively. In their
parametric study, Petit and Déverchere, [2006] have tested different density contrasts for the
Moho (450, 550 and 650 kg/m®) and LAB (-20, -30 and -40 kg/m") to find that the best fit with
the observed gravity is achieved for these above referenced values. These values were chosen
also because they provide prediction for Moho and LAB depths that are in a good agreement
with the previously published data such as deep seismic soundings, tomography models or

xenolith data [e.g., ; Gao et al., 2004; Ionov, 2002; Pavlenkova et al., 2002; Suvorov et al.,



2002; Tiberi et al., 2003]. Lateral density contrasts have been neglected because this study was
aimed at determining the large-scale lithospheric structure, given the selected gravity
wavelengths. However, density contrasts can be present at smaller scale, especially in the crust
due to its complicated geological history. The inferred Moho depth ranges between 34 km in
the central part of Lake Baikal and more than 48 km in the northern and southern parts of the
rift (Fig. 2). The mean crustal thickness in the Siberian craton is 43 km. The lithosphere-
asthenosphere boundary is shallowest beneath the Hamar-Daban and Vitim areas (~70 km), yet
no significant lithospheric thinning is found at the rift axis. Instead, the lithosphere
progressively thickens towards the NW, reaching more than 140 km beneath the core of the
Siberian craton (Fig. 2). The depth of the LAB in the Baikal rift is still a matter of debate, as
some authors found that it can reach the base of the crust in some places beneath the rift [e.g.,
Gao et al., 2003], whereas we use a model in which it is never shallower than 70 km. An
asthenospheric uplift to depths of 40-50 km beneath the rift is advocated by Gao et al. [2003]
for explaining teleseismic traveltime residuals, but the joint inversion of traveltime residuals
and gravity data rather place it at greater depths [70 km, Tiberi et al., 2003], which is more
consistent with xenolith data [Ionov, 2002]. In addition, a wide and shallow asthenospheric
upwelling beneath the rift axis would produce a large amount of melt, which is not observed as
either underplate or surface volcanism. As we will show later, the patches of volcanic outcrops
observed off-axis are well explained by a moderate heating of a deep-seated (70 km)

asthenosphere.

Thermal and mechanical models
In this study, the Moho depth is used to define the crust/mantle rheological interface in

the computation of the rheological yield stress envelopes, and the LAB is assumed to
correspond to the 1330°C isotherm. We define a geographical grid comprised between 50°N
and 58°N and 100°E and 117°E, which is converted into Cartesian coordinates with a spacing
between grid points of 20 km. We use a 3D thermal model, which accounts for radiogenic
heat production in the continental crust:

oT A

—=KkAT +
ot pCp

M

where T is the temperature, x is the thermal diffusivity, 4 is the radiogenic heat production, p
the density and Cp the specific heat (see Table 1 for constants description). Surface heat flow

qo 1s computed from Fourier law: g, =-kVT__, and is compared with the values published

in the compilation made by Pollack [1993]. We use as initial condition a steady state



continental geotherm with a flat lithosphere/asthenosphere boundary (defined as the depth to
the 1330°C isotherm) at the base of the model (140 km). The topography of the 1330°C
isotherm is then uplifted to the present-day position defined by the gravity models, and kept
fixed for the rest of the experiment (cooling-plate model). The model runs during 20 Myrs,
which is an approximation of the mean rifting duration. The predicted temperatures are
compared to the peridotite solidus in order to determine whether partial melting of the mantle
is possible or not.

Then, computed geotherms are then used to determine 2D yield stress envelopes
(YSE) for every point of the grid using a brittle-elastic-ductile rheology for the crust and
mantle layers [e.g., Burov and Diament, 1995]. Brittle failure is described by Byerlee’s law
[Byerlee, 1978]:

o,=0,/39 1f o, <120MPa and o, =0, /2.1-100 if o, 2120 MPa

Where o, (expressed in MPa) is the differential yield stress for brittle failure, o, = 0, —0;.

Ductile behavior is controlled by non-linear, temperature dependent dislocation creep:

. _\1/n H
o, = (8 A 1) exp ( R Tj (see Table 1 for parameters names and values).

where oy is the differential stress for ductile flow, £ is the strain rate, R is the universal gas
constant, and the parameters A4, H and n are material-dependent. We primarily chose the
commonly inferred values typical of mafic (diabase) compositions for the crust and of
ultramafic (olivine) compositions for the mantle (Table 1). Although the uppermost crust may
be quartz-rich, the choice of stronger ductile crustal rheology (corresponding to a deeper
brittle-ductile transition) is dictated by the fact that previous studies have evidenced for a
seismogenic crust down to at least 30 km in the Baikal rift [Déverchére et al., 1991; 2001].
Such deep seismic depth cannot be obtained with a more acid (i.e. quartz-dominated or
feldspar-dominated) crustal composition. The chosen mean strain rate corresponds to an
opening velocity of ~3mm/yr [Calais et al., 2003] over a 50 to 100 km-wide rift zone.

The yield stress envelopes (YSE) are defined as the contour of the maximal yield
stress (either oy or op) as function of depth. There are different sets of rock mechanics data
that might produce quite different YSE for the same mineral composition, thermal and strain
rate profile [Burov and Watts, 2006]. To validate the choice of the data provided in Table 1
for construction of “local” YSE for the Baikal area, we use the approach suggested in Burov
and Diament [1992, 1995]. This technique allows one to constrain the YSE in situ using the

EET estimates obtained from robust forward flexural models along selected profiles. As



shown in the referenced studies, one can constrain the shape of the local YSE provided that
(1) EET, (2) thermal profile, (3) crustal thickness and (4) regional strain rate are known.
These data are available from the previous studies [Burov et al., 1994; Petit et al., 1997,
2006]. At first stage, these parameters are used to compute the thickness of mantle and crustal
(hn and h,, respectively) elastic “cores” and the position of the depths of brittle-ductile
transition (BDT). The crust and mantle are mechanically decoupled if the brittle-ductile
transition is located 10-15 km above the Moho, because in this case the strength of the lower
crust is lower that tectonically sensible threshold of 10MPa.

The “decoupled” EET is computed from the equation [Burov and Diament, 1995]:

EET ~3/h> + 1}

This equation follows from the general relation between the flexural rigidity of a

stratified plate (compose of n decoupled layers) and its equivalent elastic thickness, EET:

! 3

" E -ij,. E-EET’
D=%D, (x)= T -
puc 120-v*) 120-v?)

where D is the flexural rigidity of the plate, £ is Young modulus, v is Poisson’s ratio,
and D; and #; refer to the flexural rigidities and thicknesses of i-th layer, respectively.

If the predicted crustal BDT depth is near the Moho, the crust and mantle are
mechanically coupled, and the effective elastic thickness is up to twice higher than in the

previous case: EET= h, + hy,.

Results
The predicted surface heat flow in the Baikal rift exhibits low (50 mW/m?) values in

the Siberian craton and higher values (up to 65 mW/m?) in the areas of thinner lithosphere, in
the eastern and southwestern part of the rift. These results are consistent with the long-
wavelength variations of the measured surface heat flow (Fig. 3), although the latter shows
localised peak values of more than 90mW/m?, which are not reproduced by the conductive
model. These local highs are likely to correspond to hydrothermal circulation along major
faults [Poort and Klerkx, 2004], rather than to conductive heat transfer. In the southwestern
part of the rift, the observed local high of ~150 mW/m? corresponds to that of 65 mW/m? in
the model and it is also shifted laterally towards the east (Fig. 3). This is probably due to a
poor resolution of the LAB and Moho models at the grid boundaries. As a whole, we can
consider that the conductive model provides a satisfactory smoothed estimate for the

background surface heat flow of the Baikal rift. A better fit could be obtained by allowing the



conductivity to vary laterally and/or vertically, but we do not have any constraints on these
possible variations.

The map of the predicted EET values suggests large lateral variations in the
mechanical strength of the lithosphere: most of the Sayan-Baikal fold belt displays values
lower than 35 km (due to the predicted crust-mantle decoupling) whereas the Siberian craton
is characterized by EET values larger than 50 km (Fig. 4, crust-mantle coupling). The lack of
intermediate values is due to the sharp change from coupled to decoupled behaviour causing a
dramatic decrease of EET [up to 50%, see Burov and Diament, 1995]. The boundary between
coupled and decoupled region closely follows the southern limit of the Siberian craton (Fig.
1). In the whole study area, the effective elastic thickness is never less than 20-30 km. The
comparison between the predicted EET variations and the spatial distribution of earthquakes
evidences for close relationships between the coupled/decoupled behaviour and strain
localisation. In the central part of the rift zone (i.e. between 104°E and 110°E), the rift cuts
through a mechanically coupled lithosphere and earthquake epicentres gather along a thin
linear belt, suggesting that extensional deformation is localised along large-offset border
faults in the crust, probably because of the large lithospheric strength. On the other hand, NE
and SW of this zone, earthquake epicentres are spread over much wider areas which are
entirely located within the predicted zone of decoupled lithosphere. It is worth noting that the
deformation zone narrows again at the extreme NE of the rift system, when encountering
another region of coupled lithosphere. A cross-section of the computed lithospheric strength
across the rift depicts important variations of the elastic thickness of the mantle layer: whereas
the base of the mechanical lithosphere (i.e., the depth below which the lithospheric strength
becomes tectonically negligible) is as large as ~100 km beneath the Siberian craton, it
decreases dramatically to ~60 km east of the rift. The present-day crustal deformation imaged
by earthquakes, faults and lower crustal thinning is not located precisely above the area of
thin mantle lithosphere but is offset ~200 km northwest of it (Fig 5).

Finally, with temperature of 1330°C at present LAB, the computed geotherms do not
reach the peridodite solidus and partial melting does not occur (Fig. 6). This is consistent with
the present-day situation where all volcanic centres are inactive. Mantle xenolith temperatures
have evidenced a recent (~2 Ma) heating of the base of the lithosphere near the Vitim
volcanic field [Ionov, 2002]. We tested another thermal model in which the last 2 Ma are
characterized by a hotter asthenosphere temperature (1450°C). In this case, relatively thin
melt zones (4 to 8 km-thick) would appear at the bottom of the lithosphere near the Hamar-

Daban and Vitim volcanic fields (Fig. 6). The source of such moderate heating of the



asthenosphere is still unknown, but this phenomenon could explain the scattered magmatic

activity encountered in the Baikal rift for at least 40 Ma.

Discussions and Conclusions
Most previous studies have quite consistently suggested high EET values of 30-50 km

for the Baikal rift, and the Siberian craton lithosphere being stronger (EET ~ 60 km) than the
Sayan-Baikal fold belt (EET ~30 km) [Burov et al., 1994; Petit et al., 1997; Ruppel et al.,
1993; Van der Beek, 1997; Petit and Déverchére, 2006]. In contrast, spectral analysis
(inversion) of the free-air gravity anomaly by Emmerson et al. [2006] yields much lower
estimates (5-20 km) but still, the highest EET values are found over the craton. However,
inverse gravity models can handle only continuous plates and often yield biased solutions,
depending on which kind of gravity anomaly, FAA or Bouguer, is used [see discussion in
Watts and Burov, 2003; Burov and Watts, 2006]. Fortunately, except the analysis of
Emmerson et al. [2006] and the study of Diament and Kogan [1990] and Ruppel et al. [1993],
the other EET estimates for Baikal rift zone are based on robust forward 2D flexural models
that are, by definition, invariant to the type of the gravity data used and can handle
discontinuous plates. These models demonstrate that the lithosphere does not behave as a
single continuous plate, but that the Baikal rift presents a major mechanical and rheological
discontinuity between two different plates, where plate flexure localises. Our results are in
good agreement with most of these studies, and provide a map of predicted EET variations
over the entire rift system. In the Siberian craton, the relatively thin crust and cold lithosphere
favour a mechanical coupling between the crust and mantle, which explains a higher EET.
The limit between the coupled and decoupled lithosphere closely fits the geometry of cratonic
suture given by the surface geology, except beneath the central part of the rift where coupled
lithosphere seems to extend SE of the suture, beneath the present-day deforming zone (Fig. 5).

The good correspondence between EET values predicted by flexural models and those
computed from LAB and Moho depths allows us to conclude that (1) the laboratory based
rock rheology data are good approximation to long-term rheology, and (2) that the mantle
lithosphere contributes to the high lithospheric strength encountered in the Siberian craton but
also in some parts of the Sayan-Baikal fold belt. In addition, gravity inversion combined with
a simple thermal modelling and rheological laws classically used in thermo-mechanical
models provide an estimate of the lithosphere rheology that explains the observed earthquake

spatial distribution. It is very unlikely that such a good correlation can be found with a strong



crust alone, as the mechanical threshold from coupled to uncoupled behaviours would not
exist.

Finally, the thermal model suggests that a moderate heating (120°C) of the base of the
lithosphere could explain the occurrence of volcanism in the Vitim and Hamar-Daban area.
This is in agreement with the xenolith analysis published by lonov [2002], which showed that
a temperature elevation of ~100°C is responsible for Pleistocene volcanism in the Vitim
region. According to Barry et al. [2003], partial melting responsible for the Neogene basalts
encountered in China, Mongolia and Baikal regions can be explained by a low heat flux
thermal anomaly at the base of the lithosphere. The presence of such small anomaly is
confirmed by recent seismic tomography data [Lebedev et al., 2006].

In conclusion, we show that EET values obtained from gravity models of the Moho
and LAB interfaces combined with a simple conductive thermal model are very consistent
with totally independent data (earthquake spatial distribution, surface geology) and
demonstrate that the degree of crust-mantle coupling exerts a first-order control on the
distribution of active deformation in the Baikal rift. Whether this situation has prevailed since
the beginning of rifting is difficult to assess, as we can only image the present-day situation.
The seismic belts are generally closely following active faults and rift basins, some of them
being very old (around 30 Ma) in the central and southern parts of the rift. In any case, all
these basins are not younger than 3-4 Ma [Petit and Déverchere, 2006 and references therein].
It is thus probable that the present-day situation has existed since at least the Mio-Pliocene
“fast rifting” stage. Besides this, moderate heating of the asthenosphere in areas of thinner
lithosphere can explain the localisation of volcanic fields, but this phenomenon is not clearly

correlated with the localisation of tectonic deformation.
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Figure captions

Fig 1. Earthquake epicenters, active faults, basins and volcanic centres in the Baikal rift [after
Petit and Déverchere, 2006]. Inset shows the location of the Baikal rift in Asia. Thick grey

dashed line delineates the southern boundary of the Siberian craton.

Fig 2. Depths to the Moho (top panel) and lithosphere-asthenosphere boundary (bottom
panel) deduced from gravity data [after Petit and Déverchére, 2006]. Dark grey dots are

earthquake epicentres.

Fig 3. Top: measured surface heat flow in mW/m? [after Pollack, 1993]. Bottom: modelled
surface heat flow (this study). Dark grey dots are earthquake epicentres.

Fig 4. Effective elastic thickness of the lithosphere as predicted from thermo-rheological

model [in km]. Dark grey dots are earthquake epicentres.

Fig 5. Lithospheric strength profile (see location on Fig. 4). The position of the brittle/ductile
transition in the crust and of the base of mechanical lithosphere (defined as the depth of peak
resistance in the crust and of negligible resistance in the mantle, respectively) are indicated.
Stars symbolize earthquakes foci beneath the rift down to depths of ~30 km [Déverchere et
al., 2001]. Inset shows two schematic yield-stress envelopes for a coupled (A) and uncoupled
lithosphere (B). Open rectangles A and B show their corresponding position on the strength
profile.

Fig 6. Predicted thickness of the melt zone at the bottom of the lithosphere in km for
temperatures at the LAB of 1330°C (top) and 1450°C (bottom).
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Table 1. Parameter values and description

Symbol Description Value

K Thermal diffusivity le®m’ s’

Pe Crust density 2700 kg.m™

Do Mantle density 3200 kg.m™

H, Surface radiogenic heat production 3.10°W kg

Z, radiogenic decay length scale 10 km

& Strain rate 1057

A Flow law material constant 6.31 10%°Pa™s™ (crust)
7.00 10"*Pa™s™ (mantle)

n Flow law strain exponent 3.05 (crust)
3.00 (mantle)

H Flow law activation enthalpy 276 kJ mol™ (crust)
520 kJ mol™ (mantle)

R Gas constant 8.301 J mol' K!
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