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A B S T R A C T

The surface of the Earth is the ever-changing expression of the dynamic processes occurring at depth and at or above its surface. However, our ability to “read”
landscapes in terms of their underlying tectonic or climatic forcing remains rudimentary. During the last decade, particular attention has been drawn to the deep
dynamic contributions to topography, related to the stresses that are produced at the base of the lithosphere by mantle convection, and their relevance compared to
the (iso)static component of topography. Here, we use examples from the Mediterranean and estimate residual and dynamic topography. We then compare those with
surface uplift from geology for specific regions to disentangle the dynamic from the static components. Considering the different topographic signatures of tectonic
processes (e.g. actual, residual, and dynamic topography as well as uplift rates) jointly provides a powerful way to distinguish between the contributions of mantle,
crustal, and surface processes. Such an approach might bring us closer to reading topographic expressions in terms of their geological cause.

1. Introduction

The surface of the Earth is the ever-changing expression of the dy-
namic processes at depth or at and above its surface, but our ability to
“read” landscapes in terms of their underlying tectonic or climatic
forcing is limited. There are three main processes contributing to Earth's
topography: mantle convection, crustal and lithosphere deformation,
including volcanism and magmatic underplating, and surface mass
transfer due to erosion/sedimentation, or water and ice (un)loading
changes related to natural or anthropogenic sources (Fig. 1).

Geodynamic processes such as mantle convection produce hor-
izontal motions of the Earth's surface, but also drive plate tectonics and
crustal deformation at plate boundaries which manifests itself as ver-
tical motion through the resulting isostatic equilibrium of thickened or
thinned crust. Tectonically uplifted rock is sculpted and eroded by
geomorphic processes such as winds, rivers, hillslope and glacial
transport, which are themselves are modulated by climate (e.g.,
Whipple, 2009). Topography is the product of the interaction and
feedback between those processes occurring over diverse time and
spatial scales (e.g., Forte, 2000; Braun, 2010; Flament et al., 2013).

In general, topography can be described as the sum of an isostatic
and a dynamic component. The isostatic elevation depends only on the
buoyancy of the lithosphere (e.g., Holmes, 1944). The dynamic topo-
graphy, i.e. the non-isostatic component, is generated by stress at the
base of the lithosphere (e.g., Le Stunff and Ricard, 1995; Hager et al.,
1985; Hager and Richards, 1989; Mitrovica et al., 1989a, Mitrovica
et al., 1989b; Gurnis, 1990; Le Stunff and Ricard, 1995; Panasyuk and

Hager, 2000; Forte, 2000; Braun, 2010; Flament et al., 2013; Rowley
et al., 2013a, Rowley et al., 2013b; Winterbourne et al., 2014; Arnould
et al., 2018. Surface uplift rate, defined as the time derivative of the
elevation of the Earth's surface, similarly, has sources from the deep
mantle, lithosphere, and crust (Fig. 1a).

Joint observations of topography, surface and rock uplift rate could
help to differentiate between the processes. Rock uplift is different from
surface uplift as the former refers to the movement of a rock toward the
surface, whereas the latter refers to variation of surface elevation, in
other words surface uplift is equal to rock uplift minus erosion. Climatic
variability in the system affects surface erosion and then contributes to
tectonic erosion and rock uplift (e.g., Wager, 1933; Holmes, 1944;
England and Molnar, 1990; Willett, 1999; Beaumont et al., 2000;
Willett et al., 2001; Bonnet and Crave, 2003; Whipple and Meade, 2006,
Bishop, 2007).

To distinguish between the isostatic and dynamic components, it is
necessary to estimate the density structure of the lithosphere and the
motion of the mantle. To resolve the factors contributing to uplift rate,
it is necessary to estimate erosion and sedimentation rates, crustal
thickening or thinning rates and transient components of dynamic to-
pography, including the isostatic adjustment from ice sheet melting and
water loading (e.g., England and Molnar, 1990). Those process may
have different amplitudes and rates, and their superimposition may
complicate interpretations (Fig. 1b).

In this paper, we discuss topographic signals as the result of the
contributions of mantle, crustal, and surface processes. We suggest that
the different kinds of topography signals may be used to distinguish the
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tectonic processes that are active in the region. To illustrate this ap-
proach, we use as an example the Mediterranean region, which has
been the subject of numerous studies to investigate mantle structure as
well as the tectonic and geomorphic evolution.

2. Topography, residual topography, and dynamic modeling

Understanding the origin of topography requires the following
constraints:

a) Topography and its variation over time (i.e. uplift);
b) Residual topography (i.e. non-isostatic topography from a litho-

spheric correction);
c) Dynamic topography (due to active mantle flow).

In the following we illustrate these constraints for the
Mediterranean.

2.1. Topography and its variation over time

While actual, present-day surface topography is ever more readily
available with increasing resolution, the rate of topography change is
still poorly constrained. The longevity of GPS observational networks
and advances in InSAR and other methods of satellite geodesy now
provide a robust estimate of the short-term variation of the surface
elevation over specific areas. The western – central European
Mediterranean in particular is fairly well covered by permanent GPS
stations (Fig. 2).

Some of the geodetic uplift features seen in Fig. 2a have been dis-
cussed previously (Serpelloni et al., 2013), including a positive signal
over the Alps (cf. Sternai et al., 2019, for a review), the Southern
Apennines and Sicily (cf. Faccenna et al., 2014a; Faccenna et al.,
2014b), NW Iberia, the Valencia Trough, and the Iberian chain on the
Iberian peninsula and Britany – Eifel. A negative signal is mostly found
inside basins, such as the Ebro and Po Plain. The effect of water ex-
traction in those regions may be the dominant contribution.

At longer time scales, landscape and topography variation can be
reconstructed using geological approaches, such as stratigraphy, paleo-
altimetry, thermochronology or cosmogenic nuclides to measure rates
of exhumation, and geomorphology to interpret uplift rates of dated
markers like river or marine terraces. Some regional long-term con-
straints on the rate of topography variations will be discussed below in
the regional context, but we leave a more extensive discussion of geo-
logical uplift rates for later work.

2.2. Residual topography

Residual topography is here, and commonly, defined to be the
component of topography that is left after subtraction of the isostatic
component of the lithosphere from the actual topography. For all to-
pographic signals we shall ignore the elastic flexure contribution by
considering wavelengths larger than multiples of the assumed elastic
thickness. Here, we use a 250 km width Gaussian smoother for long-
wavelength filtering before analysis (e.g. Becker et al., 2014).

To estimate the residual (isostatically anomalous) topography, we
need accurate knowledge of the lithospheric structure in terms of
density and structure, including the depth of the Moho and the litho-
spheric thickness, or lithosphere-asthenosphere “boundary” (LAB), and
the density distribution within the crustal and mantle parts of the li-
thosphere. In general terms, the elevation of a lithospheric column with
respect to a reference elevation (H), usually taken as the average mid-
oceanic ridge elevation, is given by the lithospheric buoyancy, with
components from the crustal layer with a thickness (lc) and density (ρc)
and the mantle lithosphere with a thickness (lm) and density (ρm),
floating over an asthenosphere of density (ρa).

= + −z f l f l H( )iso c m1 2 (1)

where f1 = (ρa- ρc)/ρa and f2 = (ρa- ρm)/ρa. Given that f1 is of the
order of 0.1 and f2 of the order of 0.01, crustal thickness variations thus
produce a larger topography signal than the mantle variations; 1 km of
crustal change or 10 km of lithosphere mantle change both produce
topography change of order of 100 m. Eq. (1) holds for topography
under air, the right hand side has to be multiplied by fw = ρa/(ρa -
ρw) ~ 1.45 for oceanic regions with water density ρw (e.g. Lachenbruch
and Morgan, 1990).

Uncertainties in those parameters and hence residual topography
estimate may be large and depend on the density distribution, thickness
of the lithosphere, and the Moho temperature (e.g. Lachenbruch and
Morgan, 1990; Guerri et al., 2015; Gvirtzman et al., 2016). The re-
solution of crustal thickness is of the order of± 2 km particularly when
considering large regions (e.g., Waldhauser et al., 1998; Spada et al.,
2013; Torne et al., 2015; Guerri et al., 2015; Globig et al., 2016;
Diaferia et al., 2019). Similarly, deriving crustal density from seismic
velocities has a wide scatter and the contributions of temperature
variations and other factors are poorly constrained (e.g. Guerri et al.,
2015; Gvirtzman et al., 2016). However, most probably, the largest
source of uncertainties arises from lithosphere mantle thickness and
density variations (e.g. Steinberger, 2016). Here, we therefore focus on
crustal corrections to residual topography only, and remove the litho-
sphere from the contribution to dynamic topography entirely to be
broadly consistent in the approach (cf. Panasyuk and Hager, 2000).

Fig. 3a and b show estimates of residual topography in the

Fig. 1. a) Cartoon (not to scale) showing the con-
tribution of different dynamic (blue) and isostatic
(yellow) processes operating to shape the topo-
graphy; b) Synopsis showing the approximate rate
and wavelength of topography variation for pro-
cesses operating at different depth. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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Mediterranean; these are obtained by correcting oceanic regions for
“air-loading” by 1/fw and then subtracting the estimates of eq. (1).
Crustal thickness is based on an update of the CRUST1 (Laske et al.,
2013) crustal thickness model. This update includes receiver function
estimates from Iberia and Morocco (Diaz et al., 2016; Abgarmi et al.,
2017), Anatolia – Greece and Middle East (Tezel et al., 2013; Vanacore
et al., 2013; Gvirtzman et al., 2016) and from the Alps-Apennines
(Piana Agostinetti and Amato, 2009; Piana Agostinetti et al., 2009;
Miller and Piana Agostinetti, 2012) but also scattered data from other
regions (Molinari and Morelli, 2011). We also allow for (relatively long
wavelength) variations in crustal density based on CRUST1 (Fig. 3b).
Given the poor knowledge of the lithosphere, in those models, we set
thickness of the lithosphere and the density contrast with astheno-
sphere to constant values that are optimized by minimizing the residual
(cf. Becker et al., 2014). This estimate then is one way of assessing

where topography is not in line with crustal thickness variations, but
treats contributions from half-space cooling or regions where the
mantle lithosphere has been removed, for example, as dynamic (cf.
Panasyuk and Hager, 2000).

Results from this approach of estimating “anomalous” topography
show a positive signal over most of the backarc regions, the entire
western Mediterranean, with exception of the Rif in Morocco, and the
Pannonian, Aegean Sea and Anatolia. More to the point, pronounced
peaks of residual topography are found in the Atlas, Massif Central, and
Galicia. Peaks of positive residuals are often found in places with re-
cently active volcanism, consistent with an interpretation of a deeper,
mantle driver (cf. Becker et al., 2014). Negative residuals are found in
the Adria plate-Po Plain, Ionian Sea around the Calabria and Hellenic
trench and the Rif.

Conversion of free air anomalies can also be used to infer

Fig. 2. a) Study region with light blue boxes and profiles showing tectonic settings and margins that are discussed in more detail. This plot and subsequent overview
figures show plate boundaries from Bird (2003), recently active volcanism from the Global Volcanism Project (inverted magenta triangles), and slab seismicity
contours in 40 km depth contour spacing from SLAB2 (Hayes, 2018); Profiles shown in Figs. 9 and 10 are indicated for subduction (S) and plume/slab detachment (P)
settings. White vectors are plate velocities from MORVEL (DeMets et al., 2010), in a Eurasia fixed reference frame. b) Long-wavelength filtereed vertical geodetic,
velocity field, corrected for GIA ICE - 6G model (Peltier, 2004), after removal of a regional mean. GPS vertical velocity field from Serpelloni et al. (2013). Contours of
smoothed topography shown at 1 km intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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“dynamic”, i.e. uncompensated, topography by scaling the gravity
anomalies with an “admittance” factor. For Fig. 3c, we used 0.02 km/
m,Gal within an intermediate wavelength range following the choices
of Craig et al. (2011) to infer admittance-based anomalous topography.
The use of the free air gravity conversion has the advantage to not be
explicitly dependent on the choice of crustal and lithospheric mantle
structure. However, admittance is not constant in a realistic Earth with
depth-variable viscosity (Richards and Hager, 1989; Colli et al., 2016;
Yang and Gurnis, 2016), and this approach is in general only a first
guess.

We show the free air inferred dynamic anomaly here nonetheless for
the sake of argument; Fig. 3c can be compared to Molnar et al.'s (2015)
Fig. 5, for example. The case of the Mediterranean has been used to
state that amplitudes of residual topography cannot exceed 300 m
(Molnar et al., 2015). In fact, the residual topography in the Medi-
terranean exceeds this value even when inferred from freeair anomalies
using the same conversion as in Craig et al. (2011); large portions fall
between 500 and 1000 m of residual topography, up to more than 1 km
for the Atlas of Morocco, Aegean Sea, and the Anatolia plateau (Fig. 3c).

Regardless of the approach, be it crustal model or gravity anomaly

Fig. 3. Estimates of the residual topography
obtained by subtracting Airy compensated
models of crustal structure from the ob-
served (long wavelength smoothed) topo-
graphy. Crustal thickness is from an up-
dated merger of regional datasets and
CRUST1 and constant crustal density (a),
and crustal density variation from CRUST1
(b). Density values used for the crust, li-
thosphere (constant thickness of 115 km),
and asthenosphere are 2781 kg/m3,
3300 kg/m3, and 3226 kg/m3 respectively,
the latter optimized by minimizing the re-
sidual. c) Non-compensated (“dynamic”)
topography estimated from filtered free air
gravity anomalies using a constant ad-
mittance scaling as in Craig et al. (2011).
Inverted magenta triangles indicate re-
cently active volcanism from the Global
Volcanism Project. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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based, we therefore find that the Mediterranean likely exhibits anom-
alous topography that is likely not due to simple crustal isostatic bal-
ance. The detailed patterns and amplitude are dependent on the cor-
rections that are used, of course, as noted, and these uncertainties are
well known (see, e.g., discussion in Faccenna et al., 2014a, for the re-
gion). Moreover, the distribution of the topography anomalies shows
overall consistency across models (Fig. 3). For example, positive re-
sidual topography anomalies emerge in Iberia, the Atlas, the Central
Apennines/Tyrrhenian Sea, Anatolia, the Aegean Sea, the Massif Cen-
tral, the Pannonian and Jordan. Negative residual topography anoma-
lies are found over Gibraltar, Northern Apennines, the Ionian Sea, and
the Black Sea. Within the oceanic domain, half-space cooling and
subduction are clear drivers of such signals, but their origin within the
continental or transitional domains is less clear and will now be ex-
plored further.

2.3. Dynamic topography

Here, dynamic topography is defined as the deflection of the surface
of the Earth due to active mantle flow (e.g. Ricard et al., 1984;
Panasyuk and Hager, 2000). To first order, this deflection of the surface
scales with the normal stresses that would be induced by convective
mantle flow at a vertically fixed surface. For a given density anomaly,
those stresses depend on the distance from the interface, for example,
and viscous stress amplitudes scale as strain-rate times viscosity, by
definition. Strain-rates depend on gradients of velocity, and those ve-
locities themselves scale with density anomaly divided by viscosity (as
for the Stokes sinker case). Dynamic topography thus scales linearly
with the driving mantle density anomalies to first order (e.g. Hager
et al., 1985; Gurnis et al., 2000) and viscosity variations are of sec-
ondary relevance. Topography change over time, i.e. uplift, is expected
to scale as topography times velocity, thus as density anomaly squared
over viscosity. Both dynamic topography and uplift are thus dependent
on the asthenospheric density anomaly, as inferred, e.g., from seismic
tomography, but viscosity mainly comes mainly into play for uplift
rates (e.g. Hager et al., 1985; Gurnis et al., 2000). In practice, density
anomalies in the uppermost mantle are most relevant (e.g. Richards and
Hager, 1989), and lateral viscosity variations will serve to modulate the
topographic expression of anomalies, though not affect the overall
scaling to first order.

At global or continent scales (> 500 km), much progress has been
made in the understanding of dynamic topography. For example, large-
scale tilting of continental interiors has been modeled and calibrated by
the stratigraphic record of marine inundations or by uplift of marine
terraces (e.g., Gurnis, 1993; Lithgow-Bertelloni and Gurnis, 1997;
Lithgow-Bertelloni and Silver, 1998; Forte, 2000; Gurnis et al., 2000;
Liu et al., 2008; Moucha et al., 2008, Moucha and Forte, 2011;
Shephard et al., 2010; Flament et al., 2013, 2015; Rowley et al., 2013a,
Rowley et al., 2013b; Forte et al., 2009; Forte et al., 2010; Müller et al.,
2018).

The field is progressing rapidly with increased computational cap-
abilities and higher resolution seismic velocity models leading to better
estimates of topography change. However, a number of questions re-
main debated, including the role of lithosphere strength and layering on
transmitting deep signals to the surface and the amplitude and rates of
the process, which strongly depend on poorly constrained density and
viscosity parameters (Morgan, 1965; Burov and Gerya, 2014; Becker
et al., 2014; Kiraly et al., 2015; Sembroni et al., 2017; Hoggar et al.,
2016; Steinberger, 2007, 2016; Davies et al., 2019; Steinberger et al.,
2019).

To model dynamic topography due to asthenospheric density
anomalies (e.g. Becker et al., 2014), we need to start out with a well-
resolved tomography model before assessing the role of plate bound-
aries and other lateral viscosity variations. Fig. 4 shows results from
three different tomographic models illustrating dynamic topography
based on the global shear wave models SAVANI (Auer et al., 2014),

TX2015 (S. Grand, pers. comm.), and a combination of the regional
model M01 (Piromallo and Morelli, 2003) and TX2015. The mantle
flow computations are purposefully simple and use with the spectral
code HC (cf. Milner et al., 2009), using only radially variable viscosity
with all general parameters and assumptions as in Faccenna et al.
(2014a), Faccenna et al., 2014b); see there for details. Globally, the
mantle flow that results from these assumptions, e.g. as to scaling be-
tween density and shear wave velocity anomalies, dlnρ/dln vS = 0.18,
is broadly consistent with plate velocities and geoid anomalies (e.g.
Ghosh et al., 2013). The scaling is applied to all tomography anomalies
below 100 km, above of which it is set to zero. Dynamic topography in
Fig. 4 shown as air loaded.

The dynamic topography model shows a positive signal mostly over
the large basins, e.g. eastern Iberia -Liguro-Provençal, and the
Pannonian and Aegean backarc basin, the Tyrrhenian and central-
southern Apennines, but also Eastern Turkey and the Sicily channel.
Positive dynamic topography over arcs may be expected due to the
presence of a low seismic velocity anomaly. In some cases, those ve-
locity anomalies may be in part due to partial melting, and this is one
example where the conversion of tomographic velocity anomalies to
temperature is likely oversimplified. Negative anomalies in topography
are mostly found over active subduction zones.

Comparing residual and dynamic topography can help to identify
mantle-driven signals (e.g. Becker et al., 2014), but uncertainties on
both residual and dynamic topography estimates may still be significant
(e.g. Lachenbruch and Morgan, 1990; Steinberger, 2007; Guerri et al.,
2015; Steinberger, 2016). Comparing the dynamic estimates from the
two global models in Fig. 4, they are broadly consistent on large scales
visually, and the spectral character is comparable at modest correlation
(see supplementary material). However, some of the differences be-
tween residual and dynamic topography are of the same spatial scale as
regional features, and this difference may be used to understand the
origin of the anomalies.

Using a regional tomography model (Fig. 4c) clearly enhances the
smaller-scale signal on the surface, as expected given the linear scaling
between density anomaly and dynamic topography, and such regional
high-resolution seismic models are likely required for many tectonics
applications. While the M01 model that is used for Fig. 4c is likely not
the last word on Mediterranean structure, it has been explored widely
(e.g. Boschi et al., 2010), and serves as our best regional estimate here.

To understand the link to tectonics, it is crucial to focus the analysis
on regional scales (cf. Steinberger, 2016), and to further compare the
individually relatively uncertain residual and dynamic topography
signals with geodetic, geomorphological and geological studies doc-
umenting recent to active vertical surface motion, which we will do
next.

3. Topography of Mediterranean region

Mantle downwellings and upwellings have apparent links to distinct
topographic features that are presented here with case studies extracted
from the Mediterranean region.

3.1. Subduction and orogeny related topography

Mantle downwelling and upwellings produce distinctive topo-
graphic features. In subduction and collisional systems, both isostatic
and dynamic contributions are expected to be pronouncedly different
from average global values (e.g., Lachenbruch and Morgan, 1990). The
isostatic contribution at convergent margins matters as tectonic de-
formation of the upper plate produces variations of crustal thickness.
Dynamically, stresses associated with the negative buoyancy of the
dense slab are transmitted up into both the forearc of the overlying
plate and the foreland on the subducting plate (e.g. Karner and Watts,
1983; Royden, 1993; Royden and Husson, 2006; Zhong and Gurnis,
1994). This produces surface depressions, but changes in the slab load
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or geometry can then lead to uplift or subsidence of the overlying re-
gions. Subduction also induces the mantle flow pulling down the upper
plate introducing a larger-scale negative dynamic topography (e.g.
Mitrovica et al., 1989a; Mitrovica et al., 1989b; Zhong and Gurnis,
1994; Crameri et al., 2017). In particular, the amplitude of the dynamic
topography increases with slab pull during trench roll-back and slab
shallowing as the negative density anomaly moves relatively closer to
the surface (Mitrovica and Jarvis, 1985; Mitrovica et al., 1989a, 1989;

Crameri et al., 2017). Variations of those parameters are expected to
produce negative or positive temporal change in topography (uplift and
subsidence in location fixed relative to the slab trajectory), while the
overall dynamic topography is negative. The reaction to this load is
expressed during slab break-off which produces uplift (Wortel and
Spakman, 2000; Regard et al., 2008; Duretz and Gerya, 2013; Duretz
et al., 2014; Garzanti et al., 2018). We note that this recovery of to-
pography after break off is not elastic rebound, but simply due to

Fig. 4. Predictions of dynamic topography from inferred surface deflections as caused by present-day mantle flow. a) Using the SAVANI model of Auer et al. (2014);
b) the global S wave model TX2015 by S. Grand (pers. comm., 06/2018) and, c), M01 (Piromallo and Morelli, 2003) embedded in TX2015.
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successive reductive of the negative dynamic topography in a purely
viscous system.

The entrance of the slab into the lower mantle is also expected to
induce an even longer wavelength, low amplitude negative signal (e.g.,
Pysklywec and Mitrovica, 1997; Pysklywec and Mitrovica, 1998). Be-
cause of the larger depth scales involved, the horizontal spatial

expression is increased as well, albeit at lower amplitude because of the
distance between the surface and the density anomaly. At convergent
margins, those fluid slab sinker effects should be superimposed on the
shallow flexural signal of foredeep basins (e.g., Davila et al., 2010;
Flament et al., 2015) and bending of the lithosphere at the trench can
produce depression due to flexural isostasy (Karner and Watts, 1983).

Fig. 5. Central Mediterranean topography (a). Crustal thickness is from an updated merger of regional datasets and CRUST1 (b) used to estimate residual topography
using constant density (c) or with crustal density variation from CRUST1 (d) (as in Fig. 3a and b). Dynamic (non-compensated) topography estimated from filtered
free air gravity anomalies using the “admittance” scaling as in Craig et al. (2011) (e, as in Fig. 3c) and dynamic topography as in Fig. 4c.
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In the following, we will discuss some examples of subduction zone
signals from the Mediterranean. In a subduction context, and more
generally, residual and dynamic topography do not have to necessarily
match, as usually assumed. They may reveal processes occurring at
different depths, with the shallow (mantle or sub-mantle lithosphere
convection) signal better expressed by residual topography and the
deeper mantle signal better expressed by dynamic topography. The
uplift rate depends likewise on the competition between those pro-
cesses. Moreover, uplift patterns do not necessarily have to match the
residual or dynamic topography signal, as there may well be uplift over
regions with negative residual/dynamic topography, for example in the
case of rebound after slab break off.

In the Mediterranean, subduction zones have reached a late stage of
evolution as active Wadati-Benioff zones are only found below the
Hellenic and Calabrian trenches (Fig. 2). Intermediate to deep (~50 to
500 km), discontinuous seismicity is found below the Vrancea Zone,
Gibraltar, and the Northern Apennines implying a once longer and
wider subduction system (e.g., Royden and Faccenna, 2018). Other
convergent margins are in a collisional stage, i.e. where the slab is
partly or totally broken off (Wortel and Spakman, 2000), their activity
has vanished, as in the Pyrenees, or is partially active in some specific
place, such as on the foothills of the eastern Alps (Fig. 2).

The different regional topographic signals of convergent margins
can be compared to obtain information about different temporal stages
of continental collision, progressing from: a), subduction of oceanic
lithosphere, to, b), subduction of continental lithosphere, and, lastly, c),
collision and slab break.

The Alps-Apennines. The Apennines-Alps is a key site to analyze the
vertical motion during those three distinctive collisional stages. The
Apennines orogen formed mostly during the Neogene (Malinverno and
Ryan, 1986; Patacca et al., 1990; Royden, 1993; Carminati and
Doglioni, 2012; Carminati et al., 2012; van Hinsbergen et al., 2014;
Royden and Faccenna, 2018), piling up slices of continental margin
material scraped off from the subducting Adria lithosphere (e.g.,
Patacca et al., 1990). The Alps were formed earlier mostly in the Early
Tertiary, during the closure of small oceanic basins, and evolving into a
collisional stage between Adria and Eurasia sometime during the Oli-
gocene (e.g., Carminati and Doglioni, 2012).

Stage a) of oceanic subduction is currently active below Calabria;
stage b), continental subduction, is active in the northern Apennines;
and, c), the Central Apennines subduction appears in the recent stage of
slab breakoff (e.g. Wortel and Spakman, 2000; Faccenna et al., 2014b).
The Alps are in an advanced stage of collision, as subduction vanished
some tens of millions of years ago (e.g. Sternai et al., 2019).

The Calabria subduction zone is representative of stage a) with
subduction of the Ionian ocean beneath Eurasia. It shows the presence
of an active arc, the Aeolian Islands, a forearc high onshore Calabria,
cross-cut by active normal faults and quickly uplifting, and a very
shallow angle taper accretionary wedge in the Ionian Sea (e.g., Doglioni
et al., 1999; Minelli and Faccenna, 2010). The backarc area of the
Calabria subduction zone is represented by the Tyrrhenian Sea, which is
locally floored with oceanic crust and was extended in the last ~12 Ma
(Sartori, 1990). Comparison of geological with geodetic constraints
indicates that Tyrrhenian extension vanished sometime during the Late
Pleistocene (D'Agostino and Selvaggi, 2004).

The residual and dynamic topography signals for Calabria are ne-
gative (Fig. 5). Marine terraces indicate that the onset of uplift started
in the Lower Pleistocene at rate of ~0.8–1 mm/yr (Ferranti et al., 2006;
Faccenna et al., 2011; Olivetti et al., 2012). As discussed below, this
may be related to active crustal thickening (i.e., Minelli and Faccenna,
2010), a decrease in the sub-litospheric load, e.g. slab break-off, or
shallower toroidal flow (Faccenna et al., 2011). In the Tyrrhenian
backarc, residual topography is positive, while dynamic topography is
slightly negative, besides over the Central Apennines and Sicily (Fig. 5).
The presence of the pair of negative residual topography at the trench
and positive anomaly in the backarc region is also observed in the other

active Mediterranean subduction zones, such as the Hellenic, Panno-
nian or Alboran (Fig. 3). In the Hellenic trench we also notice that the
residual topography estimates from free air gravity anomaly provide an
unrealistically high positive value of more than 1 km in the Cretan Sea.

The northern Apennines is a remarkable example of stage b) of
continental subduction. The northern Apennines belt is an active, low-
taper accretionary wedge, with active compression in the front and
extension on the mountain crest, with mean elevation of ~300–400 m
(estimated along a 100 km wide swath profile, Figs. 3 and 10). It is a
subduction orogen, growing during continental subduction by scraping
off and transferring material from the subducting plate to the upper
plate (e.g., Carminati and Doglioni, 2012; Piana Agostinetti and
Faccenna et al., 2018; Royden and Faccenna, 2018) and the divide is
located in correspondence of the plate contact at depth (e.g., Piana
Agostinetti and Faccenna, 2018). Like other subduction settings, the
northern Apennines also show a slightly negative residual topography
of −200/−300 m, with relevant crustal thickness of up to 50 km
floating over hot asthenosphere (e.g., Panza et al., 2007; Di Stefano
et al., 2011; Piana Agostinetti and Faccenna, 2018), turning into a
positive anomaly toward the backarc region (Fig. 5). The northern
Apennines show subsidence on its foredeep side and Po Plain
(Carminati and Martinelli, 2002; Carminati et al., 2003). Similar to the
Northern Apennines, the Peloponnese to the Dinarides, for example, on
the other side of the Adriatic, there is also negative to zero residual
topography.

The Central Apennines represents a recent case of slab break-off.
The presence of a break in the slab is supported by the lack of deep
seismicity, by the presence a shallow slab gap in seismic tomography
and by the lack of shallow compressional seismicity and deformation
(Gvirtzman and Nur, 2001; Chiarabba et al., 2005; Lucente et al., 1999;
Wortel and Spakman, 2000; Piromallo and Morelli, 2003; Giacomuzzi
et al., 2012; Faccenna et al., 2014b).

The Central Apennines stands at higher average elevation, ~600 m,
than the Northern Apennines and Calabria, even if its crustal thickness
is lower by about ~10 km than that of the Northern Apennines and
Calabria (Faccenna et al., 2014b). The highest portion of the central
Apennines wedge is under extension, and compression at the front is
sealed by Lower Pleistocene deposits (Patacca et al., 1990; D'Agostino
et al., 2001; Pizzi, 2003). The central Apennines shows a positive re-
sidual topography of ~400 m, and a positive dynamic topography of
almost the same amplitude (Fig. 5). Rates of uplift here as from geodesy
are of the order of 0.2–0.4 mm/yr (Fig. 2c; cf. Faccenna et al., 2014a,
Faccenna et al., 2014b).

The Alps represent a more advanced stage in the evolution of a
collision zone (e.g., Carminati and Doglioni, 2012). Here, subduction
vanished at ~30 Ma, while compression is active only in a small portion
of the eastern Alps. The Alps are characterized by fast geodetically
determined uplift, up to ~1 mm/yr, faster than elsewhere in the
Mediterranean (Serpelloni et al., 2013). The Alps also show only a
slightly negative to null residual topography, and negative dynamic
topography (cf. Sternai et al., 2019). Conversely to the Apennines case,
the Alps thus show topography in good correlation with crustal thick-
ness, suggesting that the isostatic contribution dominates.

3.2. The Atlas

The northwest African margin is crossed by several mountain belts,
running from the Atlantic Ocean to the Mediterranean. The Anti-Atlas is
to the south of the steeper High Atlas and the orogeny overall stretches
WSW-ENE over the whole North Africa margin. The Middle Atlas trends
NE-SW and departs from the High Atlas toward the Mediterranean. The
Rif in Morocco and the Tell in Algeria are the northernmost belts,
running along the Mediterranean coast and turning around Gibraltar
(Fig. 6).

The North African relief is generated by shortening and transpres-
sion due to Africa and Eurasia convergence. The convergence system
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first produced the consumption of the Tethyan Sea and its margins
forming the Tell-Rif-Betic system, and then compression shifted
southward in the Atlasic system, re-activating pre-existing Mesozoic
extensional features. The shape of the belt, in particular that of the High
and Middle Atlas, mirrors the trend of the pre-existing rift system
(Frizon de Lamotte et al., 2000; Frizon de Lamotte et al., 2011; Gomez
et al., 1998; Gomez et al., 2000). The main phase of inversion and the
creation of a steep relief in the High Atlas occurred recently, probably
during the last 10 Ma or so, after the cessation of subduction in the
Mediterranean (Faccenna et al., 2014a, Faccenna et al., 2014b; Tezel
et al., 2013). The Atlasic system is thus an intracontinental orogen.
Several studies suggest that the elevation and uplift history of the Atlas
is attributed to mantle dynamics (Teixell et al., 2003, 2005; Missenard
et al., 2006; Miller and Becker, 2014; Duggen et al., 2009; Babault
et al., 2008; Miller et al., 2013; Gomez et al., 1998; Sun et al., 2014;
Civiero et al., 2018; Lanari et al., 2020).

The High and Middle Atlas reaches an average altitude of more than
1000 m, with relatively thin crustal thickness (Miller and Becker, 2014;
Ayarza et al., 2014; less than 40 km; Suppl. Mat. Fig. S2). The resulting
residual topography is ~500–800 m. Conversion of free air anomaly
also provides a notably positive topography signal of up to ~1500 m.
Dynamic topography also shows a positive signal of up to 500–800 m
and is related to the presence of a slow shallow positive anomaly lo-
cated beneath the High Atlas (Sun et al., 2014; Civiero et al., 2018). The
Atlas plateau of Algeria is also a weakly deformed, flat region standing
at an elevation of more than ~1000 m. The uplift of the Atlas occurred
recently, during the last 5 Ma, as attested by Messinian marine deposits
standing at elevation of up to ~1200 m a.s.l. (Teixell et al., 2005;
Babault et al., 2008).

Moving to the North, in the Rif area, the setting is different; the
crust is thicker than in the Atlas (Thurner et al., 2014; Ayarza et al.,
2014; Gil et al., 2014; Diaz et al., 2016) but the elevation is lower,

giving a remarkable negative signal on the residual topography
(Fig. 6c) while the dynamic topography is slightly positive. In the Al-
boran Sea backarc region the residual topography signal is positive.
This trend resembles that of the other subduction settings, for example
the Calabria and Hellenic sections (Fig. 3b).

The Anatolian orogenic plateau. Anatolia is an orogenic plateau
formed during Tethyan closure by episodes of collision and accretion of
continental slivers (Sengor et al., 2003). It stands at an elevation of
~2 km and it is bounded by the North Anatolian fault to the North, by
Cyprus subduction and East Anatolia Faults to the South, by the Aegean
extensional domain to the West and by the Bitlis-Caucasus collisional
zone to the East. Most tectonic processes, including the Aegean exten-
sion, North Anatolia Fault formation and Arabia-Eurasia collision oc-
curred at the same time, i.e. during the Neogene and are still active
today (Sengor et al., 2003; McKenzie, 1976). The possibility that the
topography and the rise of the Anatolia plateau has a dynamic origin
has been widely debated (Sengor et al., 2003; Faccenna et al., 2006,
2013; Zor et al., 2003; Gogus¸ and Pysklywec, 2008; Karabulut et al.,
2019; Bartol and Govers, 2014; Komut et al., 2012; Göğüş et al., 2017).

The thickness of the Anatolia plateau crust decreases westward
moving from the collision zone, decreasing from up to 50 km to 20 km
or less to the Aegean extensional province. The Central Anatolia Plateau
has a thickness of ~35–40 km (Fig. 7; Vanacore et al., 2013; Karabolut
et al., 2019;. Overall, crustal thickness matches the topography (e.g.,
Karabolut et al., 2019; with a large scatter around ~30–35 km.

Residual topography is positive at ~500–600 m on the Taurides and
on southwest Turkey. Conversion of free air gravity anomaly shows
very high value of more than ~1200 m of residual topography over
Anatolia, increasing in Greece to more than ~1800 m. Dynamic topo-
graphy overall shows negative values, except in the Taurides –
Cappadocia (Central Anatolia Plateau) (Fig. 7f). Sedimentary deposits
and incision rates indicate rapid uplift in the Taurides, with Upper

Fig. 6. Atlas topography (a). Crustal thickness is from an updated merger of regional datasets and CRUST1 (b) used to estimate residual topography using constant
density (c) or with crustal density variation from CRUST1 (d). Dynamic (non-compensated) topography estimated from filtered free air gravity anomalies using the
“admittance” scaling as in Craig et al. (2011) (e) and dynamic topography as in Fig. 4c.
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Miocene to Early Pleistocene marine sediments (~1.6 Ma) cropping out
at ~2 km and ~ 1.2 km elevation, respectively, yielding variable but
relatively fast uplift rates (Cosentino et al., 2012; Schildgen et al., 2014;
Öğretmen et al., 2018). The uplift history of the central Anatolia Pla-
teau is more uncertain and stable isotopes shows that most of the pla-
teau uplift, more than ~1300 m, occurred from ~11 to ~5 Ma during
an ignimbrite flare up (Meijers et al., 2018; but overall lower rates
compared to the Taurides (Schildgen et al., 2014).

3.3. Intraplate topography and localized mantle upwelling

Mantle upwellings may be related to return flow, for example within
the backarc (e.g., Faccenna et al., 2011), or to positively buoyant
mantle plumes. The topographic signal over plumes has been widely
investigated at many scales (e.g. Morgan, 1965; Ribe and Christensen,
1994; Griffiths et al., 1989; Steinberger et al., 2001; Burov and
Cloetingh, 2009; Burov and Guillou-Frottier, 2005; Burov and Gerya,
2014). Upwelling of buoyant material is expected to produce up-
warping of the lithosphere and hence a positive residual and dynamic
signal. However, depending on the structure of the lithosphere, the

Fig. 7. Anatolian topography (a). Crustal thickness is from an updated merger of regional datasets and CRUST1 (b) used to estimate residual topography using
constant density (c) or with crustal density variation from CRUST1 (d). Dynamic (non-compensated) topography estimated from filtered free air gravity anomalies
using the “admittance” scaling as in Craig et al. (2011) (e) and dynamic topography as in Fig. 4c. NAF indicates North Anatolia Fault, and EAF indicates East Anatolia
Fault.
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Fig. 8. Iberia topography (a). Crustal thickness is from an updated merger of regional datasets and CRUST1 (b) used to estimate residual topography using constant
density (c) or with crustal density variation from CRUST1 (d). Dynamic (non-compensated) topography estimated from filtered free air gravity anomalies using the
“admittance” scaling as in Craig et al. (2011) (e) and dynamic topography as in Fig. 4c.

C. Faccenna and T.W. Becker Earth-Science Reviews 209 (2020) 103327

11



resulting topography signal may be different. For example, return flow
from the upwelling mantle could induce a lateral dripping of the mantle
lithosphere, inducing first subsidence but then uplift (Burov and Gerya,
2014). The lithospheric structure itself affects the size and amplitude of
the bulge (e.g. Morgan, 1965; Griffiths et al., 1989; Sembroni et al.,
2017; Bodur and Rey, 2019), and the possibility for the lower crust to
flow outside the bulge can also contribute to smooth out the expected
topographic bulge (Burov and Gerya, 2015; Sembroni et al., 2017).

Small, “baby”, upper mantle plumes have been described below
Europe, in particular in the Eifel, Massif Central, and Bohemian massif
volcanic field (e.g. Hoernle et al., 1995; Goes et al., 1999; Sobolev et al.,
1997). Those plumes are expressed by sustained volcanism and topo-
graphic doming at the surface, and several have been been well imaged
by high resolution tomography (e.g., Ritter et al., 2001). Volcanism in
both Eifel and the Massif Central was long lasting over the Tertiary. For
the Eifel, a joint seismic and geodynamic approach suggests
a ~ 60–80 km radius plume with approximately 200 °C excess tem-
perature (Wüllner et al., 2006). Uplift history derived from ~800 kyr
from river incision reveals a concentric pattern uplift of up to ~250 m
extended over a region of ~200 km, with a peak surface uplift rate of
~0.3 mm/yr (Meyer and Stets, 1998; Garcia-Castellanos et al., 2000).
The Black Forest plateau is probably similar, but shows a very slow rate
of rock uplift related to surface uplift of ~400 m that started probably
~19 Ma (Meyer et al., 2010).

The Massif Central is characterized by high heat flow (up to
−100 mW/m2) (Lucazeau et al., 1984), negative Bouguer gravity
anomalies (up to −70 mGal) (Sobolev et al., 1997) and a thin/normal
crustal thickness of ~25 km (Tesauro et al., 2005). A low-velocity zone
of seismic waves has been imaged between 30 and 250 km from local
seismic tomography (Granet et al., 1995), while large-scale tomo-
graphic models extend this low-velocity anomaly to ~300 km and
more. Olivetti et al. (2016) Lower Pliocene marine deposits standing at
an elevation of ~200 m a.s.l. provides an average surface uplift at rates
of ~0.06 mm/yr (Olivetti et al., 2016), similar to the exhumation rate
(Olivetti et al., 2020) Residual topography in the Massif Central is po-
sitive of the order of ~1000 m or more, and free air gravity converted
residual topography is also positive like the dynamic topography is and
in the range of ~600–800 m (Fig. 3). Volcanism and uplift in the Vo-
gelsberg Mts., Rhine and Bohemian massifs show similarities with those
discussed here for the Massif Central.

These small plumes can be compared with the Ethiopian plateau,
which represents one of the largest Large Igneous Provinces (LIPs),
erupted at ~30–32 Ma over the Afar plume (Ebinger and Sleep, 1998).
The residual topography for the Ethiopian plateau is ~600 m, while the
dynamic topography exceeds ~1000 m. Reconstruction of the geometry
of the lava flow provides constraints on the uplift history (Sembroni
et al., 2016). After the lava flood emplacement around 30 Ma we see an
increase of the average elevation by ~1000 m that ended around
10–12 Ma, prior to the rifting. This gives average rate of 0.05 to
0.1 mm/yr. Modeling also shows a long term, slow dynamically induced
surface uplift (Faccenna et al., 2019). Interestingly, during the last
10 Ma, the topography of the Ethiopian plateau remained stable, in-
dicating a long-term dynamic support of the topography lasting for tens
of myrs. Hoggar and Tibesti probably had a similar evolution; these
topographic features stand over the landscape and produced the first
eruption in the Eocene-Oligocene (Rudge et al., 2015; Paul et al., 2014).

The Iberian plate. Iberia was an independent microplate during the
opening of the northern Atlantic, separating from North America and
travelling westward and then colliding with Eurasia. It is bounded by
orogens and extensional basins: the Pyrenees-Cantabrian and Betic
orogenic belts to the North and the South, respectively; the Ligurian-
Valencia-Alboran and the Atlantic extensional systems to the East and
to the West, respectively. In its interior, the plate is deformed by the
Central system and the Iberian system and large basins. Overall, oro-
genic belts trend E-W and follow pre-existing extensional feature.
Orogenic phases progressively young to the south: the Pyrenees from

late Eocene to early Oligocene, the Iberian-central system from late
Oligocene to Miocene and then the Betic system, mostly active during
the Neogene (e.g., Casas-Sainz and Faccenna, 2001). Thrusting and
internal faulting created internally drained basins such as the Duero
and Ebro to the north and the high Tagus to the south. During the
Neogene, those basins started draining into the sea, producing fast
erosion and shaping river morphology. River analysis over the entire
Iberia peninsula has been used to infer a recent uplift episode (Roberts
et al., 2019). Compression and thrusting vanished in the Neogene in
Iberia.

The topography of the Iberian peninsula is characterized by high
average elevation (~600–700 m) with flat surfaces, mesetas, developed
over the Iberia peninsula (Casas-Sainz and De Vicente, 2009). The
causes of the elevation have been debated and models suggest that the
relief has been produced by long wavelength lithosphere folding
(Cloetingh et al., 2002; Casas-Sainz and De Vicente, 20092009;
Cloetingh and Burov, 2011; Burov and Cloetingh, 2009), mantle dy-
namics (Roberts et al., 2019; Faccenna et al., 2014b) or a combination
of both.

The residual topography map for Iberia (Fig. 8) is overall positive,
with a maximum of ~400 m over Galicia and Iberian chain-Valencia
margin and negative residual of ~600–700 m is found for the Pyrenees.
Filtered free air gravity shows a positive signal over the entire peninsula
with more pronounced feature of up to ~500 m over the Atlantic and
Galicia and negative signal confined to Gibraltar. The dynamic topo-
graphy map shows mainly a negative signal, with pronounced positive
features over the Iberia chain – Valencia Gulf and Gibraltar and south
Portugal.

Over the Iberian chain we observe positive residual and dynamic
topography over the eastern side, the Iberia chain-Valencia Gulf. In this
region, the Iberian chain experience recent surface uplift of ~500 m,
forming a large dome over the last ~3 Ma (Scotti et al., 2014) at
average rates of 0.1–0.2 mm/yr. Geodesy shows uplift over Galicia, the
Central system, and the Betics (Fig. 1). Surface uplift occurred after the
main shortening event and therefore cannot be linked directly to crustal
thickness variation. The presence of recent intraplate volcanism (e.g.,
Calatrava volcanic field; Cebriá and Lopez-Ruiz, 1995) in south east
Iberia provides evidence for the idea of mantle support of topography.

4. Contribution of dynamic topography in the Mediterranean
regions

The spectral character and amplitudes of dynamic topography have
been debated (Braun, 2010; Flament et al., 2013; Winterbourne et al.,
2014; Hoggard et al., 2016), including for the case of the Mediterranean
(Carminati et al., 2009; Faccenna et al., 2014a, Faccenna et al., 2014b;
Boschi et al., 2010; Molnar et al., 2015; Gvirtzman et al., 2016), and
this is in part due to the uncertainties on the determination of the
isostatically compensated/residual topography component (e.g.,
Levandowski et al., 2014; Becker et al., 2014; Guerri et al., 2015).

At global scales, unambiguous evidence of dynamic topography is
represented by the swells along several hotspot associated oceanic is-
land chains, where surface uplift amplitudes range between 500 and
1200 m and widths between 1000 and 1500 km (e.g., Wilson, 1961;
Morgan, 1965, 1971; Ribe and Christensen, 1994; King and Adam,
2014). The Hawaiian chain, for example, shows a topographic swell of
more than ~1200 m (King and Adam, 2014). Global comparison be-
tween the expected (from a reference model) and observed seafloor
depth also provide residual anomalies with amplitudes of ~±1000 m
and wavelengths of 103 km (Hoggard et al., 2016). However, the choice
of reference oceanic seafloor model and the presence of local crustal
heterogeneity may be relevant (e.g. Nagihara et al., 1996; Yang et al.,
2017; Yang and Gurnis, 2016).

Estimates of dynamic topography on continents is more complicated
by the layered rheology and thick lithosphere (Morgan, 1965; Burov
and Guillou-Frottier, 2005; Griffith et al., 1989; Sembroni et al., 2017).
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However, in some cases, it is possible to document surface uplift. A nice
example is represented by low amplitude (few tens of meters) - large
doming in the eastern US producing uplift of the Pliocene marine de-
posits which is attributed to the combined effect of large-scale mantle
flow and post-glacial rebound (Rowley et al., 2013a, Rowley et al.,
2013b). Large-scale flooding, as during the upper Cretaceous for North
America, has also been used to calibrate mantle dynamics effects re-
lated to the subduction and slab flattening in North America (Gurnis,
1990, 1993; Liu et al., 2008). The South African plateau has been in-
terpreted as related to large scale mantle upwelling (e.g., Lithgow-
Bertelloni and Silver, 1998), but the timing and amplitude is debated
(Gurnis et al., 2000; Forte et al., 2010; Moucha and Forte, 2011). In
Africa, localized intraplate domes have been deduced from the geolo-
gical record (Burke, 1996; Zhang et al., 2012; Flament et al., 2014) and
from river profile analysis (Paul et al., 2014; Rudge et al., 2015). The
best documented example is the 1000 km large swell of the Blè dome of
Angola showing a Quaternary uplift of marine deposit at ~500 m ele-
vation with rates of ~2 mm yr −1 (Walker et al., 2016).

4.1. Interpretation of subduction and orogeny related topography in the
Mediterranean region

4.1.1. Subduction zone topography
In the Europe-Mediterranean domain clear examples of subduction-

related topography are represented by the active subduction zones, as
in the Calabrian-Tyrrhenian or Hellenic, but also in regions where
subduction has ceased. In general, the effect of dynamic topography in
subduction zones may be relevant since convection is expected to be
particularly vigorous and lithospheric strength is likely reduced (e.g.
Zhong and Gurnis, 1994; Hyndman and Currie, 2011; Crameri et al.,
2017). However, the accuracy of determining dynamic contributions to
topography is hampered by contemporaneous crustal deformation. The
pull exerted by the subducting slab and the induced return flow is ex-
pected to depress the upper plate topography by some hundreds of
meters outside the subduction fault region (Zhong and Gurnis, 1994).
Subduction zone deformation may lead to marked topographic signals.
Beneath Calabria, where subduction of Ionian lithosphere is active, the
residual and the dynamic topography is negative, ~−500 m, and fast
surface uplift occurs in the forearc high or in the inner portion of the
wedge (e.g., Ferranti et al., 2006; Olivetti et al., 2012). The same holds
for the Hellenic subduction zone (e.g., Ott and al., 2019). This pattern
of negative residual/dynamic topography over subduction zone is also
seen elsewhere, for example in the Cascades (Becker et al., 2014, 2015)
or in Japan, and agrees well with model predictions for subduction
zones in general (Zhong and Gurnis, 1994; Billen and Gurnis, 2005).
The uplift rate in the forearc high may be explained by deep crustal
accretion and duplexing (e.g., Minelli and Faccenna, 2010).

In the backarc region, as in the Tyrrhenian, Aegean, or Pannonian
basin, residual topography is positive, ~300 m, and dynamic topo-
graphy is also positive (with the exception of the Tyrrhenian Sea).
However, the dynamic positive signal is usually shifted further away
from the subduction zone by ~100–200 km with respect to the residual
(Fig. 9). This difference, if confirmed on other convergent margin, may
indicate that closer to trench the shallow upper plate may be experi-
ences a localized upwelling decoupled from subduction.

In the Mediterranean, we also see active continental subduction/
delamination, as in the Northern Apennines and Dinarides. As for
oceanic subduction, also in those regions we have a predominant ne-
gative signal for residual and dynamic topography with a positive
moderate surface uplift due to crustal accretion (e.g., Piana Agostinetti
and Faccenna Handy et al., 2019).

4.1.2. Slab break-off topography
Fast uplift is expected for a decrease of slab pull as in the case of slab

breakoff (van Hunen and Allen, 2011; Duretz and Gerya, 2013;
Bercovici et al., 2015; Garzanti et al., 2018). This is because slab sinker

removal will reduce the downward pull on the surface. During slab
break off the residual should be negative but progressively reduced over
time toward neutral. Surface uplift would be strongly positive and dy-
namic topography could be variable and change during the process. At
the initial stage of slab detachment the dynamic topography is expected
to be negative and then getting positive over time while the broken
portion of the slab sinks into the mantle. The Central Apennines re-
presents an excellent example of how topography adjusts to slab
breakoff (Gvirtzman and Nur, 1999; Wortel and Spakman, 2000;
Faccenna et al., 2014b). Here, in contrast to Calabria and the Northern
Apennines, there is no evidence of deep earthquakes and compressional
deformation ended in the Pleistocene. Both residual and dynamic to-
pography are positive, ~400 m. Geodetic uplift rates are ~0.2 mm/yr
(Faccenna et al., 2014b). Lower Pleistocene Marine deposits at high
elevation show a surface uplift of ~1000 m or more (Pizzi, 2003).

The uplift of the Alps has been attributed to a combination of pro-
cesses (e.g., Sternai et al., 2019), including slab break-off (e.g.,
Piromallo and Faccenna, 2004) erosion or post-glacial rebound which
may be dominant (Mey et al., 2016; Sternai et al., 2019). A fraction of
the fast uplift rate of the Western Alps has been attributed to deeper
processes, such as slab break off (Fox et al., 2015; Sternai et al., 2019).
Along the Alpine arc, the Moho and the topography show a similar
trend suggesting that the Alps has the required isostatic crustal roots in
correspondence of the highest peaks. The residual topography, even if
small, is slightly negative and the dynamic topography is likewise ne-
gative. This would suggest that the Alps are moving upward, restoring
an isostatic equilibrium after slab breakoff. In other words, the Alpine
topography would have been first depressed by the load of the slab that,
once released, could produce a vertical surface motion to restore iso-
stasy. The remaining presence of a negative buoyancy sinker would still
provide a negative dynamic topography signal. The Alps are an example
that shows that the sign of the dynamic topography does not control the
sign of surface elevation change. Uplift may well occur over a sub-
duction zone or donwelling, with negative dynamic topography, if the
downwelling pull decreases. Vice versa, we could have subsidence on
site of the mantle upwelling if the rate is decreasing, although many
active tectonic regions appear biased toward uplift (e.g. Becker et al.,
2014, 2015).

Anatolia has also been interpreted as a case of slab break off
(Keskin, 2003; Faccenna et al., 2006, Faccenna et al., 2014a, 2014b;
Schildgen et al., 2014) and/or lithospheric delamination (Gogus¸ and
Pysklywec, 2008; Komut et al., 2012; Göğüş et al., 2017). In southern
Anatolia, residual topography is positive at some hundreds of meters.
The presence of Upper Miocene and Early Pleistocene marine deposits
in southern Taurides at elevations of ~2000 m and ~ 1200 m, re-
spectively, document an elevated and variable uplift rate (Schildgen
et al., 2014).

4.2. Intraplate topography and localized mantle upwelling

In the Europe-Mediterranean domain clear examples of plume-re-
lated topography are represented by the focused volcanic spots in the
Eifel and Massif Central or Bohemian massif. Those regions are char-
acterized by a positive residual (up to 1000 m) and dynamic (up to
800 m) topography over a few hundreds of kilometers extent domes,
and geological surface uplift rates ranging from 0.06 to 0.25 mm/yr.
Those values of surface uplift in the European-Mediterranean hot spots
are at the lower end of the ones observed along oceanic hotspot oceanic
island chains (King and Adam, 2014). Similar rates, wavelengths and
amplitudes are found in south-eastern Iberia-Iberia chain (e.g., Scotti
et al., 2014; Giachetta et al., 2015, Roberts, 2019). The average high
elevation of Iberia might be related to few localized small-scale positive
features, bounding internally drained basins.

The High Atlas may also fall into this category, even if crustal de-
formation was active there during the Neogene. Surface uplift in the
High and Middle Atlas is significant as attested to by Upper Miocene
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Fig. 9. Profiles of topography, smoothed crustal thickness, residual topography (Fig. 4b), flow induced dynamic (Fig. 5c), and free-air inferred (Fig. 4c) dynamic
topography for four subduction related settings as indicated in profiles S1-S4 in Fig. 2a. Arrows indicates the position of the subduction zones.

Fig. 10. Profiles of topography, smoothed crustal thickness, residual topography (Fig. 4b), flow induced dynamic (Fig. 5c), and free-air inferred (Fig. 4c) dynamic
topography for four plume/slab detachment related settings as indicated in profiles P1-P4 in Fig. 2a.
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marine deposits standing at high elevation (Babault et al., 2008) and by
the large residual topography suggesting a mantle-supported topo-
graphy swell (Duggen et al., 2009; Miller and Becker, 2014; Sun et al.,
2014). A mantle origin is also implied by large volcanic fields over the
Sirua and Sagro province, active in the Neogene and showing a com-
position similar to the Canary Islands (Duggen et al., 2009).

In summary, the Mediterranean shows well-documented examples
of topography that may be due to mantle upwellings, producing small-
scale domes (< 500 km) with low amplitude surface uplift (< 600 m)
at rates of 0.01–0.5 mm/yr.

Based on these regional examples, we can summarize the different
possible tectonic configurations that we can find in the European-
Mediterranean region along with their topographic fingerprints
(Fig. 11). Plume-related topography is perhaps most straightforward,
with positive residual, dynamic, (slow) uplift rates and no crustal de-
formation. Subduction zone configurations are more complex. Actively
retreating subduction typically has a negative residual and dynamic
topography in the forearc region and positive residual in the backarc. In
the forearc, crustal thickening and deep duplexing occurs producing
positive surface uplift. If the slab is deformed, by tearing or break-off,
then the pattern of topography contribution may dramatically change.
At early stages of break-off, the dynamic topography is negative like the
residual but the uplift rate increases, moving the forearc to an isostatic
configuration. However, after a few million years, the detached slab is
expected to sink deeper into the mantle while the dynamic topography
signal gets progressively positive.

The amplitude of the topographic expression of mantle processes
has been subject of debate. In the Mediterranean, the amplitude of the

residual topography is of the order of several hundreds of meters,
ranging from 1000 m to −600 m. The amplitude of the cumulative
vertical motion is also large, on average ~ 500 m, but with peaks of
more than 1000 m. Therefore, areas with positive or negative residual
topography show significant positive and negative recent topography
variation. Regions with marked residual topography thus correspond to
significant vertical motion of the surface during the last myr. Uplift
rates are on average 0.2 mm/yr, and the spatial wavelengths are on
average ~ 400 km for the regional tectonic processes discussed here.

5. Conclusions

A comparative analysis of residual and dynamic topography along
with geodetically and geologically constrained recent uplift rates can
serve to provide a more comprehensive assessment of the underlying
processes that sculpt the Earth's surface. This “fingerprinting” concept
can be applied to the Mediterranean. As elsewhere, active subduction is
found to show an alternating negative and positive residual topography
across the trench. However, the Mediterranean also provides a sam-
pling for different stages of the transition between oceanic subduction
and continental collision, including slab break-off, and forcing by po-
sitively buoyant plume anomalies leading to intraplate orogeny and
swells. These cases are associated with intermediate wavelength
(~200 km to 1000 km), but sometimes high amplitude (up to ~1 km)
anomalous topography which is built at rates of ~0.1 to 1 mm/yr. We
present a case for an important role of the mantle in driving topography
across plate boundaries and within continental interiors. Further ap-
plication of this fingerprint concept with more realistic lithospheric

Fig. 11. Cartoon illustrating the topographic fingerprints of different dynamic setting.
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models and additional geological and geodetic constraints provides a
promising way forward to read topography for tectonic process.
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