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Abstract

Forming as a result of the collision between the Adriatic and European plates, the
Alpine orogen exhibits significant lithospheric heterogeneity due to the long history of
interplay between these plates, other continental and oceanic blocks in the region, and inherited
features from preceeding orogenies. This implies that the thermal and rheological configuration
of the lithosphere also varies significantly throughout the region. Lithology and
temperature/pressure conditions exert a first order control on rock strength, principally via
thermally activated creep deformation and on the distribution at depth of the brittle-ductile
transition zone, which can be regarded as the lower bound to the seismogenic zone. Therefore,
they influence the spatial distribution of seismicity within a lithospheric plate. In light of this,
accurately constrained geophysical models of the heterogeneous Alpine lithospheric
configuration, are crucial in describing regional deformation patterns. However, despite the
amount of research focussing on the area, different hypotheses still exist regarding the present-

day lithospheric state and how it might relate to the present-day seismicity distribution.

This dissertaion seeks to constrain the Alpine lithospheric configuration through a fully
3D integrated modelling workflow, that utilises multiple geophysical techniques and integrates
from all available data sources. The aim is therefore to shed light on how lithospheric
heterogeneity may play a role in influencing the heterogeneous patterns of seismicity
distribution observed within the region. This was accomplished through the generation of: (i)
3D seismically constrained, structural and density models of the lithosphere, that were adjusted
to match the observed gravity field; (ii) 3D models of the lithospheric steady state thermal field,
that were adjusted to match observed wellbore temperatures; and (iii) 3D rheological models
of long term lithospheric strength, with the results of each step used as input for the following

steps.

Results indicate that the highest strength within the crust (~ 1 GPa) and upper mantle
(> 2 GPa), are shown to occur at temperatures characteristic for specific phase transitions (more
felsic crust: 200 — 400 °C; more mafic crust and upper lithospheric mantle: ~600 °C) with
almost all seismicity occurring in these regions. However, inherited lithospheric heterogeneity
was found to significantly influence this, with seismicity in the thinner and more mafic Adriatic
crust (~22.5 km, 2800 kg m >, 1.30E° W m) occuring to higher temperatures (~600 °C) than
in the thicker and more felsic European crust (~27.5 km, 2750 kg m3, 1.3-2.6E%° W m=3, ~450

°C). Correlation between seismicity in the orogen forelands and lithospheric strength, also



show different trends, reflecting their different tectonic settings. As such, events in the plate
boundary setting of the southern foreland correlate with the integrated lithospheric strength,
occurring mainly in the weaker lithosphere surrounding the strong Adriatic indenter. Events in
the intraplate setting of the northern foreland, instead correlate with crustal strength, mainly

occurring in the weaker and warmer crust beneath the Upper Rhine Graben.

Therefore, not only do the findings presented in this work represent a state of the art
understanding of the lithospheric configuration beneath the Alps and their forelands, but also
a significant improvement on the features known to significantly influence the occurrence of
seismicity within the region. This highlights the importance of considering lithospheric state in

regards to explaining observed patterns of deformation.



Zusammenfassung

Als Resultat der Kollision zwischen der Adriatischen und Européischen Platte ist das
Alpenorogen  durch eine ausgepragte Heterogenitat der Lithosphéareneigenschaften
gekennzeichnet, die auf die Geschichte der beiden Platten, ihre Interaktion, Wechselwirkungen
mit anderen kontinentalen und ozeanischen Blocken der Region und strukturell vererbte
Merkmale aus friiheren Orogenesen zurtickzuftihren sind. Entsprechend ist zu erwarten, dass
die thermische und rheologische Konfiguration der Lithosphéare ebenfalls grundlegend
innerhalb der Region variiert. Lithologie und Temperatur-/Druckbedingungen steuern
mafgeblich die Festigkeit der Lithosphare indem thermisch aktiviertes Kriechen die Tiefenlage
der sprod-duktilen Ubergangszone — die sogenannte brittle-ductile transition (BDT) bestimmt.
Diese Tiefenlage kann als untere Grenze der seismogenen Zone betrachtet werden kann,
weshalb sie die rdumliche Verteilung der Seismizitat in der Lithosphadrenplatte entscheidend
beeinflusst. Trotz der langjédhrigen und umfangreichen Forschung zur Dynamik und Struktur
der Alpen gibt es immer noch verschiedene Hypothesen zum heutigen physikalischen Zustand
des Systems und dazu, wie dieser mit der Verteilung und dem Auftreten von Seismizitat

zusammenhangt.

Diese Dissertation hat das Ziel, die Lithospharenkonfiguration der Alpen zu
beschreiben und Zusammenhange zwischen der Verteilung lithospharischer Eigenschaften und
Deformation, insbesondere der Verteilung der Seismizitat abzuleiten. Dies wird durch einen
integrierten Modellierungsansatz erreicht, mit dem verfugbare geophysikalische
Beobachtungen in 3D Modellen zusammengefiihrt werden, die die heterogene lithosphdarische
Konfiguration abbilden. Dazu wird (1) ein mit geologischen, seismischen und gravimetrischen
Daten konsistentes 3D-Dichtemodell erzeugt und genutzt, um Lithologien abzuleiten, (2) deren
Konsequenzen fur das dreidimensionale stationdre thermische Feld zu berechnen und,
basierend darauf, schlieBlich (3) die rdumliche Variation der Lithosphéarenrheologie zu
bestimmen. Diese raumliche Variation der rheologischen Eigenschaften wurde schlieBlich in

Beziehung zur Verteilung der auftretenden Seismizitat gesetzt.

Die Ergebnisse zeigen, dass die grofite Festigkeit innerhalb der Kruste (~1 GPa) und im
oberen Mantel (> 2 GPa) oberhalb der Bereiche auftritt, wo Temperaturbedingte
Phasenubergdnge zu erwarten sind. Fir die felsische Kruste umfasst dies den
Temperaturbereich bis etwa 400° C, flr die mafische Kruste und den lithosparischen Mantel

bis etwa 600°, wobei Seismizitat jeweils oberhalb dieser Temperaturen auftritt. Zusétzlich



wurden  Hinweise gefunden, dass diese  Festigkeitsverteilung auf  vererbte
Lithosphareneigenschaften zurlickzufiihren ist: so tritt seismische Aktivitat in der diinneren
und mafischen Adria Kruste (~22,5 km, 2.800 kg m™, 1.30E % W m®) bei héheren Temperatur
(~600° C) auf als in der dickeren und eher felsischen europdaischen Kruste (~27.5km,
2750 kg m, 1.3-2.6E W m3, ~450 °C).

Die Beziehung zwischen seismischer Aktivitat und Lithospharenfestigkeit im Bereich
der Vorlander zeigt ebenfalls unterschiedliche Trends, die verschiedenene tektonische
Randbedingungen wiederspiegeln. Wahrend im Plattenrandsetting des stidlichen Vorlands
Seismizitat in der rheologisch weicheren Lithosphédre in der Umrandung des adriatischen
Indentors auftritt, korreliert die auftretende Seismizitat im Intraplattensetting des nérdlichen
Vorlands rdumlich mit warmeren und rheologisch schwacheren Domanen im Bereich des

Oberrheingrabens.

Somit liefern die Ergebnisse in dieser Arbeit nicht nur ein verbessertes Verstandnis der
Lithospharenkonfiguration der Alpen und ihrer Vorlénder , sondern auch einen bedeutenden
Fortschritt dazu, welche Faktoren Seismizitét innerhalb der Region beeinflussen kénnen. Sie
zeigen, dass es wichtig ist, die Lithospharenkonfiguration zu kennen und sie zur auftretenden

Deformation in Beziehung zu setzen.

Vi
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Chapter 1. Introduction

The Alps and their forelands, stretching for 1200 km in an arc from Nice to Vienna are
one of the most heavily industrialised and populated parts of Europe. Earthquakes have repeat-
edly struck the region, most noticeably in the Upper Rhine (Germany, France, Switzerland)
and Friuli (Italy, Slovenia, Austria) areas, inflicting casualties and damaging properties. Inves-
tigating the underlying causes of this activity is therefore clearly of paramount importance.
However, despite also representing one of the most geologically fascinating locations in Eu-
rope, the present-day distribution of seismicity is still poorly understood and presently debated
with regards to heterogeneity in the subsurface of the Alpine orogen and its northern and south-
ern forelands (Deichmann, 1992; Bonjer, 1997; Cattaneo et al., 1999; Singer et al., 2014; Eva
etal., 2015).

Recent numerical work attributes the seismicity depth distribution across the region
solely to plate tectonic features such as the relatively low plate convergence rate, with negligi-
ble influence from tectonic inheritance (Dal Zilio et al., 2018). As lithospheric heterogeneity
and inheritance is ubiquitous throughout the region, a critical discussion of the correlation be-
tween modelled lithospheric strength variations and a comprehensive dataset of regional seis-
micity could test to identify, whether lithospheric heterogeneity plays a significant role in shap-
ing the observed localisation of seismicity throughout the Alps and their forelands. The funda-
mental question that will therefore be addressed within this work is, ‘How does lithospheric

structure relate to deformation?’.

In the following introductory section, the state of the art knowledge prior to the initia-
tion of this project will be highlighted, regarding how other works have attempted to tackle this
question previously, along with a comprehensive geological history of the region. The contri-

bution of more recent works will be examined later in the Discussion section.

1.1. Lithospheric Structure

One of the first hurdles in explaining seismicity distribution within the Alpine orogen
and its forelands, is to accurately constrain the present-day physical state of the entire crust-
mantle system. Due to the long and complex development of both the European Alps and their

forelands, across numerous plates and orogens, lithospheric inheritance represents an important



feature throughout the region. Significant crustal heterogeneity of the European plate, consti-
tuting the northern foreland of the Alps, derives from the Carboniferous age Variscan orogeny
(Franke, 2000). This resulted in large scale crustal differentiation, with terranes of contrasting
physical properties juxtaposed, such as the Moldanubian and Saxothuringian terrains (BabusSka
and Plomerova, 1992; Freymark at al., 2017), and the assemblages of uplifted crystalline base-

ment presently exposed in the VVosges, Black Forest and Bohemian massifs.

Within the Alpine crust of the orogen proper, lithospheric heterogeneity results from
the Alpine orogeny, which initiated in the Cretaceous and continues to the present-day as a
consequence of the collision of the Adriatic plate with the European plate (Handy et al., 2010).
Mantle reorganisation occurring as a result of the orogeny influence the shallow geology of the
region, with anomalously high crustal densities present in the Western Alps, at the Ivrea Zone
and along its sub-surface continuation South to the Ligurian Sea. There, as a result of a South-
East dipping mantle wedge, mantle and lower crustal rocks are present at upper crustal depths
(Zingg et al., 1990) and even at the surface (Pistone et al., 2017 and therein).

Traditionally, the Alpine crust has been interpreted as distinct domains according to
their plate provenance and observed physical properties such as petrology and metamor-
phic/tectono-thermal characteristics. This resulted in the Austro-Alpine and Southern nappes
in the Eastern Alps being classified as Adriatic derived, whilst in the Western Alps, the Helvetic
nappes are interpreted as European derived and the Penninic nappes as distal margin units and
slivers of oceanic crust (Schmid et al., 1989). Although the Iberian plate influenced the devel-
opment of the orogen to a much lesser extent, the Brianconnais crustal block that lies within
the Penninic nappes of the Western Alps derives from it (Frisch, 1979). Different interpreta-
tions exist on the plate provenance of some features however, with more recent works using
plate reconstruction models reinterpreting some features such as the Tauern Window from Pen-
ninic origin to European plate origin (Schmid et al., 2004). The present-day boundary of the
European and Adriatic derived crust within the Alps broadly occurs at the surface along the
East-West running Periadriatic Lineament, offset 100km in a North-East orientation in the Cen-
tral Alps by the Giudicarie fold-and-thrust belt (Castellarin et al. 2006, Pomella et al. 2010).

Previous published interpretations of crustal features within the orogen have been pri-
marily based upon 2D seismic sections (e.g Bruckl et al., 2007), tending to result in overly
simplistic models. However, due to the long and complicated development of both the Euro-
pean Alps and their forelands, with crust and mantle derived from multiple plates, across mul-

tiple orogens, that has resulted in significant lateral differences in crustal structure, even at



distances of ~15 km in the Alps (Hetényi et al. 2018a), the need remains for more integrative

models that do not neglect inherent lithospheric heterogeneity in 3D.

Studies that have integrated multiple geo-scientific datasets to create 3D models of the
region, have either included the Alps as part of a much larger study area (e.g. Tesauro et al.,
2008), without dividing the model into distinct regions of differing physical properties, and
those do represent lithospheric heterogeneity are focussed on smaller sub-sections of the region
(Ebbing, 2002; Ebbing et al., 2006). Furthermore, the current state of the art regional Moho
map (Spada et al. 2013) features gaps, therefore significant work is required to generate a com-
plete 3D structural model of the Alpine lithospheric structure that respects all geoscientific
observations within the region, before debates about how Alpine lithospheric structure relates

to the present-day seismicity distribution can proceed.

Recent seismic images by Zhao et al. (2015) interpret continuing plate convergence in
the region as driving the southward subduction of the European plate beneath the Adriatic plate
in the Western Alps. However, in the Eastern Alps (east of the Giudicarie Fault) some seismic
studies show a southward-dipping European Moho (Lischen et al. 2006, Bleibinhaus & Ge-
brande 2006) that underlies the Adriatic Moho (Kummerow et al. 2004, Briickl et al. 2007),
whilst others show the slab in the Eastern Alps as steeply to moderately inclined to the north
(e.g Lippitsch et al. 2003; Mitterbauer et al. 2011). Switches in subduction polarity have also
been proposed in the Alps: one in the Paleogene occurring at the transition of the Western Alps
to the Apennines (Vignarolli et al. 2008, Molli et al. 2010) and the other in the Miocene at the
transition of the Western and Eastern Alps (Lippitsch et al. 2003, Kissling et al. 2006). Con-
troversy also persists over whether the slab anomaly beneath the Eastern Alps is part of the
Adriatic or European plate (Mitterbauer et al. 2011, Handy et al. 2014) and a recent Moho map
of this area (Spada et al. 2013) is not able to fully resolve the Moho depth in the region, instead
indicating a Moho gap beneath part of the Eastern Alps. Given these discrepancies, it is evident
that whilst slabs are known to be present throughout the region, a consistent model of their
geometry or polarity is not available for the study area at present, a view recently backed up by

a review of available literature from Kastle et al. (2019).

The foreland basins related to the orogen, forming contiguously with orogenesis (initi-
ating in the Cretaceous) as a result of plate flexure, are the Po Basin and Veneto-Friuli Plain of
the southern foreland and the Molasse Basin of the northern foreland. Also in the northern
foreland, the Upper Rhine Graben formed as part of the European Cenozoic Rift System in the

Eocene (Deézes at el., 2004). Changes in surface uplift rate both laterally across the orogen and



through time can be identified through differential deposition rates in the foreland basins (e.g.
Sinclair 1997).

1.2 Regional Dynamics and Deformation

In order to understand how lithospheric structure relates to seismicity patters, the re-
gional dynamics must first be considered, so that their influence on seismicity can be identified.
Different styles of deformation are apparent along the European-Adriatic plate boundary, from
ongoing indentation in the Eastern Alps (Scharf et al. 2013; Restivo et al., 2016) to post-colli-
sional extension and isostatic uplift in the Central and Western Alps (Sue & Tricart 2003).
Geodetic measurements indicate that the rigid (i.e. mechanically stiff) Adriatic plate is cur-
rently rotating counterclockwise and indenting the Eastern Alps at ~2 mm/yr (Vrabec and
Fodor, 2006; Vrabec et al. 2006; D’Agostino et al. 2008; Serpelloni et al., 2016), whereas in
the Western Alps, the convergence rate is lower at < Imm/yr (Nocquet & Calais 2004, Tesauro
et al. 2005).

Higher surface uplift rates than erosion rates in the Eastern Alps (Norton et al. 2011)
contrast to the Central and Western Alps where the values are largely the same (Kahle et al.
1997; Wittmann et al. 2007). This pattern is often explained through the occurrence of two slab
rupturing events: an Oligo-Miocene event in the Eastern and Central Alps (von Blanckenburg
& Davies 1995) and a younger, possibly Plio-Pleistocene event in the Western Alps (Kissling
et al. 2006, Fox et al. 2015). Both events appear to coincide with increased deposition rates in
the foreland Molasse Basin (Sinclair 1997; Schlunegger & Willet 1999, Kuhlemann et al. 2002,
Spiegel et al. 2000, 2002). However, the relative impact of glacial isostatic adjustment versus
tectonic and mantle dynamic processes as causes of the observed present-day kinematic state
of the Alpine region is still debated (e.g. Norton and Hampel, 2010; Chéry et al., 2016; Mey et
al., 2017; Sternai et al., 2019). Nevertheless, some indications from the present-day uplift rates
suggest that the seismicity in the eastern Alpine domain could be instead related to still ongoing

viscous relaxation from the waning of the last ice cap.

Whilst some seismicity within the Alps corresponds to plate dynamics, such as at the
convergence of the European and Adriatic plates in North-East Italy (Chiarabba et al., 2005;
Restivo et al., 2016), regional seismicity is largely characterised by diffuse, shallow seismicity

that does not necessarily follow geologically mapped faults or plate boundaries (e.g. Deich-



mann, 1992). Whereas the domain of highest convergence at the Alps-Dinarides junction in-
deed correlates with high rates of seismicity, such as the 1976 Mw 6.5 Friuli earthquake, de-
structive earthquakes have also affected areas where long-term convergence rates are low, for

example, in the crustal root of the Central Alps in southern Switzerland (Fah et al., 2011).

Numerous large historic seismic events (Fah et al., 2011; Stucchi et al., 2012; Griinthal
etal., 2013), such as the Magnitude 6.6 Basel earthquake in 1356 AD (Ustaszewski & Schmid,
2007) and the 1348 Villach earthquake (Reinecker & Lenhardt 1999), lie substantially intra-
plate in areas of the forelands with low amounts of horizontal surface strain (Sanchez et al.,
2018). These observations suggest that factors other than only convergence rate, such as the
stress state and crustal rheology of the region, affect earthquake activity. As with in the Alps,
foreland seismicity generally occurs within the upper crust of the region, with a largely aseis-
mic lower crust, however observations do show sporadic seismicity occurring in deeper layers
in both the northern and southern forelands (Bonjer 1997; Chiarabba et al., 2005).

1.3 Physical Properties

Observations on the spread of seismicity across the region already suggest that more
than just the dynamics of plate tectonics play a role in localisation, therefore the need also
remains for an increased understanding of other factors that contribute to the localisation of
seismicity within the lithosphere, such as the thermal field. As with structural models, previ-
ously published lithospheric thermal models that cover the entirety of the Alps and their fore-
lands (Tesauro et al., 2009; Limberger et al., 2018) have largely not resolved the vertical and
lateral heterogeneities observed mostly in the crustal domains sufficiently well to allow a quan-
titative assessment of their effects on the resulting temperature distribution. As the thermal
field exerts a first order control on rock strength (e.g. Hyndman et al., 1995; Emmerson and
McKenzie, 2007), principally via thermally activated creep deformation, it also plays a crucial
role in controlling the spatial distribution of seismicity within a lithospheric plate, by influenc-
ing the distribution at depth of the brittle-ductile transition zone. Therefore, the effect that dif-
ferent crustal blocks with different thermal properties can have on seismicity localisation
should not be neglected, further indicating the need for a well constrained regional model.
Thermal models that do represent differentiated lithospheric layers and a heterogeneous crust
have been published for the Upper Rhine Graben (Freymark et al., 2017) and the Molasse Basin



(Przybycin et al., 2015), however these only cover specific subdomains of the area under in-

vestigation.

Furthermore, despite its relevance in the current ongoing scientific debate, the cross-
correlation between monitored seismicity and its localisation in space with respect to the long-
term stress state of the whole lithosphere is also still lacking. As such, the generation of rheo-
logical models would also prove highly beneficial in addressing the regional localisation of
seismicity. Previous lithospheric scale rheological models of the Alpine region, mainly rely on
2D sections across the Alpine chain such as the EGT (Okaya et al., 1996) and Transalp
(Willingshofer and Cloetingh, 2003) profiles. Relatively few models exist that try to compute
lithospheric strength variations across the entire orogen (e.g. Marotta and Splendore, 2014;
Tesauro et al., 2009).

The need therefore remains for a fully 3D integrated modelling approach, utilising mul-
tiple geophysical techniques, that validates results with external observations, in order to fully
understand how seismicity relates to lithospheric heterogeneity in the region, both structurally
and in regards to thermal and rheological properties. The question therefore posed is, whether
an integration of modelling techniques such as gravity, thermal and rheological models are able
to shed light onto the localisation of deformation and seismicity in the region, such as why the
upper crust and foreland of the Alps are seismic, whereas the lower crust and mantle litho-
sphere, including slabs in the eastern part of the Southern Alps where Adria-Europe conver-

gence is still active, are largely aseismic?

1.4 Workflow

Here, a 3D structural and density model of the lithosphere of the Alps and their respec-
tive forelands, derived from integrating numerous geoscientific datasets, is adjusted to match
the observed gravity field and available deep seismic surveys. Therefore, the generation of a
3D lithospheric scale, gravity constrained, structural model of the Alps and their forelands at
an appropriate resolution is used to more accurately describe heterogeneity in the region by
seeing how crustal blocks of different provenance are different structurally, in thickness and
density. The possibility also remains to test whether the location, geometry or polarity of plates
and subduction interfaces in the region are able to be constrained using current state of the art

gravity modelling techniques.



In order to further assess how the present-day deformation within the Alpine region is
related to the 3D thermal field, we have developed the first 3D steady state lithosphere-scale
thermal field of the Alps and their forelands that takes into account the different thermal prop-
erties required to replicate the heterogeneous nature of the crust. This was carried out using the
same model geometry constrained by gravity modelling, with thermal properties assigned
based on seismic observations. The model is validated using a compiled dataset of wellbore
temperatures from across the region. By carrying out a global sensitivity study on the generated
thermal model, we additionally quantify the bias introduced in our models by focusing analyses
purely on measurements. This is made possible through the construction of suitable surrogate
models via the reduced basis method, allowing for the global sensitivity analysis to be carried

out across the full parameter space, whilst preserving the physics at play.

The creation of measurement-constrained regional 3D models of lithospheric density
distribution and thermal field then facilitate the generation of an observation-based rheological
model of the Alps and their forelands. Long term lithospheric strength and viscosity is calcu-
lated for the entire orogen and its forelands. With multiple comparable geophysical models of
the region, that each conform to additional observations, results can then be compared to a
comprehensive catalogue of seismicity in order to illuminate driving factors for localisation.
This also presents the benefit of answering other questions on the present-day state of the oro-
gen, such as whether decoupling occurs within the orogenic crust or along the crust-mantle

boundary beneath the orogen?.



Chapter 2. Density distribution across the Alpine lithosphere constrained by

3D gravity modelling and relation to seismicity and deformation

2.1. Introduction

The Alps are one of the best studied mountain ranges in the world, yet significant
unknowns remain regarding their crustal structure and links that may exist between the
localisation of deformation and seismicity in the region and crustal heterogeneity. Significant
amounts of seismicity and deformation correspond to plate dynamics, such as at the
convergence of the European and Adriatic plates in North-East Italy (Restivo et al., 2016)
where the Adriatic plate is observed to act as a rigid indenter, moving northwards and rotating
counter-clockwise against the weaker European plate (Nocquet and Calais, 2004; Vrabec and
Fodor, 2006; Serpelloni et al., 2016). However, numerous large historic seismic events (Féh et
al., 2011; Stucchi et al., 2012; Grunthal et al., 2013), such as the Magnitude 6.6 Basel
earthquake in 1356 AD, lie substantially intra-plate in areas with low amounts of horizontal
surface strain (Sanchez et al., 2018) suggesting that possible inherited features within the crust

are also significant factors to their localisation.

Crustal heterogeneities in the European plate, constituting the northern foreland of the
Alps, principally derive from different terranes that collided during the Carboniferous age
Variscan orogeny (Franke, 2000). Collision during orogenesis resulted in the juxtaposition of
crustal domains with differing properties next to one another, such as Moldanubia and
Saxothuringia, (Babuska and Plomerova, 1992; Freymark at al., 2016) and also resulted in the
creation of the Vosges, Black Forest and Bohemian massifs. The locations of all relevant

tectonic features within the region can be found in Figure 2.1a.
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Figure 2.1. a) Topography and bathymetry from Etopo 1 (Amante and Eakins, 2009) shown
across the Alpine region with the key tectonic features overlain. Study area is indicated with a
black box. a-a’ represents the cross section in Figure 2.3. Solid black lines demark the
boundaries of the non-deformed European and Adriatic Plates, the location of the Apennine
plate is also marked. Dashed black lines indicate different geological domains (St —
Saxothuringian; Mn — Moldanubian; Aa — Austro-Alpine Zone; Ha — Helvetic Alps; Pa —
Penninic Alps; Sa — Southern Alps). Dotted black lines indicate the extent of other tectonic
features within these domains (bo — Bohemian Massif; vo — Vosges Massif; bf — Black Forest
Massif; tw — Tauern Window; bt — Briangonnais Terrane; iz — Ivrea Zone). Yellow areas bound
by a solid grey line indicate the extent of sedimentary basins (urg — Upper Rhine Graben; mb
— Molasse Basin; po — Po Basin). b) Input data source extents: Upper Rhine Graben gravity
constrained model (Freymark et al., 2017); Molasse Basin gravity constrained model
(Przybycin et al., 2015); TRANSALP gravity constrained model (Ebbing, 2002); Po Basin
seismically constrained models (Turini et al., 2014; Molinari et al., 2015); and Seismic
Sections (IESG, 1978; IESG & ETH Zuerich, 1981; StréRenreuther, 1982; Mechie et al., 1983;
Zucca, 1984; Gajewski & Prodehl, 1985; Deichmann et al., 1986; Gajewski et al., 1987;
Gajewski & Prodehl, 1987; Yan and Mechie, 1989; Zeis et al., 1990; Aichroth et al., 1992;
Guterch et al., 1994; Ye et al., 1995; Scarascia and Cassinis, 1997; Enderle et al., 1998;
Bleibinhaus & Gebrande, 2006; Bruckl et al., 2007; Hetényi et al., 2018).

As a consequence of the collision of the Adriatic plate with the European plate from
the Cretaceous until the present (Handy et al., 2010), heterogeneity within the Alpine orogen
is also very pronounced, however different interpretations exist on the plate provenance of
some features. Traditionally, the Alps have been split into distinct zones according to their
plate of origin and metamorphic history, such as the Adriatic derived Austro-Alpine and

Southern Alps, the European derived Helvetic Alps and the Penninic zone representing distal
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margin units and slivers of oceanic crust (Schmid et al., 1989). The Briangonnais crustal block
that lies within the Penninic zone derives from the Iberian plate (Frisch, 1979). More recent
works examining the plate provenance of Alpine zones have reinterpreted some features such

as the Tauern Window from Penninic origin to European plate origin (Schmid et al., 2004).

Density distribution throughout the lithosphere of the region is also affected by mantle
features and sedimentary depocentres. The three main depocentres within the region are the Po
Basin of the southern foreland, the Molasse Basin of the northern foreland and the Upper Rhine
Graben, also within the northern foreland, that formed as part of the European Cenozoic Rift
System in the Eocene (Dézes at el., 2004). Anomalously high densities within the crust are
present in the Western Alps, in the Ivrea Zone and along its sub-surface continuation to the
South to the Ligurian Sea, as a result of a South East dipping mantle wedge, where mantle and
lower crustal rocks are present at upper crustal depths (Zingg et al., 1990) and even at the

surface (Pistone et al., 2017 and therein).

Previous published interpretations of crustal features within the orogen have been
primarily based upon 2D seismic sections (e.g Briickl et al., 2007), tending to result in simple
models. However, lateral differences in crustal structure have been demonstrated, even at short
wavelength, for example through the deployment of parallel seismological profiles, spaced 15
km apart across the Eastern Alps (Hetényi et al. 2018a), indicating the need for more complex
models. Studies that have integrated multiple geo-scientific datasets to create 3D models of the
region, have either focussed on smaller sub-sections of the Alps (Ebbing, 2002; Ebbing et al.,
2006) or included the Alps as part of a much larger study area (E.g. Tesauro et al., 2008).
Therefore, the generation of a 3D, crustal scale, gravity constrained, structural model of the
Alps and their forelands at an appropriate resolution could be used to more accurately describe
crustal heterogeneity in the region. The generation of such an Alpine-wide specific model is
made possible by the existence of seismological results from numerous published deep seismic
surveys (e.g. Zuerich, 1981; Gajewski & Prodehl, 1985; Yan and Mechie, 1989; Ye et al., 1995;
Bruckl et al., 2007) that have been completed throughout the region, and available high quality
global gravity field models (e.g. Forste et al., 2014). Within this current work, such data is
integrated in a common frame to give insights into the distribution of densities within the crust
as constrained by 3D gravity modelling across the vast majority of the Alpine region and its
forelands for the first time, so that questions about the relationship between the distribution of

densities within the crust and seismicity and deformation patterns can be addressed.
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2.2. Input Data

Existing geological and geophysical observations from previous published works about
the Alps and their respective forelands were used as constraints for the generation of the 3D
structural model. Topography and bathymetry were utilised unaltered from ETOPO1 (Amante
and Eakins, 2009), as shown in Figure 2.1a. The data integrated to constrain sub-surface
lithospheric features are shown in Figure 2.1b and include: regional scale, gravitationally and
seismically constrained models of the TRANSALP study area (Ebbing, 2002), the Molasse
Basin (Przybycin et al., 2014) and the Upper Rhine Graben (Freymark et al., 2017); regional
scale, seismically constrained models of the Po Basin, such as MAMBo (Turrini at al., 2014;
Molinari et al., 2015); and seismic reflection/conversion depths and their associated P wave
velocity from projects such as ALP’75, EGT’86, TRANSALP, ALP 2002 and EASI (IESG,
1978; IESG & ETH Zuerich, 1981; Strol3enreuther, 1982; Mechie et al., 1985; Zucca, 1984;
Gajewski & Prodehl, 1985; Deichmann et al., 1986; Gajewski et al., 1987; Gajewski & Prodehl,
1987; Yan and Mechie, 1989; Zeis et al., 1990; Aichroth et al., 1992; Guterch et al., 1994; Ye
etal., 1995; Scarascia and Cassinis, 1997; Enderle et al., 1998; Bleibinhaus & Gebrande, 2006;
Brickl et al., 2007; Hetényi et al., 2018a). The Lithosphere-Asthenosphere Boundary (LAB)
was utilised unaltered from Geissler (2010), which was obtained by S receiver functions of

teleseismic events.

Constraining data coverage for most sub-surface lithospheric features was sufficient;
however, thicknesses of unconsolidated sediments were not available across the full modelled
region. In regions of less dense data coverage, continental scale, seismically constrained,
integrative best fit models, EUCRUST-07 and EPcrust (Tesauro et al., 2008; Molinari and
Morelli, 2011) were also used. Both models provided complete coverage of major structural
interfaces and P wave velocities over the whole modelled area at a coarse resolution. Detailed
values of unconsolidated sediment thicknesses were only available for the Upper Rhine
Graben, the Molasse Basin and the Po Basin, as the seismic sections utilised lacked the
resolution for shallower features and the continental scale models did not differentiate between

sedimentary strata.

The free-air anomaly used was calculated from the global gravity model EIGEN-6C4
(Forste et al., 2014), at a fixed height of 6 km above the datum (Figure 2.2, further referred to
as observed gravity). As the gravity data source is a hybrid, terrestrial and satellite dataset, the
potential exists for it to be lacking some of the short wavelength response that a fully terrestrial

dataset would possess. The fixed height of 6 km was utilised to account for this, so that the
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vertical component of the gravity response from the generated regional structural model
(further referred to as calculated gravity) and observed gravity can be directly compared during

the gravity modelling process.
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Figure 2.2. Observed gravity of the region. Values calculated from a spherical approximation
at 6km above datum of EIGEN-6C4 global gravity model (Forste et al., 2014). a-a’ represents
the cross section in Figure 2.3. Locations of key tectonic features are overlain (definitions
shown in Figure. 2.1 caption). N.B. Whilst we refer to the EIGEN-6C4 data as gravity
observations, it is in actuality a highly sophisticated potential field model.

2.3. Method

Data from numerous existing geoscientific datasets (see Input Data section) were
integrated to create a gravity constrained, 3D, structural and density model of the lithosphere
of the Alps and their respective forelands. The study area of this work, indicated in both Figures
2.1a and b, focuses on a region of 660 km x 620 km where the highest density of constraining
data coverage was compiled. The vast majority of the Alps and their forelands are included,

with the Central and Eastern Alps and the northern foreland being the best covered regions.

The software package Petrel (Schlumberger, 1998) was used for the creation and
visualisation of the modelled surfaces in 3D, representing the key structural and density
contrasts within the region. These modelled surfaces were: 1. top water; 2. top unconsolidated

sediments; 3. top consolidated sediments; 4. top upper crust; 5. top lower crust; 6. top
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lithospheric mantle; 7. top asthenospheric mantle. All surfaces were generated with a grid
resolution of 20 km x 20 km using Petrel’s convergent interpolation algorithm.

The above mentioned model layers were generated by correlation and integration
between data sources, with the exception of the following: 1. The water layer was generated
from cropping ETOPOL1 to 0 m a.s.l. No freshwater bodies were added as they are too small to
be of impact at the model resolution utilised; 2. The top unconsolidated sediment surface used
in the modelling corresponds to topography and bathymetry, which is plotted in Figure 2.1a;
3. As a result of unconsolidated sediment thicknesses from the data sources only being present
in the Upper Rhine Graben, the Molasse Basin and the Po Basin, outside of these regions a
thickness of O was used. This was deemed acceptable because unconsolidated sediment
thicknesses are not large enough as to be of impact at the model resolution, outside these
regions; 4. The LAB was used unedited from the data source, in spite of its low resolution as
it does not represent a significant density contrast. Alpine nappe stacks were included within
the consolidated sediments layer of the model.

During correlation and integration, a hierarchy of data source types was used and in the
case of contradiction between the different data sources, those of the highest hierarchy were
accepted. The hierarchy was derived from the quality, resolution and consistency of data
sources and was as follows: 1. regional scale, gravitationally and seismically constrained
models; 2. regional scale, seismically constrained models; 3. individual seismic reflection
surfaces and interpreted sections; 4. continental scale, seismically constrained, integrative best
fit models.

No subduction interfaces were modelled, as multiple studies within the region have
shown that the effect of different subduction polarities as well as the presence or lack of
subducting plates is small. Previous 2D gravity modelling across the TRANSALP profile has
demonstrated that the differences in gravity response between a model of both different
subduction polarities and a model setup with no subducted crust were negligible (Deutsch,
2014). Lowe (2019) showed that the contribution of subducting slabs in the region to the
gravity field is relatively small, in the range of 30 mGal).

The 3D gravity modelling software IGMAS+ (Schmidt et al., 2010) was used, which
operates by creating triangulated meshes between points on input surfaces and vertical parallel
planes, around a body of homogenous density, to calculate their volumetric contribution to the
gravity response. Gravity in the model was calculated at 6 km above the datum to be concurrent
with the observed gravity. In this way, the short wavelength response of the calculated gravity

was not overestimated as mentioned before. The top of the model was also set to a height of 6

13



km with a density of 0 used to represent the column of air between it and topography. To
account for the edge effect of the gravity field, the model was extended by ~50% (330 km) in
all horizontal directions of the studied area using the surfaces from EuCrust-07 (Tesauro et al.,
2008).

The free-air gravity response was used because this work is focussed on the crustal
composition of the Alpine region and considering that up to 4.8 km of crust lies above sea level
within the modelled area, removing this from the gravity signal was deemed unacceptable.
Additionally, the complex geological setting of the Alps implies that the removal of Alpine
topography as a Bouguer slab of homogenous density would potentially introduce errors.

The process of gravity modelling involved the modification of an initial 3D structural
model, comprising surface heights and densities, such that through multiple iterations the
resulting model produced a gravity field similar to the observed one. Best practice of such an
iterative process allows only one input parameter, density or surface heights, to be altered.
Here, the surfaces generated as part of the integration work were not modified during the
gravity modelling process as they were better constrained than the densities, leaving only
density as a free parameter. However, this approach can’t reduce the ambiguity in the
interpretation of potential field modelling.

For the calculation of the densities used in the initial structural model, P wave velocities
from seismic data sources were converted using the experimentally derived empirical
relationship detailed in Brocher (2005). In the absence of seismic data, P wave velocities from
the continental scale models listed in the Input Data section were used to supplement, giving
coverage over the entire study area. Densities of 1025 kg m™ and 3320 kg m™ were assigned
to the water layer and the asthenospheric mantle, respectively.

The densities derived from the P wave velocity conversions were then used in
conjunction with densities from the input regional scale, gravitationally and seismically
constrained models, to split the layers of the generated model laterally into domains of different
density, to reflect the heterogeneous nature of the crust within the region. During the generation
of the model, preference was given to the resolution of major density contrasts. Consequently,
units of known differing lithology, age and/or provenance were grouped together, when they
appeared to have a similar density to best fit the gravity in the region. An overview of the mean
densities of each modelled body, derived from seismic P wave velocities, is presented in Table
2.1.
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Lmit Mean Density indicated by P Wave ‘ﬂ'duﬂtimEit‘r Used in Final Mosdel|
(Kg'md} ‘m3)
1. Unconsolidsted Sediments 2530 2450
2. Unconsolidsted Sediments — East Molasse (2540 2470
3. Unconsolidated Sediments - Po alo 2470
4. Consolidated Sodiments GED 26T
5. Consolidated Sediments — East Molasse  [2670 [2GRD
[ Consolidated Sediments - Po 700 (2T
7. Uppeer Crust — Savothuringia 2690 26T
|8, Upper Crust — Moldanubia 710 2T
. Upper Crust — Bohemia 70 (2740
1. Upper Crust — Vosges and Black Forest (26590 (26460
11. Upper Crust — East Molasse 720 (2720
12. Uppeer Crust — East Alps 1740 (2740
13. Upper Crust — West Alps 1740 26T
14. Upper Crust— Po 1740 (2730
15. Upper Crust — MNorth East Adria ] (26460
16, Upper Crust — Ivrea - [2TH)
17. Uppeer Crust — East Auria ] (2T
1§. Upper Crust — Apennine 770 (2720
1%, Lower Crust — Saothuringia 000 L2920
20, Lower Crust — Europe 890 2 By
2], Lower Crust — Alps IERO0 (2950
22 Lower Crust — [vrea - 3 10
23, Lower Crust — Northem Adria 090 (2750
24, Lower Crust — East Adria 950 ENST
25, Lithospheric Mantle — Less Dense 31340 3305
6. Lithospheric Mantle — More Dense 3260 3335
Water - 1025
Asthenospheric Mantle - 3320

Table 2.1. The density of each domain in the model calculated by converting from its mean P
wave velocity using the empirical relationship detailed in Brocher (2005) and the density of
all domains used in the final model of the region that best reproduce the indications of both
the seismic data sources and the gravity field. Locations of each density domain can be found
in Figure 2.4.

To determine how well the structural model fits the gravity field in the region, the
calculated gravity was subtracted from observed gravity during interactive modifications of the
location of different domains within each layer and their densities, and the result (further
referred to as residual anomaly) interrogated. No filtering for specific wavelengths was done
during gravity modelling, with the full signal being used. No presumptions were made about
which tectonic features would require domains of different density, with their location

ultimately derived from the gravity modelling process.
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In the case of anomalies in the residual gravity field, the depth of the source was
estimated to be half the width of the anomaly wavelength and the density of the body lying at
that depth was increased for a positive residual anomaly or decreased for a negative residual
anomaly. Successive iterations of the model were then generated by modifying the distribution
of densities within the model layers. This was repeated until a 3D structural density model of
the region was obtained, that best reproduces the indications of both the seismic data sources

and the gravity field.

2.4. Results

Figure 2.3 shows a North-South cross section through the generated model illustrating
the thickness of all main structural layers, the density domains defined within them and the
calculated and observed gravity of the section. The location of the cross section can be seen in

Figure 2.1a and is also marked on all figures illustrating the setup of the model.
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Our model indicates that more heterogeneity is required in the crust, than in other model
layers, to replicate the gravity field and that significant differences exist between the crust of
the European and Adriatic plates. Sedimentary thicknesses, both unconsolidated and
consolidated, are thinner in the Molasse Basin than in the Po Basin and crustal densities and
thicknesses also differ between the plates. Beneath the orogen itself, the result of incorporating
all Alpine nappes within the consolidated sediment layer can be observed, with higher
thicknesses beneath the central Alps. The whole crust is thickest below the central Alps and is
compensated by higher thickness and density of the lower crust. The observed gravity along
with the calculated gravity of the model can also be observed, showing a good fit.

Figure 2.4. shows the thicknesses of the layers of the generated model, which were
created as a result of the correlation and integration work, with the areal extent of all density
domains overlain on top. An overview of the final density of all the bodies composing the

model required to fit the gravity field can be found in Table 2.1.
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Figure 2.4. Thickness of a) unconsolidated sediments, b) consolidated sediments, c) the upper
crust and d) the lower crust across the modelled area. Density domains required during
modelling within the layer are overlain in white, domain numbers are shown in white and
correspond to Table 2.1. Locations of key tectonic features are overlain (abbreviations shown
in Figure 2.1. caption).

Both sedimentary layers shown in Figure 2.4. reflect trends across the region previously
identified along the cross section presented in Figure 2.3., with thicker and denser sediments
in the Po Basin than in the Molasse Basin, and large thicknesses of consolidated sediments in
the central Alps (18 km) representing the Alpine nappe stacks. Maximum thicknesses of 9 km
and 12 km were used in the Po Basin for unconsolidated and consolidated sediments
respectively, whilst 6 km and 9 km were used in the Molasse Basin. Thicknesses of 3.75 km
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unconsolidated sediments were used in the deepest part of the Upper Rhine Graben with
consolidated sediment thicknesses of up to 3 km. In both of the sedimentary layers, separate
density domains were necessary in the Eastern Molasse Basin (2470 kg m™ and 2680 kg m™)
and the Po Basin (2470 kg m™ and 2700 kg m™®) that were denser than the sediments in the rest
of the region (2450 kg m™ and 2670 kg m™).

The European upper crust (domains 7-11 in Figure 2.4.c and Table 2.1.) is thicker, but
has a similar density on average (20 km and 2700 kg m), compared to the Adriatic upper crust
(12 km and 2700 kg m, domains 14, 15 and 17 in Figure 2.4c and Table 2.1). The densities
given for the European and Adriatic crusts are averages of the density domains that comprise
them. The thickest regions of upper crust can be found around the Bohemian massif in the
northern foreland and the Brianconnais Terrane and Tauern Window in the Alps reaching a
thickness of up to 30 km, whilst thinned upper crust with thicknesses of only 4 km is found
below the Adriatic Sea and the Ivrea Zone. Multiple density domains in the upper crust
correspond to known tectonic features in the modelled region such as the Variscan domains of
Saxothuringia (2670 kg m3) and Moldanubia (2700 kg m™), the massifs of Bohemia (2740 kg
m=) and Vosges/Black Forest (2660 kg m=) that lie close enough together in the model to be
grouped, the Briangonnais Terrane (2790 kg m™) and the Apennine belt (2720 kg m?).
However, in the Alps and the Adriatic Sea the modelled density domain boundaries do not
correspond to specific tectonic features. The Alps are divided roughly North East (2740 kg m
%) to South West (2670 kg m), being denser in the NE, while the Adriatic Sea is split roughly
North (2660 kg m=) to South (2700 kg m~), being denser in the south.

The configuration of the European lower crust (domains 19 and 20 in Figure 2.4c and
Table 2.1) is of similar thickness, but less dense on average (10 km and 2860 kg m) than the
Adriatic (10 km and 2910 kg m™; domains 21, 23 and 24 in Figure 2.4c and Table 2.1). The
lower crustal Alpine root is thicker and denser (2950 kg m= and 34 km) than in the rest of the
region. Density domains within the lower crust show less correspondence with known tectonic
features than those in the upper crust. Of the domains in the lower crust only two correspond
roughly to tectonic features, one to the Saxothuringian Variscan domain (2920 kg m) and the
other to the Briangonnais Terrane (3100 kg m=). A large region of similar density within the
lower crust exists, mostly in the European Plate, covering an area including the Moldanubian
Variscan domain, the Bohemian Massif and the Western and Eastern Alps (2800 kg m®). The
central Alps and the Western Po Basin are also grouped as a region of similar density (2950 kg

m=3). As with the upper crust, the lower crust beneath the Adriatic Sea is split roughly North
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(2750 kg m) to South (3040 kg m) with a denser domain in the south. Some lower crustal
density domains in the European and Adriatic plates have been modelled as low as 2800 kg m"
% (domain 20 in Figure 2.4c and Table 2.1) and 2750 kg m™ (domain 23 in Figure 2.4c and
Table 2.1) respectively, and although necessary to fit the gravity anomaly, these values are
similar to upper crustal density values. The other density domains in the lower crust of the
region have values that would be expected for this depth level.

Figure 2.5 shows the depths of the Moho and LAB used in this work. The Moho is
shallowest below the Ligurian Sea (20 km) but also shallow beneath the Ivrea Zone (22.5 km)
and below the Upper Rhine Graben (25 km). It reaches its deepest point in the crustal root of
the Alps at 55 km. The trends in Moho depth noted here correspond well to trends in the Moho
map of Spada et al., (2013). However the minimum (lvrea Zone: 12 km) and maximum (Alpine
crustal root: 60 km) depths of the Spada et al., Moho are more extreme and likely represent
more local values than those used in this work. Additionally, our integrated Moho does not
contain large vertical steps (28 km in the Northern Apennines) between defined plate domains,
such as in the Spada et al. (2013) Moho as these would create large density contrasts within
the 3D model that would present severe difficulties when trying to fit the observed gravity in

the region.
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Figure 2.5. a) Depth to the Moho across the modelled area. Density domains required during
modelling within the lithospheric mantle are overlain in white, domain numbers are shown in
white and correspond to Table 2.1. b) Depth to the LAB from Geissler et al (2010) across the
modelled area. Locations of key tectonic features are overlain for both figures (definitions
shown in Figure 2.1. caption).
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From the gravity modelling process it was found necessary to have variation in the
density of the lithospheric mantle, and that the regions of different density correspond to
different thicknesses of the lithosphere (Geissler et al., 2010). Broadly, the lithosphere is
thinnest and least dense to the North-West of the region (70 km and 3305 kg m™) whilst being
thickest and densest to the South-East (140 km and 3335 kg m) below the Adriatic Sea. The
shallowing of the LAB below the Alps could correspond to the boundary between the Austro-

Alpine and Helvetic/Penninic Alps.

The observed gravity in the modelled region is visible in Figure 2.2, while the
calculated gravity response is shown in Figure 2.6. The residual anomaly can be observed in
Figure 2.6. demonstrating the good fit achieved by the generated structural model. Almost all
of the modelled area reproduces the observed gravity to + 25 mGal with the exception of a
couple of isolated regions where the misfit between observed and calculated gravity slightly
exceeds that value. As the polarity of both anomalies indicates less density is required to fit the
gravity field, they correspond to Moho highs and their wavelength would suggest the top
surface of the Moho as the source of the anomaly, the anomalies likely stem from isolated
Moho depths that are slightly too shallow. As crustal densities were not the source of these
anomalies and surface heights remained fixed during the modelling process, no changes were
made to account for these anomalies so that a more representative density configuration of the

regional crust could be calculated.
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Figure 2.6. a) Calculated gravity at 6 km above the datum resulting from the final structural
and density model. b) Residual gravity (observed gravity - calculated gravity) of the best fit
model. Locations of key tectonic features are overlain for both figures (definitions shown in
Figure 2.1. caption).

The thickness and average density of the modelled crust throughout the region are
shown in Figure 2.7. The lateral variation in average density is obtained as a weighted average
calculated from the thicknesses and densities of the upper crust and the lower crust at every
point in the model. Overall the crust is thicker and less dense on average in the European plate
(27.5 km and 2750 kg m®) compared to the Adriatic (22.5 km and 2850 kg m=). The thickest
crust corresponds to the crustal root of the Central Alps (55 km). Areas of thinned crust are
found below the sedimentary depocentres of the Po Basin and the Upper Rhine Graben, which
can additionally be seen extending South and West of its surface location, however the crust
does not appear significantly thinned beneath the Molasse Basin. Whilst the Adriatic crust is
denser on average than the European crust, it has more extreme density variations within it,
such as a modelled low density crust in the North of the Adriatic indenter that coincides with
the Veneto-Friuli plain (2700 kg m™®), immediately adjacent to much denser crust lying to the
South below the Adriatic Sea (2900 kg m™).
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Figure 2.7. a) Thickness and b) average density of the entire crust across the modelled area.
Solid lines demark the boundaries of Alpine zones, the dotted black lines indicate the extent of
the non-accreted Adriatic plate. Locations of key tectonic features are overlain (definitions
shown in Figure 2.1. caption).

Density contrasts within the crust correlate spatially with the locations of some Alpine
zone boundaries as defined in the literature (Schmid et al., 1989; Schmid et al., 2004). The
Brianconnais Terrane can be seen as a higher density block contrasting with the rest of the
zones that surround it. The Southern Alps can also be identified as a dense block, with its
borders to the Brianconnais Terrane and the Austro-Alpine zone clearly defined in the East of
the modelled region. The Tauern Window can also be clearly identified as a relatively lower
density zone within the Austro-Alpine zone.

Figure 2.8 also shows the thickness and average density of the modelled crust, but
additionally shows their correspondence with large earthquakes and ongoing surface
deformation. The thickness of the crust is overlain with present day vertical displacement rates
(Sternai et al., 2019) in Figure 2.8a and the average density of the crust is overlain with present
day horizontal surface strain distribution (Sanchez et al., 2018), earthquakes of a moment
magnitude of 6 or larger (Fah et al., 2011; Stucchi et al., 2012; Griinthal et al., 2013) and the
location of modelled upper crust domain boundaries in Figure 2.8b, so that relationships
between crustal features and recent deformation and seismicity can be interrogated.
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Figure 2.8. a) Thickness of the crust across the modelled area overlain with vertical
displacement rates (Sternai et al., 2019). Dotted black lines indicate isolines of the vertical
displacement rates in mm/yr. b) Average density of the crust across the modelled area overlain
with geodetically derived horizontal surface strain distribution (Sanchez et al., 2018) and
seismic events of a moment magnitude larger than 6 (Fah et al., 2011; Stucchi et al., 2012;
Grinthal et al., 2013). Bar orientation indicates orientation of maximum surface strain. Dotted
black lines indicate the upper crust density domains of the final structural and density model.
Regions where the overlain data was not available have been whited out in both figures.
Locations of key tectonic features are overlain for both figures (abbreviations shown in Figure
2.1. caption).

Within the Alps a strong correlation exists between the thickness of the crust and
vertical displacement rates at the surface. Regions of modelled thickened crust correspond to
high positive rates of vertical displacement. Regions of thinned crust, such as the Po Basin and
the Upper Rhine Graben, were found to correspond to negative vertical displacements.
Differing rates of vertical displacement can also be observed in the Western Molasse and
Eastern Molasse Basin, with the west uplifting and the east subsiding. The transition between
these two behaviours in the Molasse Basin corresponds to the boundary of the modelled density
domain boundaries in the sedimentary and upper crustal layers, separating the denser eastern
region of the basin and the less dense western portion of the basin.

Among regions with a pronounced change in the density of the crust, such as the plate boundary
between Adria and the Southern Alps, there is coincidence with large earthquakes (Figure
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2.8b). Whilst not every large earthquake corresponds to a contrast in the average density of the
crust, they all correspond to the location of density domain boundaries within the upper crust
as defined in the generated model. Horizontal surface strain distribution also corresponds to
the location of density domain boundaries within the upper crust as defined in the model, with
the direction of maximum horizontal strain predominantly perpendicular to the domain

boundaries.

2.5. Discussion
2.5.1. Alpine Zone Provenance

Differing methods of classifying the Alpine zones have been adopted over time,
however the results presented here would support works that utilise tectonic reconstructions
and constrain zones based on the plate the crust originated from (e.g. Schmid et al., 2004).
Crust derived from different terranes could potentially be assumed to have differing properties
such as density, and from the model produced in this work that is found to be the case. From
the results, correlation can be observed between zones of different density in the model and
Alpine zones as defined by tectonic reconstructions and paleogeography, such as the dense

Briangonnais Terrane and Southern Alps and the less dense Tauern Window.

As no density domain geometries were pre-defined during the modelling stage, the
correlation of these domains within the generated model to known features adds validity to the
generated model. However, caution should be exercised with the exact location of domain
boundaries due to many geological cross sections (e.g., Schmid et al., 2004) showing that
tectonic domains cropping out at the surface are offset or not continuous at depth. As this was
not possible to implement during the gravity modelling workflow, an offset is often present
between features in the average crustal densities (Figure 2.7¢) and the location of the associated
feature at the surface. Two examples of this are in the North of the Briangonnais Terrane and
the Tauern Window, suggesting these features have subsurface geometries that differ from their
surface expression. Nevertheless, the bulk average densities allow for the location of density

distinct tectonic features in the crust.

Additionally, Alpine zones of Adriatic provenance were found, in general, to be denser
than those of European provenance, a trend also noted in the present day densities of the
Adriatic and European crusts, potentially indicating that prior to orogenesis this was also the

case. Alpine zones derived from Adriatic continental crust such as the Austro-Alpine and
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Southern Alps appear denser, in general, than the European continental crust derived Helvetic
zone and Tauern Window. The Briangonnais Terrane derives from neither Europe nor Adria
and appears as such in our model, as the region of highest density in the area. These
observations are consistent with the interpretation that the provenance of crust within the Alps
can potentially be indicated by its properties, such as density, implying that as the Alpine zones
were emplaced at different times during orogenesis, the respective plates prior to orogenesis

could have had similar crustal properties to the present day ones.

Regions in the generated model exist with similar provenance and differing densities,
indicating that factors other than provenance would also influence their densities. This is
exemplified by the Helvetic and Penninic Alps, both deriving from the European plate, which
possess a boundary between them that corresponds to an average crustal density contrast.
Additionally, some expected boundaries between crusts of different provenances are obscured
by other elements of the model. The transition from the European, Helvetic and Peninnic, to
Adriatic Austro-Alpine units corresponds to the thickest area of the crustal root, where lower
crust percentages are much higher than upper crustal ones, creating a region of high density
crust in the model that masks the transition from European to Adriatic crust, when looking at

average crustal densities.

2.5.2. Deformation and Seismicity

Correlation between present day horizontal surface deformation and large seismic
events with density contrasts within the crust in the generated model would suggest localisation
of deformation along these features. Previous works have also shown correspondence between
the localisaton of seismicity at density contrasts within the crust, such as at crustal block
boundaries (Dentith and Featherstone, 2003), providing further validity to our model. As we
are working with a coarse resolution crustal model to identify major features we found it
appropriate to compare to a sparse seismic catalogue comprising only the largest (M>6) events
allowing for a first-order identification of this correlation. Due to the complex structural nature
of an active orogen it is difficult to relate seismicity purely to density contrasts in the crust at
higher spatial resolution, as the interplay of faults and collisional processes play a major role
in localising seismicity (Serpelloni et al., 2016), while a non-negligible part of earthquakes
occurs away from known faults (Hetényi et al. 2018b). However, due to the inherently different

properties of crustal blocks of different provenance, it presents the likelihood that major faults
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and other structures likely to accommodate seismicity would form at the boundaries between

these blocks.

All large seismic events in the region coincide with the modelled location of upper
crustal density domain boundaries, however not all correlate to contrasts in the average density
of the crust. This fact would suggest that within the Alps, upper crustal density contrasts are a
more likely location for the localisation of seismicity than lower crustal ones. Observations of
the occurrence of seismicity at depth within the Alps have shown that it is predominantly
present within the upper crust (Deichmann, 1992; Serpelloni et al., 2016; Wiemer, etal., 2017),
supporting interpretations made from the derived model. However, regions exist within the
model that have both average crustal density contrasts and upper crustal density domain
boundaries that do not coincide with seismic events, indicating that there are additional

controlling factors to the localisation of seismicity.

Observations of the correlation between positive vertical displacement at the surface
(Sternai et al., 2019) and thickened crust within the modelled region, and negative vertical
displacement and thinned crust also strengthen the validity of the model, with this behaviour
expected due to isostasy. The crust is significantly thinned beneath the Po Basin of the southern
foreland while it is not in the Molasse Basin of the northern foreland, explaining the
discrepancy in sedimentary thicknesses noted before. This could also indicate different driving
mechanisms for the formation of either basin, with the Molasse Basin potentially lacking
significant subsidence due to being formed predominantly through flexure and the Po Basin
being formed through both flexural and active extensional processes. Alternatively the thinned
crust below the Po basin could purely represent an inherited crustal feature. Deriving the
driving processes for the sedimentary basins formation within the region remain outside of the
scope of the present work, however the accurate constraint of the thinned crust in these regions

through the use of gravity provides the scope for this to be identified in future projects.

The results presented in this work indicate crustal properties that would support
observations from previous works (Sternai et al., 2019) on the dynamics of the region. Whilst
correlation can be observed between vertical displacement at the surface and thickened or
thinned crust, some regions such as the Molasse Basin show a crust of similar thickness
throughout but present a change in the polarity of surface vertical motion. The crustal densities
of the model generated here would support this change, with the transition occurring at the
boundary of density domains in the crust and the denser eastern portion exhibiting subsidence

and the less dense western portion exhibiting uplift.
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Previous works on the dynamics of the Adriatic plate show that it acts as a more rigid
indenter than the European plate as it moves northwards rotating counter-clockwise into it
(Nocquet and Calais, 2004; Vrabec and Fodor, 2006; Serpelloni et al., 2016). Our model shows
that the Adriatic crust is denser than the European crust and seismic velocities are also higher
in the Adriatic crust than in the European crust (e.g. IESG, 1978; IESG & ETH Zuerich, 1981;
StroRRenreuther, 1982; Scarascia and Cassinis, 1997; Bleibinhaus & Gebrande, 2006; Bruckl et
al., 2007). Higher densities and velocities indicate an on average more mafic lithology for these
domains, potentially suggesting that they may be stronger than the European crust. The
properties of the plates, as modelled here, would suggest that in the present day convergence
of the Eastern Alps the denser Adriatic crust would subduct under the European crust, which
fits with the subduction polarity identified in teleseismic tomographies (Lippitsch et al., 2003)
and high-resolution receiver function analysis interpreted with other datasets (Hetényi et al.,
2018a). However, as stated by Kastle et al. (2019) there is no consistent model of Alpine
subduction, it is a complex system that has evolved over time with more influencing factors
than plate densities. Gravity constrained bulk average densities of the crust and lithospheric
mantle in the region, however, provide strong constraints for future works to identify the nature

of Alpine subduction.

2.5.3. Model Uncertainty

Whilst the densities used in the final best fit model often correspond very closely to
those derived from the P wave velocities (Table 2.1), there are exceptions. In general these are
not of concern, such as the opposite tendencies of the more and less dense lithospheric mantles,
as the modelled bodies are large volumes of homogenous density that in the real world contain
much more heterogeneity. The seismic velocities only provide a fraction of coverage through
any of the bodies therefore it is expected that the density indicated by P wave velocity to density
conversions will not accurately represent its bulk effect on the gravity field and as such they
have been used for initial indications on density and the final densities indicated through

gravity constraint.

In the European and North Adriatic domains of the lower crust, however, values are
more typical of upper crust, which requires more scrutiny. The sensitivity of the model to
density alterations in these crustal has been demonstrated in Figure 2.9. There, a model run

with lower crustal densities in North Adria and Europe derived directly from P wave velocities
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to density conversions, is shown. The density of the European lower crust has been raised from
2800 to 2890 kg m3, and the lower crust of North Adria has been raised from 2750 to 2990 kg
m. Figure 2.9a shows the residual gravity (calculated — observed) of this altered lower crust
model and its difference to the residual of the best fit model is shown in Figure 2.9b.
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Figure 2.9. a) Residual gravity (observed gravity - calculated gravity) of a test model with
lower crust densities for the Europe and Northern Adria domains set to values indicated
directly from P wave velocities using conversion suggested by Brocher (2005). b) Difference
in gravity residual between the best fit model (Figure. 2.6b) and the model shown in the Figure
2.9a. Lower crustal density domains of the best fit model are overlain in black.

The figure indicates that density changes in the lower crust ~ 100-200 kg m can affect
the gravity field by up to 100 mGal and that using lower crust densities indicated by the P wave
velocity to density conversions in Europe and North Adria causes significant misfit. As
mentioned prior, the only free parameter during the gravity modelling phase was density. With
these low crustal densities required to fit the gravity field and the P wave velocity to density
conversions from the upper crust regions fitting so closely, the likely explanations are that
either the lower crust in those regions is in fact of a low density or the lower crust is thinner
than in the initial structural model, in turn allowing for a slightly denser lower crust. In either
case the average density of the crust as presented in Figure 2.8 would largely remain unchanged

and these regions would still represent regions of low density crust.
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Although correlations are noted between lateral variation in density distribution in the
crust and observations such as plate dynamics and the localisation of large earthquakes and
recent deformation, the causes of these observations must be further investigated. Planned
future modelling will look closer at the features of the crust by creating thermal and rheological
models to investigate the driving forces behind the observed correlations, and potentially
helping to better explain trends noted in this work. Work is also progressing on constraining
deeper structures in the region, such as the mantle, allowing for better constraints on crustal

features in the future.

Although the generated model fits the observed gravity well across almost all of the
modelled region, it represents a simplified version of the geology below the surface that is not
able to account for all the complexity of the real world and as such, inaccuracies within the
model exist. Additionally, whilst the location of density domains in the model remains a non-
unique solution, efforts were made to minimise errors by using seismic data and indications
from previous modelling (see Input Data section 2.2) to constrain the densities within each
layer and density domain boundaries. Although these uncertainties cannot fully be accounted
for, by only dealing with features and trends appropriate to the scale of the model they are
severely mitigated. At the scale of the Alps and their forelands as described in this work,
irrespective of localised changes to surface heights or densities, the overall trends identified

would not be altered.

2.6. Conclusions

By creating the first gravity constrained, 3D structural and density model of the
lithosphere focused on the Alps and their respective forelands, insights were gained into the
distribution of densities at depth within the crust. The findings suggest that the present day
Adriatic crust is both thinner (22.5 km) and denser (2800 kg m™3) than the European crust (27.5
km, 2750 kg m™®). Crust derived from different terranes was also found to have significantly
different densities with Alpine zones of Adriatic provenance. The Austro-Alpine and Southern
Alps were found to be denser and those of European provenance such as the Helvetic Zone and
Tauern Window to be less dense, indicating the respective plates prior to orogenesis may be

assumed to have had similar crustal properties to the present day.

Our modelled anomaly showed a good fit to the observed gravity with maximum misfits

of around = 25 mGal across the whole region. It was further validated by density domains
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defined in the model corresponding to known tectonic features, large earthquakes
corresponding to crustal density contrasts and surface vertical displacements corresponding to
crustal thicknesses. The causes of these observations and correlations cannot be explained
solely from the results of this work. Therefore, planned future modelling will generate thermal
and rheological models to give further insight into the crustal architecture of the region as well

the causes of the localisation of deformation and seismicity.
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Chapter 3. The 3D thermal field across the Alpine orogen and its forelands

and the relation to seismicity

3.1. Introduction

One in three people globally live at risk of being affected by seismicity (Pesaresi et al.,
2017), therefore the need remains for an increased understanding of the factors that contribute
to the localisation of seismicity within the lithosphere. As temperature exerts a first order
control on rock strength and seismicity (e.g. Hyndman et al., 1995; Emmerson and McKenzie,
2007), a systematic knowledge of the regional 3D temperature distribution is an essential step

towards refining predictions of future seismic hazard.

The study area covered here, the Alps and their forelands, represents one of the most
active locations for intraplate seismicity in Europe. Ongoing deformation is primarily driven
by the convergence of the European and Adriatic plates in northeast Italy (Restivo et al., 2016),
where the Adriatic plate is considered to act as a rigid (i.e. mechanically stiff) indenter, moving
northwards with a radial counter-clockwise rotation against the weaker European plate
(Nocquet and Calais, 2004; Vrabec and Fodor, 2006; Serpelloni et al., 2016).

Recent gravity modelling work of the region (Spooner et al., 2019) have shown that
large seismic events cluster across density contrasts within the crust, that represent an inherited
crustal configuration of differing petrological and tectono-thermal origin (Schmid et al., 2004).
Previously published lithospheric thermal models that cover the entirety of the Alps and their
forelands (Tesauro et al., 2009; Limberger et al., 2018) have largely not resolved the vertical
and lateral heterogeneities observed mostly in the crustal domains sufficiently well to allow a
quantitative assessment of their effects on the resulting temperature distribution. Thermal
models that do represent differentiated lithospheric layers and a heterogeneous crust have been
published for the Upper Rhine Graben (Freymark et al., 2017) and the Molasse Basin
(Przybycin et al., 2014), however these only cover specific subdomains of the area under
investigation. In order to further assess how the present-day deformation within the Alpine
region is related to the 3D thermal field, we have developed the first 3D steady state
lithosphere-scale thermal field of the Alps and their forelands that takes into account the

different thermal parameters required to replicate the heterogeneous nature of the crust.
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3.1.1. Geological Setting

Crustal heterogeneities represent an important feature in the European crust of the north
Alpine foreland. Juxtaposition of terrains with differing properties next to one another, such as
Moldanubia and Saxothuringia (Babuska and Plomerova, 1992; Freymark at al., 2017), derive
from the Carboniferous age Variscan orogeny (Franke, 2000), that assembled crystalline
basement presently exposed in the VVosges, Black Forest and Bohemian massifs. Heterogeneity
within the Alpine orogen is also very pronounced as a result of the collision of the Adriatic

plate with the European plate from the Cretaceous until the present (Handy et al., 2010).
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Figure 3.1. Topography and bathymetry from Etopo 1 (Amante and Eakins, 2009) shown
across the Alpine region with the key tectonic features overlain. Study area is indicated with a
black box. Solid black lines demark the boundaries of the weakly deformed European and
Adriatic plates, the location of the Apennine plate is also marked. Yellow areas bound by a
solid grey line indicate the extent of sedimentary basins (urg — Upper Rhine Graben; mb —
Molasse Basin; po — Po Basin; vf — Veneto Friuli plane). Dotted black lines indicate the extent
of other tectonic features within the model (st — Saxothuringian Variscan domain; mn —
Moldanubian Variscan domain; bo — Bohemian Massif; vo — Vosges Massif; bf — Black Forest
Massif; tw — Tauern Window; gf — Giudicarie Fault; bt — Brianconnais Terrane). The Adriatic
Sea is marked as (AS) in further figures.
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The different parts of the orogen-foreland system (Figure 3.1) are presently interpreted
according to their provenance and metamorphic history, with the eastern and western Alps
being derived from the Adriatic and European plates respectively (Schmid et al., 2004). The
Brianconnais crustal block that lies within the western Alps derives from the Iberian plate
(Frisch, 1979). The three main depocentres within the region are the Po Basin of the southern
foreland, the Molasse Basin of the northern foreland and the Upper Rhine Graben, also within
the northern foreland, that formed as part of the European Cenozoic Rift System in the Eocene
(Dézes at el., 2004).

3.2. Workflow

An existing 3D structure and density model of the Alpine lithosphere made by Spooner
et al. (2019), was used to calculate the thermal field of the region. The model covers an area of
660 km x 620 km (shown in Figure 3.1) with a horizontal grid resolution of 20 km x 20 km and
is the highest resolution 3D structural model of the Alps and foreland region that conforms to
seismic and gravity based observations. The vertical resolution is variable, depending on the
thickness of the 6 model layers, representing the key structural and density contrasts within the
lithosphere: (1) water; (2) unconsolidated sediments (mostly Quaternary); (3) consolidated
sediments (mostly Mesozoic); (4) upper crystalline crust; (5) lower crystalline crust; and (6)
lithospheric mantle. Each layer (excluding water) is split into distinct domains representing the
different tectonic blocks that comprise them. The thickness of each layer and location of the
different domains within them are also shown in Figures 3.2 and 3.3a. No subduction interfaces
are included in the model.
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Figure 3.2. Thickness of a) unconsolidated sediments (mostly Quaternary), b) consolidated
sediments (mostly Mesozoic), ¢) the upper crystalline crust and d) the lower crystalline crust
across the modelled area. Domains of different thermal parameters within each the layer are
overlain in white, domain numbers correspond to Table 3.1. Locations of key tectonic features
are overlain (abbreviations shown in Figure 3.1 caption).
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Figure 3.3. a) Thickness of the lithospheric mantle layer from the structural model. Domains
of different thermal parameters within the layer are overlain in white, domain numbers
correspond to Table 3.1. b) Depth to the LAB from Geissler et al (2010) across the modelled
area. Locations of key tectonic features are overlain (abbreviations shown in Figure 3.1
caption).

Some refinements were made to the original structural model to make it of use for the
thermal modelling effort. The water layer was discarded, with the surface representing
topography and bathymetry used as the upper limit of the model (shown in Figure 3.1) and the
Lithosphere-Asthenosphere Boundary (LAB) used as the base of the model (shown in Figure
3.3b). Additionally, thick unconsolidated sedimentary layers within the model, were vertically
differentiated in terms of thermal parameters into two units to account for porosity changes
within these layers due to compaction. As the majority of sedimentary porosity decrease takes
place in the upper few kilometres (Allen and Allen, 2013) this transition was implemented at
2 km depth in the Po Basin and 1 km in other areas with less thick deposits of unconsolidated
sediments. Further refinement of the model vertical resolution was tested but found to have
little effect on the generated thermal field. Accordingly, the vertical resolution was not refined

to minimise the computational demand.

A 3D finite element model (32,736 nodes) incorporating these refinements was then

used to calculate the 3D conductive steady state thermal field of the study area using GOLEM
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(Cacace and Jacquey, 2017), a numerical simulator of coupled Thermal-Hydraulic-Mechanical
processes. For this study steady state conditions were assumed and the conductive thermal field

was calculated. Therefore, the conductive heat equation solved for steady state conditions is

0 =div(AVT) + S (3.1)

where the VT is the temperature gradient (K/m), A is the thermal conductivity (W/mK) and S
is the radiogenic heat production (W/m3). The boundary conditions to close the system of
equations comprise fixed temperatures along the top and bottom of the model (Dirichlet
boundary condition), while all lateral boundaries are considered to be no-flow. The upper
thermal boundary condition used (Figure 3.4a) corresponds to yearly average surface
temperatures, comprising both land and sea floor measurements, from the WOA13 dataset
(Locarini et al., 2013) the Histalp dataset (Boéhm et al., 2009) and the GHCN_CAMS dataset
(Fan and Van den Dool, 2008). Temperatures range from -10 °C in the Alps to 16 °C in the
Adriatic Sea. The temperature distribution used across the lower thermal boundary condition
(see Figure 3.4b), is derived from the conversion of shear wave velocities (Priestly and
McKenzie, 2006; MeeRRen, 2018) from Schaeffer and Lebedev’s (2013) SL2013sv dataset, at a
depth corresponding to the base of the model. Temperatures range from 1,250 °C below the
Vosges massif to 1,400 °C beneath the Bohemian massif. Although the range of temperatures
does not vary significantly, there is an overall spatial correlation between the thermal
configuration and the topology of the LAB from the structural model (Spooner et al., 2019), an
indication that assuming the LAB derived from seismology (Geissler et al., 2010) as a thermal

boundary is justified.
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Figure 3.4. Temperatures used as the a) upper and b) lower boundary condition for achieving
steady state conditions of the thermal model. Temperatures for the upper boundary condition
were derived from the WOA13 dataset (Locarini et al., 2013) the Histalp dataset (B6hm et al.,
2009) and the GHCN_CAMS dataset (Fan and Van den Dool, 2008). Temperatures for the
lower boundary conditions were calculated using the LAB of Geissler et al (2010) and Shaeffer
and Lebedev’s (2013) SL2013sv dataset. Locations of key tectonic features are overlain
(abbreviations shown in Figure 3.1 caption).

Model validation is carried out by comparing the obtained results against a dataset of
measured sub-surface temperatures from across the region. Data for the southern foreland was
derived from the Italian National Geothermal Database (Trumpy and Manzella, 2017), for the
northern foreland from previously compiled databases of the Upper Rhine Graben (Freymark
etal., 2017 and references therein) and the Molasse Basin (Przybycin et al., 2015 and references
therein) and within the Alps a dataset compiled by Luijendijk et al. (2020) was used. The
combined dataset represents 8,120 measurements from the surface down to 7.3 km below sea
level, with a mean depth of 1.8 km. Temperature readings of a number of different types were
used including, corrected bottom hole, continuous gradient and hot fluid readings, to give as

broad a coverage across the region as possible.

In the first modelling stage, each model layer was assigned constant bulk thermal
properties, from a range of values using in similar modelling work in the Upper Rhine Graben
(Freymark et al., 2017) and Molasse Basin (Przybycin et al., 2015). The ranges of thermal
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properties tested can be seen in Table 3.1. The values used were tested in an iterative fashion,
starting at the midpoint of the tested range. The thermal parameters were altered in the
lithospheric mantle domains first, at the base of the model, before altering the parameters in
each domain successively moving up the layers of the structural model. In layers of the model
where radiogenic heat production is expected to be low (unconsolidated sediments,
consolidated sediments, lower crust and lithospheric mantle) the thermal conductivity was
altered first to fit the measured temperatures before the radiogenic heat value was tweaked to
get the best overall fit, with the opposite carried out for the upper crust where the radiogenic

heat production is significant.

Final Bulk Bulk Thermal | Final Radiogenic | Radiogenic Heat
Unit Thermal Conductivity | Heat Production | Production Range
Conductivity | Range Tested Tested
{W/mE) [WimE) {Wim3) (Wim3)
I. top lkm Unconsolidated Sediments 2 1. ME-AM
1.8-3 1. DOE-D6
-below [km Unconsolidated Sediments 13 1 FDE-{M:
2 top lkm Unconsolidated Sediments URG 1.1 1 (MYE-A{M
1.1-1.8 1. DDE-DG
-belowr Tkm Unconsolidated Sediments URG 1.4 1. ME-AM
1. Unconsolidated Sediments Bolasse 1.E 1.8-3 1 FDE-{M: 1. DOE-D6
4. top 2km Unconsolidated Sediments Fo 2 1 (MYE-A{M
1.8-3 1. DOE-Di
-belowr Zkm Unconsolidated Sediments Po 13 1. ME-AM
5. Consolidated Sediments 13 2-35 1 FDE-{M: 1. DDE-DG - 1. 30E-DG
6. Upper Crust Saxothuringia k] 154 2 GDE-DG | DOE-D6 - 2. 60E-D6
7. Upper Crust Moldanubia and West Alps 16 23-131 1 BOE- 1. DDE-D& - 2. 60E-DG
5. Upper Crust Vosges L. 23-11 2. MIE-DG 1. DDE-DG - 2. 60E-DG
9. Upper Crust Molasse 14 23-11 1. 30E-M: 1. DDE-DG - 2. 60E-DG6
10. Upper Crust East Alps 1.4 22-131 1. GOE-: 1. DDE-D& - 2. 60E-DG
11, Upper Crust Adna and Apennine 14 23-11 1. 30E-: 1. DDE-DG - 2. 60E-DG
12, Lower Crust 2 1-27 3.0DE-DT | S0E-OT - 7.00E-07
13, Lower Crust Saxothuringia 23 1-27 G DDE-OT | S0E-OT - 7.00E-07
14. Lithospheric Mantle Morth West 3 31-395 3.0E-DE 2 DDE-DR - 3.00E-D8
15. Lithospheric Mantle South East 3 3-395 2.00E-08 2. 00E-DE - 3. 00E-DE

Table 3.1. Final thermal parameters used and the tested range for all domains of the structural
model.
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The best fit thermal field was then compared to the seismic event catalogue of the
International Seismological Centre (International Seismological centre, 2020) for the study
area. The catalogue was filtered for events larger than magnitude 2 between January 2000 and
January 2018, as the catalogue completeness drops significantly outside of these parameters.
This provided a dataset of 4,571 seismic events so that relationships between the depth,

temperature, and location of seismicity could be explored.

3.2.1. Methodological Limitations

The model generated here represents the first attempt to calculate the 3D steady state
thermal field of the Alps and their forelands using different thermal parameters for different
tectonic domains, validated with a dataset of wellbore temperatures from across the region,
however limitations remain in the current workflow. The resolution of the thermal model
generated is a result of the available data sources, which although state of the art, are limited
in their resolution, coverage, and differentiation of Alpine lithospheric units, allowing for a

first order comparison of relative thermal trends between large scale crustal features.

The method used to derive thermal parameters produces values representing the bulk
average properties of the domain rather than an exact lithology or metamorphic facies. The
availability of highly detailed geological information across the entire study area does not
support the creation of such a high resolution model, especially at depth. As such, rather than
use specific rock values, we test a range of parameter values likely in such a setting. Therefore,
indications of lithology derived from the modelled thermal parameters are relative to one
another, based upon how thermal parameters act in more mafic or felsic rocks (e.g. Hasterok
and Webb, 2017). Despite the sparse nature of higher resolution data, wherever present they
have been used to validate the thermal parameters derived from the workflow. Existing P-wave
velocity models through the region (e.g. Bleibinhaus and Gebrande, 2006), suggest similar
radiogenic heat production values to those we have modelled, when converting using the
methodology of Hasterok and Webb (2017).

The thermal field presented here is a first attempt at a truly multidisciplinary study,
integrating data from a wide array of sources. Interpretations used as a basis for the calculated
thermal field, including prior work such as the structural model (Spooner et al., 2019) and the

thermal parameters assigned to crustal domains, both represent non-unique solutions. To
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remedy this, at each stage multiple external data sources, such as gravity anomalies, seismicity

or wellbore temperatures, have been used for validation.

Limitations of the data used for validation also impacts the modelling effort. The
distribution of wellbore measurements represent a significantly heterogeneous data coverage,
with regions of interest for geothermal or hydrocarbon exploitation overrepresented and the
orogen itself containing sparser coverage. The coverage negates the potential for an accurate
deterministic solution to constrain thermal parameters in most regions, and this is further
complicated by the required use of different types of measured wellbore temperatures in order
to maximise coverage. Therefore, at this time, a qualitatively derived solution for a 3D thermal
field of the region represents the best possible solution. In locations where these limitations
have been encountered, further mention has been made in the text. Work to quantify the

sensitivities of regional thermal parameters to the spread of measurement data is underway.

Another limitation of the workflow is that the model is made with the assumption that
the thermal field is in a present day steady state, meaning that it has achieved thermodynamic
equilibrium and will not change over time unless the system state is altered. To progress from
steady state to other thermal modelling methods, such as transient thermal fields, where
changes through time are calculated, further observations need to be gathered on the
contributions of other influencing factors to the thermal field. These include: the effects of
hydrothermal convection (e.g. Smith and Chapman, 1983; Ehlers and Chapman, 1999; Sippel
et al., 2014); rapid sedimentation rates (Ehlers 2005); regional glacial history (Mey et al.,
2017); present day surface vertical motion (Sternai et al., 2019); and long term exhumation
rates (Fox et al., 2016). In locations where these other effects are interpreted to have affected

our results, further mention has been made in the text.

3.3. Results
3.3.1. Modelled Temperature Distribution

Figure 3.5 illustrates depth slices through the thermal field of the best fit thermal model
at 2,5, 10 and 20 km below sea level. Observations of first order temperature trends at a depth
of 2 km, indicate that the pattern of heat distribution correlates spatially to the topography, with
the coldest areas in the Ligurian Sea (40 °C) and the hottest areas corresponding to the Alps
(140 °C). However, irrespective of similar topographies the western Alps appear generally

warmer (140 °C) than the eastern Alps (130 °C). The warmest temperatures outside of the
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orogen are observed to occur beneath the Upper Rhine Graben (120 °C), corresponding to
negative relief with respect to its surroundings whilst being significantly warmer than they are
(80 °C). There is also an observable temperature contrast between both the northern and
southern alpine forelands with the European domain in the north around 20 °C warmer (80 °C)
than the Adriatic domain of the southern foreland (60 °C).
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Figure 3.5. Temperature maps through the final model at depths below sea level of 2 km, 5 km,
10 km and 20 km. Locations of key tectonic features are overlain (abbreviations shown in
Figure 3.1 caption).
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Similar trends are also noted in the 5 km depth slice. The highest temperatures are found
in the western Alps (220 °C), with the eastern Alps and Upper Rhine Graben around 20 °C
cooler (200 °C). At this depth, the northern foreland begins to appear warmer in the west (170
°C) and cooler in the east (150 °C). Locally higher temperatures in the northern foreland are
detected to correspond to thicker deposits of sediments in the basins. Deposits of around 4 km
and 5 km thickness in the Upper Rhine Graben and Molasse Basin respectively raise
temperatures by 20 °C compared to the surrounding foreland. Differentiation between tectonic
blocks in the northern foreland is also visible, with the Vosges Mountains in the west of the
study area displaying temperatures similar (170 °C) to those of the surrounding foreland, whilst
the adjacent Black Forest appears cooler (155 °C). The Bohemian Massif in the east of the
study area appears warmer (160 °C) than its surroundings. Such changeable lateral temperature
variations are not widely noticed in the results from the southern foreland. Temperatures
instead increase gradually moving westwards, from the coolest modelled values below the
Adriatic Sea (130 °C), towards the thicker sedimentary deposits of the Po Basin (140 °C).

At a depth of 10 km, the warmest domain in the model (350 °C) corresponds to the
location of the Brianconnais terrane, represented by a significantly thickened upper crust (30
km) in the structural model. Thinner upper crust immediately northwards (15 km thick) can be
seen in the results as an area of lower temperatures (280 °C). Whilst not representing a zone of
significant crustal thinning, the Giudicarie Line marks a thermal boundary within the Alps with
crust 30 °C warmer (320 °C) in the West than in the East (290 °C). However, the Tauern
Window represents an exception, lying east of the Guidicarie line it is indicated by a region of
elevated temperatures (330 °C) that also corresponds to a thickened upper crust. The Bohemian
Massif represents a thicker upper crust (28 km) than its surroundings and also possesses
warmer temperatures (310 °C), whilst contrastingly the Black Forest also shows thickened
upper crust but represents colder temperatures (260 °C). The coolest temperatures in the model
still occur below the Adriatic Sea (225 °C), warming inland towards the Po Basin (250 °C),
with both regions encompassing an area of significantly thinned upper crust (6 km). The
northern foreland again displays a trend of warming westwards, with the western Molasse
Basin appearing ~40 °C warmer (300 °C) than its eastern part (260 °C). The Upper Rhine
Graben is no longer one of the hottest regions at this depth level (290 °C).

At 20 km below sea level, higher temperatures correlate less to high topographies with
the majority of the Alpine orogen of a similar temperature to its northern foreland, and no

observable links exist between thicknesses of sediment and temperature. However, the
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correlation between temperature and thickness of the upper crust is noticeable, with the
Brianconnais terrane the hottest region of the model (560 °C). Besides the Brianconnais terrane,
the next warmest region lies in the western Molasse Basin, south of the VVosges Mountains.
Temperatures there reach 540 °C and correspond to the shallowest region of the LAB (70 km),
whereas below the coldest point of the model, in the Adriatic Sea (390 °C), the LAB is deepest
(140 km). At this depth level the European crust still appears warmer than the Adriatic crust,

with the LAB also shallower in general below Europe than Adria.

3.3.2. Model Parameterisation and Validation

The thermal properties used to achieve the best fit thermal field can be seen in Table
3.1. Unconsolidated sediment thermal conductivities vary significantly throughout the region.
In the Upper Rhine Graben values at the lower limit of the tested range (1.1 and 1.4 W/mK)
were found necessary to replicate the fit of the measured temperatures as close as possible.
However in other basin settings more standard values ranging from 1.8 W/mK in the Molasse
Basin to 2.3 W/mK in the Po Basin were used. Standard values for consolidated sediments
were found to be sufficient throughout the region (2.3 W/mK and 1E-06 W/m3). Within the
upper crust, large variations of thermal properties were found between different crustal blocks.
The Saxothuringian block was found to require the highest thermal conductivity (3 W/mK) and
radiogenic heat production (2.6E-06 W/m3), whilst much lower values (2.4 W/mK and 1.3E-
06 W/m3) were found necessary for the upper crust beneath the Po Basin. The lower crust
shows almost homogeneous thermal properties (2 W/mK and 3.0E-07 W/m3) with the
exception of the Saxothuringian block that again was found to require higher values (2.3 W/mK
and 6.0E-07 W/m3). Different radiogenic heat productions were also found necessary for the
two lithospheric mantle domains with the less dense domain in the northwest requiring higher
values (3.0E-08 W/m3) than in the denser southeast domain (2.0E-08 W/m3).
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Figure 3.6. Root mean square error (RMSE) of the difference between measured temperatures
(°C) and the modelled temperatures (°C) from the initial and final best fit models.

The improvement of the best fit model over the initial model (using the average value
of the range tested in Table 3.1) is visualised in Figure 3.6, where the difference between the
modelled temperatures and measured temperatures (root mean square error) is shown at
different depths. The accuracy of shallower modelled temperatures (from 2 km asl to 2 km bsl)
are only slightly improved (by ~1 °C) after iterative alterations to the thermal parameters. This
is because modelled temperatures at this depth were already closely representing (15 °C) their
measurements from the initial model. However for the deepest measurements in the region (7
km), the accuracy of the best fit model (£40 °C) is more than 20% better than the initial model
(53 °C). Across the 8,120 measurements used in the region, the root mean square error of the
best fit model is 15.42 °C, significantly better than the initial model (18.55 °C).

The correlation between measured and calculated temperatures of the best fit model are
plotted against depth for both the whole model and specific regions of interest (Upper Rhine
Graben, Molasse Basin, Po Basin, Alps) in Figures 3.7b and 3.8. Different regions of interest
required different average geotherms to best match measured values. The highest thermal
gradients are found in the sedimentary basins on the European plate with the Upper Rhine
Graben requiring the highest value at 0.04 K/m, followed by the Molasse Basin with a value
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of 0.035 K/m. Whilst measured values are sparser in the Molasse Basin, their trend is accurately
replicated by our modelling results, leaving few outliers. Although the majority of Upper Rhine
Graben measurements are well replicated, measured points in some regions deviate
systematically from the regional geotherm (0.04 K/m), plotting along a localised higher
geotherm (0.065 K/m). As a result, some modelled temperatures at depths of 2 km below the
Upper Rhine Graben are ~60 °C cooler than their measurements suggest. Features such as local
fluid movement and faults, known to affect the thermal filed in the Upper Rhine Graben

(Freymark et al., 2019), are however not modelled using the present methodology.

2&0

Depth (km)

g Measured

|- @ Modelled

Temperature (°C)

Figure 3.7. a) Location of all wellbore temperatures used. Locations of regions of interest for
comparing measured and modelled temperatures are bound in white. b) Comparison between
measured wellbore temperatures (red) and modelled temperatures for the same points (black)
plotted against depth for the whole model.

47



URG | L.. Molasse
gy g a
G W) R P 5 ) PSR B B B B
N e S R
Ea i 'ﬁ:ﬁ__ﬁ;.: Fon -
SRR LT
—_ ] . -1
-2 . -
£ -,
= . | -
[
[s]
L4 L4
- .
[~© g Measured [ ° 5 Measured
- Modelled (a) | 4 Modelled (b)
Temperature (°C) Temperature (°C)
= . . -
aat '.‘-':--‘u.' . Al ps PO
Skl
o Poabe D ' ado L
) % ."-
T2
=
£
= N
[]
2 -
-4
® , Measured 6, Measured J L
|, Modelled (C) |, Modelled L LA (d)

Temperature (*C) Temperature (°C)

Figure 3.8. Comparison between measured wellbore temperatures (red) and modelled
temperatures at those points (black) plotted against depth for locations of interest: a) Upper
Rhine Graben; b) Molasse Basin; c) the Alps; d) Po Basin. Boundaries of locations of interest
are shown in Figure 3.7a.

On the Adriatic plate, geotherms are found to be significantly lower with the Po Basin
showing a temperature gradient of 0.025 K/m. Covering the largest area and containing the
largest amounts of measured points, the Po Basin shows a larger spread of temperatures at each
depth level, however despite this, the average modelled geotherm matches the majority of
measured values well, the latter not displaying any systematic deviation from the average

geotherm.

The geothermal gradient found to best fit the Alpine region was equally low (0.025
K/m), like the Po Basin. The larger variation of the observed thermal gradient in the Alpine

domain results from the low spatial resolution and lower accuracy of Alpine measurements.
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These derive from a thermal spring wellbore dataset (Luijendijk et al., 2020), which due to heat
loss during transport of thermal fluids in the well represent minimum temperatures. This
explains why our modelled temperatures are slightly higher than observed. Moreover, thermal
springs are expressions of advective and convective heat transport - mechanisms that are not
considered in our approach. Thus we aim to reproduce the overall trend of the "observed"

geotherm but not its details.

3.3.3. Distribution of Seismicity

The locations of all seismic events used are shown in Figure 3.9a, with events separated
into different regions (Europe, East Alps, West Alps, Adria and Apennine) to compare their
relationships with modelled temperatures. Key isotherms representing temperatures in the
brittle ductile transition of the dominant crustal minerals are also shown: 275 °C for wet quartz;
450 °C for feldspar; and 600 °C for wet pyroxene (Evans et al., 1990; Simpson, 1999). In the
European Plate and western Alps, the majority of seismic events occur between the 275 °C and
450 °C isotherms, with most seismicity ceasing at 475 °C. However, a few isolated events
occur deeper, at hotter temperatures. In the Adriatic plate and eastern Alps the correlation
between seismicity and temperature is less distinct, with the majority of seismicity also
occurring between the 275 °C and 450 °C isotherms, however many more events are found to
temperatures of 600 °C. In the Apennine region, seismicity begins at a higher temperature
(>100 °C) and events are continuous down to the 600 °C isotherm. In both the Adriatic and

Apennine regions, isolated seismicity can be seen to around 70 km depth.
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Figure 3.9. Overview of seismicity data. a) Location of all seismic events used from the
International Seismological Centre (International Seismological centre, 2020) between Jan
2000 and Jan 2018 with a magnitude larger than 2 shown in red dots. a-a’ represents the cross
section in Figure 3.10, b-b’ represents the cross section in Figure 3.11. The white polygons
delimit regions of interest, where the depth and modelled temperature of each seismic event
have been shown in following panels: b) the European plate and West Alps, ¢) The Adriatic
plate and East Alps, d) the Apennine plate. Isotherms for 275 °C, 450 °C and 600 °C are
overlain as dashed blue lines.

Two cross sections through the structural model are shown to further illustrate the
relationship between local seismicity and temperature. An East to West running section
through the middle of the orogen (a-a’, Figure 3.10) and a North to South cross section from
one foreland to the other through the orogen (b-b’, Figure 3.11) are marked on the map of the
study area in Figure 3.9a. The sediments, upper crust, lower crust and lithospheric mantle of

the structural model are displayed along with all seismological epicentres that lay within a 20
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km distance of the cross section. Cross section a-a’ shows that in the Alps all seismicity IS
localised in the upper crust or Alpine nappes (shown as sediments in the cross section), with a
largely aseismic lower crust also in the western Alps, where it is shallowest. Seismicity is
centred around the 275 °C isotherm and does not occur at temperatures above 450 °C. Little

difference can be discerned between the pattern of seismicity in the Western and Eastern Alps.

Western Alps Eastern Alps

Depth (km)
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B
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Figure 3.10. A West to East cross section (a-a’ in Figure 3.9) through the structural model.
Thickness of model layers is shown: lithospheric mantle (red), lower crust (grey), upper crust
(brown) and consolidated and unconsolidated sediments (blue). Isotherms for 275 °C, 450 °C
and 600 °C are overlain as dashed black lines and seismicity from the International
Seismological Centre (International Seismological centre, 2020) that lay within 20 km distance
of the section has been marked as black dots.

Cross section b-b’ sheds light onto regional differences in the maximum depths of
seismicity between different tectonic domains. As already mentioned, most seismicity within
Europe and the Alps occurs at temperatures from 275 °C to 450 °C, corresponding mostly to
the upper crust. With the exception of a couple of seismic events corresponding to the 600 °C
isotherm at the base of the lower crust, all seismicity in Europe and the Alps terminates at the

450 °C isotherm. On the European plate, the maximum depth of seismicity is 20 km however
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due to raised isotherms beneath the centre of the orogen the maximum depth below the Alps is
15 km. In the Adriatic and Apennine domains, seismicity is present uniformly throughout the
upper and lower crusts from 275 °C down to temperatures of 600 °C and a depth of 25 km.
Additionally, the location of known subduction interfaces within the model are also overlain
to show that all seismicity recorded at temperatures higher than 600 °C corresponds to known
subduction interfaces (e.g. Piana Agostinetti and Faccenna, 2018; Kastle et al., 2019).
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Figure 3.11. A North to South cross section (b-b’ in Figure 3.9) through the structural model.
Thickness of model layers is shown: lithospheric mantle (red), lower crust (grey), upper crust
(brown) and consolidated and unconsolidated sediments (blue). The location of unmodelled
subduction interfaces have been marked as thick grey dashed lines. Isotherms for 275 °C, 450
°C and 600 °C are overlain as dashed black lines and seismicity from the International
Seismological Centre (International Seismological centre, 2020) that lay within 20 km distance

of the section has been marked as black dots.
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3.4. Discussion
3.4.1. Thermal Field

In line with previous studies (e.g. Lucazeau and Le Douaran, 1985; Stephenson et al.,
2009; Scheck-Wenderoth et al., 2014; Sippel et al., 2014), results from the sedimentary
depocentres of our model show that the shallow thermal field is largely controlled by the
insulating effects of sedimentary blanketing. In the 5 km below sea level depth slice (Figure
3.5), temperatures are elevated by 20 °C in the Upper Rhine Graben and Molasse Basin with
sedimentary thicknesses of 4 km and 5 km respectively. However, the effect of thicker
sediments is less prominent in the temperature field at a crustal depth of 20 km suggesting that

other factors control the temperature distribution at these crustal depths.

All main depocentres of the study area display different geothermal gradients, largely
independent of their sedimentary thickness, however correlating closely with the depth of the
LAB. The thermal gradient is highest in the Upper Rhine Graben (0.04 K/m) which also lies
above the shallowest LAB (75 km). The higher thermal gradient in the Molasse Basin than the
Po Basin, appears not solely related to the depth of the LAB as that is similar in both cases,
however the upper crust below the Molasse Basin is significantly thicker than in the Po Basin,
indicating radiogenic heating from the upper crust also plays a significant role. Our results
demonstrate that the shallow thermal field in basins is primarily controlled by sedimentary
blanketing, whilst the crustal thermal field is mostly influenced by the depth of the LAB and

thickness of the radiogenic upper crust.

Outside of the basins, in regions of higher relief, the topographic effect is found to play
a significantly larger role than sedimentary blanketing. In the 2 km below sea level depth slice
(Figure 3.5), the Alps appear ~80 °C warmer than their forelands, with locally up to 140 °C
predicted. This results from the higher relief since 2 km below sea level translates to 5-6 km
below surface in the Alps. Accordingly, even for an average thermal gradient of 0.03 K/m,
temperatures in the predicted range are to be expected. In contrast, below the forelands, that
are elevated less than 600 m above sea level, relatively lower temperatures are reached. To
further interrogate the effect of relief on the thermal field, temperatures from 2 and 20 km
below sea level and below surface were extracted from the model and the resulting temperature
difference visualised in Figure 3.12. The difference maps demonstrate that the topographic
effectis indeed responsible for the largest part of the temperature difference between the orogen

and forelands at shallow depths (around 80 °C at 2 km below sea level). The effect decreases
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with increasing depth, but is still evident at a depth of 20 km below sea level with a difference
of around 55 °C.
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Figure 3.12. Difference maps between temperature slices below sea and below surface at
depths of 2 km and 20 km, showing the effect of topographic relief at either depth. Locations
of key tectonic features are overlain (abbreviations shown in Figure 3.1 caption).

The lessening impact of the topographic effect with depth is also mirrored by the
increasing impact of upper crustal thickness on temperatures as depth increases. Areas of
thicker Alpine upper crust that appear warmer than their surroundings include the Brianconnais
terrane and the Tauern Window, with it also being the primary cause of the Alpine West to
East cooling transition noted to correspond with the Guidicarie fault line seen in Figure 3.5. In
the northern Alpine foreland, the Bohemian Massif is characterised by both thick upper crust
and elevated relief. However, in accordance with the results by Przybycin et al. (2015),
temperatures are not particularly elevated there since the exhumed Variscan basement acts as

a heat chimney in the absence of insulating sediments.

The presence of European crust thicker (27.5 km) than Adriatic crust (22.5 km) explains
why the northern foreland is warmer than the southern at all depth levels. However, these

temperatures also correlate with the LAB depth. The LAB deepens southwestwards, shallowest
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below the Upper Rhine Graben in the European domain (70 km) and deepest below the Adriatic
Sea (140 km). LAB depth is also a primary driver of the observed West to East cooling of both
the northern and southern forelands visible at all depth levels, and this effect also manifests in
the nearby crustal blocks, with higher temperatures below the VVosges Massif compared to the
adjacent Black Forest, both of which are represented by the same thermal parameters, relief

and upper crustal thickness.

3.4.2. Lithological Inferences from Seismicity

Different minerals undergo brittle to ductile transition at different temperatures, (see
Distribution of Seismicity section) which also act as the lower bound to the seismogenic zone.
In polymineralic rocks, i.e. almost all crustal rocks, the brittle ductile transition for different
minerals in the rock is reached at different temperatures (Evans et al., 1990) allowing
approximate bulk lithological assumptions to be made based on the depths seismicity is present
to in the different regions of the model. Across the European and Alpine domains, the upper
crust shows a cut off in seismicity across the 450 °C isotherm, with seismicity centered around
the 275 °C isotherm suggesting a bulk quartz-feldspathic lithology whilst the lower crust
remains largely aseismic. Such lithology would also be consistent with observed seismic
velocities and modelled densities in these domains (Spooner et al., 2019 and references
therein). Seismicity is only present in the European foreland lower crust under 2 conditions:
either (1) at temperatures cooler than 450 °C, suggesting a less mafic lithology than would be
expected, which is supported with the results of previous work (Spooner et al., 2019), where
the European lower crust is shown to have lower density (2800 kg/m3) than typical lower crust;
or (2) related to European slab rollback under the Central Alps (Singer et al., 2014)

Expected limitations of the steady state methodology are observed through
overestimated temperatures at subduction interfaces in the region. Although seismicity is
known to terminate around 600 °C in these settings (Emmerson and McKenzie, 2007), we
observe events occurring at modelled temperatures in excess of 1000 °C, where the Adriatic
crust subducts below the northern Apennines. This is due to the crust being subducted faster
than it can reach thermal equilibrium with the surrounding warmer mantle, requiring in the
region of 1.6 ma after subduction has ended to achieve equilibrium (Fairley, 2016). However,
as this effect is not accounted for in the steady state model, seismicity appears to occur at higher

temperatures than would be expected.
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Outside of subduction interfaces, seismicity occurs to the 600 °C isotherm in the
Adriatic and Apennine upper and lower crusts, indicating a bulk lithology with higher pyroxene
content for both than the European crusts. This is also consistent with the results of density
modelling, where the southern foreland Adriatic crust is shown to be in general denser (2800
kg/m3) than the European crust (2750 kg/m3). Due to the topographic effect and the radiogenic
heating of the thickened upper crust below the orogen, much of the alpine lower crust is hotter

than 600 °C and seismicity is predominantly absent.

We find that in general the Adriatic upper crustal domain requires lower radiogenic
heat production (1.30E-06 W/m3) and thermal conductivity (2.4 W/mK) than the European
upper crustal domains (1.3- 2.6E-06 W/m3 and 2.4-3 W/mK), a trend visible even though each
region is parameterised by multiple domains. The radiogenic heat values required to fit
observations also indicate a more mafic (e.g. Hasterok and Webb, 2017) composition for the
Adriatic crust than the European, which is consistent with the bulk lithology derived from

density modelling or seismic velocities.

Indications that the Adriatic crust is more mafic in composition than the European crust
are therefore supported by: 1) seismicity distribution relative to the thermal field and the brittle
ductile transition of crustal minerals; 2) thermal properties necessary to fit measured wellbore
temperatures; and 3) densities necessary to fit the measured gravity field. These bulk
lithological observations in conjunction with the calculated temperatures and the previous 3D
density-structural model of the region, can be used to shed light on the lateral changes in crustal
strength within the Alps and their forelands, helping to explain the observed patterns of
deformation and to create more accurate strength profiles throughout the region.

3.4.3. Importance of Limitations

The local mismatch of observed shallow temperatures with those predicted by a
conductive heat transport simulation suggests that hydrothermal convection in the Upper Rhine
Graben significantly effects the shallow thermal field of the region. This is in line with other
works (e.g. Bachler et al., 2003; Freymark et al., 2017; Koltzer et al., 2019) that also suggested
these effects are negligible below 10 km depth. Thus our findings for the relationships between
observed crustal seismicity and the deep thermal field are robust. However, none of the other
thermal effects unaccounted for in a steady state thermal model (examples listed in the

Methodological Limitations section) are noticed during an interrogation of our results. Whilst
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their impact is likely present, they are not of a magnitude that could result in visible systematic

offset between measured and modelled temperatures.

Whilst an increase in resolution of 3D structural model, is nevertheless desirable, the
largest limiting factor to the thermal field generated is the availability of measured temperature
data. Even with a course 20 km x 20 km structural model resolution, as can be seen in Figure
3.7a, large portions of the orogen and either foreland lack any measured temperatures.
Therefore, without an increase in coverage of measured temperatures an increase of model
resolution would not result in a more accurate thermal field. To interrogate this, work is
underway to quantify the sensitivity of thermal parameters used in this model in relation to the

spacing of measured temperatures available.

3.4.4. Global Applicability

Observations made during this study of physical controls on the modelled thermal field
remain applicable to a wide array of tectonic settings worldwide. We find that in central
mountain belt settings, the thickness of the radiogenic upper crust, depth to the LAB and
topographic effect have the largest impact on the thermal field, with a relief of 4 km raising
temperatures by 50 °C at 20 km depth. In conjunction with associated upper crustal thickening
resulting from orogenesis these raised temperatures result in maximum depths of seismicity

more than 5 km shallower than in the forelands.

In basin settings, we find that in the absence of relief, the thickness of sedimentary
deposits, the depth to the LAB and the magnitude of crustal thinning have the largest impact
on the thermal field. The results also suggest that the advection of hot fluids and associated
influence of localised faults in these regions are an important factor unaccounted for in this
study. Similarly, in subduction zones we see that it is crucial to consider the transient thermal

effects, such as the time taken for the downgoing crust to thermally equilibrate.

Inferences on lithology from the maximum observed depths of seismicity, align well
with previous observations on bulk densities from gravity modelling, an indication that
seismicity distribution in conjunction with a 3D thermal field can be used to gain a rough first
order estimate of the bulk lithology of a region. These findings are not region specific and as
seismicity represents a global issue, the techniques this study utilises can be applied worldwide
in order to interrogate the relationship between seismicity and the lithospheric thermal field as

a first step to quantifying seismic hazard.
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3.5. Summary

By creating the first 3D steady state thermal field of the Alps and their forelands,
validated with wellbore temperature measurements, that uses different thermal parameters for
different tectonic domains, insights were gained into the controlling factors on the thermal field
and lithological indications of each crustal block. The findings suggest that the shallow thermal
field (0 - 10 km) is largely controlled by sedimentary blanketing or topographic effects, with
the central orogen appearing 80 °C warmer than its forelands at a depth of 2 km below sea level
and temperatures in the centre of the Molasse Basin 20 °C warmer than at the edges. We also
show how the deeper thermal field (10 - 20 km) appears controlled by the LAB depth and the
radiogenic contribution of the upper crust, with thickness and lithology (magnitude of

radiogenic heat production) important influencing factors at crustal depths.

The European upper crustal domains require higher radiogenic heat productions and
thermal conductivities (1.3-2.6E-06 W/m3 and 2.4-3 W/mK) than the Adriatic upper crust
(1.30E-06 W/m3 and 2.4 W/mK). In conjunction with density observations, we use these
thermal parameters to suggest the Adriatic crust is more mafic than the European. This is
strengthened by observed differences in the clustering of seismicity at suspected brittle ductile
transitions, with the Adriatic and Apennine plates demonstrating seismicity to higher
temperatures, indicating a larger percentage of pyroxene than in the European crust.
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Chapter 4. How biased are our models? — A Case Study of the Alpine Region

4.1. Introduction

Understanding the physical processes occurring within the subsurface is as important
in the field of Geosciences as understanding climatic processes. In this paper, we focus on the
understanding of the subsurface temperature field, which is of major importance for geothermal
applications. Here, we focus on numerical process simulations to improve our understanding
of the subsurface. These simulations are based on both geological and physical models,
however in this paper, we will further investigate primarily the latter. The physical model has
two major sources of uncertainties arising from the physical processes itself (i.e neglected
processes, generalizations) (i.e. Houghton et al., 2001; Murphy et al., 2004; Refsgaard et al.,
2007) and from the physical parameters (i.e. thermal conductivity, radiogenic heat production)
in terms of ranges (i.e. Freymark et al., 2017; Lehmann et al., 1998; Vogt et al., 2010; Wagner
and Clauser, 2005) and their distribution (i.e. Feyen and Caers, 2006; Floris et al., 2001).

To compensate for both sources of uncertainties, one commonly performs model
calibrations, either deterministically (i.e. Doherty and Hunt, 2010; Fuchs and Balling, 2016;
Hill and Tiedeman, 2006; Wellmann and Reid, 2014) or stochastically (i.e. Elison et al., 2019;
Linde et al., 2017). Model calibrations aim to compensate for existing model error by adjusting
the model parameters to a given data set. Naturally, the data set itself is subject to uncertainties.
However, if we perform, for instance, stochastic model calibrations as Markov Chain Monte
Carlo (Iglesias and Stuart, 2014), we are able to take these uncertainties into account.
Nonetheless, there is another problem related to the data set and this is the data distribution.
Note that in the following, we introduce the problems arising from data distribution through
the example of temperature measurements. Still, many of the presented problems are

generalizable for other geophysical data sources.

The first problem related to the data distribution is the depth location of the individual
measurements. Our geothermal models have a depth in the magnitude of 100 km. In contrast,
our deepest thermal measurements are commonly at a depth of 5 km to 7 km. The second
problem is related to data density. Focusing on the horizontal data distribution, we face the
problem of data sparsity and unequal data distribution. In certain model areas, we have very
few temperature measurements and in other areas, we have a much larger data density. This

inequality can be compensated by using data weighting schemes (i.e. Degen et al., 2020a;
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Lerch, 1991). However, we also have areas where no temperature measurements exist. Data
weighting cannot compensate for these non-existent measurements. The problem is further
enlarged by the data source. Most of our temperature measurements come from the
hydrocarbon industry, however, their targets and those of the geothermal industry are not the
same in every region. This means that we can face the problem of lower data resolution in areas

of interest whilst possessing higher data resolution in areas that are not of primary interest.

The problem of data sparsity is long and widely recognized (i.e. Cherpeau and Caumon,
2015; Zehner et al., 2010). However, there are no studies systematically investigating the bias
we introduce due to temperature measurements in a geothermal setting. Studies for the
measurement bias are common in the field of remote sensing (i.e. Feng et al., 2016; Schwarz
et al., 2020), however, their focus is entirely different. In remote sensing, the location of the
measurements is subjected to uncertainties. In contrast, our problems do not arise from
imprecise measurement locations but their distribution. Naturally, our locations are also
associated with uncertainties, however, in basin-scale applications they are of minor

importance.

In this paper, we aim to provide a systematic investigation of the bias induced by
measurement distribution. Therefore, we perform global sensitivity analyses to determine the
influence of the model parameters (i.e. thermal conductivity, radiogenic heat production) on
the model response (i.e. temperature). Sensitivity analyses can be subdivided into local and
global analyses. We choose a global sensitivity analysis to investigate not only the influence
of the parameters itself but also the parameter correlations. Note that a local sensitivity analysis
assumes that all parameters are independent of each other (Degen et al., 2020a; Saltelli, 2002;
Saltelli et al., 2010; Sobol, 2001; Wainwright et al., 2014). Furthermore, we want to avoid a
possible overestimation of the influences. A previous model study showed that the local
sensitivity analysis can overestimate the influences (Degen et al., 2020a). Global sensitivity
analyses have been performed before in, for example, Baroni and Tarantola (2014); Cannavo
(2012); Cloke et al. (2008); Degen et al. (2020a); Fernandez et al. (2017); van Griensven et al.
(2006); Song et al. (2015); Tang et al. (2007); Wainwright et al. (2014); Zhan et al. (2013),
however, they are either in a different geophysical setting and or with a different focus of

interest.

Global sensitivity analyses have the disadvantage of being computationally very
demanding since they require several thousand to several hundred-thousands forward

simulations. This makes these analyses infeasible even for state-of-the-art finite element
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problems. To compensate for the expensive nature of the method, we employ the reduced basis
method to construct suitable surrogate models. The principle idea is to replace the original high
dimensional model with a low dimensional model while keeping the key characteristic of the
problem (Benner et al., 2015; Hesthaven et al., 2016; Prud’homme et al., 2001; Quarteroni et
al., 2015). In this paper, we do not focus on the observation space alone but also investigate
the entire temperature state. Hence, we need a surrogate model for the entire state. The reduced
basis method is able to provide us with this, in contrast to many other surrogate model
techniques (Ba,s and Boyaci, 2007; Bezerra et al., 2008; Frangos et al., 2010; Khuri and
Mukhopadhyay, 2010; Miao et al., 2018; Mo et al., 2019; Myers et al., 2016; Navarro et al.,
2018). The reduced basis method is widely known in mathematical applications (i.e. Benner et
al., 2015; Grepl, 2005; Hesthaven et al., 2016; Aretz-Nellesen et al., 2019; Karcher et al., 2018;
Prud’homme et al., 2001; Quarteroni et al., 2015; Rozza et al., 2007), however only few
geoscientific applications exist (Degen et al., 2019). Nevertheless, some studies do use
comparable approaches (Ghasemi and Gildin, 2015; Gosses et al., 2018; Rizzo et al., 2017,
Rousset et al., 2013; Zlotnik et al., 2015).

In this paper, we investigate the problems related to the data distribution for the case
study of the Alpine Region. The geological model, covering the Alpine orogen and its
forelands, is taken from a previous study (Spooner et al., 2020). Thermal studies of the Alpine
Region are of interest to understand how the present-day deformation is linked to the thermal
field. Therefore, we want to illustrate how the interpretation of the temperature field might be

biased.

4.2. Materials and Methods

In the following, we briefly introduce the concepts of global sensitivity analyses and
the reduced basis method. Furthermore, we introduce the physical model and the temperature
data used throughout this study.

4.2.1. Global Sensitivity Analysis

In this study, we investigate the measurement bias and therefore require knowledge of
which parameters the temperature distribution is sensitive to. Therefore, we employ a
sensitivity analysis (SA). We distinguish two types of sensitivity analyses: local and global.

The local sensitivity analysis investigates the influence of the model parameters with respect
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to a user-defined reference parameter set. All parameter variations are considered independent
of each other and only the vicinity of the input parameters is explored (Sobol, 2001;
Wainwright et al., 2014). In contrast, the global sensitivity analysis explores the entire
parameter space and also investigates the parameter correlations (Sobol, 2001). In this paper,
we use a global sensitivity analysis with the Saltelli sampler (Saltelli, 2002; Saltelli et al.,
2010), and we investigate two types of sensitivity indices: the first- and total order indices.
First-order indices describe the influence arising from the model parameter itself. Total-order
indices additionally contain information about the parameter correlation (Sobol, 2001). We
perform the SA with the Python library SALib (Herman and Usher, 2017) and 100,000
realizations per parameter to reduce the statistical error. For further information regarding the
global sensitivity analysis refer to Sobol (2001); Saltelli (2002); Saltelli et al. (2010), and for a
comparison between local and global sensitivity analysis to Wainwright et al. (2014) and
Degen et al. (2020a).

4.2.2. Forward Problem

For this case study, we are using a conductive heat transfer problem (Turcotte and
Schubert, 2002). To ensure that we investigate the relative importance of the parameters and

for better efficiency, we use the following non-dimensional form:

A V2 <T - Tref) + S
Aver Sref l72"ef Trer Sref Tref Arer (4.1)

where A is the thermal conductivity, S the radiogenic heat production, and T the temperature.
The subscript “ref” denotes the respective reference parameters and lrer the reference length.

Note that the Laplace-operator acts on the normalized space.

4.2.3. Reduced Order Modelling

In this work, we require a surrogate model that is representative of the entire
temperature state to ensure the feasibility of the study. Therefore, we use the reduced basis
(RB) method for the surrogate model construction, a projection based model order reduction
technique. It aims to replace the original high dimensional model with a low dimensional

representation while keeping the input-output relationship the same. Hence, the method
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preserves the underlying physics. One limitation of the RB method is that it is restricted to
underlying low dimensional parameter spaces. With higher dimensional parameter spaces the
complexity of the parameter space tends to increase, leading to longer construction times and
surrogate model dimensions that are too large. The RB method destroys the sparsity pattern of
the system, meaning that a large surrogate model will require a longer execution time than the
original finite element model due to its dense nature. To overcome this issue, we use a

hierarchical sensitivity study as we will discuss in Section 4.3.1.

The RB method compromises two parts: the offline and online stages. During the
offline stage, we construct our surrogate model. This stage is computationally expensive but
needs to be performed only once. In the online stage, we use the low dimensional surrogate
model. This stage is computationally fast and therefore ideal for expensive outer loop processes
such as the global sensitivity analysis. In previous studies, we showed that the RB method
yields a speed-up of several orders of magnitude for the here described physical problem
(Degen et al., 2019, 2020a).

All reduced models are generated with the software package DwarfElephant (Degen et
al., 2019). Degen et al. (2019) also contains a detailed description of the reduced order model
construction, which is omitted here for the sake of clarity. For further information regarding
the RB method refer to Hesthaven et al. (2016); Prud’homme et al. (2001); Quarteroni et al.
(2015) and a detailed overview of various model order reduction techniques is provided in
Benner et al. (2015). Further information regarding the RB method in the field of Geosciences
is presented by Degen et al. (2019) and specifically for basin-scale thermal applications in
(Degen et al., 2020a).

4.2.4. Temperature Data

We present the temperature data set in form of a histogram in Figure 4.1, and illustrate
the spatial distribution in Figure 4.2. This temperature data is identical to the one presented in
Spooner et al. (2020). The entire data set compromises 8120 measurements with a maximum
depth of 7.3 km and a mean depth of 1.8 km. The Italian National Geothermal Database
(Trumpy and Manzella, 2017) provides the data for the southern foreland. For the northern
foreland, the data is derived from the Upper Rhine Graben data base provided in Freymark et

al. (2017) and references therein. The data of the Molasse Basin is retrieved from Przybycin et
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al. (2015) and references therein, whereas the data from the Alps is compiled from Luijendijk
et al. (2020).

The spatial distribution of measurements varies widely across the region, sparse in the
Molasse Basin (103) and Alps (83) to dense in the Po Basin (7,619). In an effort to alleviate a
significant bias and to improve the efficiency of the presented methods, the dataset was filtered
to give a more uniform measurement density across the region, with a significant reduction in
the Po Basin (2,028) whilst retaining those in the Molasse Basin (103) and Alps (83). Deeper
measurements (> 2 km) were preferentially maintained throughout the region as they better
indicate crustal temperatures, a particular focus of the work undertaken here. This resulted in

a filtered dataset of 2,388 wellbore temperatures measurements with a mean depth of 2.3 km.
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I General-Focus Alps Model (Full)

[ Crustal-Focus Alps Model (Full)
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Figure 4.1. Distribution of the measurements according to the geological layers. For the Layer
IDs please refer to Table 4.1.
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Layer

Layer ID

Property

Acronym

Unconsolidated Sediments URG (top 1km )

Thermal Conductivity
Radiogenic Heat Production
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Thermal Conductivity
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General-Focus Model: Unconsolidated Sediments Molasse
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Radiogenic Heat Production
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Radiogenic Heat Production
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Thermal Conductivity
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Upper Crust Apennine
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Thermal Conductivity
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Upper Crust Istrea
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Thermal Conductivity
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Upper Crust Moldanubia
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Thermal Conductivity
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L
KRR}

General-Focus Model: Upper Crust Bohemia
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Upper Crust Vosges
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General-Focus Model: Upper Crust West Alps
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22
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Upper Crust North East Adria
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Upper Crust Ivrea
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Upper Crust South East Adria
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Thermal Conductivity
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|

Lower Crust Saxothuringia
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Thermal Conductivity
Radiogenic Heat Production
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Lower Crust Moldanubia
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Lower Crust Alps
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Radiogenic Heat Production
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Radiogenic Heat Production
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Lithospheric Mantle North West
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Table 4.1. Acronyms and Layer IDs for both the General-Focus and Crustal-Focus Model

65




4.2.4.1 Weighting

A common issue of the temperature data for the calibration of thermal models is their
unequal distribution. To compensate for this inequality, we introduce a weighting scheme in
this paper. There are different possibilities to weight the measurement data. In this paper, we
use a regional weighting scheme that combines quantitative measures and our knowledge about
the geophysical settings and the data quality. As previously mentioned the data set was reduced

to 2,388 data points in total. We subdivide the model into four regions:

- the Alps with 83 measurements,
- the URG with 177 measurements,
- the Molasse with 103 measurements,

- and the Po Basin with 2028 measurements.

Wellbore Temperature
Measurement

Unconsolidated Sediments

[]
l:‘ Consolidated Sediments
[]

Upper Crust

PO B <%
A

Depth (km)

Figure 4.2. Spatial distribution of the temperature measurements a) projected on the surface,
b) along the crossection i, and c) along the crossection ii.
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As we can see, the Po Basin contains many more temperature measurements than the
other regions. Additionally, we need to take into account that the temperature measurements
of the Alps are non-robust since they are minimum temperature values. Also, the data from the
Upper Rhine Graben needs to be treated carefully since we do not account for convective

processes in this paper. These aspects yield the following weighting scheme:

- the Po Basin is not weighted,
- the Molasse is weighted by a factor of 20 since the Po Basin contains 20 times more
data points,

- and the Upper Rhine Graben and the Alps are weighted by a factor 0.5.

4.3. Alpine Region
In this paper, we study two versions of the Alps Model:

1. The first one focuses on the Sediments and the Lithospheric Mantle. This model has
been presented in Spooner et al. (2020) and is from here on denoted as the “General-
Focus Alps” model. It consists of 31 geological layers. Each layer has a homogeneous
and isotropic thermal conductivity and radiogenic heat production.

2. The second model concentrates on the Upper Crust and is denoted as the “Crustal-Focus
Alps” model. This model contains 34 geological layers, again each layer has a

homogeneous and isotropic thermal conductivity and radiogenic heat production.

Both models have an extent of 640 km in the x-direction and 600 km in the y-direction. In
the vertical direction, both models extend down to the Lithosphere-Asthenosphere Boundary
(LAB). The models are discretized using hexahedrons with a horizontal resolution of about
21.33 km x 19.35 km.

At the top of both models we apply a Dirichlet boundary condition representing the annual
average surface temperatures (B6hm et al., 2009; Fan and Van den Dool, 2008; Locarnini et
al., 2013) varying from -10 °C (Alps) to 16 °C (Adriatic Sea). Additionally, at the base of the
model, we assign a Dirichlet boundary condition varying between 1250 °C below the VVosges
massif and 1400 °C below the Bohemian massif (Schaeffer and Lebedev, 2013). For further
information regarding the physical and geological setting of the General-Focus Alps model
refer to Spooner et al. (2020).
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For the reference thermal conductivity, we use a value of 3.0 W m™* K (corresponding to
the largest thermal conductivity). Analogously, the reference length is 640,000 m
(corresponding to the maximum model extent), and the reference radiogenic heat production
2.6 MW m-3 (corresponding to the largest radiogenic heat production). The reference

parameters are the same for both models.

In this paper, in addition to the General-Focus Alps model, already presented in Spooner
et al. (2020) we use the Crustal-Focus Alps model, where the Upper Crust below the Po Basin
was thinned (with requisite thickening of the Lower Crust carried out in order to compensate)
in order to better fit temperature observations from the previous thermal modelling work
(Spooner et al., 2020). Inconsistencies in the original classification of Unconsolidated
Sediments and Consolidated Sediments were also rectified, specifically in the region of the
Southern Alps. Small alterations to the depth of the Moho were also made as a result of more
recent observations (Magrin and Rossi, 2020). The gravity residual of the newly generated
structural model was then re-minimised using the same methodology described in Spooner et

al. (2019), achieving a misfit as good as the original model.

Alps General-focus Miodel:
Alps General-Focus Model Alps Crustal-Focus Model:

Model Focus on the Sediments and the

Mantle

Focus on the Upper Crust

Measurement-
Focused

Measurement-
Focused

Welghtlng Jeentee Jeentee

Quantity of Interest

Figure 4.3. Schematic overview of the models used in this paper.
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4.3.1. Thermal Model

To avoid the problem of the parameter space dimension becoming too large, we
perform a hierarchical global sensitivity analysis. The setup for both the General-Focus and
Crustal-Focus Alps model is the same. Therefore, we explain the hierarchical sensitivity
analysis using the General-Focus Alps model. For the top level sensitivity analysis, we
separately combine layers with equal thermal conductivities and radiogenic heat productions,
reducing the number of thermal parameters from 62 to 19. This top level sensitivity analysis
investigates the influences of the thermal properties in the entire model region. However, the
investigated properties combine several entities, so in order to isolate the thermal properties
that are influencing the temperature distribution, we perform additional sensitivity analysis for
those properties that exceed our threshold of 1-10-2. This threshold was chosen at a level,
where we observed a significant decrease in the sensitivity indices. In total, we perform three

additional sensitivity analysis for the:

1. Unconsolidated Sediments and the Lower Crust (red rectangle of Figure 4.4 and Peak
1 of Figure 4.5),

2. Unconsolidated and Consolidated Sediments (gray rectangle of Figure 4.4 and Peak 2
of Figure 4.5),

3. and the Upper Crust (blue rectangles of Figure 4.4 and Peak 3 of Figure 4.5).

Each of these additional sensitivity analyses also contains a thermal parameter from the top
level sensitivity analysis to enable a comparison between all analyses. We investigate all
thermal properties of the Upper Crust and not only those that are above the threshold since the
Upper Crust has been the primary interest in previous studies (Spooner et al., 2020). The setup
of the hierarchical sensitivity analysis is shown in Figure 4.4 and 4.5. Note that in this section
we only present the setup of the hierarchical sensitivity analysis. A detailed presentation of the

individual analyses follows in the next sections.
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Figure 4.4. Representation of the hierarchical process-focused sensitivity analysis of the
General-Focus Alps model. For the Layer IDs and acronyms please refer to Table 4.1.
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Figure 4.5. Schematic representation of the hierarchical global sensitivity analysis.




4.3.2. Influence of the Quantity of Interest

In this paper, we want to investigate how much our analyses are influenced by focusing
on measurements. This is important since we calibrate and validate our analyses with, for
instance, temperature measurements. The sensitivity analysis investigates the relative changes
that are induced by changes in the model parameters (i.e. thermal conductivity and radiogenic
heat production). For the sensitivity analysis, we need to define a quantity of interest, which
allows us to define with respect to what measure the changes are investigated. To investigate
the influence of the measurements, we perform the hierarchical sensitivity analyses with two
different quantities of interest for the General-Focus Alps model (branch 1.1 and 1.2 of Figure
4.3):

1. The first quantity of interest is defined as the sum of the absolute temperature values of
the entire model. This results in a sensitivity analysis that is representative of the
physical processes since all regions in the model are treated equally.

2. The second quantity of interest is defined as the absolute misfit between the simulated
and measured temperature values. Hence, the resulting sensitivity analysis is focused

on the temperature measurements.

10° .
I Process-Focused (First-Order)

[ Process-Focused (Total-Order)
B Measurement-Focused(First-Order)

107t Zz2 Measurement-Focused (Total-Order)

1072

Sensitivity [-]

1073

10-°

1077

M

26,27 A3,7
28,29 Ag,9
30,31 410,26

As Ai,12A13,14 |A1e 50,1,2 $11,18 512,13 |S16  S17 S19 S26 $27,28 |S32 | S33
A1g,19 A20,24 132,33 3,4,6 22,23 514,20 529,30
A22,23,25 Y.8.901p S2s  Soa S31

Model Parameters [-]

Figure 4.6. Top level sensitivity analysis (focusing on the entire Alps model) with different

quantities of interest of the hierarchical global sensitivity analysis for the General-Focus Alps

model. For the Layer IDs and acronyms please refer to Table 4.1.
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In the following, we focus on the difference in the total order sensitivity indices between
those two hierarchical sensitivity analyses (branch 1.1 and 1.2 of Figure 4.3) to present the bias
introduced by the measurements and the consequences of using temperature data from the
hydrocarbon industry for the calibration of geothermal models. In this study, we use only the
General-Focus Alps model to avoid any influence from factors other than the measurements.
Focusing on the difference between the hierarchical sensitivity analyses, we make two key

observations:

1. We observe tendentiously higher difference for the thermal conductivities of deeper
geological layers. This is highlighted in Figure 4.6 with gray rectangles. Here, we
observe the highest differences for:

— 1 being the thermal conductivity of the Unconsolidated Sediments of the Upper
Rhine Graben below 1 km,

— 4 being the thermal conductivity of the Unconsolidated Sediments of the Molasse
Basin,

— MMz, A8, A9, A22, A23, and A5 compromising the thermal conductivities of the
Appennine, Istrea, Molasse, East Alps, Po, and the North East and South East Adria
Upper Crust,

— M3, A4, Ao, and o4 compromising the thermal conductivities of the Moldanubia,
Bohemia, West Alps, and Ivrea Upper Crust,

— A7 being the thermal conductivity of the Vosges Upper Crust.

Furthermore, this can be confirmed by looking at the additional sensitivity analysis of
the Unconsolidated Sediments—Lower Crust (Figure 4.7), where we observe higher

differences for the Lower Crust thermal conductivities.

2. The difference in the sensitivity indices tend to be larger for the radiogenic heat
production than for the thermal conductivity. This is highlighted in Figures 4.6 and 4.9
with red rectangles.

Furthermore, in the case of the process-focused analyses, the model is sensitive to more

parameters and we obtain a slightly higher parameter correlation.

Now, we focus on the difference observable for the analysis of the Unconsolidated and
Consolidated Sediments. For both sediment types, we obtain huge differences in the
sensitivities. For the thermal conductivities of the Unconsolidated Sediments, the

measurement-focused analysis returns tendentiously higher influences, whereas for the
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Consolidated Sediments the process-focused analysis results in tendentiously higher influences

of the thermal conductivities.

Finally, we switch our focus to the analysis of the Upper Crust. For the Upper Crust,

we observe six thermal conductivities with a significant difference in the sensitivity indices:

A13, Ma, and A2o compromising the thermal conductivities of the Moldanubia, Bohemia,
and West Alps Upper Crust,

A6 being the thermal conductivity of the Saxothuringia Upper Crust,

A7 being the thermal conductivity of the VVosges Upper Crust,

\1s being the thermal conductivity of the Molasse Upper Crust,

A24 and being the thermal conductivity of the Ivrea Upper Crust.

The differences for the radiogenic heat production are the highest for:

S12 and Sz4 compromising the radiogenic heat production of the Istrea and Ivrea Upper
Crust,

S22, S23, and Szs compromising the radiogenic heat production of the Po, North East,
and South East Adria Upper Crust.

Note that we do not present the results of the Upper Crust sensitivities in Figure 4.7 and

the Lower Crust sensitivities in Figure 4.8. Both are properties from the top level sensitivity

analysis and are required to enable a comparison between the different analyses. However, they

represent only one property from the lithological unit. Therefore, they are not representative

for any kind of trend analysis.
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Figure 4.7. Sensitivity analysis of the Unconsolidated Sediments and Lower Crust with
different quantities of interest of the hierarchical global sensitivity analysis for the General -
Focus Alps model. For the Layer IDs and acronyms please refer to Table 4.1.

4.3.3. Influence of the Weighting

The consequences of introducing a weighting scheme have been already partly
addressed in Degen et al. (2020a). However, there the authors focused on the consequences for
the process of model calibrations. Here, we want to investigate how we can compensate for the

measurement bias by applying weights.

Analogous to the previous section, we focus on the differences in the total order
sensitivity indices. For all analyses, we can observe that the weighted scenario tends to be
closer to the process-focused analysis than the non-weighted scenario for the thermal
conductivities. This is highlighted by the gray rectangles in Figures 4.10 and 4.13. The behavior
is very prominent for the thermal conductivity of the Moldanubia Lower Crust (gray rectangle
of Figure 4.11).

In contrast, we observe for the thermal conductivities of the Upper Rhine Graben layers
a closer resemblance of the non-weighted scenario to the process-focused analysis (blue

rectangle of Figure 4.10).
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We also observe, for the radiogenic heat production, that for most layers the indices of
the weighted case are closer to the process-focused analysis than the non-weighted (red
rectangles of Figure 4.10). Differing from this trend is the radiogenic heat production of the
Istrea and Ivrea Upper Crust. Furthermore, we observe that the weighted analysis overestimates

the influence of the Molasse Upper Crust (Figure 4.13).
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Figure 4.8. Sensitivity analysis of the Unconsolidated and Consolidated Sediments with
different quantities of interest of the hierarchical global sensitivity analysis for the General-
Focus Alps model. For the Layer IDs and acronyms please refer to Table 4.1.

4.4. Discussion

In the following, we discuss the consequences of focusing a study on measurements.
Therefore, we discuss the changes in the sensitivities for the different quantities of interest and
weighting schemes. Furthermore, we demonstrate the consequences through a deterministic

model calibration example.

75



4.4.1. Influence of the Quantity of Interest

The different quantities of interest represent the bias introduced by the unequal
distribution of the measurement locations. Hence, we can use the difference in the sensitivity
analysis to discuss the bias that is induced by the temperature measurements. So far, we had
two key observations for the study of the different quantities of interest:

1. the difference in the indices for the thermal conductivities are higher for deeper layers,
2. the differences are higher for the radiogenic heat productions than for the thermal
conductivities.

Both of these observations can be explained by having a closer look at the depth distribution
of the temperature measurements (Figure 4.14). We can see that most measurements are
located in a depth of up to 2 km. The deepest measurement is at depth of about 7.3 km, whereas
the model extends to a maximum depth of about 140.5 km. Hence, most measurements are
located in shallower geological layers, and in the deepest layers, we find no measurements at
all (Figure 4.1). Therefore, the measurement focused analysis tends to underestimate the
influences of the deeper geological layers and overestimates the influences of shallower. This

is true for both thermal conductivity and radiogenic heat production.
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Figure 4.9. Sensitivity analysis of the Upper Crust with different quantities of interest of the
hierarchical global sensitivity analysis for the General-Focus Alps model. For the Layer IDs
and acronyms please refer to Table 4.1.
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We investigate the phenomenon closer for the analysis of the Unconsolidated and
Consolidated Sediments. Here, we have a prominent overestimation of the influences of the

Unconsolidated Sediments and an underestimation of the Consolidated Sediments. We have:

- 384 data points in the Unconsolidated Sediments of the Upper Rhine Graben above 1
km (Ao in Figure 4.6),

- 755 data points in the Unconsolidated Sediments of the Upper Rhine Graben below 1
km (A1 in Figure 4.6),

- 516 data points in the Unconsolidated Sediments of the Po Basin below 2 km (A7 in
Figure 4.6),

- 318 data points in the Consolidated Sediments outside of sedimentary basins (Ag in
Figure 4.6),

- 18 data points in the Consolidated Sediments of the Molasse Basin (A9 in Figure 4.6),

- and 63 data points in the Consolidated Sediments of the Po Basin (A10 in Figure 4.6).

The much higher data density in the Unconsolidated Sediments explains the high influence of
the thermal conductivities of the Unconsolidated Sediments for the measurement-focused
analysis. The only remaining question is why the influence of the thermal conductivity of the
Unconsolidated Sediments Po below two kilometers is underestimated although containing 516
data points. This might be a bias introduced by the high data density of 755 data points in the
Unconsolidated Sediments (A3).
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Figure 4.10. Top level sensitivity analysis (focusing on the entire Alps model) with different
weighting schemes of the hierarchical global sensitivity analysis for the General-Focus Alps
model. For the Layer IDs and acronyms please refer to Table 4.1.

The behavior is more pronounced for the radiogenic heat production for lithological
reasons. The highest influences of the radiogenic heat productions arise from the Upper Crust
(Figure 4.6), meaning that the radiogenic heat production is more prominent in deeper parts of
the model. However, these parts of the model are further away from our measurement
locations. Hence, the measurement-focused analysis highly underestimates the influence of the
radiogenic heat production. The same effect can be observed for the thermal conductivity of
the Upper Crust (As in Figure 4.6). For the measurement-focused analysis, the influence of the
thermal conductivity is below the threshold, whereas for the process-focused analysis it is
above.

The consequence of the data distribution becomes obvious once we look at the analysis
of the Unconsolidated Sediments and Lower Crust (Figure 4.7). For all lower crustal layers,
the influence is significantly underestimated in the measurement-focused scenario.
Consequently, by focusing on the measurement in the further analysis we would lose all
information related to the Lower Crust, although the layer might be important for the physical

understanding of the subsurface.
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Figure 4.11. Sensitivity analysis of the Unconsolidated Sediments and Lower Crust with
different weighting schemes of the hierarchical global sensitivity analysis for the General-
Focus Alps model. For the Layer IDs and acronyms please refer to Table 4.1.

Also, for the analysis of the Upper Crust (Figure 4.9), we are confronted with the
consequences of the unequal data distribution. The huge difference in the influences of the
thermal conductivities of the Saxothuringia, Vosges, Molasse, and Ivrea Upper Crust is caused
by a very low or zero data density. Also, the influence of the Moldanubia, Bohemia, and West
Alps Upper Crust is underestimated. We have data in the Moldanubia and West Alps Upper
Crust but no data in the Bohemia Upper Crust yielding this discrepancy.

The influence of the radiogenic heat production of the Istrea and Ivrea Upper Crust is
underestimated in the measurement focused study due to the lack of data. Whereas the
influence of the radiogenic heat production of the Po, North East Adria, and South East Adria
Upper Crust is overestimated. This is likely caused by the measurements available for both the

Po and North East Adria Upper Crust layers.

We also observed slightly higher parameter correlations for the process-focused
analysis. This is probably related to the fact that the model is sensitive to more parameters.
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4.4.2. Influence of the Weighting

We observed that the weighted measurement-focused analysis tends to be closer to the
process-focused analysis. This becomes understandable by looking at the applied weighting
scheme. We applied a regional weighting scheme to compensate for the unequal data
distribution in the four regions of our model. Hence, we can compensate partly for the
measurement bias. However, we are not able to fully compensate for the data sparsity. The
main reason for this is that we can compensate for fewer data points but not for regions without
data points since no measurements are available to which we could apply a higher weight. This
can be observed, for instance, in the properties related to the layers of the Molasse.

100 I Weighted (First-Order)
Weighted (Total-Order)
Non-Weighted (First-Order)
Non-Weighted (Total-Order)
Process-Focused (First-Order)
Process-Focused (Total-Order)

1071

1072

Sensitivity [-]

1074

107

A A3 A7 As Ag A1o A2
Model Parameters [-]

Figure 4.12. Sensitivity analysis of the Unconsolidated and Consolidated Sediments with
different weighting schemes of the hierarchical global sensitivity analysis for the General-
Focus Alps model. For the Layer IDs and acronyms please refer to Table 4.1.

We observed that the sensitivity indices of the thermal properties related to the layers
inside the Upper Rhine Graben are further apart for the weighted and process-focused
comparison than for the non-weighted process-focused one. This is related to the choice of the

weighting scheme. We chose to put less weight on the temperature data from the Upper Rhine

80



Graben since we do not account for convective effects in this paper. Analogously, the
properties of the Apennine Upper Crust layers also have a too small influence for the weighted
scenario. As a reminder, we downgraded the importance of the temperature data in this region

since the data consists of minimum temperature data.

Through the weighting we are able to compensate for the underestimation of the
Unconsolidated Sediments of the Po Basin. Hence, the bias most likely induced by the high
data density of the other layers can be removed.

For the thermal conductivities of the Saxothuringia, Vosges, Molasse Upper Crust (gray
rectangle of Figure 4.13), we are again able to remove parts of the data bias caused by the data
sparsity of these layers. The same phenomenon is observable for the radiogenic heat production
of the Upper Crust (red rectangles of Figure 4.13).
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Figure 4.13. Sensitivity analysis of the Upper Crust with different weighting schemes of the
hierarchical global sensitivity analysis for the General-Focus Alps model. For the Layer IDs
and acronyms please refer to Table 4.1.
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Note that the weighting scheme is case study and aim specific. Depending on our
knowledge about data quality, regions of interest, and other aspects the weighting scheme can
be case-specifically designed. In this paper, we do not aim to provide “the ideal” weighting
scheme for the Alpine Region. Instead, we demonstrate the impact of a weighting scheme for

thermal modeling.

4.4.3. Calibration Example

So far, we have presented that we obtain significantly differing sensitivities for the
process-focused and measurement-focused study. In the following, we demonstrate the
consequences of this difference through a deterministic model calibration. We choose the
example of a model calibration because this is a typical inverse process that relies on

observation data.

Model calibration aims to compensate for existing model errors by adjusting the model
parameters in accordance with our temperature measurements. Analogous to Degen et al.
(2020a), we use a sensitivity-driven model calibration for more robust results. In this study, we
performed various sensitivity analyses. For the model calibration, we require the measurement-
focused sensitivity analyses (branch 1.1 and 2.1 of Figure 4.3). We need these sensitivity
analyses because they represent the information content that can be derived from the
temperature data. In the case of the General-Focus Model, five thermal parameters that can be
calibrated are yielded (Table 4.2). The data is insensitive to the remaining parameters. Hence,
we cannot calibrate these values. We are left with mostly shallow layers to calibrate. The
exception is the Lithospheric Mantle which is influential due to its large volume.

Parameter Initial Value Calibrated Values
General-Focus - Unweighted [ General-Focus - Weighted | Crustal-Focus - Weighted

A [Wm™t K™ 2.0 1.53 1.70 2.02
A [Wm™t K™ 2.3 1.33 2.04 3.45
As[Wm™t K™ 1.8 n/a 1.62 1.53
Ae Wm™t K1) 2.0 1.86 2.02 2.03
Aszss (Wm ™t K™Y 3.0 3.71 3.18 2.5
S22 2325 [WW m3] 1.3 0.2 0.8 1.3

Table 4.2. Comparison of the initial thermal properties and the calibrated thermal properties
for different geological models and different weighting schemes.
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Figure 4.14. Distribution of the measurements according to the depth

In the following, we discuss the results of the automated model calibration and its
consequences. Note that in this work, we use the model calibration in a slightly different way.
Usually, it is used to compensate for model errors. That means of course that it also identifies
the problematic model areas. In this work, we employ the model calibration as an identification
tool for model errors. Therefore, we use as initial values the calibrated values by Spooner et al.
(2020), which have been obtained through a “trial-and-error” model calibration. Then, large

discrepancies between our initial values and calibrated values identify model problems.

The first model problem that we can identify is the measurement bias through an
unequal data distribution (General-Focus — Unweighted). This can be at least partly removed
through data weighting (General-Focus — Weighted) yielding smaller differences between
initial and calibrated values. Nonetheless, we observe a low radiogenic heat production of the
Upper Crust, meaning that our model is non-ideal in the description of the Upper Crust. This
also leads to thermal conductivities that are too low in the Sediments and too high in the
Lithospheric Mantle.

Therefore, we introduce a second model, the Crustal-Focus Model. For this model, we
obtain a good agreement for the Upper Crust but greater discrepancies in Unconsolidated
Sediments (below 1 km) and the Lithospheric Mantle. Hence, we can remove the error of the

Upper Crust but at the same time introduce new error sources.
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Note that we do not aim to present the “optimal” model in this paper. Instead, we want
to demonstrate various components that influence the model. Generating an optimal model is
not possible since all models are per definition wrong (Box, 1979). We present here two models
that fulfill different purposes. The General-Focus Model is better if we are interested in the
entire model domain. In the case that our area of interest is only the Upper Crust, the Crustal-

Focus Model is preferable.

4.4.4. Influence of the Model

We have discussed the consequences of the model change for the calibrated thermal
conductivities. Now, we want to briefly discuss the consequences for the sensitivities.
Therefore, we repeat the process-focused and measurement-focused sensitivity analysis for the
Crustal-Focused model. Note that we consider only the weighted scenario (branch 2.1.1 and
2.2.1 of Figure 4.3).

For the Crustal-Focused model, we thinned the Upper Crust. This can be clearly
observed, in the decreased sensitivities of the model to the Upper Crust layers (red box of
Figure 4.15). However, this change is only visible in the process-focused analysis. The
measurement-focused analysis mostly fails to resolve these changes due to the data sparsity in
the Upper Crust (red box of Figure 4.16). Underestimated changes are observable for the
Saxothuringia Upper Crust. This highlights again the information loss of measurement-focused

studies and the dangers associated with calibrations.

The radiogenic heat production of the most of the Lower Crust is more influencial for
the Crustal-Focused model since the Upper Crust was thinned by thickening the Lower Crust.
The only exception is the Saxothuringia Lower Crust (A26). For the process-focused analysis
(Figure 4.15) it loses importance and for the measurement-focused analysis (Figure 4.16) it
gains importance. For both models, we apply a Dirichlet boundary condition at the top and the
bottom of the model. Hence, the temperature distribution is determined by the ratio of the
thermal properties. Therefore, the difference in the Saxothuringia Lower Crust likely arising
from the changes of other geological layers. The same is likely for the changes of the thermal
conductivity of the Unconsolidated Sediments in the Molasse Basin. Also, the changes of the
influences arising from the radiogenic heat production of the Lithospheric Mantle are caused

by other layers, especially considering the very low values of these layers.
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Furthermore, we observer a higher influence of the Unconsolidated Sediments in the
Upper Rhine Graben (gray box of Figure 4.15) although the model has not been changed
around the Upper Rhine Graben. However, this might be an effect of the reclassification in the
Unconsolidated and Consolidated Sediments. These changes are more pronounced for the
measurement focused (gray box of Figure 4.16) than for the process-focused analysis. This is

again caused by the data distribution since we have more measurements at a shallower depth.
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Figure 4.15. Comparison of the sensitivities of the process-focused study for both the General-
Focus and Crustal-Focus Alps Model. For the Layer IDs and acronyms please refer to Table
4.1.

4.4.5. Gravity Model

The model change is observable in both the model calibration for the thermal properties
and the corresponding sensitivities. However, if we look at the gravity residuals (Figure 4.17),
we do not observe any significant changes. This highlights a general point for the construction
of geological models. We have different data sources available for the construction of a
geological model. It is crucial to incorporate multiple data sources and not rely on a single data
source. If we would have constructed a model of the Alps purely based on gravity, we would
not have been able to identify the problem of the thickness of the Upper Crust.
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Figure 4.16. Comparison of the sensitivities of the measurement-focused study for both the

General-Focus and Crustal-Focus Alps Model. For the Layer IDs and acronyms please refer
to Table 4.1.
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Figure 4.17. Gravity residual of a) the General-Focus Model, b) the Crustal Focus Model, and
c) the difference between the General-Focus and Crustal-Focus Model. Acronyms - St -
Saxothuringian Zone; Mn — Moldanubian Zone; Ha — Helvetic Alps; bo — Bohemian Massif;
vo — Vosges Massif; bf —Black Forest Massif; tw —Tauern Window; bt — Briangonnais Terrane;

pl — Periadriatic Lineament; gf — Guidicarie Fault; urg — Upper Rhine Graben; mb — Molasse
Basin; po — Po Basin; vf — Veneto—Friuli plain.

86

Gravity Residual [mGal]

|
[=)
o



4.4.6. Outlook

In this paper, we have seen that the measurements induced a significant bias. This opens
the discussion of subsequent projects. Therefore, we would like to investigate how we can
decrease this bias by incorporating further data sources that give us only an indirect measure
of the temperature. Furthermore, it would be interesting to further explore the field of joint
inversion to incorporate various geophysical data sources already used during model

construction.

4.5. Conclusion

Throughout the entire paper, we have demonstrated the bias that a measurement-
focused study can cause. This bias can be partly removed through automated and customized
data weighting schemes. However, as typical for geoscientific applications, many areas of the
model do not have any associated data. Unfortunately, it is not possible to compensate for the
bias arising from these areas. This shows the importance of focusing on regions where data is

present, whenever possible.

However, many inverse processes such as deterministic and stochastic model
calibrations are dependent on measurement data. Here, this bias is unavoidable. Nonetheless,
we need to be aware of which kind of bias we are introducing through this procedure to take
the effects for all further analyses into account. We need to be aware that the data is often only
informative towards the shallower layers. Hence, we lose the information about deeper layers
and at the same time overestimate the influence of the shallower layers. This also means that
we are unable to calibrate and validate the lower parts of our geological models. Nonetheless,

these parts are important to avoid influences from, for instance, the lower boundary condition.

We have also seen the importance of considering various data sources. The model
changes from the General-Focus to the Crustal-Focus model were only visible in the thermal

studies but not in the gravity residuals.

Note that although we performed the analyses for the case study of the Alps these
aspects hold in general since the data distribution shown here is typical for geoscientific

applications.
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Chapter 5. How Alpine seismicity relates to lithospheric strength

5.1. Introduction

The present-day seismicity distribution is still poorly understood and presently debated
in the Alpine orogen and its northern and southern forelands (Deichmann, 1992; Bonjer, 1997;
Cattaneo et al., 1999; Singer et al., 2014; Eva et al., 2015). Therefore, any additional constraints
on the controlling factors affecting event localisation are of interest. Local models have been
used with some success to assess the stress regime on individual faults thereby offering
important insights into the local dynamics driving the observed localisation of seismicity (e.g.
Bonjer, 1997). However, and despite its relevance in the current ongoing scientific debate, the
cross-correlation between monitored seismicity and its localisation in space with respect to the

long-term stress state of the whole lithosphere is still lacking.

Previous works in the region have attempted a quantification of the long-term
mechanical state of the lithosphere mainly relying on 2D sections across the Alpine chain such
as the EGT (Okaya et al., 1996) and Transalp (Willingshofer and Cloetingh, 2003) profiles.
Relatively few models exist that try to compute lithospheric strength variations across the entire
orogen (e.g. Tesauro et al., 2011; Marotta and Splendore, 2014). In this contribution we
propose a revision of the current understanding of the long-term lithospheric strength of the
lithosphere in the Alpine area in light of higher resolution, region specific 3D geophysical
models. To this end, we make use of recently published results derived from a gravity and
seismically constrained structural and density model of the region (Spooner et al., 2019) that
has been verified by secondary sources (Magrin and Rossi, 2020) along with a wellbore
measurement constrained thermal field (Spooner et al., 2020) to arrive at an updated model of

the rheological configuration of the study area.

After a detailed summary of the methodology used to calculate lithospheric strength,
we dedicate the second part of the manuscript to a critical discussion of the correlation between
modelled lithospheric strength variations and a comprehensive dataset of regional seismicity
in order to investigate the potential role that lithospheric heterogeneity plays in shaping the
observed localisation of seismicity throughout the Alps and their forelands. In depth analysis
leads us to partially revise the main conclusions derived from recent numerical work that
attributes the seismicity depth distribution across the region solely to the relatively low plate
convergence rate, with negligible influence from tectonic inheritance (Dal Zilio et al., 2018).
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We also quantify the role of viscosity contrasts caused by the presence of a laterally
heterogeneous lithospheric configuration in limiting the maximum depth of seismicity through
dissipation creep mechanisms. As a result, the 3D distribution of effective viscosities calculated
within this work, are able to complement the ongoing debate on the relative impact of glacial
isostatic adjustment versus tectonic and mantle dynamic processes as causes of the observed
present-day kinematic state of the Alpine region (e.g. Norton and Hampel, 2010; Chéry et al.,
2016; Mey et al., 2017; Sternai et al., 2019).

5.1.1. Geological History

Large scale crustal differentiation within the northern foreland of the Alps (the
European plate) primarily results from the Carboniferous age Variscan orogeny (Franke, 2000),
such as the juxtaposition of the Moldanubian and Saxothuringian terrains (Babuska and
Plomerova, 1992; Freymark at al., 2017) and the assemblage of crystalline basement presently
exposed in the VVosges, Black Forest and Bohemian massifs. Heterogeneity within the Alpine
orogen, largely stems from the ongoing collision of the Adriatic plate with the European plate
from the Cretaceous to present-day (Handy et al., 2010). Traditionally, the Alpine crust is split
up according to its plate of origin prior to orogenesis, such as the European derived Helvetic
Alps and the Adriatic derived Southern Alps, that both represent the proximal domains of their
respective plate (Schmid et al., 1989; Schmid et al., 2004). At the surface the present-day
boundary of the European and Adriatic derived crust within the Alps broadly occurs at the East-
West running Periadriatic Lineament. Ongoing deformation is primarily driven by the
convergence of the European and Adriatic plates in northeast Italy (Restivo et al., 2016), where
the Adriatic plate is considered to act as a rigid (mechanically stiff) indenter, moving
northwards with a radial counter-clockwise rotation against the weaker European plate
(Nocquet and Calais, 2004; Vrabec and Fodor, 2006; Serpelloni et al., 2016). The foreland
basins related to the orogen, forming as a result of flexure, are the Po Basin and Veneto-Friuli
Plain of the southern foreland and the Molasse Basin of the northern foreland. Also in the
northern foreland the Upper Rhine Graben formed as part of the European Cenozoic Rift
System in the Eocene (Dézes at el., 2004). The locations of all relevant tectonic features within

the region can be found in Figure 5.1.
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Figure 5.1. Topography and bathymetry from ETOPO 1 (Amante and Eakins, 2009) shown
across the Alpine region with the key tectonic features overlain. Study area is indicated with a
black box. Solid black lines demark the boundaries of the weakly deformed European and
Adriatic plates, the location of the Apennine plate is also marked. Yellow areas bound by a
solid grey line indicate the extent of sedimentary basins (urg — Upper Rhine Graben; mb —
Molasse Basin; po — Po Basin; vf — Veneto-Friuli Plain). Dotted black lines indicate the extent
of other tectonic features within the model (St — Saxothuringian Variscan domain; Mn —
Moldanubian Variscan domain; bo — Bohemian Massif; vo — Vosges Massif; bf — Black Forest
Massif; ha — Helvetic Alps; tw — Tauern Window; gf — Giudicarie Fault; pl — Periadriatic
Lineament; bt — Brianconnais Terrane). The Adriatic Sea is marked as (AS) in further figures.

5.2. Method

Lithospheric structural geometries and densities were sourced from an integration of
previous geoscientific datasets in the region by Spooner et al. (2019). Topography and
bathymetry (Figure 5.1) comes from ETOPO1 (Amante and Eakins, 2009), and the seismically
derived lithosphere-asthenosphere boundary (referred to as LAB hereon) originates from
Geissler et al (2010). Other sub-surface lithospheric depths were constrained from the use of
numerous published deep seismic surveys (e.g. Briickl et al., 2007; Hetényi et al., 2018a),
existing structural models of smaller subsets of the study area (e.g. Ebbing, 2002; Przybycin et
al., 2014; Freymark et al., 2017) and European plate crustal models (Tesauro et al., 2008;

Molinari and Morelli, 2011). Densities were constrained using forward 3D gravity modelling
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in IGMAS+ (Schmidt et al., 2010, Schmidt et al., 2020) and the global satellite gravity model
EIGEN-6C4 (Forste et al., 2014), with the lithospheric layers split into domains of different
density to account for lateral heterogeneity.

The resulting structural and density model (Spooner et al., 2019), with dimensions of
660 km x 620 km (Figure 5.1) and a horizontal grid resolution of 20 km x 20 km, represents a
3D structural model of the Alps and foreland regions with the highest spatial resolution among
available models and conforms to both seismic and gravity-based observations. Five model
layers that represent key lithospheric structural and density contrasts were used for the
rheological calculations: (1) unconsolidated sediments (mostly Quaternary strata); (2)
consolidated sediments (mostly Mesozoic strata); (3) upper crystalline crust; (4) lower
crystalline crust; and (5) lithospheric mantle. Layer thicknesses and the domains of different
density that comprise them are shown in Figures 5.2 and 5.3c. Slabs and subduction interfaces
are not considered within this work as no consistent model of their geometry or polarity is

available for the study area at present (Késtle et al., 2019).
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Figure 5.2. Thickness of a) unconsolidated sediments, b) consolidated sediments, ¢) the upper
crust and d) the lower crust across the modelled area. Density domains required during
modelling are outlined in black with the density used for each (in kgm3) shown within.
Locations of key tectonic features are overlain (abbreviations shown in Figure 5.1a caption).
Cross sections 1, 2, 3 and 4 from Figures 5.6 and 5.8 are marked with white dashed lines.

The temperature distribution input to the rheological calculations was obtained from a
thermal model of the Alps and their forelands (Spooner et al., 2020) generated from the same
structural model utilised here (Spooner et al., 2019). The 3D conductive steady state thermal
field was computed using the numerical simulator GOLEM, that can calculate coupled thermal-

hydraulic-mechanical processes (Cacace and Jacquey, 2017). Therefore, steady state
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conductive heat transport was assumed as the main mechanism and specific thermal parameters
were assigned to domains of the structural model, to fit a compiled dataset of measured sub-
surface temperatures (Przybycin et al., 2015 and references therein; Freymark et al., 2017 and
references; Trumpy and Manzella, 2017). Depth maps of the calculated 200 °C, 400 °C, 600
°C, and 800 °C isotherms are plotted in Figure 5.4.
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Figure 5.3. a) Thickness of the entire crust. b) Moho depth. ¢) Thickness of the lithospheric
mantle. Density domains required during modelling are outlined in black with the density used
for each (in kg m~3) shown within. d) LAB depth (from Geissler et al., 2010). Locations of key
tectonic features are overlain (abbreviations shown in Figure 5.1a caption). Cross sections 1,
2, 3 and 4 from Figures 5.6 and 5.8 are marked with white dashed lines.
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Figure 5.4. Depths to the 200 °C, 400 °C, 600 °C and 800 °C isotherms across the modelled
area. Locations of key tectonic features are overlain (abbreviations shown in Figure 5.1a
caption). Cross sections 1, 2, 3 and 4 from Figures 5.6 and 5.8 are marked with white dashed
lines.

The yield strength of the lithosphere (maximum differential stress achievable prior to
failure [Goetze and Evans, 1979]) was calculated, taking into account the 3D temperature and
pressure state of the system as derived from the structural and thermal models (Spooner et al.,
2019; Spooner et al., 2020). Rheological parameters, also used to calculate structural model

layer strengths, were assigned based on the compilation of laboratory measurements (Ranalli
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and Murphy, 1987) for the dominant lithology interpreted for each layer from observed seismic
velocities as well as the modelled density and thermal properties. Parameters used can be found
in Table 5.1. Long term lithospheric strength of the Alps and either forelands were then
calculated with a vertical resolution of 100 m, assuming steady state - secondary creep as the
dominant mode of viscous deformation and frictional plastic brittle behaviour following
Byerlee’s law, using the same methodology described in Cacace and Scheck-Wenderoth
(2016).

Power-law | Power-law activation
Model layer and strain rate | Exponent enthalpy
representative rheology A N Q
used

(Pa™ s1) - (I mol 1)

Sediments (Granite, wet) | 7.94E-16 1.9 1.37E+05
Upper Crust (Quartzite) 2.51E-24 2.4 1.56E+05
Lower Crust (Diabase) 8.04E-25 3.4 2.60E+05
Mantle (Olivine) 4.00E-12 3 5.40E+05

Table 5.1. Representative lithologies and rheological parameters (from Ranalli and Murphy,
1987) used for modelling the layers of the structural model.

Byerlee’s law (equation 5.1), a temperature-independent function of confining pressure
resulting from increasing density and depth (Byerlee, 1978; Ranalli, 1995) was used to calculate

the brittle portion of the yield strength (Aoy,):

Aoy, = f¢ ppgz(1 —f,) (5.1)

where Af; is the static friction coefficient (set to a constant value of 3 to represent lithospheric
stress as per Brace and Kohlstedt [1980]), py, is the bulk rock density, g is the gravitational

acceleration, z is the depth (below surface) and f; is the pore factor (the ratio of the pore
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pressure to the lithostatic pressure, set here to a constant value of 0.36, representing a fluid

density of ~1000 kg m~® and a rock density of ~2750 kg m™3).

Power law creep (equation 5.2), representing non-Newtonian, temperature activated
deformation of rocks at increasing depth (Karato and Wu, 1993; Burov, 2011), was used to

calculate ductile strength (Acy):

1

Aoq = (%)n exp (%) (5.2)

where € is the strain rate (set to a constant 1071°s™1, consistent with observed GPS
measurements from the region [Houlié et al., 2018]), A is the power-law strain rate, n is the
power-law exponent, Q is the activation enthalpy, R is the gas constant, T is the temperature.
Tests were made to account for the onset of low temperature crystal plasticity in the lithospheric
mantle layer (Peierls creep mechanism [Katayama and Karato, 2008]), however this was found

to not affect the ductile strength of the plate.

For the visualisation of maximum rock strength under a constant strain rate at every
point in the model, yield strength envelopes (referred to as YSE hereon) showing the
differential stress envelope (minimum between Ao}, — Aog) versus depth were calculated
(Brace and Kohlstedt, 1980). The modelled strengths of both the crust and the entire lithosphere
were then vertically integrated over their entire thicknesses in order to compare lateral changes

in strength throughout the region.

From the above stated relationships, it follows that rates of viscous dissipation in our

model can be expressed in terms of a non-linear with temperature effective solid viscosity as

(Mef):

1-n
2T 11 Q
Neff = T & O aRT (5.3)

The calculated lithospheric strengths and viscosities were then compared to the seismic
event catalogue of the International Seismological Centre (International Seismological Centre,
2020) for the study area. The catalogue was filtered to remove events where fixed depths were

assigned, where depth error estimates were absent or where the depth error was in excess of 20
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% of the event’s hypocentre depth (allowing errors of <3 km at a depth of 15 km), to both
maximise the accuracy and number of useable events. The catalogue was further filtered to
remove events smaller than magnitude 2 in an effort to remove the effects of smaller events
‘clustering’ around seismic stations observed in similar seismic catalogues (e.g. Gonzélez,
2016), whilst maintaining coverage across the entire study area. The events used ranged from
March 1964 to November 2017, providing a dataset of 4,405 seismic events (shown in Figures
5.5, 5.7 and 5.9) that were then used to interrogate the relationships between lithospheric

strength and seismicity throughout the region.

5.3. Results

Across the Alps and their forelands, the pattern of variations in integrated strength of
the entire lithosphere (shown in Figure 5.5a) corresponds closely to the pattern of Moho depth
(Figure 5.3b). The weakest lithosphere (13 logio Pa m) occurs at the deepest portion of the
Alpine crustal root, the largest Moho depth in the study area (55 km), West of the Guidicarie
Line. Similarly, the eastern Alps are characterised by both a shallower Moho (45 km) and
higher strength (13.2 logw Pa m). In agreement with this correlation, both forelands exhibit
significantly shallower Moho depths and higher lithospheric strength than within the orogen.
The lithosphere of the southern foreland was also found to be stronger than the northern
foreland, with the highest strength in the study area exhibited on the Apennine plate (13.8 logio
Pa m) and the Adriatic indenter (13.9 logio Pa m). Similar results have been observed by
previous works modelling the lithospheric strength of the eastern Alps along the Transalp
profile (Willingshofer and Cloetingh, 2003) and in the central Alps along the EGT profile
(Okaya et al., 1996) and the entire orogen (Marotta and Splendore, 2014).
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Figure 5.5. Integrated strength of a) the lithosphere and b) the crust across the modelled area
with seismicity > M2 shown in red dots. Locations of key tectonic features are overlain
(abbreviations shown in Figure 5.1a caption). Cross sections 1, 2, 3 and 4 from Figures 5.6
and 5.8 are marked with white dashed lines.

Not all zones of high strength observed in the southern foreland correspond to shallow
Moho depths. Whilst the mechanically strong portions of the Apennine plate occur at the
location of the shallowest Moho depth (20 km, below the Ligurian Sea), the strong Adriatic
indenter has some of the largest Moho depths encountered in either foreland (40 km, south of
the Veneto-Friuli plane). Instead the strong indenter is observed to correspond to the deepest
portion of the LAB (140 km, shown in Figure 5.3d) and to a region of significantly colder
lithospheric temperatures in the Adriatic plate (shown in Figure 5.4).

The integrated crustal strength (shown in Figure 5.5b) also positively correlates with
temperature, being highest (13.175 logio Pa m) in the South East of the Adriatic indenter where
all isotherms are deepest (Figure 5.4). North of the Periadriatic lineament and West of the
Guidicarie Line, isotherm depths are consistently shallower than in the southern and eastern
Alps. Consequently, the northern and western Alps feature lower crustal strengths (13 logio Pa
m) than the Alpine crust in the south and east (13.125 logio Pa m) a finding also observed by
Marotta and Splendore (2014). Where isotherms are raised below the URG, crustal strength is
also the lowest (12.925 logio Pa m).
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The distribution of seismic event epicentres in the southern foreland strongly correlates
spatially with the computed integrated lithospheric strength (Figure 5.5a) and not with crustal
strength, as most events occur in the weak lithosphere surrounding the more rigid Adriatic
indenter or Ivrea body. Within the northern foreland no correlation is observable between
seismicity localisation and lithospheric strength, with epicentres instead corresponding closely
to the weaker portions of the crust (Figure 5.5b) around the URG in the west of the
Moldanubian domain. Both integrated lithospheric and crustal strength maps portray lower
strength within the Alps proper, North and West of the Guidicarie Line, corresponding to the

location of the majority of Alpine seismicity.

Cross sections showing variations in differential strength (minimum between brittle
strength and ductile strength) with depth and the relation to seismicity are plotted in Figure 5.6.
In line with previous works (Okaya et al., 1996; Willingshofer and Cloetingh, 2003; Marotta
and Splendore, 2014), all cross sections show that the majority of seismicity occurs within the
strongest region of the upper crust (~ 1 GPa), between 200 °C and 400 °C, with a largely
aseismic and weaker lower crust mechanically decoupling the crust from the lithospheric
mantle. Seismicity deeper than the upper crust is however present in regions where the upper
lithospheric mantle is cooler than 600 °C and strong (> 2 GPa), as shown in cross sections 1
and 3. Regions seen in Section 1 and 2 characterised by a stronger lower crust (~ 1 GPa) also
show seismicity to a greater depth. Section 4, which runs West to East through the centre of
the orogen, does not portray a strong lower crust or upper lithospheric mantle, and shows Moho
temperatures consistently higher than 600 °C, exhibiting no seismicity outside of the upper

crust.
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The pattern of variations in integrated effective viscosity of the lithospheric mantle
(shown in Figure 5.7) are the same as the integrated strength distribution of the whole
lithosphere (Figure 5.5a), with higher strengths analogous to higher viscosities, corresponding
closely to the Moho depth (Figure 5.3b). Seismicity is therefore observed in the orogen and
southern foreland to spatially correlate to regions of lower viscosity such as the Alpine root
(20.6 logio Pa s) that surround the higher viscosity blocks such as the Ivrea Zone, Adriatic
Indenter and Apennine plate (22.2 logio Pa s). In the Northern Foreland the opposite is
observed, with seismicity occurring in the region of highest viscosity surrounding the URG
(20.8 logio Pa s). Similar results, showing that viscosities below the crustal root must be lower
than below the forelands have also been modelled by Chéry et al. (2016), in order to fit the
observed trends of glacial rebound.
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Figure 5.7. Integrated effective viscosity of the lithospheric mantle across the modelled area
with seismicity > M2 shown in red dots. Locations of key tectonic features are overlain
(abbreviations shown in Figure 5.1a caption). Cross sections 1, 2, 3 and 4 from Figures 5.6
and 5.8 are marked with white dashed lines.

Variations of effective viscosity with depth in relation to seismicity are shown in the
cross sections on Figure 5.8. As previously observed, the majority of seismicity occurs in the
upper crust, which largely corresponds here to effective viscosities of 23.5 logio Pa s or higher.
Viscosities for the lithospheric mantle tend to be between 19 — 23 logio Pa s and for the lower
crust between 21 — 23 logio Pa s with both largely aseismic across the region. Regions where
seismicity does occur deeper than the upper crust also correspond to regions of the lower crust
or lithospheric mantle where effective viscosities are also in excess of 23.5 logio Pa s, such as
in the South East of Section 1 and the North of Section 3.
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5.4. Discussion
5.4.1. Mechanical Strength

The strongest regions at depth in the study area correlate with the 600 °C isotherms
within the upper lithospheric mantle, corresponding to a phase change in mantle rocks
(Boettcher et al., 2007, McKenzie et al., 2005). Additionally, the map of the integrated
lithospheric strength (Figure 5.5a) portrays a positive inverse correlation with respect to the
Moho depth (Figure 5.3b), allowing Moho depth throughout the region to be used as a first
order estimate for the relative strength of the whole lithosphere. Based on these findings we
can conclude that the lithospheric mantle is both the largest contributor to the overall computed
lithospheric strength variations and is also highly influenced by the temperature configuration
across the entire orogen foreland system, thereby expanding upon previous findings derived
from, but limited to, the central Alps (Okaya et al., 1996).

The integrated crustal strength (Figure 5.5b) amounts only to a small portion of the total
lithospheric strength (Figure 5.5a) except in locations where the crust is at its thickest such as
the crustal root of the orogen (Figure 5.3a). Under this area, the pattern of crustal strength
distribution equals the whole plate strength distribution. The presence of a weak and thick crust
North of the Periadriatic lineament contributes to a significant weakening of the lithosphere
underneath this domain, a feature that was also noticed by previous work (Marotta and
Splendore, 2014). To further deepen the discussion about the implications derived from the
thermo-rheological model on the seismicity distribution within the area we also note that
Alpine events mostly occur beneath this domain, North and West of the Guidicarie fault,
consisting mainly of the Helvetic nappes, where the crust is both warmer and weaker. This is
part of a broader observed trend of West to East mechanical strengthening within the Alpine
crust, that results in significantly less seismicity in the Eastern Alps, explained by a deepening

of LAB topography (Figure 5.3d) and therefore a lower geothermal gradient.

The temperature distribution throughout the region is primarily a function of
lithospheric composition, with the relative contribution of model layers to the heat budget
varying in response to their specific thermal properties and relative volume. Features such as a
shallow thermal LAB, here derived from a global tomographic model (Schaeffer and Lebedev,
2013), a higher percentage of felsic (radiogenic) upper crust to mafic lower crust or the
presence of thick insulating sediment deposits have been previously shown to raise the

geothermal gradient within the study area (Spooner et al., 2020). We therefore expect that these
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specific features would also exert a first-order control on the resulting mechanical

configuration of the lithosphere and thereof to the seismicity distribution.

5.4.2. Relation to Seismicity

The northern and southern forelands of the Alps display a markedly different pattern of
seismicity in terms of their epicentre locations, potentially reflecting the different tectonic
settings and driving mechanisms at play within each foreland. In the southern foreland
seismicity primarily occurs at the boundaries of the European, Adriatic and Apenninic plates
(e.g. Chiarabba et al., 2005). These locations mark a relatively sharp gradient in modelled
lithospheric strength and effective viscosities from 13.9 logio Pa m and 22.2 logio Pa s within
the plate to 13.2 logio Pa m and 20.8 logio Pa s along its edges, respectively. These
mechanically stiff and rheologically strong lithospheric blocks move independent of one
another (e.g. Nocquet and Calais, 2004). Therefore, it stands to reason that seismicity in such
a setting would localise at the boundaries of these rigid lithospheric blocks (Figure 5.5a and
Figure 5.7). The situation differs in the northern foreland, where seismicity occurs within an
intraplate setting (e.g. Bonjer, 1997) of the European plate and where the upper mantle is not
seismogenic. It therefore seems logical to assume that under these tectono-thermal conditions
the weaker regions of the crust would accommodate the majority of seismicity as depicted in
Figure 5.5b, where the lithospheric mantle remains relatively stable throughout the northern

foreland.

It is nowadays established that temperature is an important variable for determining the
depth of the lithospheric seismogenic domain. This was noted in the seminal study of Sibson
(1982) that demonstrated a correlation between intraplate seismicity focal depths and surface
heat flow distribution, with shallow seismicity in areas of high surface heat flow and vice versa.
The existence of an inverse correlation between heat flow and focal depth is easy to explain
when considering the homogeneous configuration of oceanic plates. However, it is challenging
to extrapolate these results to continental intraplate regions where the log-linear age-
temperature relationship does not apply and the thermal state is a complex function of the
history of a heterogeneous plate over geological times. In such cases, a conservative estimate
for the lower bound of the seismogenic zone can be derived based on a quasi-static
thermodynamic description of the continental plate characterized by a non-Newtonian fluid-
like rheology descriptive of its most abundant constitutive minerals. By relying on such a

description, a maximum in the static strength would correspond to a particular value of the
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system’s internal energy, which can then be described by the temperature at its maximum
dissipation potential. Under this assumption, one would expect that to a first-order, within the
study area the 600 °C isotherm, which represents this transition for olivine rich lower crustal
and mantle rocks (Boettcher et al., 2007, McKenzie et al., 2005), would both represent a
maximum lower bound to seismicity and also the highest strength in the lower crust and upper

lithospheric mantle.

The majority of observed seismicity occurs between the 200 °C and 400 °C isotherms,
representing the strongest portion of the upper crust (up to ~1 GPa). Deeper in the crust, higher
temperatures result in a gradual decrease in the plate strength and subsequent aseismic
behaviour. These observations can be taken as indicative of the brittle-ductile transition within
the crust, that provides a conservative estimate to the lower bound of the seismogenic zone in
that area. Willingshofer and Cloetingh (2003) performed an end-member sensitive analysis for
the lithospheric strength along the Transalp section of the eastern Alps in terms of considering
either a strong or a weak crust. The main conclusion derived from their study was that a model
portraying a strong crust provides a better fit with the seismicity. From their analysis they
determine that the brittle-ductile transition occurs between 9 and 14 km. By plotting the depth
level above which 95% of seismic events occur (Figure 5.9), our results, based on more up-to-
date 3D structural and thermal model, estimate that the brittle-ductile boundary within the Alps
occurs at ~ 20 km depth, providing a better fit with the depths of recorded seismicity and adding

validity to the model setup utilised here.

6‘?E 8‘:E 10"|E i 12(;E i 14‘;E GTE

10°E 129 14°E
| [

I
10 100 1000 1300
Seismic event density Maximum depth of seismicity (km)

Figure 5.9. a) Seismic event density and b) Maximum depth of seismicity (depth above which
95% of events occur) for events > M2 within a radius of 75 km of each grid point. Locations
of key tectonic features are overlain (abbreviations shown in Figure 5.1a caption).
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Additionally, whilst the majority of seismicity occurs in the upper crust, observations
also show that seismicity in deeper layers occurs in both the northern and southern forelands
(e.g. Bonjer 1995; Chiarabba et al., 2005). From the differential stress cross sections shown
here (Figure 5.6), it can be discerned that hypocentre depths of deeper seismicity vary with
temperature, occurring where upper lithospheric mantle temperatures are ~ 600 °C or cooler.
This thermal configuration leads to the presence of a relative weak lower crust, mechanically
decoupled from and sandwiched between the upper crust and a strong upper mantle (more than
2 GPa), thus providing a first-order explanation to the deepening of seismicity in the area.
Seismicity within the lower crust is found to only occur in domains of higher strength (~ 1.4
GPa), though within the majority of the region the lower crust is observed to be largely weak
and therefore aseismic. This is particularly evident from the effective viscosity cross sections
(Figure 5.8) depicting how the lower crust mechanically decouples the upper crust from the
lithospheric mantle, with effective viscosity values (22.5 logio Pa s) indicative of a ductile
regime and fitting well with the general lack of observed lower crustal seismicity.

The unimodal pattern of seismicity beneath the Alps being limited to the upper crust
contrasts to the bimodal (crust and upper mantle) seismicity pattern found in other orogens
worldwide, such as the Himalaya. Based on this observation, a recent modelling study by Dal
Zilio et al. (2018) advanced the hypothesis of a structural correlation between plate
convergence rates and seismicity distribution alone. The analysis of Dal Zilio and co-authors
is based on a linear correlation between convergence rates and the resulting thermal
configuration of the orogen, with faster rates resulting in a colder orogen and therefore in a
more widespread seismogenic brittle domain. A major limitation of this reasoning is that it
does not take into account the role of crustal inheritance. Whilst results presented here mostly
agree with the unimodal nature of seismicity throughout the crust, they also suggest that the
lithospheric makeup of the region such as crustal, and lithospheric thickness have a first-order
effect on the location of seismicity in the region via their control on the lithospheric thermal
field. In addition, relating the overall distribution of seismicity within the Alpine region to the
background tectonic convergence rates cannot reconcile the diversity in the observed seismic
style across the whole orogen. While the eastern Alps are characterized by seismicity showing
mainly dilatational faulting, the western and central Alps portray mainly compressional
seismicity. Therefore, it would be difficult to relate this difference in style to a common
geodynamic process. Indeed, there is evidence from present day uplift rates that the seismicity
in the western Alpine domain could be instead related to still ongoing viscous relaxation from

the waning of the last ice cap (e.g. Norton and Hampel, 2010; Chéry et al., 2016; Mey et al.,
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2017; Sternai et al., 2019). In this regard a word of caution comes from the uncertainty in the
mantle and (lower) crustal viscosities input in these studies. Past works have adopted values as
low as ~20 logio Pa s for mantle viscosity (Norton and Hampel, 2010; Chéry et al., 2016; Mey
et al., 2017) whilst more recent work has made use of higher values ~22 logio Pa s for the
Alpine lithospheric mantle (Sternai et al., 2019). The values derived in the present study,
ranging from ~21 logio Pa s beneath the orogen to ~22 logio Pa s in the forelands compare
favourably to those estimates. In addition, our model favours the presence of lower viscosities
below the orogen domain proper in comparison to below the forelands, a result that agrees with
the main conclusions derived from Chéry et al. (2016). This last result confirms how the pattern
and style of seismicity within the complex Alpine area cannot be related to a single geodynamic
parameter, such as convergence rates, but should be considered as a natural outcome of a rather
complex crustal structure developed during the whole orogenic cycle in an ongoing plate

tectonic setting.

5.4.3. Slab Influence

The temperature present at the maximum depth of seismicity (Figure 5.9) is plotted in
Figure 5.10a, showing that most mechanically strong portions of the plate, whether within the
crust or the upper lithospheric mantle, are effectively bounded by the depth of the 600 °C
isotherm previously discussed to represent the maximum temperature of seismicity. This trend
also visible in the various cross sections through the region (Figure 5.6). In thick felsic crustal
regions that also lie above a weak lithospheric mantle, such as the crustal root of the orogen,
maximum depths of seismicity are significantly shallower than on the forelands and as such
maximum temperatures of seismicity are also significantly lower at ~ 350 °C. We do however
note regions where the maximum temperature of seismicity greatly exceeds 600 °C,
corresponding to the presence of both actively subducting and previously subducted slabs,
shown as high velocity features at a depth of 100km (Figure 5.10b) from a recent shear wave
velocity model of the region (El-Sharkawy et al., 2020). As the thermal field utilised here
(Spooner et al., 2020) is calculated as static and steady state, the cooling effect of subduction
zones, which is still largely unquantified, is not incorporated. Therefore, the possibility of
seismicity occurring in these regions at higher temperatures than expected is anticipated, as
previously discussed in Spooner et al., (2020). This effect is most pronounced at the location
of the active Apennine subduction zone where maximum temperatures of seismicity appear to

approach 1000 °C, however regions where seismicity above 600 °C are also noticed below the
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Alps, corresponding to the location of Alpine slabs, indicating that these frozen in subduction

zones may still be having a thermal effect on the lithosphere.
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Figure 5.10. a) Temperatures that correspond to the maximum depth of seismicity (Figure
5.9b). b) Shear wave velocity model at 100 km depth from EI-Sharkawy et al. (2020). Locations
of slabs are highlighted with white dashed line. Locations of key tectonic features are overlain
(abbreviations shown in Figure 5.1a caption).

5.5. Summary

In this work we have computed the long-term lithospheric yield strength for the Alpine
regions and its forelands by using available up to date structural, density and thermal input
data. Variations in the strength of the upper lithospheric mantle exert the largest influence on
the strength of the whole lithospheric column, with crustal strength only contributing
significantly to the whole plate integrated strength beneath the orogen proper, where the crust
is thickest (55 km). The strength, whether in the crust or mantle, is largely temperature
dependant, with upper lithospheric mantle temperatures controlled by Moho depth and crustal
temperatures by thermal LAB depth, thickness of the radiogenic felsic upper crust and
thickness and distribution of insulating sediments and.

The results from the thermos-rheological modelling exercise has shed light on the relationship

between background seismicity and resolved lithospheric strength variations in the region. We
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have been able to demonstrate how the occurrence of crustal seismicity in the study area is
influenced by several factors acting at different scales with inherited geological crustal and
upper mantle structures exerting a primary control in the seismicity distribution and style. The
highest yield strength within the crust (~ 1 GPa) and upper mantle (> 2 GPa) occur at
temperatures interpreted as phase transitions (crust: 200 — 400 °C; mantle: ~ 600 °C) with
almost all seismicity occurring in these regions. We also note the presence of a weak lower
crust (< 1 GPa) that mechanically decouples the upper crust and lithospheric mantle across the
entire region. Therefore, the lower crust appears largely aseismic, likely due to seismic energy
being dissipated by ongoing creep in regions where effective viscosities are lower. Both active
present day and frozen-in subducting slabs are also shown to significantly influence the
maximum depth of seismicity possible above them, furthering the argument that lithospheric
inheritance and heterogeneity within the region, are key components to explain the regional

distribution of seismicity.

In the Alps, seismicity correlates spatially with a weaker crust and lithosphere, such as
the Helvetic Alps. Such a clear distinction cannot be derived uniquely for both forelands, each
showing a different pattern of seismic distribution, likely reflecting their different tectonic
settings. In the southern foreland seismicity preferentially occurs across boundaries between
rigid lithospheric blocks, such as the strong Adriatic indenter, whilst in the northern foreland

seismicity localises beneath domains of crustal weakness as in the URG.
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Chapter 6. Discussion

6.1. Lithospheric Structure and Validation

By using a fully 3D integrated modelling approach, encompassing gravity, thermal and
rheological models, that are validated with external observations, we are able to interrogate the
lithospheric structure beneath the Alps and their forelands. The workflow was found to be
highly successful, with each progressive step adding to the available data such that it benefitted
the later works. Quantitatively, the final results were found to respect seismic imaging, seismic
velocities, gravity readings, wellbore temperature readings and mantle viscosities for the region
as demonstrated throughout Chapters 2, 3, 4 and 5. The results were also validated with
comparable findings to prior modelling works, either in 2D (e.g Okaya et al., 1996;
Willingshofer and Cloetingh, 2003) or smaller 3D sections (e.g Ebbing, 2002; Przybycin et al.,
2014; Freymark et al., 2017) of the study area. Additionally, the structural model has been
further validated by independent work, that derives a structural and density model of the
northern Adriatic region from seismic velocities (Magrin and Rossi, 2020). Both densities and
Moho depths, return remarkably similar values to those derived within this work utilising this
different methodology, with a Moho depth misfit of less than £5km and a mean of density

differences lower than 50 kg/m?® throughout the region.

Prior to the completion of this work, one of the most poorly constrained features in the
region was the Moho depth beneath the Eastern Alps, even represented as a ‘Moho gap’ by
recent works (Spada et al., 2013). Through the generation of the 3D gravity constrained
structural model presented in Chapter 2, we shed light on this previously ill-defined feature,
showing that a Moho depth of ~47.5 km fits the observed gravity in the region and aligns well
with other values from within the orogenic root. Further, the use of this Moho depth was found
to: replicate observed temperatures in the shallow subsurface using standard thermal parameter
values for upper (2.4 W/mK, 1.60E-06 W/m?) and lower crust (2 W/mK, 3.00E-07 W/m®);
result in the same integrated lithospheric strength (10® Pa) as previous work (Willingshofer
and Cloetingh, 2003); and lead to similar mantle viscosities (~21 logio Pa s) as prior studies
(Norton and Hampel, 2010; Chéry et al., 2016; Mey et al., 2017; Sternai et al., 2019). Similarly,
Mroczek et al. (2020) derive Moho depths of ~47.5 km for the Adriatic plate in the ‘Moho gap’
using receiver functions, despite their suggestion of a deeper underlying European Moho, a

feature we have not incorporated.
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As work from Lowe et al. (2020) shows that the maximum gravity effect plates could
have at the surface is 40 mGal, similar to the maximum accuracy currently achievable from
our structural model (~+25 mGal), deducing plate geometries with gravity observations alone
is at present not possible. In order to accurately constrain geometry or polarity of plates directly,
a significant increase in the availability of high resolution data coverage across the region is
required. However, as neither plates nor subduction interfaces have been accounted for within
any of the models generated for this work, their associated effects, most notably significant
cooling of the mantle, are also not present within our results. As such, all instances of seismicity
occurring at modelled temperatures in excess of 600 °C (maximum depth of seismicity,
Emmerson and McKenzie, 2007) correspond to the location of a plate within the region, as
derived from tomography (El-Sharkawy et al., 2020). Therefore, we show that an integrated
geophysical modelling approach presents the ability to indirectly shed light on the location of

some plates and subduction interfaces within the Alpine region.

Interestingly, how close the subduction zone is to thermal equilibrium also appears to
be observable. Ongoing subduction between the Adria and Apennine plates, corresponding to
the highest observable rate of convergence within the region (Sanchez et al., 2018), shows the
highest amount of seismicity, occurring at temperatures above 600 °C even up to 1000 °C. In
contrast, within the Alps or at the Alps-Dinarides junction where convergence rates are much
lower and the nature of subduction is debated (Kaéstle et al., 2019), seismicity exceeds 600 °C
infrequently. This suggests that subduction within the orogen likely no longer occurs at present
day or is slow enough that thermal equilibrium is almost maintained. We therefore show that
meaningful observations can still be derived from models that do not account for all possible

physical process.

One of the most important features in controlling lithospheric strength in the region is
the definition of the LAB itself. For modelling, we combined data from two different sources,
depths from the seismically derived LAB of Geissler et al. (2010) and temperatures from
converting the shear wave velocities of Schaeffer and Lebedev (2013). We found that both
sources validated one another, with the temperatures derived at those depths deviating no more
than 100 °C from 1300 °C and the majority of the area corresponding almost perfectly.
Nevertheless, more recent shear wave velocity models have been published during the
undertaking of this work, namely EI-Sharkawy et al. (2020), previously discussed in regards to

identifying plate locations.
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Figure 6.1. a) Temperatures empirically derived from the El-Sharkawy et al. (2020) shear
wave dataset at the depth of the Geissler et al (2010) LAB. b) Difference map between
temperatures derived empirically from the El-Sharkawy et al. (2020) shear wave dataset and
the Schaeffer and Lebedev (2013) dataset. c) Depth of the 1300 °C isotherm (LAB) extracted
from the El-Sharkawy et al. (2020) dataset. d) Difference map between the LAB depth derived
from the El-Sharkawy et al. (2020) dataset and from Geissler et al (2010). St — Saxothuringia;
Mn — Moldanubia; bo — Bohemian Massif; vo — Vosges Massif; bf — Black Forest Massif; tw
— Tauern Window; bt — Briangonnais Terrane; iz — Ivrea Zone; ha — Helvetic Alps; pl —
Periadriatic Lineament; gf — Guidicarie Fault; urg — Upper Rhine Graben; mb — Molasse
Basin; po — Po Basin; vf — Veneto-Friuli Plain; AS — Adriatic Sea.
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For comparison, shear wave velocities from EI-Sharkawy et al. (2020) were converted
to temperature at depths corresponding to the Geissler et al. (2010) LAB, in the same manner
detailed in Chapter 3, with results shown plotted in Figure 6.1a. In contrast to the Schaeffer
and Lebedev (2013) dataset, temperatures can be seen to deviate much further from 1300 °C.
A difference map between temperatures derived from the Schaeffer and Lebedev (2013) and
El-Sharkawy et al. (2020) datasets, calculated as the former minus the latter, is plotted in Figure
6.1b. The El-Sharkawy et al. (2020) values are observed to be consistently 100 °C warmer
across the Adriatic plate, and 400 °C cooler in the Apennine and Alpine slabs. The depths of
the 1300 °C isotherm from the El-Sharkawy et al. (2020) dataset, plotted in Figure 6.1c, in
contrast to Geissler (2010), implies a largely flat LAB at around 80 km deep across the region,
deepening to over 120 km only where plates are present. A difference map between the Geissler
(2010) LAB depth and the 1300 °C isotherm from El-Sharkawy et al. (2020), calculated as the
former minus the latter, is plotted in Figure 6.1d. The El-Sharkawy et al. (2020) dataset
suggests the Adriatic LAB is 70km shallower than the Geisler (2020) LAB, whilst also being

up to 50 km deeper in the regions where plates are present.

As we found that the Geissler (2010) and Schaeffer and Lebedev (2013) datasets
complement one another, and that our thermal and rheological results were verified with
outside measurements, such as wellbore temperature measurements and mantle viscosity
values, we would suggest they represent a good approximation of the LAB depth within the
region. Values derived from El-Sharkawy et al. (2020), deviate largely from this and would
result in highly different thermal and rheological results, unlikely to fit the other independent
data sources. They appear much more sensitive to the location of plates within the region, and

as such they have been used for this purpose within our studies.

Lithospheric heterogeneity was represented through the definition of domains corresponding
to different physical properties. These were constrained through gravity modelling alone, as
current knowledge of Alpine tectonic features at depth in 3D is limited. Nevertheless, most
correspond to locations of known features, such as the Brianconnais Terrain, the Tauern
Window and the Adriatic and Apennine plates, lending validity to the results. As such,
interfaces between domains also correspond to known fault systems such as the Alpine front
and the Schio-Vicenza zone, allowing for the relationship between lithospheric structure and

seismicity to be investigated.
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6.2. Lithospheric Heterogeneity and Relation to Seismicity

Lithospheric heterogeneity is ubiquitous throughout the region, stemming from the
different characteristics of the plates involved in orogenesis. This is exemplified in the present-
day contrast between both the crust and upper mantle densities of the European (~2750 kg m3,
3305 kg m~3) and Adriatic plates (~2800 kg m~3, 3335 kg m~3), of the northern and southern
forelands respectively. The provenance of Alpine crustal blocks are also shown to be
identifiable based on their densities, with zones of Adriatic provenance (Austro-Alpine unit
and Southern Alps) found to be denser and those of European provenance (Helvetic zone and
Tauern Window) to be less dense. This observation also encompasses thermal parameters, with
the Adriatic crust producing less radiogenic heat (1.30E-06 W/m®) than in the European crust
(1.3-2.6E-06 W/m?®), consistent with the Adriatic crust being more mafic than the European
crust, as suggested by their densities. This results in a stronger Adriatic crust (~13.1 logio Pa
m) in general than European crust (~13.05 logio Pa m), demonstrating how different inherited

physical properties like density and radiogenic heat production can impact strength.

Other inherited features, such as crustal thickness, also play a crucial role in
contributing to the lithospheric strength distribution, with the thicker Bohemian crust (40 km)
appearing stronger (13.15 logio Pa m) than the thinner Moldanubian (30 km, 13.1 logio Pa m),
despite being represented with similar densities (Moldanubia: 2710 kg m~3, Bohemia: 2720 kg
m~3) and the same thermal parameters (2.6 W/mK, 1.80E-06 W/m®). The thicker radiogenic
upper crust also results in raised crustal temperatures (500 °C at 20 km) and a deeper Moho
(40 km) when compared to the adjacent Moldanubian domain (450 °C at 20 km, 30 km),
leading to lower mantle strengths. As the lithospheric mantle has been shown in Chapter 5 to
accommodate the majority of the lithospheric strength, this results in a lower integrated
lithospheric strength for Bohemia (13.2 logio Pa m) than Moldanubia (13.4 logio Pa m). A
similar effect is also observed in the Alpine orogen and other regions of thickened upper crust.

As lithospheric strengths are highly dependent on the thermal field, the lower thermal
boundary condition also exerts a first order control on modelled strength trends. The hybrid
LAB utilised within this work, the validation of which is discussed in the previous section, is
highly variable throughout the study area as a result of regional tectonics. Its shallowest point
(70 km), corresponds to the CERS, resulting in raised crustal temperatures (540 °C at 20 km),
with the deepest point (140 km) corresponding to the Adriatic indenter and colder crustal
temperatures (380 °C at 20 km). Inherited lithospheric thickness therefore also represents an

important role in the observed strength contrast between the stronger crust of the Adriatic
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(~13.1 logio Pa m) plate and the weaker European crust (~13.05 logio Pa m). As such, our
results clearly show that observed heterogeneous lithospheric strength is heavily influenced by
inherited crustal and lithospheric thicknesses along with inherited physical properties from
both prior and present orogenies, leading to the possibility that they may also exert a control

on regional deformation patterns.

This is continuously demonstrated throughout the work presented here, with seismicity
shown to localise at the interfaces between blocks of different physical properties, such as
corresponding to weaker integrated lithospheric strengths surrounding the rigid Adriatic
indenter, which as with most regions of high lithospheric strength, appears largely aseismic.
Within the Northern foreland however, the lithospheric strength does not vary pronouncedly,
largely due to the intraplate setting resulting in consistently high mantle strengths.
Nevertheless, the European crust does exhibit seismicity, specifically around the URG, largely
due to crustal strength contrasts. Therefore, whilst differences in tectonic setting appear
fundamental in controlling seismicity localisation, seismicity consistently corresponds to
strength contrasts in the crust or lithosphere that likely lead to the formation of structures prone

to accommodate seismicity.

With depth however, seismicity principally localises at depths corresponding to the
highest strengths, often corresponding to phase transitions within the crust or upper mantle.
Deeper regions of lower strength and viscosity, such as the lower crust, appear largely aseismic
due to stresses being dissipated through creep processes, suggesting that the lower crust acts
as an incompetent layer, decoupling the upper crust from the lithospheric mantle. This even
appears to be the case in the Eastern part of the Southern Alps where Adria-Europe
convergence is still active. As such, seismicity distribution appears largely controlled by the
thermal field and resultant lithospheric strength, previously discussed to be heavily influenced
by lithospheric heterogeneity from tectonic inheritance. This finding partly contrasts to recent
work (Dal Zilio et al., 2018), that attributes the seismicity depth distribution across the region
solely to the relatively low plate convergence rate, with negligible influence from tectonic
inheritance, as we show that whilst tectonic inheritance is highly important, tectonics still play

arole.

6.3. Crustal Focus Model

The Crustal Focus model in Chapter 4 was created due to indications from the thermal
modelling results in Chapter 3 that the upper crust beneath the Po Basin may be slightly too
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thick in the General Focus model (structural model from Chapters 2, 3 and 5). As such, the
upper crust in this region was thinned, with the lower crust thickened to compensate. Further
necessary alterations were made to the structural model using the same gravity modelling
methodology described in Chapter 2, with the resulting model replicating seismic and gravity
observations as well as the General Focus model. The thickness of the crust in the Crustal
Focus model can be seen in Figure 6.2a, with a difference map of crustal thickness calculated
as Crustal Focus model — General Focus model, plotted in Figure 6.2b.
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Figure 6.2. a) Crustal thickness of the Crustal Focus model. b) Difference map between the
crustal thickness of the Crustal Focus model and the General Focus model. Locations of key
tectonic features are overlain (abbreviations shown in Figure 6.1 caption).

The crustal thickness of the Crustal Focus model can be seen as largely the same as the
General Focus model across the majority of the region, showing very similar overall trends.
However, the modelled crust is thicker beneath the Brianconnais Terrain and Ivrea Zone (up
to 15 km thicker) in the Crustal Focus model, whilst the crust on the Apennine plate and
portions of the Central and Eastern Alps are thinned (up to 10 km thinner). The average density
of the crust in the Crustal Focus model is shown in Figure 6.3a, with a difference map of
average crustal density calculated as Crustal Focus model — General Focus model, plotted in
Figure 6.3b.
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Figure 6.3. a) Average density of the upper and lower crust for the Crustal Focus model. b)
Difference map between the average density of the upper and lower crust of the Crustal Focus
model and the General Focus model. ¢) Average density of the entire lithosphere for the Crustal
Focus model. d) Difference map between the average density of the entire lithosphere for the
Crustal Focus model and the General Focus model. Locations of key tectonic features are
overlain (abbreviations shown in Figure 6.1 caption).

It is evident how relatively localised alterations to the thickness of the crust, as shown
in Figure 6.2, can require significant changes in density across the entire region’s crust, in order
to fit the observed gravity. As such, the importance of utilising a 3D approach for gravity
constrained structural models is emphasised. However, as would be expected from the gravity
constraint, the overall change in lithospheric density is very low, with the average lithospheric
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density of the Crustal Focus model shown in Figure 6.3c, and a difference map of average
lithospheric density calculated as Crustal Focus model — General Focus model, plotted in
Figure 6.3d.

The thermal field of the Crustal Focus model was then generated using the same thermal
parameters as Chapter 3. The thermal field of the Crustal Focus model was found to replicate
thermal observations as well as the General Focus model. Neither is able to be classed as a
definitely ‘better’ model, as both are focussed on different features, with the strengths and
weaknesses of each discussed in the sensitivity analyses conducted in Chapter 4. The depth of
the 600 °C isotherm from the Crustal Focus model is shown in Figure 6.4a, and a difference
map of the depth of the 600 °C isotherm, calculated as Crustal Focus model — General Focus

model, is plotted in Figure 6.4b.
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Figure 6.4. a) Depth of the 600 °C isotherm from the Crustal Focus model. b) Difference map
between the depth of the 600 °C isotherm from the Crustal Focus model and the General Focus
model. Locations of key tectonic features are overlain (abbreviations shown in Figure 6.1
caption).

As with the crustal thickness, the 600 °C isotherm depth across the majority of the
region remains mostly unchanged in the Crustal Focus model. However, the isotherm does
appear shallower beneath the URG, Ivrea Zone, and Venetto-Fruili plain (up to 3 km shallower)
and deeper through the majority of the Adriatic plate (up to 3 km deeper). As strength is reliant
on the thickness and density of layers as well as the thermal field, all of which have been

demonstrated to be altered to varying degrees in the Crustal Focus model, the potential remains
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that this model also leads to differing strength trends. To interrogate this the strengths for the
Crustal Focus model were calculated using the workflow described in Chapter 5. The long term
integrated strength of the crust and lithosphere are shown in Figures 6.5a and c respectively,
and difference maps of integrated strengths of the crust and lithosphere, calculated as Crustal

Focus model — General Focus model, are plotted in Figure 6.5b and d respectively.
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Figure 6.5. a) Integrated strength of the upper and lower crust for the Crustal Focus model
with seismicity > M2 shown in red dots. b) Difference map between the integrated strength of
the upper and lower crust of the Crustal Focus model and the General Focus model. c)
Integrated strength of the entire lithosphere for the Crustal Focus model with seismicity > M2
shown in red dots. d) Difference map between the integrated strength of the entire lithosphere
for the Crustal Focus model and the General Focus model. Locations of key tectonic features
are overlain (abbreviations shown in Figure 6.1 caption).
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Despite the absolute values of some features changing, such as a stronger crust in the
Adriatic plate and a weaker lithosphere beneath the Saxothuringian terrain, the overall strength
trends largely remain the same in the Crustal Focus model as the General Focus model and as
such, the trends in relation to seismicity are largely the same. However, there are still localised
improvements in the correlation between seismicity and strength along the southern extend of
the Ivrea zone, the edges of the Adriatic indenter, and the URG, although these only serve to
reinforce trends already identified and discussed previously from the General Focus model.

Our findings show that both the Crustal Focus model and General Focus model indicate
a convergence in results despite different initial setups. Both models show consistent
relationships between regional strength and seismicity even when features like crustal
thickness and density were configured significantly different. The possibility therefore exists
that the convergence of results is due to the enlargement of the parameter space through the
integration of further data sources, in such a way that uncertainties in the model construction
have been minimised, allowing for more consistent descriptions of the system state. This may
suggest that unavoidable issues of non-uniqueness in the model generation workflow described
here, can be dealt with through the use of additional constraining data at each stage of the
modelling workflow.

This is explicitly discussed by Wellmann and Caumon (2018), as they show that one of
the best ways to minimise uncertainty in geological modelling workflows, is to integrate
distinct datasets of differing observations. This concept has been comprehensively carried out
in the work described here, with different constraining datasets used at each stage in the
modelling workflow and results of previously stages contributing to the available data such
that they benefitted later works. Sensitivity work carried out in Chapter 2 also demonstrates
the danger of using only one data source for the definition of physical properties, with lower
crustal density values derived directly from p wave velocities alone resulting in large misfits
from gravity observations.

However, as discussed in Chapter 4, the resolution and distribution of datasets used for
model constraint also introduce an intrinsic bias into the workflow. As is typical in geoscience
applications, this stems from certain regions possessing a high quality of data coverage, often
in areas of interest to the hydrocarbon or other industries such as the Po Basin within our study
area, whilst other regions possess much sparser coverage, such as within the Alps. The
possibility therefore also exists that the converging results of the Crustal Focus and General
Focus models represents the limitations exerted on model generation caused by the resolution

and distribution of all datasets integrated during the modelling workflow. As such, whilst
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enlarging the parameters space (with integrated data) could help downsize the intrinsic
uncertainty in the model reconstruction, the data quality and distribution also comes with a bias
in the tuning of the modelling outcomes, meaning that both likely exert a large degree of control

in our results.

6.4 Limitations and Future Plans

Whilst the 3D workflow that has been utilised provides significant benefits, limitations
in the coverage of available data presents challenges. Although gravity datasets of the region
(e.g. Forste et al., 2014) allow for the validification of viable secondary data sources (e.g.
Tesauro et al., 2008; Molinari and Morelli, 2011) to bridge gaps in deep seismic survey
coverage, constraining thermal data is not present across the whole region. As the thermal field
exerts a primary control on calculated lithospheric strengths, the most desirable additional data
for the generation of better models, is therefore an improvement in the coverage of wellbore
temperature measurements. This would further efforts to negate non-uniqueness in the
modelling methodology through the use of a joint inversion workflow and allow for the ability
to invert for solutions to gaps in our present day understanding of the Alpine subsurface
geometries or properties, which was currently found not possible given the spread of available
temperature measurements.

The availability of new datasets such as the Alp Array Gravity Research Group
Bouguer map of the region (Zahorec et al., 2021), a state of the art compilation of terrestrial
gravity observations with a resolution of 2km x 2km, and regional Moho maps (Mroczek et al.,
2020) including features such as the depth of European Moho where it underlies the Adriatic
Moho, will also facilitate the generation of higher fidelity structural models of the region. This
would allow the workflow to identify smaller local features due to an increase in resolution,
potentially allowing for the identification of plate geometries from gravity datasets, through a
better resolved crustal model. In turn, it could also ultimately result in the calculation of more
precise physical property values for the region and increase present-day knowledge on the
continuation of tectonic boundaries at depth.

The models generated within this work heed recommendations from Wellmann and
Caumon (2018) in regards to good modelling practice, by possessing a high level of geological
realism, to account for the heterogeneity of physical properties within lithospheric layers. This
is in contrast to most proceeding regional models of the Alps and their forelands that utilise
homogenous values (e.g. Tesauro et al., 2009; Limberger et al., 2018). To emphasise the

importance of representing lateral heterogeneity, Chapter 3 shows how the fit of calculated to
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measured temperatures can be improved by altering the thermal properties of different tectonic
domains away from a homogenous layer cake solution, especially in layers further from the
surface (>3km).

To compliment this, a further improvement would be to integrate numeric datasets that
describe the distribution of physical properties in 3D. In this way, regional velocity models of
the crust (Jozi Najafabadi et al., 2020) or the mantle (El-Sharkawy et al., 2020) could be
voxelised in order to constrain 3D property variation within a modelled layer, or supplement
gaps in interface depths from other sources, such as deep seismic surveys. This would also
dramatically increase the resolution of heterogeneity possible to incorporate within the
modelling workflow and allow gradational change of physical properties laterally within a
block to occur or with depth.

However, an increase in the fidelity of heterogeneity representable throughout the study
area also poses additional challenges. Whilst lateral heterogeneity within layers was
implemented in the gravity and thermal models, disagreement between experimentally derived
flow law values from a laboratory setting and from lithospheric scale geodynamic models,
meant homogenous flow laws were used for layers of the rheological model. Future work will
be required in this field to tackle the challenges stemming from the difficulties on how to
represent polymineralic lithospheric rocks using experimentally derived monomineralic values
and with upscaling values from laboratory measurements to represent a tectonic block within
the lithosphere.

Nevertheless, the creation of a model that perfectly replicates the present day
lithospheric configuration, is by definition impossible (Box, 1979). The results described here
however, show that despite present day data availability not supporting the constraint of all
lithospheric and plate structures, methods of heat flow or rheological heterogeneity within
model layers, meaningful information at an orogen scale is still provided. As such, the
structural, density, thermal and rheological models produced using this workflow represent a
significant improvement on the state of the art knowledge of Alpine lithospheric configuration
and its relation to observed deformation within the region.

Whilst the results obtained here represent the state of the art understanding of the Alpine
lithospheric state, increasing the complexity of the modelling workflow may lead to improved
results, by accounting for additional physical processes such as: (i) the adoption of coupled
fluid flow thermal models, in order to incorporate the effects of hydrothermal convection, such
as in the URG (Kaoltzer et al., 2019), and the Schio-Vicenza fault zone (Pola et al., 2020), which
could result in altered temperatures at shallow depths in these areas; (ii) by running transient
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thermal models in order to account for regions not in thermal equilibrium, such as in the
presently rifting URG (Heckenbach et al., 2021), which could result in altered temperatures at
crustal and mantle depths beneath the rift; (ii) the use of variable strain rates to account for
changes both laterally and with depth, also demonstrated in the URG (Heckenbach et al., 2021),
which would result in lower surface strain rates but higher mantle strain rates. All of these
effects have the potential to alter calculated strengths, however more data regionwide is
required before models of this complexity can be carried out. Nevertheless, the results
generated here provide a solid backbone for these additional studies in the future.

Rheological results obtained in this work also present the opportunity to contribute to
the ongoing debate on the relative impact of glacial isostatic adjustment versus tectonic and
mantle dynamic processes as causes of the observed present-day kinematic state of the Alpine
region. Calculated mantle viscosity values (~21 logio Pa s) are broadly in line with values used
by others (20-22 logio Pa s, Norton and Hampel, 2010; Chéry et al., 2016; Mey et al., 2017;
Sternai et al., 2019). In contrast to other works, we present here, variable mantle viscosities
throughout the region that are validated through multiple independent data sources, which can
act as important observations for future works constraining Alpine glacial isostasy.

Work towards comparing relationships between lithospheric strength and seismicity,
utilising a similar integrated gravity, thermal and rheological modelling workflow is also being
carried out in other orogens, such as the Andes (e.g. Rodriguez Piceda, 2020). Comparison
between the results generated here and from other regions of the world, allow for the
interrogation of commonalities. As such, conclusions could be made about whether the
identified trends relating to lithospheric strength and deformation in the Alpine subsurface are
unique to the region or applicable globally, furthering our understanding of the fundamental

processes that lead to seismicity localisation and how it relates to lithospheric configuration.
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Chapter 7. Conclusions

The overall aim of this dissertation was to interrogate how lithospheric configuration
controls the patterns of observed seismicity within the Alps and their forelands. The main

outcomes of this work can be summarised as:

1. The Adriatic crust is thinner and more mafic (~22.5 km, 2800 kg m~3, 1.30E% W
m-3) than the thicker and more felsic European crust (~27.5 km, 2750 kgm 3, 1.3—
2.6E% W m=), with the provenance of Alpine domains also identifiable based on
their physical properties.

2. Inherited heterogeneous features such as crustal and lithospheric thickness have a
large impact on resultant lithospheric strength trends, largely due to the impact they
have on the thermal field.

3. Long term strength trends in the crust and lithosphere closely correspond to the
location of seismicity throughout the region.

4. The relationship between long term strength and seismicity differs by tectonic
setting, with events in the plate boundary setting of the southern foreland
corresponding to weak integrated lithospheric strengths, and events in the intraplate
setting of the northern foreland, instead corresponding to weak crustal strengths.

5. Seismicity within the crust or upper mantle localises at depths corresponding to the
highest strengths, often corresponding to phase transitions (felsic crust: 200-400
°C; mafic crust and upper mantle: ~600 °C), with no seismicity present in very weak
regions due to stresses being dissipated through creep processes.

6. Through the generation of 2 models with different initial lithospheric configurations
that are both constrained by the same data observations and result in consistent
relationships between regional strength and seismicity, it is demonstrated that
whilst non-uniqueness is an unavoidable component in the model generation
workflow described here, the integration of multiple observation based datasets
helps minimize this uncertainty.

7. Locations where seismicity appears to occur above 600 °C based on steady state
thermal calculations, are demonstrated to correspond to the locations of slabs within

the region, due to those systems not being in thermal equilibrium yet.
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