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[1] Trends in the topography of the Iberian Peninsula show a pronounced contrast.

In the western part of the Iberian microplate the main topographic highs trend E-W to
NE-SW and are periodically spaced with wavelengths of 250 km. Conversely, in the
northeastern part, the region of the Iberian Chain, topography is more irregular and strike
directions vary from NW-SE to E-W and NE-SW. We relate this phenomenon to
shortening of a continental lithosphere, which contains two different, well-defined domains
of lithospheric strength. Our hypothesis is supported by physical analog models.

A new processing method has been developed to assist the interpretation of the model
results. It utilizes spectral analysis of gravity and topography data derived from the
experiments. Folding of the crust and mantle lithosphere yields periodic gravity
fluctuations, while thickening processes lead to localized gravity lows. In this way
gravity data can be used to distinguish between the two forms of lithosphere deformation
and to correlate areas that underwent the same type of deformation. Gravity modeling
has been performed under full in-depth control of the experimental lithosphere structure.
As such, gravity signals from the models may be compared to field gravity data for
better understanding the underlying deformation mechanism.

Citation: Fernandez-Lozano, J., D. Sokoutis, E. Willingshofer, E. Dombradi, A. M. Martin, G. De Vicente, and S. Cloetingh
(2012), Integrated gravity and topography analysis in analog models: Intraplate deformation in Iberia, Tectonics, 31, TC6005,

doi:10.1029/2012TC003122.

1. Introduction

[2] Several mechanisms have been suggested to explain sur-
face uplift across relatively stable continental areas in Europe
including lithosphere folding, plume activity, or tectonic
inversion [e.g., Cloetingh et al., 2002; Carminati et al., 2009].
A frequently used method to investigate large-scale intraplate
tectonics is the comparison of topography and gravity anoma-
lies [Stephenson et al., 1990; Burov and Molnar, 1998]. These
studies allowed inferring mechanisms of lithosphere folding
or crustal thickening through periodic and nonperiodic pat-
terns of Bouguer anomaly and topography [Stephenson and
Cloetingh, 1991].

[3] Up to now, intraplate topography in Iberia has been
explained by lithosphere folding, block rotation or crustal
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thickening related to thrusting [ Vegas et al., 1990; Fernandez-
Lozano et al., 2011, and references therein]. However, none of
these mechanisms alone can fully explain the observed topo-
graphic features on the scale of whole Iberia. Lithospheric
folding as a primary form of intraplate deformation has been
proposed for the Cenozoic evolution of the Iberian Peninsula.
Results of numerical models [Cloetingh et al., 2002] as well as
recent analog models [Ferndndez-Lozano et al., 2011] have
demonstrated that coupled/decoupled modes of folding is in
line with the main characteristics of the observed field gravity
data and can readily explain the presence of alternating series
of sedimentary basins and orogenic belts (Figure 1). Litho-
spheres of various thermotectonic ages comprising Iberia have
been investigated independently by the numerical approach
[Cloetingh et al., 2002]. The applied models have presumed a
laterally homogeneous crustal and mantle structure. The authors
emphasized that the objective of the model series was not to
reconstruct the fine details of the present-day topography but to
ascertain the basic factors controlling it.

[4] These and previously published [Fernandez-Lozano et al.,
2011] analog models on the deformation of Iberia also support
the dominant role of lithospheric folding in orogen development
among other proposed tectonic mechanisms. The relationship
between folding and related faulting has been examined under
various dynamic, geometrical and rheological conditions and
the models provided a realistic subsidence and uplift pattern in

1 of 9



TC6005

42°N

40°N

38°N

L
A - = = = = m

36°N

120W 10°W 8w 6°W

FERNANDEZ-LOZANO ET AL.: GRAVITY IN ANALOGUE MODELS

"V SierraMorena

TC6005

Aquitaine

A.\'l\
- m

4o W 2°0W 2°E 4°E

Figure 1. Digital elevation model showing the topography of the Iberian Peninsula. Large basins and
mountain ranges are labeled. Main tectonic elements are also presented (modified after Ferndandez-
Lozano et al. [2011]). Gray scale shading draped on the DEM indicates simplified geological units.

a laterally homogeneous setup. However, they anticipated the
necessity of crustal heterogeneities for partitioning the deforma-
tion between thrusting and significant strike-slip movements.

[5s] Therefore, both the rheological difference between the
Variscan and Mesozoic lithosphere and preexisting zones of
weakness have been implemented in the presented analog
models. We examine the processes that control topography
buildup in Iberia with a new experimental approach, which
utilizes thickness variations and Bouguer gravity signals cal-
culated along cross sections of analog models. Analog models
provide a continuous record of topography development and by
doing so reveal the prevalent type of deformation. The novelty
of our experimental approach is that we correlate topography
as well as gravity anomalies derived from the models with
topography and field gravity data of the natural prototype. Thus
we use the findings of fully controlled laboratory experiments
to foster our understanding of lithosphere deformation of nat-
ural examples. We test this new method with reference to the
Iberian plate demonstrating that the style of deformation and
changing topographic expressions are the consequence of lat-
eral strength variations within the lithosphere.

[6] Our results confirm the applicability of the method and
demonstrate that this integrated approach can successfully
be applied to any other natural laboratory regardless of its
tectonic setting.

2. Geological Setting

[7] The main characteristics of the Iberian Peninsula, in terms
of topography, crustal structure and rheology, taken into
account in the modeling strategy are as follows. Western Iberia
exhibits E-W to NE-SW oriented topographic highs, which

are crosscut by Permian structures. Among them the most
prominent one is the Plasencia Fault (Figure 2a). The NE-SW
fault has been described as a Late Variscan sinistral strike-slip
structure intruded by a mafic dike [Vegas, 1975, 2000; Arthaud
and Matte, 1977]. The Mesozoic evolution of the fault system
has been related to the opening of the Mid-Atlantic. N-S extension
of the Iberian margin [Pinheiro et al., 1996] led to widespread
extension and intrusion of the mafic dike. Its reactivation during
the Alpine orogeny is suggested by a number of studies [Cabral,
1989; Villamor, 2002; Aravjo, 2004; Vegas et al., 2004].

[8] The eastern part of Iberia, however, shows NW-SE to
NE-SW and E-W trends of topography, which seem to corre-
late with the orientation of the main Mesozoic rift system [De
Vicente et al., 2009]. During the first stages of the Iberian
rifting, the Somolinos Fault (Figure 2a) might have repre-
sented part of the master fault system that controlled Mesozoic
sedimentation during extension [Arche and Lipez-Gomez,
1996]. These types of listric structures have been described
in pure shear models where hot lithospheric mantle becomes
involved in deformation. Fault segments of the Somolinos
Fault formed a part of the Mesozoic Iberian Rift and marked
the boundary between a cold and stable Variscan lithosphere
to the west and a hot Mesozoic lithosphere that includes the
present-day Iberian Range. The models presented here aim to
reconstruct both types of morphologic patterns that are partly
related to inherited tectonic elements.

[v] Geophysical data portray Moho depths of ~35 km along
the Spanish Central System, 45 km below the Pyrenean-
Cantabrian Mountains, 35-40 km beneath the Iberian Range
and ~38 km in the Betics. These depressions of the Moho are
characterized by gravity lows indicating the presence of crustal
roots underneath the main topographic highs, whereas less
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pronounced gravity anomalies correlate with the main Iberian
basins (Figure 1), where Moho depths are in the order of 29—
30 km [Banda et al., 1981; Diaz and Gallart, 2009].

[10] Lithospheric strength models and calculations predict
strong mantle rheology along the Duero and Tagus basins
but low strength along the Spanish Central System [7ejero
and Ruiz, 2002]. Weak rheology in the Iberian Range has
been interpreted as a result of Mesozoic thermal weakening
of the lithosphere due to widespread extension prior to the
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Alpine orogeny [Van Wees and Stephenson, 1995]. This set
of geologic and geophysical information is an essential input
to design analog model series.

3. Methodology

[11] The model lithosphere representing the Iberian
microplate consists of a brittle upper crust (dry feldspar
sand), a ductile lower crust and a ductile lithospheric mantle
(silicone mixtures). These layers float on a low-viscosity,
high-density fluid simulating the asthenosphere. The experi-
mental asthenosphere consists of a mixture of sodium poly—
tungstate solution and glycerol with density, p=1800 kg m™
and viscosity 77 = 1.2 Pa s. More details on the experimental
procedure and the scaling analysis are given in Appendix A.
The first experiments have been performed without any lateral
strength variations providing a reference model (Model I).
In the second series inherited weak zones (Model II) were
introduced to model two preexisting structures, namely, the
NW-SE trending Somolinos fault in eastern Iberia and the NE-
SW oriented Plasencia Fault in the western part of the penin-
sula (Figure 2a). While the former marks the boundary to the
weak domain in the northeastern corner of Iberia, the latter is a
discrete and narrow (width of 5 mm in the model) structure.
Material properties used in the experiments are listed in Table 1
and model setups are shown in Figure 2. Scaling of the experi-
ments was done following Sokoutis et al., [2000] and Sokoutis
and Willingshofer [2011]. Four-dimensional changes of the
model surface were documented at regular intervals of 15 min by
laser scanning. Deformation and internal structure of the model
lithosphere were inferred by slicing of the model at the final
stage. For 2.5-D gravity modeling, topography, thicknesses and
densities of the deformed layers were taken along eight cross
sections. On the basis of the established scaling ratios these out-
put parameters were accordingly upscaled to nature.

[12] A 2.5-D gravity modeling was performed on repre-
sentative cross sections using the standard Ewing-Talwani
approximation for the extracted geo bodies [Talwani et al.,
1959]. Spectra of Bouguer anomalies and surface varia-
tions were calculated by Fourier transform with GMT

Figure 2. (a) Simplified map of Iberia showing the main
lithospheric domains (strong Variscan lithosphere in purple
and weak Mesozoic lithosphere in green). Circles delineate
main basins: (1) Duero Basin, (2) Tagus Basin, (3) Ebro
Basin, (4) Badajoz Basin, (5) Guadalquivir Basin. Triangles
denote main mountain ranges: (1) Cantabrian Mountains,
(2) Spanish Central System, (3) Toledo Mountains, (4) Sierra
Morena, (5) Iberian Chain, (6) Pyrenees, (7) Betics. Both
the contact of the Variscan and Mesozoic lithospheres in
the Iberian Peninsula, including the Somolinos Fault, and the
Plasencia Fault are highlighted by red solid lines. (b) Setup of
Model I (homogeneous lithosphere) and (c) setup of Model II
(heterogeneous lithosphere). (d and e) Experimental deforma-
tion of Models I and I, respectively, with structural interpreta-
tions of (top) top views and (middle) digital elevation models at
different stages during shortening of the model and (bottom) a
perspective view combining interpreted cross sections and
DEMs. Arrowheads represent the direction of convergence.
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Table 1. Physical Properties of the Experimental Materials Used in the Models
Density p Viscosity 5 Thickness h  Length  Coefficient of Velocity v¢  Cohesion Rin/Rinm
Layer (kg/m’) (Pas) (m) (m) Friction 4 (ms") (Pa) Rm  Sm Smn/Smm
Model 1
Upper crust nature 2670 - 1.50E+04  6.6E+05 0.4 1.585E—10  6E+07 - 5.17 1.701
Upper crust model 1330 - 1.00E-02 4.4E—02 0.6 1.389E—06 35 - 3.04
Lower crust nature 2900 1.00E+21 1.50E+04  6.6E+05 - 1.585E—10 - 1777 - 0.780
Lower crust model 1486 4.08E+04  1.00E—02 4.4E—02 - 1.389E—06 - 2278 -
Upper lithosphere mantle nature 3400 1.00E+22 3.00E+04  6.6E+05 - 1.585E—10 - 417 - 0.778
Upper lithosphere mantle model 1606 1.87E+05  2.00E—02 4.4E—02 - 1.389E—06 - 535 -
Model II: Strong Lithosphere
Upper crust nature 2670 - 1.50E+04  6.6E+05 0.4 1.585E—10  6E+07 - 5.17 1.701
Upper crust model 1330 - 1.00E-02  4.4E—02 0.6 1.389E—06 35 - 3.04
Lower crust nature 2900 1.00E+21 1.50E+04  6.6E+05 - 1.585E—10 - 1777 - 0.780
Lower crust model 1486 4.086+04  1.00E—02 4.4E-02 - 1.389E—-06 - 2278 -
Upper lithosphere mantle nature 3400 1.00E+22 3.00E+04  6.6E+05 - 1.585E—10 - 417 - 0.778
Upper lithosphere mantle model 1606 1.87E+05  2.00E—02 4.4E—02 - 1.389E—06 - 535 -
Model 1I: Weak Lithosphere

Upper crust nature 2670 - 1.50E+04  6.6E+05 0.4 1.585E—10  6E+07 - 5.17 1.701
Upper crust model 1330 - 1.00E-02 4.4E—02 0.6 1.389E—06 35 - 3.04
Lower crust nature 2900 1.00E+20 1.50E+04  6.6E+05 - 1.585E—10 - 17770 - 1.808
Lower crust model 1532 9.75E+03 1.00E—-02 4.4E—-02 - 1.389E—06 - 9829 -
Upper lithosphere mantle nature 3400 1.00E+21 3.00E+04  6.6E+05 - 1.585E—-10 - 4167 - 0.963
Upper lithosphere mantle model 1590 2.3E+04 2.00E—02 4.4E-02 - 1.389E—06 - 4325 -

*The velocity v denotes the rate of convergence.

software [Wessel and Smith, 1998]. For a detailed descrip-
tion of the workflow, see Appendix B.

4. Modeling Results

4.1.

[13] Deformation of Model I initiated close to the moving
wall and gradually propagated to more distal regions through
the entire model run (Figure 2d, top). Alternating topographic
highs and lows were controlled by closely spaced pop-ups
and thrusts (Figure 2d). Cross sections cut from the model
revealed folding and displayed a regular wavelength of the
ductile layers (see example in Figure 2a (bottom)). Thrusts
developing in the brittle crust were triggered at the inflection
points of the fold limbs, in agreement with previous modeling
results on folding of strong lithospheres [Burg et al., 1994;
Sokoutis et al., 2005]. Thickness variations to the extent of
40% of the initial layer thickness occurred within the lower
crust as well. The amount was dependent on the position
within the developed fold. Thicker lower crust accompanied
synforms, while thinner crust was observed in the antiforms.

[14] Representative profiles of topography, Moho depth
and Bouguer anomaly generally share the same trend, indi-
cating overall lithosphere folding (profiles X-X' and Y-Y',
Figure 3a). However, in certain parts of the model, deviating
from the folding trend, deep Moho corresponds to elevated
topography thus a local minimum is found in the gravity
profile. These anomalies coincide with the observed thrusts.
Hence, the relative negative Bouguer anomalies can be attrib-
uted to locally thickened, brittle crust in the pop-up structures.
For illustration of the differences in gravity responses to folding
and to thickening over the same topography and forming a basis
for discrimination between the dominant mechanisms, see
Figure 4. The deviation from the ideal case, i.e., thrusts being
parallel to the indenter face is due to technical limitations, which
challenge producing a perfectly homogeneous sand layer. This
initial perturbation does affect the spatial distribution of thrusts

Model I: Homogeneous Lithosphere

to a minor extent and explains the dissimilarities between the
shapes of the two profiles (Figure 3a).

[15] Spectral analyses of the model topography show short-
(40-50 km) and long-wavelength (250 km) peaks (Figure 3a).
However, profile Y-Y' depicts several other contributing
components between 40 and 80 km and 150-250 km. Gravity
profiles indicate a dominant wavelength of about 250 km that
correlates with the Moho geometry. In summary, the response
of the homogeneously stratified model lithosphere to shortening
appears to be a combination of large-scale folding and peri-
odic crustal thickening.

4.2. Model II: Lateral Strength Variations
in the Lithosphere

[16] Consistent with the process-oriented study by
Willingshofer and Sokoutis [2009], we observe that preexist-
ing weak zones and rheological differences strongly localized
deformation (Figure 2e (top), compare top view images with
digital elevation models). For an amount of bulk shortening
between 10% and 15%, strike-slip faults developed in the low-
strength zones and later became accompanied by thrusts.
Under these more complex initial conditions the stronger part
of the lithosphere exhibited similar folding pattern as in the
homogeneous model (Model I). However, interfering E-W
and NE-SW striking structures perturbed periodic thrusting.
Bouguer gravity anomalies together with topography and
Moho depth variations along the entire section of the stronger
part further support that the main mechanism was folding
(Figure 3b, profile X-X"). However, local crustal thickness
variations were also observed. For instance, high topography
close to the indenter is a result of crustal thickening as indi-
cated by the low-gravity anomaly. This phenomenon is more
pronounced over the weak zone where a thick upper crustal
pile evolved in the form of a pop-up structure. It correlates
with a relatively deep Moho and a local minimum of Bouguer
anomaly (about —300 mGal). These results indicate that the
mechanically stronger lithosphere was deformed dominantly
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Figure 3. Comparison of selected representative profiles of topography, Moho depth, Bouguer anomaly
and normalized power spectra in (a) Model I, (b) Model II and (c) Iberia microplate. Note that values from
the models were scaled to nature. Black arrows represent the direction of convergence. Yellow arrows

mark the weak zone and the transition zone between

by folding as in Model I, i.e., no significant change in the
wavelength, yet slightly altered by the introduced weak zone.

[17] Differences in style of deformation occurred and
manifested in pronounced topographic variations along pro-
file Y-Y' in Figure 3b. Significantly higher peak elevation
(by ~15%) was encountered in the area characterized by low
lithospheric strength than in the stronger regions (compare
profiles in Figure 3b). A deep trough marks the transition
from weak to strong lithosphere. Obviously such a sharp
boundary cannot be expected in nature where the transition is
more gradual between the Variscan and Mesozoic litho-
spheres. The associated deep model Moho produced a neg-
ative peak in Bouguer anomaly (—420 mGal). In the part of
the model characterized by strong lithosphere (second half of
profile Y-Y' in Figure 3b), deformation was hardly

the two, rheologically different lithospheres.

observable. There, undulations of Bouguer anomaly are
suppressed compared to profile X-X' in Figure 3b because
strain was localized in the weaker region as portrayed by
extensive thrusting and thickening and less deformation took
place in the stronger part of the experimental lithosphere
(Figure 2e).

[18] For the calculated normalized spectra of topography
and gravity, a good correlation can be established between
profiles of strong model lithospheres. They show distinct
shorter (~60-80 km) and longer (150-250 km) dominant
wavelengths of topography. The Bouguer anomaly spectrum
of profile Y-Y' is very similar to that of profile X-X' with a
maximum at 250 km. As a response of the folding of the
mechanically stronger domain of the model, a local maxi-
mum at shorter wavelengths was anticipated in the gravity
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Figure 4. Cartoon illustrating difference in gravity response over the same topography in case of
(a) folded crust and (b) an isostatically compensated mountain belt, i.e., thickened crust. Abbreviations
used in the figure are as follows: UC = upper crust, LC = lower crust, M = Moho. Although not scaled,
the relationship of deformation mechanism, structure of the crust and gravity anomaly is illustrated.

spectrum for profile Y-Y'. The similarity between the gravity
spectra for X-X' and Y-Y' is most likely due to the sharp
boundary between the two rheologically different domains.
It creates a broad Moho depression at the central part, which
is overwhelming in the Bouguer anomaly pattern and yields
a half wavelength similar to that of the folded domain along
X-X'. The most significant results stemming from the topog-
raphy spectra is the attenuation of shorter wavelengths due to
localized deformation in the weak lithosphere by thickening,
which is also reflected in corresponding Moho depth and
Bouguer anomaly profiles (Figure 3b, Y-Y' profile).

5. Discussion

5.1.

[19] As a result of the Iberia-Eurasia collision, large-scale
folding has been advocated to shape the early Cenozoic
topography of Iberia [De Vicente and Vegas, 2009]. This pro-
cess is supported by periodic variations of the Moho, topogra-
phy and gravity anomalies [Stephenson and Cloetingh, 1991;
Burov et al., 1993; Cloetingh et al., 2002]. We have modeled
folding of the lithosphere under specific rheological conditions.
The simple boundary conditions introduced in the analog
models obviously cannot reconstruct the full complexity of
the natural prototype. However, the first-order inferences are
applicable. Results have shown that the spatial distribution of
the mountain ranges can be related to lateral strength varia-
tions and inherited structures. Spectral analysis has been

Lithosphere Strength Variations and Topography

deployed to distinguish periodic from nonperiodic signals over
large areas. As such, we used the presence/absence of periodi-
cities as a proxy to infer the dominant mode of deformation,
i.e., folding versus thickening. Evidently both topography and
gravity anomalies are overestimated in the models. Erosion
and lateral density variations due to igneous intrusions within
the crust, not incorporated in the experiments, can account for
the attenuated topography and gravity signals in the real data
set compared to the model values.

[20] Based on the lithosphere deformation and related
topography development observed in the physical experi-
ments, the following mechanism is put forward to explain
the evolution of western Iberia, the rheologically stronger
part. At the northern and southern periphery of the peninsula,
the orogens (Cantabrian Mts. and Sierra Morena, respectively)
were built up by a combination of lithosphere buckling and
flexural load caused by the crustal wedge. We consider the
Duero Basin as a natural analog that overlays upward deflected
Moho related to buckling of the lithospheric mantle. The oro-
gen adjacent to the weak zone in Model II (profile X-X'
Figures 3b and 3c) may correspond to the Spanish Central
System taking into account the available existing data from
this region [Tejero and Ruiz, 2002].

[21] Spectra of topography and gravity anomalies of model
and nature are fairly similar. Long wavelengths (150-300 km)
depict large-scale lithosphere folding, while short ones (40—
80 km) are associated with thrusts. In summary, comparison of
model profiles (i.e., topography, crustal thickness and gravity)
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to nature suggests that the observed periodicity of the signals
results from large-scale folding and superimposed thrusting
within the strong lithosphere.

[22] Deformation appears to be confined to the weak lith-
osphere in the eastern part of the Iberian Peninsula in the form
of an extensive thickening of the crust. This localization in
the weak lithosphere hampers strain propagation toward the
south. Lack of short-wavelength periodicity in topography
and gravity spectra was inferred from the models as well as
derived from the available data for Iberia. These findings
suggest that instead of folding in eastern Iberia thickening has
taken place and shaped the mountain belts.

5.2. The Role of Permian Structures During Cenozoic
Deformation of Iberia

[23] Reactivation of preexistent zones of weakness in our
models led to strike-slip displacements during N-S shortening
(compare Model I to II in Figure 2). NE-SW striking faults
accommodated left-lateral movements, whereas NW-SE strik-
ing faults were right-lateral. With the advance of deformation
these faults became reactivated as thrusts leading to localized
uplift. Natural examples with similar behavior are found along
the Plasencia and Somolinos faults respectively. These obser-
vations indicate that in the presence of inherited weak zones
strain partitioning affects indistinctly both the strong and weak
lithospheres during Cenozoic convergence.

[24] The present-day topography in Iberia is therefore most
likely the result of a combination of various previously pro-
posed deformation mechanisms. Periodic large-scale folds
across the westernmost part interfere with a series of inherited
Permian faults (e.g., Plasencia fault) giving rise to E-W and
NE-SW trending, regularly spaced chains of mountains. On
the other hand, topography in the eastern part follows various
trends. The directions are controlled by crustal thickening
related to reactivation of Mesozoic rift-related structures,
which localized deformation during Cenozoic (e.g., Somoli-
nos fault).

6. Conclusions

[25] The newly developed methodology to perform spec-
tral analyses of gravity and topography in analog models for
a comparison with field data provides valuable information
on the mechanism of intraplate mountain building. This
approach can generally be used for tectonic modeling pur-
poses. In the case study of Iberia, integration of gravity and
topography analyses allowed us to distinguish periodic from
nonperiodic patterns and to resolve the role of inherited
structures on strain localization and topography buildup.

[26] The models suggest that lateral strength variations
control the mode of deformation during convergence. These
differences arise from lateral thermomechanical variations
across Iberia and appear to profoundly determine the mode of
lithosphere deformation. Folding and thickening are associ-
ated with distinctive topography and gravity signatures. As
similar patterns are observable in nature, it appears that the
rheology of the lithosphere has played an important role
during mountain building.

[27] Consequently, the observed, mostly E-W, trending
periodic topography in western Iberia is representative of
folding of the entire lithosphere (250 km wavelength) and
fold related thrusts (50-80 km wavelength). Thickening of
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the upper and lower crust by thrusting and ductile flow,
respectively, explains the formation of topographic highs in
eastern Iberia.

Appendix A
Al.

[28] The experiments were performed in a rectangular
Plexiglas box with transparent vertical sidewalls. One wall
was mobile and acted as an indenter. The moving wall was
connected to a low-frequency electric engine through a
screw jack. Velocities adopted for this study are 0.5 cmh ™.
The three-layer models (Figure 2) consist of ductile, slightly
non-Newtonian silicone mixture layers representing the
upper mantle and lower crust, respectively. A K-feldspar
sand layer represents the brittle upper crust. These layers,
which are characterized by the properties listed in Table 1,
rest on an asthenospheric material made of a mixture of
polytungstate and glycerol to ensure isostatic equilibrium.
The experiments have been performed under normal gravity
conditions. A laser scan has been used to obtain the digital
elevation model (DEM) of 0.5 mm horizontal and 0.1 mm
vertical resolution combined with top view pictures taken
with a digital camera at constant time rate during evolution
of the model.

Experimental Procedure

A2. Scaling Analysis

[20] The models were scaled following the principles of
geometric and dynamic-rheologic similarity [Hubbert, 1937,
Ramberg, 1981; Weijermars and Schemeling, 1986]. Rheo-
logic—dynamic similarity was retained by scaling the gravi-
tational stress o* = p*g*I*, where p, g and 1 are the density,
the gravitational acceleration and the length, respectively.
The asterisk denotes the ratio between model and nature
[Sokoutis et al., 2000; Sokoutis and Willingshofer, 2011].
Proper scaling was tested by calculations of nondimensional
numbers given by ratios between forces acting on the models
[Ramberg, 1981]. For the viscous deformation, the ratio
between gravitational and viscous stresses (Ramberg num-
ber R, [Weijermars and Schemeling, 1986]) is given by

Rin = (paghy)/ (n€) = (pgghyla)/(nv)

Density, length and thickness of the ductile layer are denoted
by pa, 1 and hy, respectively, g (=9.81 m s~ ?) is the gravi-
tational acceleration, 7 is the viscosity and ¢ is the strain rate
given by the ratio between the mean velocity of convergence
v and the length of the ductile layer 1. The velocity of
shortening was calibrated according to our present knowl-
edge on the rate of convergence in Iberia. For scaling brittle
deformation, we considered the ratio between gravitational
stress and cohesive strength (S, Smoluchowski number
[Ramberg, 1981)):

Sm = (pvghy)/(Te + pepphn)

where py, and hy, are the density and thickness of the brittle
layer, respectively, g (=9.81 ms™?) is the gravitational
acceleration, 7. is the cohesive strength and g is the
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Figure B1. (a) [llustration of the Talwani method to calculate gravity anomalies applied to an irregular-
shape body (modified after Lowrie [2007]). (b) Bouguer anomaly caused by density variations from the
model cross section shown in Figure Blc. (c) Cross section obtained from analog experiment showing
three different density bodies related to upper crust (p;), lower crust (p,) and upper lithosphere mantle

(p3) from top to bottom, respectively.

coefficient of internal friction. For a precise scaling, the
prototype and the model must share similar R, and S,
values. In this work, the ratios between the above dimen-
sionless numbers of the model and nature are very close for
both the brittle and ductile part (Table 1). Ideally, both model
and nature must share similar R, and Ry numbers for
dynamic similarity to be fulfilled. However, a strict one to
one ratio cannot be reached due to the inherent simplifica-
tions of the modeling approach and the imprecisely con-
strained knowledge on the rheology in nature. The applied
first-order approximations are justifiable and have been
employed in all experiments.

Appendix B

[30] For gravity modeling, density and geometry of the
geo bodies constituting the model lithosphere had to be
extracted and used as input variables. The analog experi-
ments were deformed up to 20% of bulk shortening in both
series. After completing deformation, several 2-D cross
sections were cut from the model parallel to the convergence
direction. Each cross section was digitized and rescaled to
nature. In this way depth of the Moho was easily acquired
along the cross sections. Digital elevation models (DEMs)
were regularly obtained by scanning the model surface. The
final DEM combined with the data along the cross sections
were used to constrain thickness and geometry of each layer.
Density of the applied materials (sieved sand and silicone)
was measured by a regular pycnometer (Table 1, material
properties) and has also been upscaled.

[31] A 2.5-D forward gravity modeling was performed
along the cross sections assuming an infinite horizontal
extent of the bodies perpendicular to the strike of the section
(Figure B1, along y axis). In that sense, the vertical com-
ponent of the gravity anomaly caused by the body can be
computed by summing the contribution of infinitesimally

small horizontal line elements. Hence, the gravity anomaly
can be expressed in the following form:

Ag, = 2GApf zd0, (B1)

where G is the gravitational constant, p is the density con-
trast and angle 6 is measured from the positive x axis to the
radius connecting the line element with the origin of the
coordinate system. Modeling was carried out with GMSYS
software, which is based on the methods defined by Talwani
et al. [1959] and Talwani and Heirtzler [1964], and applies
the algorithms described by Won and Bevis [1987]. In this
algorithm, the boundaries of the geo bodies were approxi-
mated by polygons allowing a much faster procedure to
calculate the integral numerically. Gravity anomalies were
derived for each successive point on the profile with 1 km
spacing (model rescaled to nature). In this way, gravity
profiles have become comparable to the available field data
across the Iberian Peninsula.

[32] After compilation of topography and gravity data, we
have calculated their power spectra as well and compared
the values along several model cross sections. The spectral
analysis was carried out following Welch’s method [Welch,
1967] by grouping an average of multiple overlapped win-
dows. Standard error was estimated according to Bendat and
Piersol [1986]. The calculations were done using GMT
software [Wessel and Smith, 1998].

[33] Fourier transform was applied to gravity and topog-
raphy profiles in order to convert a distance function into its
amplitude and phase spectra equivalent A(f) and ¢(f). The
analysis of these spectra aimed to identify the presence of
periodicities in both topography and calculated gravity
anomalies.
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