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A new method for modeling the thermal structure of the lithosphere, termed thermal isostasy, is presented and
used to calculate the lithosphere thickness and to predict geothermal heat flux in Europe and the adjacent offshore regions. The method is based on analysis of topography deviations from the expected correlation between
the Moho depth and topography. Anomalous topography is interpreted as caused by thermal anomalies in the
lithosphere and by variations in the lithosphere thermal thickness. The new method allows for recovering the
lithosphere thermal structure with a high lateral resolution and for testing the results by comparing the predicted
and measured heat flux.
The results for Europe, constrained by the regional seismic crustal model EUNAseis, demonstrate that the
lithosphere thermal structure is controlled by both the geodynamic setting and the lithosphere age. The lithosphere of the East European craton ranges in thickness from ca. 140-180 km in the paleorifts to 200-220 km on
average with local lithosphere roots down to ca. 300 km depth, such as in the south-central Proterozoic Finland,
and local thinning to < 100 km in the Peri-Caspian Basin and the Mezen rift system. Lithosphere thinning to 70100 km beneath southern Norway may have caused its recent uplift. The craton to noncraton transition at depth
roughly follows the geological boundary but with up to 200 km lateral deviations, which indicate reworking of
the cratonic lithosphere along the craton edge. Paleoproterozoic – early Paleozoic Gondwana massifs of western
Europe are distinct in having cold and thick lithosphere, typically 120-180 km thick, up to 200 km thick in the
London-Brabant Massif, and only ca. 100 km in the Iberian Massif. The European Cenozoic Rift System is marked
by a thin (< 80 km) and hot lithosphere that forms a linear belt from southern France to the North Sea.
Lithosphere thinning to 50-60 km thickness beneath the Pannonian and Po basins may indicate the onset of
oceanization. Cenozoic orogens of western Europe have lithospheric roots down to ca. 200-250 km associated
with subducting lithospheric slabs, while a 80 km thick lithosphere beneath the Vrancea zone is in agreement
with slab delamination. The Arctic shelf of the Barents Sea has a thick cratonic lithosphere with a sharp transition from a 120-150 km thick lithosphere of the western Barents Sea to a 175-230 km thick lithosphere of the
eastern Barents Sea. The block with a ca. 150 km thick lithosphere in the North Atlantic region between the
Aegir paleo-spreading and Norway may represent a continental terrane within the oceanic domain. The upper
mantle temperature beneath the Bay of Biscay and the Black Sea is similar to the cratonic and is anomalously
cold down to a 200 km depth.

1. Introduction
Isostasy is one of the fundamental concepts in geophysics. Most of
the Earth is close to isostatic equilibrium, and the largest deviations
from regional isostasy with strong free air anomalies are associated
with the subduction systems (Watts, 2001). The compensation depth
where isostatic equilibrium is achieved is not well-known, and the
classical concepts of Pratt and Airy assume that isostasy is achieved at
the base of the crust. However, it is likely to be deeper and it is usually
expected that the compensation depth is not deeper than the base of the
lithosphere. Thus isostasy is maintained by an interplay of several

components: structural heterogeneity of the crust and of the lithospheric mantle, and both layers include variations in thickness and
density. Therefore, in regions where the crustal structure is known from
seismic observations, isostasy provides constraints on the structure of
the lithospheric mantle.
Crustal thickness is constrained seismically for many regions and
crustal density is known from laboratory measurements on rock samples from different crustal layers, which also provide relationships between seismic velocities and rock densities (Ludwig et al., 1970;
Carlson and Herrick, 1990; Christensen and Mooney, 1995). Density
heterogeneity of the lithospheric mantle is caused by variations in both
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temperature and composition, and except for the cratonic regions with
a uniquely depleted composition (Jordan, 1988; Boyd, 1989; Forte and
Perry, 2000; Carlson et al., 2005; Lee, 2006; Griffin and O'Reilly, 2007;
Artemieva and Vinnik, 2016) and relatively small variations in thermal
structure (Artemieva, 2006), temperature variations play a critical role
in lateral variations in lithosphere mantle density (Deschamps et al.,
2002; Simmons et al., 2009). Thus, one may calculate the lithosphere
thermal structure (and therefore the lithosphere thermal thickness),
assuming that compositional density variations in the lithospheric
mantle play minor role in lithosphere isostasy. As discussed below, this
is also often true for the cratonic lithosphere.
Here I describe a new method for calculating thermal structure of
the lithosphere, which I apply to Europe (Fig. 1). In a companion paper,
the method has been applied to Greenland where it demonstrates the
efficiency in calculating lithosphere thermal structure and surface heat
flux even in regions with sparse geophysical data (Artemieva, 2018).
The European region is covered by a high-resolution detailed
seismic database, EUNAseis, on the crustal structure (Artemieva and
Thybo, 2013) which allows for an accurate calculation of the crustal
contribution to the isostasy. Most of the region has near-zero free air
gravity anomalies (Fig. 2a), with significant deviations ( ± 100 mGal)
only in the Alps, the Caucasus, and the Mediterranean region. Therefore, the proposed approach is valid for most of the European continent.
The European region is also densely covered by geophysical observations with a large number of seismic, gravity, thermal, and electromagnetic regional models of the lithosphere structure (reviewed in
Artemieva et al., 2006), which do not always agree. Significant differences between the lithosphere thickness estimates in Europe based on
seismic and magneto-telluric studies motivated a group of researchers
to introduce several new definitions of the lithosphere-asthenosphere
boundary (LAB), depending on the geophysical method employed
(Jones et al., 2010). For example, in Phanerozoic Europe seismic receiver functions (RFs) and magnetotellurics are consistent in determining the LAB depth of 90–100 km (Praus et al., 1990; Geissler
et al., 2010), while seismic anisotropy indicates it is around 135 km
thick (Babuska et al., 1998; Plomerova et al., 2002), and most seismic
tomography models indicate that it is substantially less than 70–100 km

deep (Shapiro and Ritzwoller, 2002; Zhu et al., 2012; Schaeffer and
Lebedev, 2013). Yet, seismic anisotropy provides a mean value of
170–180 km for the cratonic LAB in Europe (Plomerova and Babuska,
2010), in contrast to a ca. 200 km thick lithosphere based on RFs
(Vinnik et al., 2016), and a ca. 250 km thick electrical lithosphere on
average, with local LAB depth anomalies down to ca. 400 km depth
(Korja, 2007). It is, however, still debated if seismic RFs image the LAB
(Rychert and Shearer, 2009) or instead an intra-lithosphere boundary
(e.g. MLD, the mid-lithosphere discontinuity) with a high velocity
contrast (Romanowicz, 2009; Karato et al., 2015). There is also a significant inconsistency between regional seismic tomography models for
all parts of Europe (Yang et al., 2007; Zhu et al., 2012; Schaeffer and
Lebedev, 2013; Lebedev et al., 2018).
Thermal structure of the European lithosphere has been addressed
only in few studies. The cratonic part of Europe is covered by a global
model, where thermal structure of the lithosphere is calculated from
surface heat flux data (Artemieva and Mooney, 2001). Since heat flux
measurements are absent for large parts of the continents, for regions
with no borehole measurements the global thermal model for the Precambrian lithosphere (Artemieva and Mooney, 2001) has been complemented by statistical data and for active regions thermal constraints
from geothermobarometry were used. This way the global continental
model TC1 was constrained (Artemieva, 2006). These are the only existing large-scale models for thermal structure of the European lithosphere, except for few 30–40 years old results for the European continent (Cermak and Rybach, 1979) and a small number of regional-scale
studies (e.g. Cermak and Bodri, 1995; Norden et al., 2008). However,
shallow upper mantle temperatures, mostly under the Phanerozoic part
of Europe, have also been constrained by seismic tomography with
significantly different results for mantle temperatures based on the Pand S-wave models (Goes et al., 2000).
This situation naturally calls for new constraints on the lithosphere
thermal structure in Europe. Here I propose the new thermal isostasy
method which also allows for predicting surface heat flux. A dense
network of borehole heat flux measurements in Europe provides an
opportunity for comparing model predictions with observations and
therefore for direct testing of the new method.

Fig. 1. Tectonic map of Europe (modified after Artemieva and Thybo, 2013).
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Fig. 2. Gravity anomalies based on the EGM2008 global gravity model (Pavlis et al., 2012). (a) Free air anomalies, (b) Bouguer anomalies. Thin lines – boundaries of
major tectonic provinces (simplified after Artemieva and Thybo, 2013).

2. Thermal isostasy method

regionally in specific geodynamic settings (Cloetingh et al., 2007).

• Compositional heterogeneity of the lithosphere mantle is important

for the cratonic regions, where it is well established from petrological data (Gaul et al., 2000; Poudjom Djomani et al., 2001; Carlson
et al., 2005) and geophysical studies (Artemieva, 2009;
Cherepanova and Artemieva, 2015; Artemieva and Vinnik, 2016).
Depletion of cratonic lithosphere mantle in basaltic components
results in density decrease (Lee, 2003; Carlson et al., 2005). At room
P-T conditions it may amount to ca. 0.05–0.07 t/m3 in shallow lithosphere mantle (Jordan, 1981; Poudjom Djomani et al., 2001).
Since depletion in cratonic lithosphere mantle usually decreases
with depth due to metasomatic enrichment, a maximum difference
in bulk lithosphere mantle density between a highly depleted Archean and a fertile Phanerozoic lithosphere mantle probably may
not exceed 0.03–0.05 t/m3. This variation has little effect on the
calculated temperature anomalies (Fig. 4 and discussion below).
Therefore, I adopt the assumption that temperature variations in the
lithosphere have the primary effect on mantle density anomalies
(Deschamps et al., 2002; Schutt and Lesher, 2006; Simmons et al.,
2009). I demonstrate that these simplifications are justified within
the model uncertainty and provide reliable results that agree with
independent observations, such as borehole heat flux measurements.
Further discussion can be found in Artemieva (2018).

2.1. Assumptions
The proposed method is based on the following assumptions:
(1) The study region is close to isostatic equilibrium (Fig. 2a). For the
continental lithosphere, for simplicity I first assume Airy-type isostasy
with the compensation level at the Moho. It implies that there should be
a linear correlation between the Moho depth and the topography (e.g.
Fowler, 2005). The slope of the correlation between the two parameters
depends on the density contrast across the Moho, while the intercept
defines average crustal thickness at zero topography. By comparing regional data for the Moho depth and topography with the best-fit correlation between the two parameters, one can test the assumption that
isostasy is indeed achieved at the Moho. If this is the case, the data will
plot around the theoretical best-fit line. However, analysis of real data for
any region in Europe shows that only a small part of the data follows the
theoretical prediction. Therefore, the assumption on isostatic compensation at the Moho is not satisfied and the deviations of data from predictions require a different style of compensation. I next assume that
isostasy is fully satisfied at the lithosphere base (the LAB).
(2) I interpret local deviations from the crustal isostasy predictions
in terms of “anomalous topography”. I assume that the effect of crustal
density heterogeneity is compensated by the Moho depth variations.
Regional analysis for the European continent with a highly heterogeneous crustal structure (Fig. 3) demonstrates that this assumption
leads to realistic results for the lithosphere thermal structure.
(3) Principal reasons for topography deviations from the crustal
isostasy predictions are lithosphere mantle density heterogeneity of
thermal and/or compositional origin and lithosphere deformation.

(4) I therefore assume that isostasy is fully satisfied at the LAB, that
anomalous topography is caused by density anomalies in the lithosphere mantle and by variations in lithosphere mantle thickness, and
that density anomalies in the lithospheric mantle are caused by temperature variations alone. This assumption allows for calculating the
lithosphere thermal thickness and provides a means of predicting geothermal heat flux. An additional assumption is required for the lithosphere thickness value at locations where anomalous topography
A = 0 km (explained in the next section). Such locations are referred to
below as “reference points”.
(5) Geothermal heat flux is calculated based on continental reference geotherms (Pollack et al., 1993). The results are as good as
model assumptions used to constrain reference geotherms, that is 40%
of surface heat flux is generated by radiogenic decay in the upper 8 km
of continental crust (Pollack and Chapman, 1977).

• Lithosphere deformation depends itself on the thermal state of the

lithosphere (Forte and Mitrovica, 1996; Cloetingh et al., 2004),
while the goal of this study is to determine the latter. I therefore
ignore possible effects of flexural isostasy (Beaumont, 1981; Watts,
2001) and horizontal forces caused by differences in gravitational
potential energy between adjacent lithospheric blocks (Artyushkov,
1973; Fleitout and Froidevaux, 1982). Within the European continent, the contributions of these factors may be important only
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Fig. 3. Crustal structure based on regional seismic model for the crust EUNAseis (Artemieva and Thybo, 2013). (a) Moho depth, (b) Average density in the crust
(including sedimentary strata). For seismic data coverage see Fig. 6b. For regions without seismic data, crustal thickness is constrained by interpolation for continental crust (including shelves) and a standard value of 7 km is assigned to oceanic crust. Seismic profiles in the south-eastern part of the study region (the Caspian
region, the Black Sea, and the Turanian plate) are mostly from the 1970-ies and their quality is unknown.

anomaly ΔT is averaged over the entire lithosphere column and it is
defined with respect to an average temperature profile at the reference
points where A = 0 km. Since
T

=

o (1–

(2)

T ),
−5

where α = 3.5 ∙ 10
1/K is the coefficient of thermal expansion,
combination of Eqs. (1) and (2) yields

T=A

m / z LAB

o

.

(3)

Therefore, by using Eq. (3)A can be directly converted to thermal
anomalies in the lithosphere ΔT, assuming that all other contributions
to the anomalous topography A are negligible and zLAB is known. The
latter requirement is critical, and as demonstrated below it can be determined in a self-consistent way from A.
The following parameters are required to calculate ΔT:
i. The A-values are calculated from a correlation between the Moho
depth and topography. The calculated best-fit regional correlation
between these two parameters reflects regional characteristics of (a)
the crustal density structure through the slope of the best-fit line
and (b) typical regional patterns in the crustal thickness through the
intercept of the best-fit line. As the example for Europe shows, the
data may require splitting regions into subdomains. In particular,
the crust of western Europe is thin (Fig. 3a) and has low density
(Fig. 3b) because it mostly lacks the lower crustal layer, in contrast
to the thick three-layer crust on the East European craton
(Artemieva and Thybo, 2013).
ii. Asthenosphere density at T = 0 °C (standard pressure-temperature
laboratory conditions, SPT) is assumed to be ρm(0) = 3.40 t/m3,
which corresponds to fertile mantle composition (Gaul et al., 2000).
This value yields in situ ρm=3.28 t/m3 assuming a Moho temperature of 600 °C and an asthenosphere temperature of 1400 °C.
iii. Lithosphere (crust plus lithosphere mantle) density at T = 0 °C is

Fig. 4. Effect of mantle lithosphere density variations on calculated temperature anomaly ΔT (eq. 6). A 1 km anomalous topography can be explained by a
150–200 °C temperature anomaly in lithosphere mantle. The result is nearly
independent from density variations in the mantle lithosphere and the crust,
but depends on lithosphere thickness.

2.2. Temperature anomalies in the lithosphere
Assumptions 1 and 2 allow for calculating deviation (A) of true
topography from the Airy isostatic prediction at each location, based on
the correlation between the Moho depth and the observed topography
in the study region. According to assumption 4, anomalous topography
A is caused by variations in lithosphere temperature:

A = zLAB [ o –

T ]/ m

(1)

o (0)

where zLAB is the depth to the lithosphere base (lithosphere thermal
thickness), ρo is in situ density of the lithosphere (crust plus mantle)
when A = 0 km, ρm is in situ density of the sublithospheric mantle
(asthenosphere), and ρΔT is in situ lithosphere density at temperature
anomaly ΔT (i.e. it is this anomaly that produces A). Temperature

= [2.85 zMoho + 3.35 (zLAB – zMoho ) ]/ zLAB

(4)

where zMoho and zLAB are the depths to the Moho and to the LAB, respectively, with the average SPT densities of 2.85 t/m3 for the bulk
crust and 3.35 t/m3 for the bulk lithosphere mantle (the latter corresponds to a typical density of Proterozoic lithosphere mantle, Gaul
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et al., 2000)). Here I use the density of Proterozoic mantle as a compromise intermediate value, given that the volume of lithospheric
mantle of different ages and the extent of its chemical modification by
magmatism are not well known (Artemieva, 2009), and the European
continent includes both depleted cratonic lithosphere and young fertile
lithosphere. For the same reason, I use a compromise intermediate
value for the bulk crustal density of 2.85 t/m3. Its choice has negligible
effect on the results (see Appendix A for the uncertainty analysis), while
the choice of the SPT lithosphere mantle density slightly shifts the final
values (Fig. 4).
Assuming surface temperature of 0 °C and temperature at the lithosphere base of 1400 °C, the average lithosphere temperature is
700 °C. Then in situ lithosphere density is:
o

=

o (0)(1–700

)

Fig. 5. Sketch illustrating temperature anomaly ΔT in the lithosphere (averaged
from the surface down to the LAB) with respect to a reference point, where
A = 0 km and the geotherm follows black dashed line. At locations where the
lithosphere is thinner than at reference point, the geotherm down to the LAB
depth at reference point includes the lithospheric part (red line) and the asthenospheric part (magenta line). At locations with a thick lithosphere, the geotherm (blue line) is colder than at reference point, and therefore average lithosphere temperature is colder than at reference point.

(5)

For example, in case crustal thickness is 40 km and lithosphere
thickness is 200 km, ρo(0)=3.25 t/m3 and ρo=3.17 t/m3.
Substituting all parameters in Eq. (3) by the values defined by Eqs.
(4) and (5) yields:

T = 94683 A/(3.35 zLAB – 0.50 zMoho )

and

(6)

o

Ref

where ΔT is in C and 200 (in km) is zLAB at reference points where
A = 0 km. A combination of Eqs. (6) and (8) allows for calculating lithosphere thickness zLAB from the anomalous topography A:

A = (200

zLAB ) (3.35 zLAB

0.50 zMoho )/27029.

(9)

Importantly, the relationship (9) between A and zLAB is non-linear
(see Artemieva, 2018 for details). The physical reason is the competing
effects of variations in zLAB values on average density of the crustmantle column above the reference LAB depth (here 200 km): a thin
lithosphere implies high average temperatures and the associated
density decrease due to rock thermal expansion; this is compensated by
a simultaneous increase in the thickness of a denser (than the lithosphere column) sublithospheric mantle layer between the local LAB and
the compensation depth (the LAB at reference points). Importantly, due
to the non-linear relationship between A and zLAB in Eq. (9), lithosphere
thickness zLAB cannot be determined when the anomalous equivalent
topography A is extremely high (> 0.8 km, > 1.2 km, and > 2.0 km
for zLABRef=150 km, 200 km, and 250 km, correspondingly). In these
regions mechanism(s) other than purely thermal contribute to a high
topography and large A.
The zLAB values determined from Eq. (9) can then be used in Eq. (6)
to calculate temperature anomalies ΔT in the lithosphere. Therefore,
the calculation of regional temperature anomalies and regional variations in the lithosphere thickness requires only independent information on the lithosphere thickness at reference points. Clearly, the choice
of another zLABRef value will require small adjustments to Eqs. (7)–(9)
without changing the general pattern.
Reference geotherms in different tectonic settings (both oceans and
continents) can be specified by geothermal heat flux (Pollack et al.,
1993), while in turn reference geotherms define the thickness of the
thermal lithosphere. Therefore, geothermal heat flux can be estimated
from zLAB determined at the previous steps. Then lithosphere temperatures can be calculated either as depth slices or as vertical profiles
(geotherms). Note that continental geotherms depend on assumptions
on the radiogenic heat production in the crust, and reference continental geotherms (Pollack and Chapman, 1977; Pollack et al., 1993)
are based on simple assumptions on the ratio of the crustal to mantle
contribution to surface heat flux, as well as on assumptions on a steadystate thermal regime and purely conductive heat transfer, which may
both be invalid in active continental regions.

iv. The Moho depth is usually known from seismic data, and variations
in this parameter, especially in case of a thick lithosphere, have little
effect on the calculated ΔT. Lithosphere thickness variations, however, have a crucial effect on ΔT but they are not well known because the existing regional seismic tomography models remain
highly inconsistent (Schaeffer and Lebedev, 2015). Fortunately, the
lithosphere thermal thickness is directly linked to the thermal
structure of the lithosphere, and zLAB can be determined in a selfconsistent way from the anomalous topography.
2.3. Lithosphere thermal thickness, geotherms and geothermal heat flux
The temperature anomaly ΔT defined by Eqs. (3) and (6) is a local
deviation of vertically averaged lithosphere temperature (from the
surface down to the LAB) from averaged temperature at reference
points where A = 0 km. It means that at each location the local temperature profile is compared to the reference temperature profile. Let us
assume for simplicity that at reference points zLABRef= 200 km. At locations where the lithosphere is thinner than 200 km, the temperature
profile down to 200 km depth includes two parts (Fig. 5): the lithosphere part with average temperature of 700 °C (half-temperature between the surface and the LAB) and the asthenospheric part at temperature of 1400 °C at depths between the local LAB and the reference
LAB, assumed to be at 200 km depth. Likewise at locations with a thick
lithosphere (> 200 km), the depth of 200 km is within the lithosphere,
and therefore temperature at this depth is < 1400 °C, and average lithosphere temperature in the layer above 200 km depth is < 700 °C.
Therefore, for an arbitrary location, average temperature in the upper
200 km is

Tave = [700 zLAB + 1400 (200 – zLAB )]/200

(8)

T = Tave – 700 = 700 (1 – zLAB /200)

Here the A-value and thicknesses of both the lithosphere and the
crust are in km. Numerical values in Eq. (6) depend on the assumed
crustal and mantle densities (Eqs. 3–5) and would vary with different
assumptions. For example, for the average SPT densities of the bulk
crust and the bulk lithosphere mantle of 2.80 t/m3 and 3.40 t/m3, respectively, Eq. (6) will take the form: ΔT = 96098 A/(3.40 zLAB – 0.60
zMoho). Eq. (6) implies that the anomalous equivalent topography of
A = 1 km requires a lithosphere temperature anomaly of ca. 145 °C
with respect to reference points in case of a 200 km thick lithosphere
with a 40 km thick crust (Fig. 4). Fig. 4 based on Eq. (6) also illustrates
that the choice of the mantle lithosphere density has little effect on the
calculated temperature anomaly. Further discussion of model sensitivity and resolution is in Appendix A.

3. Application to Europe: anomalous topography

(7)

Here the new method of thermal isostasy is applied to the European
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Fig. 6. (a) Anomalous topography A calculated as deviation of real topography (b) from topography predicted by isostasy, based on the Moho depth (Fig. 3a) versus
topography relationships. Three regional correlations are used in the calculation. Seismic data coverage used in the EUNAseis crustal model (Artemieva and Thybo,
2013) is shown in (b).

continent (5 oW – 65°E, 35 – 78 oN) and the adjacent oceanic domains.
Data on topography is derived from the global ETOPO1 model and is
resampled on a 30’x30’ grid to bring it to the resolution of the crustal
model. All further analysis is presented on a 30’x30’ grid.
The Moho depth (Fig. 3a) is constrained by the EUNAseis regional
seismic crustal model (Artemieva and Thybo, 2013), which is based on
all available regional seismic reflection/refraction profiles digitized
with a minimum of 50 km spacing and complemented by seismic receiver functions data on the Moho depth in regions with poor seismic
data coverage (Fig. 6b). The cratonic crust of the East European craton
is typically 40–50 km thick, with a thick crustal root (ca. 60 km) in
central Finland and some parts of the East European craton. The crust
thins along the paleo-rifts (35–42 km) and in the Barents Sea (ca.
30–35 km), which forms a part of the Arctic continental shelf. In most of
western Europe, except for the orogens (Alps, Carpathians, Dinarides,
Pyrenees), the crustal thickness is ca. 28–32 km and a lower crustal
layer is nearly absent as reflected in the average crustal velocities
(Fig. 3b). Although oceanic lithosphere (defined here by bathymetry < −0.5 km) is also included in the analysis, significant parts of
the oceanic domain, especially in the Mediterranean and the Black Sea,
lack reliable seismic data on the Moho depth, except for some nearcoast locations. Similarly, seismic data on the Moho depth is nearly
absent in the south-eastern part of the continental domain, including
the South Caspian Sea region. For this reason, the modeling results for
these regions are poorly constrained.
For the entire European continent, the Moho depth and topography
are not correlated (the correlation coefficient R2 = 0.07). Therefore,
three major tectonic domains are analyzed separately:

low-density crust with average density of ca. 2.70–2.75 t/m3 (Fig. A1), such
as predicted from the Vp velocity structure of the Variscan crust (Artemieva
and Thybo, 2013) (Fig. 3b).
The East European craton nearly lacks topography, while it has huge
variations in crustal thickness (Fig. 3a); therefore there is no correlation
between the Moho depth and topography in the cratonic lithosphere. For
this tectonic domain, a relationship zMoho = 38.0 + 5.1 Topo (with all
parameters in km) is adopted, based on global averages for the continental
crust (Christensen and Mooney, 1995). The slope is based on the assumption
of average density of 2.80 t/m3 for the crust and 3.35 t/m3 for the mantle
(Fig. A1). The intersect between the best fit line and the topography axis
provides a global average depth to the continental Moho (39.2 km) for
average continental topography of ca. 0.24 km.
For the ocean domain, the correlation between the Moho depth and
topography is poor (R2 = 0.22) and the data show a large scatter. To
improve model constraints, the domain should preferably be split into
smaller regions, however the sparse data coverage in significant parts of
the ocean domain (the Mediterranean and the Black seas) does not
allow for doing this. The best fit relationship is zMoho = 21.6 + 3.5 Topo
(with all parameters in km), that is a 3 km deep ocean basin has a typical Moho depth of ca. 11 km. The slope of the best-fit line of 3.5
requires a small density contrast across the Moho (Fig. A1), due to either a dense crust, or a low density mantle, or a combination of both.
The anomalous topography A (the deviation of real topography
from topography predicted from the Moho depth based on isostasy) is
calculated separately for the same three domains as described above. Its
pattern clearly reflects major tectonic structures in Europe (Fig. 6a).
The cratonic areas generally have negative anomalous topography with
typical values of ca. -1 km, except for a few areas with A~1 km
(southern Norway, the Peri-Caspian depression and the rifts at the
White Sea coast). Local anomalies of −3 km in central Finland, parts of
the Volga-Uralia and the Ukrainian Shield are associated with an
anomalously thick crust. The Moesia Platform at the SW margin of the
craton clearly appears as a separate block with A~0 km.
The transition from the cratonic to Phanerozoic Europe is marked by
a sharp change from negative to positive A-values along the TransEuropean Suture Zone (TESZ) and the Svecofennian boundary in the
Baltic Shield. This suggests that at lithosphere depths, the edge of the
craton mostly follows its surface manifestation established from

• Phanerozoic western Europe plus the Anatolia, the Southern Caspian
region, and the shelf (defined here by bathymetry less than 0.5 km),
• the East European craton, including the Baltic Shield,
• the ocean domain, including the Mediterranean and the Black Sea.
For Western Europe there is a general correlation between the Moho
depth and topography, and data for the shelf match the same trend. The bestfit line for Phanerozoic Europe is zMoho = 33.4 + 4.3 Topo, where the Moho
depth and the topography (Topo) are in km. The slope of 4.3 of the best-fit
line between zMoho and topography requires a normal mantle density and a
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geological data (Fig. 6a), and that the transition from negative to positive A-values may be interpreted as the edge of the cratonic lithosphere. In this case, the lithosphere of southern Norway, most of the
Norwegian Caledonides, the rift system around the White Sea (the area
of the Arkhangelsk kimberlite province), and the anomalous Peri-Caspian depression (possibly formed as result of the Devonian rifting) has
lost its cratonic signature. At the same time, the lithosphere of the East
Barents Sea appears as cratonic.
Most of Phanerozoic Europe has weakly positive A-values (around
+0.5 + 1 km) with strong anomalies (A > +1.5 km) in regions of
active Cenozoic deformation and magmatism (the Rhine Graben, the
French Massif Central, the Pannonian Basin, and the Central Graben of
the North Sea). The highly seismogenic Vrancea zone at the bend of the
Carpathians, where lithosphere delamination is expected from the
seismicity pattern and numerical modeling (Wortel and Spakman,
2000; Lorinczi and Houseman, 2009; Ren et al., 2012), appears as a
separate block with A~ +1.8 km. In contrast, the early Paleozoic Armorican and Wales-London-Brabant Massifs have negative A~
−0.8 km, similar to the lithosphere of the East European craton. All
Cenozoic orogens (the Alps, Pyrenees, Dinarides, Carpathians, Caucasus) have a strongly negative (−2–3 km) anomalous topography;
however, the amplitude is highly variable.
In the ocean domain, the strongest positive anomaly (A > +3 km)
is associated with the North Atlantic spreading. Two regions have
strong negative A-values (< −3 km): the Bay of Biscay and the Black
Sea, while the Mediterranean Sea has a patchy pattern of the anomalies.
However, the details are speculative due to poor knowledge of the
crustal structure in these regions.
4. Lithosphere thickness in Europe

(Fig. 7) and seismic tomography models (Fig. 8), although in most of
the East European craton tomography indicates a deeper LAB than the
thermal isostasy model. A discussion of the reasons for the discrepancies between different types of geophysical models can be found
in Artemieva (2009, 2011).
An important difference between Fig. 7a, b is in the lateral dimensions of the resolved anomalies. While the thermal isostasy model
preserves resolution of crustal anomalies with steep gradients, the
thermal model recovers a smooth variation in the lithosphere thickness.
In case the lithosphere deforms as a large-size plate, flexural deformation would be important and anomalies should be smoother than calculated from thermal isostasy (Fig. 7a). Yet lithosphere-scale faults,
such as expected at boundaries between tectonic terranes and at plate
boundaries (the craton edge, the Cenozoic orogens formed by collisional processes) will produce zones of sharp gradients in the lithosphere thickness as observed in Fig. 7a.
The wavelength of the LAB lateral variations is different in cratonic
and non-cratonic Europe, with a typical range of 200–300 km within
the craton and ca. 100 km in the Phanerozoic part. The boundaries
between distinct lithospheric blocks are often sharp, such as step-wise
changes in the LAB depth of ca. 150 km over a distance of ca. 200 km at
the edges of the Cenozoic orogens. The western margin of the craton is
marked by a change in the LAB depth, yet the expression of the cratonnoncraton boundary in the LAB variation is not very distinct and it
follows its geological expression (the Trans-European Suture Zone) only
in general, with significant deviations (by ca. 200 km) in southern
Norway, Poland and Ukraine (Fig. 7a). These deviations suggest a significant reworking of the cratonic margin at depth. In the southern
Baltic Shield, the edge of the cratonic mantle approximately follows the
western margin of the Trans-Scandinavian Igneous belt.

4.1. General comments

4.2. The craton

The calculation of the lithosphere thickness requires an assumption
on the LAB depth at reference points with zero anomalous topography.
In the cratonic part, the zone of near-zero anomalous topography follows the western margin of the Svecofennian boundary in the Baltic
Shield, where the lithosphere thickness is relatively well constrained by
seismic data (e.g. Pedersen et al., 2013; Silvennoinen et al., 2016;
Hejrani et al., 2017). In western Europe, the near-zero anomalous topography is at the margin of the Armorican Massif, the lithosphere of
which has been mapped in detail by regional seismic tomography
(Judenherc et al., 2002; Soomro et al., 2016). Based on seismic models,
a value of 150 km is adopted for the LAB depth at reference locations
both in the cratonic and non-cratonic Europe, and a value of 100 km is
used for reference locations in the ocean domain.
The results (Fig. 7a) show a highly variable thickness of the continental lithosphere in Europe that ranges from < 70 km in regions of
Cenozoic magmatism and strong lithosphere extension to 250–300 km
in parts of the East European craton. There is an overall agreement
between the lithosphere thickness estimates based on thermal isostasy
and calculated from surface heat flux measurements (Artemieva and
Mooney, 2001; Artemieva, 2006) (Fig. 7b). Most differences are in the
south-eastern part of the region (the Caucasus region and the Turanian
plate) where both models are poorly constrained due to scarce data
coverage: the Moho depth is insufficiently well known for thermal
isostasy modeling, and scarce heal flux data and non-steady state
thermal regime put limitations on thermal modeling.
In western Europe, the disagreement between the TC1 thermal
model and the present thermal isostasy model is ca. ± 20 km, which is
within the uncertainty range of the models. Shelf regions cannot be
compared because they are not covered by the TC1 model. In the
oceanic part of the region, significant discrepancies between the present
results and the HSC model are around volcanic islands and in regions
with anomalous bathymetry, that does not follow the HSC (half-space
cooling) model. There is also an overall agreement between the thermal

In general, the lithosphere thickness in the East European craton is
greater than 150 km and the estimated values are in a close agreement
with the lithosphere thermal thickness constrained by surface heat flux
(Artemieva, 2006). The deepest lithosphere roots (250–300 km) in
central Finland correlate with constraints from thermobarometry based
on mantle-derived xenoliths from several kimberlite fields in the region
which yield a lithosphere thickness of 220–250 km (Kukkonen et al.,
2003; Lehtonen and O'Brien, 2009) (Fig. 9). The presence of a more
than 200 km deep lithosphere root in southern Finland has also been
detected by regional seismic tomography (Pedersen et al., 2013) and
seismic receiver functions (Vinnik et al., 2016).
Regional seismic tomography images a patchy pattern of seismic velocity anomalies, and possibly of the LAB depth, in northern Finland
(Silvennoinen et al., 2016). Yet the present study indicates a flat LAB at ca.
200 km depth, in agreement with large-scale tomography models (Shapiro
and Ritzwoller, 2002; Lebedev et al., 2018) (Fig. 8). It suggests that
seismic velocity heterogeneity of lithosphere mantle of the northern Baltic
Shield may be caused by mechanisms other than thermal. In particular,
mantle metasomatism at depths from 70 km to ca. 150 km can explain
average Rayleigh-wave dispersion curves for different cratons, including
the Baltic Shield (Eken et al., 2018). This interpretation is consistent with
an earlier proposed interpretation that metasomatism of lithospheric
mantle has a strong effect on seismic velocities in the Baltic Shield
(Bruneton et al., 2004) and cratonic mantle globally (Artemieva, 2009).
The central and northern parts of the Baltic Shield upper mantle
show strong seismic anisotropy with significant variations in amplitude
and the fast axis direction between different lithosphere domains
(Plomerova et al., 2011). The anisotropy pattern also changes with
depth, and three lithospheric layers are recognized with the boundaries
at ca. 110 km and 220 km (Vinnik et al., 2014). The present results
suggest that the lower layer is located below the base of the thermal
lithosphere and its anisotropy may be associated with deformation by
mantle flow.
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Fig. 7. Lithosphere thermal thickness in Europe. (a) Present study, calculated (eq. 9) from the anomalous topography (Fig. 6) and the Moho depth (Fig. 3a). Numbers
in circles – xenolith locations discussed in text. (b) Composite model for thermal LAB, based on the TC1 model for the continental part (Artemieva, 2006) and halfspace cooling (HSC) model for the oceanic part. TC1 is constrained by heat flux measurements. HSC is constrained by the age of ocean floor. The shelves are not
covered by the TC1 and HSC models, and a constant value of 120 km is assigned here for the lithosphere thickness.

In the eastern part of the Baltic Shield (Kola-Karelia), the lithosphere thins to ca. 120 km and locally to less than 100 km in the rift
system of the White Sea, whereas in the Devonian Kola Alkaline
Province the lithosphere thickness is 160–190 km and ca. 160 km thick
in the Tersk and the Arkhangelsk kimberlite provinces, respectively.
The latter estimate is somewhat lower than xenolith thermobarometry
estimates from the Devonian Grib kimberlite pipe in the Arkhangelsk
region (Afanasiev et al., 2013) (Fig. 9), although the results correspond
to different time intervals (the Devonian and present). Low seismic
velocities at 100–150 km depth in the lithosphere mantle of the Kola
Alkaline Province have been interpreted as evidence for a strong metasomatic reworking in the Proterozoic and Paleozoic (Silvennoinen
et al., 2016).
Beneath the Norwegian mountains the lithosphere is less than 140 km
thick and it thins to ca. 80–100 km in Southern Norway, in agreement

with a regional P-wave tomography study which images the LAB beneath
Southern Norway and Denmark at 60–70 km depth (Plomerova and
Babuska, 2010). The anomaly is also resolved in global (Fig. 8a) and regional tomography models (cf Maupin et al., 2013; Hejrani et al., 2017).
In the Russian Platform, thick lithosphere roots (> 250 km) are
determined for parts of the Archean Volga-Uralia subcraton (Fig. 7a),
where the fastest Vs > 4.7 km/s is observed at 250–320 km depth in
the upper mantle (Lebedev et al., 2009). While seismic tomography
shows similar values also for the Archean Ukrainian Shield–Vitebsk
block in the western part of the East European craton (Fig. 8), the
present results indicate a thinner lithosphere of 220–240 km, in
agreement with the lithosphere thermal thickness constrained by surface heat flux (Artemieva, 2006). The Ukrainian Shield has a highly
heterogeneous lithosphere thickness, which reflects its block structure
and the LAB depth ranges from ca. 220 km to ca. 180 km, decreasing to

Fig. 8. Surface wave tomography models for the lithosphere structure in Europe. (a) Lithosphere thickness defined by a 2% seismic velocity perturbation (model of
Shapiro and Ritzwoller, 2002). (b) Shear wave velocity anomalies at a 150 km depth (model of Schaeffer and Lebedev, 2013).
461

Earth-Science Reviews 188 (2019) 454–468

I.M. Artemieva

The present results confirm an earlier geological interpretation on the
cratonic basement of the eastern Barents Sea (Nikishin et al., 1996). The
lithosphere thickness ranges from ca. 130 km at the eastern Barents Sea
basin to ca. 230 km at the offshore extension of the Timanides and the
Kola province. The continental lithosphere of the western Barents Sea,
that was significantly rifted during the opening of the North Atlantic
ocean (Fig. 1), is typically 120–150 km thick and thins to ca. 100 km
towards Svalbard. The contrast in the lithosphere structure of the
western and eastern Barents Sea has been noted earlier (e.g. Klitzke t
al., 2016), but the amplitude of the transition between a thick and thin
lithosphere appears to be underestimated in the previous studies. The
present study indicates that the boundary between the western and
eastern Barents Sea at ca. 34°E is marked by a sharp change in the
lithosphere thickness by ca. 50–70 km.
4.4. Phanerozoic Europe
Four different types of lithosphere structure can be recognized in
Phanerozoic Europe: the collisional orogens with a thick (> 200 km)
lithosphere, the Gondwana massifs with a 160–180 km thick lithosphere, regions with Cenozoic magmatism where the lithosphere is
thinned to < 60–80 km, and the rest of the Variscan Europe with a
100–120 km thick lithosphere. These geodynamic types are briefly described below.
In regions with a dense seismic data coverage of the Moho depth,
such as the Alps, the present results agree with seismic models for the
lithosphere thickness (Blundell et al., 1992; Lippitsch et al., 2003).
Large lithosphere thickness in the collisional orogens (Alps, Pyrenees,
Carpathians, Dinarides) implies the presence of a subducting lithosphere plate, in agreement with seismic tomography models which
image subducting slabs beneath the European orogens and a mosaic of
high- and low-velocity bodies in the upper mantle of southern Europe
(Piromallo and Morelli, 2003; Zhu et al., 2012; Palomeras et al., 2017;
Hetenyi et al., 2018; Kastle et al., 2018). The present results indicate
that the depth extent of the slabs is different: 250–260 km km in the SW
Alps and ca. 200–220 km beneath the Pyrenees and the Carpathians.
The Vrancea seismic zone at the SE bend of the Carpathian orogen has a
thin lithosphere (60–80 km), therefore supporting geodynamic models
for lithosphere delamination and slab detachment (Wortel and
Spakman, 2000; Lorinczi and Houseman, 2009; Koulakov et al., 2010),
as is also reflected in depth distribution of local seismicity (e.g.
Cloetingh et al., 2007; Ren et al., 2012). In the Dinarides, the calculated
lithosphere thermal thickness of 200–220 km is significantly larger than
estimates based on seismic S-receiver function analysis (ca. 160 km)
(Belinića et al., 2018). Therefore the results contribute to the on-going
debate if seismic RFs image the LAB (Rychert and Shearer, 2009) or a
discontinuity with velocity contrast stronger than at the LAB, such as
the enigmatic mid-lithosphere discontinuity (Thybo and Perchuc, 1997;
Thybo, 2006; Fischer et al., 2010; Karato et al., 2015).
The results for the region south of the Black Sea-Caspian Sea
(Anatolia, the Caucasus, the Caspian Basin, the Turanian plate, and the
Zagros orogen) should be treated with caution due to the very limited
information available for the Moho depth in these regions (Fig. 6b). In
particular, it is challenging to provide any constraints on the lithosphere structure in the Lesser Caucasus, Anatolia and the northern Iranian Plateau. Furthermore, these regions are not in the isostatic
equilibrium (Fig. 1) and, strictly speaking, the proposed thermal isostasy method is non-applicable there.
The Gondwana massifs of western Europe (Armorican, Ardennes,
Iberian, Bohemian, London-Brabant, and French Massif Central) are the
terranes of Proterozoic to early Paleozoic ages that have been deformed
and reworked during the Variscan orogeny (cf. Artemieva et al., 2006).
Several of these terranes are clearly seen as blocks with a relatively
thick (160–180 km) and cold lithosphere (Fig. 7a). This includes the
Armorican Massif where fast P-wave velocity anomaly is observed
down to a 150 km depth (Judenherc et al. 2002), and the London-

Fig. 9. Typical continental geotherms (based on Pollack and Chapman, 1977).
Color code as in Fig. 7a, 10a. Symbols – xenolith P-T arrays from several locations in Europe (marked in Fig. 7a). Xenolith P-T arrays are based on data of
Kukkonen and Peltonen (1999), Lehtonen et al. (2004), Malkovets et al. (2003),
Werling and Altherr (1997).

140–150 km in the Azov block in the south. The southern Uralides have
a thick lithosphere (200–220 km), in agreement with seismic models
which indicate the presence of a 175–200 km thick seismic lid (Knapp
et al., 1996; Ryberg et al., 1996). The Proterozoic rifts and aulacogens
of the Russian Platform slightly differ from the surrounding mantle and
have lithosphere thickness of ca. 160–180 km.
Surprisingly, the huge Devonian Dnieper–Donets rift in the southern
part of the Russian platform is not seen in the lithosphere thickness
calculated from thermal isostasy, nor in the upper mantle velocity
structure (Lebedev et al., 2009). A localized anomaly in its central part
with a thinned lithosphere (130–150 km) extends both to the Ukrainian
Shield and to the Archean Voronezh Massif, and in the Ukrainian Shield
it corresponds to the Korsun pluton.
The strongest anomaly with a thin (75–100 km) and hot lithosphere
in the Peri-Caspian Basin is apparently associated with the Devonian
Central rift (Fig. 7a). This region also has a strong positive Vs anomaly
at a 100 km depth (Lebedev et al., 2009). Note that both the DnieperDonetsk rift and the Peri-Caspian Basin have > 20 km of sediments, the
crystalline basement is thinned to < 20 km (cf. Artemieva and Thybo,
2013), and therefore the average crustal density is significantly smaller
than in normal platform crust (Fig. 3b). The proposed method provides
reliable constraints on the lithosphere thickness even in these regions,
therefore validating the assumption that much of crustal density heterogeneity is compensated by Moho depth variations.
4.3. The shelf
The off-shore extent of the cratonic lithosphere into the Barents Sea
shelf is debated (e.g. Ritzmann and Faleide, 2009; Klitzke et al., 2016).
Seismic tomography models show high-velocity lithosphere beneath the
shelf (Levshin et al., 2007; Lebedev et al., 2018), but differ in details.
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Fig. 10. Geothermal heat flux. (a) Present study, calculated from the lithosphere thermal thickness (Fig. 7a). (b) Measured heat flux based on the open-access
database of the International Heat Flow Commission.

lithosphere (upper mantle) material down to ca. 200 km depth.
However, the information on the Moho depth in the Black Sea is insufficient for reliable constraints. Note that, in agreement with the
present results, seismic tomography models also indicate the presence
of a cold and thick lithosphere in the Black Sea region and, possibly, in
the Bay of Biscay (Fig. 8).

Brabant and the Bohemian Massifs where the lithosphere is ca.
180–200 km and ca. 120–140 km thick, correspondingly. Both massifs
exhibit low seismicity and have mechanically strong, old, cold lithosphere (Cloetingh et al., 2007). The LAB depth beneath the Bohemian
Massif from P-wave tomography is ca. 120 km (Plomerova and
Babuska, 2010). The lithosphere of the Iberian Massif is relatively thin,
80–120 km, in agreement with recent tomography studies that indicate
the presence of a low shear-velocity material below a 70–100 km depth
(Palomeras et al., 2017).
The European Cenozoic Rift System that extends from southern
France to the North Sea is marked by a thin and hot lithosphere
(< 80 km) of the Massif Central, Rhenish Massif and the Rhine Graben
(Fig. 7a) and the results are in a good agreement with xenolith geothermobarometry for the Massif Central (Fig. 9) (Werling and Altherr,
1997). The presence of a thin (60–100 km), hot and mechanically weak
lithosphere in these regions, that have been affected by the Cenozoic
magmatism, has long been reported in regional seismic (Babuska et al.,
2002; Granet et al., 1995) and thermal studies (Cermak and Bodri,
1995; Sobolev et al., 1996).
The Pannonian Basin whose formation has been affected by rollback of the Carpathian slab has an extremely thin lithosphere
(< 60 km). This conclusion is in agreement with numerous seismic
tomography, magnetotelluric, gravity and thermal studies that indicate a lithosphere thickness of 45–80 km beneath the Pannonian
Basin (Adam, 1996; Tari et al., 1999; Horvath et al., 2006). Similar
small values of the lithosphere thickness are calculated here for the Po
Basin.

5. Thermal structure of the European mantle and geothermal heat
flux
Knowledge of the lithosphere thermal thickness allows for determining regional geotherms and for predicting geothermal heat flux.
The latter possibility is important because it allows for comparing the
model predictions with heat flux measurements. A few comments are
worth making here. First, the quality of heat flux measurements is
variable and at least half of the borehole measurements in Europe are
shallow. It means, in particular, that in many cases paleoclimate
correction is required, and in the Baltic Shield it amounts up to ca.
25% of the measured values (Artemieva, 2006; Majorowicz and
Wybraniec, 2011). Second, strong heterogeneity in radioactive heat
production, in particularly in sedimentary strata and the upper crust,
produces short-wavelength anomalies in heat flux, which may not be
associated with variations in the lithosphere thermal thickness. Third,
in regions of active deformation and Cenozoic magmatism a significant part of the measured heat flux may be advective and associated with active faults. Likewise, hydrothermal circulation in ocean
sediments is known to have a strong effect on heat flux measurements
in oceans.
A comparison of the predicted and measured heat flux demonstrates
that the thermal isostasy method provides results that are in a good
agreement with observations (Figs. 10, 11). A comparison with the map
of data coverage for the crustal structure (Fig. 6b) indicates that a major
reason for the discrepancy is the poorly known Moho depth. Regions
where the predicted and measured heat flux values disagree by > 20
mW/m2 include mostly the Mediterranean region (Fig. 11a) with a
complex mosaic of subduction systems, active volcanic systems, and
poor knowledge on the crustal structure.
The pattern of the predicted heat flux matches the pattern of the
lithosphere thickness variations and therefore it is not described here
in detail, except for some regions. As expected, the Archean blocks
(central Finland, the Vitebsk Massif, and the Ukrainian Shield) have

4.5. Oceanic lithosphere
The results indicate a strongly heterogeneous lithosphere of the
North Atlantic ocean, with a possible presence of continental fragments,
in particular between the Aegir paleo-spreading ridge and the
Norwegian margin (Fig. 7a). This anomaly appears to be connected to
the Archean Lofoten block in northern Norway.
A large amplitude anomaly is associated with the Bay of Biscay,
suggesting the presence of a thick cold lithosphere, similar to the cratonic. The result is apparently in contradiction with strong positive
Bouguer anomalies in the region. A similar pattern is observed for the
Black Sea, where the results question the presence of oceanic lithosphere in this basin, but rather indicate the presence of a cold
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Fig. 11. Comparison between the predicted (Fig. 10a) and measured (Fig. 10b) surface heat flux. (a) Heat flux difference based on interpolation (interpolation radius
150 km). Gray shading - regions with no heat flux measurements. For most of the area, predicted and measured heat flux agree within ± 10 mW/m2. Major
differences are in tectonically active regions with a highly heterogeneous heat flux and a likely advective component to measured values. (b) Statistical analysis of
predicted and measured heat flux difference.

a low heat flux, < 40 mW/m2, in agreement with measurements
which in many boreholes provide anomalous values of less than
25–30 mW/m2.
The present results predict low lithosphere temperatures and low
heat flux in the southern Urals. This region is well known for an extremely low surface heat flux (~25 mW/m2 as compared to generally
40–50 mW/m2 in the cratonic Russian Platform), and the origin of this
thermal anomaly has long been debated (Kukkonen et al., 1997). The
present results suggest a deep lithosphere origin for the anomaly, rather
than a shallow source related to a low crustal heat production, hydrothermal circulation or paleoclimate effects.
The transition from the cratonic to the non-cratonic lithosphere is
marked by a change in geothermal heat flux from typical cratonic values of 40–50 mW/m2 to 80–90 mW/m2 in most of Phanerozoic Europe.
Areas with a high heat flux and non-steady-state thermal regime include primarily the regions of Cenozoic magmatism in the Massif
Central and the Rhine graben, and also the Pannonian Basin, where
both the predicted and measured heat flux (up to 130 mW/m2) show a
significant departure from the average surface heat flux in the
Phanerozoic Europe.
In the ocean domain, the model predicts an unusually low heat flux
in the Bay of Biscay, the Black Sea, and off-shore Norway. These model
predictions are in agreement with atypically low heat flux values
measured in these off-shore regions.

therefore providing independent data to verify the model predictions. A
large number of regional seismic models allow for further comparison
of the model predictions on the lithosphere thickness with seismic
constraints. The results are in a good agreement with seismic models
and borehole heat flux measurements and allow to make the following
conclusions.
1. Thick, cold and mechanically strong lithosphere is present in most
of the East European craton. The largest thickness (250–300 km) is
in the Proterozoic central Finland and in some Archean blocks of
the Russian platform. Most of the East European craton has a ca.
160–220 km thick thermal lithosphere, and similar lithosphere
structure is typical of the southern Urals.
2. Southern Norway has an unusually thin lithosphere (70–100 km).
This region has experienced fast recent uplift, which may have been
caused or facilitated by removal of the basal part of the cratonic
lithosphere mantle.
3. Proterozoic and Paleozoic rifts of the East European craton have a
typical cratonic lithosphere thermal structure. The exceptions are
the North Caspian Basin and the rifted margin of the White Sea,
where the lithosphere is locally thinned to < 100 km.
4. The Barents Sea is underlain by the cratonic lithosphere, which is
thick (ca. 200 km on average) in its eastern part, and thin (ca.
100–140 km) in the western rifted part. The transition between the
two domains is sharp and possibly step-wise.
5. The craton-non-craton transition in the lithosphere mantle deviates
from its surface expression at the Trans-European Suture Zone by
up to ca. 200 km laterally. This suggests that the edge of the craton
has been significantly reworked and deformed. In the Baltic Shield,
the western edge of the thick and cold cratonic lithosphere approximately corresponds to the western margin of the Proterozoic
Trans-Scandinavian Igneous Belt.
6. The Paleoproterozoic – early Paleozoic Gondwana massifs of western Europe are clearly recognized by a thick (120–180 km) and

6. Conclusions
This study presents a new method of thermal isostasy to model the
lithosphere thermal thickness, lithosphere geotherms, and geothermal
heat flux from two parameters: seismically constrained Moho depth and
topography (bathymetry). The method is applied to the European
mantle, where a dense network of seismic reflection/refraction profiles
provides detailed information on the Moho depth for most of the region.
The region is also densely covered by borehole heat flux measurements,
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cold lithosphere, except for the Iberian Massif where thermal lithosphere is ca. 100 km thick, similar to most of the Variscan
Europe.
7. The Cenozoic orogens have lithosphere extending down to ca.
200–250 km depth, with the deepest slab under the Alps. The
Vrancea block of the Carpathians orogen has a thin (< 80 km) lithosphere, in support of models of lithosphere delamination.
8. The European Cenozoic Rift System is marked by a thin and hot
lithosphere (< 60–80 km). The presence of an extremely thin lithosphere (50–60 km) beneath the Pannonian and Po Basins may
indicate the onset of oceanization.
9. Strong lithosphere heterogeneity of the North Atlantic ocean suggests the presence of continental lithosphere fragments between the
Aegir paleo-spreading and the Norwegian margin, with a possible

connection to the Archean Lofoten block.
10. Strong anomalies in the Bay of Biscay and the Black Sea may be
caused by a cold material in the upper mantle down to a 200 km
depth.
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Appendix A. Sensitivity analysis
The set of assumptions and the often unknown uncertainty in the input parameters makes it practically impossible to evaluate the accuracy of
model predictions. I therefore run a series of tests, varying the input parameters within a possible uncertainty range to estimate the uncertainty of
modeling.
(1) Uncertainties in density values for the bulk crust and bulk lithosphere mantle ρo (eq. 4) and the asthenosphere mantle ρm (eq. 3) may affect the
constant in eqs. (6) and (9). In particular, a change of ρm from 3.40 t/m3 to 3.35 t/m3 will change the constant from 94,683 to 93,212, and
therefore the final result will change by 1.5%. A change by 0.10 t/m3 in average SPT density of the bulk crust from the assumed 2.85 t/m3 has
negligible effect on the bulk lithosphere density (eq. 4). Similarly, a change of average SPT density of the lithosphere mantle from 3.35 t/m3 to
3.30 t/m3 will change average SPT lithosphere density by ca. 1.2% for a 150 km thick lithosphere (eq. 4), leading to a < 1% change in in situ
lithosphere density (eq. 5) and the calculated ΔT (eq. 6).
(2) Uncertainty in the Moho depth (typically 1–2 km for seismic reflection/refraction studies) contributes to the final uncertainty through the Moho
depth-versus-topography correlation, where its effect is statistically insignificant in case of large regional data sets for both parameters (see also
the next point). The effect of the Moho depth uncertainty on the calculated ΔT (eq. 6) is also negligible. Therefore, except for specific regions
with limited or controversial data on the Moho depth, which affects the Moho depth-versus-topography correlation, the uncertainty in the Moho
depth has little effect on the model results. It is worth noting that crustal models where the Moho depth is constrained by gravity data (including
parts of global crustal models CRUST1.0 and 2.0 where gravity constraints are used in regions not covered by seismic profiles) are not suitable for
the proposed thermal isostasy method.
(3) Uncertainty in the best-fit correlation between the Moho depth and topography affects the slope and the intersect values of the best-fit line. Both
parameters are controlled by regional tectonics. The slope depends on the density contrast across the Moho and therefore it has a narrow range of
possible values, 4–7 for bulk crustal density of 2.70–2.90 t/m3 (Fig. A1). The intercept reflects the average crustal thickness in the region of
interest and for typical continental crust it may differ by 5–10 km.
I further illustrate this effect for western Europe where the data are best fit by an intercept of 33.4 km at zero topography (see section 3), while
global continental statistics suggests that the intercept is ca. 38 km (Christensen and Mooney, 1995). Different values for the intercept value lead to
uncertainty in the calculated values of anomalous topography by causing its systematic shift by a constant value, if the slope of the Moho depthtopography best-fit is the same. In case of a different slope as it is the case for the European continent, the shift is proportional to topography (Fig.
A2a) and the analysis may require to split data into subdomains with different relationships between the Moho depth and topography. This will
improve the model constraints and will remove a correlation with tectonic settings (Fig. A2a).
Due to a change in A, the calculated temperature anomaly and the LAB depth also become systematically shifted when a different Moho
depth – topography relationship is used. However, in this case reference points (locations with A = 0 km) also become different (Fig. A2a) and
therefore zLABRef values (the LAB depth at reference points) are also different (eq. 9). Due to this complex link between the Moho depth –
topography relationship and the lithosphere thickness at reference points, the results are robust. In Europe, when the same relationship for the
Moho depth versus topography is used for the entire continent (discussed below), the LAB depth changes by ca. 25 km on average (Fig. A2b). As
mentioned above, the difference can be reduced if tectonic regions with large deviations are modeled separately, based on regional Moho depth
– topography relationships. Importantly, the model results can be verified by independent data, such as heat flux measurements. This allows to
adjust the best-fit line for the Moho depth – topography relationship to match heat flux observations. This procedure is not used in the present
study.
4) Uncertainty in the LAB depth at reference points affects the calculated values of the lithosphere thermal thickness (eq. 9) and the predicted
heat flux. Importantly, the LAB depth at reference points usually is not the unknown parameter, since it can be determined from independent data
(seismic, thermal, etc). For regions with lithosphere thermal thickness > 100 km (most of the continents) an increase in the reference LAB depth by
50 km increases the calculated lithosphere thickness by ca. 20 km, but the effect is strongly non-linear and it is significantly smaller for regions with a
thin lithosphere (Artemieva, 2018).
The overall uncertainty in the modeled lithosphere thickness is < 50 km (typically 10–30 km), which is comparable or even better than in seismic
tomography. This uncertainty propagates into the uncertainty of the predicted heat flux (10–15% and 5–10% for a 100 km and 200 km thick
lithosphere, correspondingly).
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Fig. A1. Correlation between bulk in situ crustal density (5 cases are shown), bulk in situ density of the lithospheric mantle, and the slope of the Moho depth versus
topography correlation based on the Airy-type crustal isostasy.

Fig. A2. Sensitivity analysis which shows how the parameters in the correlation between the Moho depth and topography affect the results for the western Europe.
Two Moho-topography correlations are used: regional for the western Europe and global continental. (a) Difference in calculated anomalous topography A for
regional and global continental Moho-topography correlations. (b) Difference in the lithosphere thickness calculated based on (a) regional and global Mohotopography correlations. Diamonds and crosses in (a) show some locations with A = 0 km for global and regional Moho-topography correlations, respectively.
Calculation of the lithosphere thickness requires an assumption on the LAB depth zLABRef in regions with A = 0 km, which is set at 200 km for the global Mohotopography correlation and at 150 km for the regional correlation. The difference for the predicted LAB depth based on regional and global continental Mohotopography correlations is on average < 30 km, which is comparable or better than the depth resolution of seismic tomography models. A comparison between the
predicted and measured heat flux allows for further tuning of the parameters.
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