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The mechanisms controlling the Cenozoic subsidence of the Valencia Trough, located in the Western
Mediterranean, are poorly understood. The Cenozoic geodynamic evolution of the Western Mediterranean
is complex comprising subduction, slab roll-back, back-arc extension, collision, and lithosphere delami-
nation. We investigate the subsidence of a regionally observed unconformity, here referred to as the
Miocene Unconformity, which separates Mesozoic from latest Palaeogene to Neogene sediments. Using a
dense grid of seismic reflection data, well data and 3D flexural backstripping, we show that the Miocene
Unconformity in the SW Valencia Trough subsided by more than 1.5 km to the present day at an average
rate of 90 m/Myr. The absence of Cenozoic extensional faults affecting the basement shown by seismic
data indicates that this rapid subsidence is not caused by Cenozoic rifting or remaining Mesozoic post-
rift thermal subsidence. Neither can this subsidence be explained by subduction dynamic subsidence or
flexural loading related to the thin-skin Betic fold and thrust belt which only affects subsidence observed
near the deformation front.
We interpret the 1.5 km subsidence of the Miocene Unconformity as the collapse of a back-arc tran-
sient uplift event. Erosion during this uplift, resulting in the formation of the Miocene Unconformity, is
estimated to exceed 4 km. Transient uplift was likely caused by heating of back-arc lithosphere and as-
thenosphere, combined with mantle dynamic uplift, both caused by segmentation of Tethyan subduction
resulting in slab tear. Subsidence resulted from thermal equilibration and the removal of mantle flow
dynamic support Tethyan subduction slab roll-back. We propose that our observations and interpreta-
tion of rapid back-arc km-scale uplift and collapse have global applicability for other back-arc regions
experiencing subduction segmentation and slab tear during subduction slab roll-back.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The formation of the Western Mediterranean in a subduction-
related setting is controlled by the interaction of slab roll-back,
back arc extension, collision, and lithosphere delamination pro-
cesses. In such complex geodynamic context, it is often difficult to
decipher the mechanisms which controls sedimentary basin subsi-
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dence history and distinguish the contribution of surface tectonics
from dynamic topography.

The Valencia Trough is one of the main basins of the West-
ern Mediterranean which formed in the late Oligocene to early
Miocene in relation with the slab roll-back of the Tethyan oceanic
lithosphere (Faccenna et al., 2004; Van Hinsbergen et al,, 2014).
It is bordered by the Iberian and Catalan Costal Ranges to the
west, the Balearic fold and thrust belt to the east and the Betic
orogenic system to the south (Fig. 1a). It is floored in its central
part by thin continental crust with a shallow lithosphere astheno-
sphere boundary underneath (Watts and Torné, 1992a, 1992b; Ay-
ala et al,, 2015). Rift structures are observed in the north-eastern
part of the Trough and are connected to the late Oligocene to early
Miocene horst and graben system observed in the nearby Gulf of
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Fig. 1. (a) Map of the western Mediterranean region showing the location of the Valencia Trough in the frame of the Alpine and Betic orogenic belts (modified after Roca,
2001). (b) Tectonic map of eastern Iberian Peninsula and the Valencia Trough. (c) Enlarged map showing the location of the data sets used in this study (SGV seismic survey,
wells and ESP data). A.B.: Alboran Basin; C.B.: Columbrets Basin; C.R.R.: Catalan Coastal Range; G.L.: Gulf of Lion; LR.: Iberian Range.

Lion (Maillard and Mauffret, 1999; Roca, 2001). However, in the
south-western part of the Valencia Trough evidence of this rift-
ing is sparse or absent (Fig. 1b, Roca and Guimera, 1992). Also,
the southern and south-western parts of the Valencia Trough are
largely affected by the propagation of the Betic fold and thrust belt
during the early to middle Miocene.

Successions younger than the Oligocene recording these differ-
ent tectonic events are delimited from the underlying ones by a
major unconformity observed throughout the Valencia Trough (e.g.,
Maillard et al., 1992) and here referred to as the Miocene Uncon-
formity. The geodynamic significance of this regional unconformity,
the amplitude of associated vertical movements and mechanisms
controlling the subsidence evolution of the Valencia Trough during
the early Cenozoic are poorly understood.

Here we use a dense grid of seismic reflection data, well data
and 3D flexural backstripping to investigate the formation pro-
cesses and subsidence evolution of this Miocene Unconformity.
Previous works focused on rift-related subsidence mechanisms or
flexural loading effects (Roca and Desegaulx, 1992; Watts and
Torné, 1992b; Torres et al., 1993; Janssen et al.,, 1993). In contrast,
our analysis suggests that the formation and present-day subsi-
dence of the Miocene Unconformity is best explained by the col-
lapse of mantle dynamic uplift combined with lithosphere thermal
re-equilibration after segmentation and slab tear in the Tethyan
subduction. Flexural loading effects exist but only in the immedi-
ate vicinity of the Betic fold and thrust belt.

2. Tectono-stratigraphic context

The stratigraphic framework of the Valencia Trough is reason-
ably well constrained thanks to decades of exploration (e.g., Mail-

lard et al, 1992; Roca and Guimera, 1992; Granado et al., 2016;
Cameselle and Urgeles, 2017; Etheve et al., 2018; Roma et al,
2018). A coherent seismic stratigraphy of the south-western Valen-
cia Trough has recently been proposed based on the same dataset
as the one used in this study which includes the oldest Meso-
zoic sequences (Fig. 2, Etheve et al., 2018). The identification of
different seismic units is based on the recognition of major un-
conformities in reflection seismic profiles calibrated from drill core
observations where possible (Fig. 3) and onshore field analogies
as well as seismic facies variations combined to P-wave velocity
information (e.g., Watts and Torné, 1992b). These different seismo-
stratigraphic units are then assimilated to sedimentary sequences
deposited during the different tectonic events which affected East-
ern Iberia and described hereafter.

The oldest sediments evidenced in the region of the Valencia
Trough are Permo-Carboniferous to Middle Triassic in age and as-
similated as part of the “acoustic basement” (Fig. 2, Seismic Unit -
SU G, Etheve et al., 2018). This sequence includes continental sili-
ciclastic sediments deposited at the end of the Variscan orogeny
and during Late Permian to Early Triassic intra-continental rifting
(Arche and Lopez Gémez, 1996). They are replaced upsection by
post-rift shallow marine carbonates and minor evaporite interbeds
of Middle Triassic age (Alba, 2007).

Renewed extension occurred during the Late Triassic to Middle
Jurassic period related to Alpine Ligurian Tethys opening further
to the east. During this period thick Upper Triassic evaporites were
deposited, dominated by anhydrite and halite with terrigenous and
dolostone interbeds (SU F, Orti et al., 2017). On top, a shallow ma-
rine platform developed in latest Triassic time grading into lime-
stones and marls during the Sinemurian to Middle Jurassic (SU E,
Roca, 1996).
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Fig. 2. Seismic stratigraphy, inferred age and lithologies of the main sedimentary units deposited in the SW Valencia Trough (modified after Etheve et al., 2018). Related
regional tectonic events which affected the south-western part of the Valencia Trough are also indicated. Seismic data is extracted from the SGV01-109 profile (see Fig. 1 for

its location).

Late Jurassic to Early Cretaceous sediments (SU D, Etheve et al,,
2018) were deposited during the main rifting phase which resulted
in the extreme thinning of the Columbrets basin (Roca, 1996;
Etheve et al.,, 2018). The Columbrets Basin represents the eastern
prolongation of the Central Iberian Rift system, the latter was sub-
sequently inverted during the Paleogene and is now sampled in
the Iberian Range (Fig. 1, Salas et al., 2001). At a larger scale, this
rifting phase preceded the opening of Bay of Biscay oceanic basin
to the west and is recorded in a series of basins scattered at the
Iberian-European plate boundary (Tugend et al., 2015b). Oxfordian
to Albian syn-rift successions show significant thickness variations
with platform carbonates grading basinward into marls and local
fluvial to deltaic interbeds of Barremian age near the basin mar-
gins (Fig. 2 and 3). Post-rift subsidence is recorded by late Albian
sandstones and Cenomanian to Turonian dolostones (Etheve et al.,
2018).

The overlying sequence (SU C) is only locally preserved. The top
corresponds to a marked erosional unconformity which is region-

ally observed in the Valencia Trough (e.g., Maillard et al, 1992;
Roca, 1996; Etheve et al., 2018; Roma et al., 2018). Since the
first overlying sediments we observe in the south-western Valen-
cia Trough are early Miocene (Aquitanian to Tortonian, Fig. 3), it
is referred to in this work as the “Miocene Unconformity”. The
age of the underlying sequences as constrained by wells is vari-
able ranging from Upper Triassic to Santonian (Fig. 3) depending
on erosion intensity and on the structure of the Mesozoic Colum-
brets Basin. In our study area Palaeogene sequences of SU C were
not recorded in wells (Fig. 3). Nevertheless, the local presence of
Uppermost Cretaceous to Eocene successions is likely and con-
sistent with the local occurrence of reworked Palaeogene faunas
in the early Miocene sediments deposited on top of the uncon-
formity (Fig. 3). Palaeogene sediments are, however, evidenced in
wells in the NE Valencia Trough (e.g., Barcelona Basin) and con-
sist of alluvial and lacustrine succession with marine incursions
(Roca et al,, 1999). Sediments of seismic unit C, where observed,
were deposited during the convergence between Europe Iberia and
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Fig. 3. Lithology, age and thicknesses of selected wells located in the SW Valencia Trough (after Lanaja, 1987). GV B-1: Golfo Valencia B-1; GV D-1: Golfo Valencia D-1; GV F-1:
Golfo Valencia F-1; GV G-1: Golfo Valencia G-1. Qua.: Quaternary; Plio.: Pliocene; Mes.: Messinian; Tor. Tortonian; Lan.: Langhian; Serr.: Serravalian; Bur.: Burdigalian; Aqui.:
Aquitanian; San.: Santonian; Con.: Coniacian; Tur.: Turonian; Cen.: Cenomanian; U.C.: Upper Cretaceous; Apt.: Aptian; Haut.: Hauterivian; Val.: Valanginian; Berr.: Berriasian;
L.C.: Lower Cretaceous; Tit.: Titonian; Kim: Kimeridgian; Oxf.: Oxfordian; M.J.: Middle Jurassic; Toar.: Toartian; Plien: Pliensbachian; Sin.: Sinemurian; Hett.: Hettangian; LJ.:
Lower Jurassic; Car.: Carnian; U.T.: Upper Triassic; M.T.: Middle Triassic; L.T.: Lower Triassic.

Africa, which started in the Late Cretaceous. Early Palaeogene se-
quences recorded the inversion of former Mesozoic rift basins and
building of intracontinental mountain belts in the Iberian Range
to the west (Guimera Rosso, 2018), Pyrenees to the north (Tugend
et al., 2015b) and Betics to the south (Platt et al., 2013). Related
deformation is also observed in the Valencia Trough but is less in-
tense (Klimowitz et al., 2018; Roma et al., 2018).

The first sediments deposited on top of the Miocene Unconfor-
mity are Aquitanian to Langhian where drilling controls are avail-
able (Fig. 3). They consist of detrital conglomerates and sandstones
grading upsection to marine platform carbonates and marls while
the overlying Serravallian to Messinian sequence includes terrige-
nous progradational deposits (SU B, Roca et al., 1999). Sediments of
unit B were deposited during the rifting and opening of the Liguro-
Provencal basin in relation with the south-westward and south-
eastward retreat of the subducted Tethys (Faccenna et al., 2004;
Van Hinsbergen et al., 2014). The record of this extensional defor-
mation differs between the north-east and south-western parts of
the Valencia Trough. In the north-east, onset of extension is late
Oligocene (~28 Ma) related to the formation of a series of half
grabens onshore and offshore Barcelona (Roca et al,, 1999). In the
south-west, only sparse structures are identified, and extensional
deformation is delayed to the early Miocene age (~22 Ma) (e.g.,

Etheve et al., 2016). During the early to middle Miocene, the south-
ern edge of the Valencia Trough was affected by the Betic fold and
thrust belt (Roca et al., 2006; Etheve et al., 2016). This deformation
is characterized by a strong decoupling along Upper Triassic evap-
orites between the para-autochthonous Jurassic to Miocene cover
and autochthonous Iberian basement (Roca et al., 2006). The defor-
mation front, referred to as the Betic Front, can be followed from
the Iberia Peninsula to the Balearic Promontory (Fig. 1c).

The overlying sediments of SU A consist of a terrigenous shelf-
talus system including sandstones, shales and marls prograding on
top of the so-called Messinian unconformity (Maillard et al., 2006).
They record a diffuse extension initiated in the middle Miocene in
relation with the evolution of the Algerian Basin further to the east
(Sabat et al., 1997).

3. Analysis of seismic and well data
3.1. Multichannel seismic reflection data and expanded spread data

We analysed and interpreted 30 multichannel reflection seismic
profiles (~2800 km) located in the SE part of the Valencia Trough

(Fig. 1b). The 2D multichannel reflection seismic survey includes
profiles arranged in WNW-ESE and NNE-SSW directions with a
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maximum separation of 13 km and 6 km respectively (Cameselle
and Urgeles, 2017). It was acquired by Fugro-Geoteam aboard the
R/V Geo Baltic in October 2001. Detailed acquisition parameters and
processing work are presented in Cameselle and Urgeles (2017)
(see Table A.1). The seismic interpretation work was undertaken
in two-way travel time (s, TWT) using the Petrel software.

A series of 6 Expanded Spread Profiles (ESP) were acquired by
the N/O Jean Charcot and R/V Robert D. Conrad in 1988 in the Valen-
cia Trough (see detailed acquisition configuration and processing in
Pascal et al., 1992; Torné et al., 1992). During this two-ship experi-
ment, multiple-fold wide-angle reflection/refraction data sets were
acquired, one ship acted as the seismic source (R/V Robert D. Con-
rad) while the other was recording (N/O Jean Charcot). In this study,
we used the results presented by Torné et al. (1992) and Pascal
et al. (1992) for the ESP 7, located in the SW part of the Valencia
Trough in the Columbrets basin (Fig. 1c¢).

3.2. Well data

Our seismic stratigraphy is calibrated from a total of 11 ex-
ploratory wells (Fig. 3, Lanaja, 1987). The correlation between seis-
mostratigraphic interpretations and geological constraints was a
prerequisite to infer ages and depositional environment of the dif-
ferent tectono-sedimentary units (Fig. 2). Most of the wells are
located on the present-day shelf (Fig. 3, CALPE-1, DENIA-1, GV G-1,
GV F-1, GV D-1, GV B-1, COLUMBRETES A-1, and SAGUNTO-1), one
is located on the upper slope (VALENCIA 3-1), two are located in
the deep basin (IBIZA MARINO AN-1 and CABRIEL B-2). All these
wells demonstrate the absence of Palaeogene sequences (Fig. 3).
Only reworked Palaeogene faunas are locally recovered in the first
Miocene sediments directly overlying eroded Mesozoic sequences
(Fig. 3, CALPE-1 and CABRIEL B-2). This absence marks a remark-
able unconformity described regionally directly overlain by early
Miocene sediments and corresponding to the “Miocene unconfor-
mity” (Maillard et al., 1992; Sabat et al., 2011; Etheve et al., 2018).

3.3. Depth conversion

We applied a constant velocity of 1.524 km.s~! to the water
column. We determined a depth conversion law from the velocity
information provided by the ESP 7 (Fig. 2, Pascal et al., 1992; Torné
et al.,, 1992), which we applied to the Messinian and Miocene un-
conformities as well as to the Top Middle Jurassic horizon grids
interpreted in two-way travel time (s, TWT). This law is cali-
brated from velocity data points of the ESP 7 for which both the
depth (km) and TWT (s) could be determined. The resulting time-
depth relationship is satisfied by a second order polynomial trend
curve (see Figure A.1). The depth to the Top Middle Triassic/Top
of “acoustic basement” horizon is determined by applying a con-
stant velocity of 6.6 km.s~! to the seismic units E and F (Fig. 2),
mostly corresponding to carbonates and evaporites of Upper Trias-
sic age according to drilling results (Fig. 3). A constant velocity of
6.8 km.s~! is applied to the Paleozoic basement (seismic unit G) to
depth convert the Moho interpreted by Etheve et al. (2018) for the
crustal scale representation in Fig. 4. We tested our depth conver-
sion against drilling results and the results show a good correlation
(Fig. 4b).

3.4. Structural and stratigraphic architecture of the SW Valencia Trough
from seismic interpretation

We have investigated stratigraphic relationships and mapped
the main structures observed in the south-western part of the Va-
lencia Trough from reflection seismic profiles (Fig. 5, 6 and 7). The
depth conversion of the different identified horizons (Fig. 2, Fig-
ure A.2) enabled us to compile sedimentary thickness maps and
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to investigate the main tectonic structures which may have con-
trolled the distribution of the first sediments directly overlying the
Miocene Unconformity (Fig. 7e). The distribution of the sedimen-
tary unit B is not homogeneous across the study area (Fig. 7b) and
two main structural domains can be distinguished delimited by the
Betic front (Fig. 5, 6 and 7).

Directly north of the Betic front, thick Miocene sediments of
unit B (locally more than 1.5 km thick) were deposited (Fig. 7b)
and passively onlapped the underlying eroded Mesozoic (and pos-
sibly Palaeogene) sediments (Fig. 5b, Fig. 6d). The Miocene Uncon-
formity corresponds to a rough surface (Fig. 7e), which is usually
not controlled by Cenozoic faulting but instead by the underly-
ing faulted Mesozoic sequence as shown by reflection seismic data
(Fig. 5d&e, Fig. 7d). We identified only a few normal faults which
affect the earliest Miocene sediments most of them being local-
ized on top of underlying Mesozoic faults (e.g., Fig. 5b, near the
intersection with line 206, Fig. 7e). Younger faults are observed
and control the deposition of latest Miocene to Pliocene sedi-
ments (Fig. 7a&e) as shown by well developed growth strata, the
most striking one being known as the Valencia fault (Fig. 5b&c,
Fig. 7, Maillard and Mauffret, 2013). Our high resolution seis-
mic data enables us to unambiguously show the listric geome-
try of the Valencia Fault, detached on the Upper Triassic evapor-
ite sequence acting as a major décollement. Previous works us-
ing lower resolution seismic data considered this fault as part of
the Oligocene to earliest Miocene rift system (Maillard and Mauf-
fret, 2013) which is observed further to the north-east of the
Valencia Trough (e.g., Barcelona graben, Roca et al., 1999). Even
though an early Miocene activation is likely, our observations sug-
gest that this fault was mainly active during the latest Miocene to
Pliocene.

Our dense and high resolution seismic observations confirm the
lack of extensional structures formed during the Oligo-Miocene
rifting in the south-western Valencia Trough in contrast to ob-
servations made further to the north-east (Maillard et al., 1992;
Roca et al, 1999) and in the Gulf of Lion (Gorini et al., 1993).
Thick Miocene sequences are also observed in the northern part
of our study area. There, Neogene volcanics and sediments up to
2 km thick are observed in the Columbrets A-1 well and decrease
to ~1.5 km in the western Sagunto A-1 well (Fig. 3). The north-
ward thickening of unit B should be interpreted with caution but
could partly correspond to increasing Neogene volcanics mapped
as part of the sediments of unit B (Fig. 5 and 6) related to the ac-
tivity of the northern Columbrets Island volcanic system (Maillard
et al., 1992). The occurrence of these Neogene volcanic sequences
creates uncertainties on the seismic interpretation and depth con-
version of sequences older than Pliocene.

South of the Betic front, the main depocentres of Miocene sed-
iments (up to 1.5 km thick) show ellipsoid patterns. There, the
depth to the Miocene Unconformity also corresponds to a rough
surface showing high amplitude variations (Fig. 7e), controlled by
the salt-influenced thin-skinned deformation style of the most ex-
ternal part of the Betic fold and thrust belt (Fig. 6). There, sev-
eral unconformities are often observed in Neogene sediments (e.g.,
DENIA-1, Fig. 3) and the mapping of the Miocene Unconformity
is locally related to uncertainties in the absence of direct well cali-
brations. These unconformities formed during the observed intense
salt tectonic activity also documented in the adjacent onshore east-
ern Prebetics (e.g., Roca et al., 2006). The structural style is char-
acterized by a succession of shortened salt structures where folds
and thrusts nucleate, separated by synclines filled by Neogene sed-
iments (Fig. 6). Along the profiles several common structures are
recognized such as teardrop diapirs, diapir reactivated as a thrust
(Fig. 6) suggesting that pre-existing salt structures were reactivated
and confirming the long-lasting salt tectonic activity in this area.
The amount of shortening is variable: only weakly reactivated salt
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of the SGV-01 109 profile. Note the good the correlation with the drilled results of the Golfo the Valencia D-1 well. (c) 2D flexural backstripping restored at the Messinian

unconformity and (d) at the Miocene unconformity.

structures are observed to the west (Fig. 6a) whereas more intense
deformation is evidenced further to the east showing squeezed di-
apirs (Fig. 6b).

The Betic front is often difficult to identify unambiguously and
is mapped at the northern termination of reactivated former salt
structures. North of it, Neogene sequences are sub-horizontal over-
lying the main depocenter of the Mesozoic Columbrets basin. The
localization of the Betic Front and propagation of the Betic fold
and thrust belt was likely controlled by the distribution of former

Triassic evaporites prior to the Neogene. Such complex tectonic
setting, with significant salt thickness variations and where salt
mobility is expected may partly explain the contrasted deforma-
tion style of the external fold and thrust belt of the Betics (Fig. 6).
The thin-skin deformation style of this external part of the Betic
fold and thrust belt contrasts with the thick skin deformation sug-
gested in the Balearic Promontory where the Upper Triassic salt
layer is thinner (Fontboté et al., 1990; Sabat et al.,, 2011; Etheve
et al., 2016).
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4. Subsidence analysis
4.1. Methodology using 3D flexural-backstripping

The Cenozoic subsidence evolution of the Valencia Trough has
previously been investigated using 1D and 2D backstripping meth-
ods (Roca and Desegaulx, 1992; Roca and Guimera, 1992; Watts
and Torné, 1992b; Torres et al.,, 1993; Yamasaki and Stephenson,
2009). In this study, we use a 3D flexural-backstripping method
to determine the subsidence of the Miocene Unconformity. We
use 3D flexural backstripping to determine the bathymetry of
the Miocene unconformity corrected for the loading of sediments

above it. Removal of this sediment load results in isostatic re-
bound and partial decompaction of the remaining sediments. Both
of these effects are calculated in the flexural backstripping proce-
dure. Sediment decompaction is controlled by lithological parame-
ters (Sclater and Christie, 1980), which we have determined from
the drilling results (Fig. 3, Table A.2). We include all the sequences
down to top basement in the decompaction.

4.2. Results of subsidence analysis

3D flexural backstripping and decompaction to remove sed-
imentary layers and loading above the Miocene Unconformity
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over the structure of the (c) Betic fold-and-thrust belt and (d) related Miocene depocentre.

(Fig. 8a) gives sediment-corrected bathymetries shown in Figs. 8c-
f. Drill core (Fig. 3) and seismic observations (Fig. 5 and 6) show
that the Miocene Unconformity formed by erosion above or at
sea level, in which case, the sediment-corrected bathymetry deter-
mined from backstripping represents the water-loaded subsidence
of the Miocene unconformity.

Backstripping results are sensitive to the effective elastic thick-
ness (Te), which we use to parametrize the effect of the flexural
strength of the lithosphere (Fig. 8). The importance and sensitiv-
ity to Te in backstripping is discussed in Roberts et al. (1998).
Backstripping results show very similar trends for the different
tested values of Te (3, 5, 10 km, Fig. 8b) with the largest dif-
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ference being seen for Te=0 (Fig. 8c) which corresponds to airy
local isostasy. Backstripping results converge for low Te values
(Te < 10), a result consistent with previous studies in the Va-
lencia Trough (Janssen et al., 1993; Gaspar-Escribano et al., 2003)

and adjacent Betic Cordilleras (Van der Beek and Cloetingh, 1992).
The flexural rigidity of the lithosphere, however, increases un-
der the Ebro Basin towards the Pyrenees (Gaspar-Escribano et al.,
2001).
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The backstripped maps to the Miocene Unconformity show the
heterogenous distribution of water-loaded subsidence across the
study area. In order to evaluate Miocene water-loaded subsidence
values at the regional scale we have made normalised histograms
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with 250 m subsidence intervals for each Te value (Fig. 8f). For
Te > 3, the histograms peak at just less than 1.5 km subsidence
(Fig. 8f). 10% are shallower than 0.375 km for Te > 3; these values
are typically observed to the west of the study area and south of
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the Betic front. Approximately 50% of our study area show values
of water-loaded subsidence between 1.125 and 1.625 km. These
values are typically observed north of the Betic front near the
centre of the Valencia Trough and define an overall NE-SW trend.
Values of water-loaded subsidence exceeding 2 km represent be-
tween 6 to 9% of the maps for Te > 3 and are observed directly
north of the Betic front and in the northernmost part of our study
area. South of the Betic front, these large values of water-loaded
subsidence define ellipsoid patterns (Fig. 8).

The decompaction procedure detailed above assumes that the
lithologies beneath the Miocene Unconformity are normally com-
pacted. However, if the thickness of eroded section associated with
the unconformity exceeds the thickness of younger sediment above
it, then the lithologies beneath the unconformity will be over-
compacted. The consequence of such over-compaction would be
that the subsidence of the Miocene Unconformity, detailed above,
is a lower bound.

5. Discussion
5.1. Potential causes of Miocene subsidence

Subsidence analysis using 3D flexural backstripping indicates
that the south-western part of the Valencia Trough has subsided
by at least 1.5 km on average since the formation of the Miocene
Unconformity at sea level (Fig. 8). Based on this, we estimate a
minimum subsidence rate of at least 90 m/Myr averaged over 17
Myr. We examine mechanisms for this rapid large amplitude subsi-
dence, including: (i) Cenozoic and/or Mesozoic rifting, (ii) flexural
loading from the Betic fold and thrust belt, (iii) subduction retro-
arc dynamic subsidence and (iv) subduction back-arc (i.e. retro-arc)
uplift followed by collapse.

(i) Cenozoic and|or Mesozoic rifting

One mechanism considered is subsidence due to rifting. Rifting
in the Valencia Trough occurred in the Upper Triassic, Early Creta-
ceous and Cenozoic (Fig. 2).

Early Neogene subsidence and extensional faulting is observed
in the north-eastern Valencia Trough and is interpreted as the con-
sequence of the late Oligocene to early Miocene rifting preceding
the opening of the nearby Liguro-Provencal Basin (Fig. 1 and 9, e.g.,
Watts and Torné, 1992b; Roca and Desegaulx, 1992). However, in
our study area in the south-west of the Valencia Trough no sig-
nificant Cenozoic extensional faults are observed either before or
subsequent to the Miocene Unconformity (Fig. 4, 5 and 6). Most of
the identified extensional faults show limited displacements and
are located to the west in eastern Iberia (Roca et al., 2006) and to
the east in the Balearic promontory (Etheve et al., 2016). In our
area, the observed extensional faults are younger (late Miocene to
Pliocene) and sole out on the Upper Triassic evaporite sequence
(SU E) (Fig. 5 and 7d) with no clear counterpart in the underlying
basement.

Cretaceous extensional faults are observed and formed during
the latest Jurassic to Early Cretaceous rifting that locally thinned
the crust under the Columbrets Basin (Fig. 4 and 5, Etheve et al.,
2018). The magnitude of the Triassic rifting is unknown. We esti-
mate that remaining Mesozoic post-rift thermal subsidence would
be no more than 200 m assuming McKenzie (1978). All obser-
vations indicate that in the south-western Valencia Trough the
1.5 km of subsidence of the Miocene Unconformity is neither ex-
plained by Cenozoic or earlier Mesozoic rifting.

(ii) Flexural loading from Betic thrusting

Another potential cause of subsidence of the Miocene Uncon-
formity could be from Betic thrust sheet loading. Large values of
subsidence between 2-2.5 km are observed directly north of the
mapped Betic front (Fig. 8) where Miocene sediments of SU B
are up to 2-2.5 km thick (Fig. 7b) suggesting the formation of a
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narrow Miocene flexural foredeep basin at this location. This in-
terpretation is consistent with the observed onlap architecture of
the sediments (Fig. 6). South of the Betic front, thick depocentres
of Miocene sediments show ellipsoid patterns (Fig. 7b) and cor-
respond to subsidence since the Miocene Unconformity of 1.5 to
2.5 km. The observed pattern of these depocentres suggests they
are controlled by the salt (Fig. 6 and 7e). The depocentres ob-
served south of the Betic front are located between reactivated salt
structures and are likely formed during the migration of the thin
skin fold and thrust belt (Duffy et al., 2018). This interpretation
is consistent with the observed numerous unconformities suggest-
ing a migration of contractional deformation largely controlled by
salt mobility (Fig. 6). North and west of the Betic fold and thrust
belt, flexure resulting from thrust sheet loading can explain the
large values of subsidence determined directly north of the Betic
front (2-2.5 km). However, thin-skin deformation combined with
the absence of significant topographies directly to the south and to
the east is unlikely to produce sufficient loading effects to explain,
alone, the average 1.5 km of subsidence of the Miocene Unconfor-
mity (Fig. 8f) in the south-western Valencia Trough.

(iii) Subduction dynamic subsidence

Another mechanism suggested to explain the Cenozoic subsi-
dence of Western Mediterranean basins is subduction dynamic
subsidence as shown by Do Couto et al. (2016) for the Alboran
Basin located over the westward retreating slab of the Gilbraltar-
Betic arc. Subduction dynamic subsidence (negative dynamic to-
pography) is generated by the positive mass anomaly of the sub-
ducting slab in the mantle (Mitrovica et al., 1989; Gurnis, 1993).
In the retro-arc (back-arc) region this subsidence has a long wave-
length exceeding 1000 km in lateral extent with amplitude be-
tween 1 and 2 km (Mitrovica et al., 1989; Gurnis, 1993). During
the Oligocene the Valencia Trough was located in the retroarc
(back-arc) of Western Mediterranean subduction (Roca, 2001; Fac-
cenna et al., 2004; Romagny et al., 2020) and would have expe-
rienced subduction retro-arc (back-arc) dynamic subsidence. How-
ever, since then, through the Miocene, subduction has propagated
westwards and southwards (Faccenna et al., 2004; Van Hinsber-
gen et al., 2014; Romagny et al.,, 2020) and has slowed or ceased
under the Valencia Trough which would have resulted in relative
uplift rather than subsidence (as subduction dynamic subsidence
diminished). In contrast to the Alboran Basin, subduction dynamic
subsidence cannot be responsible for the rapid subsidence of the
Valencia Trough since the Miocene Unconformity.

(iv) Collapse and thermal equilibration of subduction back-arc uplift

Our preferred explanation for the rapid and large amplitude
subsidence of the Miocene Unconformity is the collapse of sub-
duction related back-arc (retro-arc) uplift generated by subduc-
tion slab tear, associated with erosion. Onset of the Tethyan sub-
duction slab roll-back in the late Oligocene is complex and 3D
(Fig. 9a) with eastwards, southwards and westwards retreat of
the subduction zone accommodated by subduction segmentation,
slab tear and lithosphere delamination (Faccenna et al., 2004;
Van Hinsbergen et al., 2014; Jolivet et al.,, 2021). Plate kinematic
reconstructions suggest that subduction segmentation started in
the Oligocene at the south-eastward prolongation of the North
Balearic Transfer Zone (Fig. 9a, Van Hinsbergen et al., 2014). Sub-
duction segmentation during rollback resulted in slab tear and
would have triggered an upward flow of asthenosphere through
the slab tear window in the back-arc asthenosphere wedge (Van
Hinsbergen et al., 2014). The replacement of cool back-arc as-
thenosphere wedge by normal temperature asthenosphere together
with heating or delamination of the lower continental lithosphere
under the Valencia Trough would have generated uplift as the iso-
static response. Because the Valencia Trough was at or near sea
level in the late Paleogene, uplift would have resulted in sub-
aerial erosion forming the Miocene Unconformity (Fig. 9a). Ther-
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mal re-equilibration of the thinned lower continental lithosphere
under the Valencia Trough alone cannot account for the 1.5 km
of subsidence of the Miocene Unconformity; the lack of any sig-
nificant Cenozoic extensional faulting rules out whole lithosphere
thermal re-equilibration subsidence. This suggests that part of the
back-arc uplift may have been dynamically supported by man-
tle flow; the removal of that support contributing, together with
thermal re-equilibration, to the observed rapid subsidence. The
collapse of transient uplift resulting in the rapid subsidence of
the Miocene Unconformity in the Valencia Trough correlates with
rapid westward and southward migration of subduction slab roll-
back (Fig. 9b, Faccenna et al., 2004; Van Hinsbergen et al., 2014;
Romagny et al., 2020).

5.2. Estimations of the amount of erosion
Field, seismic and drill core observations all indicate that the

Miocene unconformity results from an intense erosion, however,
the amount of eroded material is to date unknown. Histograms of
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the subsidence to the Miocene Unconformity (Fig. 8) peak at just
less than 1.5 km subsidence for Te > 3. We use this subsidence
measurement to estimate the amount of erosion, assuming that
the uplift and collapse are of the same amplitude.

We have calculated erosion for different initial elevations and
initial sediment thicknesses. To each different initial setting, we
applied the same sequence of events: an uplift of 1.5 km, ero-
sion to sea level and subsidence of 1.5 km (Fig. 10a). The 1.5 km
magnitudes of uplift and subsidence are for water-loaded isostatic
response; for the isostatic response above sea-level, the air-loaded
equivalent (approximately 2/3 of the water-loaded magnitude) is
used.

The remaining sediment thickness after uplift and erosion is
plotted as a function of the initial elevation and sediment thickness
(Fig. 10b). Based on the observed remaining sediment thickness in
the Columbrets Basin (~8 km), we deduce that the initial sediment
thickness was up to 12 km thick in the main Mesozoic depocen-
tre before erosion. These values are consistent with those observed
in basins formed during the same rifting phase, such as the Paren-
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Fig. 10. (a) Sequence of events integrated in the flexural backstripping for different initial elevations and sediment thicknesses. (b) Plot of the remaining sediment thickness
as a function of the initial elevation and sediment thickness. The observed remaining sediment thickness in the main Columbrets depocentre is indicated in purple (~ 8 km).
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tis Basin located in the eastern Bay of Biscay (Fig. 1, Tugend et al.,
2015a).

Based on these backstripping results we also deduce the the-
oretical thickness of eroded materials as a function of the initial
elevation and remaining sediment thickness (Fig. 10c). Though un-
certainties remain on the initial Palaeogene palaeobathymetry in
our study area in the absence of Palaeogene sequences in the in-
vestigated wells, indirect observations suggest that the area was
near sea level or locally emergent. Palaeogene sequences observed
further to the north were deposited in subaerial to shallow marine
environments (Roca et al.,, 1999). Based on these palaeobathymet-
ric indications, we deduce from Fig. 10c that at least 4 km of ero-
sion occurred in the south-western Valencia Trough. This estima-
tion is consistent with the 5 km of Paleogene erosion interpreted
from vitrinite reflectance data by Fernandez et al. (1995). North-
westward, in the adjacent Catalan Costal Range (Fig. 1) more than
2 km to 2.5 km of erosion are deduced for the Oligocene-Neogene
from thermo-chronological results (Gaspar-Escribano et al., 2004;
Ter Voorde et al., 2007).

The above erosion estimates assume that the magnitude of the
transient uplift driving the erosion is equal to the measured 1.5
km subsidence of the Miocene Unconformity. As discussed ear-
lier we believe that uplift was caused by thermal perturbations in
the lithosphere and asthenosphere combined with mantle flow dy-
namic uplift. If this is the case, then some thermal re-equilibration
and subsidence remains to occur indicating that the transient uplift
would have exceeded 1.5 km and 4 km of erosion is an under-
estimate.
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5.3. Integration of transient uplift in the Western Mediterranean
geodynamics

Our investigation shows that the Miocene Unconformity formed
above sea level during a regional uplift event and resulted in nearly
4 km of erosion. A series of unconformities formed prior to the
Miocene are observed in the north-eastern part of the Valencia
Trough (e.g., Maillard et al., 1992; Roca, 1996; Etheve et al., 2018;
Roma et al., 2018) and as far north as in the Gulf of Lion (e.g.,
Gorini et al.,, 1993; Bache et al., 2010; Jolivet et al., 2015) and are
commonly interpreted as being formed during the Oligo-Miocene
rifting generated by the subduction slab roll back.

In the late Paleogene, at the future location of the Western
Mediterranean, subduction of the Tethyan oceanic lithosphere was
occurring under Eastern Iberia (Fig. 9a, Faccenna et al., 2004; Van
Hinsbergen et al., 2014; Romagny et al., 2020). At the same time,
Iberia was affected by convergence resulting in lithosphere thick-
ening and tectonic uplift during the building of the Iberian Range
and Pyrenean intra-continental mountain belts (Fig. 9a, Guimera
Rosso, 2018; Tugend et al., 2015b). Onset of the Tethyan subduc-
tion roll-back in the Oligocene generated a fundamental change in
subduction dynamics resulting in the formation of the Gulf of Lion
passive margin and oceanic Liguro-Provencal Basin (Fig. 9a, e.g.,
Romagny et al., 2020; Faccenna et al., 2004; Van Hinsbergen et al.,
2014).

We note however the atypical subsidence evolution during the
Oligocene-earliest Miocene rifting of the Gulf of Lion (Steckler and
Watts, 1980; Bache et al., 2010; Jolivet et al., 2015). Rifting ini-



P. Fang, J. Tugend, G. Mohn et al.

tiated under sub-aerial conditions associated with slow rates of
subsidence, followed by a rapid early to middle Miocene phase
of subsidence (Bache et al., 2010). Such atypical subsidence dur-
ing rifting could indicate that the same pre-Miocene uplift event
that we propose for the Valencia Trough might also have occurred
in the Gulf of Lion to the north. Deep-seated mantle flow pro-
cesses during the rifting of the Gulf of Lion have previously been
inferred to explain its anomalous subsidence evolution (Steckler
and Watts, 1980; Jolivet et al., 2015). A large part of the back-arc
region seems to record a pre-Miocene uplift, supporting the idea
that the uplift was generated by subduction segmentation and slab
tear during roll-back. This uplift could be generated by a thermal
event affecting back-arc lithosphere and asthenosphere, or mantle
flow dynamic topography. While it is observationally difficult to
discriminate between these (Molnar et al., 2015), we believe that
the rapid subsidence of the Miocene Unconformity in the Valencia
Trough is best explained by a combination of lithosphere thermal
re-equilibration and the collapse of mantle dynamic uplift.

6. Conclusions

We have investigated the Cenozoic subsidence evolution of the
south-western part of the Valencia Trough and show using 3D flex-
ural backstripping subsidence analysis that the subaerially formed
Miocene Unconformity observed in the south-western part of the
Valencia Trough has subsided by 1.5 km on average since its for-
mation. The limited occurrence of Cenozoic extensional faults in-
dicates that Cenozoic rifting cannot explain the subsidence of the
Miocene Unconformity. Neither can post-rift subsidence from ear-
lier Mesozoic rifting. Flexural loading related to the Betic fold and
thrust belt most likely controlled the local (~ 50 km wavelength)
high subsidence values observed close to the deformation front but
cannot explain the observed longer wavelength subsidence of the
Miocene Unconformity in the Valencia Trough.

Instead, we propose that long-wavelength (> 500 km) rapid
subsidence of the Miocene Unconformity was caused by the col-
lapse of transient uplift generated by subduction segmentation and
slab tear during the westward roll-back of Tethyan oceanic litho-
sphere subduction.

Our analysis suggests that the regional uplift leading to the
Miocene Unconformity resulted in approximately 4 km of mate-
rial being eroded. We propose that rapid km-scale back-arc uplift
and subsidence may be a common occurrence globally for other
back-arc regions experiencing subduction segmentation and slab-
tear during subduction slab roll-back.

CRediT authorship contribution statement

Penggao Fang: Formal analysis, Investigation, Visualization,
Writing - original draft, Writing - review & editing. Julie Tu-
gend: Conceptualization, Formal analysis, Investigation, Methodol-
ogy, Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. Geoffroy Mohn: Conceptualization,
Investigation, Methodology, Project administration, Resources, Su-
pervision, Visualization, Writing - review & editing. Nick Kusznir:
Conceptualization, Investigation, Methodology, Resources, Writing
- review & editing. WeiWei Ding: Funding acquisition, Supervi-
sion.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

14

Earth and Planetary Science Letters 575 (2021) 117179

Acknowledgements

The authors thank Sierd Cloetingh and Laurent Jolivet for their
insightful reviews and Hans Thybo for his careful editorial han-
dling. P. Fang and W. Ding acknowledge funding from the Na-
tional Natural Science Foundation of China (Grant Nos. 42025601,
91858214). ]. Tugend acknowledges the Orogen project and fund-
ing from TOTAL SA for her post-doctoral fellowship. The Generic
Mapping Tools (GMT) and QGIS software were used in this work.
Global topographic grid was extracted from the website of the
UCSD (https://topex.ucsd.edu/WWW _html/srtm30_plus.html). Seis-
mic data are available upon request at the Archivo Nacional de
Hidrocarburos del Ministerio de Energia, Turismo y Agenda Digital
de Espaiia (https://geoportal.minetur.gob.es/ATHv2/welcome.do).

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2021.117179.

References

Alba, J.S., 2007. La Mancha Triassic and lower Lias stratigraphy, a well log interpre-
tation. ]. Iber. Geol. 33 (1), 55-78.

Arche, A., Lopez Gémez, J., 1996. Origin of the Permian-Triassic Iberian basin,
central-eastern Spain. Tectonophysics 266, 443-464. https://doi.org/10.1016/
s0040-1951(96)00202-8.

Ayala, C., Torne, M., Roca, R., 2015. A review of the current knowledge of the crustal
and lithospheric structure of the Valencia Trough Basin. Bol. Geol. Min. 126
(2-3), 533-552.

Bache, F, Olivet, ].L., Gorini, C., Aslanian, D., Labails, C., Rabineau, M., 2010. Evo-
lution of rifted continental margins: the case of the Gulf of Lions (West-
ern Mediterranean Basin). Earth Planet. Sci. Lett. 292 (3-4), 345-356. https://
doi.org/10.1016/j.epsl.2010.02.001.

Cameselle, AL, Urgeles, R., 2017. Large-scale margin collapse during Messinian early
sea-level drawdown: the SW Valencia trough, NW Mediterranean. Basin Res. 29,
576-595. https://doi.org/10.1111/bre.12170.

Do Couto, D., Gorini, C., Jolivet, L., Lebret, N., Augier, R., Gumiaux , C, et al., 2016.
Tectonic and stratigraphic evolution of the Western Alboran Sea Basin in the
last 25 Myrs. Tectonophysics 677, 280-311. https://doi.org/10.1016/j.tecto.2016.
03.020.

Duffy, 0.B., Dooley, T.P,, Hudec, M.R., Jackson, M.P,, Fernandez, N., Jackson, C.A., Soto,
J.I, 2018. Structural evolution of salt-influenced fold-and-thrust belts: a syn-
thesis and new insights from basins containing isolated salt diapirs. ]. Struct.
Geol. 114, 206-221. https://doi.org/10.31223/osf.io/nd7et.

Etheve, N., Frizon de Lamotte, D., Mohn, G., Martos, R., Roca, E., Blanpied, C., 2016.
Extensional vs contractional Cenozoic deformation in Ibiza (Balearic Promon-
tory, Spain): integration in the West Mediterranean back-arc setting. Tectono-
physics 682, 35-55. https://doi.org/10.1016/j.tecto.2016.05.037.

Etheve, N., Mohn, G., Frizon de Lamotte, D., Roca, E., Tugend, J., Gomez-Romeu, ].,
2018. Extreme Mesozoic crustal thinning in the eastern Iberia margin: the ex-
ample of the Columbrets Basin (Valencia Trough). Tectonics 37 (2), 636-662.
https://doi.org/10.1002/2017tc004613.

Faccenna, C., Piromallo, C., Crespo-Blanc, A., Jolivet, L., Rossetti, F.,, 2004. Lateral slab
deformation and the origin of the western Mediterranean arcs. Tectonics 23 (1).
https://doi.org/10.1029/2002tc001488.

Fernandez, M., Foucher, J.P, Jurado, MJ., 1995. Evidence for the multi-stage for-
mation of the south-western Valencia Trough. Mar. Pet. Geol. 12 (1), 101-109.
https://doi.org/10.1016/0264-8172(95)90390-6.

Fontboté, .M., Guimera, J., Roca, E., Sabat, F, Santanach, P, Fernandez-Ortigosa,
F., 1990. The Cenozoic geodynamic evolution of the Valencia trough (western
Mediterranean). Rev. Soc. Geol. Esp. 3 (3-4), 249-259.

Gaspar-Escribano, J.M., Garcia-Castellanos, D., Roca, E., Cloetingh, S.A.PL., 2004.
Cenozoic vertical motions of the Catalan Coastal Ranges (NE Spain): the role
of tectonics, isostasy, and surface transport. Tectonics 23 (1). https://doi.org/10.
1029/2003tc001511.

Gaspar-Escribano, J.M., Ter Voorde, M., Roca, E., Cloetingh, S.A.P.L., 2003. Mechanical
(de-) coupling of the lithosphere in the Valencia Trough (NW Mediterranean):
what does it mean? Earth Planet. Sci. Lett. 210 (1-2), 291-303. https://doi.org/
10.1016/s0012-821x(03)00140-7.

Gaspar-Escribano, J.M., Van Wees, ].D., Ter Voorde, M., Cloetingh, S.A.P.L, Roca, E.,
Cabrera, L., et al., 2001. Three-dimensional flexural modelling of the Ebro Basin
(NE Iberia). Geophys. J. Int. 145 (2), 349-367. https://doi.org/10.1046/j.1365-
246x.2001.01379.x.


https://topex.ucsd.edu/WWW_html/srtm30_plus.html
https://geoportal.minetur.gob.es/ATHv2/welcome.do
https://doi.org/10.1016/j.epsl.2021.117179
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib00D9C34634D8C9726B3C56FB90E859B4s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib00D9C34634D8C9726B3C56FB90E859B4s1
https://doi.org/10.1016/s0040-1951(96)00202-8
https://doi.org/10.1016/s0040-1951(96)00202-8
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib0DE9A61EC723704DC2D906D6A5B84B41s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib0DE9A61EC723704DC2D906D6A5B84B41s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib0DE9A61EC723704DC2D906D6A5B84B41s1
https://doi.org/10.1016/j.epsl.2010.02.001
https://doi.org/10.1016/j.epsl.2010.02.001
https://doi.org/10.1111/bre.12170
https://doi.org/10.1016/j.tecto.2016.03.020
https://doi.org/10.1016/j.tecto.2016.03.020
https://doi.org/10.31223/osf.io/nd7et
https://doi.org/10.1016/j.tecto.2016.05.037
https://doi.org/10.1002/2017tc004613
https://doi.org/10.1029/2002tc001488
https://doi.org/10.1016/0264-8172(95)90390-6
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib995BF6B94E9A665B41FE7733B20CB54Cs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib995BF6B94E9A665B41FE7733B20CB54Cs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib995BF6B94E9A665B41FE7733B20CB54Cs1
https://doi.org/10.1029/2003tc001511
https://doi.org/10.1029/2003tc001511
https://doi.org/10.1016/s0012-821x(03)00140-7
https://doi.org/10.1016/s0012-821x(03)00140-7
https://doi.org/10.1046/j.1365-246x.2001.01379.x
https://doi.org/10.1046/j.1365-246x.2001.01379.x

P. Fang, J. Tugend, G. Mohn et al.

Gorini, C., Le Marrec, A., Mauffret, A., 1993. Contribution to the structural and sed-
imentary history of the Gulf of Lions (western Mediterranean) from the ECORS
profiles, industrial seismic profiles and well data. Bull. Soc. Géol. Fr. 164 (3),
353-363.

Granado, P, Urgeles, R,, Sabat, F,, Albert-Villanueva, E., Roca, E., Mufioz, ].A., Mazzuca,
N., Gambini, R., 2016. Geodynamical framework and hydrocarbon plays of a salt
giant: the NW Mediterranean Basin. Pet. Geosci. 22 (4), 309-321. https://doi.org/
10.1144/petge02015-084.

Guimera Rosso, J.J., 2018. Structure of an intraplate fold-and-thrust belt: the Iberian
Chain. A synthesis. Geol. Acta 16 (4), 0427.

Gurnis, M., 1993. Phanerozoic marine inundation of continents driven by dynamic
topography above subducting slabs. Nature 364 (6438), 589-593.

Janssen, M.E., Torné, M., Cloetingh, S.A.PL., Banda, E., 1993. Pliocene uplift of the
eastern Iberian margin: inferences from quantitative modelling of the Valencia
Trough. Earth Planet. Sci. Lett. 119 (4), 585-597. https://doi.org/10.1016/0012-
821x(93)90064-g.

Jolivet, L., Gorini, C., Smit, J., Leroy, S., 2015. Continental breakup and the dynamics
of rifting in back-arc basins: the Gulf of Lion margin. Tectonics 34 (4), 662-679.
https://doi.org/10.1002/2014TC003570.

Jolivet, L., Menant, A., Roche, V., Le Pourhiet, L., Maillard, A., Augier, R., Do Couto,
D., Gorini, C., Thinon, I, Canva, A., 2021. Transfer zones in Mediterranean back-
arc regions and tear faults. In: Lacombe, O., Tavani, S., Teixell, A., Pedreira, D.,
Calassou, S. (Eds.), BSGF - Earth Sciences Bulletin 192 (1), 11. https://doi.org/10.
1051/bsgf/2021006.

Klimowitz, ]J., Escalante, S., Hernandez, E., Soto, J.I, 2018. Estructuracién tecténica
Alpina del margen occidental del Surco de Valencia (Mediterrdneo Occidental).
Rev. Soc. Geol. Esp. 31 (2), 83-100.

Lanaja, J.M., 1987. Contribucién de la exploracién petrolifera al conocimiento de la
geologia de Espafia. IGME.

Maillard, A., Gorini, C., Mauffret, A., Sage, F, Lofi, J., Gaullier, V., 2006. Offshore
evidence of polyphase erosion in the Valencia Basin (Northwestern Mediter-
ranean): scenario for the Messinian Salinity Crisis. Sediment. Geol. 188, 69-91.
https://doi.org/10.1016/j.sedgeo.2006.02.006.

Maillard, A., Mauffret, A., 1999. Crustal structure and riftogenesis of the Valencia
Trough (north-western Mediterranean Sea). Basin Res. 11 (4), 357-379. https://
doi.org/10.1046/j.1365-2117.1999.00105.x.

Maillard, A., Mauffret, A., 2013. Structure and present-day compression in the off-
shore area between Alicante and Ibiza Island (Eastern Iberian Margin). Tectono-
physics 591, 116-130. https://doi.org/10.1016/j.tecto.2011.07.007.

Maillard, A., Mauffret, A., Watts, A.B., Torné, M., Pascal, G., Buhl, P, Pinet, B., 1992.
Tertiary sedimentary history and structure of the Valencia trough (western
Mediterranean). Tectonophysics 203 (1-4), 57-75. https://doi.org/10.1016/0040-
1951(92)90215-r.

McKenzie, D., 1978. Some remarks on the development of sedimentary basins. Earth
Planet. Sci. Lett. 40 (1), 25-32.

Mitrovica, ].X., Beaumont, C., Jarvis, G.T., 1989. Tilting of continental interiors by the
dynamical effects of subduction. Tectonics 8, 1079-1094.

Molnar, P, England, P.C., Jones, C.H., 2015. Mantle dynamics, isostasy, and the sup-
port of high terrain. J. Geophys. Res., Solid Earth 120 (3), 1932-1957. https://
doi.org/10.1002/2014jb011724.

Orti, F.,, Pérez-Lopez, A., Salvany, J.M., 2017. Triassic evaporites of Iberia: sedimen-
tological and palaeogeographical implications for the western Neotethys evo-
lution during the Middle Triassic-Earliest Jurassic. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 471, 157-180. https://doi.org/10.1016/j.palae0.2017.01.025.

Pascal, G., Torné, M., Buhl, P, Watts, A.B., Mauffret, A., 1992. Crustal and velocity
structure of the Valencia trough (western Mediterranean), Part II. Detailed in-
terpretation of five Expanded Spread Profiles. Tectonophysics 203 (1-4), 21-35.
https://doi.org/10.1016/0040-1951(92)90213-p.

Platt, J.P, Behr, WM., Johanesen, K., Williams, J.R., 2013. The Betic-Rif arc and its
orogenic hinterland: a review. Annu. Rev. Earth Planet. Sci. 41, 313-357. https://
doi.org/10.1146/annurev-earth-050212-123951.

Roberts, A.M., Kusznir, NJ., Yielding, G., Styles, P., 1998. Backstripping extensional
basins: the need for a sideways glance. Pet. Geosci. 4, 327-338.

Roca, E., 1996. La cubeta mesozoica de las Columbrets: aportaciones al conocimiento
de la estructura del surco de Valencia. Geogaceta 20 (7), 1711-1714.

Roca, E., 2001. The northwest Mediterranean basin (Valencia trough, Gulf of Lions
and Liguro-Provencal basins): structure and geodynamic evolution. Mém. Mus.
Natl. Hist. Nat. (1993) 186, 671-706.

Roca, E., Desegaulx, P, 1992. Analysis of the geological evolution and vertical move-
ments in the Valencia Trough area, western Mediterranean. Mar. Pet. Geol. 9 (2),
167-185. https://doi.org/10.1016/0264-8172(92)90089-w.

Roca, E., Guimera, J., 1992. The Neogene structure of the eastern Iberian margin:
structural constraints on the crustal evolution of the Valencia trough (western

15

Earth and Planetary Science Letters 575 (2021) 117179

Mediterranean). Tectonophysics 203 (1-4), 203-218. https://doi.org/10.1016/
0040-1951(92)90224-t.

Roca, E., Sans, M., Cabrera, L., Marzo, M., 1999. Oligocene to Middle Miocene evo-
lution of the central Catalan margin (northwestern Mediterranean). Tectono-
physics 315 (1-4), 209-229. https://doi.org/10.1016/s0040-1951(99)00289-9.

Roca, E., Sans, M., Koyi, H.A., 2006. Polyphase deformation of diapiric areas in mod-
els and in the eastern Prebetics (Spain). AAPG Bull. 90 (1), 115-136. https://
doi.org/10.1306/07260504096.

Roma, M., Ferrer, O., Roca, E., Pla, O., Escosa, F.O., Butillé, M., 2018. Formation and
inversion of salt-detached ramp-syncline basins. Results from analog modeling
and application to the Columbrets Basin (Western Mediterranean). Tectono-
physics 745, 214-228. https://doi.org/10.1016/j.tecto.2018.08.012.

Romagny, A., Jolivet, L., Menant, A., Bessiére, E., Maillard, A., Canva, A., Gorini, C.,
Augier, R., 2020. Detailed tectonic reconstructions of the Western Mediterranean
region for the last 35 Ma, insights on driving mechanisms. In: Lacombe, O.,
Tavani, S., Teixell, A., Pedreira, D., Calassou, S. (Eds.), BSGF - Earth Sciences Bul-
letin 191 (1), 37. https://doi.org/10.1051/bsgf/2020040.

Sabat, F, Gelabert, B., Rodriguez-Perea, A., Giménez, J., 2011. Geological structure
and evolution of Majorca: implications for the origin of the Western Mediter-
ranean. Tectonophysics 510 (1-2), 217-238. https://doi.org/10.1016/j.tecto.2011.
07.005.

Sabat, F, Roca, E., Mufioz, J.A., Vergés, ]., Santanach, P, Sans, M., Masana, E., Estévez,
A., Santisteban, C., 1997. Role of extension and compression in the evolution of
the eastern margin of Iberia: the ESCI-Valéncia Trough seismic profile. Rev. Soc.
Geol. Esp. 8, 431-448.

Salas, R, Guimera, J., Mas, R., Martin-Closas, C., Meléndez, A., Alonso, A., 2001. Evo-
lution of the Mesozoic central Iberian Rift system and its Cainozoic inversion
(Iberian chain). Peri-Tethys Memoir 6, 145-185.

Sclater, J.G., Christie, PA., 1980. Continental stretching: an explanation of the post-
mid-Cretaceous subsidence of the central North Sea basin. J. Geophys. Res.,
Solid Earth 85 (B7), 3711-3739. https://doi.org/10.1306/2f919201-16ce-11d7-
8645000102¢1865d.

Steckler, M.S., Watts, A.B., 1980. The Gulf of Lion: subsidence of a young continental
margin. Nature 287 (5781), 425-429.

Ter Voorde, M., Gaspar-Escribano, ].M., Juez-Larré, ., Roca, E., Cloetingh, S.A.P.L., An-
driessen, P.,, 2007. Thermal effects of linked lithospheric and upper crustal-scale
processes: insights from numerical modeling of the Cenozoic Central Catalan
Coastal Ranges (NE Spain). Tectonics 26 (5).

Torné, M., Pascal, G. Buhl, P, Watts, A.B., Mauffret, A.,, 1992. Crustal and ve-
locity structure of the Valencia trough (western Mediterranean), Part 1. A
combined refraction/wide-angle reflection and near-vertical reflection study.
Tectonophysics 203 (1-4), 1-20. https://doi.org/10.1016/0040-1951(92)90212-0.

Torres, J., Bois, C., Burrus, J., 1993. Initiation and evolution of the Valencia Trough
(western Mediterranean): constraints from deep seismic profiling and subsi-
dence analysis. Tectonophysics 228 (1-2), 57-80. https://doi.org/10.1016/0040-
1951(93)90214-5.

Tugend, J., Manatschal, G., Kusznir, N,J., Masini, E., 2015a. Characterizing and iden-
tifying structural domains at rifted continental margins: application to the Bay
of Biscay margins and its Western Pyrenean fossil remnants. Geol. Soc. (Lond.)
Spec. Publ. 413 (1), 171-203. https://doi.org/10.1144/sp413.3.

Tugend, J., Manatschal, G., Kusznir, N.J.,, 2015b. Spatial and temporal evolution of
hyperextended rift systems: implication for the nature, kinematics, and timing
of the Iberian-European plate boundary. Geology 43 (1), 15-18. https://doi.org/
10.1130/g36072.1.

Van der Beek, PA., Cloetingh, S., 1992. Lithospheric flexure and the tectonic evo-
lution of the Betic Cordilleras (SE Spain). Tectonophysics 203 (1-4), 325-344.
https://doi.org/10.1016/0040-1951(92)90230-4.

Van Hinsbergen, DJ., Vissers, R.L, Spakman, W., 2014. Origin and consequences
of western Mediterranean subduction, rollback, and slab segmentation. Tecton-
ics 33 (4), 393-419. https://doi.org/10.1002/2013tc003349.

Watts, A.B., Torné, M., 1992a. Crustal structure and the mechanical properties of ex-
tended continental lithosphere in the Valencia trough (western Mediterranean).
J. Geol. Soc. 149 (5), 813-827. https://doi.org/10.1144/gsjgs.149.5.0813.

Watts, A.B., Torné, M., 1992b. Subsidence history, crustal structure, and thermal
evolution of the Valencia Trough: a young extensional basin in the western
Mediterranean. J. Geophys. Res., Solid Earth 97 (B13), 20021-20041. https://
doi.org/10.1029/92jb00583.

Yamasaki, T., Stephenson, R., 2009. Change in tectonic force inferred from basin
subsidence: implications for the dynamical aspects of back-arc rifting in the
western Mediterranean. Earth Planet. Sci. Lett. 277 (1-2), 174-183. https://
doi.org/10.1016/j.epsl.2008.10.011.


http://refhub.elsevier.com/S0012-821X(21)00434-9/bib50420849BC8338AD07ACC1F033795D4Bs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib50420849BC8338AD07ACC1F033795D4Bs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib50420849BC8338AD07ACC1F033795D4Bs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib50420849BC8338AD07ACC1F033795D4Bs1
https://doi.org/10.1144/petgeo2015-084
https://doi.org/10.1144/petgeo2015-084
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibDFBBB697DD19D8C327BEB5609767023Fs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibDFBBB697DD19D8C327BEB5609767023Fs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib8E87CBA3526675E52E911E565A75DE56s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib8E87CBA3526675E52E911E565A75DE56s1
https://doi.org/10.1016/0012-821x(93)90064-g
https://doi.org/10.1016/0012-821x(93)90064-g
https://doi.org/10.1002/2014TC003570
https://doi.org/10.1051/bsgf/2021006
https://doi.org/10.1051/bsgf/2021006
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibC43364B4F9B2E4352ED60C56F2ED3244s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibC43364B4F9B2E4352ED60C56F2ED3244s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibC43364B4F9B2E4352ED60C56F2ED3244s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib72AF20389EE44D809778424C3A2B760Bs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib72AF20389EE44D809778424C3A2B760Bs1
https://doi.org/10.1016/j.sedgeo.2006.02.006
https://doi.org/10.1046/j.1365-2117.1999.00105.x
https://doi.org/10.1046/j.1365-2117.1999.00105.x
https://doi.org/10.1016/j.tecto.2011.07.007
https://doi.org/10.1016/0040-1951(92)90215-r
https://doi.org/10.1016/0040-1951(92)90215-r
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibF6BAA560B0744332CD73BDBBD521C1F9s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibF6BAA560B0744332CD73BDBBD521C1F9s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib01F42E83D25F0E1E7AAE1A6C6B27F8E6s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib01F42E83D25F0E1E7AAE1A6C6B27F8E6s1
https://doi.org/10.1002/2014jb011724
https://doi.org/10.1002/2014jb011724
https://doi.org/10.1016/j.palaeo.2017.01.025
https://doi.org/10.1016/0040-1951(92)90213-p
https://doi.org/10.1146/annurev-earth-050212-123951
https://doi.org/10.1146/annurev-earth-050212-123951
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib14C34300E08CB15B916FA2C78A64EBB1s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib14C34300E08CB15B916FA2C78A64EBB1s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib7B4020DEB51EBA5157CF3FB77D80A2A6s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib7B4020DEB51EBA5157CF3FB77D80A2A6s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib60C6D1F22F9784D5DD4B81315E8DD107s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib60C6D1F22F9784D5DD4B81315E8DD107s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib60C6D1F22F9784D5DD4B81315E8DD107s1
https://doi.org/10.1016/0264-8172(92)90089-w
https://doi.org/10.1016/0040-1951(92)90224-t
https://doi.org/10.1016/0040-1951(92)90224-t
https://doi.org/10.1016/s0040-1951(99)00289-9
https://doi.org/10.1306/07260504096
https://doi.org/10.1306/07260504096
https://doi.org/10.1016/j.tecto.2018.08.012
https://doi.org/10.1051/bsgf/2020040
https://doi.org/10.1016/j.tecto.2011.07.005
https://doi.org/10.1016/j.tecto.2011.07.005
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib5C6EB8C81CC78BBF13534E1F8E61FF16s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib5C6EB8C81CC78BBF13534E1F8E61FF16s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib5C6EB8C81CC78BBF13534E1F8E61FF16s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib5C6EB8C81CC78BBF13534E1F8E61FF16s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibED18E6368DEC1F05EBCC7046244B2D3As1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibED18E6368DEC1F05EBCC7046244B2D3As1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibED18E6368DEC1F05EBCC7046244B2D3As1
https://doi.org/10.1306/2f919201-16ce-11d7-8645000102c1865d
https://doi.org/10.1306/2f919201-16ce-11d7-8645000102c1865d
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibF65A37006CC509C91506FB8AA31C11D1s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bibF65A37006CC509C91506FB8AA31C11D1s1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib382EA94BE1A41332E6333F71479AC43Cs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib382EA94BE1A41332E6333F71479AC43Cs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib382EA94BE1A41332E6333F71479AC43Cs1
http://refhub.elsevier.com/S0012-821X(21)00434-9/bib382EA94BE1A41332E6333F71479AC43Cs1
https://doi.org/10.1016/0040-1951(92)90212-o
https://doi.org/10.1016/0040-1951(93)90214-5
https://doi.org/10.1016/0040-1951(93)90214-5
https://doi.org/10.1144/sp413.3
https://doi.org/10.1130/g36072.1
https://doi.org/10.1130/g36072.1
https://doi.org/10.1016/0040-1951(92)90230-4
https://doi.org/10.1002/2013tc003349
https://doi.org/10.1144/gsjgs.149.5.0813
https://doi.org/10.1029/92jb00583
https://doi.org/10.1029/92jb00583
https://doi.org/10.1016/j.epsl.2008.10.011
https://doi.org/10.1016/j.epsl.2008.10.011

	Evidence for rapid large-amplitude vertical motions in the Valencia Trough (Western Mediterranean) generated by 3D subducti...
	1 Introduction
	2 Tectono-stratigraphic context
	3 Analysis of seismic and well data
	3.1 Multichannel seismic reflection data and expanded spread data
	3.2 Well data
	3.3 Depth conversion
	3.4 Structural and stratigraphic architecture of the SW Valencia Trough from seismic interpretation

	4 Subsidence analysis
	4.1 Methodology using 3D flexural-backstripping
	4.2 Results of subsidence analysis

	5 Discussion
	5.1 Potential causes of Miocene subsidence
	5.2 Estimations of the amount of erosion
	5.3 Integration of transient uplift in the Western Mediterranean geodynamics

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	References


