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Density and strength variations in the
mantle lithosphere affect the distribution
of intraplate earthquakes

Check for updates
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Jan Inge Faleide 4

The distribution of earthquakes in stable intracontinental tectonic settings is typically far more diffuse
than along plate boundaries and the causative mechanisms underlying some recognizable clustering
are not understood. Here we show that seismicity in intraplate western and central Europe is largely
limited to regions that exhibit a low-density layer in the uppermost lithospheric mantle and
preferentially clustered above lateral gradients in upper mantle effective viscosity. The basis for these
new insights into the thermal and density configuration of the upper mantle is provided by a shear-
wave tomographic model. We propose that the spatial correlations between mantle low-density
bodies and crustal seismicity reflect the importance of buoyancy forces within themantle lithosphere.
In addition, under the interaction of forces due to mantle gravitational instabilities, plate tectonics and
postglacial rebound, the variably hot and strongmantle lithosphere respondsby localizeddeformation
which imposes differential loading on the overlying crust.

Unraveling the causative dynamics of continental intraplate seismicity is
difficult since these settings overall show low levels of deformation rates,
longer return periods for large earthquakes, and more spatially distributed
hypocenters than observed along plate boundaries1. Stable western and
central Europe from the northern Alpine foreland across northwestern
France to the British Isles is such an intracontinental domain, where low
geodetic strain rates2 are hard to reconcile with the heterogeneously dis-
tributed seismic activity3 (Fig. 1). Nevertheless, the unknown mechanisms
behind this enigmatic seismicity pose a threat to the densely populated
region where seismic hazard is not in the public perception because of the
long recurrence times of seismic events. As a consequence of the plate
tectonic framework involving the North Atlantic opening and the con-
vergence between the African and the European plates, focal mechanisms
indicate a dominant north-west directed maximum horizontal stress4

(SHmax). In addition to plate boundary forces, deformation in the area is
potentially also influenced by stresses related to (post)glacial isostatic
adjustments (GIA) in the proximity of the once glaciated and currently
uplifting regions of Fennoscandia, the northern British Isles, and the Alpine
belt5. How these different factors interact over time and space and thereby

control the lateral distribution of seismic activity today, however, is still not
comprehensively explained.

In response to a polyphase tectonic history of the region, the crust
exhibits various sets of differently aged, internal tectonic boundaries and
major faults (Fig. 1). Some of these discontinuities have been suggested to
have driven the localization of recent deformation, in particular, the Eur-
opean Cenozoic Rift System6 (ECRIS), Mesozoic inversion structures situ-
ated between the ECRIS and the Trans-European Suture Zone7 and
Paleozoic crustal sutures of northwestern France8 and the British Isles9. The
majority of earthquakes in the region, however, cannot unequivocally be
mapped to specific crustal-scale discontinuities; nor are they restricted to
domains of weaker crust as assessed by geophysical data-based thermal and
rheological modeling10.

Based on GNSS-derived velocity field models, it was estimated that
vertical strain rates in the study area result to a great extent from buoyancy-
driven forces sourced in themantle and suggested that the latter would play
an important role also in localizing seismicity clusters2. Furthermore, var-
iations in the thickness, temperature, and thus strength of the whole
lithosphere as inferred from a surface-wave tomography model have been
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proposed to explain the differences in seismic activity between (less active)
Ireland and mainland Britain11. A causal relationship between clustered
seismicity in the crust and seismologically imaged low-velocity zones in the
mantle below has also been proposed for other intracontinental settings
such as Australia12 or the New Madrid Seismic Zone in the southeastern
UnitedStates13.What ismissing so far, however, for our study area andother
stable interiors as well is a quantification of the thermal configuration and
related strength and density variations across the wholemantle lithosphere.

In this paper, we quantitatively explore and discuss the potential effects
of upper mantle heterogeneities on the lateral distribution of earthquakes
across stable western and central Europe. Therefore, we derive variations in
temperature from a continent-scale tomographic shear-wave velocity (vs-)
model, which is the updated Collaborative Seismic Earth Model, CSEM
Europe14. This allows us to directly estimate the related efficiency of viscous
creep in themantle (effective viscosity) as a proxy for spatial variations in the
mantle susceptibility to deformation. Through the conversion approach
chosen to use (Methods), we additionally obtain the upper mantle density
configuration,which (i) is non-linearly related to temperature as reflected in
the differing vertical anomaly patterns and (ii) provides an indicator for a
key component potentially contributing to spatial variations in gravitational
potential energy and buoyancy forces.

The main finding of this study is that seismicity is (i) largely limited to
regions that exhibit a low-density layer in the uppermost lithospheric
mantle and (ii) preferentially clustered above lateral gradients in upper
mantle effective viscosity. We propose that these spatial correlations reflect
the importanceof buoyancy forceswithin themantle lithosphere in this low-
strain intracontinental setting. As an additional factor, the forces due to
gravitational instabilities, plate tectonics, and GIA seem to interact with
mantle strength heterogeneities and thus localize mantle deformation and
related differential loading of the overlying crust. With this mantle per-
spective on earthquake distribution, our study provides new clues con-
cerning the differentiation of the study area into seismically quiet regions
(e.g., Ireland, Paris Basin) and elongated zones of increased seismicity (e.g.,
mainland Britain, Rhine Graben system).

Results
We have extracted the depth to the 1300 °C isotherm from the vs-tomo-
graphy-derived temperature configuration as a proxy for variations in the
depthof the lithosphere-asthenosphere boundary (LAB) acrosswestern and
central Europe (Fig. 2). Accordingly, the largest lithosphere thicknesses
(>180 km) are present beneath the southwestern North Sea and Paris Basin
regions which overall show lower seismic activity than regions of thinner
(<140 km) lithosphere to the east and west.

At intra-lithospheric depth of 80 km, the mantle reveals three major
anomalies of low velocity, high temperature (>1000 °C) and correspond-
ingly lowdensity and effective viscosity (Fig. 3): thewesternBritish Isleswith
the strongest anomaly below the Hebrides, an anomaly offshore south-
ernmost Scania, and theNWforeland of theAlpswith highest temperatures
below theMassif Central, the southernUpper Rhine Graben-Hegau region,
the Eifel, and the NW Bohemian Massif. Temperature lows beneath the
southwestern North Sea, the Paris Basin, and the Odenwald area bound
these positive mantle thermal anomalies and reveal comparatively little
seismic activity. In general, themajority of seismic events tend to align above
the boundaries of relative thermal highs and lows in the upper mantle. For

Fig. 1 | Crustal configuration and tectonic structures of Western and central
Europe. Background color is for the depth of the crust-mantle boundary (Moho;
EuCrust07 model85). Circles mark the depth and magnitude of seismic events
(momentmagnitudes≥M3of the ESHM20 catalog3). Grayed-out regions of theAlps
and Fennoscandia are not discussed here because of the larger vertical strain rates
related to ongoing glacial isostatic adjustments2. Also shown are selected tectonic
elements proposed by other studies to be related to present-day seismicity (see main
text): Paleozoic structures (dashed), Mesozoic structures (dashed-dotted), Cenozoic
grabens (gray-filled) and Cenozoic volcanic fields (black-filled). TESZ Trans-
European Suture Zone. Terrane bounding faults of the British Isles86: GGF Great
Glen Fault, HBF Highland Boundary Fault, MTZ Moine Thrust, OIT Outer Isles
Thrust, SUF Southern Uplands Fault; terrane bounding faults of NW France87:
MCFZ Mid-Channel Fault Zone, N/SASZ North/South Armorican Shear Zone,
SASSZ South Armorican Southern Shear Zone, VDFVariscan Deformation Front88,
inversion structures of the Alpine foreland89: CG Central Graben western fault, FL
Franconian Line, OF Odra Fault, WI Wittenberg Fault; elements of the European
Cenozoic Rift System (ECRIS)90: LG Limagne Graben, BG Bresse Graben, URG
Upper Rhine Graben, LRG ower Rhine Graben, MC Massif Central, H Hegau, V
Vogelsberg, E Eifel, EG Eger Graben; COB crustal continent-ocean boundary91.

Fig. 2 | Thermal lithosphere-asthenosphere boundary (LAB). This interface cor-
responds to the depth of the 1300 °C‑isotherm derived from the thermal config-
uration as obtained by converting shear-wave velocities of the full-waveform
inversion-derivedmodel CSEMEurope14 to temperatures; white dots are hypocenter
locations of the ESHM20 seismic catalog3. PB Paris Basin mantle thermal anomaly.
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example, a broadN-S striking earthquakebelt fromScotland to SWEngland
and further to the SouthArmorican Seismic Zone in France is located above
the western flank of the colder lithospheric keel (Fig. 2). East of the keel (in
the ECRIS), seismicity clusters and belts are generally narrower, such as
along the Rhine Graben sections, and they seem to avoid the centers of
positive and negative mantle thermal anomalies (e.g., Eifel, Odenwald;
Fig. 3b). Finally, earthquakes above the keel are limited to two narrow belts:
one above a NW-SE striking LAB bulge from southeast England to the
Netherlands (Fig. 2) and a second one above a NE-SW striking, positive
thermal anomaly in the shallow lithosphere across northern
France (Fig. 3b).

To discuss the lateral distribution of seismic events also in the light of
vertical mantle structure, we present the vs-derived parameters (tempera-
ture, effective viscosity, density) along four transects, two roughly parallel to
SHmax (running NW-SE) and two perpendicular to the strike of the litho-
spheric keel (for locations see Fig. 3c). Profile A runs from the North Sea
towards the northern Alpine Deformation Front and highlights the depth
variations in the thermal LAB, which reaches >200 km in the north and
locally <120 km in the south (Fig. 4). While the North Sea domain is
essentially free of natural seismicity, three earthquake clusters are recorded
further south, associated with the Lower Rhine Graben (LRG), the Upper
RhineGraben(URG), and theAlpineDeformationFront (ADF).At shallow
mantle depths (<100 km), the high-temperature-low-viscosity domains of
the Eifel and the southern Upper Rhine Graben-Hegau region are situated
below seismically quiet crust separating the previously mentioned earth-
quake clusters. Furthermore, at intralithospheric depths of 50–120 km, the
high-temperature anomalies appear as distinct density lows. Actually, it is
above the sub-vertical boundaries of these density minima where crustal
seismicity is concentrated.

Profile B shows crust and uppermantle structures from theArmorican
Shelf in the SW to the Northeast German Basin in the NE (Fig. 5). The

eastern half of the transect is dominated by a sub-lithospheric positive
thermal anomaly (>1300 °C) that splits above into two domains of hot
lithosphere, namely theEifel and theBohemianMassif anomalies. Similar to
Profile A, the main seismic zones (i.e., the Northern Upper Rhine Graben
and Leipzig-Regensburg-Seismic Zone) are laterally offset with respect to
thehottest domains in the shallowmantle (<120 km)and located above sub-
vertical bounds of the corresponding density lows (Eifel, BohemianMassif).
Towards theOdenwald and Paris Basin regions, in contrast, seismic activity
is considerably reduced. The Paris Basin also stands out from the transect
due to its lithospheric mantle density that is continuously increasing
downwards (like below the southern North Sea; Fig. 4), which is in contrast
to a low-density layer within the uppermost mantle below the South
Armorican Seismic Zone.

Profile C connects the positive mantle thermal anomalies of the
Hebrides in the NW and theMassif Central in the SE (Fig. 6), thus imaging
seismicity above a range of lithosphere thicknesses and including the two
narrow belts of seismicity above and across the lithospheric keel. Evenmore
remarkable than the LAB geometry, however, is the complexity of the
intralithospheric thermal and density configuration. While at depths of
>120 km, the cold, stiff and high-density mantle domain stretches from the
Paris Basin far north into SE England, at 50–80 km depth the vs-tomo-
graphy indicates a narrow high-temperature-low-density anomaly below
theEasternChannel, the lateral bounds ofwhich are overlain by two isolated
clusters of seismicity.While the LAB depth decreases gradually towards the
NW, there are distinct lateral mantle density contrasts—and locally even
domains of downward decreasing density—within the mantle lithosphere,
just below the seismically active zones of mainland Britain.

Profile D runs from Ireland acrossmainland Britain towards the Baltic
Sea and images a pronounced asymmetry in the North Sea portion of the
lithospheric keel in terms of both crustal seismicity as well as upper mantle
configuration (Fig. 7). Despite similar LABdepths (150 ± 20 km) to thewest

Fig. 3 | Characteristics of the lithospheric mantle
at a depth of 80 km. a Shear-wave velocity as taken
from the full-waveform inversion derived model
CSEM Europe14; b temperature; c density with
locations of the profiles shown in Fig. 4–7;d effective
viscosity. White dots are hypocenter locations of the
ESHM20 seismic catalog3. Abbreviations for mantle
thermal anomalies in b: BM Bohemian Massif, E
Eifel, Hb Hebrides, MC Massif Central, Od Oden-
wald, PB Paris Basin, SSca Southern Scania, sURG
+H southern Upper Rhine Graben and Hegau
region.
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and east of the keel, the temperature and density configurations in the
shallower lithospheric mantle are significantly different: in the west, a
horizontally stratified configuration of downward increasingmantle density
below a seismically quiet crust in Ireland translates into a more variable
mantle structure with downward decreasing density beneath a seismically
active crust in England. In contrast, there is amore gradual temperature and
density distribution across and beyondmost of the eastern flank of the keel
where, overall, less seismic activity is recorded.

Discussion
Interpreting vs-anomalies as narrowas a fewhundred kilometers, imagedby
a continental-scale mantle tomographicmodel, raises questions concerning
their reliability. A great share of our confidence in the existence and location

of the lithospheric keel (Fig. 2) is based on the fact that the respective long-
wavelength variations in upper mantle vs imaged by CSEM Europe14 are
consistent with previously published global and regional tomography
models15–18. Likewise, global models of lithospheric thickness derived from
vs-tomographic models19,20 are also consistent with the obtained first-order
trend in the LAB geometry across the study area. In addition, seismology-
independent indications for the presence of a distinct high-density anomaly
in upper mantle reaching from the southern North Sea to north-central
France come from co-located lows in upper mantle geoid models21,22 (see
also Supplementary Fig. 1d in the Supplementary Discussion).

CSEM Europe14 also reproduces smaller-scale anomalies inside the
mantle lithosphere, identified in dedicated local studies, remarkably well. A
recently published surfacewave tomography, for instance, reveals aN-S belt

Fig. 4 | Profile A transecting the crust and uppermantle from the southernNorth
Sea to the Alps. For location of A-A’ see also Fig. 3c; a crustal structure (EuCrust07
model85) with hypocenters of the ESHM20 catalog3 located at a perpendicular dis-
tance of <15 km from the profile. Mantle density (b), effective viscosity (c), and

temperature (d) are derived from shear-wave velocity (e CSEM Europe14). Clusters
of seismicity: ADF Alpine Deformation Front, LRG Lower Rhine Graben, URG
Upper Rhine Graben; mantle thermal anomalies: E Eifel, sURG+H southern Upper
Rhine Graben and Hegau region.
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of negative phase-velocities at depths of 60–130 km located between Ireland
and eastern mainland Britain11, which corresponds well in extent with the
low-vs-high-temperature domain at c. 80-150 km imaged by CSEM
Europe14 (“IRS” in Fig. 7; see also Supplementary Fig. 1). Likewise, a tele-
seismic traveltime-derived P-wave velocity model23 supports the general
trend of increasing velocities from western to eastern mainland Britain.
Further to the east, the shallow-mantle, high-temperature anomaly offshore
Scania imaged by CSEM Europe14 (Fig. 2b) stretches to the NW at larger
depths (e.g., 150 km; Supplementary Fig. 1b), which agrees well with the
configuration of a lowP-wave velocity anomaly imaged by a local traveltime
tomography24. Similarly, low-vp anomalies in the upper mantle of the Eifel
region25 and the Massif Central26—both interpreted as originating from
mantle plumes—coincide in size and position with low-vs domains in
CSEM Europe14 (Fig. 3b). Additionally, the main pattern of uppermost

mantle P-wave velocity across the Bohemian Massif 27 is reproduced by
CSEM Europe14 in that the outer and northwestern parts of the massif
mainly show negative vs-anomalies, while in the south-central parts high-S-
wave velocity perturbations prevail (Fig. 3b). Finally, according to CSEM
Europe14, the shallowest mantle high-temperature anomaly beneath the
Upper Rhine Graben-Hegau region (Fig. 2b) turns into a low-temperature
domain at depths of >120 km (Fig. 4; Supplementary Fig. 1b)—which is in
contrast to the Eifel and the NW Bohemian Massif anomalies that are
vertically connected to a deeper hot domain, but in agreement with local
P-wave velocity tomographic models of the southern Upper Rhine
Graben28.

Our conversion results reflect the method-inherent, non-linear rela-
tionships between vs and derived temperature, respectively density. This
becomes obvious, for example, from the transects through the Alpine

Fig. 5 | Profile B transecting the crust and uppermantle from the Bay of Biscay to
theNortheast GermanBasin. For location of B-B’ see also Fig. 3c; a crustal structure
(EuCrust07 model85) with hypocenters of the ESHM20 catalog3 located at a per-
pendicular distance of <50 km from the profile.Mantle density (b), effective viscosity

(c), and temperature (d) are derived from shear-wave velocity (e; CSEM Europe14).
Clusters of seismicity: LRSZ Leipzig-Regensburg Seismic Zone, SASZ South
Armorican Seismic Zone, URG Upper Rhine Graben; mantle thermal anomalies:
BM Bohemian Massif, E Eifel, Od Odenwald, PB Paris Basin.
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foreland, where vs minima are located at larger mantle depths than the
respective density minima (Figs. 4 and 5) and confirms our strategy of
converting the seismological model before interpreting it with respect to its
potential relation to seismicity. These across-depth insights into the upper
mantle physical configuration are facilitated by the applied conversion
approach which derives bulk rock properties for mineralogical composi-
tions that are strictly thermodynamically stable in the given, wide range of
pressure and temperature conditions possible in the upper mantle (see
Methods). The observation that earthquakes preferentially occur in clusters
and belts above large lateral gradients in the derived temperature and
density variations of the upper mantle (e.g., Fig. 3) raises the question of
potential causal relationships betweenmantle anomalies and seismic stress
release in the overlying crust, which will be discussed in the remaining parts
of this section.

Deep drilling experiments and fluid-injection induced seismicity
provide evidence that large parts of the brittle crust in the study area are
critically stressed29 so that earthquakes potentially can be triggeredwherever
even smallest, transient stress (or fault strength) perturbations release elastic
energy from this tectonically or thermally loaded lithosphere1. Fault plane
solutions and the respective directions of SHmax in the study area are con-
sistent with the plate boundary forces induced, background tectonic stress
field, whichhas been proposed to be typical for the diffuse seismicity in low-
strain continental plate interiors1. In view of the low strain rates, however,
the question arises as to which type of transient, non-tectonic process is
capable of triggering the earthquakes. A classical candidate would be the
sudden establishment of pore fluid overpressure which decreases the
effective normal stress on fault planes and thus reduces slip resistance. The
importance of this mechanism for fault reactivation in the intraplate New

Fig. 6 | Profile C transecting the crust and upper mantle from theHebrides to the
Massif Central. For location of C-C’ see also Fig. 3c; a crustal structure (EuCrust07
model85) with hypocenters of the ESHM20 catalog3 located at a perpendicular dis-
tance of <50 km from the profile. Mantle density (b), effective viscosity (c), and

temperature (d) are derived from shear-wave velocity (e; CSEM Europe14). Crustal
sutures: ML Malvern Line92; SUF Southern Uplands Fault86; mantle thermal
anomalies: ECh Eastern English Channel, Hb Hebrides, MC Massif Central, PB
Paris Basin.
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Madrid Seismic Zone has recently been demonstrated bymeans of aMohr‐
Coulomb‐model based parametric analysis for a wide range of stress-state/
fault-friction scenarios30. In western and central Europe, gas emanations
observed above theMassif Central, the Eifel and the NWBohemianMassif
mantle anomalies prove thatmantle fluids locally reach the Earth’s surface31

with the potential formechanically affecting the subsurface on their way up.
Furthermore, a causal relationship between mantle-derived fluid flow and
the initial triggering of local earthquake swarms has been proposed for the
Leipzig-Regensburg Seismic Zone32,33. However, evidence for a causal rela-
tion between subsurface fluid flow and natural earthquakes is spatially very
restricted and thus cannot be used as an overall explanation for the seis-
micity distribution across the study area.

Like in plate boundary settings, intraplate seismicity is facilitatedby the
presence of mechanical discontinuities, such as pre-existing faults and
fracture zones, that are weaker than the hosting rock34. Indeed, major
Paleozoic fault zones of the British Isles have been suggested to exert control
on the localization of individual seismic events9,35; the same tectonic ele-
ments, however, can be traced all theway to Ireland, where they are part of a
seismically inactive crust, thus putting the interpretation of a primary fault

control in question. Likewise, in metropolitan France there is a trend of
increased earthquake frequency around crustal-scale fault zones, but this
correlation does not hold for the Paris Basin region36. For northern Ger-
many, Late Cretaceous inversion structures have been identified as loca-
lizing elements for seismicity7. However, regions of abundant seismic
activity in Germany have been found to rarely coincide with regions that
accumulated higher strain over the various tectonic periods as indicated by
multiple fault reactivation in the past37. Hence, although pre-existing crustal
weaknesses can be a contributive factor under favorable stress conditions,
the reactivation of such elements cannot explain thefirst-order trends in the
presence and absence of seismicity across the entire study area.

Differential stresses in the crust can be sourced in the lithospheric
mantle where proper mechanical connections between ductile and brittle
parts of theplate exist. This seems tobe applicable inAustraliawheremantle
attenuation patterns spatially correlate with earthquake clusters, indicating
that higher strain rates within mantle domains of low viscosity increase
differential stresses and thus seismicity in the overlying crust12. For western
and central Europe, the heterogeneities in effective viscosity as derived from
the converted mantle temperature distribution (Fig. 3d), first of all indicate

Fig. 7 | Profile D transecting the crust and upper mantle from Ireland to the
western Baltic Sea. For location of D-D’ see also Fig. 3c; a crustal structure
(EuCrust07 model85) with hypocenters of the ESHM20 catalog3 located at a per-
pendicular distance of <50 km from the profile.Mantle density (b), effective viscosity

(c), and temperature (d) are derived from shear-wave velocity (e; CSEM Europe14).
eIRE east coast of Ireland; crustal sutures: ML Malvern Line92, STZ Sorgenfrei-
Tornquist Zone; mantle thermal highs: IRS Irish Sea, SSca Southern Scania.
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non-uniform stress-strain relations in the upper mantle. These viscosity
contrasts generally increase upwards and are strongest close to the crust-
mantle boundary (Figs. 4–7). They may be even more pronounced where
strain rates in reality peak, which in our model is implicitly prevented
through the constant-strain-rate assumption (Methods). The fact that we
find seismic activity inwestern and central Europe to be concentrated above
large lateral upper mantle temperature gradients may reflect differential
stresses imposed on the crust to be enhanced above the transitions between
rheologically weaker and stronger mantle domains. This would be con-
sistent with 3D finite element models showing that localized viscoelastic
relaxation in the mantle imposes differential stresses on the crust large
enough to explain the earthquake distribution of the New Madrid Seismic
Zone38. In contrast, upper mantle domains of lowest viscosity as the Eifel
anomaly are overlain by a seismically less active crust, which may indicate
that kinetic energy is efficiently dissipated by viscous (aseismic) deformation
there, effectively unloading the brittle domain. Moreover, regions with
continuously high effective viscosity as the southern North Sea and Paris
Basin (Figs. 2 and 3d) may simply accumulate too little strain in the upper
mantle to contribute to intensive seismic deformation in the crust.

Another potential source of differential stresses imposed on the brittle
domain may be given by mantle intrinsic density-related forces. First of all,
the vs-tomography-derived lateral density gradients (Fig. 3c) imply varia-
tions in gravitational potential energy (GPE)originating in theuppermantle
and involving horizontal compressional forces from high-density domains
exerted on low-density domains. Interestingly, the first-order pattern of the
inferable variation in GPE is consistent with undulations in modeled upper
mantle components of the geoid22 (Supplementary Fig. 1d), thus indicating
that density variations are gravitationally effective. If the corresponding
horizontal forces are locally large enough to contribute to an activation of
mantle relative displacements, this would provide an additional explanation
for clustered seismicity above large lateral temperature gradients. In this
way,we follow the arguments of a previous study suggesting that such short-
wavelength density heterogeneities in the upper mantle of the central and
eastern Unites States would decisively affect the lithospheric GPE and thus
explain the distribution of intracontinental seismicity there39.

A second type of mantle intrinsic force is revealed by the tomography
conversion in the form of low-density bodies in the shallowest lithospheric
mantle, surrounded and overlain by higher-density material (Fig. 4–7) and
thus implying buoyancy forces that act against gravity. To tentatively map
variations in these forces across the entire study area, we take advantage of
the downward decreasing density at the top of these low-density structures
and plot the vertically integrated average density gradient (�ρz) for each
geographic position. For the depth intervals of 50–60 km and 60–70 km, we
find that actually all seismic events are located above negative values of �ρz
and seismicity is more concentrated above larger negative values, respec-
tively large horizontal gradients in �ρz (Fig. 8). Provided that these vertical
gradients are indeed ameasure formantle intrinsic buoyancy forces, we can

infer gravitational instabilities in the shallowest mantle to contribute to
favorable conditions for seismicity across much of the study area. Note that
downward decreasing densities only occur where vertical thermal gradients
in the shallowest mantle are large enough so that the effects of thermal
expansion outweigh those of pressure-driven compressibility, the latter
increasingly dominating towards greater depths40. Such pressure-
temperature conditions leading to inverse density gradients are widely
prevalent in the ECRIS with its early Cenozoic to recent volcanic fields and
distributed seismicity (Figs. 4 and 5). In contrast, subregions that mainly
reveal downward increasing mantle densities (positive �ρz)—such as the
southern North Sea (Fig. 4), the Paris Basin (Fig. 5) and Ireland (Fig. 7)—
show very little or no seismic activity (Fig. 8).

External sources of energy usually discussed to be responsible for dif-
ferential stresses in the lithosphere also include mantle convection and
related shear tractions at the LAB. Numerical mantle flow models, for
example, indicate that the rate change of vertical normal stress induced by
mantle flow at the transition from thin to thicker lithosphere is the most
important controlling factor for seismicity clustering in the western United
States41. Likewise, a lithospheric keel beneath the Great Artesian Basin
(Australia) oriented at high angle to the northward motion of the plate is
suggested to increase shear tractions exerted by the southward sublitho-
spheric flow to the lithosphere base and horizontal tectonic stresses in the
resisting plate and thus may lead to seismicity rates growing from the
northern towards the southern Great Artesian Basin42. For western and
central Europe, global convective models show that sublithospheric mantle
flowwould induce very low dynamic topography43; on the other hand, these
models reveal that flow has been directed roughly fromwest to east over the
past 50Myr until present. Accordingly, we can infer that low-viscosity
material collides at a large anglewith thewestern,more steeplydippingflank
of the lithospheric keel (Figs. 2 and 6). If such mechanical lithosphere-
asthenosphere interactions are strong enough for the related stresses to be
effectively transmitted into the seismogenic zone, this may explain why the
largest number of earthquakes in mainland Britain and western France
occur right above the transition between thinnest and thickest lithosphere
(Figs. 2 and 7).

Turning to the top of the lithosphere, stress-strain relationships in
western and central Europe are proposed to result at least locally from the
adjustment of a visco-elastic lithospheric plate to the waxing and waning of
ice sheets5. Considering the time elapsed since the latest glaciations in this
part of Europe (~10–15 kyrs), any vertical movements induced by GIA
would rather reflect the viscous tail of the viscoelastic response of the
lithospheric plate to ice retreat. Therefore, the timing and magnitudes of
associated uplift would be dictated by the viscosity configuration of the rigid
mantle and heterogeneities therein. The spatial correlations between
tomography-derived temperature-driven upper mantle instabilities and
earthquake clusters indicate that these intra-lithospheric heterogeneities
indeed provide a first-order contribution to ongoing (partly deglaciation

Fig. 8 | Downward decreasing density as a proxy
for buoyancy related gravitational instabilities in
the shallow uppermantle below zones of increased
seismicity. For the depth intervals of 50–60 km (a)
and 60–70 km (b), the integrated mean vertical
density gradients have been derived from the vs-
converted density configuration. Negative values
(violet) indicate downward decreasing density. The
deeper the interval, the more common are positive
values (green) representing downward increasing
density. Black dots mark hypocenters of seismic
events (ESHM20 catalog3). Grabens of the ECRIS90

(yellow) are shown for orientation. BG Bresse Gra-
ben, EG Eger Graben, LG Limagne Graben, LRG
Lower Rhine Graben, URG Upper Rhine Graben.
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controlled) deformation. It is not possible, however, to determine what
proportion of the resulting strain is due to post-glacial rebound. Given that
we are looking at the end results of a coupled and non-linear dynamic
system, in general, a clear distinctionbetweenexternal and internal forces on
the lithospherewould require tomodel the transient effects of glacial loading
and isostatic response.

Although our findings suggest that deformation in the mantle and
seismicity in the crust are mechanically linked, a more detailed under-
standing of this connection is still missing. Based on observations from fault
systems in different orogens and rifts, it has been proposed that recurrent
seismicity is generally associated with deeper domains of long-term weak-
ness and that earthquakes could be even used to locate the active parts of
long-lived, deep-seated (mantle) shear zones44. The shallow to deep litho-
spheric connection in various tectonically active regions is also reflected by
post-earthquake motions. These can be causally related to viscoelastic
relaxation (if the temporal coverage of related measurements is broad
enough) and thus even allow to derive upper mantle viscosity beneath the
seismogenic zone45. Now conversely viewed, can also ductile deformation
zones in the lithospheric mantle localize the triggering of crustal earth-
quakes? In the study area, the tomography-derived domains of buoyant
upper mantle at least do not consistently match in location and extent with
regions of surface uplift as indicatedbyGNSS-derived velocityfieldmodels2;
some low-density mantle anomalies as those under the Massif Central or
Upper Rhine Graben are even overlain by currently subsiding crust. This
raises questions not only concerning the effective mechanisms causing
across-depth deformation but also regarding the thermodynamic evolution
of this dissipative system in which, for example, present-day positive ther-
mal anomalies may currently undergo cooling, involving subsidence at the
surface. Moreover, although tensional deviatoric stress states dominate
above themantle anomalies of the Eifel and theMassif Central suggesting a
mantle-driven bulge of the crust there46, the remaining parts of the study
area show extensional, compressional and strike-slip faulting regimes
alternating over much smaller distances4 than the wavelengths of obtained
upper mantle anomalies. Given furthermore that the majority of analyzed
focalmechanisms imply a very uniform SHmax, we conclude that it is not the
kinematics of seismogenic faults but the locations of their active parts that
actually reflect localized mantle deformation.

To shed light ontomechanisms sourced in themantle that could cause
crustal seismicity in this intracontinental setting, it would be essential to
develop continuous rheological models from the convective parts of the
mantle across all potential brittle-ductile transitions into the seismogenic
zone. An important question to answer thereby would be how mantle
dynamics operating at time scales of millions of years and potentially
involving dissipative processes (such a shear heating or grain growth heal-
ing) could lead to seismic stress release in the crust over seconds to days. It
has been shown that continuous water draining in ductile shear zones of the
upper mantle can provide important fluid reservoirs potentially also
impacting on the fluid distribution in the crust47. Therefore, we may finally
put up for further discussions whether a sudden achievement of some (yet
unknown) critical mantle fluid pressure could mark the start of a chain of
coupled thermal-hydraulic-mechanical processes that finally trigger crustal
earthquakes even without any mantle fluids rising all the way up to the
Earth’s surface and thus even in regions where we are lacking crustal evi-
dence for mantle derived fluids.

Conclusions
Inspired by some obvious spatial correlations in intracontinental western
and central Europe between shear-wave velocity anomalies in the upper
mantle and seismicity clusters in the overlying crust, we have converted48

tomographic seismic velocity to temperature (indicative for effective
viscosity) and density. This is our attempt to quantitatively elaborate on
how a heterogeneous density and viscosity configuration in the litho-
spheric mantle may affect crustal deformation. While we still have to
remain speculative concerning the underlying mechanisms at this stage,
our findings clearly support the hypothesis that upper mantle thermal

anomalies affect the distribution of earthquakes across the region.We can
even attempt to draw some conclusions on the relative importance of
different seismicity controlling factors in different parts of the system. It is
west of the lithospheric keel, just above the transition from thinnest to
thickest lithosphere, where the broad belt of seismicity from mainland
Britain to western France may indicate that basal tractions imposed by
eastward asthenospheric flow may contribute to crustal deformation.
Variations in the depth of the thermal LAB and thus overall lithospheric
strength, in contrast, seem to be less decisive for the lateral distribution of
events all across the study area. What is common to all seismically active
subregions and thus seems to be the primary mantle source of differential
stresses, however, is the presence of low-density domains situated in the
shallow mantle, right below material of higher mantle density, and thus
imposing buoyancy forces onto the nearby crust. Such gravitational
instabilities inside the mantle lithosphere provide an explanation for
seismicity to occur even in areas of thickest (coldest and thus strongest)
lithosphere, such as around the Eastern English Channel. On the other
hand, for regions with mantle density dominantly increasing downwards
—like beneath Ireland, the southern North Sea and the Paris Basin—the
lack of intrinsic mantle buoyancy forces provides an alternative to pre-
vious explanations for the reduced seismicity there49. According to both
the configuration of buoyant low-density anomalies in the upper mantle
(Fig. 8a) and lateral mantle density andGPE gradients (Fig. 3c), the effects
of intrinsic mantle forces are strongest east of the lithospheric keel, across
the ECRIS. There, our results may also shed new light on the enigmatic
90°-turn of the graben structures and related seismicity belt from the
Upper Rhine Graben into the rheologically stronger crust hosting the
Lower Rhine Graben50 (Fig. 8). We propose that the present deformation
in the Lower Rhine Graben is affected by stress and strain concentrations
induced by mantle displacements which, in turn, are a response to (i) the
buoyant shallow-mantle domain of strongly downward decreasing den-
sity (Fig. 8a) and (ii) the lateral strength contrasts around the nearby, low-
viscosity mantle anomaly of the Eifel (Fig. 3d).

In conclusion, we propose that plate boundary and GIA-related forces
interact withmantle intrinsic buoyancy forces to destabilize the lithospheric
plate in this intracontinental setting. The vs-tomography derived mantle
temperature configuration furthermore reveals how this plate would
response, i.e., where these forces at interplay with mantle strength hetero-
geneities most likely would induce displacements in the lithospheric mantle
capable of causing increased seismicity in the overlying, prestressed crust.

Methods
For the conversion of themantle vs-model to thermodynamically consistent
temperature and density configurations, we use V2RhoT_gibbs48,51. This
open-source Python application performs conversions based on pre-
computed look-up tables of pressure and temperature-dependent seismic
velocity (Fig. 9). These look-up tables, in turn, are generated using the
module Generator_LINUX of LitMod2D_2.052,53, which applies a Gibbs-
free energy minimization algorithm (Perple_X algorithm54,55) for a given
bulk mantle chemical composition in terms of weight-% of major oxides
(the Na2O-CaO-FeO-MgO-Al2O3-SiO2 system accounting for ~99% of the
Earth’s mantle56). Using V2RhoT_gibbs48,51, the algorithm determines the
stable state in terms of phase and mineral assemblages based on an aug-
mented and modified version57 of an original thermodynamic database58.
Thereby, pressure is approximated as lithostatic load using the density
information of a reference model53 seismically equivalent to the standard
seismological ak135 model59.

As an additional component of V2RhoT_gibbs51, precomputed
anharmonic values of vs are corrected for anelastic attenuation effects
according to a set of empirical equations60. Therefore, we have set the
assumed grain size for the mantle material equal to 10mm and the wave
oscillation period to 75 s (as this combination matches well global
attenuation models at depth levels around the LAB53). In addition,
V2RhoT_Gibbs51 corrects shear-wave velocities for the effects of partial
melts using an empirical relation61,62, while integrating an indicative melt
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fraction as derived from solidus and liquidus computations for dry
peridotite63,64.

For the sub-continental lithospheric mantle of central Europe, relative
abundances of major oxides of the NCFMAS system have been obtained
from whole-rock chemical analyses of xenolith samples collected, for
example, in the Southern Bohemian Massif 65 (Lower Austria) or the Eger
Rift66 (Southern Poland; Supplementary Table 1). In addition, modal
compositions have beenpublished for various subareas, such as theEifel67 or
the Eger Rift68. Collectively, the datasets indicate regional differences in the
degrees of mantle depletion and refertilization (lherzolite to harzburgite
compositions), which has motivated researchers to propose either
horizontal69 or vertical70 compositional zonation for the lithosphericmantle
of central Europe. The overall scarcity of observational data, however,
precludes us from spatially differentiating differently composed mantle
domains prior to performing the vs-conversions. Hence, we have assumed
the mantle to be compositionally homogeneous, which effectively corre-
sponds to a purely thermal interpretation of seismic velocity. This raises the
question of to what extent any compositional differences generally would
affect the vs-conversions. We have compared a set of different mantle
compositions in terms of their relations between pressure, temperature, vs
and density (Supplementary Methods, Supplementary Figs. 2–5). There-
fore, we have extended the range of analyzed chemical compositions to set
the locally published ones65,66 in relation to differently depleted standard
compositions for both subcontinental71 and mid-ocean ridge72 mantle.
Similar towhat has beendemonstrated before73, also our analysis shows that
mantle compositions of very different degrees of depletion would result in
essentially the same vs-converted temperature (primarily varying by < ±2 °
C; Fig. Supplementary Fig. 5). Using a homogeneous mantle composition
thus does not challenge the temperature configurations presented above.As
it is comparable to the bulk-rock chemical compositions in the study area,
we have chosen amore depleted type of subcontinental lithospheric mantle
called Pr_171, which is a garnet-bearing harzburgite with a magnesium
number of Mg#=90.6 and containing 0.15% Na2O, 1.9% CaO, 7.9 FeO,
42.4%MgO, 2.1%Al2O3, and44.7%SiO2.Our analysis shows that assuming
a lesser degree of depletion for the subcontinental lithospheric mantle

instead (by choosing a lherzolitic composition) will result in differences of
the vs-converted density of around 20-25 kg∙m-3 over the analyzed (vs, P)-
range of the tomographicmodel (Supplementary Fig. 5).However since this
density surplus of the lherzolitic mantle with respect to a harzburgite is
constant across the relevant parameter space, the spatial density patterns
presented above would essentially remain the same (with homogeneously
shifted absolute density values).

The input for our vs-conversions is a regional excerpt of the second
generation of the Collaborative Seismic Earth Model14, the latter being a
collection of regional seismic tomographies compiled into a single global
tomographic model. Submodels within the collaborative framework are
based on full-waveform inversion, a seismic inverse method that efficiently
exploits entire seismogram records by repeatedly solving the elastic wave
equation74,75. This approach implies greater volumetric sensitivity to any
subsurface heterogeneities compared to travel-time tomography. In the study
area (11°W to 16°E, 45° to 60°N), CSEM Europe14 combines information
from previously published models76–78 and the global CSEM inversion14. The
model explains seismic wave propagation to a minimum period of 25 s.

CSEM Europe14 contains information on the anisotropic components
of shear-wave velocity (vertical vsv and horizontal vsh) from which we
derived the Voigt average (vs) as proposed by an earlier study79:

vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

v2sh þ 2v2sv
� �r

ð1Þ

Figure 9 shows the conversion procedure, starting from the pre-
calculated vs-distribution as a function of pressure and temperature for the
chosen mantle composition (Fig. 8a). To illustrate the automatized picking
of parameter values (temperature, density) from the corresponding look-up
tables (implemented inV2RhoT_gibbs51), each (vs, depth)-couple contained
inCSEMEurope14 for the study area is plotted on the correspondingfields of
temperature (Fig. 9b) and density (Fig. 9c).

Based on the vs-derived thermal configuration, we have calculated the
mantle effective viscosity (η) according to its exponential dependence on

Fig. 9 | Conversion of shear-wave velocity to temperature and density. The pre-
defined mantle chemical composition Pr_171 used here includes 44.7% SiO2, 2.1%
Al2O3, 7.9%FeO, 42.4%MgO, 1.9%CaO, 0.15%Na2O (Mg#=90.6). a vs as a function
of pressure and temperature according to the augmented and modified version57 of
an original thermodynamic database58. This is a result of (i) applying the Gen-
erator_LINUX” module of LitMod2D_2.052,53 which builds on the Perple_X

algorithm54,55 and (ii) correcting for anelastic attenuation effects using
V2RhoT_gibbs51; b, c illustration of the look-up table search performed using
V2RhoT_gibbs51 for the vs-tomographymodel CSEMEurope14 (black points) within
the (vs, pressure)-parameter spaces for temperature (b) and density (c) that are
consistent with the distribution in a.
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temperature and its power-law dependence on strain rate80:

η ¼ 2 1�n
n

3 1þn
2n

Ap
�1

n _ε
1
n�1 exp

Qp

nRT

� �
ð2Þ

where Ap is the pre-exponential scaling factor for dislocation creep, n the
power law exponent, Qp the creep activation enthalpy, T the temperature
andR is the universal gas constant (R ¼ 8:314JK�1mol�1). Assuming a dry
mantle composition (dry peridotite81), we have set
Ap ¼ 5:011e� 17 Pa�ns�1, n ¼ 3:5 and Qp ¼ 5:35eþ 03Jmol�1. Also
note that we have fixed the reference strain rate to a constant value of
_ε ¼ 1e� 16 s�1 for the calculations, which is lower than (but of the same
order of magnitude as) the value of 5-10 nanostrain per year as assessed for
the tectonically more active Alpine orogen2.

The earthquake catalog primarily used for this study has originally
been compiled for a probabilistic seismic hazard assessment for the entire
Euro-Mediterranean region (ESHM20 catalog3). It is collected from both
historical and instrumental catalogs (years 1000-2014), includes >60,000
natural events, is harmonized in terms ofmagnitude scales, declustered, and
checked for its magnitude of completeness (which is Mc ≥ 4.53). For our
analysis of the seismicity distribution in western and Central Europe with
respect to upper mantle heterogeneities we have extracted all (N = 1735)
seismic events of moment magnitudesMw ≥ 3.0 located outside the Alpine
and Fennoscandian regions of strongest present-day uplift2 (white-covered
area in themaps above). The advantage of using this cross-national, unified
catalog for our study, of course, lies in its wide spatial coverage.Note that no
matter if we resort tomore complete national catalogs instead or change the
magnitude range considered (Supplementary Methods; Supplementary
Table 2; Supplementary Figs. 6–8), the primary trends in correlations
between seismic activity andmantle heterogeneity remain the same. This is
due to the fact that different catalogs or different minimummagnitude cut-
offs capture the same first-order seismicity clustering within a few well-
defined earthquakes zones, such as the N-S striking belt through mainland
Britain, the South Armorican Seismic Zone, or the different segments of the
ECRIS (Fig. 3b).

Data availability
The inputmantle tomography data (CSEMEurope14) for the region studied
here is freely available for download via the following link: https://zenodo.
org/records/1060057182.

Code availability
Tomographic shear-wave velocity (CSEM Europe14) has been converted to
temperature and density with the open-source Python application
V2RhoT_gibbs51 (https://doi.org/10.5281/zenodo.6538257), thereby opting
for parameters as described in the aboveMethods section.Maps andprofiles
have been generated with GMT Version 6 (©Copyright 2019–2023, The
GMTDevelopers83). For fairly presenting the data in maps and profiles, we
have used Scientific Color Maps84. Figures have partly been finalized with
the commercial packages CorelDraw Version 17 (©Corel Corporation
2014) and MS PowerPoint.
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