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A B S T R A C T

In response to the growing interest in decarbonizing Europe’s industrial hubs, this study examines the potential 
of the Miocene Castellón Sandstones Formation in the Valencia Trough for geological carbon storage. The 
proposed storage unit is represented by a siliciclastic succession formed mainly by sandstones and sandy het
erolithics, in the Ebro Delta offshore area of the Valencia Trough. The sedimentological characterization of this 
succession, based on the study of a cored section from Amposta Marino C-2 well, has allowed to identify up to 
eleven lithofacies, comprising sandstones, heterolithics, calcarenites and carbonate breccias. These lithofacies 
can be grouped in six facies associations, including: 1) fluvial channel, 2) delta front proximal mouth bar, 3) delta 
front distal mouth bar, 4) proximal prodelta, 5) distal prodelta and 6) shelfal lag. The seismic stratigraphic 
analysis carried out throughout the study area points out to the additional presence of delta plain deposits in the 
northeastern sector of the study area, approximately at 30 km from the present-day Ebro delta shoreline. Based 
on the interpretation of these facies and seismic facies associations, the proposed depositional model consists of a 
river dominated, wave-influenced delta for the proto-Ebro deltaic system during the Late Miocene in the Valencia 
Trough. This study proposes that this sand-prone succession is presented as a good candidate for geological 
carbon storage in the study area, considering its proximity to the onshore Tarragona’s industrial complex and its 
optimal reservoir characteristics. Additionally, the thick succession of the Ebro Shales also shows great potential 
as a vertical and lateral seal of the underlying Castellón Sandstones Formation.

1. From hydrocarbon exploration and production to geological 
carbon storage in the Valencia Trough

The current knowledge of the offshore subsurface reservoirs in the 
Valencia Trough (Fig. 1) has largely been developed by energy com
panies, which have historically focused on pursuing new oil and gas 
discoveries in the area.

Petroleum exploration in the Valencia Trough started in the late 
1960s (Navarro Comet, 2019). A consortium led by Shell found the 
Amposta oil field in 1970, being the first oil discovery in the area (Figs. 1 
and 2).

The main target of these wells was the fractured and karstified 
Mesozoic carbonates, proving the presence of effective petroleum sys
tems mainly sourced by the Jurassic Ascla or Mas d’Ascla Formation 
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(Fig. 3) (Upper Kimmeridgian – Lower Titonian; Salas, 1989; Permanyer 
et al., 1999; Rossi et al., 2001; Salas and Permanyer, 2003; Playà et al., 
2010) and the Lower Miocene Alcanar Formation (Di Cuia et al., 2017). 
The regional seal is constituted by the Middle Miocene Castellón Shales 
Formation (Fig. 3). Shallower successions in the overburden were in 
general not prospective, with the exception of the Tarraco structure in 
the basal Lower Miocene carbonates, the Dorada discovery in the basal 
Lower Miocene conglomerates and fractured dolostones (Aquitanian?; 
Clavell, 1992).

The vast knowledge acquired by the industry in the area and the 
interest of these energy companies and other public entities in decar
bonizing industrial hubs in Europe (IEA, 2024) has recently led to the 
applications for investigation permits in the region with the aim of 
identifying strategic sites (Alcalde et al., 2021; Sun et al., 2021; Bullock 
et al., 2023) for the secure storage of large amounts of carbon dioxide in 
the subsurface. One of these research projects is framed in the TarraCO2 
investigation permit (Martín-Monge et al., 2024) in the offshore area of 
the Ebro delta in the Valencia Trough, where this study is focused 
(Fig. 1). This permit request is located 50 km from the nearshore Tar
ragona’s industrial area, a potential hub considered for decarbonization 
with CCS (Fernández-Canteli Álvarez et al., 2023) (Fig. 1).

The Valencia Trough infill (Fig. 3) presents a high potential for 
geological carbon storage in the subsurface by means of several sand- 
rich delta complexes. One of these successions is the Castellón Sand
stones Formation, a poorly documented unit in academia with a chal
lenging stratigraphic lateral correlation due to the paleorelief created by 
the Messinian Erosive Surface (MES) during the Late Miocene (Fig. 4) 
(Stampfli and Höcker, 1989; Escutia and Maldonado, 1992; Garcia-
Castellanos et al., 2003; Frey-Martínez et al., 2004; Maillard et al., 2006; 
García et al., 2011; Lofi et al., 2011; Maillard and Mauffret, 2006; 
García-Castellanos and Villaseñor, 2011; Arche et al., 2010; Martínez del 
Olmo, 2011; Urgeles et al., 2011; Cameselle et al., 2014; Tassy et al., 
2014; Martínez del Olmo and Martín, 2016; Martínez del Olmo, 2019; 
Pellen et al., 2019). Such formation forms part of the overburden of the 
prospective hydrocarbon fields in the area that were recently 
abandoned.

Transitional marginal to shallow marine delta complex deposits have 
been proved as excellent reservoirs for permanent geological carbon and 
storage elsewhere (Chadwick et al., 2004; Zweigel et al., 2004; Ambrose 
et al., 2008; Pham et al., 2013; Issautier et al., 2014, 2016; Gershenzon 

et al., 2015, 2017; Al-Khdheeawi et al., 2017, 2018; Soltanian et al., 
2019; Eigbe et al., 2023), and accordingly, similar sedimentary units in 
the Valencia Trough present strong potential for geological carbon 
storage.

In this framework, this study presents a systematic stratigraphic and 
sedimentological analysis of the deltaic Castellón Sandstones Formation 
(Fig. 3), for their potential use as a carbon storage site. This is achieved 
by describing a continuous core section from Amposta Marino C-2 well, 
allowing to characterize these deposits in terms of correlatable facies 
associations, sedimentary model and reservoir quality properties of this 
unit. Additionally, seismic facies analysis in the area also aims to provide 
insightful knowledge further to the north-east from the location of this 
well.

2. Geological setting

The western margin of the Mediterranean is characterized by a series 
of basins opening from the Iberian eastern margin up to the western 
coasts of Corsica and Sardinia (Fig. 1). Among them, the Valencia 
Trough represents the southwestern extension of the Liguro-Provençal 
Basin and the main depocenter of the Ebro River sedimentation infill 
since the Middle Miocene.

The geomorphology of the Valencia Trough is defined by a NE-SW- 
trending basin bounded to the southeast by the Balearic Promontory 
and to the northwest by the Catalan Coastal Ranges and the Iberian 
continental margin (Fig. 1). The Valencia Trough formed on the 
stretched continental crust extending between the northeastern margin 
of the Iberian Plate and the Balearic Promontory (Fig. 2-A), corre
sponding to the northeastern extension of the Betic thrust belt (Roca and 
Guimerà, 1992). It has been interpreted as an aborted Late Oligocene – 
Early Miocene rift (Maillard et al., 1992; Álvarez-de-Buergo and 
Meléndez-Hevia, 1994) triggered by a back-arc extension in the upper 
Iberian plate. The retreat of the subducting Tethyan oceanic slab to
wards the SE promoted the formation of the Valencia Trough, and also 
the Liguro-Provençal and the Algerian basins (Roca et al., 1999, 2004; 
Ayala et al., 2015; Fang et al., 2021). The extension of the Iberian 
continental margin, including the Valencia Trough, was controlled by 
major seaward-dipping listric faults (Fig. 2-B) resulted from tectonic 
inversion of older Paleogene reverse faults of the Catalan Coastal Ranges 
(Sàbat et al., 1997; Roca et al., 1999).

Fig. 1. Geographic location of the Ebro basin drainage system, the main geological domains of the northeastern Iberian Peninsula and Balearic Promontory, and 
location of the study area (Fig. 5) as part of the Valencia Trough in connection with the Liguro-Provençal basin. See also the location of the TarraCO2 Investigation 
Permit request in the area of study. Source basemap from EMODnet bathymetry portal (2024).
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Syn-rift sedimentation initiated in the Valencia Trough during the 
Early Miocene (Alcanar Group, Figs. 3 and 4; Clavell and Berastegui, 
1991; Clavell, 1992) under restricted marine conditions in a predomi
nantly starved basin (Álvarez-de-Buergo and Meléndez-Hevia, 1994).

From the Middle Miocene, the post-rift sedimentation evolved into a 
prograding continental shelf that resulted in the deposition on the Ebro 
margin (Fig. 2-B), and corresponds to the onset of the proto-Ebro delta 
sedimentation (Fig. 4). This post-rift infilling is characterized by two 
main prograding megasequences separated by the Messinian Erosive 
Surface (MES), also referred as Messinian unconformity (Fig. 3). The 

first megasequence, also called the Castellón Group (Figs. 3 and 4), 
which is interpreted to have been developed from the Langhian to the 
Messinian, with an original thickness of ca. 1000 m (Soler et al., 1983; 
Lanaja, 1987; Martínez del Olmo, 1996; Evans and Arche, 2002; 
Cameselle and Urgeles, 2015). The deposition of the second mega
sequence, called Ebro Group (Figs. 3 and 4), started during the Zanclean 
(Zanclean flood; Garcia-Castellanos et al., 2009) and continues until the 
present day (Garcia- Sineriz et al., 1978; Soler et al., 1983; Clavell and 
Berastegui, 1991; Bertoni and Cartwright, 2005; Kertznus and Kneller, 
2009).

Fig. 2. A) Geological map of the northeastern part of the Iberian Peninsula and the northwestern margin of the Valencia Trough. After Roca (1994), Roca et al. 
(1999) and Barbara et al. (2019). B) Regional cross-section from the Ebro basin to the Valencia Trough. After Cabrera et al. (2004) and Bárbara et al. (2019).
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The Castellón Group was defined as the sedimentary package limited 
by the underlying Alcanar Group and the overlying MES in the subsur
face of the Valencia Trough (Clavell and Berastegui, 1991; Clavell, 1992; 
Martínez del Olmo, 2021). This lithostratigraphic unit can be subdivided 
in two formal units (Clavell, 1992), the Castellón Shales Formation and 
the Castellón Sandstones Formation, denoting the progradation of 
deltaic sediments in an overall shelfal setting. The Castellón Sandstones 
Formation overlies conformably on top of the Castellón Shales Forma
tion, passing gradually from deep marine deposits to mainly 
wave-influenced shelfal deposits (Clavell and Berastegui, 1991; Clavell, 
1992). The uppermost part of the Castellón Sandstones Formation is 
usually prominently truncated by the MES in the Valencia Trough, and 
regionally covered by the shale-rich Plio-Quaternary Ebro Shales For
mation (Fig. 4).

3. Data and methods

The dataset used in this study comprises a wide range of well data 
including core, wireline logs (gamma ray, density, neutron and sonic) 
and well reports from five wells, the Amposta Marino C-2 well and 
Castellón B-7, B-9, B-1 and B-13 wells, and seismic data from three 
different cubes belonging to the Amposta, BG Ebro and Tortuga seismic 
surveys (Fig. 5), being the sedimentological description of the Amposta 
Marino C-2 well core the primary focus of this study.

The seismic dataset used in this study comprises three prestack time- 
migrated 3D seismic volumes covering an approximate area of 79 km2 

for the Amposta 3D cube, 2960 km2 for BG Ebro 3D cube and 225 km2 

for the Tortuga 3D cube (Fig. 5). The analysis was done in time domain 
with a vertical resolution in the 20–30 m range depending on the seismic 
survey. The most common vertical exaggeration (V.E.) used for seismic 
interpretation was 5.

The workflow used in this study started with the sedimentological 

Fig. 3. Synthetic stratigraphic column with principal geological formations and ages (ages from Clavell, 1992). See also at the right-side of the figure a narrow 
representative seismic section showing the main seismic facies of each unit. E/M: Early to Middle; FM.: Formation; MES: Messinian Erosive Surface; PZ: Paleozoic.
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description of the Amposta Marino C-2 well core, which includes 29 m of 
a continuous section of the upper part of the Castellón Sandstones For
mation and a few centimetres of the lowermost interval of the Ebro 
Shales Formation. The sedimentological characterization of this core 
allowed to precisely interpret the facies associations present in this unit 
and to compare this hard core data with indirect rock measurements 
through the same logged section with conventional wireline logs.

In addition, a seismic stratigraphy analysis was done across the study 

area in order to interpret seismic facies with the aim of identifying and 
characterizing the main sedimentary packages with common aggrada
tional, progradational or retrogradational stacking patterns in the study 
area and tie them to the patterns observed from the Amposta Marino C-2 
well.

Fig. 4. Interpreted regional cross-section of the area with the seaward migration of the deltaic system along the time. Note the three main lithostratigraphic units 
above the Mesozoic: Alcanar, Castellón and Ebro Groups. The onset of the proto-Ebro delta sedimentation is interpreted in red, the MES is interpreted in black and the 
sea-bottom in blue (Vertical Exaggeration VE ~ 5). TWT stands for two-way travel time and is expressed in milliseconds (ms). Location of this seismic section is 
showed in Fig. 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Bathymetric map of the study area showing the four 3D seismic surveys used in this study and the historical wells in the zone. The main hydrocarbon fields 
are also represented. The Amposta Marino C-2 well analysed in this study is highlighted in red. Location of sections showed in Figs. 4 and 10 is also highlighted. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Results

4.1. Lithofacies

Eleven lithofacies were defined based upon their lithology, sedi
mentary structures and bioturbation type and intensity (Table 1) in the 
cored section of the Amposta Marino C-2 well (Fig. 6). Each lithofacies is 
described and interpreted as follows.

4.1.1. Burrowed calcarenites (Cb)
Lithofacies Cb is made of silty to very fine-grained calcareous sand

stones with massive to slightly parallel and low-angle cross-lamination 
with scattered foraminifera, algae, bivalve and undetermined shell 
bioclasts. Subordinate lenticular bedding can also be observed. Bio
turbation is moderate to intense with common Planolites, Teichichnus and 
Thalassinoides burrows (Fig. 7-A and B). The set thickness ranges from 10 
to 30 cm.

The silty to very fine grain size composition of this lithofacies implies 
deposition in a relatively low-energy environment. The low-angle cross- 
lamination is interpreted as reflecting deposition from sand sheets or 
low relief sand bars in a subaqueous environment. Characteristic hori
zontal burrows point out an open marine outer to inner shelf environ
ment dominated by deposit-feeding benthonic fauna.

4.1.2. Burrowed sandy heterolithics (HSb)
Lithofacies HSb is composed of intercalations of fine to very fined- 

grained sandstones with siltstones and silty claystones. Sandy layers 
are commonly present interlayered in the form of lenticular bedding 
with combined current and wave-ripple and flaser cross-lamination. 
Scattered bioclastic components of foraminifera, bivalve and undeter
mined shells are common. Bioturbation is moderate with common 
Chondrites, Phycosiphon, Planolites, Teichichnus and Thalassinoides bur
rows (Fig. 7-C). The set thickness ranges from 10 to 45 cm.

The silty to silty-clay fraction of this lithofacies implies deposition in 
a quite low-energy environment where smaller particles settled down in 
suspension. Sand-dominant intervals imply pulses of higher energy in a 
relatively protected or low energy environment.

4.1.3. Burrowed cross-bedded sandstones (Sxb)
Lithofacies Sxb is made of medium to fine-grained sandstones with 

common remnants of hummocky cross-stratification. Bioturbation is 
intense, especially in coarser-grained beds, obliterating most of the 
primary sedimentary structures. Characteristic observed horizontal 
traces include Planolites, Teichichnus and Thalassinoides (Fig. 7-D). The 
set thickness ranges from 10 to 30 cm with common inverse grading 
beds.

Coarser-grained sandstone layers appear to be linked to a higher 
bioturbation index. This is interpreted as an increase of organic matter in 
the sediment supplied by occasional hyperpycnal flows from a more 
proximal source. The presence of inverse graded beds with hummocky 
cross-stratification is interpreted as sedimentation of prograding bars 
and dunes in a subaqueous environment under the effect of a combined 
current flow, possibly in a middle to lower shoreface environment.

4.1.4. Cross-laminated calcarenites (Cx)
Lithofacies Cx is made of a slightly low-angle cross-laminated cal

carenites with abundant algae bioclastic content (Fig. 7-E). Bioturbation 
was not observed. An individual bed was identified with a thickness of 
around 10 cm.

The calcareous composition of this interlayered bed in an overall 
sandy succession suggests change in accommodation and decrease in the 
siliciclastic sediment supply. Cross-lamination is interpreted as pro
gradation of a dune or barform in a subaqueous environment.

4.1.5. Symmetrical ripple cross-laminated sandstones (Swr)
Lithofacies Swr is composed of medium to fine-grained, moderately 

Table 1 
Lithofacies scheme summarizing the main lithologies, bioturbation degree and 
type and main depositional process and/or interpretation. See Fig. 7 for detailed 
core pictures.

Code Lithology Lithofacies Bioturbation Interpretation

B Breccia Calcareous 
breccia

Not observed Bioclastic lag in a 
marine setting

Cx Calcarenites Cross-laminated 
calcarenites

Not observed Migration of dunes 
or barforms in a 
subaqueous 
environment

Cb Burrowed 
calcarenites

Moderate to 
intense with 
common 
deposit- 
feeding 
ichnofauna

Sand sheets or low 
relief sand bars 
deposition in an 
open shallow 
marine 
environment

Sx Sandstones Cross-bedded 
sandstones

Not observed Migration of dune 
and bar bedforms 
under conditions of 
net sedimentation 
in a moderate- to 
high-energy 
environment

Sr Asymmetrical 
ripple cross- 
laminated 
sandstones

Rare to absent Migration of 
current ripples 
under conditions of 
net sedimentation 
in a moderate- to 
high-energy 
environment

Swr Symmetrical 
ripple cross- 
laminated 
sandstones

Rare to absent Migration of wave 
ripples under 
conditions of net 
sedimentation in a 
moderate energy 
environment

Sv Massive 
sandstones

Rare to absent Dewatering and 
partial fluidization 
in a high 
sedimentation rate 
depositional 
setting

Sxb Burrowed cross- 
bedded 
sandstones

Intense with 
common 
deposit- 
feeding 
ichnofauna

Migration of bars in 
an open shallow 
marine 
environment under 
the effect of a 
combined current 
flow, possibly in a 
middle to lower 
shoreface 
environment

Srb Burrowed ripple 
cross-laminated 
sandstones

Low to 
moderate

Migration of 
current and wave 
ripples under 
conditions of net 
sedimentation. 
Sand was 
transported by 
combined 
unidirectional and 
oscillatory currents 
of low to moderate 
velocity

HSb Heterolithics Burrowed sandy 
heterolithics

Moderate with 
common 
deposit- 
feeding 
ichnofauna

Deposition in a 
low-energy marine 
environment 
where smaller 
particles settled 
down in 
suspension. Sand- 
dominant intervals 
imply pulses of 
higher energy in a 
relatively protected 

(continued on next page)
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sorted sandstones with symmetrical ripple cross-lamination and locally 
intraclasts. Local flaser cross-bedding/lamination is observed (Fig. 7-F). 
Bioturbation is rare to absent. Cosets are typically showed with a 
thickness of 10–30 cm, whereas individual sets do not exceed 3 cm, 
typically associated with very thin silt to clay drapes.

The cross-lamination records the migration of symmetrical wave 
ripples under conditions of net sedimentation and implies that the sand 
was transported by an oscillatory current of low to moderate velocity 
above the storm wave base. The generalized lack of bioturbation in
dicates a moderate to relatively high energy environment.

4.1.6. Massive sandstones (Sv)
Lithofacies Sv are medium to fine-grained, poorly sorted, sandstones 

with poorly defined planar lamination and cross-bedding. Locally mud 
intraclasts, locally imbricated (Fig. 7-G), and soft-sediment deformation 
structures are present, the latter sometimes related to the presence of 
calcite cement bands. Bioturbation is rare to absent. The set thickness 
ranges from 5 to 20 cm.

The massive appearance of these lithofacies could be interpreted as 
the result of early postdepositional processes involving dewatering and 
partial fluidization, which may suggest a high sedimentation rate in the 
depositional system. Occasionally, the presence of calcite cement bands 
may obliterate previous primary sedimentary structures. The lack of 
detrital clays in these sandstones suggests deposition in a relatively high 
to moderate energy environment.

4.1.7. Burrowed ripple cross-laminated sandstones (Srb)
Lithofacies Srb is made of medium to very fine-grained sandstones, 

with combined symmetrical and asymmetrical ripple cross-lamination. 
Climbing ripples are locally observed. Bioturbation index is low to 
moderate. Most traces correspond to undetermined horizontal burrows 
(Fig. 7-H–J) sometimes linked to soft-sediment deformation laminae. 
Sets/cosets are typically observed with a thickness of 5–15 cm, typically 
associated with very thin silt to clay drapes.

The cross-lamination records the migration of current and wave 
ripples under conditions of net sedimentation and implies that the sand 
was transported by combined unidirectional and oscillatory currents of 
low to moderate velocity. The presence of bioturbation possibly reveals 
deposition in a shallow to marginal marine environment.

4.1.8. Calcareous breccia (B)
Lithofacies B is composed of a very coarse-grained calcareous clast- 

supported breccia that mainly contains bivalve, coral, foraminifera 
and undetermined shell bioclasts. A prominent erosive base bound this 
lithofacies and occasional large centimetric mud intraclasts are present 
(Fig. 7-K and N). High calcite cementation is common in between bio
clastic components.

The erosive base limiting this shell beds, the large amount of bio
clastic content and presence of mud clasts are interpreted in terms of a 

bioclastic lag deposited in an open marine environment.

4.1.9. Cross-bedded sandstones (Sx)
Lithofacies Sx is composed of medium-, locally coarse-grained, 

moderately to poorly sorted sandstones with high-angle foresets 
(>15◦). Locally, mud drapes and mudstone clasts line set bases and 
foresets (Fig. 7-L). Evidence of bioturbation in this lithofacies was not 
found. The sandstones form 30 to 60 cm-thick sets, commonly bounded 
by a basal erosive surface and present normal grading beds. Unidirec
tional and/or bidirectional ripple cross-lamination is locally observed 
especially towards the upper part of the sets.

Cross-bedding is interpreted as a response to the migration of dune 
and bar bedforms under conditions of net sedimentation. Local mud 
drapes at the top of normal graded layers reflect alternating periods of 
waxing and waning of possibly hyperpycnal flows sedimentation. The 
generalized lack of detrital clays and bioturbation suggests moderate-to 
high-energy conditions, under which fines were carried off in 
suspension.

4.1.10. Asymmetrical ripple cross-laminated sandstones (Sr)
Lithofacies Sr is made of medium to fine-grained sandstones, mod

erate to poorly sorted sandstones with asymmetrical or unidirectional 
ripple cross-lamination and locally intraclasts (Fig. 7-M). Bioturbation is 
rare to absent. Cosets typically present a thickness of 10–20 cm, whereas 
individual sets do not exceed 5 cm, typically associated with very thin 
silt to clay drapes.

Cross-lamination records the migration of current ripples under 
conditions of net sedimentation and reveals that sand was transported 
by a unidirectional current at low-to moderate-velocity. The generalized 
lack of bioturbation indicates a non-marine and/or moderate to high 
energy environment.

4.1.11. Muddy heterolithics (HM)
Lithofacies HM are calcareous claystones (marls) interbedded with 

siltstone and very fine-grained sandstone. This facies shows planar 
lamination and rare lenticular bedding with rippled sand lenses. Bio
turbation was not observed. This lithofacies is restricted to the upper
most part of the cored section and belongs to the onset of the Ebro Shales 
Formation.

The sandstone thin lenses represent energetic pulses in an overall 
low-energy setting where mud settled out of suspension. During the 
higher energy pulses, sand was moved by turbulent flows downstream. 
The lack of bioturbation indicates anoxic conditions in a fairly distal 
marine setting.

4.2. Facies associations of the Castellón Sandstones Formation

Interpretation from previous lithofacies description allows to pro
pose a scheme of six facies associations designated as follows, from 
proximal to distal (Fig. 8).

4.2.1. Fluvial channel (FC)
Facies association FC mainly consists of lithofacies Sx and Sr (Fig. 8). 

The thickness of individual packages of this facies association ranges 
from 25 to 90 cm and shows an aggrading to fining-upward stacking 
pattern. The basal contact of this package is erosive and corresponds to 
the MES. Evidence of bioturbation was not found. The gamma ray profile 
of this facies association is showed as a bell shape profile, characterised 
by values ranging from 50 to 81 API. This facies association is inter
preted as possibly non-marine channel deposits based on the lack of 
bioturbation and marine fossils and characteristic waning signal of 
channel infill from high energy sand bars migration (lithofacies Sx) to 
lower energy current ripples (lithofacies Sr) migration on top. The lack 
of associated floodplain deposits at this location opens the interpretation 
to a wide set of depositional environments. However, the bad sorting of 
these sandstones encourages us to link these deposits within a quite 

Table 1 (continued )

Code Lithology Lithofacies Bioturbation Interpretation

or low energy 
environment

HM Muddy 
heterolithics

Not observed Deposition of 
sandstone thin 
lenses by energetic 
pulses in an overall 
low-energy setting 
where mud settled 
out of suspension. 
Lack of 
bioturbation may 
represent anoxic 
conditions fairly 
distal marine 
setting
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proximal setting, at least an upper delta plain or even a more proximal 
depositional environment. The thickness of this package is under the 
vertical resolution of the seismic surveys, although some studies have 
proved the presence of a fluvial drainage system related with the MES in 
the area of study (Cameselle and Urgeles, 2015; Urgeles et al., 2011). 
Porosity values measured on plugs under conventional core analysis 

range from 13 to 24 % (Fig. 8).

4.2.2. Delta front proximal mouth bar (DFPMB)
Facies association DFPMB is composed of lithofacies Sx, Swr, Sr, Sv, 

Srb, HSb and Cx (Fig. 8). It is organized in 30–90 cm-thick individual 
bed sets, typically bounded by an erosive base with common mud clasts. 

Fig. 6. Composite stratigraphic column of the cored section of well Amposta Marino C-2 (AMC-2) showing the main sedimentological features, bioturbation index 
and gamma ray profile. The A – N capital letters on the stratigraphic column correspond to detailed sedimentary structures and rock fabrics of lithofacies observed in 
the core, which are displayed in Fig. 7. See also a well composite from AMC-2 at the upper right side of the figure displaying, from left to right, the normalized shale 
volume from gamma ray (GR_VSH), density-neutron and sonic (DT) wireline logs and the location of the cored section. The depths of the Messinian Erosive Surface 
and the top of the Castellón Shales Formation are also displayed. See location of the well in Fig. 5.
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The stacking pattern is aggradational to progradational. Bioturbation is 
typically low to absent, probably denoting the moderate to high energy 
conditions of the system. Ichnotaxa identified include Phycosiphon, 
Planolites, Teichichnus and Thalassinoides traces and are almost exclu
sively found into the HSb lithofacies. The gamma ray log shows for this 
facies association a funnel shape profile, with values ranging from 61 to 
43 API in an overall clean sand package. This facies association is 
interpreted as delta front proximal mouth bar deposits based on the 
aggradational to progradational stacking pattern of these deposits and 
the combination of both unidirectional and oscillatory current sedi
mentary structures, which denotes a dominant progradation direction of 
sand-prone deposits and reworking by wave action close to the 

shoreline. Lithofacies HSb and Cx may indicate a relative distal location 
of these proximal mouth bar deposits and/or a fringe/interbar position 
with relatively lower energy conditions in a shallow marine environ
ment. Measured porosity values from conventional core analysis (CCA) 
range from 17 to 23 % (Fig. 8).

4.2.3. Delta front distal mouth bar (DFDMB)
Facies association DFDMB consists of Sxb, Srb and HSb (Fig. 8). It is 

typically arranged in 20–80 cm-thick packages with a common pro
gradational stacking pattern. Bioturbation is moderate to intense, 
especially in the more heterolithic sections. Ichnotaxa identified include 
Phycosiphon, Planolites, Teichichnus and Thalassinoides burrows. The 

Fig. 7. Detailed core pictures with the most characteristic lithofacies features. A) Burrowed calcarenite with common bioclasts and Teichichnus burrows; B) Burrowed 
calcarenite with abundant bioclasts; C) Burrowed sandy heterolithics with Chondrites and Thalassinoides ichnotaxa and interlayered mud-draped ripple cross- 
lamination; D) Burrowed cross-bedded sandstones with Thalassinoides burrows; E) Cross-laminated calcarenites with vuggy porosity associated to algae bioclastic 
content. See also the silty lineation draping the lamination; F) Flaser cross-lamination and silt to mud drape on a wave ripple cross-lamination; G) Imbricated mud 
clasts in massive sandstones; H) Soft-sediment deformation triggered by biological activity on burrowed ripple cross-laminated sandstones; I) Silt to mud-draped 
climbing ripples in burrowed ripple cross-laminated sandstones; J) Indeterminate trace on burrowed ripple cross-laminated sandstones. 
Fig. 7. – (Continued) K) Calcareous breccia with large centimetric bioclasts and local mud intraclasts; L) High-angle cross-bedded sandstones; M) asymmetrical 
current ripple-cross laminated sandstones. Notice the direction of migration of the ripples toward the left; N) Calcareous breccia with characteristic coral and shell 
fragment bioclasts. Ch: Chondrites; Te: Teichichnus; Th: Thalassinoides.
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gamma ray log is presented with a funnel shape ranging values from 75 
to 50 API. This facies association is interpreted as delta front distal 
mouth bar deposits based on the progradational stacking pattern of 
sandy to heterolithic deposits with characteristic marine bioturbation. 

Cross-bedding in sandstones is interpreted as hummocky cross- 
stratification, denoting deposition and/or reworking by wave action 
during storm events in a middle to lower shoreface setting. Measured 
porosity values from CCA range from 16 to 20 % (Fig. 8).

Fig. 7. (continued).
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4.2.4. Proximal prodelta (PP)
Facies association PP mainly consists of lithofacies Cb and HSb 

(Fig. 8). It is organized in 30–40 cm-thick conformable packages with 
gradational contacts. The stacking pattern is typically aggradational to 
slightly progradational. Bioturbation is moderate to intense with com
mon marine ichnotaxa such as Chondrites, Phycosiphon, Planolites, Tei
chichnus and Thalassinoides. The gamma ray profile of this facies 
association is commonly seen as a funnel shape with values ranging from 
68 to 90 API. This facies association is interpreted as proximal prodelta 
mainly based on the heterolithic-prone fabric, marine ichnotaxa and on 
the presence of combined current and wave-ripple cross-lamination, 
which indicates that these deposits where sedimented above the storm 

wave base of an open marine shelfal environment. Gradation from a 
calcarenitic to a siliciclastic fabric may reveal changes in sediment 
supply triggered by allocyclic controls and/or autocyclic lateral avulsion 
of mouth bar deposits in a more proximal domain, allowing to carbonate 
shelfs to develop in the fringe zone or interbar position of dominant 
siliciclastic delta front deposits. Measured porosity values from CCA is 
around 10 % (Fig. 8).

4.2.5. Distal prodelta (DP)
Facies association DP is formed of lithofacies HM in the cored section 

(Fig. 8). It is organized in mm-to cm-thick silt to calcareous claystone 
laminae interbedded with rare very fine-grained sandstone lenses with 

Fig. 8. Schematic summary of facies associations (FA) with a synthetic stratigraphic column that includes the main lithofacies, their average thickness, bioturbation, 
stacking patterns and the bioclastic components, based on the cored section described from the Amposta Marino C-2 well (AMC-2). The main units and depositional 
settings are also represented at the left-hand side of the figure. Considering the progradational trend of the Castellón Sandstones Formation, the facies associations are 
roughly represented from distal to proximal from the bottom to the top of the figure with the main discontinuities found in the cored section of AMC-2 represented. 
See also at the right-hand side of the figure, the cored section of AMC-2 with the FA interpreted and porosity data from conventional core analysis (CCA).
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ripples. Bioturbation was not found in this facies association. The 
gamma ray profile of this facies association is serrated with very high 
values, generally above 90 API, and most commonly above 110 API 
values. It is only found at the uppermost part of the cored section of 
Amposta Marino C-2 well (Fig. 6). This facies association belongs to the 
onset of the Ebro Shales Formation. However, its presence is also ex
pected in lower sections of the Castellón Sandstones Formation and in 
the underlying Castellón Shales Formation due to the progradational 
pattern of this succession. It is interpreted as distal prodelta deposits in a 
fairly distal marine setting, based on the fine-grained fabric of these 
deposits, the lack of bioturbation which may indicate relatively low 
oxygen level in a deepwater setting and the presence of occasional 
interbedded sand lenses sedimented by hyperpycnal flows in an open 
marine distal environment. There is not measured values of porosity for 
this facies association.

4.2.6. Shelfal lag (SL)
Facies association SL consists of lithofacies B (Fig. 8). It can be found 

organized in 5–15 cm thick packages grouped in two distinct layers 
across all the studied cored section. The base is erosive with occasional 
mud clasts on top and is made of very coarse-grained carbonate bio
clastic grains with a dispersed internal lamination, forming a calcareous 
breccia. The limited thickness of these packages are under the resolution 
of the gamma ray and make them not possible to identify with this tool.

These shell beds are interpreted to have been deposited under a low 
net sedimentation rate in a starved basin margin or in an open shelf 
associated with a transgression (Cattaneo and Steel, 2003). There are no 
porosity measurements for this facies association.

4.3. Seismic stratigraphic analysis

After screening the 3D seismic surveys through the whole study area, 
at least three different seismic facies have been identified within the 
Castellón Sandstones Formation (Fig. 9). They are, from bottom to top, 
as follows.

4.3.1. Prodelta seismic facies
The onset of the Castellón Sandstones Formation is marked by the 

entry of coarser sediment into the basin under an overall framework of 
progradation of the Castellón Group deltaic complex. The background is 
characterized by fine-grained sediment identified from the seismic 
dataset by low amplitude, transparent and semicontinuous reflectors 
with a progradational to aggradational stacking pattern. The topsets and 
foresets of the identified clinothems start to show higher amplitude re
flectors, probably reflecting the presence of coaser-grained sediment, 
interpreted in terms of shelfal lobes rimming the shelf margin (Fig. 9). 
Occasional higher amplitude, semicontinuous reflectors with a charac
teristic channel-levee shape are also seen in the foreset to bottomset 

Fig. 9. Summary of the main seismic facies identified for the Castellón Sandstones Formation in the study area with their interpretation below. From base to top: PD: 
Prodelta seismic facies with the shelf-break evolution represented by a dashed line; DF: Delta front seismic facies; DP: Delta plain seismic facies. Yellow colour 
background is linked to sand-prone deposits and grey colour background is linked to shale-to heterolithic-prone deposits. Examples extracted from BG_Ebro 3D 
seismic survey. MES: Messinian Erosive Surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

M. Gil-Ortiz et al.                                                                                                                                                                                                                               Marine and Petroleum Geology 181 (2025) 107493 

12 



Fig. 10. A) Uninterpreted (above) and interpreted (below) seismic cross-section, correlating from left to right, Castellón B-9, B-7, B-1 and B-13 wells. Gamma Ray 
profile is displayed in each well. The legend for the horizons is displayed in the lower part of the interpreted section. See the location of the seismic cross-section in 
Fig. 5. 
Fig. 10. (continued) – B) Detail of a transition from prodelta to proximal delta front facies associations represented in seismic and wireline log data. C) Detail of 
characteristic delta plain deposits observed both, in seismic and wireline log data. Detail images showed in B) and C) come from Castellón B-7 well. D) North-south 
oriented correlation panel among the Castellón wells. Facies associations based on wireline log response are interpreted in each well. Main interpreted horizons, 
including flooding (FS1 to FS12) and erosive surfaces (RSME and RSME2) are also showed. See also the diachronous position of the onset of the Castellón Sandstones 
Formation, highlighted with a red star in each well. FS: Flooding Surface; MES: Messinian Erosive Surface; RSME: Regressive Surface of Marine Erosion. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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position. These deposits might be associated with thin sandy packages 
that overpassed the shelf-break and are interpreted as turbiditic deposits 
sedimented in a deep marine slope environment.

4.3.2. Delta front seismic facies
Continuing with the regressive trend observed in the seismic profiles, 

the prodelta seismic facies evolve vertically to high-amplitude, contin
uous to semicontinuous and parallel-organized reflectors with a pro
grading to aggrading stacking pattern. They are interpreted as delta 
front deposits (Fig. 9). The high amplitudes of these reflectors is prob
ably linked to the amalgamation of sand-rich mouth bars, as also 
interpreted from the cored section of Amposta Marino C-2 well. The 
apparent lateral connectivity of these deposits is fair to good in many 
occasions. In contrast, the vertical connectivity of these bodies remains 
uncertain, as the vertical resolution of the seismic dataset precludes the 
identification of shale-to heterolithic-prone deposits interlayered be
tween these sandy packages. In other cases, low-to medium-amplitude, 
transparent to discontinuous reflectors are clearly bounding some of 
these deposits and are interpreted as shale-to heterolithic-prone deposits 
of the following seismic facies.

4.3.3. Delta plain seismic facies
Culminating the preserved section of the Castellón Sandstones For

mation in the area of study, low-to medium-amplitude, semicontinuous 
to discontinuous reflectors can be identified, also revealing character
istic channel-shape geometries. These are interpreted as possibly delta 
plain deposits with the presence of fluvial channels with relatively high 

sinuosity, as seen by cross-cutting relationships. They are interpreted to 
result from lateral migration of channels in a low gradient coastal setting 
(Fig. 9). The frequent transparent aspect of this facies may reveal a 
shale-to heterolithic-prone fabric, characteristic of a delta plain setting, 
where distributary channels are interlayered with fine grained flood
plain deposits. This seismic facies is typically truncated by the MES and 
capped by low-amplitude, transparent and semicontinuous reflectors 
associated with the shale-prone deposits of the Ebro Shales Formation. 
In some cases, higher amplitude, continuous to semicontinuous re
flectors with channel-levee shape, are present in contact with the MES. 
These are interpreted in terms of deep marine turbiditic deposits asso
ciated with bottomset slope deposits. Furthermore, some high- 
amplitude reflectors are occasionally seen infilling topographic lows of 
the MES paleorelief. These could also be associated with lowstand fluvial 
deposits related to the Messinian infill.

4.4. Sedimentary architecture of the Castellón Sandstones Formation

The Castellón Sandstones Formation has a maximum thickness 
around 850 m and extends for hundreds of kilometres across the study 
area and further to the north-northwest, at least up to the present-day 
coastline and to the south-southeast, before dramatically reducing its 
thickness and getting condensed into deeper waters of the Valencia 
Trough.

The erosion produced by the MES constitutes a challenge for corre
lation between wells and inference of potential reservoir sedimentary 
architecture into delta front and delta plain facies belts. In order to get 

Fig. 10. (continued).
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insight on this purpose, a first correlation between Castellón B-6, B-7, B- 
1 and B-13 wells has been carried out (Fig. 10).

A series of 14 surfaces have been linked along this cross-section 
allowing the lateral correlation of major sedimentary packages among 
these wells. Support from seismic data has become key to correlate cli
noform surfaces across a selected zone in the study area. Twelve out of 
these fourteen horizons are interpreted as flooding surfaces (FS1 to 
FS12), showed in well log data as peaks in the gamma ray profile, 
typically constituted by very high shale content. The other two horizons 
are erosive in character (RSME and RSME2) and can be identified in 
gamma ray logs, constituting the base of clean sandy packages, as well as 
in seismic as erosional unconformities extending widely across the study 
area. The sequence stratigraphic meaning of the interpreted surfaces is 
discussed later in the discussion section.

The facies associations found in Castellón B wells area shows a 
dominance in delta front and prodelta deposits at the basal part of the 
Castellón Sandstones Formation (Fig. 10-A), vertically evolving to delta 
front and delta plain facies deposits. This trend can be observed both, in 
well log data as coarsening-upwards sequences grading from shaly 
prodelta deposits at the base to cleaner sandy delta front deposits to the 
top (Fig. 10-B), and in seismic data as prograding continuous to semi
continuous, transparent low amplitude reflectors, characteristic of pro
delta deposits, grading upwards to continuous, higher amplitude and 
frequency reflectors to the top, interpreted as delta front deposits.

In contrast to Amposta Marino C-2 well area (Fig. 5), Castellón B 
wells clearly shows the presence of delta plain deposits. In well log data, 
they are identified as 2–10 m thick sandy packages with a fining- 
upwards profile in gamma ray, probably showing the waning effect in 
the deposition of fluvial channels in a delta plain. This fact is supported 
by moderate to high amplitude channelized bodies in seismic, sur
rounded by more transparent and discontinuous background in the 
topset of clinothems, occasionally with a lateral migration pattern 
(Fig. 10-C). These are interpreted as lateral accretion packages corre
sponding to high sinuosity channels migrating in a heterolithic delta 
floodplain.

The correlation among these wells shows an overall sedimentary 
trend from dominantly proximal delta plain and delta front proximal 
mouth bar deposits in the north-northwest area to distal mouth bar and 
proximal prodelta deposits towards the south-southeast (Fig. 10-D). This 
trend correspond with the progradation of the proto-Ebro delta during 
the Late Miocene in the Valencia Trough. This fact is also highlighted by 

the diachronous onset of the Castellón Sandstones Formation in the area, 
as interpreted in the correlation panel among the Castellón wells 
(Fig. 10-D).

5. Discussion

The results indicate that the Castellón Sandstones Formation is made 
of deltaic deposits that were sedimented in a transitional marginal to 
shallow marine depositional setting. Lithofacies and facies associations 
characterized from the cored section of the Amposta Marino C-2 well 
show a characteristic fluvial dominance over subordinate wave action 
on sedimentary processes controlling the sedimentation of this succes
sion. Hummocky cross-stratification on distal delta front deposits points 
out towards a sediment wave modelling on a lower to middle shoreface 
setting, as well as the presence of oscillatory wave ripples on delta front 
and prodelta deposits. However, the generalized presence of unidirec
tional current sedimentary structures, such as asymmetrical ripples and 
planar cross-bedding, together with a moderate to bad sorting of sand
stones in proximal delta front mouth bar deposits, suggest a river- 
dominated delta modelled by waves as the most likely sedimentary 
model for the Castellón Sandstones Formation (Fig. 11).

The seismic facies (Figs. 9 and 10) observed further to the east into 
the Tortuga area proved that this delta was also represented by a set of 
facies associations not represented, or even present, in the Amposta 
area, such as delta plain deposits. This fact exposes the importance of 
identifying potential shale-rich intervals, as delta plain deposits, due to 
the role of shale layers and heterolithics in the distribution and main 
fairways for the CO2 plumes in the subsurface after its injection and 
storage (Williams and Chadwick, 2021).

Most of the facies associations containing sand-prone packages pre
sent good petrophysical properties (Fig. 8), being the fluvial channels 
(with an average porosity of 18.5 %), the delta front proximal mouth bar 
(with an average porosity of 20 %) and the delta front distal mouth bar 
(with an average porosity of 18 %) deposits the facies associations with 
better reservoir potential. On the other hand, Distal Prodelta facies as
sociations present a predominant muddy fabric, which apparently pre
sent a high potential as a vertical seal (Martín-Monge et al., 2024), 
although further work will be needed to quantify the sealing capacity of 
these facies under in situ storage conditions. The high cementation 
present in shelfal lag levels may also act as local baffles for fluid flow. 
Occasional fluvial channel deposits mainly infilling MES paleorelief 

Fig. 11. Depositional model sketch for the Castellón Sandstones Formation, as the proto-Ebro delta during the Late Miocene in the Valencia Trough. See the river- 
processes are dominant in the overall architecture of the deltaic system, but also influenced and modelled by the action of waves. Not to scale.
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lows could constitute an extra in storage capacity, as are regionally 
covered by the thick shaly section of the Ebro Shales Formation, 
although further work to quantify its capacity would be needed.

Given the broad extension of the Castellón Sandstones Formation 
and depth in which this succession is found in the area (>800m), it is 
presented as a good candidate for geological carbon storage in the study 
area, considering also its proximity to the onshore Tarragona’s indus
trial complex. The regional lateral and vertical connectivity of delta 
front lobes and channels remains the main geological uncertainty for the 
development of a feasible CCS project. However, a preliminary corre
lation carried out in the zone has proved the lateral connectivity of delta 
front and delta plain facies belts in a reduced area around Castellón B 
wells (Fig. 10-D).

Our description of the cored section from Amposta Marino C-2 well 
shows that most of the facies associations are below the vertical reso
lution of the available seismic data and the fact that this study is based 
on the interpretation of a partial core from Amposta Marino C-2 well, is 
indeed a limitation of our work, highlighting the need for additional 
data from other wells to improve the geological model of the area.

Complementary analysis, such as, an accurate chronostratigraphic 
study of the whole Castellón Sandstones succession, would help to better 
correlate packages between wells and to create a 3D property model for 
a selected CO2 storage site. However, the lack of core, sidewall core and 
image log data in most of the legacy wells in the study area poses a 
challenge for fine-correlation between wells. In that sense, a biostrati
graphic analysis with cuttings would be highly recommended to lower 
uncertainty avoiding erroneous lithostratigraphic correlations in terms 
of vertical and lateral connectivity of geobodies. An accurate petro
physical and petrographic analysis would also be desirable to define 
reservoir zones linked to reservoir quality properties within the area.

The correlation between wells made in this study marks the first step 
on developing a potential 3D model for CCS. Some of the key surfaces to 
take into consideration have been identified as flooding surfaces and 
erosive surfaces. These flooding surfaces (FS1 to FS12) can be inter
preted both, as product of relative sea level rises due to allocyclic pro
cesses, and/or as lateral avulsion of main delta front lobes during 
sedimentation due to autocyclic local changes in accommodation space 
and building of the delta complex. The erosive surfaces are regionally 
extended and could be related to relative sea level drops, interpreted as 
Regressive Surface of Marine Erosion (RSME, sensu Embry, 2009) 
perhaps associated with first episodes of the Mediterranean Sea closure 
before the Messinian Salinity Crisis, although this hypothesis would 
require further work to be confirmed.

6. Conclusions

The Castellón Sandstones Formation is mainly represented by a sil
iciclastic succession formed mainly by sandstones and sandy hetero
lithics in the Ebro Delta offshore area of the Valencia Trough. This 
succession has a maximum thickness around 850 m based on legacy 
wells in the study area. Eleven lithofacies, comprising sandstones, het
erolithics, calcarenites and carbonate breccias, were identified on the 
cored section of Amposta Marino C-2 well, and grouped into six facies 
associations, including the following: 1) fluvial channel, 2) delta front 
proximal mouth bar, 3) delta front distal mouth bar, 4) proximal pro
delta, 5) distal prodelta and 6) shelfal lag. The seismic stratigraphic 
analysis points out the presence of delta plain deposits in the north
eastern sector of the BG_Ebro and Tortuga 3D seismic cubes, approxi
mately 30 km away from the present-day Ebro delta shoreline. The 
interpretation of these facies and seismic facies associations allowed us 
to propose a depositional model of a river dominated, wave-influenced 
delta for the proto-Ebro deltaic system during the Late Miocene in the 
Valencia Trough. The sand-prone deposits of the delta front and fluvial 
channels interlayered with fine-grained delta plain and prodelta, present 
a high potential for permanent carbon sequestration in the subsurface in 
the area. Fine-grained prodelta deposits of the Ebro Shales Formation 

apparently may act as a regional seal for underlying sand-rich delta front 
and delta plain deposits of the Castellón Sandstones Formation.
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Lofi, J., Sage, F., Déverchère, J., Loncke, L., Maillard, A., Gaullier, V., Thinon, I., 
Gillet, H., Guennoc, P., Gorini, C., 2011. Refining our knowledge of the Messinian 
salinity crisis records in the offshore domain through multi-site seismic analysis. 
Bull. Soc. Geol. Fr. 182, 163–180.

Maillard, A., Mauffret, A., 2006. Relationships between erosion surfaces and Late 
Miocene Salinity Crisis deposits in the Valencia Basin (northwestern Mediterranean): 
evidences for an early sea-level fall. Terra Nova 18, 321–329.

Maillard, A., Mauffret, A., Watts, A.B., Torné, M., Pascal, G., Buhl, P., Pinet, B., 1992. 
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Stampfli, G.M., Höcker, C.F.W., 1989. Messinian palaeorelief from a 3-D seismic survey 
in the Tarraco concession area (Spanish Mediterranean Sea). Geol. Mijnbouw 68, 
201–210.

Sun, X., Alcalde, J., Bakhtbidar, M., Elío, J., Vilarrasa, V., Canal, J., Ballesteros, J., 
Heinemann, N., Haszeldine, S., Cavanagh, A., Vega-Maza, D., Rubiera, F., Martínez- 
Orio, R., Johnson, G., Carbonell, R., Marzan, I., Travé, A., Gomez-Rivas, E., 2021. 
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