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SUMMARY

We provide new results from a controlled-source seismic experiment on the deepest part of
the Val Sesia crust-mantle section of the Ivrea—Verbano zone (IVZ) in the Italian Alps. The
IVZ is a tilted, almost complete section through the continental crust and exposes gabbros and
peridotites in the structurally deepest level, coinciding with high-resolution gravity anomalies
imaging the Ivrea geophysical body. The seismic experiment SEIZE (SEismic imaging of the
Ivrea ZonE) was conducted along two crossing profiles: an NNE-SSW profile of ~11 km
length and an E-W profile of ~16 km length. 432 vibration points were recorded with 110
receivers resulting in 24 392 traveltime picks. Inversion methods using Markov chain Monte
Carlo techniques have been used to derive an isotropic 3-D P-wave velocity model based
on first break traveltimes (refracted phases) from controlled source seismic data. Resulting
seismic P-wave velocities (¥}, ) range from 4.5 to 7.5 kms™!, with an expected general trend
of increasing velocities with depth. A sharp velocity change from low V), in the West to high
¥V, in the East marks the Insubric Zone (ISZ), the Europe—Adria plate boundary. The most
prominent feature of the 3-D tomography model is a high-velocity body (), increases from 6
to 7.5 km s~!) that broadens downwards. Its pointy shape peaks the surface East of Balmuccia
at a location coincident with the exposed Balmuccia peridotite. Considering rock physics,
high-resolution gravity and other geophysical data, we interpret this high-velocity body as
dominantly composed of peridotite. The dimension of this seismically imaged peridotite
material is far bigger than interpreted from geological cross-sections and requires a revision
of previous models. The interpretation of ultramafic bodies in the IVZ as fragments of mantle
peridotites interfingered in the crust during pre-Permian accretion is not supported by the new
data. Instead, we revive a model that the contact between the Balmuccia peridotite and the
Permian mafic magmas might represent a fossil continental crust-mantle transition zone.

Key words: Europe; Controlled source seismology; Seismic tomography; Continental tec-
tonics: compressional; Crustal structure.

Alps (Fig. 1) is one of the most complete and most studied, time-

I INTRODUCTION integrated archetypes of continental crust—-upper-mantle sections on

The nature and evolution of the lower continental crust and its
transition to the mantle, including migration and emplacement of
magmas, are still not unequivocally resolved (Mereu et al. 1989;
Rudnick & Fountain 1995; Artemieva & Shulgin 2019, and ref-
erences therein). The Ivrea—Verbano Zone (IVZ) in the Italian
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Earth. It provides one of the best natural laboratories to significantly
advance our understanding of the crust-mantle transition zone. It
is accessible and, in addition to geological indicators of exposed
mantle rocks, geophysical anomalies point to a shallow subsurface
position of Earth upper mantle (Berckhemer 1968; Rivalenti et al.

1985
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Figure 1. Top: geological map of the Balmuccia area, Val Sesia, Southern IVZ (after Piana et al. 2017a,b, and references therein, Quick ef al. 2003) overlain
with sources and receivers for orientation (red/black dots) and the planned drilling location DT-2 (green star). Most geological units in the area dip at high angle
from horizontal (>60°, Horstmann 1981; Quick ez al. 2003). Black numbered squares mark the different geological zones (bottom).The abbreviations/colours
of the lithological units correspond to Piana et al. (2017a,b):

Quaternary: fll B—alluvial and debris flow deposits; fl2 B—terraced alluvial and debris flow deposits; gl B—glacial deposits and 1d B—landslides
accumulations.

Sesia Lanza Zone (SLZ): SDKk BM—paragneiss; SLE l—mica schist and paragneiss; SLG B—gneiss; SLO l—orthogneiss.

Canavese zone (segment of the ISZ): ZC4 B—mylonitic rocks and cataclasite.

Ivrea Verbano Zone (IVZ)—Mafic complex: IVMa B—peridotite, pyroxenite, gabbro, gabbroic rocks; IVMc B—granite, granodiorite and granofels; IVMd
W—diorite; IVMg B—gabbro and granulite and B IVMp —peridotite.

Ivrea Verbano Zone (IVZ)—Kinzigite formation: IVKa BM—amphibolite; [VK B—gneiss and mica schist; [VKm B—marble and IVKs B—granodiorite and
granulite.

SCZ—Permian magmatic complex: GLA B—granite.The CMB line divides the lower and upper crustal rocks. Modified from Geoportale Arpa Piemonte—

GeoPiemonte Map 2021 (https://webgis.arpa.piemonte.it/agportal/apps/webappviewer/index.html?id = 6eale38603d6469298333c2efbc76¢72).

1981; Lanza 1982; Kissling 1984; Schmid et al. 1996, 2017; Zingg
1983; Diehl ef al. 2009; Decarlis et al. 2017; Scarponi et al. 2020,
2021).

Geochemical and petrological analyses of outcrop samples and
modelling illustrate that the IVZ is a precious archive of trans-crustal
continental magmatism documenting lower crustal processes of
magma emplacement, crystallization and crustal assimilation (e.g.
Rivalenti et al. 1981; Voshage et al. 1990; Sinigoi et al. 1994; Sinigoi
et al. 2011). These processes have been linked to near-surface mag-
matism, including evidence for protracted super-eruptions during
the Permian (Quick et al. 2009).

Exposed crust-mantle transition zones also enable a thorough
geophysical and petrological investigation of spatial and temporal
relationships between rock units of the lower crust which cannot be
obtained by xenolith investigations alone. Indeed, lower crustal mag-
matic underplating linked to the formation of upper crustal magma
reservoirs can only be studied in a few cross-sections worldwide,
most of which are incomplete and to our current knowledge none
of them displays a complete Moho transition zone (Salisbury &
Fountain 1990). They nevertheless provide important clues about
the nature of the lowermost continental crust and the Moho itself
as a physico-chemical filter. For instance, they are useful in un-
derstanding the variation of chemical and physical properties with

depth in the crust, including heat production (Galson 1983; Ash-
wal et al. 1987; Fountain et al. 1987), seismic velocities (Fountain
1976; Kern & Schenk 1985; Chroston & Simmons 1989; Lu ef al.
2018), density (Kissling 1984; Scarponi ef al. 2020) and magnetic
susceptibility (Wasilewski & Fountain 1982; Williams et al. 1985;
Shive & Fountain 1988). These data, coupled with the geometry of
rock units, form the basis of geophysical models of the crust and the
hypotheses concerning the chemical and physical identity of Earth’s
crust. For example, seismic models based on exposed cross-sections
(Fountain 1976; Hale & Thompson 1982; Christensen & Mooney
1995; Rutter et al. 1999; Behn & Kelemen 2006; Liu et al. 2021)
and experimental petrology (Miintener & Ulmer 2006) indicate that
large variations of seismic velocity associated with compositionally
variable lithologic layers could be responsible for the pronounced
seismic reflectivity in the lower crust (e.g. Bois ef al. 1989).

The IVZ is unique in that several geophysical observables indicate
near subsurface presence of high density and high seismic velocity
rocks (Berckhemer 1968; Lanza 1982; Diehl et al. 2009; Scarponi
et al. 2021). This has raised broad interest the further analysing the
rocks, including in the near subsurface, which has converged to a
scientific drilling project (Pistone ef al. 2017), in which one of the
targets is the crust-mantle transition. With project SEIZE (SEismic
imaging of the Ivrea ZonE) we aim, therefore, at delineating at
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high resolution the depth, extent and shape of the anomalous rocks
at the Balmuccia peridotite site in Val Sesia, Italy (Fig. 1) and its
relation to geophysical anomalies hitherto resolved at much lower
resolution and depth uncertainty. This target was chosen as the depth
extent of the Balmuccia peridotite has been extrapolated based on
surface geological observations and has generally been considered
as an isolated lensoidal body of ca. 4.4 km length, ca. 0.6 km width
and ca. 1 km depth, mixed with other lithologies of the lower crust
(Quick et al. 1995, 2003).

A preliminary seismic survey in the area has not imaged the
bottom of the body (Liu et al. 2021). Seismological data (Diehl
et al. 2009) reveal a Moho uplift beneath the IVZ, but there is no
evidence of a connection of the Ivrea geophysical body (IGB) to
the surface due to the lack of resolution. Petrological modelling
suggests that crustal rocks might be expected at significant depth
(Pistone et al. 2020), however gravity and passive seismic data
indicate dense and high-velocity rocks as close as ~1 km beneath
the surface (Scarponi et al. 2020, 2021). Determining the shape
of the Balmuccia peridotite and whether it continues to several
kilometres depth, together with the downward continuation of the
adjacent, steeply dipping Insubric Zone (ISZ), is crucial in testing
the hypothesis of a discontinuous peridotite body versus a peridotite
body connected to the deeper IGB. The overall objective of SEIZE
and the planned drilling project is to elucidate the nature of the
continental lower crust, its transition to the mantle, and to provide
a geophysical characterization of rock properties.

2 GEOLOGICAL SETTING

The IVZ is a tectonic sliver in the Southern Alps made of high-
grade metamorphic and plutonic rocks mostly of Permian and pre-
Permian age (Fig. 1). To the West, it is bordered by the ISZ, which
separates the IVZ from the basement of the South-Austroalpine
domain (Schmid et al. 1987; Nicolas ef al. 1990). To the East, it
is juxtaposed by the Cossato—Mergozzo—Brissago (CMB) and the
Pogallo Lines (Boriani & Sacchi 1973; Zingg 1983; Handy 1987,
Snoke et al. 1999), which separate it from the middle to upper
crustal rocks of the Strona—Ceneri Zone (SCZ). The IVZ and the
SCZ have been interpreted as a tilted section of continental crust
that progressively exposes deeper rocks from the southeast to the
northwest (e.g. Fountain 1976). Structural studies and interpreta-
tion of seismic data indicate that after considerable thinning during
early Mesozoic rifting (Handy 1987; Bertotti et al. 1993), the IVZ
was tilted during Alpine convergence. Tectonic disturbance related
to Alpine collision is comparatively minor and most of the pre-
Alpine geometries and structural relationships are well preserved
(e.g. Schumacher 1997; Schmid et al. 1987).

The Balmuccia peridotite (Fig. 1) is the largest in a series of ultra-
mafic bodies cropping out in the IVZ (Rivalenti et al. 1975; Shervais
& Mukasa 1991; Quick et al. 1995). It is located just east to the
ISZ and bordered by the mafic complex, a Permian lower crustal
intrusion consisting of a sequence of ultramafic cumulates, gabbros
and gabbro-norites grading eastwards into diorites (Rivalenti et al.
1981). The western margin of the Balmuccia peridotite is in tec-
tonic contact with the gabbroic rocks of the mafic complex, while
the eastern margin is an igneous contact with the basal series of
the same complex, including cumulitic pyroxenites, peridotites and
gabbros (Sinigoi ef al. 1983; Shervais & Mukasa 1991). The mafic
complex represents a deep-seated intrusion emplaced at depths of
25-30 km during the Permian (Rivalenti ef al. 1984; Sinigoi et al.
1994; Peressini et al. 2007). Its emplacement caused heating and
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partial melting of the lower crust made by gneisses of the kinzig-
ite formation, which bound the eastern limit of the complex and
are also found as septa included in the complex (Rivalenti et al.
1981; Sinigoi et al. 2011). Recent petrological and geochronolog-
ical work demonstrated that the mafic complex in the IVZ and the
granitic plutons, rhyolites and volcanic breccias of the southern
SCZ are all part of the same magmatic system that emplaced in the
crust between 286 and 281 Ma (Quick et al. 2009; Karakas et al.
2019).

The Valmala peridotites, for which scarcer data are available
(Quick et al. 1995), are two smaller bodies (too small to be clearly
visible in Fig. 1) that crop out in the vicinity of the homonymous
valley, 2 km East of the village of Scopa (Fig. 1). They are bounded
by pegmatitic clinopyroxenites and cumulus peridotites, which are
in sharp contact with the gabbros of the mafic complex (Quick ef al.
1995). The Balmuccia peridotite has been interpreted either as the
top of a mantle section over which the mafic complex intruded in
Permian times (Rivalenti et al. 1975, 1981; Shervais 1979), or as a
lens of mantle rocks that have been mixed in an accretionary prism
during Palaeozoic subduction processes (Quick et al. 1995). The
latter scenario has been suggested also for the Valmala peridotites
(Quick et al. 1995).

3 SEISMIC SURVEY AND DATA

In 2020, geophysical profiling was carried out to investigate the sub-
surface of the peridotites and gabbros in the region of Balmuccia
(Piemonte region, NW-Italy). A controlled-source seismic experi-
ment was conducted to derive a structural image for the first few
kilometres at and around the location of the outcropping peridotite
body (Fig. 2). Along two crossing profiles, one ~11 km long, NNE-
SSW and one ~16 km, roughly E-W trending, investigations using
reflection seismic method were accomplished. A fixed spread of
110 seismic recorders, equipped with short-period, vertical compo-
nent sensors (4.5 Hz eigenfrequency), were permanently deployed
along both seismic lines and spaced ~250 m apart (Fig. 2). These
receivers recorded Vibroseis source exited waves from 432 source
points spaced roughly 60 m apart. The Vibroseis source signal was a
linear frequency-modulated sweep with a frequency range from 10
to 110 Hz and 14 s duration. After pre-processing (Vibroseis corre-
lation and vertical stacking) of source records, the data set consists
of 110 receiver gathers from the 432 sources. Fig. 3 shows a typi-
cal example of two receiver gathers. The traveltime of first breaks
(refracted P-wave phases) were then manually picked at all traces
with sufficient signal-to-noise ratio, resulting in 24 392 traveltime
picks. These picks were used to derive a shallow, upper crustal 3-D
P-wave velocity model by tomographic methods. The actual exper-
iment geometry, that is, the distribution of sources and receivers,
was mainly designed to derive the 2-D structure of seismic reflec-
tivity below the two seismic profiles. The recording of all seismic
sources at all fixed stations (including fan-like observations) pro-
vided a data set suitable for 3-D interpretation. The geometry of
the seismic experiment is not ideal for a full 3-D analysis, and the
resulting tomographic images should not be overinterpreted. How-
ever, the use of a 3-D inversion (instead of 2-D) is particularly
useful in case of significant deviations from the 2-D line geometry
(crooked line) as in our data set, due to constraints by the high
topography and steep relief (restricted accessibility for sources and
receivers).
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Figure 2. Topographic map showing the distribution of 110 receivers (red circles) and 432 seismic sources (black dots) covering the same area as in Fig. 1.
The receivers recorded all sources from both seismic lines (fixed stations). For logistic reasons, the two lines followed mainly roads in the valleys. RP20 and
RP101 (blue stars) are sensor locations for which data are shown later. Black lines indicate location of vertical slices in Figs 68, the green hatched area maps
the ISZ and the green star marks the planned drilling location. The origin of the relative X—Y coordinate system is at 8.06796° E, 45.76976° N.

4 TRAVELTIME INVERSION METHOD

Instead of using a classical linearized traveltime inversion tech-
nique (with regularization including damping, smoothing and a
starting model) we applied a tomographic inversion technique based
on Bayesian statistical methods using a trans-dimensional, hierar-
chical Monte Carlo search with Markov chains using a Metropo-
lis/Hastings sampler (Bodin ef al. 2012) to derive the 3-D distribu-
tion of P-wave velocity, together with its uncertainty. This approach
follows and extends the traveltime inversion technique presented
by Ryberg & Haberland (2018). The Bayesian method combined
with very wide (un-informative) prior information avoids the po-
tentially subjective choice of starting velocity models, damping and
smoothing parameters, and their (potential) influence on the final
inversion result, as in classical inversion techniques. The traveltime
calculations (solving the forward problem) for a given model are
done by a fast finite-difference based Eikonal solver (time3d, Pod-
vin & Lecomte 1991; Tryggvason & Bergmann 2006). The Eikonal
solver, given its high computational speed, is essential when using
the Markov chain Monte Carlo (McMC) inversion approach since
the forward problem must be solved orders of magnitude more often
compared to classical inversions. The 3-D seismic velocity field is
discretized by a set of polyhedral Voronoi cells (described by cell
centres), with a P-wave velocity value assigned to every cell; for
details of the method see Bodin et al. (2012). The model misfit, that
is, the differences between the traveltimes observed and predicted
by the model, is calculated with the fast Eikonal solver for a given
model. This is computationally challenging for the 3-D case and
sufficiently finely sampled grids.

The Markov chains are started with a model consisting of a ran-
dom number of Voronoi cells with random cell centres (uniformly
distributed) and P-wave values, respectively. By randomly changing
the model (changing the velocity and/or position of a cell, adding or
removing a cell, details in Bodin ef al. 2012) and evaluating the trav-
eltime misfit we construct a Markov chain of consecutive models.
After a burn-in phase (i.e. part of the Markov chain where the misfit

is still steadily decreasing), the (well-fitting) models are decimated
(i.e. only every 20th model is selected from all well-fitting mod-
els) and then gathered for further derivation of a reference solution.
We allow for a very wide range of P-wave velocities to be tested,
including values not expected for typical rocks (0.1-10 kms™!) to
assure an unbiased sampling of the posterior P-wave distribution
at any location in the 3-D model. For even more extensive model
space exploration, models from 1000 separately evolving chains
are investigated. The final results after the burn-in phase (several
thousands of well-fitting models) are combined to analyse their sta-
tistical properties, that is, averages and uncertainty estimates at all
locations in the 3-D model volume.

The inversion is trans-dimensional because the number of
Voronoi cells is not fixed, treated as a variable instead, and it is hier-
archical because we invert for data noise. Data noise is summarized
as the remaining data misfit which cannot be explained by the model
(i.e. the sum of true traveltime pick errors, forward calculation ap-
proximations, misidentified phases, errors introduced by anisotropic
seismic velocity, etc.). This approach has the advantage that the de-
rived models (distribution of velocities and their uncertainties) are
almost completely data-driven. The trans-dimensional and hierar-
chical version of McMC method with Metropolis—Hastings propos-
als (Metropolis et al. 1953) is especially suitable for inversion of
data set with poor geometry, that is, refraction seismic data sets with
sources and receivers only at the surface and 2-D data sets with poor
experiment geometries. In these cases, the McMC method automat-
ically suppresses the potential development of imaging artefacts, by
imaging fine-scale structures only where data availability permits,
which is an advantage compared to classical, linearized inversion
methods, where the final model might be significantly dependent
on the choice of inversion parameters (i.e. starting model, damping
and smoothing values).

Since the forward calculations are the main controlling factor
with respect to the CPU time, combined with the requirement
of a sufficiently fine forward grid to assure correct traveltime
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Figure 3. Three receiver gathers (location see blue and green stars in Fig. 2) showing typical data examples Vibroseis correlated data of all in-line sources
(RP20 and RP 29—E-W line and RP101—N-8 line). The unfiltered traces (raw data, traveltimes reduced by 6 kms~!) are sorted according to observation
distance and amplitudes are trace-normalized. The red stars indicate the manually determined arrival times of the refracted phases. The bottom diagram shows
data from receiver point RP101 along the N-S line. The middle panel is from RP20 along the E-W line, the location of the ISZ and its extent is shown as thick
green line. The top panel shows a zoom-in of the data from a receiver gather at the proposed borehole location (green star in Fig. 2) crossing the peridotite body.
The near-offset first arrivals show a high apparent velocity (thick grey line corresponds to 7.5 kms~!) indicative for the presence of a shallow, high-velocity

body.

calculations (the Eikonal solver CPU-time depends approximately
on the grid size), we decided for an iterative approach. The final
forward grid size of 62.5 m the inversion was not feasible directly,
so we decided to start the Markov chains with a sparser forward
grid size (500 m) and after 2000 models, when the misfit became
stable, to decrease the grid size by a factor of 2. Again, after each
2000 models we decreased the grid size further (Fig. S4, Supporting
Information). From model number 6000 to 8000, we reached the
final grid size of 62.5 m. We are aware that this changing of the
forward calculations is subjective, however it dramatically reduces
the computation time, and inversions going from coarser to finer
grids are not uncommon in seismology (e.g. Hetényi et al. 2011).
Fig. 4 shows the evolution of 1000 Markov chains, both for
misfit and model complexity (number of Voronoi cells). It shows
the steady decrease of misfit and increase of model complexity.
The final burn-in phase was assumed to be reached for models
with numbers > 7000. All models beyond 7000 have been analysed
(calculations of averages and uncertainty estimates at every location

in the 3-D model volume) to derive a final 3-D P-wave velocity
model.

5 BALMUCCIA 3-D VELOCITY MODEL

The resulting 3-D model is presented in Fig. 5 (map views), 6 (West—
East and South—North depth sections), 7 (depth section along the
West—East profile) and 8 (depth section along the South—North
profile). In all these figures, the seismic P velocity (average of all
derived models after the burn-in phase) as well as the corresponding
uncertainty (standard deviations of all models after the burn-in
phase) are colour-coded.

As expected for tomographic inversions using data acquired at the
surface, the uncertainties (standard deviations) are smaller close to
the surface (typically between 0.1 and 0.7 km s~') and increase with
depth. A threshold uncertainty of 1.2 kms~! is assumed to indicate
the limit of well resolved regions. The areas of the velocity model
exceeding this uncertainty threshold are shown in faded colours.
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Figure 4. Evolution of misfit along Markov chains. Shown is the histogram distribution of the data misfit in seconds (bottom) and the model dimension
(number of cells, top) during the evolution along 1000 Markov chains (see the text for details) using a heat-map colour scale (with black—red—yellow—white
indicating progressively increased frequency). The black lines at 2000, 4000, 6000 and 8000 indicate the change of forward model grid size (decreased by 2 at
every line, forward grid size in metres is indicated). Relative histogram plots of the distribution of data misfit (bottom) and model dimension (top) are added
at the right-hand side, with all models of the last inversion phase shown in black, green models are the 90 per cent best-fitting models of post burn-in phase
(model number after green vertical line). The best-fitting models (green) are typically characterized by higher model dimensionality. The forward problem
(traveltime calculations) was solved for more than 3.5 x 107 models. Note the log scale for the data misfit.

This limit is reached at a maximum depth of 3 km below mean sea-
level (MSL, corresponding to approximately 4 km below surface)
in the centre of the study area. However, depending on the source—
receiver geometry and the seismic velocity distribution, the depth of
well-resolved zone is not uniform and varies throughout the model.
Accordingly, some regions of the model are only well resolved down
to a depth of 1 km MSL. An in-depth discussion of the uncertainties
is given in the Supporting Information (Figs S1-S3).

Seismic P-wave velocities imaged by our survey range from
4.5 to 7.5 kms~!, with an expected general trend of increasing
velocities with depth (Fig. 9), see examples of posterior velocity
distribution in well and poorly imaged regions (Figs S1 and S3,
Supporting Information). The map view of ¥, close to the surface
(Fig. 5, top left) correlates well with the surface geology (Fig. 1).
A sharp velocity change from slow V), in the West to high V,
in the East occurs at the ISZ. The most prominent feature of the
model is the peaked or ridge-like structure of high seismic velocities
(i.e. >6 kms™") reaching the surface in the centre of the model.
The centre of this protruding structure is located slightly East of
the village of Balmuccia, coincident with the geologically mapped
peridotite outcrop, and runs in south-westerly direction, where the
6 kms~' velocity isoline reaches the surface (see Figs 5-9). To the
West much lower velocities are found down to 1 and 2 km depth,
and also to the East lower velocities can be noted. The transitions

from this protruding structure to the surrounding regions (to the
West and the East) are sharp gradients (strongest to the West down
to 1 km depth below topography, see upper right panel of Fig. 7)
suggesting a rather abrupt contrast between different lithological
units. The transition to the West corresponds to the ISZ (Fig. 9).
The largest gradients, which typically occur at interfaces, are found
at velocities of ~6 kms™! (Fig. 9). This contour is then interpreted
as proxy for an interface/boundary and shown with a black line in
Figs 5-8 and in the Supporting Information. Towards greater depth,
the 6 kms™! velocity isoline does not close on itself but widens,
hence representing larger volumes of high-velocity rocks.

Synthetic tests (see Fig. S2, Supporting Information) with differ-
ent geometries show that the shape of the protruding feature is well
resolved down to a depth of ca. 1 km MSL, and that there is no sign
of' a downward narrowing body.

6 DISCUSSION

The 3-D tomography model reveals a high-velocity body
(¥, > 6 kms™') whose boundaries are well delineated by high val-
ues of the velocity gradient (Figs 5-9). The high-velocity body is
shaped as a pointy body whose peak reaches the surface East of
Balmuccia village at the outcropping peridotite body and broadens
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Figure 5. Horizontal cross-sections through the 3-D P-wave velocity model (left) at —625, 500 and 1500 m depth (0 is MSL), shown with the 6 km s~ velocity
isoline (black line), sources and receivers for orientation (red/black dots), the planned drilling location (green star) and an alternate drilling site (light grey
star). The black arrows in the uppermost depth slice mark the location of the ISZ. Grey areas in the —625 m depth slice indicate regions above topography,
less saturated colours in all velocity slices show regions of higher velocity uncertainty (>1.2 kms~!). Right corresponding velocity uncertainties at the three
depth levels. Small uncertainties are found mainly at shallower depths (light colours). The uncertainties quickly increase with depth, a typical observation for
refraction style observations with sources and receivers located at the Earth’s surface.

downwards. The body continues down to the bottom of the tomog-
raphy model (~5 km depth MSL), but only areas with a low level
of ¥, uncertainty (<1.2 kms™") are interpreted here. However,
caution is needed in these areas as well, see, for example, depth
slice at —625 m MSL in Fig. 5: (1) not all areas with moderate

uncertainty can be interpreted, for example, the outer areas of the
velocity model. There, larger Voronoi cells are used (automatically)
to balance the low data coverage resulting in apparent moderate un-
certainty values, but due to these larger cells (500 m and more) the
spatial resolution is lower in these areas. (2) Not all areas with higher
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Figure 6. N-S and W-E vertical cross-sections through the 3-D P-wave velocity model (left) and their uncertainty (right). The resolution is good down to
several kilometres depth (yellow to light-blue colours in the right-hand panels, reported as shading on the left at > 1.2 kms~! uncertainty). For reference, the
6 kms~! velocity isoline (black line) is shown in all sections (see also Fig. 5) and velocity isolines of 6.5 and 7 km s~ are additionally shown in the V, model.
The planned drilling location is marked as green star and an alternative drilling site is marked as light grey star. The location and extent of the ISZ is marked
as thick green line at the top of the figure. Bottom right shows the location of the cross-section with respect to the sources and receivers (black and red dots,
respectively). The dashed—dotted black line in the W-E section illustrates the top of the IGB (Scarponi ef al. 2020) ~3 km North of the profile.

uncertainty are poorly resolved, for example, the central part of the
model (Fig. 5 depth slice at —625 m MSL). The area with small
uncertainties (high-velocity resolution) is intersected by a band of
high uncertainty trending from SW to NE. These higher uncertainty
values are located at the western margin of the high-velocity body,
where a strong horizontal velocity contrast exists. It is typical for
McMC inversions that sharp velocity contrasts are surrounded by
halos (or ghosts) of higher uncertainty (‘loops of uncertainty’, see
Galetti ef al. 2015). The 2-D recovery tests show that although the
recovery accuracy decreases with depth, the general shape and mag-
nitude of the pre-defined anomalies could be recovered well down to
a depth of generally 1 km MSL which is approximately 2 km below
the surface (see Fig. S2, Supporting Information). The recovery of
the asymmetric shape of the high-V, body with a steeper flank in
the West (the ISZ) compared to the East (Fig. 7) was also successful
and is a robust observation. This is in very good agreement with the
3-D gravity and the 2-D joint gravity-seismology inversion analy-
ses (Scarponi et al. 2020, 2021) which also revealed an asymmetric
shape of the anomalous body in the crust, reaching very close to the
surface.

The location of the high-V, body (V, > 6 kms™!, Figs 5-9) is in
good agreement with the location of the surface outcrop of the Bal-
muccia peridotite (Fig. 1; Quick et al. 2003; Piana et al. 2017a,b).
In the southern part of the Balmuccia peridotite the 6 kms™" V-
isoline (representing a proxy to an interface/boundary) reaches the
surface as well. In contrast to the surface geology, the 6 kms™!
V,-isoline/interface descends towards North, which is presumably
an artefact due to the acquisition geometry. Since only large offset
data are available in this area, the P waves propagate at greater
depths resulting in lower data coverage (resolution) at the surface.
At the western border of the high-¥, body, where the 6 kms™!
isoline/interface shows a dip of ~60° down to 2 km depth MSL,
we observe a very sharp velocity change (strongest V), gradients
measured) where the ISZ is located (Fig. 1). Considering the range

of possible dips in the V),-gradient profile (Fig. 7, right), leaving
room for 60°£25° dip, this observation fits well with the geologi-
cally observed dips of the ISZ, that are generally 85° to the West.
For more accurate imaging of steeply dipping structures, dedicated
seismic processing workflows are needed, as presented in the pre-
vious seismic survey (Liu e al. 2021). However, their profiles were
not long enough to image structures below 1 km. An open question
is the downdip geometry of the ISZ. It was proposed that this fault
continues at high angle to large depths (up to >20 km, Schmid
et al. 2017). The 6.0 kms™" V,-isoline and the V,-gradient (Fig. 7)
suggest a steep dipping fault down to 1 km depth MSL. However,
below 1 km depth MSL, the ISZ geometry cannot be determined
robustly since the uncertainty of our seismic results increases sig-
nificantly. Thus, the shallower dip at 2 km depth MSL cannot be
confirmed. Towards the South, the Balmuccia peridotite is not vis-
ible at the surface and overlain by gabbro (Quick et al. 2003). In
the southernmost part of the study area, approx. 2 km East of the
village of Scopa (Fig. 1), small peridotite outcrops of the Valmala
peridotite are mapped (Quick et al. 2003) that might indicate only a
shallow depth of the peridotite in this region. This may correspond
to a second structural high in the high-¥, body that is located close
to the surface (Fig. 5; x = 5 km and y = 1 km) and shows the ability
of semi-3-D active seismic surveys to resolve finer scale structures
than 3-D, few-km scale gravimetry (Scarponi et al. 2020). Towards
East, the boundary of the high-¥}, body is characterized by a gen-
tly eastward dip and significantly lower V), gradients indicating a
smoother transition from the peridotite body to the mafic complex.
This, indeed, could represent an original lower crust-mantle transi-
tion, with a spatial transition on the order of few to several hundreds
of metres (see James et al. 2003 for a cratonic example and Scarponi
et al. 2021 for the local analysis co-located with our survey).

The high-V, body with velocities from 6 up to 7.5 kms™! is in-
terpreted as mantle material and might represent the continuation of
the Balmuccia and Valmala peridotites at depth. Laboratory analysis
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Figure 7. Vertical cross-section of P-wave velocity (top left) roughly along the W-E seismic line with corresponding uncertainty (bottom left). This profile
crosses the Balmuccia peridotite roughly 1 km north of that shown in Fig. 6. The cross-section shows an asymmetric, high-velocity body, outcropping in the
central part. Regions of large velocity uncertainty (low resolution) are shown with low colour saturation. The 6 kms~! velocity isoline (black line) is shown in
all sections for reference and the 7, model is additionally overlain by 6.5 and km s~! velocity isolines. Top right shows the distribution of the absolute value of
the 3-D velocity gradient, indicative for potential velocity (rock) boundaries, saturated colours concentrate on well resolved (low uncertainty) regions. Bottom
right shows the location of the cross-section with respect to the sources and receivers (black and red dots, respectively). The location and extent of the ISZ is

shown as thick green line.

of peridotite samples showed even higher velocity values of 7.8—
8.1 kms™! (e.g. Burke & Fountain 1990; Khazanehdari et al. 2000;
Vilhelm ez al. 2008) and thermodynamic calculations based on rock
compositions of the Balmuccia peridotite confirmed the viability of
these values at 3 km depth (Pistone ef al. 2020). However, partial
serpentinization (5-35 per cent) of harzburgite could decrease the
velocity from 8 to 7 kms~! (Escartin ef al. 2001). A P-wave veloc-
ity reduction to 7.5-6.7 km s~! was derived for a serpentine content
of 20-45 per cent correlating with densities of ~3.0-3.2 gem™.
However, the Balmuccia peridotite is extremely fresh with over-
all less than 5 per cent serpentinization. Another study (Vilhelm
et al. 2008) conducted in-situ seismic measurements at the surface
of the Balmuccia peridotite, revealed a slower average velocity of
6 kms~!. Their laboratory analysis of the peridotite samples which
were performed under atmospheric pressure showed high seismic
velocity of ~7.7 kms™!. We assume that the small samples (~5—
10 mm) analysed in the lab most likely show the property of the
undisturbed rock. The field measurements determine the rock prop-
erties at a larger scale (here 10 m) and the rocks are then affected by
micro/macroscopic faults/cracks or weathering effects. There are
several generations of peridotite mylonite, cataclasite and pseudo-
tachylite cutting the peridotites (e.g. Souquiere & Fabbri 2010;
Ueda et al. 2020) that along with serpentinized fractures could
lower V), of the Balmuccia peridotite near the surface. These frac-
tures, albeit usually less than 10 cm thick, are likely to continue at
depth and they could contribute to seismic velocity reduction. The

Balmuccia peridotite is also crosscut by dykes and veins of pyrox-
enites and gabbronorites (Sinigoi et al. 1983; Shervais & Mukasa
1991; Mazzucchelli et al. 2009), which might also slightly de-
crease V), at larger scale. Overall, the measured seismic velocities
of the high-¥,, body which increase from 6 kms™! at the surface to
7.5 kms~! at depth of ~3 km (Fig. 9) are generally in good agree-
ment with the lab and small-scale field measurements of Balmuccia
peridotite.

Considering the good agreement of the high-¥), body and the
Balmuccia peridotite body in both surface location and seismic ve-
locity, our high-¥,, body is interpreted as the seismic image of the
Balmuccia peridotite. The shape of the Balmuccia peridotite as well
as the Valmala peridotite was extrapolated from geological obser-
vations and was depicted as isolated bodies (lenses) with a vertical
extension of ~1.5 to 2 km (Quick ez al. 2003) and no connection
to the underlying IGB (Berckhemer 1968; Diehl et al. 2009). In
contrast to that, we recovered a pointy high-J), body that broadens
downwards and continues down to a depth of at least ~3 km MSL.
Several large-scale models developed from gravity or seismolog-
ical data suggest an eastward inclined high-density, high-velocity
body that extends down to the mantle but starting at variable depths
(Berckhemer 1968; Dichl et al. 2009; Scarponi et al. 2020, 2021).
A vertical W-E section through the 3-D model of Diehl ez al. (2009)
presents a high-velocity body (¥, > 6 kms™") at ~6 km depth MSL
below Balmuccia, increasing eastwards to 7 kms™' at 18-20 km
depth MSL ~20 km East of Balmuccia. Since the spatial resolution
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Figure 8. Same as Fig. 7: vertical cross-section along the S-N seismic line that runs along the ISZ. The 6 kms~! velocity isoline is shown in all sections for
reference, while the 6.5 kms~! velocity isoline is added in the V, model. The southern part of the profile is characterized by low velocities (<5.3 km s7h). As
above, indications of the high-velocity body in the northern part of the line, not reaching the surface, can be seen.

of that study is rather coarse (25 km x 25 km x 15 km grid), this
model was not designed to recover small-scale 7, changes. There-
fore, a direct comparison with our small-scale model is difficult.
Nonetheless, we observe ¥, > 6 kms~! much closer to the surface
than Diehl ez al. (2009). New gravity data (Scarponi ef al. 2020) that
cover the area of Balmuccia present the 3-D structure of the IGB.
It reaches the shallow subsurface (1+1 km depth MSL dependent
on the assumed density contrast) and is wider than proposed by
previous studies. The density contrasts used in their analyses (300—
500 kg m~?) indicated that the IGB is composed of ultramafic rock
and mantle peridotites. The asymmetrical shape of the IGB close to
the surface is revealed by a joint gravity-seismology inversion anal-
ysis (Scarponi et al. 2021). The western flank is steeply dipping,
the eastern flank is gently-dipping and in between a shallow local
peak (1-3 km MSL) is visible. The better resolved high-¥,, body
derived in our study has an asymmetrical shape with a peak. This
peak is too small to be recovered by the density model/gravity data.
The lower and broadened part of our high-V), body correlates well

with the wider top of the first IGB model (Scarponi et al. 2020;
Fig. 6), considering the lateral distance between both W-E-sections
(~3 km between density and seismic line) and that the modelled
depth of the IGB is dependent on the density contrast used. This
might indicate that the Balmuccia and Valmala peridotites repre-
sent the surface expression of the IGB and are connected at depth.
The depth resolution of Scarponi et al. (2020) was lower due to
the methods employed, but our new results combined with those
of Scarponi et al. (2020) establishes a continuity of geophysical
anomalies in the current upper crust. This would imply that (i) a
portion of the uppermost subcontinental mantle beneath the west-
ern Southern Alps crops out at the surface and (ii) this portion is
in igneous contact with the lower crustal lithologies of the IVZ on
the surface. This supports the hypothesis that the contact between
the Balmuccia peridotite and the layered series of the mafic com-
plex might represent a fossil continental crust-mantle transition
zone (Rivalenti et al. 1975, 1981; Shervais 1979). The results pre-
sented in this work thus question interpretations that the ultramafic
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Figure 9. Horizontal section showing the P-wave velocity at the surface (top) and individual velocity depth functions (bottom) whose locations are marked
with blue numbers. The V),(z) functions are shown as black solid lines overlaying the corresponding uncertainty (grey area) which increases with increasing
depth. The maximum velocity gradients are marked as red dots and are typically found at velocities of ~6 kms~!. The planned drilling location is shown in

the horizontal section (green star).

bodies in the IVZ are fragments of mantle peridotites interfingered
in the crust during pre-Permian accretionary processes (Quick et al.
1995).

Lab and field measurements show that some of the IVZ rocks
have an anisotropic behaviour due to preferred orientation of min-
erals or microcracks and faults. In fact, the Balmuccia peridotite
and the gabbros of the mafic complex are characterized by well-
defined banding and mineral lineation, which are broadly N-S ori-
ented (Shervais & Mukasa 1991; Quick er al. 1992). Khazane-
hdari et al. (2000) determined a seismic anisotropy coefficient &
(Birch 1961) of ~4.4 per cent for ultramafic rocks (Balmuccia peri-
dotite), 2.3-2.6 per cent for meta-igneous intrusive rocks (dunite
and gabbrodiorite) and 3.5-7.8 per cent for metasedimentary rocks,
whereby the anisotropy of amphibolite (7.8 per cent) is higher than
for stronalite (gneiss) and kinzigite (schist). Vilhelm et al. (2008)
performed lab analyses of peridotite samples from the Balmuccia
peridotite and found an anisotropy coefficient of ~6 per cent. How-
ever, their lab measurements of the samples normal and parallel
to the outcrop surface under atmospheric pressure shows only a
value of 1.4 per cent. This is significantly smaller than the field-
derived seismic anisotropy of ~25 per cent which was associated
to weathering effects of the rocks or macroscopic and microscopic
faults. This large anisotropy is probably not representative for most
of the subsurface but rather restricted to the shallowest parts of the
Balmuccia peridotite.

Although (moderate) anisotropy related to different mechanisms
and of different amplitude could be expected in the subsurface,
anisotropy was not included in the inversion model, for several
reasons: due to the limited geometry, the data quality is not suf-
ficient for the large number of (inversion) parameters required for

modelling seismic anisotropy. In addition, the 3-D McMC inver-
sion is time-consuming. In our application without accounting for
anisotropy, the inversion ran on a high-performance computing clus-
ter (500 CPUs) and still required a computation time of ca. 100 d.
By implementing anisotropy, the computation time would increase
drastically, and given the data quality, consideration of seismic
anisotropy in 3-D within the McMC concept is presently not feasi-
ble. In 2-D, seismic anisotropy could be implemented by assuming
a vertically anisotropic medium VTI (vertical transverse isotropy).
Without borehole information, however, this assumption is specula-
tive in light of the design of the seismic experiment (surface sources
and receivers only, no subsurface sources and receivers). Another
issue is the wave propagation itself. The data were acquired in a
rather difficult terrain (along crooked lines, in deep mountain val-
leys) resulting in complex and unconventional wave propagation,
for example, from the valley upwards inside the mountain. Since
such wave paths deviate from the propagation direction used in
conventional refraction tomography, a 2-D approximation of seis-
mic anisotropy is at present not feasible. Finally, even if a few per
cent anisotropy could be constrained, compared to the significant V),
variations, it would not affect the structural interpretation our results
significantly (for analysis of post-inversion data misfits with respect
to potential anisotropy, see Fig. S5, Supporting Information).

In the framework of the ICDP drilling project DIVE (Pistone
et al. 2017) the original planning comprised to start drilling at the
surface of the peridotite outcrop in a former quarry, and to continue
drilling at a low to moderately high (10°-30°) angle from vertical
towards the W-SW (cf. Figs 5 and 6, top-left panel, green star).
Given the new results of this study, a more promising plan is to
locate the drilling site near the village of Isola (cf. Figs 5 and 6,
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top-left panel, light grey star), that is, starting in the lower crust
and penetrating into mantle rocks to allow a smoother gradient
from the mafic complex to the peridotite to be sampled. The final
drilling scenario will be selected after evaluating and compiling
the results from geophysical investigations (tomography, reflection
seismics and local 3-D gravity) and geological field investigations
of outcropping structures.

7 SUMMARY AND CONCLUSION

A controlled source seismic survey was carried out in the Balmuccia
area to map the 3-D structure of the IGB in the shallow subsurface
down to 3 km depth. By applying an inversion approach based on
Bayesian statistical method using Monte Carlo search with Markov
chains, a 3-D P-wave velocity (V,) model was recovered. The re-
sulting 3-D velocity model reveals a high-velocity body (V, >6-
7.5 km s™!) that stretches from the near surface down to 3 km depth
and is interpreted as the Balmuccia peridotite. Towards the West, the
body is limited by the steeply dipping ISZ, which is characterized
by a sharp velocity change. In contrast to geological interpretations,
we do not observe an isolated body, but rather a downward broad-
ening body, thereby connected to the larger scale, high-density and
high-velocity IGB imaged by Scarponi et al. (2020, 2021), and in
lower resolution by Berckhemer (1968), Kissling (1984) and Diehl
et al. (2009) spanning across the crust.

Since the inversion technique used operates without a pre-defined
initial model, its result is not affected by a priori assumptions or
hypotheses on expected structures. Thus, this independently de-
rived high-spatial resolution tomographic image of the Ivrea body
provides new and important details of the shallow subsurface that
form a solid basis for the preparation of a deep drill hole of the
ICDP drilling project DIVE. The results of SEIZE might ultimately
provide a guide how to drill the crust-mantle boundary/transition
structure across scales and sample its physics and chemistry varia-
tions.
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