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ARTICLE INFO ABSTRACT

Temperature exerts 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. The latter can be regarded as the lower
bound to the seismogenic zone, thereby controlling the spatial distribution of seismicity within a lithospheric
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illlmpe plate. As such, models of the crustal thermal field are important to understand the localisation of seismicity. Here

Adps we relate results from 3D simulations of the steady state thermal field of the Alpine orogen and its forelands to
ria . . . . .. . . . . . .

Seismicity the distribution of seismicity in this seismically active area of Central Europe. The model takes into account how

the crustal heterogeneity of the region effects thermal properties and is validated with a dataset of wellbore
temperatures. We find that the Adriatic crust appears more mafic, through its radiogenic heat values (1.30E-
06 W/m3) and maximum temperature of seismicity (600 °C), than the European crust (1.3-2.6E-06 W/m3 and
450 °C). We also show that at depths of < 10 km the thermal field is largely controlled by sedimentary blan-
keting or topographic effects, whilst the deeper temperature field is primarily controlled by the LAB topology

and the distribution and parameterization of radiogenic heat sources within the upper crust.

1. Introduction

One in three people globally live at risk of being affected by seis-
micity (Pesaresi et al., 2017), therefore the need remains for an in-
creased 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 re-
gional 3D temperature distribution is an essential step towards refining
predictions of future seismic hazard.

The study area covered here, the Alps and their forelands, re-
presents 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 en-
tirety of the Alps and their forelands (Tesauro et al., 2009; Limberger
et al., 2018) have largely not resolved the vertical and lateral hetero-
geneities observed mostly in the crustal domains sufficiently well to
allow a quantitative assessment of their effects on the resulting tem-
perature 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 ac-
count the different thermal parameters required to replicate the
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

heterogeneous nature of the crust.

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 et al., 2017),
derive from the Carboniferous age Variscan orogeny (Franke, 2000),
that assembled crystalline basement presently exposed in the Vosges,
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).

The different parts of the orogen-foreland system (Fig. 1) are pre-
sently 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 et al., 2004).

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
Fig. 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 litho-
sphere: (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
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Fig. 2. Thickness of a) unconsolidated sediments (mostly Quaternary), b) consolidated sediments (mostly Mesozoic), c) 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 1. Locations of key tectonic features are overlain (abbreviations shown i

layer and location of the different domains within them are also shown
in Figs. 2 and 3a. No subduction interfaces are included in the model.

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 Fig. 1) and the Litho-
sphere-Asthenosphere Boundary (LAB) used as the base of the model
(shown in Fig. 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

n Fig. 1 caption).

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 re-
finements was then used to calculate the 3D conductive steady state
thermal field of the study area using GOLEM (Cacace and Jacquey,
2017), a numerical simulator of coupled Thermal-Hydraulic-
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Fig. 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 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 Fig. 1 caption).

Mechanical processes. For this study steady state conditions were as-
sumed and the conductive thermal field was calculated. Therefore the
conductive heat equation solved for steady state conditions is.

0 = div(AVT) + S (€8]

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 (Fig. 4a) corre-
sponds to yearly average surface temperatures, comprising both land
and sea floor measurements, from the WOA13 dataset (Locarini et al.
Locarnini et al., 2013) the Histalp dataset (Bohm 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 tem-
perature distribution used across the lower thermal boundary condition
(see Fig. 4b), is derived from the conversion of shear wave velocities
(Priestly and McKenzie, 2006; Meellen, 2018) from Schaeffer and
Lebedev's (2013) SL2013sv dataset, at a depth corresponding to the
base of the model. Temperatures range from 1250 °C below the Vosges
massif to 1400 °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.

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 et al., 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 8120 measurements from the surface

down to 7.3 km below sea level, with a mean depth of 1.8 km. Tem-
perature 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 mod-
elling work in the Upper Rhine Graben (Freymark et al., 2017) and
Molasse Basin (Przybycin et al., 2015). The ranges of thermal properties
tested can be seen in Table. 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.

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 fil-
tered for events larger than magnitude 2 between January 2000 and
January 2018, as the catalogue completeness drops significantly out-
side of these parameters. This provided a dataset of 4571 seismic events
so that relationships between the depth, temperature, and location of
seismicity could be explored.

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, how-
ever limitations remain in the current workflow. The resolution of the
thermal model generated is a result of the available data sources, which
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Fig. 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. Locarnini et al., 2013) the Histalp dataset (Bohm 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 Locarnini et al.'s (2013)
SL2013sv dataset. Locations of key tectonic features are overlain (abbreviations shown in Fig. 1 caption).

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 fea-
tures.

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 de-
tailed 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

Table 1

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 multi-
disciplinary study, integrating data from a wide array of sources.

Final thermal parameters used and the tested range for all domains of the structural model.

Final Bulk Thermal

Bulk Thermal Conductivity

Final Radiogenic Heat Radiogenic Heat Production

Conductivity Range Tested Production Range Tested

(W/mK) (W/mK) (W/m3) (W/m3)
1. top 1 km Unconsolidated Sediments 2 1.00E-06
- below 1 km Unconsolidated Sediments 2.3 1.8-3 1.00E-06 1.00E-06
2. top 1 km Unconsolidated Sediments URG 1.1 1.00E-06
- below 1 km Unconsolidated Sediments 1.4 1.1-1.8 1.00E-06 1.00E-06

URG

3. Unconsolidated Sediments Molasse 1.8 1.8-3 1.00E-06 1.00E-06
4. top 2 km Unconsolidated Sediments Po 2 1.00E-06
- below 2 km Unconsolidated Sediments Po 2.3 1.8-3 1.00E-06 1.00E-06
5. Consolidated Sediments 2.3 2-35 1.00E-06 1.00E-06 - 1.30E-06
6. Upper Crust Saxothuringia 3 2.5-4 2.60E-06 1.00E-06 - 2.60E-06
7. Upper Crust Moldanubia and West Alps 2.6 2.3-3.1 1.80E-06 1.00E-06 - 2.60E-06
8. Upper Crust Vosges 2.8 2.3-3.1 2.00E-06 1.00E-06 - 2.60E-06
9. Upper Crust Molasse 2.4 2.3-3.1 1.30E-06 1.00E-06 - 2.60E-06
10. Upper Crust East Alps 2.4 2.2-3.1 1.60E-06 1.00E-06 - 2.60E-06
11. Upper Crust Adria and Apennine 2.4 2.3-3.1 1.30E-06 1.00E-06 - 2.60E-06
12. Lower Crust 2 2-2.7 3.00E-07 1.50E-07 - 7.00E-07
13. Lower Crust Saxothuringia 2.3 2-2.7 6.00E-07 1.50E-07 - 7.00E-07
14. Lithospheric Mantle North West 3 3-3.95 3.00E-08 2.00E-08 - 3.00E-08
15. Lithospheric Mantle South East 3 3-3.95 2.00E-08 2.00E-08 - 3.00E-08
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Interpretations used as a basis for the calculated thermal field, in-
cluding 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 remedy this, at each stage multiple external
data sources, such as gravity anomalies, seismicity or wellbore tem-
peratures, have been used for validation.

Limitations of the data used for validation also impacts the model-
ling effort. The distribution of wellbore measurements represent a sig-
nificantly 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 re-
quired 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 en-
countered, further mention has been made in the text. Work to quantify
the sensitivities of regional thermal parameters to the spread of mea-
surement 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.
Steady state assumes that the thermal field has reached equilibrium and
changes over time to the thermal field are negated. 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 influ-
encing factors to the thermal field. These include: the effects of hy-
drothermal 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. Results
3.1. Modelled temperature distribution

Fig. 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
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 ob-
servable 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).

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 tem-
peratures 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 dis-
playing temperatures similar (170 °C) to those of the surrounding

Global and Planetary Change 193 (2020) 103288

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 cor-
responds 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 tem-
perature to its northern foreland, and no observable links exist between
thicknesses of sediment and temperature. However, the 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 Vosges 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.

3.2. Model parameterisation and validation

The thermal properties used to achieve the best fit thermal field can
be seen in Table. 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).

The improvement of the best fit model over the initial model (using
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Fig. 5. Temperature maps through the final model at depths below sea level
(abbreviations shown in Fig. 1 caption).

the average value of the range tested in Table 1) is visualised in Fig. 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 8120 mea-
surements used in the region, the root mean square error of the best fit
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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 Figs. 7b and 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 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
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Fig. 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.

outliers. Although the majority of Upper Rhine Graben measurements
are well replicated, measured points in some regions deviate system-
atically from the regional geotherm (0.04 K/m), plotting along a loca-
lised higher geotherm (0.065 K/m). As a result, some modelled tem-
peratures 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.

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 mea-
sured 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
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Depth (km)
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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. 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. Distribution of seismicity

The locations of all seismic events used are shown in Fig. 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 tem-
perature 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 re-
gions, isolated seismicity can be seen to around 70 km depth.

Two cross sections through the structural model are shown to fur-
ther illustrate the relationship between local seismicity and tempera-
ture. An East to West running section through the middle of the orogen
(a-a’, Fig. 10) and a North to South cross section from one foreland to
the other through the orogen (b-b’, Fig. 11) are marked on the map of
the study area in Fig. 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 km distance of the cross
section. Cross section a-a’ shows that in the Alps all seismicity is

g Measured

g Modelled

Temperature (°C)

Fig. 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. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) 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 Fig. 7a. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

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 dif-
ference can be discerned between the pattern of seismicity in the
Western and Eastern Alps.

Cross section b-b’ sheds light onto regional differences in the max-
imum depths of seismicity between different tectonic domains. As al-
ready 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
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 tem-
peratures higher than 600 °C corresponds to known subduction inter-
faces (e.g. Piana Agostinetti and Faccenna, 2018; Késtle et al., 2019).

4. Discussion
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 (Fig. 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 sug-
gesting 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
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Fig. 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 Fig. 10, b-b’ represents the cross section in
Fig. 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.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

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 (Fig. 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

Western Alps Eastern Alps

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

Fig. 10. A West to East cross section (a-a’ in Fig. 9)
through the structural model. Thickness of model

layers is shown: lithospheric mantle (red), lower

Depth (km)

10

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. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 11. A North to South cross section (b-b’ in
Fig. 9) through the structural model. Thickness of
model layers is shown: lithospheric mantle (red),

Adria

Apennine

lower crust (grey), upper crust (brown) and con-
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solidated 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. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 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 Fig. 1 caption).

were extracted from the model and the resulting temperature difference
visualised in Fig. 12. The difference maps demonstrate that the topo-
graphic effect is indeed responsible for the largest part of the tem-
perature difference between the orogen and forelands at shallow depths
(around 80 °C at 2 km below sea level). The effect decreases with in-
creasing depth, but is still evident at a depth of 20 km below sea level
with a difference of around 55 °C.

The lessening impact of the topographic effect with depth is also
mirrored by the increasing impact of upper crustal thickness on tem-
peratures as depth increases. Areas of thicker Alpine upper crust that
appear warmer than their surroundings include the Brianconnais ter-
rane 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 Fig. 5. In the northern Alpine foreland, the
Bohemian Massif is characterised by both thick upper crust and ele-
vated relief. However, in accordance with the results by Przybycin et al.
(2015), temperatures are not particularly elevated there since the ex-
humed Variscan basement acts as a heat chimney in the absence of
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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
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 man-
ifests in the nearby crustal blocks, with higher temperatures below the
Vosges Massif compared to the adjacent Black Forest, both of which are
represented by the same thermal parameters, relief and upper crustal
thickness.

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
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the lower bound to the seismogenic zone. In polymineralic rocks, i.e.
almost all crustal rocks, the brittle ductile transition for different mi-
nerals 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-felds-
pathic 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 refer-
ences 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.

Outside of subduction interfaces, seismicity occurs to the 600 °C
isotherm in the Adriatic and Apennine upper and lower crusts, in-
dicating 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 thick-
ened 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 con-
ductivity (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 distribu-
tion relative to the thermal field and the brittle ductile transition of
crustal minerals; 2) thermal properties necessary to fit measured well-
bore 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.

4.3. Importance of limitations

The local mismatch of observed shallow temperatures with those
predicted by a conductive heat transport simulation suggests that hy-
drothermal convection in the Upper Rhine Graben significantly effects
the shallow thermal field of the region. This is in line with other works
(e.g. Béchler et al., 2003; Freymark et al., 2017; Koltzer et al., 2019)
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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 (ex-
amples listed in the Methodological Limitations section) are noticed
during an interrogation of our results. Whilst their impact is likely
present, they are not of a magnitude that could result in visible sys-
tematic offset between measured and modelled temperatures.

Whilst an increase in resolution of 3D structural model, is never-
theless desirable, the largest limiting factor to the thermal field gen-
erated is the availability of measured temperature data. Even with a
course 20 km X 20 km structural model resolution, as can be seen in
Fig. 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 re-
sult in a more accurate thermal field. To interrogate this, work is un-
derway to quantify the sensitivity of thermal parameters used in this
model in relation to the spacing of measured temperatures available.

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 topo-
graphic 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 re-
sults also suggest that the advection of hot fluids and associated influ-
ence of localised faults in these regions are an important factor un-
accounted 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 con-
junction 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 re-
lationship between seismicity and the lithospheric thermal field as a
first step to quantifying seismic hazard.

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 sedi-
mentary 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 (magni-
tude 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
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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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