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Abstract

Fluids in subduction zones can have major effects on subduction dynamics.
However, geophysical constraints on the scale and impact of fluid flow during
continental subduction are still limited. Here we analyze the V'p/Vs ratios in the
Western Alpine region, hosting one of the best-preserved fossil continental
subduction zones worldwide, to investigate the impact of fluid flow during

continental subduction. We found a belt of high V'p/Vs ratios > 1.9 on the upper-
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plate side of the subduction zone, consistent with a partially serpentinized upper-
plate mantle, and a belt of unusually low Vp/Vs ratios < 1.7 on the lower-plate side,
at depths shallower than 30 km. We propose that these low Vp/Vs ratios result from
a widespread network of silica-rich veins, indicating past fluid flow along the
continental subduction interface. Our results suggest that past fluid flow may have
reduced the effective stress along the subduction interface thus favoring
continental subduction.

Key words: Western Alps, Crustal structure, Receiver function, Vp/Vs ratio,

Silica enrichment

Main Text

1. Introduction

Continental subduction zones are crucial tectonic settings where the
continental crust and the underlying lithospheric mantle subduct beneath the
overriding plate. Seismic imaging provides direct evidence of continental
subduction in many regions, such as the European Alps (Zhao et al., 2015; Zhao
et al., 2016), Pamir (Schneider et al., 2013; Kufner et al., 2016), and Myanmar
(Zheng et al., 2020). Exhumed (ultra)high-pressure metamorphic rocks with
coesite-bearing micaschists and gneisses attest to subduction of continental crust
to depths exceeding 80 km (Chopin, 1984; Liou et al., 2014). These rocks
provide valuable petrologic evidence of the interaction between the slab and the
surrounding mantle (Zheng et al., 2019). Fluids produced by dehydration reactions
during subduction (Manning, 2004; Zheng and Hermann, 2014; Manning, 2018)
are effective solvents that may favor geochemical changes and element transfers
within subduction zone (Stern, 2002; Zheng and Chen, 2016). For example,
serpentinites formed by the interaction of mantle rocks with slab fluids display
very low effective viscosity at geological strain rates, which favors continental

subduction and exhumation of deeply subducted rocks (Guillot et al., 2015; Zhao
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et al., 2020). In the oceanic subduction zone, fluids derived from the subducted
crust may lead to silica enrichment in the forearc (Audet and Bilirgmann, 2014;
Hyndman et al., 2015; Halpaap et al., 2018). However, despite major efforts of the
Earth science community, the scale and impact of fluid flows during continental
subduction and their potential effects on subduction dynamics are still poorly
constrained.

The Western Alps host one of the best-preserved fossil continental subduction
wedges in the world (Guillot et al., 2009; Malusa et al., 2011). The Alpine
subduction wedge was formed during progressive subduction of the Alpine Tethys
and adjoining European paleomargin beneath the Adriatic microplate since the
Cretaceous (Handy et al., 2010; Malusa et al., 2015). It includes rocks that were
dragged to depths during subduction and subsequently exhumation, eventually
being exposed east of the Frontal Pennine Fault (FPF), in the so-called Internal
Zone of the Western Alps (Figure 1). The Alpine subduction wedge includes high-
pressure metamorphic rocks on the upper-plate side (Eocene eclogite belt in Figure
1) and lower-pressure metamorphic rocks on the lower-plate side. The occurrence
of pervasive networks of quartz veins in exhumed Alpine metamorphic rocks
(Henry et al., 1996; Pettke and Diamond, 1997) provides evidence for past fluid
flows and localized silica enrichment in the shallowest levels of the subduction
wedge. Temporary passive seismic experiments (e.g., CIFALPS, CIFALPS-2 and
AlpArray) have recently provided high-resolution velocity images based on
independent geophysical methods, and attest to the subduction of European
continental crust into the Adriatic upper mantle beneath the Alps (Zhao et al., 2015;
Zhao et al., 2016; Lyu et al., 2017; Lu et al., 2018; Salimbeni et al., 2018; Solarino
etal.,2018; Sun et al., 2019; Zhao et al., 2020; Paffrath et al., 2021; Nouibat et al.,
2022; Paul et al., 2022). However, the characteristics and scale of fluid flow at
greater depths remain speculative. Rocks of the subduction wedge show a wide

range of seismic velocities and velocity ratios that are not necessarily correlated
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(Christensen, 1996). Therefore, an integrated analysis of seismic velocities,
velocity ratios (Vp/Vs) and rock densities may provide a viable tool to detect
compositional variations of crustal rocks and reveal the impact of past fluid flows

(Faccenda, 2014; Zheng et al., 2016).
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Figure 1. Geological sketch map of the Western Alps and distribution of seismic
stations. The dashed red line indicates the reference profile. Acronyms: DM, Dora Maira;
FPF, Frontal Pennine Fault; GP, Gran Paradiso; IF, Insubric Fault; MR, Monte Rosa

(modified from Malusa et al. 2021). Ivrea gravity anomaly after Zahorec et al. (2021).

2. Data and Methods
Our study is mainly based on seismic data from the CIFALPS-2 seismic
experiment, with broadband seismic stations deployed across the northern Western
Alps with an average station spacing of 5-10 km (Zhao et al., 2018; Liu et al.,
2022) (Figure 1), and additional data from other temporary and permanent seismic
networks from 2015 to 2021, such as the CIFALPS and AlpArray experiments. To

image the cross-section along the CIFALPS-2 profile, we applied receiver function
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analysis, 2D waveform modelling, and gravity modelling method to obtain a
preferred P-wave velocity model and density model. To get reliable crustal average
Vp/Vs ratios for the complex Western Alpine subduction zone, we applied an
improved H-x-c technique that corrects RFs for back-azimuthal variations (Li et
al., 2019; Li and Song, 2021). Multiple geophysical parameters were used to
conduct an integrated study on the properties of the fossil subduction zone of the

Western Alps.

2.1.0bserved Receiver Function Analysis

To calculate the receiver functions of CIFALPS-2 stations, a total of 67
earthquakes with magnitude Mw > 5.5 and an epicenter distance ranging from 20°
to 95° were selected. We extended the selection range for teleseismic events and
found a small number of valid earthquakes within the epicenter distance of 20°—
30°. Each earthquake underwent careful pre-processing and manual selection.
Initially, the raw seismic data were truncated to a duration of 1200 seconds,
covering direct P waves, Ps waves and their multiples. We firstly downsampled
all seismic sample rates to a uniform 0.02 seconds, effectively reducing the data
volume. The pre-processing procedure included standard noise reduction steps
such as trend removal, mean removal, and tapering. Next, the three-component
recordings underwent band-pass filtering (two-pole Butterworth filter) between
0.05 Hz and 0.8 Hz. After rotation from the ZNE to the ZRT direction, we calculate
the Signal-to-Noise Ratio (SNR) as the ratio of the peak amplitude of the direct P
phase to the average amplitude across an 8-s time window prior to the onset of the
P wave, and exclude data with SNR < 2.0 to eliminate low-quality data. A first
round of visual inspection was then performed to remove the low-quality records.
Bad data or data with high levels of noise are manually removed one by one. We
took great care to ensure that only high-quality data were retained for subsequent

analysis.
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Radial RFs were then computed using the time-domain iterative
deconvolution method (Ligorrfa and Ammon, 1999). To visualize the seismic
structures of the CIFALPS-2 cross-section, we projected the corresponding RFs
onto the profile (dashed red line in Figure 1) trending 116° from a point at 4.538°E,
46.64°N. A total of 2541 high-quality radial receiver functions were obtained after
a second round of visual inspection to remove low-quality receiver functions. We
adopted the simple and yet powerful approach referred to as the “Common
Conversion Point” (CCP) stack method (Zhu and Kanamori, 2000) to migrate RFs
from the time domain to the depth domain. A high-resolution S-wave velocity
model from ambient noise tomography (Nouibat et al., 2022) was used as the local
lithosphere velocity model for time-depth migration, and the classical crustal
Vp/Vs ratio of 1.73 was utilized. The space beneath the array was divided into bins
at intervals of 0.1 km in the vertical direction and 1 km in the horizontal direction.
We averaged the migrated amplitudes contributing to each individual bin only if
the number of receiver functions in a bin was no less than 10. All the migrated
receiver functions within 35 km were projected onto our profile and stacked.
Horizontal smoothing was then applied using a half-width Gaussian operator,
increasing linearly with depth from 7 km at the surface to 15 km at 30 km depth.
Finally, a CCP depth cross-section was obtained.

The waveforms of RF strongly depend on the event back-azimuths, yielding
different CCP images for different ranges of back-azimuths (Figure 2) (Cassidy,
1992). Because we are most interested in the geometry structures along the profile
and we need to remain consistent with our 2D waveform modelling, we selected
events with back-azimuths of 71°-161° and 251°-341° to minimize the effects of

the 3D structure.
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160
161 2.2.H-x-c stacking technique
162 The RF technique enhances Ps waves on velocity interfaces, especially for
163 strong velocity interfaces such as the Moho (Ammon et al., 1990). The traditional
164 H-x stacking technique using teleseismic RFs to obtain the crustal thickness and
165 average Vp/Vs ratio is based on the assumption of a horizontally layered isotropic
166 model (Zhu and Kanamori, 2000). It stacks RF amplitudes at predicted Ps
167 conversion and crustal multiples (PpPs and PpSs + PsPs) for a given H and k. H
168 denotes the depth of the strongest velocity interface, typically referring to the
169 crustal thickness; x denotes the average V'p/Vs ratio between the velocity interface

170 (such as Moho) and the surface. Compared to the CCP stacking method, which
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only utilizes the Ps conversion, the H-x method also employs its multiples to
constrain the crustal structure and average Vp/Vs ratio. Due to the trade-off
between H and «, constraining solely with Ps conversions would result in a range
of H and x outcomes. However, by stacking RF amplitudes of multiples, a
concentrated energy cluster is obtained, allowing for the unique determination of
H and .

The H-x-c is an enhanced H-« technique that includes harmonic corrections
on Ps and its crustal multiples, which could minimize the effects of crustal
anisotropy and dipping interfaces (Li et al., 2019). ¢ stands for the correction for
the azimuthal variation of arrival times of Ps and its crustal multiples. Systematic
synthetic tests show that the arrival time variations of Ps and its multiples can be
well fitted by cosé and cos26 functions even for very complex crustal structures.

The equation for the harmonic fitting is
F(0)=A,+ Acos(6—-6))— A, cos2(6-6,)

where F(6) represents the variation of arrival times with back-azimuth () for Ps
or crustal multiples, Ao is the central arrival time, and A1, 42, 61, and 6, are the
amplitudes and phases of the two-lobed and four-lobed variations (Li et al., 2019).
H-x-c includes four main steps: 1) traditional H-x stacking to calculate the
reference arrival times for Ps and multiples; 2) incidence moveout correction and
5-degree back-azimuthal binning; 3) harmonic analysis around reference arrival
times to obtain the harmonic parameters, it applied a simple grid search method to
search for the most fitted parameters; and 4) harmonic corrections and new H-x
stacking with the corrected RFs. Our search range for average Vp/Vs ratio was
limited to 1.6-2.1. And follow the parameters from Li et al. (2019, 2021), the

weighting of Ps and multiples was 0.5, 0.4 and 0.1.
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Figure 3. Radial receiver functions and H-«-c stacking for station CI21. The top panels

show harmonic fitting results for Ps, PpPs and PsPs+PpSs. The harmonic fitting for Ps

and multiples are shown as black solid lines. H-x stacking before and after the harmonic

corrections are show at bottom. The obtained H and x values, and their standard

deviations are presented on the stack diagrams. The preferred point in the energy map

represents the obtained H and «.

The harmonic corrections among the three arrivals (Ps, PpPs and PsPs+PpSs)

are variable. Theoretically, the crustal anisotropy and dipping interface could both

contribute to the arrival time variations of Ps and its crustal multiples. Synthetic

tests show that the effect of azimuthal anisotropy on multiples is almost the same
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as on Ps, while the effect of a dipping Moho on multiples is about 5 times of that
on Ps (Li et al., 2019). So it’s hard to say whether the multiples have larger or
smaller variations than Ps conversion. Besides, the subduction complex is strongly
laterally heterogeneous. It is still challenging to separate the combined effects of
anisotropy and dipping interface, as well as their combined impact on the travel
times variations of Ps conversions and multiples. In this work, considering the
great complexity of the Western Alps, we judiciously decided not to use the
harmonic fitting parameters for additional interpretations of crustal anisotropy and
dipping interfaces.

H-x-c usually provide more accurate picks of converted phases and stronger
stacking energy cluster than H-x results. In Figure 3, the harmonic fitting for Ps
and multiples are shown as black solid lines. The harmonic corrections enhance
the accuracy of arrival times of Ps and multiples. Therefore, the stacking energy
should be more concentrate and stronger on the predicted arrival times after
applying the harmonic corrections. For most of the stations in the Western Alps,
running through H-x-c steps once was sufficient, but special care was required.
The traditional H-x method provides reference arrival times for Ps and multiples,
which can help narrow down the search range for conversions. Strong signals
caused by sediment, on the other hand, may result in an incorrect search range (for
example, a Ps signal before 2 s). However, considering our previous findings in
this region and the CCP depth images, we can constrain the Moho depth to a
specific range. Figure 4 illustrates a typical example. Before manual adjustment,
the waveforms were interfered by shallow sediments, and the conversions were
identified around 2-3 seconds. But based on prior results and our CCP depth
images, the Moho depth beneath station CI19 is around 35 km, suggesting that the
Ps wave arrival time should be later. We limited the search range for the Ps
conversion wave and recalculated the H-x-c. After a manual update of reference

arrival times based on the CCP depths and redoing the above steps, the Ps arrival
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time should be corrected for most cases where the Ps is clearly distinguished from
other noise signals (Figure 4, CI19). Then, by visually examining the morphology
of each energy cluster individually, including its concentration and uniqueness, we
were able to make a preliminary assessment of the reliability of the stacking results.
Stations with insufficient back-azimuthal coverage of high-quality RFs (e.g., CI14)
or poor signal-to-noise ratios (e.g., CI29, CI31-CI33) are removed. Due to the
trade-off between crustal thickness and average Vp/Vs ratio, we examined the
crustal thickness in the study region by comparing it with the Moho depths
independently obtained from CCP depths and other previous tomography studies
(Nouibat et al., 2022; Paul et al., 2022). By utilizing these approaches, we furtherly
validated the reliability of the average Vp/Vs ratio results. However, we should
note that the H-x-c method shares the same fundamental principles as the
traditional H-x method. While applying the H-x-c method may yield more accurate
picks, it may not significantly affect our major conclusions. For example, in Figure
3, the harmonic fitting for Ps and multiples exhibits little variations (within 1
second). After corrections, the stacking energy is more concentrated. However,
compared to the traditional H-x method, the improved results show no qualitative

changes.
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Figure 4. Radial receiver functions and H-k-c results for station CI19 before and after
manual adjustment. The left panels show harmonic fitting RFs and H-k-c¢ stacking results
before manual adjustment. The right panels show harmonic fitting RFs and H-«-c stacking
results after manual adjustment. The preferred point in the energy map represents the

obtained H and k.

2.3.Receiver Function and Gravity Modelling

To image the crustal velocity and density of the CIFALPS-2 cross-section,
we used a 2D modelling method to simulate the RFs and Bouguer gravity anomaly.
The initial structural model for forward modelling was first obtained from ambient
noise tomography, providing the basic principle of structural division. Secondly,
combined discussions with geological studies of western Alps, the structure within
10 km is also finely depicted in Figure 5a (Paul et al., 2022) (Figure 5a). Our CCP
depth section also contributed to the Moho geometry of initial model. Finally, the

crustal geometry used for forward modeling is illustrated in Figure 5b.
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Figure 5. Initial model for gravity and RF waveform modelling. Initial model from geological
interpretation (top panel, image from Paul et al., 2022) and S-wave velocity image from

ambient noise tomography (bottom panel, data from Nouibat et al., 2022). The crustal
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structure lines (white solid lines in Figure 5b) we used for forward modelling were initially
drawn based on the geological map in Figure 5a, incorporating information from S-wave
velocity image and geological interpretations. And minor adjustments to the Moho

interface were made based on our CCP depth images.

In forward RF modelling, the initial P-wave velocity model was calculated
from the S-wave velocity model from ambient noise tomography (Nouibat et al.,
2022)(Figure 5). The average S-wave velocity was first obtained from the S-wave
model, and the corresponding P-wave velocity was calculated based on a Vp/Vs
ratio equal to 1.73. We computed synthetic RFs using a 2D hybrid waveform
modelling method (Zhao et al., 2008; Zhao et al., 2015). The spectral element
method (SEM) (Komatitsch and Tromp, 1991) was applied for the local initial
model, while the generalized ray theory (GRT) (Wen and Helmberger, 1998) was
utilized externally where the global velocity model was set as Preliminary
Reference Earth Model (PREM) (Dziewonski and Anderson, 1981). Then, a
synthetic CCP image was computed using the same deconvolution and migration
methods as for the observed CCP image. Finally, we adopt an iterative process to
update the P-wave velocity model by minimizing the misfit between the synthetic
CCP cross-section and the observed CCP cross-section.

For gravity modelling, density-velocity empirical relationship formulas
(Ludwig et al., 1970; Perrier and Ruegg, 1973; Brocher, 2005; Reynard, 2013)
were used to calculate the initial density model. The simple linear relationship
(Vp=3.85p—-4.81) is used on the sedimentary part (when Vs <= 3 km/s), the

Nafe-Drake relationship
(V, =39.128p—-63.064p° +37.083p° —9.1819p* +0.8228p°); on the crust part

and the Reynard relationship (Vp =3.636p—-4.109 ) on the mantle part (when

Vs >=3.90). Bouguer gravity anomaly data were extracted from the latest dataset

of the AlpArray Gravity Working Group (Zahorec et al., 2021). The 2D gravity
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forward modeling method can be used to calculate synthetic gravity anomalies
based on a crustal density model (Talwani et al., 1959). Then a series of forward
modeling were adopted and the density model was iteratively updated, by
improving the fit between synthetic Bouguer gravity anomalies and observed

Bouguer gravity anomalies.

3. Results

3.1. Average Vp/Vs ratios in the Western Alpine

The crustal thickness and average Vp/Vs ratios results are presented in Figure
6. The results of average thickness and Vp/Vs ratios, together with their standard
derivations are listed in Table S1. The H-x-c¢ method provides a total of 198 good
results with smaller errors in the Western Alps region, as well as the CIFALPS-2

profile (Figure S1-S3).
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Figure 6. H-x-c results in the Western Alpine region. (a) Scatters of crustal thickness.
(b) Interpolated results of crustal thickness. (c) Average Vp/Vs ratios for single stations.
The red shadowed areas represent the regions where the contour of Vp/Vs is less than
1.7, while the blue shaded represent areas where the contour is greater than 1.9. (d)
Interpolated results of average Vp/Vs ratios. Black dashed line indicates the CIFALPS-2

profile. Major faults are also shown for reference.

In the Western Alps subduction wedge, low Vp/Vs values (< 1.7) are observed
in the vicinity of the Frontal Pennine Fault, whereas high Vp/Vs values (> 1.9) are
found on the upper-plate side of the subduction zone, 50 to 100 km to the east of
the Frontal Pennine Fault. Low Vp/Vs values characterize the European Foreland

to the NW, where slightly higher Vp/Vs ratios also define a NE-SW belt that may
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suggest compositional changes likely inherited from the pre-Alpine evolution of
the European crust. This NE-SW belt is consistent with the trend of NE-SW Moho
steps revealed by independent geophysical methods (Malusa et al., 2021; Paul et
al., 2022), and with the trend of the European paleomargin inferred from
independent geological data (Malusa et al., 2016; Ji et al., 2019). In the Adriatic
upper plate, the average crustal V'p/Vs values are more homogeneous and generally
lower than 1.8.

Figure 7 also shows the H-x-c cross-section along the CIFALPS-2 profile. In
Figure 7b, the gray solid line represents the Moho interface from the CCP depth
cross-section, while the red dots with blue bars represent the velocity interface
thicknesses H and their standard deviations. In the European Foreland, the crustal
thicknesses H agree with our CCP depths and other published Moho depths based
on geophysical datasets (Nicolas et al., 1990b; Spada et al., 2013; Nouibat et al.,
2022; Paul et al., 2022). However, in the subduction complex of the 50—70 km
distance range, it can be seen that two distinguishable Ps conversions exist at
approximately 45 km, and 65 km depths, respectively (Figure 8d). The Ps
conversions at a depth of ~65 km (solid gray line) remain strong and consistent
from CCP images of events from different back-azimuth, which suggests that the
European slab subducted to deeper depths. On the other hand, the Ps conversions
at a depth of ~45 km (dashed gray line) correspond to the crustal structure interface
extracted from the ambient noise tomography, which represent the strong velocity
interface between normal-crust and partially eclogitized European lower crust. In
contrast to the CCP stacking technique, the H-x-c¢ method not only utilizes Ps
conversions, but also incorporates multiples to constrain the average velocity ratio
above interfaces. In this complex region, the velocity interface calculated by the
H-x-c method falls around 45 km, consistent with the 45 km interface obtained by
CCP stacking technique. However, it is important to note that this interface does

not correspond to the Moho boundary. Hence, the associated x values do not
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Figure 7. H-x-c results of CIFALPS-2 vertical cross-section. (a) Topography with
seismic stations of CIFALPS-2. Red triangles represent stations with available H-x-c
results. (b) Depths of strong velocity interface (H) with standard deviations (blue error bar).
The gray line represents the Moho geometry from our CCP cross-section, where the
dashed gray line represents the velocity boundary between the European crust and
partially eclogited crust. (c) Average Vp/Vs ratios (x) with standard derivations. The red

arrow indicates a gradual increase in Vp/Vs ratios.

The average V'p/Vs ratios above the calculated interfaces are shown in Figure
7c. The European foreland has average Vp/Vs values of ~1.70. However, the
presence of sedimentary successions, for example beneath station CIO3, may
locally increase the crustal average Vp/Vs ratio. Moving eastward to the Jura
mountains (—90 km — —50 km), average V'p/Vs values are slightly higher and with
larger standard deviations. The Vp/Vs ratio of CI19 and CI20 does not show

consistent continuity with the surrounding stations, and we attribute this
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observation to structural effects in terms of diffuse fracturing along this major
crustal fault. However, an extensive discussion of this issue is beyond the aims of
this paper. We openly acknowledge a challenge in our current study, namely that
although the standard deviation of H-x-c has been significantly reduced, it remains
relatively high in complex regions, especially for Vp/Vs (Figure S1). Although
there are instances where the standard deviation may be large, indicating dispersed
energy, the point with the highest energy still holds significance as a reference.
Our focus is analyzing the lateral variations in the Vp/Vs ratio, especially on the
subduction zone. Taking into account the errors, the results of this lateral profile,
CIFALPS-2, exhibit similarities within the range of approximately —200 to 40 km,
while also displaying notable variations within the subduction zone in the 0—100
km range. The variations make us speculate the possible existence of the anomaly
in the subduction zone. Moreover, by integrating the results from the entire
Western Alps, we can further infer a continuous anomaly along the subduction
zone. Besides, the average V'p/Vs ratio in the frontal European continental part of
profile is also low. We did not delve into its nature in this work. This cross-section
result in the subduction zone indicates that associated Vp/Vs anomalies should
come from rocks not deeper than 45 km, even though the slab has already

subducted to greater depths.

3.2. Vertical Cross-sections for CIFALPS-2

To further study the depth of the V'p/Vs anomalies, we calculated preferred
density and P-wave velocity models along the CIFALPS-2 profile. The observed
CCP depth section (Figure 2) is slightly different from the previous ones (Paul et
al., 2022) due to the different back-azimuths considered for the stacking. In this
study, we chose seismic events from both sides of the profile to ensure a
distribution that aligns better with the requirement of two-dimensional waveform

modelling. The European Moho was continuously detected from ~25 km depth at
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the western end of the profile to ~45 km depth beneath the Gran Paradiso dome
(GP in Figure 1). A weak but reliable conversion ascribed to the European Moho,
which is observed in cross-sections with different back-azimuths, reaches a
maximum depth of ~65 km beneath the Insubric Fault (IF in Figure 1), where the
Bouguer gravity anomaly shows a long-recognized maximum due to lower crustal
and mantle rocks exhumed to shallow depths (Zahorec et al., 2021).

Figure 8 also displays the cross-sections of the preferred P-wave velocity and
density models. The distribution trends of density and velocity on this cross-
section are similar, implying that regions with higher density correspond to areas
with higher velocity. Given the use of the diverse techniques and raw data sources,
our focus lies on the relative parameters among different blocks rather than the
absolute values. The subducted European lower crust shows high V'p values (6.71
km/s) and low Vs values (Figure 5b), which implies high Vp/Vs ratios. Above the
subducted lower crust, the V'p for lower-pressure metamorphic frontal wedge and
eclogitized belt are 5.81 km/s—5.88 km/s, which implies much lower V'p/Vs ratios
compared to the European lower crust. This result suggests that the unusually low
average J'p/Vs anomalies revealed by the H-x-c method should originate from the

Internal zone, with depths shallower than 30 km.
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Figure 8. Common conversion point (CCP) cross-section and P-wave velocity model
projected onto the reference profile. (a) Observed and computed Bouguer gravity anomaly.
(b) Preferred density model. (c) Preferred P-wave velocity model. (d) Observed CCP
migrated depth section computed from teleseismic events. (e) Synthetic CCP migrated

depth section.
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4. Discussion

4.1.Vp/Vs anomalies in subduction zones

The average Vp/Vs ratio is commonly considered as a key constraint on the
nature and composition of rocks. Laboratory measurements show that V'p/Vs ratio
is more sensitive to compositional variations, but much less sensitive to
temperature and pressure variations (Christensen, 1996; Lowry and Perez-
Gussinye, 2011). The Vp/Vs ratios for different rock types forming the continental
crust and possibly involved in continental subduction generally range between
1.72 and 1.85 (Carmichael, 1989; Christensen, 1996), see in Figure 9. Notably,
many other factors could influence the Vp/Vs ratio, such as fluids/melts, and
anisotropy. The presence of fluids/melts can increase the Vp/Vs ratio of crustal
rocks by lower the S-wave velocity. Nonetheless, it is not anticipated that active
fluid flows or melts would occur in the fossilized subduction wedge of the Western
Alps, as subduction has ceased to be active for at least 30 Ma. Petrological studies
have also shown that the anisotropy of peridotite may decrease the Vp/Vs ratio
under high-pressure and high-temperature conditions (at depths of 90-120 km and
temperatures above 800°C) (Hacker and Abers, 2012). In our study, the average
V'p/Vs ratios are obtained by stacking the receiver function waveforms from all
back-azimuths, which allows us to greatly reduce the influence of anisotropy.
Moreover, as referenced in Section 3.2, low Vp/Vs anomaly in Western Alps in this
study is located above 30 km, and the high V'p/Vs anomaly is located above 45 km.
Hence, we can preliminarily exclude the influence of anisotropy on the average
Vp/Vs ratios.

Vp/Vs ratios are generally high for serpentinite (2.0-2.2), and the occurrence
of average V'p/Vs ratios as high as ~2.0 on the upper-plate side of the subduction
zone is therefore consistent with the presence of a partially serpentinized upper

mantle of Adriatic plate possibly lying on top of a serpentinized subduction
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channel, as suggested by previous work (Zhao et al., 2020; Malusa et al., 2021).
Our results may suggest the presence of hydrated serpentinite or partially hydrated
serpentinite above the 45 km depth in high-pressure subduction zones.

The occurrence of very low Vp/Vs values along the Frontal Pennine Fault is
instead a new finding of this study. As shown in Figure 9, Vp/Vs ratios are very
low for quartz (1.46—1.48). Other structural or compositional changes are unlikely
to generate such low Vp/Vs anomalies. Considering the widespread presence of
quartz veins observed on the surface of the Western Alps, as outlined in the
Introduction, we hypothesize that an extensive network of quartz veins may
significantly reduce the average Vp/Vs ratio of the host rock.

Vp/Vs

2.2 Serpentinite

L
2.0

| Amphibolite
| Granulite
| Gabbro
Eclogite
| Dunite

1.8

| Greiss

1.6

14

Figure 9. Laboratory Vp/Vs ratios for different rock types at 1000 MPa. Vp/Vs ratios
generally range between 1.72 and 1.85 (black boxes), but they are much lower for quartz
(1.46-1.48) and much higher for serpentinite (2.0-2.2). (data after Carmichael, 1990 and

Christensen, 1996)

4.2 Implications on continental subduction

We thus speculate that the low Vp/Vs ratios here documented in the Internal
zone reveal past silica-rich fluid flows that occurred when subduction was still
active, as now attested by the presence of a pervasive network of quartz veins.

High temperatures are required for quartz to dissolve in pure water. Our conceptual
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model (Figure 10) does not strictly adhere to the depth proportions of the actual
CIFALPS-2 profile in Figure 8. Instead, it utilizes temperature isotherms. The
silica-enriched zone is situated above the average crustal depth (< 30 km),
exhibiting similar temperature and pressure conditions to the average crust.

The fluids responsible for the formation of quartz veins were likely generated
through dehydration reactions of subducted slab during the subduction process and
subsequently ascended along the subduction channel. As the oceanic slab and
continental slab subduct into the mantle, hydrous minerals are breakdown and
fluids are released from the slab with increasing temperature and pressure (Zheng
and Hermann, 2014). With a relatively high solubility at high temperature, silica
is a major solute in fluids (Hermann et al., 2013). The solubility of silica is favored
by the presence of salts and CO; (Audétat and Keppler, 2005; Rapp et al., 2010;
Hunt and Manning, 2012; Li et al., 2020). When the continental crust reaches
mantle depths, the temperature often exceeds 600 °C (Wang et al., 2021), which
is high enough for silica to be largely dissolved into fluids. At deeper depth, fluids
may exist in a form of a supercritical state, which would furtherly enhance the
solubility for the silicate minerals (Manning, 2004; Cruz and Manning, 2015; Ni
et al., 2017; Chen et al., 2018). In active subduction settings, these fluids can
migrate easily upwards along an impermeable plate interface (Halpaap et al., 2018).
As these silica-rich fluids ascend along the subduction interface, a decrease in
pressure and cooling lead to a decrease in quartz solubility, resulting in the
deposition of quartz, as exemplified by the presence of quartz veins in the Western
Alps. Consequently, the large-scale silica may be gradually frozen above the
subduction interface. Therefore, we posit that the quartz vein network observed in
exposed Alpine rock formations (Henry et al., 1996; Pettke and Diamond, 1997;
Tricart et al., 2004) merely represents a lower limit of the conditions we envision
at greater depths based on geophysical evidence. However, further analyses based

on geophysical methods are required to prove such hypothesis.
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Scientists have also documented anomalously low Vp/Vs ratios, interpreted
in terms of silica enrichment, above the subduction interface of some major
oceanic subduction zones, for example in the Hellenic, North Cascadia and
Mexico, (Huesca-Pérez and Husker, 2012; Audet and Biirgmann, 2014; Hyndman
etal., 2015; Halpaap et al., 2018). Our work in Western Alps is the first to proposes
a silica-enrichment in a fossil continental subduction zone. However, we find that
similar geophysical features are also observed in the Himalaya (Li and Song, 2021),
where average Vp/Vs ratios sharply decrease to the north of the Main Frontal
Thrust and Main Boundary Thrust, and in the Zagros, which also show low crustal
average V'p/Vs ratios in subduction zone (Shiranzaei et al., 2021). These studies
may indicate that silica enrichment could be a common occurrence in both oceanic
and continental subduction zones.

Zhao et al. (2020) suggest that due to the low viscosity at geological strain
rates of serpentinite, serpentinization above subduction interfaces may facilitate
continental subduction and exhumation. In this study, the presence of silica-rich
materials in the upper part of the subduction zone suggests the occurrence of
previous fluid flow along the subduction interface. This fluid flow could have
diminished the effective stress along the subduction interface, thereby also

significantly promoting the process of continental subduction.
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Figure 10. Conceptual model of silica enrichment and serpentinization in the
subduction zone. Fluids are released from the slab as temperature and pressure rise.
Some fluids combine with the mantle wedge, producing hydrous serpentinites; parts of
silica-rich fluids flow upwards along the subduction interface, leading to silica enrichment

above the subduction interface.
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