
Earth and Planetary Science Letters 297 (2010) 95–102

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r.com/ locate /eps l
Layered azimuthal anisotropy of Rayleigh wave phase velocities in the European
Alpine lithosphere inferred from ambient noise

Bill Fry a,b,⁎, Frédéric Deschamps b, Edi Kissling b, Laurent Stehly c,d, Domenico Giardini b

a GNS Science, Wellington, New Zealand
b ETH-Zurich, Zurich, Switzerland
c Berkeley Seismological Laboratory, University of California-Berkeley, United States
d GEOAZUR, University of Nice, France
⁎ Corresponding author. GNS Science, PO Box 30368, L
Tel.: +64 4 579 4286; fax: +64 4 570 4600.

E-mail address: b.fry@gns.cri.nz (B. Fry).

0012-821X/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.epsl.2010.06.008
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 11 December 2009
Received in revised form 1 June 2010
Accepted 5 June 2010
Available online 24 July 2010

Editor: R.D. van der Hilst

Keywords:
surface waves
anisotropy
seismic tomography
Alpine crust
crustal thickening
Passive seismic imaging of the earth is a rapidly developing field of study. Recent advances in noise cross
correlation techniques allow imaging of isotropic surface-wave and shear-wave velocities in areas where
earthquake numbers and distributions are insufficient to implement traditional earthquake based
tomography. Furthermore, advances in the theory underpinning surface wave inversion have led to
depth-dependent mapping of seismic anisotropy in the lithosphere and upper asthenosphere. We show that
by merging these two rapidly advancing fields we can invert noise-based phase velocity measurements for
azimuthally anisotropic phase speed, thereby providing a highly resolved image of layered azimuthal
anisotropy in continental crust. We apply this new algorithm in the western Alps, an area of complex
lithospheric structure. Alpine crustal thickening results from continental collision, indentation of the Ivrea
mantle into the middle crust of the European plate, rollback of the European lithospheric mantle, and crustal
slicing. We find that anisotropy beneath the central Alps is stratified in two layers — one with an orogen-
parallel fast direction above ∼30 km depth and another with a strong orogen-perpendicular fast direction at
greater depth. Although our resolution is reduced outside the central Alps, we map orogen-parallel
anisotropy in the crust of the northern Alpine foreland. We interpret the results in the central Alps as first-
order evidence for a model of azimuthal anisotropy in which (1) near-vertical emplacement of crustal slices
following detachment of the lithospheric mantle from the crust gives rise to orogen-parallel fast directions of
wave propagation in the crust, and (2) dominantly horizontal tectonics in the thickened crustal root and
uppermost mantle yield orogen-perpendicular fast directions at greater depth.
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1. Introduction

Although the central Alps have likely been studied as long as any
orogen in the world, there is still no consensus model explaining the
geodynamic development of the Alpine lithosphere and uppermost
asthenosphere. The Alpine orogeny resulted from the collision of the
Adriatic lithosphere (promontory of the African plate) with the
European plate in the Late Cretaceous (e.g. Coward and Dietrich,
1989). In the Oligocene, subducting lithosphere changed from oceanic
to continental and slab breakoff likely occurred (Davies and von
Blanckenburg, 1995). Much of our knowledge of the current state of
the Alpine lithosphere comes from traditional body and surface wave
seismic imaging which have shown high seismic velocities in the
upper mantle below the Alps (Lippitsch et al., 2003; Piromallo and
Morelli, 2003; Fry et al., 2008; Peter et al., 2008; Boschi et al., 2009).
These high velocity anomalies have been interpreted as evidence for
subducted slabs. Thickened crust in the Alps has also been imaged
(Wortel and Spakman, 1993; Waldhauser et al., 1998; Lippitsch et al.,
2003). Prior to our current study, tomography of the Alps has been
limited to inversions for isotropic velocity structure. Seismic anioso-
tropy information is complementary to the isotropic velocity studies
and can provide constraints on geodynamic models of the region.

In response to strain, crustal (e.g., amphibole) and mantle (e.g.,
olivine) minerals can develop some specific fabrics that result in
seismic anisotropy. The direction of fast propagation is usually the
direction of maximum deformation (Christensen, 1984; Nicolas and
Christensen, 1987). Seismic anisotropy beneath continents has been
mappedwith high-resolutionusing shear-wave splitting (Silver, 1996;
Savage, 1999; Fouch and Rondenay, 2006), but the origin and
interpretation of this anisotropy is controversial. Somemeasurements
agree with regional tectonic structure (e.g., in collisional regimes, a
direction of fast propagation that is sub-parallel to the belt), suggesting
a lithospheric origin, whereas others show large scale patterns that
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correspond to the absolute platemotion, suggesting an asthenospheric
origin. Surface waves sample different depths depending on their
period. This trait provides the vertical resolution that is missing in
shear-wave splitting measurements. Global and continental scale
models based on surface-wave data have resolved different aniso-
tropic patterns in the lithosphere and in the upper asthenosphere
(Simons et al., 2002; Debayle et al., 2005; Marone and Romanowicz,
2007). Because of the lateral resolution of these models, relating
lithospheric anisotropy to regional tectonics is difficult. However, by
using data from dense arrays of seismic stations, isotropic and
anisotropic anomalies can be mapped with good resolution at a
regional scale (Pedersen et al., 2006; Yang and Forsyth, 2006; Zhang et
al., 2007; Deschamps et al., 2008a; Eberhart-Phillips and Reyners,
2009). Layered anisotropic structure has been interpreted as resulting
from both frozen and present sources, and relates to both past
tectonics (Darbyshire and Lebedev, 2009) and present absolute plate
motion (Deschamps et al., 2008b). Previous studies utilized earth-
quake sources, which are naturally spatially and temporally limited.
Areas with inhomogeneous distributions of earthquakes such as the
European Alps are difficult to image with these methods. Noise-based
tomography does not use earthquake energy and consequently is not
hindered by heterogeneous earthquake distributions. We therefore
employ a method to invert ambient noise data for regional scale
layered anisotropy.

2. Methods

It has been shown that the surface-wave portion of the Green's
Function between two receivers can be estimated by stacking the
cross correlation functions (CF) of ambient noise recorded at each of
the stations (Lobkis and Weaver, 2001; Snieder, 2004; Shapiro et al.,
2005; Sanchez-Sesma et al., 2006). Stacking cross correlations from
each station pair statistically requires that incoherent energy
propagating off the great-circle path between the stations interferes
destructively; coherent energy that propagates directly between the
receivers is isolated. Furthermore, taking the time derivative of the CF
yields the time domain empirical Green's Function (EGF) from which
reliable phase velocity estimates can be made (Sabra et al., 2005; Yao
et al., 2006). However, in an ambient field resulting from a
homogenous distribution of sources, extracting the phase velocities
from the CF is possible if an appropriate phase correction is applied. In
a homogeneous isotropic media, the phase of the CF resulting from an
isotropic energy distribution is advanced from the GF by π/2 (Yao and
van der Hilst, 2009). In the presence of a unidirectional energy source,
the phase is still advanced, but to a lesser degree. In our study area,
energy is well distributed when averaged over a year of cross
correlations. In fact, at the most important periods of our study
(∼20 s), energy is dominated by a very wide distribution (∼180°)
owing to a large region of oceanic disturbances in the northern
Atlantic Ocean during the northern hemisphere winter (Stehly et al.,
2006). This energy distributionwould therefore imply that at all inter-
station azimuths, a phase correction of π/2 is appropriate to measure
Rayleigh wave phase velocities. To confirm the validity of our phase
correction, we have compared measurements from traditional two-
station analysis to measurements made from the cross correlations
along an azimuth parallel to the average trace of the central Alps.

In a directionally biased ambient wavefield, estimates of phase
velocity from noise cross correlations will be azimuthally biased (Yao
and van der Hilst, 2009). However, in their case study of central Asia,
Yao and van der Hilst (2009) show that azimuthal bias is small and
point out that spatial smoothing serves to further reduce the effects of
azimuthally dependent velocity estimates on inversions for anisotro-
py. In the present study, we present first-order results for azimuthal
anisotropy by classifying the anisotropy as either orogen-parallel or
orogen-perpendicular. Small-scale variations in fast directions are not
considered robust and are consequently not interpreted.
2.1. Cross correlation and phase velocity measurements

We apply a noise cross correlation and stacking procedure similar
to the method of Stehly et al. (2009). Continuous data from 29
broadband (STS-2) stations in the SDSNet and 7 broadband (STS-2)
stations from TomoCH have been correlated on a day-by-day basis. In
this method, we first cut seismic recordings to 1-day files. The signals
are then decimated to 1 Hz and the trend is removed by subtracting
the best-fit line from the signal and the signals are tapered. We
deconvolve the instrument responses, leaving a record of ambient
velocity recorded at the site. The data are then spectrally whitened in
a frequency band between 0.008 and 0.33 Hz (3 to 125 second
periods). The whitening lessens the effects of spectral peaks that
result from earthquakes and dominant oceanic microseismic peaks.
We perform the time-domain cross correlation for the vertical
component of each day of recording for each station pair. Because
the particle motion of Rayleigh waves is recorded on the radial and
vertical components, by looking at the vertical component, we are
isolating the Rayleigh wave signal. The cross correlation functions are
then stacked for each station pair. With a sufficient number of stacked
correlations, the stacked-function becomes stable in our frequencies
of interest. Stehly et al. (2006) found a stable CF after stacking just one
year of data.

We then determine the phase information as a function of
instantaneous frequency from the cross correlation function and use
these data to determine the corrected phase dispersion curve with a
modified 2-station method of Meier et al. (2004). Phase velocities are
manually chosen to negate multiple-cycle ambiguities by comparing
the obtained velocity to a background earth model and ‘picking’ the
appropriate cycle number. Between 185 and 332 phase velocity
observations were used for each inversion we present (Fig. 1).

2.2. Inversion of dispersion curves

For each inter-station path, the measured dispersion curve repre-
sents the average Rayleigh-wave phase velocity along the path as a
function of period (or frequency). Following the same inversion
procedure as in Deschamps et al. (2008a), we use a perturbative
approach to invert our catalogue of phase velocitymeasurements for the
isotropic and anisotropic components of phase velocity at discrete
periods of observation, between 6 and 60 s, using a ray-theoretical
approximationwith an explicitly defined ray sensitivitywidth of 20 km.
Deschamps et al. (2008a) noted that the inverted phase velocity model
is not sensitive to the chosen ray sensitivity width. Similarly, we
performed inversions for ray sensitivitywidths between10and 100 km,
but did not find significant differences in the phase velocity model.

At any given frequency, phase velocity variations in a laterally
heterogeneous earth can be written as (Smith and Dahlen, 1973)

δCðφ; θÞ = δCisoðφ; θÞ + δC2ψðφ; θÞ + δC4ψðφ; θÞ ð1Þ

where ψ is the azimuth of anisotropy. We discretize the anisotropic
contributions of wave speed as

δC2ψðφ; θÞ = A2ψ cos ð2ψÞ + B2ψ sinð2ψÞ

δC4ψðφ; θÞ = A4ψ cosð4ψÞ + B4ψ sinð4ψÞ:

ð2Þ

The anisotropic coefficients contain information relating to both
the amplitude (Λ) and direction (Θ) of the anisotropy, as defined by:
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Fig. 1. (a) Composite plot of all phase velocity dispersion curves used in this study. (b)
Histogram showing the number of phase velocity observations inverted at each period.

Fig. 2. (a) Isotropic and 2Ψ anisotropy anomalies from our preferred model at 14 s.
Yellow bars are oriented in the direction of fast wave propagation and scaled to the
percent deviation from the average isotropic value. (b) Plot of model complexity versus
data fit. The black dot represents the point on the curve where our preferred model
resides.
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We parameterize ourmodel spacewith a triangular grid consisting
of 96 local cubic B-splines with an approximate spacing of 50 km,
following the scheme of (Wang and Dahlen, 1995). We define the
path-averaged phase velocity anomaly for each station pair (i) as

δCi
—

= ∫
φ
∫
θ

Kiðφ; θÞδCðφ; θÞdφdθ; ð4Þ

where Ki is the sensitivity kernel that defines the relative weight of
each knot for each path (Lebedev and Van der Hilst, 2008). We then
create a system of linear equations based on Eq. (4). We solve these
equations for the path-averaged phase velocity anomaly for each
station pair with an LSQR algorithm (Paige and Saunders, 1982) with
slight norm and lateral smoothing. At each node, we calculate the 5
wave-speed parameters, including the four anisotropic coefficients
(A2ψ,B2ψ,A4ψ,B4ψ) and the isotropic component (Ciso). We inverted for
4Ψ terms because their contribution was found to be non negligible
(Montagner and Tanimoto, 1991; Trampert and Woodhouse, 2003).
As previously shown in another regional study (Deschamps et al.,
2008a,b), we observe that the 4Ψ terms are comparable to the 2Ψ
terms in amplitude, but that their contribution is not needed to
explain the data, i.e. the improvement in the data fit due to the 4Ψ
terms is statistically not significant. Therefore, in the remainder of this
paper, we will focus our interpretation on the 2Ψ terms only.

We use a standard L-curve analysis to determine an acceptable suite
of models and then choose our final model from that suite (e.g. Fig. 2).
An animation showing the tradeoff between model complexity,
damping, and data fit for the inversion at 14 s is shown in the online
Supplementarymaterial, andprovides a qualitative estimate of the error
in our models.

Resolution tests (e.g., checkerboard tests) and resolution matrices
are useful to estimate the robustness of the seismic features we
observe. Fig. 3 shows resolution and tradeoff tests at T=20 s, in which
we prescribed test models mtest, calculate their associated test data
following

dtest = Gmtest
; ð5Þ

and invert these test data for phase velocity maps using the procedure
described above. The damping and smoothing are similar to those of
our preferredmodel. Resolution tests (Fig. 3c–d) clearly show that the
change in the anisotropy pattern between the foreland and the central
chain is a robust feature. We did not perform resolution test for
smaller structures. However, small features (100 km and less) may
not be resolved by our model, as suggested by the smearing observed
in the resolution matrices (see below, and Supplementary Fig. S1).
Again, this does not alter our main interpretations and conclusions
(Sections 3 and 4), since our model perfectly resolves the main
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Fig. 3. Resolution test and tradeoffs between isotropic and anisotropic anomalies at 20 s period. (a) Input and (b) output models of the resolution test for isotropic terms. (a) Input
and (b) output models of the resolution test for isotropic terms. (c) Input and (d) output models of the resolution test for anisotropic terms. (e–f) Tradeoffs between isotropic and
anisotropic anomalies. The input model for plot (e) is like in plot (a), but with anisotropy switched to zero. The input model for plot (f) is like in plot (a), but with isotropic anomalies
switched to zero.
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structure in this region (i.e., the dichotomy between the Alpine
foreland and the central chain).

Resolution matrices are less intuitive (they are not presented in
the form of maps), but they provide valuable information about the
amount of tradeoffs between the inverted parameters, in particular
between the isotropic and anisotropic terms.

The least squares solution to the inverse problem is

xLS = ðATA + DÞ−1ATd; ð6Þ

where A is a matrix related to the sensitivity kernels and model
parameterization, D is a damping matrix containing the sum of our
norm and roughness regularization, and d is the vector containing
phase velocity variance from a starting model. We can then define a
resolution matrix R as (Trampert and Lévêque, 1990)

R = ðATA + DÞ−1ATA: ð7Þ
This matrix directly quantifies the relative contribution of
neighbouring parameters in the solution of the inverse problem at
adjacent nodes of ourmodel.With ideal resolution,R= I, where I is the
identity matrix. However, with real data, the off-diagonal elements of
the resolution matrix will not equal zero. Each of these off-diagonal
elements represents the relative contribution of neighbouring free
parameters to the solution at each node.We plot the resolutionmatrix
for the 20 s period inversion in Fig. S1. While there is lateral smearing
in the inversion, the lack of energy on the off-diagonals and show
there is little tradeoff in the mapping of isotropic and anisotropic
parameters, as also indicated by the sensitivity tradeoff test at 20 s
period (Fig. 3e–f).

3. Results

Wepresent our preferredmodels of 2ψazimuthal anisotropy at 8, 12,
16, 20, 24, 28, 34, and 40 second periods in Fig. 4. It should be noted that
this is the horizontal component of the 3D anisotropy. As such, it is a
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Fig. 4. The first panel shows topography of the central Alps overlain with the 2 black curves representing the Alpine front to the north and Adriatic front to the south. The remaining
panels show our preferred models of isotropic (color scale) and anisotropic (yellow bars) Rayleigh-wave velocity anomalies at 8, 12, 16, 20, 24, 28, 34, and 40 second periods.
Isotropic anomalies are relative to the regional average isotropic velocity (value on each panel). As in Fig. 2, yellow bars show direction of the fast 2Ψ axis and are scaled to percent
deviation from the regional average isotropic velocity. Background colors indicate isotropic.

99B. Fry et al. / Earth and Planetary Science Letters 297 (2010) 95–102
minimum possible value of the total anisotropy. The dominant fabric in
themodels for 8 s, 12 s, and 16 s, sampling the upper 20 to 30 km of the
crust, as indicated by depth sensitivity kernels (Fig. 5), is an orogen
parallel fast direction with roughly 1 to 2 % faster speeds. In contrast, at
periods equal to andgreater than24 s (samplingdepthsbetween30 and
70 km), we observe an orogen perpendicular fast direction. The
amplitude of anisotropy is comparable, but slightly larger (1.5–2.5 %)
than that observed in the 8–16 s range. Models at intermediate periods
(20 s and around) show intermediate patterns in between those
observed in the 8–16 s and 24–28 s ranges. We retrieve stable models
up to ∼60 s period. In these models, we image roughly orogen
perpendicular fabric with anisotropy amplitudes of ∼1–2%. It should
be noted however, that with increasing period and a subsequent
increase in thewavelength/path-length ratio and decreasing number of
data, the data have reduced ability to resolve fine-scale lateral
heterogeneities. The patterns observed in the ranges of 8–16 s and
24–28 s are robust and stable with a wide range of imposed
regularization as can be seen in an L-curve animation in online
Supplementary material. This shows the fast direction remains stable,
even with relatively small values of the smoothing coefficient. Fig. 5
indicates that sensitivity kernels for periods equal to or smaller than16 s
(thosewithorogen-parallel anisotropy) barely overlap those for periods
equal to or larger than 24 s (those with orogen-perpendicular
anisotropy), suggesting that the anisotropy we observe beneath the
central Alps is stratified in two layers, with a boundary approximately
located around 30 km-depth. Anisotropy in each layer may have
different geodynamic origins. In the northern foreland of the Alps,
anisotropy is also layered. However, the orogen-parallel fabric is
pervasive throughout the crust and possibly results from ‘frozen’
anisotropy created during one of the documented pre-alpine orogenic
events. However, resolution of our inversions outside the central Alps is
limited and our current data are incapable of resolving fine-scale lateral
variations in this area. The patterns we observe at 34–40 s are also well
resolved (they rely on at least 150 observations, Fig. 1b) and stable
regarding the regularization, but they sample a thicker layer, e.g. from
about 40 km to 120 km for T=40 s (Fig. 5). The patterns we observe at
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Fig. 5. Partial derivatives calculated from input 1D model for each of the periods shown
in Fig. 4 for periods between (a) 8 and 20 s, and (b) 24 and 40 s. The curves show the
depth-dependence of the fundamental modes at each period. Note that the x-axis scales
in plots (a) and (b) are different. For comparison, the horizontal thick dashed lines
represent the Moho depth beneath the foreland and beneath the Alps.
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34–40 s periods are mostly imaging fabrics located in the lithospheric
mantle, and therefore related to the slab motion, but they may also be
biased by fabrics located in the lower crust, which, as indicated by our
inversion, have a different direction.

4. Discussion and conclusion

Inversion of our dispersion curves for an anisotropic regional
model of Rayleigh wave phase velocity in the central Alps strongly
Fig. 6. Schematic interpretation of the European Geophysical Traverse (EGT) cross-section
dependent azimuthal anisotropy from our inversions is shown with arrows and crosshairs. M
the European lower crust from the underlying lithospheric mantle, which may be the source
dashed curve shows the lower limit of the seismicity observed in the past 40 years (e.g., De
suggest that azimuthal anisotropy beneath this region is vertically
distributed in two distinct layers, with different geodynamic origins.
Fig. 6 overlays a schematic distribution of azimuthal anisotropy based
on our model onto a North–South cross-section of the European
Geophysical Traverse (EGT, Kissling et al., 2006). Seismic anisotropy is
a macroscopic property, but its origin is related to microscopic
properties of rocks. The two main sources of seismic anisotropy are
shape-preferred orientation (SPO) of inclusions or cracks and lattice
preferred orientation (LPO) of the rock aggregate minerals in
response to large, regionally coherent strain. Because olivine, the
most abundant mineral of the upper mantle, is anisotropic and
orientates in its fast direction under applied shear (e.g., Barruol and
Kern, 1996; Barberini et al., 2007), the LPO of olivine is usually
advocated as the main source of anisotropy in the upper mantle. The
anisotropy we observe north of the Alpine front at periods of 28 s and
higher and beneath the central chain at periods of 32 s and higher is
likely due to LPO of olivine related to the southward bending and
subduction of the slab (Fig. 6). Amphiboles and biotite are present in
the crust in a large proportion, and are strongly anisotropic (Nicolas
and Christensen, 1987; Barruol and Mainprice, 1993). As a conse-
quence, any preferred orientation is likely to result in strong seismic
anisotropy (Sue et al., 1999). The orogen-parallel anisotropy we see
beneath and north of the alpine front at periods up to 20 s, and the
orogen-perpendicular anisotropy we observe beneath the Alpine arc
in the range of 24–28 s, may thus result from LPO of amphiboles and/
or biotite. Interestingly, measurements performed on exposed
samples from the Alpine lower crust indicate that LPO of amphibole
is responsible for strong seismic anisotropy (Barberini et al., 2007).
The orientation of filled cracks and other inclusions (SPO) is often
considered to be themain source of anisotropy in the upper crust (e.g.,
Babuska and Cara, 1991; Crampin, 1994), and cannot be excluded as
the origin of the anisotropy we observed up to periods of 16 s. In the
going from north to south across the Alps (modified from Kissling et al., 2006). Depth-
ajor crustal thrust faults are shown. The green dashed curves indicate delamination of
of the observed anisotropy beneath the central Alps in the range of 24–28 s. The brown
ichmann, 1992; Deichmann et al., 2000).
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Fig. 7. Our inversion results, schematically shown with yellow arrows, are compatible
with the tectonic model of Kissling, 2008. After delamination of the European
lithospheric mantle, slab rollback (red arrow) and inward flow of Adriatic mantle
generate orogen perpendicular anisotropy (lower yellow arrow) and positive buoyancy
(green arrow) of the Alps. This leads to near-vertical emplacement of crustal slices
(green dashed curves in Fig. 5), gravitational collapse of the orogen, and orogen parallel
fast directions of anisotropy (upper yellow arrow).
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upper crust, our Rayleigh-wave model cannot discriminate between
SPO and LPO end-member hypotheses. Also shown in Fig. 6 is the
approximate lower boundary of the observed seismicity beneath the
Alps and its northern foreland during the past 40 years (Deichmann
and Rybach, 1989; Deichmann, 1992; Deichmann et al., 2000; Schmid
and Kissling, 2000). This limit gets suddenly shallower beneath the
central chain, which may indicate a change in the rheology of the
European and Adriatic lower crusts in this region, from brittle to
ductile. Interestingly, this is correlated with the change in the
direction of fast propagation in the European lower crust, from
orogen-parallel in the northern foreland (16–20 s periods) to orogen-
perpendicular beneath the central chain (24–28 s periods).

The regional and vertical distributions of the anisotropy we
observe suggest that different fabrics are present in the central Alpine
lithosphere, with different geodynamic origins. A possible origin for
the orogen-parallel anisotropy beneath the central Alps in the range of
12–16 s is the LPO of crustal minerals (e.g., amphibole and biotite) in
response to compression. The orogen-perpendicular anisotropy at
28 s and higher periods beneath the northern foreland and at 32 s and
higher periods beneath the central chain may be due to LPO of olivine
as a consequence of the southward bending and flow of the European
lithospheric mantle.

A remarkable feature of the lower European crust north of the Alps
is a high horizontal seismic reflectivity (Meissner et al., 1990; Prodehl
et al., 1992; Mayer et al., 1997), which is attributed to alternating
isotropic and anisotropic lamellae in the lower crust. This reflectivity
is also seen in the northern Alpine foreland, but it disappears beneath
the Alpine front (Holliger and Kissling, 1992; Pfiffner et al., 1997), i.e.
the Alpine orogeny has overprinted the lower crust's reflectivity.
Because it would be difficult to explain why the Alpine orogenywould
have both induced seismic anisotropy and maintained the seismic
reflectivity in the northern Alpine foreland, we argue that the
anisotropy in this region has a pre-Alpine origin. A good candidate
is the Hercynian orogeny (280–380 Ma), which is the major large
scale episode of deformation that precedes the Alpine orogeny.
Alternatively, it may be related to the Rhine Graben rifting episode,
whose direction of extension is East–West, and which is associated
with a strong seismic reflectivity (Mayer et al., 1997). Our model is
however geographically too limited to provide a clear conclusion, and
a continental scale anisotropic model of the European crust is needed
to answer this question.
Kissling (2008) proposed a geodynamic model of the Alps that
satisfies constraints based on geologic mapping, earthquake focal
mechanisms (Jimenez-Munt et al., 2005), a strong positive Bouguer
anomaly, a surplus of uplift compared to convergence (2 cm/year and
1.5 cm/year respectively), lithospheric balancing, and regional seis-
mic observations (Lippitsch et al., 2003). In this model, Alpine
subduction is locked, owing to relatively low slab pull and the
geometry of the lower crustal indentor in the central and western
Alps. The negative buoyancy of the European lithospheric mantle is
driving detachment at the Moho (Fig. 7). The detachment is likely
dynamically aided by the buttressing effect of the Ivrea crustal
indentor. Detachment is progressing toward the northwest. Without
the negative buoyancy of the lithosphere to counteract the positive
buoyancy of the crust below the Alps, the European lower crust
responds by uplifting in slices (represented by green dashed curves in
Fig. 6). This crustal slicing andwedgingmechanism is compatible with
the orogen parallel anisotropy we see at periods in the range of 24–
28 s (note that it also implies a vertical component, which we cannot
map with Rayleigh wave). We argue that Adriatic mantle is drawn
into the void left from the retreating European lithospheric mantle
and drives the flow-parallel, orogen-perpendicular LPO of lower crust
minerals, and the subsequent fast directions we see at periods in the
range of 24–28 s (approximately 30 to 60 km depth).

Numerical modelling has been used to test models of indentor
tectonics in the Alps by comparing computed geometry, crustal
thickening, and uplift with that measured from topographic and
seismological surveys. These models required non-linear strain-
dependent rheology to reproduce measured uplift in the Alps and
geometry of the orogen. The added buoyancy and concentrated zones
of deformation generated during the crustal slicing we are proposing
might allow a constant, temperature-dependent viscosity to be used
for each unit as an alternative rheology during similar studies in the
future.

We have combined ambient noise and anisotropic tomographic
methods tomap depth-dependent anisotropy in the lithosphere of the
central Alps, and found that Rayleigh-wave azimuthal anisotropy in
the central Alps is distributed in two dominant layers, suggesting
different geodynamic origins. Deeper fabrics associated with the
subducted the slab and underlying mantle, and sampled by larger
periods (40–60 s) may also be present. However, lateral variations in
this depth range are not resolvable by our current models. Merging
noise interferometry and inversion for anisotropy is a promising
technique for utilizing the increasing large number of dense regional
deployments of broadband seismometers. Maps of both ‘frozen’ and
‘active’ crustal anisotropy should be capable of resolving many open
questions about both current and previous tectonic events.
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