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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/).
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 
le under the CC BY-NC-ND license 
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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; I.R.: 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 Guimerà, 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-
2

lard et al., 1992; Roca and Guimerà, 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 López Gómez, 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, Ortí 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-
3

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 



P. Fang, J. Tugend, G. Mohn et al. Earth and Planetary Science Letters 575 (2021) 117179

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; L.J.: 
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 (Guimerà 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-
Provençal 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., 
4

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 
(Sàbat 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; Sàbat et al., 2011; Etheve et al., 2018).

3.3. Depth conversion

We applied a constant velocity of 1.524 km.s−1 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−1 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−1 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 
5

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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Fig. 4. (a) Interpreted SGV-01 109 reflection seismic profile (s, TWT) (after Etheve et al., 2018, see location in Fig. 1). (b) Depth conversion applied to the interpreted horizons
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 
6

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; Sàbat et al., 2011; Etheve 
et al., 2016).
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Fig. 5. Interpretation of the (a) SGV01-109 and (b) SGV01-115 NW-SE trending reflection seismic profiles (see location in Fig. 1). Interpreted zooms of the SGV01-115 profile 
over the structure of the (c) Valencia Fault, (d) southern Columbrets Basin and (e) Mesozoic salt-related rafts.
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 Guimerà, 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 
7

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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Fig. 6. Interpretation of the (a) SGV01-203 and (b) SGV01-206 NE-SW trending reflection seismic profiles (see location in Fig. 1). Interpreted zooms of the SGV01-206 profile 
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.
8

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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Fig. 7. Thickness maps of (a) Pliocene-Quaternary sediments (Seismic Unit A), (b) Miocene sediments (Seismic Unit B), (c) Upper Jurassic to Paleogene sediments (Seismic 
Units CD), (d) Middle Triassic to Middle Jurassic sediments (Seismic Units EF) (d) Structural map superimposed on the depth to the Miocene Unconformity. The Betic front 
as mapped in this work is indicated on all maps. Contours are given every 500 m.
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) 
9

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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Fig. 8. (a) Map of the depth to the Miocene Unconformity (b-e) Backstripped maps at the Miocene Unconformity for an effective elastic thickness of (b) 0 km, (b) 3 km, 5 
km and 10 km. The location of the Betic front is indicated on all maps. Contours are shown every 500 m. (f) Histograms showing the distribution of the Miocene subsidence 
for the different investigated values of Te.
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 
10
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-Provençal 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 
11
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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Fig. 9. 3D blocks illustrating the evolution of vertical movements in the Valencia Trough with respect to the 3D subduction slab dynamics during the Tethyan slab roll-back. 
(a) Late Oligocene: Subduction segmentation during roll-back resulting in slab tear would have generated an upward flow of asthenosphere through the slab tear window in 
back-arc asthenosphere wedge generating a thermal perturbation, transient uplift and erosion in the south-western Valencia Trough. (b) Early Miocene: collapse of transient 
uplift and thermal re-equilibration of the lithosphere caused the rapid subsidence of the Miocene Unconformity during the retreat of the Tethyan subduction. Paleogeographic 
maps are modified from Roca (2001) and Etheve et al. (2016). COT: Continent-Ocean-Transition. Be: Betics; Co.: Corsica; GoL: Gulf of Lion; I.R.: Iberian Range; NBTZ: North 
Balearic Transfer Zone; Sa.: Sardinia; V.T.: Valencia Trough.
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 
12
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). 
(c) Plot of eroded thickness as a function of the initial elevation and remaining sediment thickness. (For interpretation of the colours in the figure(s), the reader is referred 
to the web version of this article.)
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, Guimerà 
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-Provençal 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-
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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.
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