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S U M M A R Y
This paper combines observations of seismicity, gravity, topography and thermal and velocity
structures to investigate the rheological properties of the lithosphere in the Lake Baikal region.
We examine the seismogenic thickness (Ts) using 25 earthquakes of M w 5.1–7.1, whose full
source parameters have been determined by inversion of teleseismic waveforms, 13 of which
are presented here for the first time. These 25 events, plus six others (M w 5.0–5.8) whose
depths are well constrained, show that moderate earthquakes occur at depths up to ∼30 km in
the northeast Baikal rift. Based on the teleseismic waveform modelling results and published
relocations of microearthquakes using regional networks, we conclude that the mantle is not
a significant source of seismicity in the Baikal region. Using the admittance between free-
air gravity and topography, we estimate the effective elastic thickness (Te) in the region to
be between 5 and 20 km. Nowhere do the data require that Te > Ts, consistent with the
simple interpretation that the long-term strength of the lithosphere resides in its seismogenic
layer. A weak mantle in the Baikal region can be explained by its high temperature, which
we estimate by combining local geotherm estimates with the regional upper mantle velocity
structure, obtained from fundamental and higher-mode surface waves. Geotherms are fitted to
pressure and temperature estimates from mantle nodules at four sites, both within and outside
the Siberian shield. In order to constrain the temperatures at the Moho, we estimated crustal
thicknesses using teleseismic receiver functions. Moho temperatures are estimated to exceed
∼550◦C beneath the Siberian shield and are higher in the more recently deformed mountain
belts to the south. Based on a reassessment of oceanic geotherms and seismicity, it seems
likely, therefore, that the mantle in the Baikal region is too hot to be a source of long-term
strength. This is consistent with the recent suggestion that the distribution of mantle seismicity
in both the oceans and the continents is dependent on temperature alone. Finally, we note that
results from S-wave tomography studies, combined with the observed locations of rift-related
earthquakes, lead us to suspect that the frequently published position of the edge to the Siberian
shield at the surface provides a poor description of that same boundary at depth.
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1 I N T RO D U C T I O N

The rheological properties of the lithosphere must have a funda-

mental influence on its tectonics and dynamic behaviour. Those

properties are likely to be related to lithosphere composition and

thermal structure, and their most obvious manifestation is in the

distribution of earthquakes and the support of loads. These top-

ics have been controversial in recent years, resulting largely from

close re-examination and reinterpretation of earthquake and gravity

data (McKenzie & Fairhead 1997; Maggi et al. 2000a,b; McKenzie

2003). Two general conclusions arise from this recent history:

(i) The joint interpretation of earthquake, gravity, thermal and

compositional data provides more powerful constraints on litho-

sphere rheology than any single source of such information, which,

when considered alone, can be ambiguous. For example, the rela-

tion between gravity and topography yields an estimate of effective

elastic thickness, but not the depth at which that elastic behaviour

resides. Earthquakes alone can be interpreted as evidence of signifi-

cant elastic strain accumulation and release, or simply as manifesta-

tions of changing frictional properties. As Maggi et al. (2000a) and

McKenzie et al. (2005) point out, trying to simultaneously reconcile

the combination of such observations severely restricts acceptable

interpretations of lithospheric strength;

(ii) The comparison between oceanic and continental lithosphere

is instructive. For example, if the properties of the mantle part of

the lithosphere are different under continents and oceans, it is a
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valid and informative question to ask why that should be the case

(e.g. McKenzie et al. 2005).

If we are to observe patterns and contrasts of lithosphere rheology

that can be related to geology (e.g. Jackson et al. 2004), we need

joint studies of seismicity, gravity, topography, thermal structure

and velocity structure from more regions around the world. This

paper aims to examine one of the regions for which all these data

are available. We first briefly review the current situation.

In most continental settings, earthquakes are restricted to the up-

per crust (Chen & Molnar 1983). This observation is usually in-

terpreted as the result of a temperature-dependent transition from

friction-dominated seismic slip at shallow depths to deeper aseismic

creep processes (Brace & Kohlstedt 1980). However, this pattern is

not a global one, as shown by Maggi et al. (2000b). They showed that

in some areas earthquakes are distributed throughout the thickness

of the crust, in particular those associated with Archean and Protero-

zoic shields, such as in parts of east Africa and north India. Using

improved estimates of Moho depths from receiver functions, they

also found little evidence that the continental mantle is a significant

source of seismicity. This is in contrast to the mantle lithosphere

beneath the oceans, in which moderate-sized intraplate earthquakes

are known to occur (Wiens & Stein 1983). Maggi et al. (2000a) and

Jackson (2002) concluded that the seismogenic thickness (Ts) of the

continental lithosphere involves the upper crust, or the whole crust,

but not, to any significant extent, the mantle.

The relationship between gravity anomalies and topography can

be used to estimate the ability of the lithosphere to support elastic

stresses over geological timescales. By analysing the wavelengths

of gravity anomalies associated with surficial and internal loads,

it is possible to evaluate the thickness of a conceptual uniform

elastic sheet that supports such loads, known as the effective elas-

tic thickness (Te). Some early estimates of Te that exceeded the

crustal thicknesses in several continental regions seemingly lent

support to the suggestion by Chen & Molnar (1983) that the mantle

beneath the continents may be relatively strong. (That suggestion

came from the apparent occurrence of rare earthquakes just beneath

the continental Moho, in places where Maggi et al. (2000b) sub-

sequently argued that those earthquakes were in the lower crust.)

However, in a reassessment of the techniques used to estimate Te,

McKenzie & Fairhead (1997) and McKenzie (2003) argue that

nowhere on the continents does the value of the effective elastic

thickness exceed the crustal thickness. Using revised estimates of

elastic thickness based on the analysis of McKenzie & Fairhead

(1997), Maggi et al. (2000a) argued that Te tracks Ts, with larger

values of Te found in regions where the seismogenic thickness is also

larger. Nowhere did they find that the data requires that Te is greater

than Ts, allowing the simple interpretation that the long-term elas-

tic strength of the continental lithosphere resides in its seismogenic

layer. In their analysis, there is no need to invoke the continental

mantle as a significant source of long-term strength, either from

earthquake or gravity data.

A weak continental mantle lithosphere contrasts with that be-

neath the oceans. Both the seismogenic and elastic thicknesses of

oceanic lithosphere exceed the crustal thickness (Wiens & Stein

1983; Burov & Diament 1995, and references therein), implying that

the oceanic mantle is strong. The reason for that contrast is becoming

clearer. Maggi et al. (2000a) originally attributed the difference to

small quantities of water, which might weaken the continental man-

tle lithosphere, but not the anhydrous oceanic lithosphere. They

suggested this because intraplate earthquakes in the oceans were

thought to occur in material at temperatures up to 750 ± 100◦C

(Wiens & Stein 1983; Chen & Molnar 1983), whereas estimates of

Moho temperatures in continental shields where the lower crust is

seismically active were as low as 400 ± 100◦C (e.g. Artemieva &

Mooney 2001). The continental mantle beneath such regions was

apparently cold enough (by comparison with the oceans) to have

earthquakes, but evidently did not; so an effect other than temper-

ature was sought to explain this. However, McKenzie et al. (2005)

re-examined oceanic and continental geotherms, demonstrating the

importance of both revised estimates of radiogenic heat production

and the temperature dependence of thermal conductivity when rec-

onciling observations of heat flow with mantle nodule geochemistry

on the continents. As a result, their new geotherms show that (a)

the temperature at the Moho in the continental shields is generally

higher than previously thought, and (b) that the temperature cut-off

for earthquakes in the oceanic lithosphere is approximately 600 ±
100◦C, rather than 750 ± 100◦C. They also conclude that, if the

mantle is aseismic above 600◦C, this explains the distribution of

mantle seismicity everywhere, with no effect other than temperature

needed to explain the lack of mantle earthquakes in the continental

lithosphere.

The focus of this paper is the Baikal rift system in southeast

Siberia, which is a particularly interesting region in the context of

the issues discussed above. It lies northeast of the deforming regions

in the Tien Shan, Altai and Mongolia, close to the surface expression

of the Proterozoic–Palaeozoic suture between the almost aseismic

and apparently rigid Siberian shield and the younger Sayan-Baikal

fold belt to the southeast (Fig. 1). The contrast between the ancient

shields and the younger Phanerozoic orogenic belts is central to

the current debates on lithosphere rheology (DeCelles et al. 2002;

Jackson et al. 2004). In the Baikal rift system, the predominant

mode of deformation is extension, which is thought to arise ei-

ther as a far-field effect of the India-Eurasia collision (Molnar &

Tapponnier 1975), or as the result of mantle upwelling beneath

the rift axis (e.g. Gao et al. 1994a,b), or a combination of the two

(Petit et al. 1998). Several authors (Vertlib 1981, 1997; Déverchère

et al. 1991, 2001; Radziminovich et al. 2003) have reported locally

recorded earthquakes in the lower crust and upper mantle along the

rift zone. Furthermore, some estimates of effective elastic thickness

in the rift zone are as large as 60 km (Ruppel et al. 1993), which ex-

ceeds all estimates of crustal thickness in the region. If true, both sets

of observations suggest that the upper mantle beneath the rift zone

is strong, contradicting the pattern found by Maggi et al. (2000a).

The principal motivation for this study is to re-evaluate estimates

of Ts and Te in the Baikal region using teleseismic earthquake data

and more modern analyses of gravity and topography. In addition,

we calculate lithosphere geotherms from nodule data in four places,

both within and outside the Siberian shield, and compare the temper-

ature structures with the velocity structure obtained from multimode

surface wave dispersion. Construction of those geotherms requires

estimates of the crustal thickness, which we obtain from both pub-

lished and new receiver function inversions (Fig. 1). We are then able

to compare mechanical properties (Te, Ts) with lithosphere compo-

sition and structure.

We begin with an assessment of seismogenic thickness based on

both published and new teleseismic data, in which we present the

full source parameters for 25 (M w 5.1–7.1) earthquakes, obtained

from waveform modelling. We then compare these data with pub-

lished studies of locally recorded events. Next, we reassess the effec-

tive elastic thickness using the admittance between topography and

free-air gravity. Following this, we present receiver function anal-

yses from three sites on the Siberian shield, which are then used,

together with pressure and temperature estimates from nodules, to
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Figure 1. Topography, major tectonic features, regional seismicity, and crustal thickness estimates from northeast Asia. The approximate geologically mapped

boundary of the relatively flat Siberian shield is shown as a dotted line (after Goodwin 1991). White dots are epicentres from 1964–2002, taken from the

updated catalogue of Engdahl et al. (1998), referred to as the EHB catalogue. Grey dots represent earthquakes from 1900–1963 with magnitude ≥7, listed in

the centennial catalogue of Engdahl & Villaseñor (2002). All epicentre symbols are scaled according to the inset magnitude scale. A narrow band of seismicity

roughly parallel to Lake Baikal delineates the position of the rift zone, and does not follow the geological estimate of the Siberian shield boundary (dotted

line) between ∼110◦–120◦E. Profiles along lines NS and WE are presented below, showing Moho depths determined from teleseismic receiver functions (Gao

et al. 2004, white squares) and a joint wide-angle/multichannel seismic reflection profile (ten Brink & Taylor 2002, black squares). Lake Baikal is labelled as

LB on each profile. Permanent GDSN and temporary Geofon broad-band stations are shown on the map as light pink triangles. Below each station we show

crustal thickness estimates (in km), determined using receiver functions by Mangino et al. (1999, stations HIA, MDJ and WMQ), Gao et al. (2004, stations

TLY and ULN, both contained within profile NS) and this study (Section 4, stations AIKY, CHEY and YAK). The black line contains the area detailed in

Fig. 2. Yellow boxes labelled SW, SE and NE respectively indicate the southwest Baikal, southeast Baikal and northeast rift regions (Figs 4a–c) used in spectral

estimates of the effective elastic thickness (Te, Section 3). The positions of nodules used in Figs 9(a), (b), (c) and (d) are shown as letters U, O, V and T
respectively.
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estimate geotherms at four locations in the region. These geotherms

are compared with the velocity structure from surface wave tomog-

raphy, before combining all of the results in a discussion of how

lithosphere mechanical properties are related to composition and

thermal structure in the region.

2 S E I S M O G E N I C T H I C K N E S S Ts

2.1 Data sources

In order to assess the seismogenic thickness Ts of the Baikal rift

zone, we need to obtain accurate estimates of earthquake depths.

We consider two sources of data: local events recorded by various

networks (discussed below) and events recorded teleseismically by

permanent global stations.

Several earlier studies (Doser 1991a,b) modelled teleseismic

waveforms to estimate source parameters in the region, but there

exists over a decade of data yet to be studied in this way. The best

quality results we present here are determined by inversion of P and

SH waveforms for all source parameters, and are listed for 25 earth-

quakes of M w 5.1–7.1 in Table 1. Routinely determined Harvard

CMT solutions use low-pass filtered data that is unable to resolve

the depths of crustal earthquakes with sufficient accuracy for our

Table 1. Earthquake source parameters from inversion of teleseismic body-waveforms. Epicentres and origin times from

1964–2004 are from the updated catalogue of Engdahl et al. (1998), apart from the 1967 January 5 and 20 Mogod

earthquakes (locations are from Bayasgalan & Jackson 1999). Moment magnitude is given by Mw = 2
3 log10 M0 − 6.03,

where M 0 is the scalar moment in Nm. Strikes, dips and rakes of the two nodal planes are s1, d1, r1 and s2, d2 and r2, and

z is the determined centroid depth. An entry is flagged ‘m’ if it is modelled as a multiple event. Mechanisms and focal

depths for such entries are listed for the first sub-event only, whereas Mw is based on the total moment released by all

events in the sequence. The final column refers to the work in which the inversion is published. Where more than one

solution is available, we have used the last entry listed here. Da and Db refer to work by Doser (1991a,b); DL is from

Delouis et al. (2002); H is Huang & Chen (1986); BJ is Bayasgalan & Jackson (1999); B is Bayasgalan et al. (2005); BN

is Brazier & Nyblade (2003). A is the Appendix of this paper. All of these focal mechanisms are plotted in Fig. 2 with

black (z < 20 km) or red (z ≥ 20 km) compressional quadrants.

Earthquake source parameters for the Baikal region, determined by body-wave modelling

Date Time Lat./◦ Lon./◦ M w s1 d1 r1 s2 d2 r2 m z/km Ref.

1917 4 29 115530 56.17 114.62 6.6 340 70 −16 76 75 −159 . 16 Db

1950 4 4 184410 51.70 101.00 6.9 100 75 0 10 90 165 . 14 Da,DL

1957 6 27 000935 56.39 116.39 7.1 100 81 −25 194 65 −170 m 10 Db

1958 1 5 113044 56.51 121.11 5.8 257 50 −100 92 41 −78 m 8 Db

1958 9 14 142137 56.61 121.00 6.2 63 63 −75 212 31 −117 . 6 Db

1959 8 29 170314 52.64 106.90 6.2 248 53 −50 14 52 −130 . 14 Da

1962 11 11 113140 55.84 113.22 5.7 215 58 −78 13 34 −108 . 5 Db

1967 1 5 001440 48.28 103.05 7.0 2 83 −179 272 89 −7 m 5 H,BJ

1967 1 18 053435 56.65 121.00 5.5 63 57 −117 286 42 −55 . 10 Db

1967 1 20 015720 48.23 103.14 6.4 319 42 102 123 49 79 . 8 H,BJ

1989 4 20 225956 57.17 122.10 6.2 114 71 45 6 48 154 . 29 Db,A

1989 5 13 033501 50.16 105.42 5.5 210 87 164 301 74 3 . 8 B

1989 5 17 050438 57.08 122.13 5.8 13 62 −165 276 77 −29 . 28 Db,A

1991 12 27 090940 51.07 98.17 6.4 244 72 −15 339 76 −161 . 13 B

1994 4 26 185929 56.74 117.97 5.4 81 24 −56 225 70 −104 . 14 A

1994 8 21 155601 56.74 118.01 5.9 46 44 −99 238 47 −81 . 12 A

1995 6 29 230230 51.91 103.19 5.7 73 41 −40 195 65 −124 . 16 B,A

1998 9 24 185341 46.26 106.34 5.5 97 76 9 5 81 166 . 27 A

1999 3 21 161603 55.93 110.31 5.7 267 22 −74 70 69 −96 . 3 BN,A

1999 3 21 161706 55.99 110.29 5.8 222 20 −113 66 72 −82 . 3 A

1999 5 30 155647 55.85 110.13 5.2 198 40 −108 41 52 −75 . 6 A

1999 9 8 023853 57.49 120.25 5.1 266 46 −111 115 48 −70 . 6 A

1999 12 21 110049 55.84 110.14 5.4 42 59 −97 235 32 −79 . 5 A

2003 9 16 112454 56.06 111.37 5.5 38 40 −111 245 53 −73 . 15 A

2005 11 10 192956 57.44 120.50 5.8 96 52 −77 255 40 −106 . 7 A

purposes. In some cases, shorter periods were used in the CMT

inversion (e.g. Ekström & England 1989) and these depths are in-

cluded in Table 2. In some other cases, we were able to constrain

the source depth by waveform modelling, but fixed the source ori-

entation to that of the long-period Harvard CMT solutions (also in

Table 2).

2.2 Teleseismic body-wave modelling

2.2.1 Inversion for all source parameters

Of the 25 solutions presented in Table 1, 13 are from body-wave

inversions carried out in this study. The other solutions we have

selected, particularly those by Bayasgalan & Jackson (1999) and

Bayasgalan et al. (2005), were determined using essentially the same

algorithm. We take broadband seismograms from the Global Digital

Seismograph Network (GDSN) and change the response to that of

a WWSSN 15–100 long-period instrument using a deconvolution

procedure. For this range of periods, seismic waves are relatively

insensitive to complexities in local velocity structure, and an event

of M w 5.0–6.5 can, in principle, be modelled as a point source (the

centroid).

We use the MT5 version (Zwick et al. 1994) of the algorithm de-

veloped by McCaffrey & Abers (1988) and McCaffrey et al. (1991),
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Table 2. Fault plane solutions from the Harvard CMT catalogue, excluding those events already listed in Table 1. Epicentres and origin

times up to the end of 2004 are from the updated catalogue of Engdahl et al. (1998), with the exception of event 870221 (ISC location).

The moment magnitude M w is calculated as in Table 1 and the strikes, dips and rakes of the two nodal planes are s1, d1, r1, and s2,

d2 and r2. Depths (z) of shallow earthquakes are not reliably determined by the routine Harvard CMT procedure and so are omitted

here, unless we have some other way of measuring the depth. An A in the final column indicates that we have been able to improve

our estimate of the source depth, either by restricting our modelling of long-period waveforms to an inversion for just three source

parameters (the source time function, depth and moment), or by forward modelling the recordings of first arrivals and their associated

free surface reflections on vertical component broadband seismograms (see text and Appendix for details). Both of these methods

use the Harvard CMT best double-couple source orientation. The percentage double-couple (γ ) of the CMT solutions is defined as

γ = (1 − 3|λ2|
|λ1|+|λ3| ) × 100 per cent, where λ1, λ2 and λ3 are respectively the minimum, intermediate and maximum eigenvalues of the

moment tensor. A pure double-couple source (slip on a fault) has (λ1, λ2, λ3) = (−1, 0, +1) and γ = 100 per cent, whereas a linear

vector dipole, (λ1, λ2, λ3) = (− 1
2 , − 1

2 , +1), has γ = 0 per cent. Source parameters from a much broader-band CMT-type inversion

by Ekström & England (1989) are denoted by an E in the last column. Aftershocks from the event marked R were relocated using a

temporary network and found to be between 5–25 km deep by Radziminovitch et al. (2005), who suggest that the main shock nucleated

within the crystalline basement. Despite its suitable magnitude, we were unable to model the complex waveforms from this event, which

could indicate a complicated rupture history. The strike, dip and rake for the event labelled Q are from the quick CMT catalogue (Ekström

1994), but the depth and moment are from modelling performed by us. All of our modelling results are detailed in the Appendix. Focal

mechanisms are plotted in Fig. 2 with dark grey compressional quadrants (for depths z that are either unconstrained, or less than 20 km),

or light red ones (z ≥ 20 km).

Best double-couple Harvard CMT solutions

Date Time Lat./◦ Lon./◦ M w s1 d1 r1 s2 d2 r2 γ z/km Ref.

1978 8 3 060734 52.12 96.94 5.7 187 53 148 298 65 42 97 14 E

1980 2 10 044604 48.96 121.99 5.1 130 54 6 36 85 144 44 .

1981 5 22 095122 51.99 105.77 5.4 18 18 −118 227 74 −81 84 .

1981 5 27 212608 54.01 108.84 5.3 64 23 −96 251 67 −87 57 .

1981 8 16 175413 50.59 96.83 5.2 166 53 139 284 58 45 58 .

1987 2 21 221953 54.40 110.33 4.9 176 33 −114 24 60 −75 40 .

1987 7 7 170730 56.67 121.01 5.3 260 27 −91 81 63 −89 80 .

1988 12 15 064054 46.52 95.59 5.2 171 84 179 261 89 6 100 .

1989 4 29 062541 57.16 122.19 5.4 182 73 −177 91 87 −17 81 .

1989 10 25 202902 57.53 118.88 5.3 68 40 −78 232 51 −100 64 28 A

1990 10 26 181737 56.12 110.16 5.2 215 56 −149 106 65 −38 66 .

1991 9 12 003333 54.90 111.14 5.0 235 25 −65 28 67 −101 86 22 A

1992 2 14 081827 53.95 108.91 5.3 249 33 −65 40 60 −105 94 15 A

1995 11 13 084316 56.08 114.58 5.8 56 43 −59 197 54 −116 93 21 A

1999 2 25 185831 51.63 104.94 5.9 66 36 −86 241 54 −93 100 . R

1999 5 27 160125 55.85 110.18 5.1 269 78 −7 0 83 −168 39 .

1999 5 31 193454 55.82 110.16 5.1 285 27 −69 82 65 −100 43 .

2000 5 31 162810 51.68 105.02 5.0 247 40 −75 48 52 −102 44 .

2005 4 27 073616 51.25 98.25 5.3 342 79 −171 250 81 −11 90 11 Q,A

2005 12 11 155415 57.43 120.75 5.7 266 45 −75 65 47 −105 99 .

which inverts P and SH waveform data for the source time function,

scalar moment, strike, dip, rake and centroid depth. Constraining the

source to be a pure double-couple, we model the P, pP and sP phases

on vertical component seismograms in the epicentral distance range

30◦–90◦, and the S and sS phases on transverse components in the

range 30◦–80◦. Amplitudes are corrected for geometrical spread-

ing and for anelastic attenuation using Futterman operators with

a t∗ of 1.0 and 4.0 s for P and SH waves respectively. As Maggi

et al. (2000b) point out, uncertainties in t∗ lead to uncertainties

in source duration and scalar moment, but have a small effect on

centroid depth and source orientation. The Harvard CMT solution

(Dziewonski et al. 1981) is used as a starting model for our inver-

sion and synthetic long-period waveforms are aligned with picks

from the broadband data wherever possible. Owing in part to a lack

of knowledge about source structure, we use a simple half-space

with velocities Vp = 6.5 km s−1, Vs = 3.7 km s−1 and density

ρ = 2800 kg m−3.

As the depth is the source parameter of most interest to us, we

performed sensitivity tests to estimate how well our solutions are

constrained. Details of all the individual analyses and tests are given

in the online Appendix. Typical uncertainties in centroid depths are

±4 km, which is sufficient to show whether the mantle or lower

crust are seismically active; the main concern of this paper. Typ-

ical uncertainties in the other parameters (such as strike, dip and

rake) that describe the best fitting or ‘minimum misfit’ solutions

are discussed elsewhere (e.g. Nábělek 1984; McCaffrey & Nábělek

1987; Molnar & Lyon-Caen 1989; Taymaz et al. 1990). Our new

solutions, along with those from other authors, are listed in Table 1.

Although solutions for events prior to 1960 are recorded by rel-

atively few stations, there is enough information presented in the

cited references to confirm the published depths. For example, sev-

eral different source orientations have been proposed for the M w 6.9

1950 Mondy earthquake, and these are discussed in further detail

by Delouis et al. (2002), but enough evidence exists to suggest that

the centroid was indeed shallow, even if the source orientation is not

well constrained.

2.2.2 Inversion and forward modelling for depth only

When only a few stations with a sparse azimuthal distribution were

available, it was not possible to invert long-period waveforms for all

source parameters. In such cases, we fixed the strike, dip and rake to
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that of the best double-couple Harvard CMT solution and inverted

for the source time function, seismic moment and depth. If long-

period records for an event were too poor to do this, we attempted

to forward-model the vertical component broadband data instead.

In these cases, we used the program WKBJ3 (Chapman 1978;

Chapman et al. 1988), which traces rays through a spherical Earth

using the WKBJ approximation for turning rays. Impulse responses

for P, pP and sP phases are generated using a version of the AK135

global velocity model (Kennett et al. 1995), modified to have a

crustal thickness of 40 km. We convolve the impulse responses with

the relevant station’s broadband response and an attenuation corre-

sponding to t∗ = 1.0 s. Synthetics and data are aligned at the first

peak or trough after the onset of the P wave and the depth adjusted

to obtain a satisfactory visual fit. This approach is only successful

when a surface reflection (pP or sP phase) can be identified with
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Figure 2. Fault plane solutions in the Baikal region. Focal spheres produced from long-period waveform inversion for all source parameters are plotted with

red compressional quadrants if their modelled depth (z) is 20 km or more, and black compressional quadrants if z is less than 20 km (Table 1). We plot best

double-couple focal mechanisms from the Harvard CMT catalogue (Table 2) with grey compressional quadrants if they are shallower than 20 km, or if we

were unable to confirm their depth, and with light red compressional quadrants if z exceeds 20 km. Reliable depths are labelled alongside the focal spheres.

Depths constrained by inversion of long-period waveforms (either for just the source time function, depth and moment, or for all source parameters) are shown

in boxes with black outlines; boxes with white outlines contain depths controlled by other reliable means (see text for details). The great Bolnay (M w 8.2) and

Tsetserleg (M w 8.3) earthquakes of 1905 are shown by light grey focal spheres (after Schlupp 1996). Epicentres for events occurring between 1900–1963 with

magnitude ≥7 are plotted as grey circles (from Engdahl & Villaseñor 2002). Apart from events 670105, 670120 (Table 1) and 870221 (Table 2), epicentres

for events occurring between 1964–2004 are from the updated catalogue of Engdahl et al. (1998), known as the EHB catalogue. The teleseismic data clearly

show that recorded events with depths exceeding 20 km are concentrated in the northeast. A single event located in western Mongolia is anomalously deep

(27 km) compared to other earthquakes in that region. The local event studies we discuss (Section 2.3.2) used seismic stations from regional and permanent

global networks (yellow triangles and pink triangles respectively), as well as a dense local network (light blue ellipse). Tk and My are the Tunka and Muya rift

basins, shown in Fig. 10, and Kc and Am show the approximate positions of Kalar-Chara and Amut, discussed in the text. All other symbols are as in Fig. 1.

some confidence, and we found, in practice, that it worked best for

earthquakes with depths of 20 km or more.

2.3 Focal depths and seismogenic thickness, Ts

2.3.1 Teleseismic data

Focal mechanisms and reliable depths for teleseismically located

earthquakes are listed in Tables 1 and 2 and shown in Fig. 2. The main

pattern revealed by well-constrained centroid depths of moderate-

sized earthquakes in Fig. 2 is clear: events deeper than 20 km (red

focal spheres) are concentrated in the northeast. To the west of Lake

Baikal and beneath the lake itself there are no centroids with depths

greater than 16 km. Between 110◦ and 115◦E are two events with

depths >20 km (at 21 and 22 km), and east of 115◦E are three events
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near 30 km depth (at 28 and 29 km). To the southwest of Baikal,

in Mongolia, Bayasgalan et al. (2005) found that earthquakes were

restricted to the upper crust except on the margins of the Junggar

basin (west of Fig. 2). A single new earthquake reported here (date:

980924) in central Mongolia is an anomaly to this general pattern,

with a depth of 27 km (see Appendix).

Based on deep seismic sounding profiles as far east as ∼120◦E

(Suvorov et al. 2002) and gravity modelling out to ∼114◦E (Burov

et al. 1994; Petit et al. 1997), the Moho depth across much of the

rift zone is estimated to be about 40 km. Receiver functions along

profiles reported by Zorin et al. (2002) and Gao et al. (2004) indicate

that there is a shallower Moho (∼35 km deep) beneath Lake Baikal

itself, where crustal thinning may be present. Beyond Lake Baikal,

at the northeastern end of the rift where earthquakes are found at

20–30 km depth, we expect the crust to be at least 40 km thick.

Assuming this crustal thickness, none of the events whose depths

are presented here were located in the mantle.

2.3.2 Local earthquake data

Several studies (Déverchère et al. 1991, 1993, 2001; Vertlib 1981,

1997; Radziminovich et al. 2003, and references therein) have relo-

cated local events with magnitudes ∼2–5 using regional and local

Russian networks across the rift zone (Fig. 2). Most of these studies

are concerned with regions in the northeast part of the rift and find

that the seismicity there extends to lower-crustal and potentially up-

per mantle depths. We argue below that, taking into account event

magnitudes and the relative quality of these locations, they provide

little evidence pointing to the mantle as an important source of seis-

micity in the Baikal rift zone.

Vertlib (1981) reports fewer than ten events of magnitude <3

between 50–60 km in the Kalar-Chara region of the northeast rift

(∼56.5◦N, 117◦E, indicated by Kc in Fig. 2). All of the remain-

der (∼1400 events) were located shallower than 42 km. The few

deep events are likely to be poorly located in depth, owing to the

sparse distribution of regional stations, whose minimum spacing

exceeds 100 km. With this in mind, we believe these data may con-

firm that the lower crust is seismically active, but do not unequiv-

ocally show the upper mantle to be a significant source of seismic

activity.

From a relocation of 74 local events occurring between 1979 and

1980 in the dense Amut swarm (55.5◦N, 111.5◦E, Am in Fig. 2),

Déverchère et al. (1991) demonstrate that the lower crust in the

northeast rift is seismically active. Five events of magnitude 2.2–

2.8 were found to be ‘probably in the upper mantle’, with likely

depths between 40 and 50 km. Of the five events, the smallest event-

station distance is ∼40 km. Déverchère et al. (1991) looked at these

five events carefully, showing that variations in velocity model, trial

depth and Vp/Vs ratio affected the depth ranges that were accept-

able. The minimum depths of these events range from 38 to 43 km,

and the maximum from 45 to 63 km. It is possible, therefore, that

some of them occurred below the Moho. However, given their small

magnitudes, they do not show that the mantle is a significant source

of seismicity either.

Déverchère et al. (2001), in a study involving relocation of

approximately 600 Mw∼2.2–4.5 events, restricted to those with

epicentres within 40 km of regional stations (small yellow trian-

gles, Fig. 2), deduced that Ts across the whole Baikal rift is ∼35–

40 km. A single event was located at 52–54 ± 5 km depth, although

it is not in their population of 203 best-located events, and is not

discussed further. These general results are supported by those of

Radziminovich et al. (2003), who also located events using regional

networks and found Ts ∼ 35 km beneath central and southwest Lake

Baikal. Their summary of hypocentral relocation studies across the

whole rift zone also concludes that Ts ∼ 35 km.

Of the studies cited above, the best locations are likely to be for

events relocated in the North Muya region (∼56.1◦N, 113.5◦E) by

Déverchère et al. (1993), within the dense local network shown

by the blue ellipse in Fig. 2. They found a 30 km-deep cut-off in

seismicity for this area.

2.3.3 Ts summary

Teleseismic waveform modelling of moderate-sized earthquakes

suggests that seismic activity is spread throughout the upper 30 km

of the crust northeast of Lake Baikal, and restricted to the upper

20 km in the rest of the rift zone (Fig. 2). However, hypocentre relo-

cations for smaller events using regional and local networks suggest

that the whole crust may be seismogenic everywhere, with the vast

majority of hypocentres being shallower than 30 km. It may be that

the crust in the northeast is the only part of the rift capable of pro-

ducing lower-crustal earthquakes of moderate size, possibly because

the deepest events there are occurring in a younger, cooler part of

the rift, as suggested by Doser & Yarwood (1994). Alternatively, it

may be that the high-quality teleseismic database is not sufficiently

long to reflect the long-term distribution of earthquakes with M w >

5.5 in the rift zone. Little incontrovertible evidence exists for mantle

seismicity in the region. Where possible mantle earthquakes occur,

there is some doubt about their precise depths and they have small

magnitudes. We have found no earthquakes with M w > 5.5 in the

mantle beneath the Baikal rift zone.

3 2 - D A D M I T TA N C E E S T I M AT E S

O F E L A S T I C T H I C K N E S S , Te

We estimated the elastic thickness (Te) in three regions of the Baikal

rift zone from the spectra of topography and free-air gravity, us-

ing the 2-D free-air admittance technique of McKenzie & Fairhead

(1997) and McKenzie (2003). In all three regions, we find lower Te

values than previous Bouguer coherence analyses have suggested.

The admittance Z(k) is defined by

g̃(k) = Z (k)ẽ(k) + ñ(k),

where g̃(k) and ẽ(k) are respectively the 2-D Fourier transforms of

the free-air gravity and topography. The part of the gravity signal

not modelled by the Z (k)ẽ(k) term is represented by the term ñ(k),

which represents gravity anomalies that are incoherent with the to-

pography, and whose significance is discussed at length by McKen-

zie (2003). The 2-D wavenumber of a signal with wavelength λ is

k =
√

k2
x + k2

y = 2π/λ. Te is estimated using the part of the gravity

signal that is coherent with the topography. The free-air coherence

at wavenumber k is

γ 2
f (k) = 〈g̃ẽ∗〉2

〈g̃g̃∗〉〈ẽẽ∗〉 .

Complex conjugates are indicated by asterisks and angle brackets

denote averages over a waveband centred on k.

Following the method used by McKenzie (2003), we use a layered

crust (Fig. 3) in which loads can be distributed between the free

surface, an intracrustal interface at 15 km depth, and the Moho.

Loads placed at our chosen Moho depth (40 km) are set to zero for

simplicity. By varying the values of Te and the proportion F 2 of
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Figure 3. The simple model used to calculate admittance, comprising a

two layer crust of thickness tc (40 km) overlying a mantle half-space (the

uppermost layer is water or air, of density ρw). Loads can be placed at any

of the three interfaces shown, though we set the Moho load to zero. F2

denotes the proportion of topographically expressed load located at depth tu
(15 km). We assume a linear relationship between gravity and topography.

For all three regions studied, densities for the mantle and lower crust are

modelled as ρm = 3300 kg m−3 and ρ l = 2900 kg m−3 respectively. We

set ρw to zero. The upper crustal density ρu is chosen to best fit the short

wavelength admittance in each region. Te values are calculated assuming a

Young’s modulus of 95 GPa and a Poisson’s ratio of 0.295.

load placed at the intracrustal interface, the misfit H between the

observed (Zo) and calculated (Zc) admittance is minimized to find

the best-fitting elastic thickness, where

H (Te, F2) =
[

1

N

N∑
n=1

(
Zo

n − Zc
n

σZo,n

)2
] 1

2

.

The standard deviation of observed admittance values in the nth

waveband is σ Zo,n . Admittance and coherence estimates are com-

puted for data from N such wavebands.

At short (∼80–110 km) wavelengths, loads are entirely uncom-

pensated and the admittance tends to a constant value (2πG�ρ)

determined by the surface density contrast (�ρ). Using this part

of the admittance curve, the best-fitting upper crustal density ρ u is

determined for each region. At intermediate wavelengths, the ad-

mittance decreases as depression of the Moho reduces the observed

gravity signal. We estimate Te from this change in admittance, us-

ing wavelengths up to 300 km. Our admittance measurements at

longer wavelengths are less reliable, owing to the small boxes used

to sample the gravity and topography data.

The free-air gravity data used to estimate Te are shown in

Figs 4(a)–(c). Data were gridded on a 10 × 10 km grid before being

windowed and filtered using the multitaper technique of McKenzie

& Fairhead (1997). To avoid spatial averaging of Te estimates over

dissimilar regions of lithosphere, the Precambrian Siberian shield

(Fig. 1)—which lacks a powerful gravity signal over a range of

wavenumbers—is not included in the admittance analysis wherever

possible. The locations of windowing boxes are restricted further

by a lack of suitable gravity data from China, and by the presence

of Lake Baikal. We therefore chose three separate sample regions:

southwest of Lake Baikal, southeast of Lake Baikal and in the north-

east rift (Figs 1 and 4).

Admittance data from the southwest Baikal box of 920 × 900 km2

(Figs 1 and 4a) are best fitted using an elastic thickness of 4.8 km,

shown as a solid line in Fig. 5(a). In the region where the coherence

(Fig. 5b) is high (λ ∼ 80 to 250 km), the fit to the data is good,

and we find a well-defined minimum in the misfit H as a function

of Te. This is shown in Fig. 5(d), where the misfit exceeds twice

its minimum H min for values of Te outside the range 3.8 to 5.8 km.

Although the best-fitting internal loading fraction (F 2) is less well

defined, it is clear from Fig. 5(c) that the elastic thickness is less

than 8 km and likely closer to 5 km. A considerable portion of the

southwestern part of this region is contained within a larger region

used by Bayasgalan et al. (2005), who employed the same technique

to study the elastic thickness of western Mongolia, and found that

Te < 10 km. Our results are consistent with theirs and, furthermore,

the agreement between the two different areas indicates that the

average elastic thickness remains small right up to the edge of the

Siberian shield.

In the southeast Baikal region (800 × 690 km2, Figs 1 and 4b),

the coherence of the gravity signal decreases more rapidly with

increasing wavelength (Fig. 6b). Consequently, we estimate Te by

fitting the admittance data (Fig. 6a) for a more restricted range of

wavelengths (80 < λ < 170 km), finding a best fitting value for Te

of 5.2 km. Formally, the misfit (Fig. 6d) exceeds twice its minimum

value when Te is outside the range 4.0–6.4 km, though the trade-

off with F 2 shown in Fig. 6c suggests that Te, though smaller than

10 km, is less well defined than this.

In the northeastern rift zone (890 × 610 km2, Figs 1 and 4c),

we find a best-fitting elastic thickness of 10.0 km by fitting the

admittance (Fig. 7a) at wavelengths up to 300 km. This slightly

larger value of Te is due in part to the presence of the Siberian shield

(Te ∼ 15 km, after McKenzie 2003), which is certainly contained

within part of the northeastern box, and may underlie more of it,

depending on the extent to which younger material has been thrusted

on top of the ancient shield. For the minimum misfit value of F 2,

Fig. 7(d) shows that H > 2H min if Te lies outside the range 7.6–

13.4 km, whereas the contoured misfit (Fig. 7c) indicates that H >

2H min for Te outside the range 5 to 18 km, whatever the value of

F 2. Clearly the elastic thickness of the northeastern rift zone is less

than 18 km, and probably closer to 10 km.

Use of this technique to estimate Te is sometimes regarded as con-

troversial, owing to the sensitivity of admittance functions to sub-

surface loading (Forsyth 1985; Pérez-Gussinyé et al. 2004). Forsyth

(1985) argues that Te is more reliably determined from the Bouguer

coherence, because it is far less sensitive to variations in internal

loading. Many authors (e.g. Diament & Kogan 1990; Ruppel et al.
1993; Ebinger & Hayward 1996; Simons et al. 2000) have adopted

his method for this reason. It is important to distinguish between

two types of subsurface load: internal loads that lack a topographic

signal, and internal loads that are expressed topographically. In the

presence of the former, Bouguer coherence techniques can overesti-

mate Te. These Bouguer techniques assume statistical independence

between surficial and internal loads to estimate Te. This assumption

implicitly neglects the presence of internal loads having no topo-

graphic expression, which must correlate with surficial loads in

order to produce flat topography (McKenzie 2003). Such subsur-

face loads reduce the coherence between gravity and topography,

and cannot be represented by the internal loading fraction F 2. On

the other hand, F 2 can be used to represent subsurface loads that

are expressed topographically. We estimate the value of F 2 using

the same simple model as McKenzie (2003), where the arguments

summarized here are presented in more detail. Whatever the source

of internal loading, part of the free-air gravity signal must correlate

with the topography, since the topography always produces a gravity

signal. By using wavebands for which the free-air coherence (eq. 3)

is high, we reduce the effect loads without topographic expression

have on our estimates of elastic thickness.

We are restricted by the gravity data set and regional geography

to boxes of dimensions that are small compared to the those often

used in spectral estimates of Te. It is possible that our admittance

estimates are distorted slightly by spectral leakage (sections 2 and

3 of Pérez-Gussinyé et al. 2004). However, given that in the areas

sampled there is little power in the gravity signal at wavelengths

exceeding ∼300 km (Fig. 4), it is not likely that such distortions
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Figure 4. Free-air gravity anomalies (mGal) of the Baikal region. Gravity data were kindly made available by Derek Fairhead of GETECH. Yellow shading

shows the approximate position of Lake Baikal. The edge to the low-energy gravity signal of the relatively flat Siberian shield can be seen along the right hand

border of Fig. (a), as far southeast as Lake Baikal. Yellow rectangles in figures (a), (b) and (c) show respectively the locations of boxes used for the admittance

analysis in Figs 5 (southwest Baikal), 6 (southeast Baikal) and 7 (northeast rift). Box locations are also shown in Fig. 1. The projection used in the analysis of

the southwest and southeast boxes was a transverse Mercator with the pole at 55◦N, 15◦E; the northeast box data were projected in the same way, using a pole

at 0◦N, 32◦E. Line PQ bisects a portion of the negative free-air gravity anomaly discussed in Sections 5.2 and 6.

cause our Te estimates to differ significantly from the true values.

Tests with synthetic data show that, for boxes of the size we are

limited to consider here, the difference between the true Te and the

value retrieved using the free-air admittance is typically ∼4 km for

a theoretical Te of 5 km, and ∼6 km for a value of 10 km (Crosby

2006). Conversely, caution should be taken in interpreting the value

of F 2, which is poorly constrained as a consequence of both its

sensitivity to the shape of the admittance function at intermediate

wavelengths, and to the depth of internal loading assumed in the

model.

Two studies have used the Bouguer coherence technique of

Forsyth (1985) to estimate the effective elastic thickness of the

Baikal rift zone, each finding a higher value than we have here.

Diament & Kogan (1990) estimate Te ∼ 30 km, using coherence

data from an area of 1570 × 1570 km2, which is much larger than

the boxes examined here, and encompasses Lake Baikal and a large

area of the Siberian shield. In a study of a similar region using a

higher resolution data set, Ruppel et al. (1993) find Te values in

the range 40–60 km. As argued by McKenzie (2003) and summa-

rized above, these estimates can only provide an upper bound on

the elastic thickness. van der Beek (1997) applied various rifting

models to the Baikal region and found, by comparing topography

and Bouguer anomalies with modelled values, that ‘best-fit elastic

thicknesses are in the range 30–50 km’. However, the misfits as a
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Figure 5. Free-air admittance (a) and coherence (b) measurements from the southwest Baikal box (Fig. 4). We chose an upper crustal density ρu of 2860 kg m−3

to best fit the admittance between 80 < λρu < 100 km, before fitting the admittance to wavelengths 80 < λZ < 250 km (shaded in a and b). (c) Contours of the

misfit H (eq. 3) between the calculated and observed admittance as a function of elastic thickness Te and the fraction of internal load F2. There is a well-defined

minimum in the misfit surface at Te = 4.8 km, F 2 = 0.15. (d) Misfit as a function of Te for the best-fitting value of F2 (0.15), with a clear minimum at Te =
4.8 km. The solid line in (a) corresponds to this elastic thickness, with the dotted and dashed lines respectively indicating the calculated admittance for upper

(5.8 km) and lower (3.8 km) bounds on Te, outside which H > 2H min. These limits are shown in (d) by dotted and dashed lines. Te = 4.8
↑5.8
↓3.8 km; H min = 0.54

(ρu = 2860 kg m−3; F 2 = 0.15).

function of Te between observed and modelled gravity and topog-

raphy are broad, and are consistent with lower elastic thicknesses.

Using a continuous elastic plate of thickness 0–50 km to model five

Bouguer anomaly profiles across the Baikal rift, Petit et al. (1997)

also show that minima in the gravity misfit as a function of Te are

shallow, if they exist at all, and consistent with values of Te in the

explored range.

From our estimates based on the coherent part of the free-air

admittance, we conclude that the elastic thickness in the Baikal rift

zone as a whole is low, and likely to lie in the range 5–20 km.

Although the southwest and southeast Baikal boxes have formal

values of Te < 10 km and the northeast box has Te ∼ 10 km, we do

not believe the differences between them are really resolvable. The

slightly larger value in the northeast rift may be because that box

contains some of the Siberian shield. McKenzie (2003) explicitly

looked at the admittance over the shield itself and in eastern Siberia,

and found values for Te of 15.2
↑19.2
↓11.6 and 20.8

↑27.4
↓15.6 km respectively.

4 C RU S TA L T H I C K N E S S E S T I M AT E S

F RO M I N V E R S I O N O F T E L E S E I S M I C

R E C E I V E R F U N C T I O N S

McKenzie et al. (2005) suggested that the depth distribution of in-

traplate earthquakes within both the oceanic and continental mantle

lithosphere can be explained by temperature alone, and so we would

like to examine geotherms in the Baikal region. If McKenzie et al.

(2005) are right, the lack of moderate-sized earthquakes within the

mantle lithosphere of continental shields may be attributable to the

temperature structure. Beneath shields, the Moho temperature is

strongly influenced by crustal heat generation and crustal thickness.

Therefore to accurately estimate continental geotherms from mantle

nodule data (Section 5.1), it is important to have good estimates of

the Moho depth in areas from which the nodules are derived. In this

section, we support our geotherm modelling in Section 5.1 using

crustal thickness estimates based on the inversion of teleseismic ra-

dial receiver functions, taken from three locations on the Siberian

shield (sites AIKY, CHEY and YAK, Fig. 1).

Use of receiver functions to determine crustal structure is now a

well-established technique (e.g. Langston 1979; Owens et al. 1984;

Ammon et al. 1990), and details of its implementation do not war-

rant detailed repetition here. The method we adopt is essentially

the same as that used by Mitra et al. (2005). We used teleseismic

(� = 30–90◦) broadband data recorded at the permanent GDSN

station in Yakutsk (YAK, Fig. 1), and at two temporary Geofon

stations in the middle of the Siberian shield (AIKY and CHEY,

Fig. 1). True-amplitude radial receiver functions were generated us-

ing the iterative, time domain deconvolution approach of Ligorrı́a &

Ammon (1999). The results were smoothed using a Gaussian width

factor of 1.0, which passes frequencies up to ∼0.4 Hz and results in

reduced resolution of intracrustal velocity contrasts. However, the

feature of most interest to us here is the Moho, which is sufficiently

large and localized a velocity contrast to be revealed by this choice
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Figure 6. As for Fig. 5, but for the southeast Baikal box of Fig. 4. 80 < λρu < 110 km; 80 < λZ < 170 km. Note the misfit surface in (c) defines an elongated

trough, showing a trade-off between Te and F2; but that Te must nonetheless be between 2 and 10 km. Te = 5.2
↑6.4
↓4.0 km; H min = 0.86 (ρu = 2660 kg m−3; F 2
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Figure 8. Selected stacked radial receiver functions for each of the three

sites we have studied (AIKY, CHEY, YAK; Fig. 1). We show the observed

receiver function in blue and the synthetic, produced using our final velocity

model, in red. Beneath each station name we give the mean back azimuth

and mean ray parameter (in s km−1) for all events used in the stack. The

receiver function for CHEY is from a single event. The peak we interpret

as the Ps conversion from the Moho is clearly visible in each receiver func-

tion and is labelled in green. Alongside each receiver function, we present

the determined Moho depth, all of which are uncertain by approximately

±5 km. Further details are given in the Appendix, Section C.

of filter at all three of the sites we have studied. Radial receiver

functions from similar epicentral distances and back azimuths were

stacked prior to inversion wherever possible.

Using the algorithm of Herrmann (2003), we determined details

of the crustal structure by inverting the averaged radial receiver func-

tions. For all three stations we discuss below, the S-wave velocity

(Vs) is the free parameter in the inversion, with the P-wave velocity

(Vp) given by the Vp/Vs ratio, which we fix at 1.73. Our starting

models were all half-spaces of uniform S-wave velocity. We tested

initial values of Vs between 3.12 and 4.73 km s−1, the latter being

a typical upper mantle velocity, and the former a slow crustal one.

Receiver functions and synthetics at each station are shown in Fig. 8,

which is designed to show the clear identification of the Ps conver-

sion from the Moho, the principal object of interest here. Details

of the data stacks and inversions at each station are given in the

Appendix (Section C).

The temporary Geofon station AIKY is ∼80 km from a kimberlite

pipe in the Siberian shield at Udachnaya (label U, Fig. 1). Given the

proximity of these two sites, receiver functions at AIKY are likely to

provide an accurate constraint on the crustal thickness at Udachnaya.

Using a uniform initial S-wave velocity of 3.82 km s−1, an inversion

of two receiver function stacks indicates that the crust beneath AIKY

is 46–52 km thick (Fig. A19). Starting models with Vs = 3.12 and

4.73 km s−1 yield Moho depths in the 40–46 and 48–54 km ranges

respectively, showing the trade-off between velocity and depth that

is well known in receiver function inversions (Ammon et al. 1990),

and the likely range of Moho depths. All inversions suggest the mid-

crust to be almost uniform, with a low-velocity layer in the upper

6–10 km. Given the lack of suitable data and relatively poor signal-

to-noise ratio in the stacks we have used, we are unable to reliably

constrain this apparent feature any further. We estimate the crustal

thickness at AIKY to be between 40 and 50 km.

Only a few high-quality receiver functions were available for the

temporary Geofon station CHEY (Fig. 1), produced from events that

were sparsely distributed in back azimuth and epicentral distance.

Consequently, it was not possible to stack receiver functions for rays

that sample similar structure between event and receiver. Instead, we

used the three best-quality individual receiver functions in a joint

inversion. Starting with a uniform Vs of 3.82 km s−1, we estimated

the Moho to lie between 40 and 44 km depth (Fig. A20), though

varying the initial S-wave velocities between 3.12 and 4.73 km s−1

show the base of the crust to lie between 38–42 and 41–46 km

respectively. Therefore, the crustal thickness is likely to lie in the

38–46 km range. As with station AIKY, the receiver functions reveal

the crust at CHEY to be approximately uniform, with the possible

exception of a low-velocity layer in the top few kilometres.

Data are far more abundant for the permanent GDSN station

YAK (Fig. 1), and we were able to stack receiver functions from

teleseismic events spanning a wide range of epicentral distances

and back azimuths (inset map, Fig. A21). Although it lies ∼500 km

from the region of interest here, a study of the velocity structure at

YAK gives us some idea about how uniform the crust is likely to be

across the Siberian shield. The inversion presented in Fig. A21 again

uses an initial S-wave velocity of 3.82 km s−1, and yields a Moho

depth in the range 36–44 km. Initial Vs values between 3.12 and

4.73 km s−1 show the Moho to be at 36–42 and 37–46 km respec-

tively. We conclude that the crustal thickness at YAK is in the range

36–46 km. A small peak observed prior to the Ps conversion in sev-

eral receiver function stacks suggests that there may be a mid-crustal

velocity discontinuity at this site.

Our results, combined with the receiver function analysis of Gao

et al. (2004, profiles NS and WE, Fig. 1) and deep seismic sound-

ing studies by Suvorov et al. (2002), allow us to estimate crustal

thicknesses on the Siberian shield to an accuracy sufficient for

the purposes of thermobarometric modelling (Section 5.1). We es-

timate that the shield has a crustal thickness in the range 40–45 km.

Sparse data at two sites (AIKY, CHEY) in the middle of the shield

suggest that the crust there lacks any major intracrustal velocity con-

trast, although there is some evidence for a mid-crustal discontinuity

at station YAK further to the east. These simple analyses support

the crustal thicknesses we have chosen to model the geotherm at

two sites on the Siberian shield.

5 L I T H O S P H E R E S T RU C T U R E

5.1 Steady state geotherms fitted to geochemical

nodule data

McKenzie et al. (2005) suggest that the mechanical behaviour of

oceanic and continental mantle appears to depend on temperature

alone, and that there is, as yet, no convincing evidence that any

compositional contrasts have significant rheological effects. In or-

der to assess this conclusion for the Lake Baikal region, we have

modelled four geotherms at locations both within and outside the

Siberian shield (sites U, O, V, and T, Figs 1 and 10). We used

the technique of McKenzie et al. (2005) to fit steady state geotherms

to pressure and temperature estimates from geochemical nodule

data. This technique differs from previous studies of the continen-

tal geotherm (e.g. Artemieva & Mooney 2001) in that the thermal

conductivity of the mantle is allowed to change with temperature,

and varies by a factor of ∼2 over the temperature range of inter-

est (Schatz & Simmons 1972; Hofmeister 1999; Xu et al. 2004).

In addition, the potential temperature of the mantle is fixed every-

where at 1315◦C, which produces an oceanic crust 7 km thick by

decompression melting, based on the expressions of McKenzie &

Bickle (1988) using an entropy of melting of 400 JK−1 (Kojitani &

Akaogi 1997). Furthermore, the radiogenic heat production is not
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Figure 9. Geotherms fitted to pressure and temperature estimates from nodules. The technique used to fit the thermobarometric data is described in detail by

McKenzie et al. (2005). Pressure (depth) and temperature estimates are obtained from nodule compositions using the expressions of Finnerty & Boyd (1987).

Nodule locations for Udachnaya (a), Obnazhennaya (b), Vitim (c) and Tariat (d) are labelled in Figs 1 and 10 as U, O, V and T respectively. The original nodule

data are from Boyd et al. (1997 U, intruded during the late Devonian/early Carboniferous), Taylor et al. (2003 O, late Jurassic), Ionov et al. (1993 V, Cenozoic)

and Kopylova et al. (1995 T, Cenozoic). We use a crustal thickness of 40 km for O and V, and 45 km for U and T, in agreement with values from receiver

functions, where available (Section 4 and Fig. 1). The crust is coloured in light brown, and estimated Moho temperatures (T Moho) are labelled for each site. The

red band shows the thermal boundary layer (TBL) used to match up advective heat transport in the convecting interior with conductive transport in the overlying

mechanical boundary layer (MBL). [At Udachnaya, the base of the TBL (not shown) is 255 km deep.] We take the thickness of the thermal lithosphere (t lith) to

be the depth at which the conductive and convective geotherms would meet in the absence of a thermal boundary layer, shown by a dashed yellow line within

each of the thermal boundary layers. The sites Udachnaya and Obnazhennaya are situated on the shield and have a considerably colder temperature structure

at depths <150 km than those from the more active orogenic belts, which also have a markedly slower S-wave velocity at these depths (Fig. 10).

concentrated at upper crustal depths, in agreement with detailed

studies of heat flow and radioactivity on the Canadian shield (Jaupart

et al. 1998; Jaupart & Mareschal 1999; Mareschal & Jaupart 2004).

Deeper radiogenic heat production within the crust means that the

crustal thickness has a more pronounced effect on the Moho tem-

perature. We therefore used receiver function estimates of crustal

thickness (Section 4) wherever possible. Conductive heat transport

in the lithosphere is matched up with convective transport in the un-

derlying isentropic asthenosphere using a thermal boundary layer

(labelled TBL in Fig. 9), which allows the temperature and heat flux

to be continuous at all depths. The value of ‘lithosphere thickness’

(t lith) labelled in Fig. 9 corresponds to the depth at which the con-

ductive geotherm would meet the convective one in the absence of

a thermal boundary layer.

As the geotherms presented in Fig. 9 show, there is a marked

difference between the lithospere beneath the ancient continental

shields (sites U and O) and the younger orogenic belts (V and T).

At depths shallower than ∼150 km, the sites on the shields have

a considerably colder structure than those on the Palaeozoic fold

belts. The lithosphere beneath the Siberian shield (U,O) is also

much thicker. Within the shield (U,O), the Moho temperature is
>∼550◦C; outside the shield it is higher (∼750◦C at Vitim, ∼850◦C

at Tariat). Given the temperature structures we have estimated, it is

no surprise that the seismicity beneath Mongolia is predominantly

shallow (Bayasgalan et al. 2005), as crustal and mantle tempera-

tures at Tariat are predicted to be high. Furthermore, the deeper

seismicity that we observe in the northeast Baikal rift is consistent

with a cooler temperature structure, intermediate between those at

Udachnaya and Obnazhennaya (U, O) and those at Vitim and Tariat

(V, T), which may be related to its situation adjacent to the much

colder Siberian shield.

Previous thermobarometric studies of the Vitim and Tariat vol-

canic fields agree well with the estimates of lithosphere thermal

structure presented in this section. Analyses of xenoliths from both

Vitim (Poort et al. 1998; Ionov 2002) and Tariat (Ionov 2002) pro-

duce geotherms corresponding to lithospheric thicknesses that lie

within ∼10 per cent of our estimated values. Ionov (2002) estimated

that the difference in temperature between sites on the Siberian

shield and the fold belts to the south is ∼400◦–550◦C at depths of

45–80 km. The corresponding difference from our own estimates

of the temperature variation with depth is ∼500◦–600◦C. Predicted

Moho temperatures are also very similar: Ionov (2002, Vitim and

Tariat) and Poort et al. (1998, Vitim) both estimate temperatures to

be ∼800◦–900◦C at depths corresponding to the base of the crust;

we estimate them to be ∼750◦–850◦C. Ionov (2002) also uses the

composition of garnet-bearing peridotites from Pleistocene basalts

in northern Hentei (adjacent to the eastern end of profile WE in

Fig. 1) and eastern Sayan to suggest that the thermal state of the

lithosphere is similar at these sites to that at Tariat in the corre-

sponding depth range. This suggests that the temperature profiles

V and T presented in Fig. 9 are characteristic of a wider region

of the fold belts than simply the locations from which they were

derived.

The lithospheric thickness of ∼350 km found by Artemieva &

Mooney (2001) for the oldest parts of the Siberian shield differs sig-

nificantly from our estimated value of ∼240 km from Udachnaya

(U, Figs 1, 9 and 10), whereas their estimate of ∼150–200 km at

the northeastern boundary of the craton agrees with our estimate

of ∼170 km at Obnazhennaya (O, Figs 1, 9 and 10). Our estimates

of lithospheric thickness are supported by results from the tomo-

graphic wave speed model of Priestley et al. (2006; see Section 5.2

and Fig. 10 in this study), which uses fundamental and higher mode

regional waveforms. One possible source of the discrepancy be-

tween our results and those of Artemieva & Mooney is the contri-

bution of crustal radiogenic heat production to the observed sur-

face heat flow. Mareschal & Jaupart (2004) show that variations in

crustal heat production can account for large changes in observed

heat flow with no significant change in lithospheric thickness. It is

plausible, therefore, that the larger thermal thicknesses of the litho-

sphere estimated by Artemieva & Mooney are due, at least in part,

to reduced crustal heat production and its effect on the surface heat

flow.
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5.2 Surface wave tomography

Velocity structure obtained from surface waves is often a good

indicator of contrasts in lithosphere properties on the continents

(e.g. Ritzwoller & Levshin 1998; Ritsema & van Heijst 2000). An-

cient, cold, inactive cratonic lithosphere generally has a faster ve-

locity structure than the actively deforming mountain belts. Where

multimode surface waves are used to measure such contrasts in

tomographic inversions, the depth resolution of the models is

greatly improved, as these waves are more sensitive to the up-

per few hundred kilometres of the Earth’s mantle (Debayle et al.
2001; Gung et al. 2003; Priestley & Debayle 2003; Debayle et al.
2005).

Here, we present the Sv wave speed tomographic model of

Priestley & Debayle (2003) and Priestley et al. (2006), which uses

regional waveforms of the fundamental and first four higher modes

to image the upper mantle at depths up to ∼400 km. A slice through

the velocity model at a depth of 150 km clearly shows the contrast

between the upper mantle beneath the active orogenic belts and that

of the cold, fast Siberian shield (Fig. 10). Although the data are

smoothed on a horizontal lengthscale of ∼400 km, there is a clear

correlation between the locations of earthquake epicentres and the

velocity contrast that marks the Siberian shield boundary. This is

also the trend followed by the right-stepping en echelon basins of

the northeast rift zone (e.g. Logatchev 1993). It appears from Fig. 10

that the geologically mapped boundary of the Siberian shield at the

surface (dotted line) may provide a poor description of the shield

edge at depth, though the lateral resolution (∼400 km) of the veloc-

ity model should be kept in mind. Profiles AA∗ and BB∗ in Fig. 10

are vertical sections through the tomography model, coloured only

below 75 km, with topography added in vertical exaggeration. These

profiles show further how seismicity is concentrated at the edge of

the shield, as defined by the tomography. Of particular interest is

section BB∗, where the geologically located shield edge at the sur-

face (which correlates with topography) does not coincide with our

interpretation of that edge at depth. A simple interpretation of this

difference is that younger rocks to the south have been thrust onto the

shield in the north, obscuring its boundary beneath the surface. This

is supported by the presence of an arcuate series of post-accretionary

thrusts observed as far north as 60◦N (e.g. Bulgatov & Gordienko

1999; Parfenov et al. 1995, 2004), and by a negative free-air grav-

ity anomaly to the northwest of the Vitim embayment (around line

PQ in Fig. 4c). Although this depression in the gravity field lacks

the asymmetry of a flexed foreland (it is roughly symmetric about

line PQ), it is possible that some of the signal has been removed

by erosion and infill. It is also possible that the course taken by

the northeasterly flowing Lena river has been affected by the down-

ward flexure of the shield that this loading has caused, as it now

Figure 10. (a) The fundamental and higher-mode Sv wave speed tomographic model of Priestley & Debayle (2003) and Priestley et al. (2006). Percentage

velocity deviations (see scale, bottom right panel b) are shown at a depth of 150 km, relative to a reference velocity of 4.416 km s−1. Earthquakes with good

depth control (from Bayasgalan et al. 2005, and this study) are shown as red or black circles, coloured according to depth using the same scheme as Fig. 2

(see legend). Other epicentres are shown as white or grey circles. The geologically mapped boundary to the Siberian shield is marked with a dotted line, as in

Fig. 1. (b) Profiles AA∗ and BB∗, showing velocity perturbations relative to a smoothed version of the preliminary reference earth model (PREM, Dziewonski

& Anderson 1981), displayed to the right of profile AA∗. Thick black bars beneath nodule sites O, U, T and V show estimates of the lithosphere thickness

(t lith), determined from the geotherms we have modelled (Section 5.1). The approximate position of the shield boundary mapped at the surface is marked

SC and correlates with an abrupt change in elevation. In profile BB∗, the geologically mapped edge to the shield at the surface is clearly different from the

tomographic signature of the same feature at depth. Earthquakes whose depths have been determined by waveform modelling are shown if their epicentres lie

within ±200 km of a profile, and are coloured red if they are more than 20 km deep. In both profiles, the rift-related earthquakes are concentrated at the shield

edge, as defined by the tomography. The rift basins (Tunka, Tk, profile AA∗; Muya, My, profile BB∗) are situated above the same feature. The abrupt change in

elevation seen close to the geologically mapped shield boundary at the surface, as well as the discrepancy between this boundary and its tomographic signature

at depth, can be explained by thrusting of younger rocks on top of the ancient Siberian shield, which would obscure its boundary at the surface.

parallels the range front of the Vitim embayment between ∼109◦–

119◦E (Fig. 1). An analogous situation to this proposed overthrusting

probably exists in the Himalayas, where the Indian shield is thrust

∼300 km north of its surface limit beneath southern Tibet (Sandvol

et al. 1997; Chen & Özalaybey 1998; Huang et al. 2000; DeCelles

et al. 2002; Jackson et al. 2004).

Profiles AA∗ and BB∗ (Fig. 10) pass close to the four sites from

which geochemical nodules and geotherm estimates were derived.

Superposed on the S-wave velocity structure we show estimates of

the lithosphere thickness (t lith) obtained from the geotherm mod-

elling. The defined base of the lithosphere revealed by the tomog-

raphy is expected to lie in the thermal boundary layer (TBL, Fig. 9)

beneath the colder, faster lithosphere. There is a good agreement

between the general features of the lithosphere estimated using the

two techniques. For example, the lithosphere beneath Udachnaya

(site U, Fig. 10) is predicted by the geotherm modelling to be cold

and ∼240 km thick, and this is reflected in a fast velocity anomaly

extending to ∼200 km depth. Both the thermal structure and the

velocity structure suggest that the Baikal rift zone is a region across

which an abrupt change in lithosphere thickness occurs.

6 D I S C U S S I O N

In our study of the seismogenic thickness (Ts) along the Baikal rift

zone we have shown that the whole crust is seismogenic, and that

there is no strong evidence showing the mantle to be a significant

source of seismicity. Ts along the rift zone itself is larger than that

of Mongolia to the southwest, where, with the exception of one

event (980924, Table 1), there is no evidence for earthquake centroid

depths greater than 20 km (Bayasgalan et al. 2005).

Apart from a single event having complicated waveforms

(990225, M w 5.9, Table 2), which most probably nucleated within

the crust (see the caption to Table 2 and the Appendix, Section B),

and one event (051211, M w 5.7, Table 2) whose seismograms—

though consistent with a relatively shallow focus (see the Appendix,

Section B)—were contaminated by high levels of noise, we have

been able to model all events with M w > 5.5, as well as sev-

eral smaller ones. None of our modelled events has a centroid

depth exceeding 30 km. Indeed, although microearthquakes relo-

cated by local networks have depths up to ∼40 km and greater,

the vast majority of such events are located in the upper 30 km of

the crust (Radziminovich et al. 2003). It is possible that the lower

10 km of the crust is too hot for earthquakes with M w > 5.5 to occur

there, and that seismicity is restricted to relatively few earthquakes

of smaller magnitude as a result.

2-D admittance analysis of gravity and topography data yields

low values of ∼10 km or less for the effective elastic thickness (Te)
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in three regions surrounding the rift zone. Based on Te estimates

for the eastern Siberia, the Siberian shield (McKenzie 2003), and

those from this study, we infer that the elastic thickness of the

seismically active part of the rift system is also low, with a value

<20 km. Te is thus comparable to Ts. Our values of Te are lower than

those determined with the Bouguer coherence technique of Forsyth

(1985), used by Diament & Kogan (1990) and Ruppel et al. (1993),

who find values of ∼30 and 40–60 km respectively. However, it has

been argued (McKenzie 2003) that these estimates provide only an

upper bound on the elastic thickness. Nowhere does our analysis

require that Te > Ts, and so our results are in agreement with the

pattern of Te and Ts values reported by Maggi et al. (2000a). There

is no evidence implying that the mantle of the Baikal rift zone is a

significant source of elastic strength, either on the timescale of the

earthquake cycle or over the periods for which topographic loads

are supported elastically.

Earthquakes along the rift zone form an approximately linear band

of concentrated seismicity up to ∼200 km wide in places, trending

SW–NE from southwest Lake Baikal out to ∼123◦E (Fig. 1). The

topographic expression of the rift basins also follows this trend

(Figs 1 and 2). It is difficult to explain the localization of these seis-

motectonic features if the Proterozoic–Palaeozoic suture at the edge

of the Siberian shield lies along the dotted line shown in Figs 1, 2 and

10. Although the line we present shows only an approximate geo-

logically mapped position, similar shapes are presented throughout

the literature (e.g. Logatchev & Florensov 1978; Goodwin 1991;

Logatchev 1993). Publications regularly show the characteristic

S-shaped shield boundary paralleling Lake Baikal before turning

north for ∼300 km, following the abrupt change in topographic

relief around the Vitim embayment (Fig. 1) instead of the en eche-
lon rift basins in the northeast rift zone (fig. 5 of Petit et al. 1996,

shows this especially clearly). We now suspect that a feature of this

shape provides a poor description of the shield edge at depth. The

earthquake epicentres in the northeast rift seemingly delineate the

shield boundary at depth as far east as ∼123◦E. In Fig. 10 there is

a distinct contrast between the fast velocities of the cold Siberian

shield and the relatively slow velocities beneath Mongolia and the

Sayan-Baikal foldbelt. The correlation between the rift-related epi-

centres and the edge of the Siberian shield, as shown by the velocity

structure, is also clear. It seems that the stable lithospheric root of

the shield plays a greater rôle in the location of the rift zone than ge-

ological estimates of the shield boundary would otherwise suggest.

This revised position for the edge of the shield may explain why we

measure a slightly larger elastic thickness in the northeast rift zone,

as about half of the northeast box (Figs 1 and 4c) is underlain by the

Siberian shield at depth, as defined by the tomographic boundary.

In the event that the velocity structure does show the subsurface

edge of the Siberian shield, there is no need to explain the north-

easterly termination of the rift structures in terms of the rift entering

the thicker lithosphere and ‘incompatible’ structural grain of the

Archean Aldan shield in the northeast, as suggested by Logatchev

& Florensov (1978). Instead, the northeasterly decay of rifting and

seismicity could be explained by the fact that distance to the pole

of relative rotation between Siberia and Amuria decreases with in-

creasing distance northeast of the rift zone (see England & Molnar

2005).

The discrepancy between the tomographic and geological esti-

mates of the shield boundary can be explained by past tectonic

episodes, thrusting material onto the shield’s surface. The pres-

ence of an arcuate series of post-accretionary thrust faults within

the Vitim embayment supports this hypothesis, as does the nega-

tive free-air gravity anomaly paralleling the embayment range front

(line PQ in Fig. 4c), which may be the eroded and infilled re-

mainder of a flexed foreland basin. If overthrusting concealment

processes, such as those we believe to have occurred here, are

common in other global settings, it is conceivable that the bound-

aries of Precambrian shields have a greater effect on the location

of seismically deforming zones than is apparent from the surface

geology.

McKenzie et al. (2005) suggest that temperature is probably

the sole factor controlling whether the mantle is seismogenic be-

neath both the oceans and continents. They conclude that intraplate

earthquakes with M w > 5.5 are unlikely to occur at temperatures

>600◦C, unless strain rates are high. Beneath the Siberian shield,

at Udachnaya and Obnazhennaya (U and O, Fig. 1), we estimate

Moho temperatures to be >∼550◦C, so the lack of moderate man-

tle earthquakes there is not surprising. At Vitim (V, ∼750◦C) and

Tariat (T, ∼850◦C), the Moho temperature is higher, and it has been

suggested that the lithosphere has a similar thermal state at other

fold belt sites surrounding the southern edge of the Siberian shield

(Ionov 2002). Recent work by Priestley & McKenzie (2006) indi-

cates that there is a well-defined relationship between S-wave veloc-

ity and temperature at upper mantle depths. The S-wave velocities

shown in Fig. 10 suggest an intermediate temperature structure in the

seismically active part of the rift system, between that of the Siberian

shield (positions U and O; geotherms 9a and 9b) and the foldbelt

to the south (position V and T; geotherms 9c and 9d), though the

rift itself is too small to show up in the tomography. Using Priestley

and McKenzie’s expressions, we estimate the temperature at a depth

of 100 km beneath the rift system to be 1000◦–1300◦C, making it

slightly cooler than the geotherm at Vitim (Fig. 9c), but still with a

Moho temperature greater that 600◦C. Given that the mantle temper-

ature beneath the seismically active part of the rift is likely to exceed

that beneath the Siberian shield to the north, and given that the man-

tle beneath the Siberian shield is apparently too hot to be seismo-

genic, it seems that temperature structure alone can indeed account

for the apparent scarcity of mantle seismicity beneath the Baikal rift

zone. The deeper seismicity that we observe in the northeast Baikal

rift is consistent with a cooler crustal temperature structure, which

may be related to its situation adjacent to the much colder Siberian

shield. One anomalous lower-crustal earthquake, separated from the

main lower-crustal activity in the northeast rift, is a M w 5.5 event at

a depth of 27 km (980924, Table 1), located within a structure de-

lineated by a ∼50 × 150 km band of concentrated microseismicity

in central Mongolia. This anomalous feature is too small to be de-

tected by the tomography study of Fig. 10. We conclude that, given

the relatively high temperatures beneath Mongolia and the Baikal

rift zone, it is no surprise that the mantle there is comparatively, if

not almost entirely, aseismic and not a source of long-term elastic

strength.

7 C O N C L U S I O N S

This study demonstrates that it is possible to combine diverse data

from several different sources, such as seismicity, gravity, topog-

raphy and thermal and velocity structures, into a coherent, sim-

ple, picture of continental lithosphere rheology. Earthquakes within

the Baikal rift system are restricted to the crust, with the possi-

ble exception of a few low-magnitude events occurring beneath the

Moho. Larger, lower-crustal earthquakes appear to be concentrated

in the northeast. The mantle in the Baikal region is not a signifi-

cant source of seismicity and all events with M w > 5.5 have been

found to occur in the crust, as expected from geotherm estimates of

Moho temperatures, which everywhere exceed 600◦C beneath the
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seismically active part of the rift. Free-air admittance estimates of

effective elastic thickness within, and in all regions adjacent to, the

Siberian shield are all less than 30 km, with values less than 20 km

found either side of the rift zone. The elastic thickness is therefore

comparable to, or less than, the seismogenic thickness everywhere

in the Baikal region. From these observations there is no reason to

believe that the mantle in this area is a source of long-term strength

in the lithosphere.

In Mongolia, Siberia and Transbaikalia there is a remarkable

consistency between the lithosphere velocity structure determined

by multimode surface wave tomography, the geotherms estimated

from mantle nodules, and the localization of seismicity. This, in

turn, indicates that the geological and topographic position of the

Siberian shield edge at the surface may not represent that boundary

at depth. This discrepancy may be the result of earlier overthrusting

of younger rocks onto the ancient shield, analogous to the situation

in the Himalayas and southern Tibet.
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beneath the north Baikal rift revealed by gravity modelling, Geophys. Res.
Lett., 21(2), 129–132.

Chapman, C., 1978. A new method for computing synthetic seismograms,

Geophys. J. R. astr. Soc., 54, 481–518.

Chapman, C., Yen-Yi, C. & Lyness, D., 1988. The WKBJ seismogram al-

gorithm, in Seismological algorithms: Computational methods and com-
puter programs, chap. I.2, pp. 47–74, ed. Doornbos, D., Academic Press

Limited, London.

Chen, W.-P. & Molnar, P., 1983. Focal depths of intracontinental and in-

traplate earthquakes and their implications for the thermal and me-

chanical properties of the lithosphere, J. geophys. Res., 88, 4183–

4214.
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Debayle, E., Lévêque, J. & Cara, M., 2001. Seismic evidence for a deeply

rooted low-velocity anomaly in the upper mantle beneath the northeastern

Afro/Arabian continent, Earth planet. Sci. Lett., 193(3–4), 423–436.

Debayle, E., Kennett, B. & Priestley, K., 2005. Global azimuthal seismic

anisotropy and the unique plate-motion deformation of Australia, Nature,
433, 509–512, doi:10.1038/nature03247.

DeCelles, P., Robinson, D. & Zandt, G., 2002. Implications of shortening in

the Himalayan fold-thrust belt for uplift of the Tibetan Plateau, Tectonics,
21(6), 1062, doi:10.1029/2001TC001322.
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A P P E N D I X A : WA V E F O R M I N V E R S I O N

F O R A L L S O U R C E P A R A M E T E R S

Here we present the P and SH long-period waveforms (Figs A1–

A13) for the events labelled ‘A’ in Table 1. We have inverted

these waveforms for source orientation, depth and moment. Using

a deconvolution procedure, we produced long-period records from

broadband data by switching the response of a GDSN broadband

instrument for that of a digital WWSSN 15–100 long-period seis-

mometer. Wherever possible, arrival times of P and SH phases were

measured from the broadband records and used to realign the long-

period synthetics with the observed waveforms, before performing

the inversion. We used the MT5 version (Zwick et al., 1994) of the

algorithm developed by McCaffrey & Abers (1988) and McCaffrey

et al. (1991), which inverts P and SH waveform data for the source

time function (parametrised by a series of overlapping isosceles tri-

angles), scalar moment, strike, dip, rake, and centroid depth. P, pP,

and sP phases were modelled on vertical component seismograms

in the epicentral distance range 30–90o, and the S and sS phases on

transverse components in the range 30–80o. Each source was con-

strained to be a pure double-couple and amplitudes were corrected

for geometrical spreading. Anelastic attenuation was modelled us-

ing Futterman operators with a t
∗

of 1.0 and 4.0 s for P and SH waves

respectively. We estimated the uncertainty in our source depth by

fixing it at some value close to that of the best fitting (“minimum

misfit”) solution, before varying the other source parameters to com-

pensate for this change. The range of acceptable depths was taken to

be that outside which the inversion could not adequately match the

waveforms through adjustment of the remaining free parameters.

Each figure is divided into two parts: (a) The minimum misfit

solution, showing focal spheres for P (top circle) and SH (bottom

circle) waves as lower hemisphere projections. Pressure and tension

axes are shown in the P focal sphere as solid and open circles re-

spectively. Below the event label we list the strike, dip, and rake

for one of the nodal planes (s1, d1, r1, Table 1), the centroid depth

in km, and the seismic scalar moment in Nm. Each waveform is

labelled by its station code and an additional letter. These letters are

ordered clockwise by azimuth and correspond to the event-station

raypath’s intersection with the lower hemisphere. Vertical bars and

numbers beside each focal sphere denote the amplitudes (in mi-

crons) of the plotted seismograms. For the waveforms themselves,

solid lines show the observed seismograms; dashed lines show syn-

thetics calculated for the minimum misfit solution. The inversion

window is marked by vertical bars at either end of each waveform.

To the right of each P focal sphere, the horizontal timescale for both

sets of waveforms is shown along with the source time function. (b)

We show the sensitivity of the minimum misfit solution to varia-

tions in source depth. The effects of changes in source parameters

are shown for six good quality waveforms (three P, three SH), se-

lected from as wide a range of azimuths as possible. Line (i) shows
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Figure A6. (Continued).

the minimum misfit solution for these six stations. Remaining lines

show the effect of using other source orientations and depths. We

compared our solution to that of the Harvard CMT catalogue, and

also modelled depths published in the updated catalogue of Engdahl

et al., (1998, referred to as EHB). We also compared our solution

with other published ones where available. The source time function

used in all such comparisons is that which minimised the misfit to

the data, using the same number of elements as we did in our own

solution. Finally, we performed depth sensitivity tests by fixing the

depth and observing the inversion’s ability to match the waveforms

by varying the other source parameters.

A P P E N D I X B : L O N G - P E R I O D A N D

B R O A D B A N D M O D E L L I N G O F

S O U R C E D E P T H S

In this appendix we present waveform modelling results (Figs A14–

A18) for the five events labelled ‘A’ in Table 2. For two of these

events (910912 and 920214, Figs A15 and A16), we followed the

method described in appendix A1, but fixed the source orientation to

that in the Harvard CMT catalogue. Long-period waveforms were

then inverted for the source depth and moment, with the source

time function restricted to a single element of suitable duration.

Depth sensitivity tests were performed for these two events using

the method of appendix A1 and are presented in a similar way.

We performed the same procedure for event 050427 (Fig. A18),

but made adjustments to the Harvard quick CMT solution before

inverting for the depth and moment.

As event 891025 (Fig. A14) had only a single station suitable for

long-period waveform analysis, we supported the depth estimated

from our long-period depth and moment inversion with a forward

model of the broadband vertical-component waveform. We used the

program WKBJ3 (Chapman 1978; Chapman et al., 1988) and the

Harvard CMT source orientation to do this, as described in section

2.2.2. Broadband forward modelling was also used to match the

waveforms at several stations for event 951113 (Fig. A17).

For all WKBJ3-generated synthetic waveforms, the source strike,

dip, rake, and modelled depth (in km) are shown above the P focal

sphere. We do not estimate the scalar moment using this technique.

Instead, the rms amplitudes of all synthetic waveforms were scaled

to match those in the window of data that we present here. Owing to

the presence of noise, this scaling slightly overestimates the abso-

lute amplitudes of the modelled phases. However, we were able to

match the relative amplitudes and arrival times of the P, pP, and sP
phases very well. Station labels within the focal sphere are ordered

clockwise by azimuth, as in appendix A1. A timescale for the syn-

thetic (dashed lines) and observed vertical component waveforms

(solid lines) is also shown.
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Figure A14. 1989 October 25 (891025). (a) Results of an inversion for depth and moment only: strike 68◦; dip 40◦; rake −78◦; depth 28 km; M w 5.3. We used

the Harvard CMT source orientation and inverted for the depth and moment only, restricting the source time function to a single element of 1 s half-duration.

Although only one station with sufficient signal was available to us, we were able to realign it reliably using the prominent arrival on the broadband vertical

component. (b) Forward modelling results for the vertical broadband component using the Harvard source orientation. (i) A source depth of 23 km reproduces

the relative time of the P, pP, and sP phases, and our chosen source orientation matches their relative amplitudes very well; (ii) Broadband modelling results

for a trial source depth of 7.5 km. We include this model here because it could be argued that the surface reflections pP and sP arrive within ∼5 s of the P
phase. Although the polarities of the modelled arrivals match those of arrivals seen in the data, the poorer fit to the relative amplitudes, combined with our

findings from the long-period modelling, suggest that the event was not so shallow. We also note a ∼55 s timing error at station HYB on this date. Event

depth 28+5
−5 km.

Two events (990225, 051211) listed in Table 2 have magnitudes

which would normally make them suitable for waveform modelling

such as that described above. However, we were unable to reliably

determine their depths. As discussed in the caption to Table 2, event

990225 (M w 5.9) had complex waveforms following the onset of

the P wave, which we were unable to reliably model with a sin-

gle source or multiple sources. This complexity possibly suggests

a complicated rupture history. Radziminovitch et al., (2005) used

temporary and permanent stations to relocate 65 aftershocks occur-

ring over three months following the main shock, and found them

to be spread from 5–25 km depth, with a mean depth of 15–18 km,

depending on the velocity model used for the relocations. Event

051211 (M w 5.7) occurred a month after event 051110 (M w 5.8,

event depth 7+4
−3 km, Fig. A13) and was located ∼15 km away. The

unusually high level of “noise,” presumably the coda from a larger

(M w 6.6) event occurring around an hour and a half earlier in New

Britain, prevented us from reliably determining the source depth.

Although a similar problem was overcome for event 951113 (M w

5.8, Fig. A17) using WKBJ3, modelling was not able to unam-

biguously determine the source depth by applying this technique to

broadband data from stations close enough to the event to have suf-

ficient signal-to-noise. Waveforms were consistent with a shallow

(∼7 km) focus, but without separation of the P, pP, and sP phases

into distinct pulses it was not possible to show this unequivocally.

A P P E N D I X C : R A D I A L R E C E I V E R

F U N C T I O N S U S E D T O I N F E R

C R U S T A L T H I C K N E S S E S

In Fig. 8 (main text, section 4) we show a selection of the radial

receiver functions that we used to estimate the crustal thickness at

three sites (AIKY, CHEY, and YAK) on the Siberian shield. Here, we

present all of the receiver function data that we inverted to estimate

the Moho depth. Details of the technique we used to estimate a

simple crustal structure are given in the main text, along with a

discussion of the results.
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Figure A17. 1995 November 13 (951113). Harvard source orientation with depth determined by forward modelling of vertical component broadband data:

strike 56◦; dip 43◦; rake −59◦; depth 21 km; M w 5.8. Although this event had a magnitude typically suitable for long-period waveform modelling, the coda

from a larger (M w 6.0) Tongan event occurring around an hour earlier made the long-period data too noisy for us to invert. However, the P, pP, and sP phases

appear prominently in the broadband records and their relative timing is well matched by the model depth of 21 km shown here. Given the possible inaccuracies

in the source velocity model that we use, and the fact that an event of this magnitude is typical of a fault ∼10 km across, we estimate the error in the depth to

be ∼5 km. Event depth 21+5
−5 km.
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Figure A19. Stacked, true-amplitude radial receiver functions for station

AIKY (Fig. 1) and the velocity model (solid red line, left) produced from their

inversion. The starting model is a uniform half space of constant Vs=3.82

kms−1 (dashed blue line). Synthetic receiver functions produced by the final

velocity model shown are plotted in red; stacked data are shown in blue.

Numbers by each receiver function give the mean back azimuth and ray

parameter (in skm−1) for each stack. The inset map shows the station, the

geologically mapped position of the Siberian shield, and the distribution of

stacks used in the inversion. Circled numbers indicate the number of events

used in each stack. Both stacks used here contain events separated by less

than 2.5◦ of back azimuth and 0.7◦ of epicentral distance. Primary arrivals

and later crustal multiples are reasonably well fitted using the smoothed

velocity model shown, which has a crustal thickness between 46–52 km.

Based on this and the effect that variations in the initial velocity have on the

final Moho depth, we estimate the crustal thickness (tc) to be between 40–50

km. Grey lines on the velocity model show this range of Moho depths. tc
=45±5 km.

Figure A20. Single event radial receiver functions for station CHEY

(Fig. 1), displayed as in Fig. A19. There is insufficient high quality data

to stack events from similar back azimuths and epicentral distances. Instead,

we jointly invert three single event receiver functions. The PpPms crustal

multiple is labelled where it is prominent in two of the three records, and

is well fitted by the final smoothed model shown. The crustal thickness (tc)

resulting from the starting model shown is 40–44 km and, based on the effect

variations in the initial velocity have on the final Moho depth, we estimate

tc to be 42±4 km.
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Figure A21. Stacked true-amplitude receiver functions for station YAK (Fig. 1), with prominent crustal multiples PpPms and PpSms + PsPms visible in several

of the stacks (examples are labelled). The display convention is as in Fig. A19. An arrival preceding the Ps peak, marked by a vertical green line, is observable

in many of the stacks, suggesting that there may be a mid-crustal velocity contrast that is not well resolved by the inversion. Of the 19 stacks presented, 18

use events from a range of back azimuths (δφbaz) less than 6◦, and 14 have δφbaz <3◦. Only one stack uses events from a range of epicentral distances (δ�)

exceeding 6◦, and 14 stacks have δ�<2.5◦. The Moho of the final smoothed velocity model shown here lies between 36–44 km. tc =41±5 km.
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