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a b s t r a c t

In fossil subduction zones associated with massive exhumation of (ultra)high-pressure ((U)HP) rocks
such as the Western Alps, the geometry and behavior of subduction-channel and mantle-wedge rocks
during exhumation are still poorly constrained by independent geophysical observations. Here we use
a new local earthquake tomography model of the entire fossil subduction zone of the Western Alps based
on data collected during the CIFALPS and CIFALPS2 passive seismic experiments, and the first receiver-
function profile across the Ligurian Alps, to investigate the styles of subduction-channel and mantle-
wedge exhumation as a function of increasing upper-plate divergence motion. In the northern
Western Alps (low divergence), a thickened subduction channel can be detected, but no exhumed mantle
wedge is found beneath the Gran Paradiso (U)HP dome. In the southern Western Alps (intermediate
divergence), an exhumed mantle wedge is detected beneath the Dora-Maira (U)HP dome above a serpen-
tinized subduction channel. In the Ligurian Alps (high divergence), an exhumed mantle wedge and a for-
mer subduction channel are detected at much shallower levels beneath the Voltri-Valosio (U)HP dome,
and above a shallow-dipping lower-plate Moho. In this latter case, the lower boundary of the exhumed
subduction channel is the most evident seismic-velocity interface, which may be easily misinterpreted as
a true Moho. Similar Moho-like interfaces are found beneath the exhumed (U)HP domes of eastern Papua
New Guinea and the Dabie Shan, which suggests that the results of the CIFALPS experiments may be used
as a reference case for the interpretation of other (U)HP terranes worldwide.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Cenozoic subduction zones associated with massive exhuma-
tion of (ultra)high-pressure ((U)HP) rocks of continental origin,
such as the Western Alps and eastern Papua New Guinea (e.g.,
Chopin, 1984; Baldwin et al., 2004) are characterized by a compo-
nent of upper-plate divergent motion that varies along strike
(Webb et al., 2008; Baldwin et al., 2012; Malusà et al., 2011;
2015). In these tectonic settings, thermo-mechanical numerical
models predict an invariably fast buoyant rise of subducted conti-
nental (U)HP rocks, which form tectonic domes exposed at the
Earth’s surface, and contrasting styles of exhumation of
subduction-channel and mantle-wedge rocks depending on the
amount of upper-plate divergent motion (Liao et al., 2018). How-
ever, unlike the fast exhumation of (U)HP tectonic domes predicted
by numerical models, which is confirmed by petrological and
geochronological evidence (e.g., Rubatto and Hermann, 2001;
Baldwin et al., 2008), the geometry of the subduction channel
and the behavior of mantle-wedge rocks during exhumation are
still poorly constrained by independent geophysical observations.
The Western Alps (Fig. 1) represent a world-reference example of
fossil subduction zone, because their subduction wedge is well
exposed and the structures related to the (U)HP exhumation stage
are exceptionally well preserved (Malusà et al., 2015, 2021) and
virtually undeformed since the Oligocene, as attested by the
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Fig. 1. Tectonic setting of the fossil subduction zone of the Western Alps and locations of the CIFALPS temporary seismic experiments. a: Sketch map of the western
Mediterranean and tectonic map of the Western Alps (after Malusà et al., 2021). The red dots indicate the seismic stations of the CIFALPS2 seismic profiles (CIFALPS2-main,
CIFALPS2-Lig and complementary ALP-N and ALP-S profiles) (Zhao et al., 2018), the yellow dots mark the seismic stations of the CIFALPS profile (Zhao et al., 2015). The 0-mGal
contour of the Ivrea gravity anomaly (purple dashed line, from Zahorec et al., 2021) is also shown. The green lines indicate the interpretive geologic cross sections of Fig. 7. b:
Palinspastic reconstruction of the Alpine subduction zone in the Late Eocene (ca. 35 Ma), Early Miocene (ca. 23 Ma), and Early Pliocene (ca. 5 Ma), showing progressive
indentation of Adriatic lithosphere in the Central Alps and southward-increasing divergence in the Western Alps during exhumation of the Eclogite belt (dark blue), from the
northern Western Alps (NWA) to the southern Western Alps (SWA) and the Ligurian Alps (LA) (after Malusà et al., 2021). Other acronyms: Ar, Argentera; Be, Belledonne; Br,
Briançonnais; Ch, Chablais; DB, Dent Blanche; DM, Dora-Maira; FPF, Frontal Pennine Fault; GP, Gran Paradiso; GSB, Grand St-Bernard; Ho, Houiller; IF, Insubric Fault; IV,
Ivrea-Verbano; La, Lanzo; MB, Mont Blanc; MR, Monte Rosa; Pe, Pelvoux; RMF, Rivoli-Marene Fault; Se, Sesia-Lanzo; SL, Schistes lustrés; TPB, Tertiary Piedmont Basin; Va,
Valosio; Vi, Viso; Vo, Voltri; VVF, Villalvernia-Varzi Fault.
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relationships with the overlying Oligocene-Miocene sedimentary
rocks of the Tertiary Piedmont Basin (Cassano et al., 1986;
Malusà et al., 2015). Some recent studies have analyzed along-
strike variations in the deep tectonic structure of the Western Alps
(e.g., Nouibat et al., 2022; Nouibat et al., 2023; Paul et al., 2022;
Menichelli et al., 2023; Zhao et al., 2020), for example Paul et al.
(2022) who used coupled receiver-function and ambient-noise
tomography to document a marked change in the dip of European
Moho from the northern to the southern Western Alps. However,
their analysis was not extended southward to the Ligurian Alps,
where extreme upper-plate divergent motion is predicted by geo-
dynamic reconstructions (Malusà et al., 2015; 2021) (Fig. 1b). As a
result, potential lateral variations in velocity structure within the
fossil subduction zone are not yet sufficiently constrained.

Local earthquake tomography is a suitable method for revealing
the velocity structure of the Earth’s interior through the analysis of
earthquakes that occurred within the investigated volume
170
(Kissling, 1988). A reliable local earthquake tomography requires
that the study volume is sampled by a dense distribution of seismic
rays, which requires a high-quality seismic dataset and an adequate
distribution of both earthquakes and receivers (Solarino, 2024). In
this study, we use a new local earthquake tomographymodel based
on data recently collected during the CIFALPS and CIFALPS2 passive
seismic experiments (Zhao et al., 2016; 2018) to investigate the
style of subduction-channel and mantle-wedge exhumation in the
entire fossil subduction zone of the Western Alps, from the north-
ern Western Alps to the Ligurian Alps. The local earthquake tomog-
raphy model is complemented by the first receiver-function profile
across the Ligurian Alps (CIFALPS2-Lig profile). Our results are
finally compared with the geophysical information available for
eastern Papua New Guinea and the Dabie Shan, demonstrating that
the results of the CIFALPS experiments have general validity and
can provide a reference case to improve the interpretation of the
deep tectonic structure of other (U)HP terranes worldwide.
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2. Tectonic setting

The Western Alps formed during Late Cretaceous to Paleogene
subduction of the Tethyan oceanic lithosphere and adjacent Euro-
pean paleomargin beneath the Adriatic continental microplate
(Handy et al., 2010; Malusà et al., 2015). Metamorphic rocks
related to Alpine subduction are exposed between two major
faults, the Frontal Pennine Fault on the lower-plate side of the oro-
gen, and the Insubric Fault on the upper-plate side (FPF and IF,
respectively, in Fig. 1a), where the strongly positive Ivrea gravity
anomaly (e.g., Zahorec et al., 2021) (dashed purple line in Fig. 1a)
provides evidence of mantle rocks exhumed to shallow depth
beneath the western Po Plain. Rocks derived from the hyperex-
tended Adriatic paleomargin (Se in Fig. 1a) were accreted against
the Adriatic upper plate at an early stage of subduction, i.e., in
the Late Cretaceous (e.g., Chen et al., 2023) and are juxtaposed to
eclogitized mantle rocks of the Lanzo massif (La in Fig. 1a)
(Rubatto et al., 2008). Paleogene subduction mainly involved ocea-
nic lithosphere and rocks derived from the European paleomargin,
leading to the formation of two main tectonic domains with speci-
fic metamorphic imprint (Malusà et al., 2011): (i) the Eocene Eclog-
ite belt (dark blue in Fig. 1a), consisting of (U)HP continental
crustal domes (DM, GP, MR and Va in Fig. 1a) tectonically envel-
oped by (U)HP metaophiolites (Vi and Vo in Fig. 1a) (Rubatto and
Hermann, 2001; Starr et al., 2020; Manzotti et al., 2022;
Ghignone et al., 2023); and (ii) a doubly-vergent frontal wedge of
lower-pressure units of oceanic (SL) and European derivation (Br
and GSB, light blue in Fig. 1a) (Malusà et al., 2005; Dumont et al.,
2022). Rocks exposed in the Eclogite belt were buried in the Alpine
subduction channel to be rapidly exhumed to the Earth’s surface at
rates of 1–3 cm/yr between �35 Ma and 32 Ma. Rapid exhumation
was triggered by episodic upper-plate divergent motion that pro-
vided sufficient space for exhumation without requiring overbur-
den removal by erosion (Malusà et al., 2015; Liao et al., 2018).
Notably, a southward increase in divergence affected the Western
Alps trench in the Eocene, which was a direct consequence of coe-
val indentation of Adriatic lithosphere beneath the future Central
Alps in the north (Fig. 1b) (Malusà et al., 2015; Solarino et al.,
2018). The strongest divergence was thus experienced by the seg-
ment of Alpine subduction zone now exposed in the Ligurian Alps.
This latter region also experienced major counterclockwise fault-
block rotations during the Neogene opening of the Ligurian-
Provençal basin and the northward propagation of Apenninic tec-
tonics (Fig. 1b), which led to the formation of the Villalvernia-
Varzi-Ottone strike-slip fault (VVF in Fig. 1a), the Monferrato
thrust fronts (Mo in Fig. 1a), and the Rivoli-Marene Fault (RMF in
Fig. 1a) in the western Po Plain (Maffione et al., 2008; Malusà
and Balestrieri, 2012; Eva et al., 2020; 2023).

Thermo-mechanical numerical models of (U)HP rock exhuma-
tion suggest that major upper-plate divergent motion may also
trigger exhumation of subduction-channel and mantle-wedge
rocks at depth (Liao et al., 2018). In the Western Alps, evidence
for mantle-wedge rocks exhumed to shallow depths was first
reported beneath the Dora-Maira (U)HP dome by Solarino et al.
(2018), and stacked remnants of a fossilized serpentinite channel
were first imaged at depth around 60 km by Zhao et al. (2020)
along the CIFALPS profile.
3. Data and methods

The CIFALPS2 passive seismic experiment (Zhao et al., 2018)
was designed as a complement to the CIFALPS project recently per-
formed across the southern Western Alps (Zhao et al., 2015, 2016;
Malusà et al., 2021) (Fig. 1a). Fifty-six broadband seismic stations
were installed with a spacing of 7–10 km from the Bresse Graben
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to the Ligurian Sea. The trend of the main profile is WNW-ESE
across the northern Western Alps (CIFALPS2-main profile in
Fig. 1a) and NNW-SSE across the Ligurian Alps (CIFALPS2-Lig in
Fig. 1a), with a main change in direction near the town of Ivrea
in the western Po Plain. Two complementary profiles (ALP-N and
ALP-S in Fig. 1a) were also deployed across the internal part of
the northern Western Alps and the Eocene eclogite belt, parallel
to the CIFALPS2-main profile. Seismic stations were equipped with
broadband sensors and connected by Global System for Mobile
communications for real time data acquisition. This allowed us to
remotely check the instrument state-of-health and intervene
promptly to avoid data losses. Stations were in operation from fall
2018 to winter 2019, but a few stations in the northern Western
Alps were already installed in June 2018 and operated until June
2020.

To perform local earthquake tomography, data collected during
the CIFALPS and CIFALPS2 experiments were merged with those
recorded by permanent seismic networks operating in Italy,
France, and Switzerland and available from the EIDA database
(Fig. 2a). This allowed us to expand the study area and improve
the cross-firing of seismic rays at each node of the model
(Fig. 2b). We did not use data recorded by the temporary seismic
network AlpArray (Hetényi et al., 2018), which was operational
in almost the same period and more widely spaced, because most
of the stations of that project were located in areas where we
already had a good ray coverage due to both permanent and
CIFALPS and CIFALPS2 temporary stations. The maximum depth
of investigation of a local earthquake tomography depends on
the deepest events available for analysis in the study volume.
Because intermediate-depth earthquakes are not frequent in the
western Alpine region, only a few of these events were recorded
during the CIFALPS and CIFALPS2 experiments. The dataset was
thus integrated with intermediate-depth earthquakes (Eva et al.,
2015; Malusà et al., 2017) from available seismic catalogs
(https://www.orfeus-eu.org/data/eida/) to ensure an adequate
sampling of the bottom part of the model (Fig. 2c). A similar inte-
gration was performed at the corners of the model to cope with
areas where few earthquakes occurred or where no station was
installed. As a result, the initial database consisted of about 2000
seismic events. All events were hand picked and show an uncer-
tainty ranging from 0.01 to 0.2 s depending on the phase and
weight attributed to the pick. Because the initial distribution of
seismic events was not optimal for seismic tomography, we used
a software code designed to evenly distribute the events and avoid
redundant information and overconcentration of rays in specific
sectors of the modelled volume. As a first step, data not compliant
with quality criteria (less than 10P+S phase readings, location out-
side the study volume) were discarded from the database. As a sec-
ond step, the study volume was subdivided into cells with 5-km
spacing. A maximum number of 10 events was allowed for each
cell. Whenever a single cell included more than 10 events, a selec-
tion was made by the algorithm based on the number of phase
picks. The number of P readings for each station is shown in the
3-D histogram of Fig. 2d, whereas the three-dimensional P ray cov-
erage is shown in Fig. 2b. We used as input 1420 events, 6700P and
5745 S picks.

Local earthquake tomography was carried out using
SIMULPS14, a version of SIMULPS (Thurber, 1983; Eberhart-
Phillips, 1990) incorporating full 3-D ray shooting (Haslinger &
Kissling 2001). The grid consists of 38�38�13 nodes, with spacing
of 10 km in the central part of the model and 20 km elsewhere,
whereas in the extremes of the model spacing is 30 km. Damping
was optimized by plotting trade off model/data variance curves.
The initial root-mean-square residual was 0.96364 and the data
variance 0.125905. After tomographic inversion, root-mean-
square residual dropped to 0.78779 and the variance to 0.068342.

https://www.orfeus-eu.org/data/eida/


Fig. 2. Local earthquake tomography set up and Vp depth slices. a: Distribution of seismic stations (triangles) considered for local earthquake tomography. b: three-
dimensional P ray coverage. c: Depth distribution of HypoDD-relocated seismic events, geological map as in Fig. 1a (after Eva et al., 2020). d: 3-D histogram showing the
number of P readings for each station (green: <50; yellow: 50–100; purple: >100). e-f: Depth slices of the Vp tomography model at 12 and 28 km depth. The main geological
boundaries (grey), the Ivrea gravity anomaly (IGA) and the CIFALPS seismic stations (big dots) are shown for reference. Areas not resolved (resolution of diagonal
elements < 0.1) are masked. The red lines indicate the Vp cross sections of Figs. 3 and 4. Acronyms: IM=Ivrea mantle; La = Lanzo peridotite; MW1, MW2 = exhumed mantle-
wedge; SC=subduction channel.
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The reliability of the structural images delineated by local
earthquake tomography is validated by synthetic tests (see Supple-
mentary material) and by a comparison with the seismic images
provided by receiver function (this work and Paul et al., 2022)
and ambient-noise tomography (Nouibat et al., 2022). We consider
the comparison between these three totally independent methods,
which analyze different seismic events using different processing
techniques, as a better proof of reliability than any other type of
test. Indeed, local earthquake tomography is based on the analysis
of earthquakes within the model volume, while ambient-noise
tomography images the S-wave velocity structure in the crust
and uppermost mantle based on noise cross-correlations, and
receiver function exploits teleseismic events and P-to-S (Ps) con-
verted waves at velocity interfaces beneath seismic stations
(Langston, 1979). A strength of the receiver function analysis is
that it allows detection of interfaces with downward velocity
increase, for example the Moho, and interfaces with downward
velocity decrease because the polarity of the converted signal
depends on the sign of the velocity change (see, e.g., Zhao et al.,
2015). For the CIFALPS2-Lig profile, we used the same approach
to receiver function analysis described in Paul et al. (2022), includ-
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ing multichannel preprocessing (Rondenay, 2009; Millet et al.,
2019) to attenuate the direct P wave and enhance the converted
phases from shallow interfaces, and time-to-depth common-
conversion point migration using 2-D sections in the ambient-
noise tomography model by Nouibat et al. (2022) as crustal veloc-
ity models.

4. Results

Fig. 2e-f show two Vp horizontal slices of the local earthquake
tomography model at 12 and 28 km depth, where areas not
resolved are masked. Figs. 3 and 4 show five vertical cross-
sections of the local earthquake tomography model across the
northern Western Alps, the southern Western Alps, and the Lig-
urian Alps, which are compared with seismic images provided by
receiver function and ambient-noise tomography along the same
profiles. Only those interfaces independently detected by at least
two different methods are indicated and labeled in the cross-
sections for further discussion in the text. As shown in Fig. 2e-f,
the Alpine fossil subduction zone is well resolved from the north-
ern Western Alps to the Ligurian Alps. Low resolutions characterize



Fig. 3. Depth sections across the northern Western Alps (left column: ALP-N profile; central column: CIFALPS2-main profile; right column: ALP-S profile). a-c: Bouguer
anomaly from the gravity database of Zahorec et al. (2021) (IGA=Ivrea gravity anomaly). d-f: Geological maps with profile locations (black lines). g-i: P-wave velocity
structure from local earthquake tomography (this work). j-l: Common-conversion-point stacked section for teleseismic earthquakes of 0-100� back-azimuth (redrawn after
Paul et al., 2022). m-o: Vs section from the ambient-noise tomography model of Nouibat et al. (2022). Note the consistency between interfaces identified by the three
independent imaging methods. The dashed black lines mark interfaces with a downward velocity increase (1 = European Moho; 2 = Adriatic Moho), whereas the dotted
purple boundaries (3) mark interfaces with a downward velocity decrease. ELC=European lower crust; M=multiples; other acronyms as in Fig. 1a and 2e, f. See locations in
Fig. 1a and 2.
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instead the western Po Plain to the north of the Monferrato thrust
fronts and, in the 28-km depth slice, the Ligurian Sea and the Belle-
donne and Pelvoux massifs (Be and Pe in Fig. 1a), which represent
lower-plate units not involved in the subduction wedge. In the 12-
km depth slice, the Ivrea gravity anomaly corresponds to a region
with high P-wave velocities (yellow-to-green in Fig. 2e), which also
includes the exposure area of the eclogitized mantle rocks of the
Lanzo massif and the mantle-wedge rocks exhumed to shallow
depth beneath the Dora-Maira (U)HP dome (Solarino et al., 2018)
(La and MW1, respectively, in Fig. 2e). In the same region, the seis-
mic velocity fingerprint of the Ivrea mantle (IM in Fig. 2f) becomes
clearly distinguishable in the 28-km depth slice, where it shows Vp
>7.7 km/s. In the Ligurian Alps, along the CIFALPS2-Lig profile, high
Vp values �6.5 km/s are found in the 12-km depth slice (MW2 in
Fig. 2e) and are replaced by lower Vp values �6.0 km/s in the
28-km depth slice (SC in Fig. 2f).

4.1. CIFALPS2-main profile and ALP-N and ALP-S complementary
profiles

In the northern Western Alps, the local earthquake tomography
model reveals the P-wave velocity structure in the region above
173
the European Moho down to 40–45 km depth along the ALPS-N
and CIFALPS2-main profiles, and down to 65 km depth along the
ALP-S profile (Fig. 3). The European Moho (labelled ‘‘100), which lays
below the area resolved by the local earthquake tomography
model, is marked by laterally continuous P-to-S (Ps) converted
phases of positive polarity and strong amplitude in the receiver
function stacks (Fig. 3j-l), and by the 4.3 km/s S-wave velocity con-
tour in the ambient-noise tomography model (Fig. 3m-o). The
Moho dips gently from �30-km depth beneath the Mont Blanc
massif (MB in Fig. 3) to �45-km depth beneath the Gran Paradiso
dome (GP in Fig. 3), reaching 60–70 km depth beneath the western
tip of the Adriatic upper plate. A progressive seismic velocity
increase is observed in the European lower crust (ELC) starting
from 35 to 40 km depth, both in the ambient-noise tomography
model and in the local earthquake tomography model, where P-
wave velocity reaches �7.7 km/s at �40 km depth (Fig. 3g-i). As
a result, at depth >40 km, the Ps converted phases are weaker in
the receiver function images, as indicated by the orange colors in
Fig. 3j-l.

The Adriatic Moho (labelled ‘‘200) is best resolved in the local
earthquake tomography model (Fig. 3g-i) compared to the receiver
function stack and the ambient-noise tomography model. This is



Fig. 4. Depth sections along the southern Western Alps and the Ligurian Alps (left column: CIFALPS profile; right column: CIFALPS2-Lig profile). a-b: Bouguer anomaly from
the gravity database of Zahorec et al. (2021) (IGA=Ivrea gravity anomaly). c-d: Geological maps with profile locations (black lines). e-f: P-wave velocity structure from local
earthquake tomography (this work). g-h: Common-conversion-point stacked section for teleseismic earthquakes: g = after Paul et al. (2022); h = this work. i-j: Vs section from
the ambient-noise tomography model of Nouibat et al. (2022). As in Fig. 3, note the consistency between interfaces identified by the three independent methods. The dashed
black lines mark interfaces with a downward velocity increase, whereas the dotted purple boundaries mark interfaces with a downward velocity decrease. ELC=European
lower crust; MF=Monferrato flower structure; 1 and 1a = European Moho; 2 = Adriatic Moho; 7 = Ligurian Moho; 3–6 = other seismic interfaces; other acronyms and locations
as in Fig. 1a and 2e, f.
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due to the low signal-to-noise ratios in the poorly consolidated
sediments of the Po Plain that preclude a reliable analysis of Ps
conversions (Paul et al., 2022), and to the low horizontal resolution
of the ambient-noise tomography model of Nouibat et al. (2022) in
the uppermost 10–15 km, as revealed by the numerous near-
horizontal Vs interfaces that intersect dipping tectonic boundaries
within the subduction wedge as independently constrained by
field geology observations and published geological maps (Fig. 3-
m-o).

No high-Vp region is observed in the local earthquake tomogra-
phy model beneath the Gran Paradiso dome, either in the ALP-N,
CIFALPS2-main or ALP-S profiles. Along the ALP-N profile, regions
with high Vp>7.0 km/s at shallow depth (>12 km) are exclusively
to the east of the Insubric Fault (IM in Fig. 3g). Along the
CIFALPS2-main and ALP-S profiles, regions with high Vp>7.0 km/s
are also found beneath the Sesia-Lanzo unit to the west of the
Insubric Fault, where they likely mark the Lanzo mantle slivers
(Fig. 3h-i). A low-Vp spot is observed in the lower part of the local
earthquake tomography model at �50 km depth along the ALP-S
profile (SC in Fig. 3i), right in the place where a low-Vs spot is
observed in the ambient-noise tomography model (Fig. 3o), and
where a set of diffuse negative-polarity Ps converted phases (la-
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belled ‘‘300) is observed in-between the Adriatic and the European
Mohos (Fig. 3l). In a recent methodological study, Virieux et al.
(2024) tested the reliability of local earthquake tomography for
crustal imaging by using the Western Alps as a case study. They
concluded that the earthquake distribution allows a reconstruction
of robust features down to 40-km depth whatever the tomography
strategy and parameters, but the poor resolution of the local earth-
quake tomography model comparisons at > 40 km depths would
preclude a reliable imaging of the deepening of the European Moho
beneath the Western Alps (Virieux et al., 2024). This would suggest
that the low-Vp spot labelled SC in Fig. 3i may be not robust. How-
ever, a similar anomaly is independently imaged by ambient-noise
tomography (Fig. 3o), which underlines the importance of compar-
ing seismic images based on independent methods for a better
proof of reliability.

4.2. CIFALPS profile

In the southern Western Alps, the new local earthquake tomog-
raphy model (Fig. 4e) confirms the main features highlighted by
Solarino et al. (2018), Nouibat et al. (2022), Paul et al. (2022) and
Virieux et al. (2024). The European Moho (labelled ‘‘100) is marked
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by laterally continuous Ps converted phases of positive polarity
and strong amplitude in the receiver function stacks (Fig. 4g),
and by the 4.3 km/s S-wave velocity contour in the ambient-
noise tomography model (Fig. 4i). It dips from �40 km depth
beneath the Frontal Pennine Fault (FPF in Fig. 4c) to �60 km depth
beneath the Dora-Maira dome (DM in Fig. 4), reaching 85–90 km
depth beneath the western tip of the Adriatic upper plate and
the Rivoli-Marene Fault (RMF in Fig. 4). Like in the northern Wes-
tern Alps, the amplitude of the Ps conversions decreases starting
from 35 to 40 km depth, due to an increase in seismic velocity in
the European lower crust (ELC in Fig. 4) that is visible in both Vp
and Vs models (Fig. 4e, 4i). The Adriatic Moho (labelled ‘‘2”) is well
resolved in the local earthquake and ambient-noise tomography
models, and it is cut by lithospheric faults that bound a high-Vp
region (up to 7.5 km/s, MF in Fig. 4e) located near the town of Asti.
In the western part of the profile, the uppermost part of the Alpine
subduction wedge shows Vp values invariably <6.5 km/s (Fig. 4e),
but a prominent high velocity body (Vp �7–7.5 km/s) is imaged
beneath the Dora-Maira (U)HP dome, at depths from �10 km to
>30 km. This high velocity body (MW1 in Fig. 4e), which was
already interpreted as an exhumed mantle wedge by Solarino
et al. (2018) and Malusà et al. (2021), is also evident in the
ambient-noise tomography model of Nouibat et al. (2022), but
with a slightly different shape which may be either due to horizon-
tal smearing affecting the uppermost part of the ambient-noise
tomography model, as described in Sect. 4.1, or to the presence
of rocks with lower Vp and higher Vs to the west of MW1. The high
seismic velocities of the exhumed mantle wedge contrast with the
low seismic velocities detected in the underlying subduction chan-
nel (Vs <3.7 km/s according to Zhao et al., 2020; Vs �3.8 km/s
according to Nouibat et al., 2022) which produces an evident set
of negative-polarity Ps phases (labelled ‘‘3”) in the receiver func-
tion stacks.

4.3. CIFALPS2-Lig profile

The southern part of the CIFALPS2-Lig profile, south of the Mon-
ferrato thrust front, provides a further, unexplored cross-section of
the Alpine subduction wedge (Fig. 4b, d, f, h, j). Along this cross sec-
tion, the European foreland was originally located in the position of
the current Ligurian-Provençal basin (Ligurian Sea in Fig. 4d),
which formed in the Miocene during the rollback of the Apenninic
slab, the northward propagation of Apenninic tectonics and the
consequent formation of the Monferrato thrust fronts (Mo in
Fig. 4d). The velocity structure of the Ligurian-Provençal basin is
nicely imaged by ambient-noise tomography (Fig. 4j), and it is
strikingly different from the velocity structure that is observed
onshore beneath the Ligurian Alps, because it is much younger
and unrelated to Alpine subduction. In the northern part of the
CIFALPS2-Lig profile, to the north of the Monferrato thrust front,
the seismic images show the same deep structure already
described for the northern Western Alps (cf. Fig. 3), with a SE-
dipping European Moho (labelled ‘‘100) that is separated from the
overlying Adriatic Moho (labelled ‘‘2”) by an interface of down-
ward decreasing seismic velocities that produce a set of diffuse
negative-polarity Ps converted phases (labelled ‘‘3”) (Fig. 4f, h).
Along the receiver function profile, the Monferrato thrust front is
marked by a south-dipping set of diffuse negative-polarity Ps con-
verted phases cutting across the entire crust (labelled ‘‘4” in
Fig. 4h).

The European Moho under the Ligurian Alps (labelled ‘‘1a”) is
detected by local earthquake tomography beneath the Eocene
eclogite belt (Vo and Va in Fig. 4), where it dips gently northward
from �30 km depth, near the coastline, to �40 km depth beneath
the tip of the Tertiary Piedmont Basin (Fig. 4f), and it is also consis-
tently imaged by receiver function (Fig. 4h) and ambient-noise
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tomography (Fig. 4j). In the ambient-noise tomography model of
Nouibat et al. (2022), the interface labelled ‘‘1a” (Fig. 4j) corre-
sponds to the same S-wave velocity contour of 4.3 km/s that marks
the European Moho in the Western Alps (Fig. 3n, 4i), and it is also
marked by weak positive-polarity Ps converted phases in the recei-
ver function stacks (Fig. 4h). Above the European Moho labelled
‘‘1a” there are laterally continuous Ps converted phases of positive
polarity and strong amplitude that are observed in the receiver
function stacks at �25–30 km depth, marking an interface (la-
belled ‘‘5”) with a sharp downward increase in seismic velocities
(Fig. 4h). This velocity change is clear in the local earthquake
tomography model, where Vp values �6.0 km/s at 20–30 km
depth, above interface 5 (SC in Fig. 4f), are replaced below the same
interface by Vp values of �7.0–7.5 km/s typical of the European
lower crust (ELC in Fig. 4f). These latter Vp values progressively
increase from �7.0 km/s to �7.5 km/s moving northward and at
constant depth towards the Monferrato thrust front. A sharp
change in seismic velocities across interface 5 is also observed in
the ambient-noise tomography model (Fig. 4j), where Vs values
are as low as 3.0 km/s above interface 5 and �4.0 km/s below it.
A further set of laterally continuous Ps converted phases of nega-
tive polarity and strong amplitude, labelled ‘‘6” and gently dipping
to the north, is observed at �20 km depth beneath the Eocene
eclogite belt and the Tertiary Piedmont Basin (Fig. 4h). In the local
earthquake tomography model, interface 6 separates the region
with low Vp values �6.0 km/s located at 20–30 km depth (SC in
Fig. 4f) from an overlying region of higher Vp �6.5 km/s located
right beneath the Voltri and Valosio units (MW2 in Fig. 4f). In the
ambient-noise tomography model, interface 6 separates a region
with Vs values as low as 3.0 km/s from an overlying region with
Vs � 3.7 km/s (Fig. 4j).
5. Discussion

5.1. Styles of subduction-channel and mantle-wedge exhumation

The local earthquake tomography and receiver function analy-
ses performed along the CIFALPS2-Lig profile complement the
already published CIFALPS and CIFALPS2-main results (Malusà
et al., 2021; Paul et al., 2022) to provide an unprecedented image
of the variable styles of subduction-channel and mantle-wedge
exhumation in the Alpine fossil subduction zone as a function of
the amount of upper-plate divergent motion along the plate
boundary.

A comparison between the vertical cross-sections of Figs. 3 and
4 and the 2-D thermo-mechanical model evolution of Fig. 5, which
investigates the exhumation of (U)HP rocks triggered by the diver-
gent motion of the upper plate (Liao et al., 2018), allows to evaluate
the amount of divergence during exhumation in the northernWes-
tern Alps (�30 km), southern Western Alps (�60 km), and Ligurian
Alps (�100 km), consistent with previous geodynamic reconstruc-
tions of the Adria-Europe plate-boundary zone (Malusà et al.,
2015). The strongest divergence involved segments of the Alpine
subduction zone located farther away from the site of coeval Adria
indentation beneath the Central Alps (e.g., Malusà et al., 2016)
(Fig. 1b). According to this kinematic configuration, divergence in
the Ligurian Alps was probably faster, but not more prolonged,
than in the northern Western Alps. Note that the modelled size
of exhumed (U)HP domes is invariant for different rates of upper
plate divergent motion (Liao et al., 2018), while larger amounts
of divergence is expected to trigger exhumation of the mantle
wedge beneath the exhumed (U)HP domes, with a much larger
impact on the deep tectonic structure of the fossil subduction zone.
Predicted seismic velocities and resulting interpretive geologic
cross sections are shown in Figs. 6 and 7.



Fig. 5. Modeled relationships between continental (U)HP rocks (blue dots) and
mantle rocks (green) during exhumation triggered by upper-plate divergent motion
(based on the thermo-mechanical numerical models of Liao et al., 2018). The green
arrows are proportional to the divergent motion. The continuous black lines
indicate the Moho. The black star marks exhumed rocks of the former subduction
channel, the black dot marks rocks of the exhumed mantle wedge. A Moho-like
interface (in magenta) may form beneath the exhumed (U)HP tectonic domes
where crustal rocks lay directly above mantle rocks after exhumation.
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In the northern Western Alps, where the amount of upper-plate
divergent motion during exhumation is evaluated at �30 km (e.g.,
Liao et al., 2018), the high-Vp regions >7.0 km/s observed beneath
the Sesia-Lanzo unit likely mark the eclogitized mantle rocks of the
Lanzo massif (La in Fig. 7a). However, no high-Vp body reflecting
an exhumed mantle wedge is observed in the local earthquake
tomography model beneath the Gran Paradiso (U)HP dome, nor
in the ALP-N profile, nor in the CIFALPS2-main or ALP-S profiles.
The Adriatic mantle exhumed to the east of the Insubric Fault
was exhumed much earlier and represents the necking zone of
the Alpine Tethys, as attested by the overlying and almost unde-
formed Mesozoic sedimentary successions (Berra et al., 2009).
Paul et al. (2022) first documented in the northern Western Alps
the transition from a shallow-dipping European Moho, detected
along the ALP-N and CIFALPS2-main profiles, to a much steeper
European Moho detected along the ALP-S profile as well as the
CIFALPS profile farther south. Along the ALP-S profile, a low-Vs
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region (�3.7 km/s) consistent with the occurrence of serpentinite
(large black star in Fig. 6) is detected at 50 km depth, which is
interpreted as seismic evidence of a thickened subduction channel
(black star in Fig. 7a) similarly to what was first proposed by Zhao
et al. (2020) for the CIFALPS profile. No seismic evidence of a thick-
ened subduction channel is found farther north, where the Euro-
pean Moho is shallow dipping.

In the southern Western Alps, where the amount of upper-plate
divergent motion during exhumation is evaluated at �60 km (Liao
et al., 2018), a prominent high velocity body (Vp �7–7.5 km/s) is
imaged beneath the Dora-Maira (U)HP dome, at depths from �10
km to >30 km (large black dot in Figs. 6 and 7b). The observed
Vp values are consistent with the interpretation of Solarino et al.
(2018), who interpreted this body as an exhumed mantle wedge
with a degree of serpentinization around 25–50% or even higher.
To the west of the exhumed mantle, increasing seismic velocities
with depth are observed in the subduction wedge down to 50
km depth, which is consistent with a progressive transformation
of metapelites and gneisses that are exposed at the Earth’s surface
in the Dora-Maira (U)HP dome. However, a S-wave velocity
decrease to �3.7 km/s is observed at depths >50 km along the plate
interface (large black star in Figs. 6 and 7b), which is inconsistent
with metamorphic phase changes in metapelites and gneisses.
The only rock characterized by similar Vs values at depths >50
km is serpentinite, which suggests that this low-velocity anomaly
marks a weak serpentinite channel, as already suggested by Zhao
et al. (2020). In summary, seismic velocities characterizing an
exhumed mantle wedge beneath the southern Western Alps (large
black dot in Fig. 7b) are replaced downwards by lower seismic
velocities typical of a serpentinized subduction channel and a
metasomatized mantle (black star in Fig. 7b), and even deeper by
high seismic velocities typical of the European lower crust (ELC
in Fig. 7b) and of the lithospheric-mantle peridotite.

In the Ligurian Alps, where the amount of upper-plate divergent
motion during exhumation is evaluated at �100 km (see Fig. 1b
and 5), the European Moho is shallow dipping and located at
�40 km depth beneath the Voltri-Valosio (U)HP dome (Fig. 7c).
Based on available seismic tomography constraints, the transition
with the much deeper and steeply dipping European Moho of the
southern Western Alps, located at �60 km depth beneath the
Dora-Maira (U)HP dome (Fig. 7b), may occur at the level of the
Rivoli-Marene Fault (RMF in Fig. 2e, f). Like in the southern Wes-
tern Alps, a region of higher seismic velocities exists in the Ligurian
Alps (Vp �6.5 km/s; Vs �3.7 km/s) right beneath the Eocene eclog-
ite belt, which is replaced downward by a region of lower seismic
velocities (Vp �6.0 km/s; Vs �3.0–3.1 km/s) that lies above the
European lower crust (Vp �7.0–7.5 km/s) (ELC in Fig. 4f). This tran-
sition, which occurs in a depth interval of 70–80 km in the case of
the southern Western Alps (Fig. 7b), is completed in a depth inter-
val of only 35–40 km in the Ligurian Alps (Fig. 7c). By analogy with
the southern Western Alps, we interpret the region of higher seis-
mic velocity beneath the Voltri-Valosio (U)HP dome as an
exhumed mantle wedge (MW2 in Fig. 4f; black dot in Fig. 7c),
and the region of lower seismic velocity that lies above the Euro-
pean lower crust as an exhumed subduction channel (SC in
Fig. 4f; black star in Fig. 7c). However, seismic velocities are lower
in the exhumed mantle wedge and the subduction channel
beneath the Ligurian Alps than in the corresponding regions of
the southern Western Alps. In fact, after upper-plate divergent
motion, protracted residence of these rocks at shallow depths
under greenschist-facies conditions possibly led to additional ser-
pentinization of the exhumed mantle wedge, and transformation
of high-temperature serpentinite of the exhumed subduction
channel into low-temperature serpentinite (small black dot and
small star, respectively, in Fig. 6), with consequent reduction in
their seismic velocities.



Fig. 6. Seismic velocities in the subduction channel and exhumed mantle wedge along the CIFALPS profiles compared to laboratory-measured seismic velocities (after Malusà
et al., 2021 and references therein). The size of the ellipses is proportional to the maximum and minimum seismic velocities; ellipse location depends on the pressure–
temperature range at equilibrium for each rock type (green = ultramafic; blue = mafic; purple = granitic; brown = pelitic). Seismic velocities in the subduction channel (black
stars) and exhumed mantle wedge (black dots) invariably point to ultramafic rocks, despite Vp and Vs systematically increasing with depth and metamorphic grade.
Metamorphic facies acronyms: Am = Amphibolite; Bs = Blueschist; Ec = Eclogite; Gr = Granulite; Gs = Greenschist. Wet crustal-rock solidus for granitic rocks after Schmidt
et al. (2004).

Fig. 7. Interpretive geologic cross sections showing the contrasting styles of exhumation of the mantle wedge and the subduction channel with increasing upper-plate
divergence. a: CIFALPS2 ALP-S profile across the Gran Paradiso (GP) eclogitic dome. b: CIFALPS profile across the Dora-Maira (DM) eclogitic dome. c: CIFALPS2-Lig profile
across the Valosio-Voltri (Va-Vo) eclogitic dome. Exhumation of the mantle wedge (black dots) beneath (U)HP rocks (dark blue) is exclusively observed for strong upper-plate
divergence (b and c), as predicted by numerical models (e.g., Liao et al., 2018). Extreme upper-plate divergence (c) determines the uplift of the Moho together with the
subduction channel (black star) and the overlying mantle wedge (black dot). The grey lines mark faults activated after (U)HP rock exhumation. 1 and 2 indicate interfaces
marking a downward-increasing velocity change that are prone to be misinterpreted as a Moho. ELC=European lower crust. Other acronyms as in Fig. 1.
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The creation of a flat subduction channel and an exhumed man-
tle wedge at shallow depth beneath the Ligurian Alps is a direct
combination of the buoyancy of previously subducted rocks and
the space created by the divergent motion of the upper plate that
allows their exhumation (Fig. 5). For minor upper-plate divergence,
the volume of rapidly exhumed buoyant crustal rocks previously
stacked along the plate interface is sufficient to bridge the gap
between the upper and lower plates after divergent motion
(Fig. 7a). For major upper-plate divergent motion, however, the
volume of subducted crustal rocks may be insufficient, and rela-
tively buoyant serpentinized mantle rocks that originally lay deep
above the lower plate may be exhumed beneath (U)HP continental
crustal domes to bridge the residual gap (Fig. 7b, c). The potential
involvement of the asthenospheric mantle is predicted only in the
case of extreme divergent motion (Fig. 5).

5.2. High-pressure transformation of the European lower crust

Seismic velocities in the exhumed mantle wedge and subduc-
tion channel beneath the Ligurian Alps (Fig. 6) indicate that the
original velocity structure acquired during subduction can be mod-
ified during the final stages of orogeny. A major impact of late col-
lisional processes on seismic velocities was recently proposed by
Sonnet et al. (2023) for the European lower crust along the CIFALPS
profile, in disagreement with previous studies that have explained
the reduction of the velocity contrast between the European lower
crust and the underlying lithospheric mantle as an effect of the
progressive eclogitization of a felsic-to-intermediate lower crust
at depths >40 km during subduction (e.g., Zhao et al., 2015;
Malusà et al., 2021; Paul et al., 2022). Sonnet et al. (2023) used
an equilibrium-based modeling approach to calculate the relative
abundance of mineral phases at lower crustal conditions and infer
seismic velocities. They found that the Vs values observed in the
European lower crust are consistent with felsic-to-intermediate
rocks, either re-equilibrated under eclogitic facies conditions or
under high-pressure granulitic facies conditions. However, they
suggested that a high-pressure granulitic assemblage is more plau-
sible, because the eclogitization of the European lower crust would
have required preservation of a geothermal gradient of �8�C/km
during continental subduction, which they consider unlikely.

Their reasoning, however, is disproved by the pressure–tem
perature-time paths of exhumed Alpine (U)HP continental rocks,
which demonstrate that geothermal gradients in the Alpine sub-
duction zone were still �8�C/km during continental subduction
(see Malusà et al., 2015, their Fig. 11). Therefore, the European
lower crust located at depths >40 km necessarily underwent eclo-
gitic facies metamorphism during the Alpine subduction cycle.
However, since pressure–temperature-time paths also reveal a
subsequent increase in paleogeothermal gradient after subduction
(e.g., Malusà et al., 2006), a later overprint in the high-pressure
granulite field cannot be excluded a priori. In any case, whether
the subducted European lower crust is currently characterized by
eclogitic facies assemblages (Zhao et al., 2015) or by high-
pressure granulitic facies assemblages (Sonnet et al., 2023), we
can conclude that the observed increase in its Vp and Vs values
at �40 km depth is necessarily related to mineral transformations
under high-pressure conditions.

Further indications, however, are provided by local earthquake
tomography and by the velocity structure of the European lower
crust observed beneath the Ligurian Alps (Fig. 4f). Along the
CIFALPS2-Lig profile, the Vp values between interfaces 1a and 5
progressively increase from �7.0 km/s to �7.5 km/s moving north-
ward and at constant depth towards the Monferrato thrust front.
Such polarity of northward-increasing Vp values is consistent with
the polarity of Alpine subduction when considering the original dip
angle of the European Moho, which subsequently became near-
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horizontal following upper-plate divergent motion. The velocity
structure of the European lower crust is therefore supportive of a
seismic velocity fingerprint largely acquired during subduction-
related eclogitization rather than a late-stage granulite-facies over-
print, which would produce constant velocities from south to
north. This suggests that the eclogitized lower crust of the lower
plate is less prone to metamorphic re-equilibration after subduc-
tion compared to the rocks of the overlying serpentinized mantle
wedge and subduction channel (cf. Sect. 5.1).

5.3. Moho-like interfaces beneath the Ligurian Alps

As predicted by thermo-mechanical numerical models of (U)HP
rock exhumation (Fig. 5) and described in Sect. 5.1, major upper-
plate divergent motion may trigger exhumation of subduction-
channel and mantle-wedge rocks at depth. As a result, a Moho-
like interface may form beneath exhumed (U)HP domes, because
crustal rocks end up being directly on top of exhumed mantle
rocks, leading to a downward-increasing seismic-velocity change.
A similar increase in seismic velocity with depth may also occur
when rocks of a former subduction channel lay directly on top of
an eclogitized lower crust belonging to the subducting lower plate.
These interfaces should not be considered as a Moho, because they
separate rocks that have been coupled together during subduction.

Abrupt vertical changes in seismic velocities interpreted as a
Moho have long been recognized beneath the Ligurian Alps (e.g.,
Nicolich and Dal Piaz, 1992; Cassinis et al., 2005; Scafidi et al.,
2009; Molli et al., 2010). However, the significance and dipping
of such seismic velocity interfaces have been debated. For example,
Nicolich and Dal Piaz (1992) proposed an Alpine Moho located at
�25 km depth for the Ligurian Alps, whereas Cassinis et al.
(2005) suggested a south-dipping Ligurian transitional Moho in
the 45–55 km depth range (Scafidi et al., 2009), and Molli et al.
(2010) proposed a north-dipping Ligurian Moho from �24 km
depth in the Ligurian Alps to �34 km depth in the Monferrato.

Our seismic tomography models are supportive of a Ligurian
Moho exclusively developed offshore beneath the Ligurian Sea (7
in Fig. 4j). By contrast, the roots of the Ligurian Alps still preserve
a north-dipping European Moho, progressively deepening from
�30 km depth near Genoa to �40 km depth beneath the Voltri-
Valosio (U)HP dome. The European Moho is not evident farther
north, where it is likely parallel to the lower boundary of the
resolved volume of the local earthquake tomography model
(Fig. 4f and 7c). Along the CIFALPS2-Lig profile, the most evident
interface marking a downward-increasing velocity change is repre-
sented by the lower boundary of the exhumed subduction channel
(1 in Fig. 7c). This interface can be traced continuously both in the
Vp (local-earthquake) and in the Vs (ambient-noise) tomography
models (5 in Fig. 4f-j), from the Ligurian Sea in the south to the
town of Asti in the north, where it is bounded by the Monferrato
flower structure (MF in Fig. 4f). Because of the sharp transition
from the low seismic velocities characterizing the low-
temperature serpentinite of the exhumed subduction channel
(Vp �6.0 km/s; Vs �3.0–3.1 km/s) to the much faster European
lower crust underneath (Vp �7.0–7.5 km/s), this interface could
easily be, and indeed it was misinterpreted as a Moho, which is
anyway �10 km deeper and much less evident in seismic tomogra-
phy. Notably, Molli et al. (2010) suggested a Ligurian Moho from
�24 km depth beneath the Ligurian Alps to �34 km depth beneath
Asti, right in the place and in the depth range where we have doc-
umented the lower boundary of the Alpine subduction channel.

Another interface marking a downward-increasing velocity
change is located at 5–10 km depth beneath the Voltri-Valosio
(U)HP dome (2 in Fig. 7c). This second interface marks the lower
boundary of the dome, where continental crust rocks lay directly
on top of partly serpentinized mantle-wedge rocks exhumed dur-
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ing upper-plate divergent motion. Interface 2 has a smaller exten-
sion than interface 1 in map view and the velocity jump is less
marked, which makes misinterpretations during Moho picking less
likely. Salimbeni et al. (2021) used the term (proto)-continental
Moho to indicate a similar interface between (U)HP continental
crust units and mantle wedge rocks in the southern Western Alps
(Solarino et al., 2018; Zhao et al., 2020). We emphasize that this
interface, since it separates rocks that have been coupled during
subduction, should not be considered a true Moho.

5.4. Distinguishing features of type-1 and type-2 Moho-like interfaces

Based on the evidence from the Ligurian Alps, two different
types of Moho-like interfaces in a fossil subduction zone can there-
fore be distinguished: (i) type-1 interfaces that mark the base of a
former subduction channel; and (ii) type-2 interfaces that mark the
top of an exhumed mantle wedge. Both type-1 and type-2 inter-
faces are found beneath exhumed (U)HP rocks, which underlines
the importance of a proper interpretation of seismic tomography
models in (U)HP terranes. Distinguishing features of a type-1
Moho-like interface are the presence, above, of an additional inter-
face with downward-decreasing velocity variation, marking the
top of the subduction channel, and below of an interface with
downward-increasing velocity variation, marking the Moho of
the subducted lower plate. A distinguishing feature of a type-2
Moho-like interface is instead the presence, below the interface,
of an additional interface with downward-decreasing velocity vari-
ation, marking the top of the subduction channel.

5.5. Comparison with a modern analog: Eastern Papua New Guinea

A re-evaluation of published seismic tomography models in the
light of the results of the CIFALPS experiments reveals that Moho-
like interfaces, such as those observed along the CIFALPS2-Lig pro-
file, are not exclusive to the Western Alps, but are probably found
in other subduction zones worldwide. This is for example the case
of the (U)HP terrane of eastern Papua New Guinea (e.g., Jin et al.,
2015; Abers et al., 2016), a geologically younger (i.e., late Miocene
to present) analog for the Eocene Western Alps (Malusà and
Garzanti, 2012; Liao et al., 2018) where rapid (U)HP rock exhuma-
tion is still active, and upper-plate divergent motion is replaced by
ocean-continent collision in the Papuan mainland, the upper plate
being oceanic (Baldwin et al., 2004, 2008, 2012; Webb et al., 2008;
Wallace et al., 2014) (Fig. 8a). The D’Entrecasteaux Islands hosts
the world’s youngest (U)HP metamorphic rocks (Baldwin et al.,
2004, 2008) and competing theories of plate divergence or diapiric
upwelling have been suggested as driving their exhumation (Webb
et al., 2008; Ellis et al., 2011; Little et al., 2011; Liao et al., 2018).
These (U)HP rocks derive from northeastern Australian Cretaceous
volcanoclastic sediments of the lower plate (e.g., Zirakparvar et al.,
2013). No (U)HP metaophiolites are found on their top (Baldwin
et al., 2012; Liao et al., 2018), possibly because the fast-spreading
ridge off Australia, unlike the slow-spreading ridge of the Alpine
Tethys, was not dominated by buoyant serpentinites (e.g., Guillot
et al., 2015).

In eastern Papua New Guinea, tomography models reveal seis-
mic velocities typical of mantle rocks at �20 km depth beneath
the (U)HP continental crust dome of Fergusson Island (F in Fig. 8-
a-b) (Abers et al., 2016). The seismic dataset available to Abers
et al. (2016), although not comparable with the CIFALPS dataset
due to greater logistical difficulties and the location of the domes
in the open sea, was recorded by 31 onshore broadband and 8
ocean bottom seismometers. Abers et al. (2016) jointly inverted
Rayleigh wave dispersion curves with receiver functions wave-
forms for crustal velocity structure, and their results show similar-
ities to the results shown in Figs. 4 and 7. As shown in Fig. 8b, they
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document crustal thinning and very low shear-wave velocities at
all depths beneath the (U)HP domes of the D’Entrecasteaux Islands.
In places, for example to the south of Fergusson Island, they detect
multiple Moho-like discontinuities as observed beneath the Voltri-
Valosio (U)HP dome, although available data do not allow discrim-
ination between type-1 and type-2 Moho-like interfaces. Like in
the CIFALPS2-Lig profile, Abers et al. (2016) found lower Vs values
(�3.5 km/s) in the 20 km depth range beneath the (U)HP domes,
and higher Vs values (�3.9 km/s) in the nearby regions of the Tro-
briand Platform and Goodenough Basin, in a similar fashion as in
Fig. 4j. Shear-wave velocities taken either 5 km below the Moho
or 5 km below the Moho-like interface underneath the exhumed
(U)HP domes (Fig. 8b), show similar seismic velocity patterns as
in the 20-km depth range, with lower Vs values beneath the domes
(3.9–4.2 km/s) and higher Vs values on either side of the d’Entre-
casteaux Islands (4.3–4.5 km/s). A similar situation is observed in
the Alpine upper mantle, with Vs <4.5 km/s beneath the Voltri-
Valosio and higher velocities (Vs >4.5 km/s) to the north, in the
upper mantle beneath the Tertiary Piedmont Basin (Fig. 4j).

The seismic velocity structure beneath the D’Entrecasteaux (U)
HP domes, which is often interpreted within a simple framework of
continental rifting (Taylor et al., 1995; Abers et al., 2002; Ellis et al.,
2011), is fully consistent with the velocity structure that is
expected after subduction of the northern tip of the Australian
plate and subsequent (U)HP rock exhumation (Baldwin et al.,
2012; Webb et al., 2014). Remnants of a former subduction chan-
nel and exhumedmantle-wedge rocks may be still present beneath
the D’Entrecasteaux (U)HP domes, as evidence of deep geological
processes triggered by the localized divergence along the
Australia-Pacific plate-boundary zone.

5.6. Long-term preservation of Moho-type interfaces: The Dabie Shan

The potential long-term preservation of the seismic velocity sig-
nature of Moho-type interfaces associated with a flat subduction
channel and an exhumed mantle wedge following the exhumation
of (U)HP rocks can be tested in pre-Cenozoic (U)HP terranes such
as the Dabie Shan (Fig. 8c, d), where continental eclogites were
formed in the Triassic by subduction of the Yangtze Craton beneath
the North China Craton (Hacker et al., 2004; Liou et al., 2009).
Exhumation was completed in the Jurassic (Li et al., 2010;
Baldwin et al., 2019). Like in theWestern Alps and in eastern Papua
New Guinea, the role of erosion in the Dabie Shan was negligible
during the main (U)HP rock exhumation stage (Malusà et al.,
2011). Seismic reflection and receiver function data (Wang et al.,
2000; Xue-Cheng et al., 2003; Dong et al., 2008; Zheng et al.,
2012) reveal that the Moho beneath the Dabie Shan dips north-
ward, consistent with subduction of the Yangtze Craton. The dis-
continuous velocity interfaces imaged by receiver function
beneath the southern North China Craton have been interpreted
as the remnants of a flat subduction channel (Zheng et al., 2012).
However, deep-reflection and shallow-tomography studies
exclude the presence of a deep crustal root inherited from conti-
nental subduction (Schmid et al., 2001). As a result, the Dabie Shan
is classically interpreted as a crustal-scale dome formed during
post-collisional uplift by core-complex–type exhumation of the
lower crust, tectonically unrelated to the early stages of (U)HP rock
exhumation (Hacker et al., 2000; Xue-Cheng et al., 2003).

Beneath the South and Central Dabie, a high-velocity dome-
shaped anomaly has been imaged by ambient-noise tomography
at depths as shallow as �12 km in the middle crust (Luo et al.,
2012). The formation of this high velocity dome has been inter-
preted in terms of post-collisional delamination of the lithosphere
and subsequent magmatism (Li et al., 2005), with the high veloci-
ties marking intrusive and underplated igneous rocks generated at
the base of a collision-thickened orogen (Zhao and Zheng, 2009). At



Fig. 8. Comparison with other (U)HP terranes. a: Tectonic sketch map of the (U)HP terrane of eastern Papua New Guinea (after Baldwin et al., 2008), which is considered as a
modern analog of the Western Alps in the Late Eocene. Acronyms: DEI, D’Entrecasteaux Islands; F, Fergusson Island; G, Goodenough Island; GB, Goodenough Basin; TP,
Trobriand platform. X-X’ indicates the location of the cross section shown in frame b. b: Vs structure beneath the D’Entrecasteaux Islands (DEI), based on joint inversion of
receiver function waveforms with Rayleigh wave dispersion curves (after Abers et al., 2016). Dashed black lines indicate the Moho of the Australian (AUS) lower plate, the
Moho of the Woodlark upper plate, and a Moho-like interface beneath the DEI (U)HP domes. Magenta diamonds = maximum-likelihood interfaces identified as Moho by
Abers et al. (2016). Numbers in bold = Vs in km/s. c: Tectonic sketch map of the Dabie Shan (U)HP terrane (after Li et al., 2010). Acronyms: CD=Central Dabie; ND=North Dabie;
SD=South Dabie. Y-Y’ indicates the location of the cross section shown in frame d. d: Reinterpreted Vs structure beneath the Dabie Shan based on ambient-noise tomography
(after Luo et al., 2012). 1 and 2 indicate Moho-like interfaces marking the base of a former subduction channel (SC) and the top of an exhumed mantle wedge (MW);
NCC=North China Craton. Note that both in eastern Papua New Guinea and the Dabie Shan, Moho-like interfaces are found in the same position and depth range as in the
CIFALPS2-Lig profile of the Western Alps. Color codes: dark blue = (U)HP rocks; light blue = lower-pressure units; brown = older orogenic wedges or magmatic arcs;
yellow = post-orogenic sedimentary rocks; orange = Cenozoic plutons (in a) or post-Jurassic granites (in c, d).
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the base of the high velocity dome, ambient-noise tomography
reveals a low-Vs near-horizontal layer at �20–25 km depth (Luo
et al., 2012).

A comparison of Fig. 8d with the CIFALPS2-Lig profile, however,
reveals several analogies with the seismic velocity structure of the
fossil subduction zone of the Western Alps. This suggests that the
deep tectonic structure beneath the South and Central Dabie may
be partly inherited from the (U)HP exhumation stage. Fig. 8d
shows that the deep structure of the Dabie Shan, as the Ligurian
Alps, lacks a deep crustal root, and may include an exhumed man-
tle wedge as shallow as �12 km (MW in Fig. 8d) beneath the (U)HP
crustal rocks of the South and Central Dabie, and the remnants of a
near-horizontal subduction channel (SC in Fig. 8d) at depths
around 20–25 km, still preserved on top of the subducted lower
crust and lithospheric mantle of the Yangtze Craton. The north-
dipping Moho of the lower plate can be traced from 30 to 35 km
depth beneath the Huangshi Basin and is replaced northwards by
two Moho-like interfaces: a type-1 interface marking the base of
the former subduction channel (1 in Fig. 8d) and a type-2 interface
marking the top of the exhumed mantle wedge (2 in Fig. 8d). The
Moho of the North China Craton lies farther north at a depth of
30–35 km beneath the Shangdan suture (Fig. 8d). The consistency
between the Alpine and Dabie Shan seismic velocity structure sug-
180
gests that the results of the CIFALPS experiments can be used as a
reference case for the interpretation of the deep tectonic structure
not only of other Cenozoic (U)HP terranes, but also much older
ones.
6. Conclusion

The results of the CIFALPS seismic experiments reveal contrast-
ing styles of exhumation of subduction-channel and mantle-wedge
rocks triggered by upper-plate divergent motion after continental
subduction. For low amounts of upper-plate divergence (e.g., the
northern Western Alps), a thickened subduction channel can be
detected, but no exhumed mantle wedge is found beneath the
dome of exhumed continental (U)HP rocks. For intermediate diver-
gence (e.g., the southernWestern Alps), an exhumedmantle wedge
is detected at depths from �10 km to >30 km in between the (U)HP
tectonic dome and the serpentinized subduction channel. For
higher divergence (e.g., the Ligurian Alps), an exhumed mantle
wedge and a former subduction channel are recognized at much
shallower levels beneath the tectonic dome of exhumed (U)HP
rocks, and above a shallow-dipping lower-plate Moho. In this case,
the lower boundary of the exhumed subduction channel is invari-
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ably the most evident interface marking a downward-increasing
velocity change, forming a Moho-like interface that may be easily
misinterpreted as a true Moho. Similar Moho-like interfaces are
found beneath the exhumed (U)HP tectonic domes of eastern
Papua New Guinea and the Dabie Shan, which suggests that the
results of the CIFALPS passive seismic experiments may be used
as a reference case for the interpretation of other (U)HP terranes
worldwide.
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