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Abstract 

The Cenozoic volcanism in the French Massif Central region is fed by an 
upper mantle plume, which was revealed by teleseismic tomography about 
10 years ago. This contribution reviews earlier studies and applies a new 
method to image the crust and upper mantle in the region. Since teleseis-
mic tomography alone has only moderate ability to resolve crustal struc-
tures, we perform an integrated study by a joint teleseismic-gravimetric in-
version to investigate the gross crustal imprints of the Massif Central. We 
use a 3-dimensional joint inversion code, which allows a variable model 
parameterisation, and 3D ray tracing to perform an iterative inversion. 
Travel time residuals are corrected for Moho topography and sedimentary 
influences to avoid mapping of known crustal structure into the mantle. 

Our study finds a prominent low-velocity structure in the upper mantle, 
which is interpreted as the thermal signature of the Massif Central plume. 
With a modelled diameter of about 100-120 km it reaches down to at least 
330 km depth. The average determined seismic P-wave velocity contrast is 
-0.6% to -1.0% in the shallow asthenospheric mantle and deeper upper 
mantle. We found two low-velocity channels in the crustal layer beneath 
the Cantal/Monte Dore and south of the Devès volcanic fields. A zone of 
mainly high density and increased seismic velocity is determined in the 
crust south of the Limagne Graben between the two volcanic fields. Fur-
thermore the Massif Central is characterised by increased seismic scatter-
ing in the lithosphere as found by studying the teleseismic P-wave coda. 
We interpret the detected high-velocity/high-density body and the litho-
spheric scatterers as cooled magmatic intrusions, produced during the Ce-
nozoic volcanism. 
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1 Introduction 

Geophysical and geochemical research has been performed in the French 
Massif Central (Fig. 1) to study the structure and geodynamic implications 
of the underlying mantle plume. This contribution combines seismological 
and gravimetric observations for a joint inversion to image the crustal and 
upper mantle structures and to interpret their geodynamical implications. 

The French Massif Central is part of the European Variscan mountain 
belt (Matte 1986). In the Paleocene (65-35 Ma) a first volcanic stage took 
place, followed by a phase of rifting as part of the European Cenozoic Rift 
 

 
Fig. 1. The French Massif Central region. The thick outlines indicate Neogene 
volcanic areas, the thinner line represents the Variscan basement of the Massif 
Central 
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System during the Oligocene (26-24 Ma). In the Massif Central the main 
rift is the Limagne Graben in its northern part. A second volcanic stage 
began in the early Miocene (20 Ma) with latest activity about 6 ka BC 
(Brousse et al. 1969, Miallier et al. 2004). 

To study the origin of the volcanism and the deep structure of the Mas-
sif Central a teleseismic tomography project was conducted in 1991/92 by 
running a temporary station network (Fig. 2) in the central Massif Central 
region (Granet et al. 1995a). The teleseismic P-wave tomography revealed 
a low-velocity zone in the upper mantle beneath the Massif Central down 
to at least 180 km depth, which was interpreted as a small mantle plume. 
Later studies estimated its depth to at least 250-270 km (Granet et al. 
1995b, Piromallo and Morelli 2003), with a seismic P-wave velocity con-
trast of -2% to -2.5% at 100-270 km depth. In the lithosphere two vertical 
low-velocity channels were detected which coincide with the location of 
the volcanic complexes of Cantal/Mont Dore and Devès (Granet et al. 
1995a). Taking into account the prominent Bouguer gravity low in Massif 
Central region, it was concluded that no or only a small amount of melt is 
needed to explain the negative seismic velocity anomaly in the mantle 
(Granet et al. 1995a). 

Sobolev et al. (1997b) showed that the detected velocity perturbation 
could be explained nearly entirely by temperature. In their model the ex-
cess temperature of the plume is 150-200°C relative to the average poten-
tial temperature of the upper mantle. Their temperature model was used as 
an input for a dynamic convection model. The resulting topography and 
geoid agreed well with observations in the region of interest (Sobolev et al. 
1997a). Ritter (2005) estimated the buoyancy flux of the plume using the 
above excess temperature, a plume radius of 60-75 km, non-linear viscos-
ity and a Poiseulle flow law. This calculation resulted in a buoyancy flux 
of 0.09-0.7 Mg/s, what is about ten times more than the flux of the Eifel 
plume under the Rhenish Massif (Ritter 2005). 

According to Werling and Altherr (1997) the petrologic analysis of 
equilibrated xenoliths gives a steady-state geotherme of about 90 mWm-2. 
They found a thinned lithosphere of about 70-80 km thickness beneath the 
Massif Central. Dèzes et al. (2004) assume that thermal thinning of the 
lithosphere occured since the middle Miocene (14 Ma), when increased 
volcanic activity took place in the southern Massif Central. After Sobolev 
et al. (1997b) the main lithospheric thinning occurs beneath the volcanic 
fields in NW-SE direction, which was determined by Müller et al. (1997) 
as the orientation of maximum horizontal compressional stress. Using this 
stress-field deduced from earthquake focal mechanisms, geological indica- 
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tors, borehole breakouts, overcoring and hydraulic fracturing data, they ar-
gued that first-order stress orientations would be the same in the crust and 
the subcrustal lithosphere beneath the Massif Central. 

Recent mantle xenolith studies found geochemical differences in sam-
ples from the northern Massif Central, dominated by the Limagne-Graben 
structure, and the southern part with the large Cantal volcanic area (Fig. 1): 
Lenoir et al. (2000) analysed trace elements of peridotites and found older 
and more refracted samples in the region north of 45.5°N than in the area 
south of it. Downes et al. (2003) combined these results with isotopic data 
 

 
Fig. 2. Location map of seismic station distribution, showing the mobile Massif 

Central network (triangles, Granet et al. 1995a) and permanent stations (squares). 
The two lines indicate the positions of the cross-sections in Fig. 11, 12. The grey 
dots indicate the resampled linear grid of the Bouguer data. Grey-shaded regions 
indicate Neogene volcanic areas 
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and confirmed the differences between the two regimes. Lenoir et al 
(2000) assigned the consolidation of the two different lithospheric domains 
to the Variscan orogeny and suggested an asthenospheric channelling ef-
fect along the two lithospheric blocks. Thus upwelling asthenosphere in 
the South follows the lithospheric suture zone, which acts as a mechanical 
boundary. 

Granet et al. (1998), however, identified two other regions by a seismic 
shear-wave splitting study. They distinguish the region east of the Sillon 
Houiller fault zone and the region west of it by different anisotropic pat-
terns. In the East they determined the fast polarisation direction φ of the 
shear-waves to be roughly parallel (φ ≈ N100°E) to the lithospheric low-
velocity zone found by Granet et al. (1995b) and related this polarisation 
direction to magmatic flow during periods of volcanic activity. In the West 
they detected φ parallel to the Sillon Houiller (φ ≈ N30°E). This division 
was explained by a stable lithospheric regime in the West and a heteroge-
neous, reworked lithosphere beneath the Neogene volcanic areas in the 
East. 

To study the lithosphere-asthenosphere system of the Massif Central we 
derive a detailed tomographic model. We use a new imaging technique 
with the same teleseismic recordings used by Granet et al. (1995a,b) and 
additional crustal travel time corrections (Barth 2002) as well as gravity 
data. We review analyses of coda phases, which estimate the distribution 
of small-scale structures in the lithosphere that cannot be resolved by tele-
seismic tomography. The integrated structural model is then interpreted 
together with recent geophysical and geochemical models. 

2 Joint inversion of travel time residuals and gravity data 

Based on the teleseismic waveforms recorded by the mobile stations of the 
Massif Central project 1991/92 (Granet et al. 1995a) and additional per-
manent stations plus a Bouguer gravity dataset (Fig. 2), a new inversion 
model is obtained using the JI-3D method (Jordan 2003). Compared to 
previously published models our joint inversion uses gravity and travel 
time data, a variable model parameterisation, individual a priori station 
corrections for crustal structure, 3D ray tracing, an iterative quasi non-
linear approach and 3D resolution tests. This approach gains a deeper and 
better resolved model than previously available. 
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2.1 Inversion routine and starting model 

JI-3D (Joint Inversion in 3 Dimensions) is an inversion method that simul-
taneously determines 3D density and seismic velocity perturbations from 
Bouguer gravity and seismic travel time delays. The model parameterisa-
tion consisting of blocks and nodes is adapted to the observed seismic ray 
distribution. The blocks explicitly define the volume that contributes to the 
determination of an individual model parameter (Fig. 3). Since the ray 
density is often highest below the centre of the station network and back 
azimuths are best distributed there, model blocks there have a smaller size 
 

 
Fig. 3. Parameterisation and ray distribution of model layer five (178 km to 
252 km depth). Arrows are projections of incoming teleseismic rays within the 
layer. Dots indicate the nodes of the surrounding blocks and correspond to the spa-
tial centre of data information density 
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than model blocks at the edges. The parameterisation is designed so that all 
model parameters are equally well resolved, which leads to stable and 
more unique results without oscillations and only minimum vertical smear-
ing. The actual velocity parameter is assigned to a node at the centre of in-
formation of each model block, where ray density is highest. This allows 
exact control over the resolution properties and avoids artificial velocity 
jumps at the block boundaries. 3D ray tracing is performed iteratively 
through the updated velocity model and is based on Steck and Prothero 
(1991). Using the Bayes algorithm after Zeyen and Achauer (1997), JI-3D 
minimises iteratively the following four quantities and conditions (see 
Eq. 1): 

 
1. the difference d

r
Δ  between the observed data vector and the synthetic 

data vector predicted by the current inversion model (including travel 
time residuals and Bouguer anomalies), 

2. the difference between the velocity model parameters vrΔ  and those 
predicted by the density model parameters Δρ and the correlation be-
tween variations of velocity and density parameters in matrix B, 

3. the difference prΔ  between the parameters of the initial model and the 
current model (including velocity and density perturbations), 

4. the difference densprΔ  between modelled densities in adjacent density 
blocks weighted with distance ΔR. 

 
 

While points 1 and 2 represent the physical imaging process, 3 and 4 are 
used to obtain further numerical stability. Thus the summed object func-
tion to be minimised is: 

 

[ ] ( ) ( )[ ]
[ ] ( ) ( )[ ] .minpppp

vvdd

dens
T

dens
T

TT

→+

+−−+
−−

−−

RCRC

BCBC
1

S
1

p

1
B

1
d

ΔΔΔΔΔΔ

ρΔΔρΔΔΔΔ
rrrr

rrrr

 
(1) 

 
The inversion process depends highly on the a priori variances that are 

contained in the following covariance matrices (Jordan 2003): The data 
covariance matrix Cd, the coupling covariance matrix CB, the model co-
variance matrix Cp and the smoothing covariance matrix CS. 
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Cd contains weighted errors for the travel time residuals and gravity data 
as a priori variances. The different influence of seismic and gravimetric 
data is considered by an additional constant factor. The a priori variances 
in matrices Cp, CB and CS are determined through a trade-off process to 
achieve high variance reductions at moderate model lengths. 

Due to the unfavourable ray distribution at crustal depths teleseismic in-
version tends to map upper mantle heterogeneities into the little con-
strained crust. Therefore, we choose to include short-wavelength gravity 
data to improve the near surface resolution of our study. To integrate both 
data sets we employ an empirical law for the density-velocity relation that 
was formulated by Birch (1961): 

 

.ddvB
m
kg

s
km

3
3103 −⋅== ρ  (2) 

 
 
A similar relation was also found by Christensen and Mooney (1995). 

The variance of the coupling B between velocity and density parameters is 
chosen so that the velocity and density model are effectively coupled with-
out forcing identical anomalies. 

Our inversion model consists of seven layers (Table 1). The uppermost 
layer includes topography and a priori known crustal station effects. The 
deepest layer has to be considered as possibly contaminated with structure 
projected from below the model. Therefore we only interpret layers two to 
six at a maximum depth of 330 km, where vertical smearing effects from 
adjacent layers are negligible. 

Table 1 Structure of the model used for the inversion 

Layer 
[number] 

Depth 
[km] 

Background velocity
[km/s] 

Inversion mode 

1  -2-0 5.80 none, fixed 
2  0-35 6.50 teleseismic-gravimetric 
3  35-106 8.04 teleseismic 
4  106-178 8.11 teleseismic 
5  178-252 8.32 teleseismic 
6  252-329 8.60 teleseismic 
7  329-410 9.03 teleseismic 
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Fig. 4. Event distribution used for the teleseismic tomography. Circles indicate 
distance in degrees from the centre of the network. a) shows 38 epicentres which 
provided P-phases as first arrivals, b) 6 events with PKP-phases. Hypocentre loca-
tions were taken from Engdahl et al. (1998) 

2.2 Data selection 

Both datasets, gravity and travel times, are significantly affected by crustal 
anomalies. Mainly sediments and the Moho topography have a distinct in-
fluence on the data (Waldhauser et al. 1998), but are known in the region 
from numerous previous studies (references in Barth 2002). We use a pri-
ori constraints of the crustal structure to avoid artefacts in the otherwise 
underconstraint crustal layer. To have two consistent datasets for the joint 
inversion, the data are additionally reduced to sea level: The gravity data 
are reduced to Bouguer anomalies (excluding topographic effects); the 
teleseismic travel times are corrected for the travel time of the rays from 
sea level to actual station elevation. As background velocity model we use 
iasp91 (Kennett and Engdahl 1991). 

Travel times 

We determined 1457 arrival times from 44 earthquakes recorded during 
the teleseismic field experiment from October 1991 until April 1992 (Gra-
net et al. 1995a) to have a consistent dataset and quantitative error esti-
mates as a priori data variances for the Bayes inversion. The event distri-
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bution is shown in Fig. 4. The azimuthal coverage is good apart from a gap 
at SSW-backazimuthal direction. 

We correct the picked arrival times for known crustal deviations relative 
to the iasp91 model. These deviations include variations in sediment thick-
ness, station elevation and Moho topography, and are used to determine 
individual 1D velocity models for each station site. We then correct the re-
spective crustal residuals according to their theoretical angle of ray inci-
dence (Barth 2002, Martin et al. 2005). In general we find negative correc-
tion terms in the whole region due to the elevated Moho (~30 km depth, 
Zeyen et al. 1997) relative to the iasp91 Moho (35 km depth). The positive 
correction terms mainly occur in the Rhône- (Southeast) and the Limagne-
Graben (North) due to the low-seismic velocity of the sediments. Most 
correction terms vary between -0.1 s and +0.1, large enough to be impor-
tant for a seismic inversion (Fig. 5). 

 

 
Fig. 5. Crustal corrections for travel times for each seismic station. Stars indicate 
positive values (later arrival time than iasp91), hexagons indicate negative values 
(earlier arrival time) 
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Following Evans and Achauer (1993) we normalised the corrected re-
siduals by subtracting the average residual of each event separately. The 
resulting relative residuals (in the following just called residuals) are free 
of first order effects from outside the model (source uncertainties and 
source-side heterogeneities). The average residuals for each station (Fig. 6) 
are negative in the North of the station network. In the South and South- 
 

 
Fig. 6. 5-segment plot of relative residuals for each seismic station. The four outer 
segments represent the average relative residual for rays with an incidence from 
N, S, E and W. Accordingly, the central segment represent the relative residuals of 
vertically incident core phases. A cross marks segments containing no data 



170      Barth A, Jordan M, Ritter JRR 

east the average residuals are positive indicating a broad low-velocity 
anomaly at depth. The maximum residuals are found in the southern part 
of the Limagne Graben and further south. The maximum contrast between 
the main anomaly and the residuals in the surrounding region is about 0.4 s 
for near-vertical ray incidence. Stations in the East show positive residuals 
for rays incident from the West, which limits the eastern extension of the 
plume. Similarly, stations in the West have positive delays for rays from 
the East (Fig. 6). 

 

 
Fig. 7. Interpolated basic input Bouguer gravity data 
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Gravity 

Figure 7 shows the basic dataset of Bouguer anomalies interpolated by 
splining from a regular 5’×5’ (≈ 10 km×10 km) grid. The data was pro-
vided by the Bureau de Recherches Géologique et Minière (BRGM, Orlé-
ans). The influence of the Alpine orogenic root in the East (negative 
anomaly starting at 5°E and 45°N in Fig. 7) and the continental margin in 
the Southeast (positive anomaly starting at 4°E and 44°N in Fig. 7) occur 
at the edges of the area of interest and are excluded from the final dataset  
 

 
Fig. 8. Gridded gravity data used for the joint inversion. Grid spacing is 10 km 
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(Fig. 8). The dominant signal, in Fig. 7 is a negative Bouguer gravity 
anomaly in the centre of the study region. It results from the mantle plume 
below the Massif Central, which is a zone of increased temperature caus-
ing reduced density (Sobolev et al. 1997b). This basic dataset is corrected 
for the crustal influences described above and for the gravity signal of the 
Alpine orogenic root and the continental margin (Bauer 1995). Since tele-
seismic resolution is high in the mantle, we include additional gravity con-
straints only in the crust, where ray incidence is mostly vertical and thus 
resolution is low. So we perform the joint teleseismic-gravimetric inver-
sion only in the crustal layer, and reduce the corrected Bouguer signal to 
effects that primarily result from the crustal layer by spatial filtering 
(Fig. 8). 

Density anomalies at a certain depth cause Bouguer anomalies with a 
minimum horizontal extent of three to four times the depth (in case of a 
cylindrical body, see Ritter et al., this volume). Accordingly low-pass 
wavelength filtering is used to remove gravity anomalies from large man-
tle heterogeneities. To keep the crustal anomalies in our data, we set the 
wavelength for the maximum gravity signal to l40 km (four times the 
crustal layer depth of 35 km, see Table 1). Very small-scale density 
anomalies cannot be resolved, because the model parameterisation in the 
crustal layer is too coarse. So a high-pass wavelength filter with a mini-
mum wavelength of 60 km is used in addition. The remaining crustal grav-
ity signal (resampled to a 10 km×10 km grid, Fig. 8) is free of the major 
negative anomaly of the original input dataset (Fig. 7), which thus is as-
signed to greater depth. Beside several second-order effects, the resulting 
dataset shows a positive Bouguer anomaly of about 20 mGal in the central 
part of the area. As we will discuss in Sect. 4 this anomaly can be assigned 
to a high-density body, which possibly results from cooled magma intru-
sions. 

2.3 Modelling results 

After five iterations the joint inversion converges to a 31.8% variance re-
duction for the velocity model and 14.3% for the density model. Further it-
erations do not improve the variance reduction. According to Jordan 
(2003), these low-variance reductions are due to the large model block 
sizes especially at the edges of the deep layers (Fig. 3). Since the inversion 
results in a homogeneous velocity for each block, heterogeneities inside a 
block cannot be modelled. Thus, on one hand large block sizes are neces-
sary in deep layers to achieve a uniform resolution and consequently a uni-
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formly constrained model and on the other hand they are the reason for 
low-variance reductions. 

The modelling results after the final iteration are shown as horizontal 
(Fig. 9 and 10) and vertical cross-sections (A-C-A’ and B-C-B' in Fig. 11, 
for location see Fig. 2) through the model. P-wave velocity perturbations 
are given in percent deviation from the starting model (Table 1). These 
sections show a continuous low-velocity anomaly (LVA) of about 100-
120 km diameter. In the crustal layer the LVA (-0.5% to -0.7% velocity 
contrast with respect to the surrounding) is split in two parts and coincides 
spatially with the Cantal/Monte Dore and Devès volcanic complexes 
(Fig. 10a). In the mantle layers the LVA broadens with a partly increased 
velocity contrast of up to -0.8% (Fig. 10b-f). As previous authors we inter-
pret the LVA as a mantle plume. In the northwestern part relatively in-
creased velocities are found in our model. A high-density body (density 
amplitude +0.5%) is revealed in Fig. 9, resulting from the positive gravity 
 

 
Fig. 9. Horizontal cross-section of the crustal density model at 0 km to 35 km 
depth (layer two of the inversion model). See Fig. 10 for the velocity model
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Fig. 10 (previous page & colour plate 5). Horizontal cross-section through the 
inversion model (layers 2-7). Shown are P-wave velocity perturbations with re-
spect to the background model (compare Table 1). See Fig. 9 for the crustal den-
sity model 

 
Fig. 11. Cross-section through the P-wave model after the final iteration, using the 
observed data. Section positions are indicated in Fig. 2. Distance is given in kilo-
metres. Beside the velocity perturbation the position of the crustal density anom-
aly is displayed by two white contour lines (0.4% perturbation anomaly), just NW 
of the crossing point (C) 
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data input (Fig. 8). This high-density body coincides with a small high-
velocity anomaly at the southern end of the Limagne Graben (Fig. 10a) 
that was already detected by Granet et al. (1995a, 1995b) and Gehrig 
(2004). The mantle LVA continues downwards into the deepest resolvable 
model layer (330 km depth, Fig. 10f and 11) and may even reach the 
410 km discontinuity (top of the mantle transition zone), however a plume 
origin from the mantle transition zone cannot be fully resolved with our 
dataset. 

2.4 Resolution 

To test the reliability of velocity and density structures in the model reso-
lution tests are performed. Additionally, the model resolution matrix R is 
analysed. Most main-diagonal elements of R are between 0.7 and 1 and the 
off-diagonal elements are quite small (generally well below 0.1), indicat-
ing a well-behaved inversion and not too much coupling (smearing) be-
tween the model parameters. 

One reconstruction test (Fig. 12) shows the resolution of the vertical 
sections in Fig. 11. As input anomaly we choose a plume-like low-velocity 
anomaly (dashed lines in Fig. 12). To calculate a synthetic data set we use 
the same 3D ray geometry as for the real data and the same Bouguer grav-
ity grid. The input model structure consists of a low-velocity zone reaching 
from beneath the Moho down to the base of the model at 410 km depth. 
The amplitude of the P-wave velocity contrast is -1.2% within a 60 km ra-
dius and it decreases linearly to 0% at a radius of 110 km. Accordingly a 
high-velocity zone combined with a high-density body is placed in the 
crustal layer. It has an inner radius of 20 km with a maximum velocity am-
plitude of +1.4% (density +1%) and an outer radius of 35 km. 

After forward calculating synthetic travel time residuals and gravity data 
Gaussian noise (standard deviation: 0.1 s for the travel time residuals and 
1 mGal for the Bouguer data) is added. These noise amplitudes are similar 
to the uncertainties in the observed data. 

The result of the iterative joint inversion using the synthetic dataset 
(Fig. 12) resolves the shape of the synthetic plume-like input structure es-
pecially in the deeper layers very well. The influence of the crustal high-
velocity/high-density structure however bends the plume in the upper man-
tle layer three (35 km to 106 km depth, see Table 1) to the South. A smear-
ing of the plume structure into the crustal layer could not be avoided. The 
average recovered velocity contrast is about -0.9% (or 75% of the input 
anomaly). This demonstrates the problem of resolution of shallow struc-
ture and indicates an underestimation of recovered anomalies, what was 
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also found in other studies (see also Keyser et al. 2002). The resolved den-
sity contrast is about 0.4% and it is slightly shifted compared to its original 
location. The perturbation amplitudes of velocity and density are underes-
timated. This is consistent with synthetic tests that reveal that JI-3D tends 
to underestimate velocity contrasts (Jordan 2003, Keyser et al. 2002). 

 

 
Fig. 12. According Fig. 11, but using synthetic data for a resolution test. The data 
is calculated using a cylindrical plume, with constant amplitude within the thick 
dashed lines, decreasing to 0% perturbation at the thin dashed lines. For details see 
text 
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3 Scattering at small-scale structures 

The teleseismic tomography in the Massif Central can resolve only struc-
tures larger than about 20 km. However, small-scale heterogeneities 
(< 10 km) in the lithosphere were detected by analysing the P-wave coda 
of teleseismic recordings (Ritter et al. 1997, 1998, Ritter and Rothert 2000, 
Hock et al. 2004). These studies are reviewed in the following. As data 
waveforms of 13 intermediate-depth events were selected (Fig. 13), which 
occurred mostly at more than 100 km depth (a complete list is given in 
Ritter and Rothert 2000). The recording stations were the mobile stations 
from the Massif Central 1991/92 project and seven stations of the perma-
nent Auvergne network of the University of Clermont-Ferrand (Fig. 2). 

Ritter et al. (1997) report about high frequency (2-4 Hz dominant fre-
quency) scattered phases in the teleseismic coda, which are most probably 
generated at heterogeneities in the lower crust. Pronounced lower crustal 
heterogeneity was also discovered by Novak (1993) while studying the 
coda phases along two seismic refractions lines across the Limagne Gra-
ben. Both studies inferred that lower crustal heterogeneities of about 0.2-
2 km diameter (a) with velocity fluctuations (σ) of a few percent could ex-
plain the observed scattered seismic phases. The teleseismic waveforms 
 

 
Fig. 13. Distribution of intermediate-depth earthquakes used for the scattering 
analysis of the P-wave coda. a) 12 epicentres with direct P-phases, b) one epicen-
tre with first arrival PKP-phase 
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were later studied with more sophisticated methods: For the teleseismic 
fluctuation wavefield method (TFWM) the scattered arrivals at a seismic 
station are separated from the mean (coherent) wavefield (Ritter et al. 
1998). A data example is shown in Fig. 14 with STACK as mean wave-
field and with residual seismograms (RES) containing the separated scat-
tered phases of four stations. The ratio of the mean wavefield and the scat-
tering intensities can be used to statistically describe the heterogeneity of 
the medium through which the wavefield propagated (for details see Ritter 
et al. 1998). As the TFWM cannot resolve the thickness of the scattering 
layer, only two optional models are given: scattering in the crust and in the 
whole lithosphere. 

 

 
Fig. 14. Data example for the scattering analysis with the same amplitude scaling 
for all traces. The teleseismic waveforms were recorded by the permanent Au-
vergne network of the University of Clermont-Ferrand at the stations PLDF, LBL, 
AGO and PYM (lower four traces). The source is a 228 km deep Hindu Kush 
earthquake (mb 6.0) on 21st March 1998. These recordings are stacked with the 
measured slowness (7.9 s/°) and backazimuth (73.6°). Scattered signals are recov-
ered by determination of residual seismograms at the individual stations (upper 
four traces) 
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Ritter and Rothert (2000) used the events from Fig. 13 and determined a 
random medium with Gaussian or exponential distribution of the scatterers 
underneath the Massif Central with the following properties: If scattering 
occurs preferably in the crust, then 1 km < a < 3 km with 4% < σ < 10%. 
Increased scattering in the lithospheric mantle would be compatible with 
a > 5 km and σ ≈ 1-3%. The simulation of the teleseismic coda envelopes 
with the energy flux method after Korn (1997) gained a model with a 20-
30 km thick scattering layer, which implies strong scattering preferentially 
in the crust. These heterogeneities are characterised by 1.5 km < a < 5 km 
(strongly depending on the assumed correlation function, Gaussian or ex-
ponential) with 3.5% < σ < 4.5% (Hock et al. 2004). 

Compared to 11 other regions in Europe (e.g. Baltic Shield, North Ger-
many, Frankonian Jura) the TFWM revealed that the most intense scatter-
ing occurs in the Eifel and Massif Central regions (Hock et al. 2004) which 
can be explained by magmatic intrusions related to the mantle plume activ-
ity (Ritter and Rothert 2000). Solidified gabbroic intrusions, for instance, 
in a mafic granulite lower crust have a 3-5% velocity contrast relative to 
the host rocks. Thus cooled magma chambers and dykes with dense cumu-
lates in the lower and upper crust are regarded as strong seismic heteroge-
neities below the volcanic fields of the Massif Central. 

4 Discussion and Interpretation 

The applied joint inversion of seismic travel times and Bouguer gravity 
produces a stable result that can resolve a structure such as an upper man-
tle plume. Vertical smearing of the velocity structure affects partly crustal 
regions, but the mantle is well-resolved. The inversion result of a synthetic 
seismic low-velocity mantle plume (Fig. 12) shows a similar shape as the 
plume structure revealed by the observed data (Fig. 11). However, the am-
plitudes of P-wave velocity perturbations are underestimated. Likewise the 
density anomaly in the crustal layer (Fig. 9) is likely to be stronger than the 
modelled +0.5% contrast. 

The resolved upper mantle plume structure is estimated to have an aver-
age diameter of about 100-120 km. The velocity contrast relative to the 
surrounding upper mantle ranges between -0.5% and -0.8% and the depth 
from about 35 km down to least 330 km. The top of the upper mantle 
plume is not well resolved (within layer three, 35 km to 106 km depth, see 
Fig. 10b) and depends mainly on the parameterisation of the model grid. 
However, an asthenospheric upwelling to 60-80 km is assumed in the re-
gion (Werling and Altherr 1997). A forward calculation of near-vertical 
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teleseismic rays through the low-velocity structure in Fig. 10 results in a 
maximum contrast of travel time residuals between the main anomaly and 
the surrounding region of about 0.3 s for a near vertical incidence. Com-
pared to the maximum observed travel time residuals (see Sect. 2.2), this 
value confirms the underestimation of the velocity contrast as found by the 
synthetic modelling. Hence we assume a P-wave velocity (vp) reduction 
between 0.6% and 1.0% inside the plume that can better explain the ob-
served contrast in relative residuals up to 0.4 s. This velocity contrast cor-
responds to a temperature (T) increase of 100-150°C using available vp-T 
relations which take into account inharmonic and inelastic effects in upper 
mantle material (e.g. Goes et al. 2004, Ritter 2005). For this temperature 
range and a diameter of 100 km the buoyancy flux of the Massif Central 
plume can be estimated to 0.09-0.2 Mg/s (Ritter 2005). 

The Massif Central plume clearly reaches the bottom of our model 
(Fig. 10f and 11). This leads to the hypothesis for an even deeper source 
possibly in the mantle transition zone as determined for the Eifel plume 
(Ritter, this volume). 

The Massif Central plume is situated below the southern part of the Li-
magne Graben and further to the South underneath the volcanic fields of 
Cantal/Monte Dore and Devès. At 35-106 km depth (Fig. 10b) the northern 
transition between low- and high-velocity perturbations is roughly along a 
line at 45.5°N. This supports the hypothesis of an East-West striking litho-
spheric block boundary as suggested by Lenoir et al. (2000) based on geo-
chemical analyses of mantle xenoliths. The western end (~2.5°E) of the 
LVA seems to be confined by a downward extension of the Sillon Houllier 
fault, which may act as another mechanical boundary for the astheno-
spheric upwelling. The change in fast directions of SKS-splitting observa-
tions also identifies the Sillon Houllier as a possible deep-reaching struc-
tural element (Granet et al. 1998). 

The joint inversion of travel time and gravity data in the crustal layer re-
sults in a zone of increased velocity combined with a high-density body 
beneath the southern Limagne Graben. A crustal high-velocity zone was 
revealed in the region with crustal seismic tomography by Gehrig (2004). 
In the same region the scattering analysis (see Sect. 3) finds increased 
seismic scattering compared to other regions in Europe. We interpret these 
modelling results as cooled magmatic intrusions which remained in the 
crust while magma penetrated from the plume to the surface. These intru-
sions and the Cenozoic volcanic fields are thus the uppermost imprints of 
the Massif Central mantle plume. 
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