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ABSTRACT

The Lower Cretaceous (Barremian) Camarillas Formation in the Galve Sub-

basin of eastern Spain is an exceptionally muddy, synrift, aggradational then

retrogradational paralic succession. Deposition within these arid, equatorial

paralic systems was strongly controlled by crustal rifting of the Iberia plate

linked to the geodynamic evolution of the Atlantic Ocean, the Bay of Biscay and

the Tethys Ocean. Although synsedimentary extensional tectonics controlled

thickness and facies distributions, the parasequence stacking patterns point to a

superimposed high-order allogenic control on the paralic succession. Field data

and drone imagery are combined to document changes in sedimentology and

three-dimensional stratigraphic architecture of these deposits to interpret

changes in depositional environments as this basin filled. Three evolutionary

stages are identified: (i) tide-dominated estuary; (ii) mixed-energy estuary, with

a well-developed wave-dominated barrier island system; and (iii) barrier

island–tidal inlet suite. An exceptional record of back-barrier-island deposi-

tional interactions is preserved in this high-subsidence, extensional-basin set-

ting, including deposition of washover fans, flood-tidal deltas and ebb-tidal

deltas. Drone-derived imagery facilitates three-dimensional architectural char-

acterization of these complex paralic deposits, including multi-episodic tidal

inlets, and correlation of basin scale stratigraphic markers. Spatio-temporal

interactions between climate change, sea-level variations and rift-related subsi-

dence generated complex estuarine and barrier island geobodies. The general

transgressive trend recorded in the Camarillas Formation correlates well with

global eustatic sea-level rise during the Barremian.

Keywords Back barrier lagoon, barrier island, Early Cretaceous, estuary, rift
basin, tidal stratigraphy.
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INTRODUCTION

The Lower Cretaceous Camarillas Formation was
deposited synchronous with crustal thinning of
the Iberia microplate (Liesa et al., 2019) and con-
tains an exceptional record of aggrading to retro-
grading coastal depositional systems in the
Iberian Basin. This record provides information
on Early Cretaceous palaeoclimate variations that
can be compared with the oceanic record of the
Cretaceous Tethys Sea to assess the degree of cou-
pling between depositional environment changes
and global Barremian palaeoclimate reversals.
Barrier island systems and coeval depositional
systems are not commonly preserved because of
extensive reworking of sediment during trans-
gression (Mulhern et al., 2019, 2021). The deposi-
tional dynamics of these sedimentary systems led
to the preservation of complex geobodies formed
by both depositional and erosional processes, and
large-scale heterogeneities (e.g. Plink-Bj€orklund,
2005, 2008; Steel et al., 2012; Chentnik et al.,
2015; Benallack et al., 2016; Johnson et al., 2017;
Mulhern & Johnson, 2017). Inlet migration erod-
ing the expanding ebb-tidal delta is an example of
destructive–constructive dynamics that lead to
clastic geobodies with complicated geometries
and compartmentalization (Green et al., 2019).
Outcrop successions of the Camarillas Forma-

tion are hundreds of metres thick and can be
steeply dipping along exposed anticlines (Liesa
et al., 2023). Unmanned aerial vehicle (drone)
imagery provides a new tool for documenting the
architectural variability of facies associations (FA)
within these dipping strata. Combining drone
imagery together with detailed field observations
allows for more accurate 3D analysis for the inter-
pretation of depositional systems, and characteri-
zation of subsurface reservoir analogues (e.g.
Danish Central Graben, Sixsmith et al., 2008;
Johannessen et al., 2010). Similar facies associa-
tions formed during different stages of rift evolu-
tion provide a unique opportunity to compare the
variability of preserved geobodies formed in simi-
lar depositional environments within aggrada-
tional and retrogradational settings.
This paper focuses on defining the continuum

of preserved geobodies in transgressive settings,
the analysis of complex synrift paralic systems,
the analysis of allogenic controls and the palaeo-
climatic implications. This research establishes a
foundation for the architectural analysis of com-
plex estuarine and barrier island–lagoon systems
using a drone-field blended approach in order to
achieve the following objectives: (i) perform

sedimentological characterization of lithofacies
and facies associations; (ii) analyse the strati-
graphic architecture at the basin-scale based on
field recognition of key stratigraphic surfaces
together with drone-derived images for correla-
tion purposes; (iii) make palaeogeographical
interpretations; (iv) provide a model for sedimen-
tary evolution and its controlling factors; and (v)
discuss the importance of this Barremian silici-
clastic succession in terms of synrift configura-
tion, Early Cretaceous palaeoclimate and Tethys
palaeogeography.

GEOLOGICAL SETTING

The study area is located in the Galve Sub-basin of
the Maestrazgo Basin (eastern Iberian Chain, east-
ern Iberia) (Fig. 1A). This part of Iberia experienced
latest Jurassic–Early Cretaceous rifting that led to
the breakup of Jurassic platforms and triggered the
formation of several extensional basins and sub-
basins (Capote et al., 2002; Liesa et al., 2019)
(Fig. 1B). Differential tectonic subsidence was
encompassed by a broad uplift related to rifting-
triggered doming in eastern Iberia. The most rapid
domal uplift during the Berriasian–Hauterivian
(Antol�ın-Tomas et al., 2007; Liesa et al., 2019) was
coeval with long-term global sea-level rise during
the Early Cretaceous (Haq, 2014).
The Galve Sub-basin was one of several sub-

basins that developed in the western Maestrazgo
Basin during this rifting stage (Fig. 1B). Exten-
sional tectonics controlled its geometry, the loca-
tion of depocentres and internal facies
distributions (Figs 1B and 2B). Cretaceous ENE–
WSW striking listric normal faults system (for
example, Aliaga, Remenderuelas, Camarillas, El
Bat�an and Jorcas faults) laterally constrained by
near-vertical, reactivated NNW–SSE striking nor-
mal faults with a high dip-slip component (Mira-
vete, Ca~nada Vellida, Alpe~n�es and Ababuj faults)
were the main structures controlling the accumu-
lation of the Lower Cretaceous units (Soria, 1997;
Liesa et al., 2000, 2004, 2006, 2019, 2023; Navar-
rete et al., 2013a). In this sub-basin, latest Jurassic
synrift sedimentation was dominated by shallow
marine to coastal carbonates (Cedrillas and Agui-
lar del Alfambra formations; Aurell et al., 2016,
2019; Liesa et al., 2019), in contrast to the subse-
quent terrestrial and lacustrine sedimentation
that occurred during the earliest Cretaceous
(Galve and El Castellar formations; Soria, 1997;
Mel�endez et al., 2009; Aurell et al., 2016). Early
Cretaceous sedimentation began with deposition
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of the silicislastic Camarillas Formation and
mixed siliciclastic–carbonate Artoles and Morella
formations (Soria, 1997; Navarrete et al., 2013a;
Navarrete, 2015); these deposits transitioned
upward to carbonate-dominated shallow marine
environments (Chert, Forcall, Villarroya de los
Pinares and Benasal formations; Bover-Arnal,
2010; Peropadre, 2012). The Early Cretaceous
synrift stage ended with an increase in normal
fault activity and coeval deposition of coastal
mudstones and sandstones with coal (Escucha
Formation; Salas et al., 2001), deposits that are
recognized in contemporaneous sedimentary
basins across central-eastern Iberia (Rodr�ıguez-
L�opez, 2008).

The Camarillas Formation is Lower Barre-
mian to early Upper Barremian in age based
on biostratigraphy of charophytes (Canerot
et al., 1982; Salas, 1987; Mart�ın-Closas, 1989;
Soria, 1997), ostracods (Schudack & Schu-
dack, 2009) and palynomorphs (Villanueva-
Amadoz, 2009; Villanueva-Amadoz et al.,
2015), as well as cyclostratigraphy (Navar-
rete, 2015). The formation varies in thickness
from 300 to 1000 m in the Galve Sub-basin
associated with the locations of synsedimen-
tary normal faults, and is mainly made up of
metre-thick intercalated intervals of red mud-
stones and white sandstones (Soria, 1997;
Navarrete et al., 2013a,b; Navarrete, 2015).

Fig. 1. Geological setting of the study area. (A) Present-day geological map of the Iberian microplate (after Navar-
rete et al., 2014). (B) Palaeogeographical reconstruction during the Early Cretaceous for eastern Iberia (see location
in A) showing the sub-basins and structural highs of the Maestrazgo Basin, as well as the main synextensional
faults (modified from Liesa et al., 2019). (C) Geological map of the latest Jurassic–Early Cretaceous Galve Sub-
basin and surrounding areas (see B for location) (after Navarrete et al., 2014).
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Although the Camarillas Formation was origi-
nally interpreted as fluvial in origin, showing
only minor tidal influences within its upper
part (e.g. D�ıaz Molina & Y�ebenes, 1987;
Salas, 1987; Soria, 1997), recent work shows
that fluvial facies are restricted to the lower
part of the succession (Navarrete et al., 2013b,
2014, 2016; Navarrete, 2015). This unit is the
focus of this paper, and shows a general retro-
gradational trend that corresponds to a glob-
ally recognized increase in eustatic sea level
during the Barremian (Haq, 2014; Navar-
rete, 2015). A similar retrogradational trend is
recognized in Barremian coastal successions
in Svalbard (Gjelberg & Steel, 2012).

MATERIALS AND METHODS

Structural and stratigraphic mapping was com-
pleted using orthoimagery from SIGPAC (Minis-
terio de Agricultura), SITAR (Sistema de
Informaci�on Territorial de Arag�on) and PNOA
(Plan Nacional de Ortograf�ıa A�erea). Orthoima-
gery helped to locate the best and most continu-
ous outcrops for measuring and describing
stratigraphic sections and sedimentological and
architectural analysis. A combined stratigraphic
thickness of more than 5.6 km was measured
across 19 stratigraphic sections and sedimento-
logical logs (Fig. 2A and B). Photographic panels
for architectural analysis were taken in the field

Fig. 2. (A) Road maps showing the location of the studied sections of the Camarillas Formation in the Teruel
Province, Spain. (B) Spatial distribution of the studied sections with respect to the main Cretaceous extensional
faults. (C) Drone technology and deployment in the field for the aerial photography surveys.
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for the spatial tracking and analysis of lateral vari-
ations in facies. Palaeocurrent measurements
were made with a compass in the field and were
corrected to account for the structural dip (see
section 2 in Appendix S1). More than 700 rock
samples were collected for sedimentological, pet-
rographic, geochemical, mineralogical and
palaeontological analysis. Siliciclastic rock clas-
sification was based on Pettijohn et al. (1973),
and carbonate rock classification was based on
Dunham (1962) and Embry & Klovan (1971), with
carbonate microfacies following Fl€ugel (2010).
Field investigation of the stratigraphic architec-

ture, lithofacies and sedimentology of succes-
sions followed the approach of Plink-
Bj€orklund (2005, 2008) and Steel et al. (2012).
High-resolution aerial images of the deposits
were taken using a Canon IXUS 800 IS digital
camera (Canon, Tokyo, Japan) suspended from a
drone (Fig. 2C). The battery-driven drone (Drone-
Quad4 model, DroneTools, Sevilla, Spain) had a
carbon fibre quad chassis of ca 3 kg, four Axi
motorsand four wood Xoar propellers. The alti-
tude and direction of the drone, which ultimately
determine the photograph scale, were controlled
from the ground transmitter station. The drone in
flight GPS mode maintains its position aided from
a GPS location and previous compass calibration
with the incorporated magnetometer. The cam-
era’s carbon fibre mount includes movement
along two axes (pan and tilt), allowing an almost
complete rotation of the camera. The camera
views are transmitted as video signal to a ground
station with screen of LED 7″ of high luminosity
and parasol. A downlink video system in 5.8 GHz
with circular polarization antennas ensures the
quality of the image, which facilitates the selec-
tion of the best views. The ground station allows
image selection and focus. Better images for
describing and analysing the sedimentary bodies
were taken in a direction perpendicular to the
outcrop and dipping down the bedding plane.

SEDIMENTOLOGY: RESULTS AND
INTERPRETATIONS

Nineteen stratigraphic sections of the Camarillas
Formation, with a total measured thickness of 5.6
km, were logged in the Galve Sub-basin (Fig. 2A
and B). These sections are located along two
NNW–SSE trending cross-sections (Aliaga-
Villarroya de los Pinares to the east and
Camarillas-G�udar to the west) following limbs of
the Camarillas syncline (Fig. 1C).

The Camarillas Formation, contains metre-
thick intervals of red mudstones and white sand-
stones (Fig. 3) that were differentiated into 30
facies associations. Seismic scale (metre to tens of
metres-thick and kilometre-length) sandy inter-
vals (geobodies) show great facies variability both
horizontally (spatially) and vertically (tempo-
rally). Such variability is expected in transitional
(coastal) environments, where relative fluctua-
tions in sea level led to changes in the location of
the coastline and abrupt lateral variations in
depositional environment (see Cattaneo &
Steel, 2003; Plink-Bj€orklund, 2005, 2008; Allen &
Johnson, 2010, 2011; Gallin et al., 2010; Steel
et al., 2012; Johnson et al., 2017). Detailed
descriptions and interpretations for the 30 facies
associations are included in Appendix S1. The
facies associations (FA) characteristics are com-
piled in Tables 1–3. These tables include, for each
FA, the description of the lithology and geometry
of the sedimentary bodies, the sedimentary struc-
tures and the palaeocurrents, as well as the fossil
content and bioturbation of sediments.
Changes in the proportion of facies associations

up-section allowed the Camarillas Formation to be
divided into three intervals, each defining differ-
ent depositional stages; Stage 1 records a tide
dominated estuary, Stage 2 records a mixed-
energy estuary, and Stage 3 records sedimentation
in a barrier island-back barrier system.

Stage 1

Nine facies associations (FA1.1 to FA1.9) were dis-
tinguished in the tide-dominated estuary deposits
of Stage 1 (Table 1, Fig. 4 and Appendix S1). Flu-
vial channel sandstone deposits (FA1.1) show
palaeoflow towards the ESE (azimuth range of
090–155) (Appendix S1: Fig. S1A to C). Lateral
accretion surfaces were observed only locally, sug-
gesting a low sinuosity fluvial channel pattern and
frequent lateral reworking of fluvial sand bars dur-
ing internal channel migration (Sharma et al.,
2002; Roberts, 2007). Tide-influenced fluvial chan-
nel sandstone deposits (FA1.2) show a mean ESE
palaeocurrent direction, with bipolarity towards
the NNW (from cross-bedding). The occurrence of
mud drapes and flaser bedding (Appendix S1:
Fig. S1D to G) suggest variations in water flow
velocity and periods of stagnant water in the main
channel, consistent with tidal influence on the
channel thalweg and margins (Shanley et al.,
1992; Willis et al., 1999). The presence of rhyth-
mic mud drapes, neap–spring bundles and
bi-directional palaeocurrent patterns also suggest
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Fig. 3. Representative sedimentary logs of studied stratigraphic sections.
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tidal modulation of flows within these fluvial
channels (Leckie & Rumple, 2003; Longhitano
et al., 2012). Floodplain mudstone deposits
(FA1.3) (Appendix S1: Fig. S1D) show root traces,
attesting to colonization of floodplain by plants
after flood events (Li et al., 2015).
These facies associations are inferred to have

been deposited in tidal environments inter-
bedded with deposits of muddy supratidal flats
with marshes (FA1.4; Fig. 4A, Appendix S1:
Fig. S2A and B), analogous to those described
by Dalrymple et al. (1992) and Plink-
Bj€orklund (2005). These deposits show evidence
of redox processes associated with variations of
the groundwater level (Hurt & Carlisle, 2001;
Jennings et al., 2011), and frequent coal frag-
ments due to reworking of coeval marshes (John-
son & Friedman, 1969; Bartholdy, 2012;
Rodr�ıguez-L�opez et al., 2021). The heterolithic
facies of intertidal flats (FA1.5) (Fig. 4A,
Appendix S1: Fig. S2A and B) contain crevasse
splay deposits associated with periods of inun-
dation by flood tides (Baeteman et al., 1999;
Capuzzo & Wetzel, 2004).
The intertidal to subtidal flat deposits (FA1.6)

show palaeocurrent patterns and sedimentary
structures associated with alternating ebb and
flood tidal currents (Reineck & Wunder-
lich, 1968; Reineck & Singh, 1980). Abundant
mud drapes and double mud drapes (Fig. 4B
and D, Appendix S1: Figs S2C to F and S3A to
D) are evidence of slack-water periods (Nio &
Yang, 1991; Dalrymple, 1992; Hori et al., 2001;
Holz, 2003; Plink-Bj€orklund, 2005) and succes-
sive high and low tides periods in the subtidal
zone (Visser, 1980; Nio & Yang, 1991). Locally,
ponds that facilitated carbonate production
(FA1.7) (Appendix S1: Fig. S3D) developed
in the tidal flats (Tucker & Wright, 1990;
Fl€ugel, 2010). They are characterized by a low-
diversity faunal and ichnofacies assemblage sug-
gesting restricted conditions and an environ-
ment affected by water salinity fluctuations
(M�angano & Buatois, 2004; Schwarz et al.,
2011).
Tidal channel sandstone deposits (FA1.8)

(Fig. 4B, C, E and F, Appendix S1: Figs S2C and
D and S3A to C) contain inclined heterolithic
stratification (IHS), resulting from sedimentation
on point bars in meandering channels (Thomas
et al., 1987; Johnson & Dashtgard, 2014). Evi-
dence of ebb and flood currents within these
IHS deposits (Collison, 1996; Miall, 1996; Ghazi
& Mountney, 2009) including bipolarity of cross-
strata dip directions, mud drapes on the foresets

and bottomsets of cross-strata, and flaser and
wavy bedding, suggest variations in the flow
associated with tidal currents (Ghosh
et al., 2005). Mud drapes are concentrated in the
parts of the tidal channels characterized by high
turbidity (Dalrymple et al., 1990; Allen, 1991;
Dalrymple, 1992; Plink-Bj€orklund, 2005).
Subtidal sandbar sandstone deposits (FA1.9)

contain rudists and fish teeth (Fig. 4D,
Appendix S1: Figs S2E, F and S4) and devel-
oped in distal areas of macrotidal estuaries (Dal-
rymple & Zaitlin, 1989; Dalrymple et al., 1990;
Plink-Bj€orklund, 2005).

Stage 2

Stage 2 is characterized by 13 facies associations
(FA2.1 to FA2.13) that are interpreted to represent
sedimentation in a wave-dominated, tide influ-
enced estuary (mixed-energy estuary) that shows a
clear inner-estuary, central-estuary and outer-
estuary spatial organization (Table 2).
The inner zone of the estuary fill (FA2.1 to

FA2.5) contains tidal bar deposits (FA2.1; Fig. 5A
and C, Appendix S1: Figs S5 and S6) similar to
those described by Plink-Bj€orklund (2005). Bio-
turbation (Rhizocorallium jenense) at the base of
sandy bar deposits indicates conditions of low
salinity (mixed waters) in the inner estuary
(F€ursich & Mayr, 1981; De, 2002; Goldring et al.,
2005), prior to transgression and preservation by
transgressive inner tidal bars defining transgres-
sive ravinement surfaces (Cattaneo & Steel, 2003).
The sandy bayhead delta deposits (FA2.2) of the
estuary (Fig. 5A, Appendix S1: Fig. S7) contain
heterolithic facies (Holz, 2003; Plink-
Bj€orklund, 2005; Aschoff et al., 2018) with mud
drapes indicating slack water periods during tidal
cycles where clay particles settled out from
suspension (Nio & Yang, 1991; Vakarelov
et al., 2011). These features attest to the activity
of semidiurnal tides in subtidal settings, in the
more distal and marine-influenced areas of these
transitional systems (Dalrymple & Choi, 2007;
Steel et al., 2012). The supratidal and intertidal
mudflat deposits with crevasse splays and ponds
(FA2.3; Fig. 5A to C, Appendix S1: Figs S6 and
S8), similar to those described by Allen (1991)
and Allen & Posamentier (1993), reflect redox
processes associated with variations in the phre-
atic level (Leckie & Rumple, 2003; Kraus & Hasio-
tis, 2006). The low faunal diversity of both fossils
and ichnofossils suggests carbonate production
in restricted areas of the estuary affected by envi-
ronmental stress due to salinity fluctuations
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(M�angano & Buatois, 2004; Reizopoulou & Nico-
laidou, 2004; Schwarz et al., 2011). The inner het-
erolithic intertidal flat deposits (FA2.4; Fig. 5A
and D, Appendix S1: Figs S8E, S8F and S9A) con-
tain double mud drapes suggesting semi-diurnal
cyclicity in subtidal settings (De Boer et al., 1989;
Ainsworth & Walker, 1994; Johnson & Dasht-
gard, 2014) formed in the distal areas of these
intertidal flats (Dalrymple & Choi, 2007). The
inner estuary tidal channel deposits (FA2.5;
Fig. 5A, B, D and E, Appendix S1: Figs S8E and
S9) show evidence of tidal point-bars in meander-
ing tidal creeks (Shanley et al., 1992; Plink-
Bj€orklund, 2005). Ubiquitous double mud drapes
attest to slack water sedimentation during periods
of maximum turbidity (Dalrymple et al., 1990;
Allen, 1991; Plink-Bj€orklund, 2005) in the subti-
dal zone of these tidal channels under a semi-
diurnal tidal regime (Nio & Yang, 1991). The
cyclic variability of grain sizes defines tidal bun-
dles in the foresets of tidal bedforms (Shanley
et al., 1992; Dalrymple & Choi, 2007). Herring-
bone cross-stratification indicates ebb and flood
current transport of sediments in the inner part of
the estuary (Dalrymple & Choi, 2007), as well as
the strong bipolarity of palaeocurrent directions
(Willis et al., 1999; Plink-Bj€orklund, 2005; Car-
mona et al., 2009; Bradley et al., 2018).
The central part of the wave-dominated estuary

is mainly represented by metres to tens of metres-
thick aggrading successions of central bay mud-
stones (FA2.6; Fig. 6A and C, Appendix S1:
Figs S8E, S10 and S14A) deposited under subti-
dal conditions (Allen, 1991; Dalrymple
et al., 1992; Allen & Posamentier, 1993; Bayet-
Goll et al., 2022).
The outer zone of the estuary contains tidal

channel sandstone deposits (FA2.7; Fig. 6A,

Appendix S1: Figs S10 and S11) with abundant
double mud drapes formed under tidal currents
(Shanmugam et al., 2000; Steel et al., 2012).
Channel bases with lags constitute the deepest
parts of the tidal channel in the subtidal zone
(Steel et al., 2012) and the lateral accretion sur-
faces define point-bars of the tidal channels (e.g.
Johnson & Dashtgard, 2014). Deposits of the
outer heterolithic tidal flats with ponds (FA2.8;
Appendix S1: Fig. S12) formed on intertidal flats
located among outer tidal bars of the estuary
mouth (e.g. Jackson et al., 2005). The outer estu-
ary tidal sandbar deposits (FA2.9; Fig. 6B,
Appendix S1: Fig. S13A to C), similar to those
interpreted by other authors (Dalrymple
et al., 1992; Allen & Posamentier, 1993; Jackson
et al., 2005; Dalrymple & Choi, 2007), show
flood tidal palaeocurrents (north-west) prevail-
ing over the ebb flood currents (south-east). The
interaction between these two tidal currents led
to widespread tidal bundles and mud drapes on
the tidal bedform (Dalrymple et al., 1992; Plink-
Bj€orklund, 2005; Dalrymple & Choi, 2007). Ich-
nofossils Taenidium and Beaconites testify to
the emergence of the upper part of the tidal bars
in supratidal conditions (Melchor et al., 2012).
The flood-tidal delta deposits (FA2.10) record
progradation into the central bay mudstones
(Appendix S1: Fig. S13D); see analogues in
Plink-Bj€orklund (2005), FitzGerald et al. (2012)
and Hayes & FitzGerald (2013), and coal clasts
attest to active ravinement during retrogradation
of the estuary mouth, eroding underlying back-
barrier marshes and tidal flats (FitzGerald
et al., 2012; Austin et al., 2018). The washover
fan sandy deposits (FA2.11) developed as sands
prograded into the back barrier central bay mud-
stones (Fig. 6C, Appendix S1: Fig. S14) of the

Fig. 4. Main facies associations (FAs) distinguished in the tide-dominated estuary of Stage 1 of the Camarillas For-
mation in the Galve Sub-basin. (A) A tidal ravinement surface (tRs) separates two tidal parasequences defined by a
lower intertidal flat with crevasse splays (FA1.5) and an upper aggrading to prograding upper supratidal flat with
marshes (FA1.4). The stratigraphic contact between Stage 1 and 2 is observed towards the top of the outcrop.
(B) Vertical stacking of three tidal parasequences 1, 2 and 3, defined by lower tidal creeks (FA1.8) and upper inter-
tidal and supratidal flats (FA1.6). Tidal creeks show evidence of subtidal deposition and thus the base of the chan-
nel defines tidal ravinement surfaces (tRs). (C) Neap–spring intervals showing double mud drapes formed in
bottomsets of tidal bedforms. (D) Subtidal bars (FA1.9) showing rudists in the upper part of the sand bars. Retro-
grading subtidal bars define a tidal ravinement surface (tRs) eroding the underling intertidal and supratidal flats
(FA1.6) of the top part of the underlying tidal parasequence. Detail shows tidal bundles (b1 to b4) developed in the
large-scale cross-bedding foreset of a sandy tidal bedform of the subtidal bar (FA1.9); note the rhythmic repetition
of discrete coarse-grained (a) and fine-grained (b) laminae in every tidal bundle. (E) Stratigraphic architecture of a
tidal creek (FA1.8) encased in supratidal flat deposits (FA1.6). (F) Close-up view of (E) showing inclined hetero-
lithic stratification (IHS) with lateral accretion surfaces, heterolithic intervals with double mud drapes, and cross-
bedded sets.
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Fig. 5. Facies associations (FAs) distinguished in the inner part of the wave-tide (mixed)-dominated estuary of
Stage 2 of the Camarillas Formation in the Galve Sub-basin. (A) Interpreted drone imagery and vertical distribu-
tion of FAs of Stage 2 in section 5. See Table 2 for FA codes. (B) Vertically oriented tidal channel sandstones
eroding underlying intertidal–supratidal mud flat facies (FA2.3). Mud drape intervals are internally interbedded
with trough cross-bedded sets representing neap bundles in the tidal channel sandstones. (C) Interpreted drone
imagery of the stratigraphic architecture of inner tidal bars (FA2.1). (D) Tidal channels (FA2.5) showing erosive
concave up bases eroding heterolithic facies (FA2.4). (E) Tidal channel showing a sharp erosive surface, inclined
heterolithic stratification (IHS) and mud drapes.
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estuary (Donselaar, 1996; Zonneveld et al., 2001;
Sedgwich & Davis, 2003; Hudock, 2013; May
et al., 2020). The tidal inlet facies associations
(FA2.12) developed at the mouth of the estuary
(Jackson et al., 2005; Plink-Bj€orklund, 2005).
Altogether, the deposits record a succession of
sandy architectural elements (AE) (Table 2,
Fig. 6D to F, Appendix S1: Figs S15 and S16)
from base to top: AE1, formed by microconglo-
merates with erosional base in the base of the
tidal inlet; AE2, the thickest sandy interval
representing lateral accretion due to the inlet
migration, where ebb palaeocurrents dominated
while reactivation surfaces formed due to south-
ward tidal flood currents; AE3, horizontal strata
with cross-bedded sets of the inlet platform
split; and AE4, thinning-upward tabular sets of
cross-bedding representing sedimentation in the
spit of the barrier. This facies association corre-
lates well with tidal inlets described in recent
analogues at Fire Island in the USA (Kumar &
Sanders, 1974; Donselaar, 1996). Ebb and flood
tidal currents moved sediment in 2D and 3D
megawaves forming tidal bundles, and slack-
water periods led to the formation of mud
drapes (Nio & Yang, 1989). The coeval open
marine environment is characterized by trough
cross-bedded shoreface sandstones (FA2.13;
Appendix S1: Figs S16B and S17) developed by
the action of waves in the open marine platform
attached to the mouth of the estuary (Sha, 1990;
Jackson et al., 2005); the shoreface facies con-
tains ‘intrashoreface shales’ formed in the upper
shoreface (Haug Eide et al., 2014). Despite good
evidence of tidal currents, the stronger evidence
of wave influence (inlets, barriers, bayhead
deltas, central mud basin) warrants interpreta-
tion of Stage 2 as representing a wave-
dominated, tide-influenced estuary succession.

Stage 3

Stage 3 is characterized by a barrier island–back
barrier lagoon system in which eight facies asso-
ciations (FA3.1 to FA3.8) have been identified,
seven formed in a barrier island–back barrier
lagoon system and one on a coeval open marine
platform (Table 3).
The facies associations of the back-barrier lagoon

(Fig. 7) include deposits of tidal mud flats with
tidal creeks and marshes (FA3.1; Figs 7, 8A and
8D, Appendix S1: Fig. S18). Tidal creeks mean-
dered in the muddy tidal flat under the influence
of ebb and flood tidal currents (Willis et al., 1999;
Plink-Bj€orklund, 2005; Carmona et al., 2009).

The carbonate lagoon deposits (FA3.2) show a
low diversity of both body and trace fossils (Figs 7
and 8A, Appendix S1: Figs S18, S19 and S20B),
indicating stressed, restricted conditions in the
lagoon (M�angano & Buatois, 2004; Reizopoulou &
Nicolaidou, 2004; Schwarz et al., 2011). Milliolids
suggest low energy and restricted conditions asso-
ciated with low concentration of oxygen and eury-
haline environments (Schulze et al., 2005; Tasli
et al., 2006; Rodr�ıguez-L�opez, 2008). Interbedded
peloidal wackestone limestones indicate sedimen-
tation in a low energy subtidal setting (Palma
et al., 2005), whereas bioclastic grainstones sug-
gest sedimentation associated with high-energy
conditions that could be driven by subtidal bottom
currents in the sectors close to tidal inlets. Iron-
(Fe-) rich hardgrounds are located in the northern
and proximal sector of the lagoon (Moran, 1989;
LaGesse & Read, 2006) and the widespread occur-
rence of glauconite grains, serpulids and accumu-
lation of phosphates (fish teeth) reveal condensed
intervals associated with periodic low sedimenta-
tion rates in the lagoon (Tucker & Wright, 1990;
Chafetz & Reid, 2000; Gil et al., 2006). The bioclas-
tic limestones composed of broken bioclasts with
erosive bases and aligned fossils are interpreted as
tempestites (Aigner, 1985; Lee & Kim, 1992; Lee
et al., 2001).
The sandy washover fan deposits (FA3.3;

Appendix S1), similar to others that have been
described (Schwartz, 1975, 1982; Aigner, 1985;
Lee & Kim, 1992; Zonneveld et al., 2001; Sedg-
wich & Davis, 2003), contain Arenicolites sug-
gesting endolithic organism colonization
(Sedgwich & Davis, 2003).
The flood-tidal delta facies association (FA3.4;

Fig. 7A, Appendix S1: Figs S18 and S20) is very
similar to that described by Donselaar (1996).
Architectural elements 1, 2 and 3 (AE1, AE2
and AE3 in Table 3) represent prodelta, ramp
and channel facies, respectively, of the flood
tidal delta. The complete succession is observed
in the proximal sections close to the tidal inlets
(to the west), while the distal sections show
how the other architectural elements (flood
ramp and channel of the flood tidal delta) inter-
acted with the back-barrier FA. The prodelta
facies shows swaley cross-bedding and tractive
unidirectional bedforms associated with flood
tidal currents (Cheel & Leckie, 1990). The flood
ramp facies is formed by superimposed 2D and
3D megaripples with double mud drapes, tidal
bundles showing evidence of flood and ebb tidal
currents (Richards, 1994; Corcoran et al., 1998;
Holz, 2003). The occurrence of coal clasts in the
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bases of the flood tidal deltas is evidence of
flooding and erosion of back-barrier marshes by
the flood tidal delta channels (Van Wagoner
et al., 1990).
The barrier island and tidal inlet facies associ-

ation (FA3.5) and its complex internal architec-
tural elements (Figs 7B, 7C and 8, Appendix S1:
Figs S18B, S21, S22, S23 and S24) represents
sedimentation due to lateral migration of tidal
inlets of clastic barrier islands (Kumar &
Sanders, 1974; Donselaar, 1996). The vertical
succession of the three architectural elements
(AE) correlates with those described by Vilas
et al. (2002) in active tidal inlets. AE1 with an
erosive base and basal lag is a tidal inlet channel
deposit covered by cross-bedded sandstones
moved by ebb tidal currents (Vilas et al., 2002).
Large-scale lateral accretion surfaces formed as
the tidal inlet migrated laterally due to the drift
current parallel to the barrier island system
(Donselaar, 1996). The migration of these tidal
inlets is episodic and also depends on the sand
storage capacity of the system (Tillmann & Wun-
derlich, 2013) and nearby continental platforms
(Dias & Kjerfve, 2008). The flood tidal current
palaeoflow is towards the south-east, and the
east–west bipolarity measured in small-scale
current structures indicates the activity of both
ebb and flood tidal currents. AE2 overlies AE1
and represents the barrier-island platform of the
spit that forms in the upper part of the barrier as
the tidal inlet migrates laterally (Donse-
laar, 1996). This architectural element is rarely
preserved because the dynamics of the tidal
inlet lead to reworking and erosion of the spit.
The occurrence of mud drapes and bipolarity of

palaeocurrents is indicative of flood and ebb
tidal currents in the tidal channels (Nio &
Yang, 1989; Donselaar, 1996). The upper archi-
tectural element (AE3) records the spit to fore-
shore sedimentation of the barrier island
showing Skolithos and well-sorted cross-bedded
sandstones (Kumar & Sanders, 1974; Donse-
laar, 1996; Zonneveld et al., 2001; Jackson
et al., 2005).
The open marine platform assemblage

includes the facies associations of ebb-tidal delta
(FA3.6), shoreface (FA3.7) and tidal sand bars
(FA3.8). The stratigraphic architecture and facies
associations of the ebb-tidal delta (FA3.6)
(Fig. 8D, Appendix S1: Figs S25 and S26) are
similar to both modern (Morales et al., 2001)
and ancient analogues (Cheel & Leckie, 1990).
The good sorting of most of the sandy facies is
attributed to wave activity (Sha, 1990) and the
fine-grained fining-upward strata represent the
distal facies of the ebb-tidal delta (Imperato
et al., 1988). The sandy beds bounded by accre-
tion surfaces to the south-east that contain
cross-bedding are interpreted as subtidal swash
bars of the ebb-tidal delta (Morales et al., 2001).
The sandy facies with planar cross-bedding and
palaeoflow to the north-east represents tidal bars
developed in the shoreface close to the flood
channel (Imperato et al., 1988). The occurrence
of hummocky cross-stratification (HCS) and swa-
ley cross-stratification (SCS) are interpreted as
storm-related deposits in the lower shoreface of
the ebb-tidal delta (Cheel & Leckie, 1990; Ito
et al., 2001; Peropadre et al., 2007). Tidal sand
bars merge laterally to flood tidal channels with
superimposed cross-bedding sets laterally to the

Fig. 6. Facies associations (FAs) distinguished in the central (bay) and outer part of the wave-tide (mixed)-
dominated estuary of Stage 2 of the Camarillas Formation in the Galve Sub-basin. (A) Drone imagery and line
drawing of an outer estuary tidal channel (FA2.7) encased in central bay mudstones (FA2.6), showing lateral
accretion surfaces and bounding erosive surfaces. Below, stratigraphic correlation of sedimentological sections
(see location in drone image) showing spatial variability of tidal currents with respect to the tidal channel archi-
tecture; shallower areas are dominated by NNW flood tidal currents, lower section shows bipolarity, and the thal-
weg of the tidal channel shows dominant ebb tidal palaeocurrents. Inclined heterolithic stratification (IHS) is
observed in the point bar deposits to the south. (B) Outer estuary tidal sandbar deposits (FA2.9) with large-scale
cross-bedding formed by superimposed cross-bedded sets of fine-grained sandstones and laterally continuous dark
interbeds. Beds dip vertically, stratigraphic top to the right. Close-up view shows tidal rhythmites (DMD: double
mud drapes). (C) Pinch out of washover fan sandstones (FA2.11) wedges into central way clays (FA2.6). (D) Inter-
preted drone imagery of a tidal inlet (FA2.12) showing lateral accretion surfaces left by the lateral migration of the
inlet, and internal stratification. Palaeocurrents are oblique to the direction of lateral migration of the point bar as
the ebb and flood tidal currents in the tidal inlet transport sediments. (E) Drone imagery of other tidal inlet
deposit showing the internal architectural elements. (F) Tidal inlet architecture and vertical succession of suben-
vironments (after Kumar & Sanders, 1974). MHW, mean high water; MLW, mean low water; masl, metres above
sea level.
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main ebb-tidal delta. The occurrence of mud
drapes and sigmoidal reactivation surfaces
attests to tidal modulation in the channels and
bars of the ebb-tidal delta (Richards, 1994; Cor-
coran et al., 1998). The occurrence of low-angle

cross-stratification and parallel lamination at the
top of the facies association suggests reworking
by waves in the intertidal lev�ee of the margin of
the ebb-tidal channel (Morales et al., 2001) and/
or in the platform of the spit of the associated

Fig. 7. Back-barrier lagoon facies associations (FAs) distinguished in the barrier island–lagoon system of Stage-3
of the Camarillas Formation in the Galve Sub-basin. (A) Drone imagery and line drawing with the stratigraphic
architecture of the flood tidal delta (FA3.4) eroding underlying carbonate lagoonal facies (FA3.2) and tidal mudflat
deposits (FA3.1) (see location in B). Flood tidal delta shows a sharp erosional base, and internally shows the ver-
tical stacking pattern of architectural elements (AE), including the prodelta (AE-1) and flood ramp (AE-2) in the
lower part, which are covered and eroded by the overlying flood tidal delta channel (AE-3). See detailed facies
analysis in Fig. S20. (B) and (C) Drone images of tidal inlet sandstones deposits (FA3.5) and line drawings of strat-
igraphic architecture and FA distribution. Note that tidal inlet geobodies show: (i) sharp, erosive and generally flat
(slightly irregular, locally) bases; (ii) general tabular geometry; (iii) a preserved positive apex in the stratification
top leading to onlapping of overlying back-barrier lagoonal and tidal flat FA; and (iv) laterally continuous
(>100 m) inclined lateral accretion surfaces due to tidal inlet migration.
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tidal inlet (Cheel & Leckie, 1990). Figure 8D
shows a clear stratigraphic and genetic relation-
ship between the ebb-tidal delta and the tidal
inlet: the tidal inlet succession is covering and
eroding the underlying ebb-tidal delta FA indi-
cating that the lateral migration of the inlet led
to the closure and cut off of the ebb-tidal delta
disconnecting it from the back-barrier lagoon.
This process is recorded twice in the figured
outcrop.
The shoreface deposits (FA3.7) include upper

shoreface sandstones (AE1) characterized by
SCS, and the coarsening-upward trend in these
sandstones (Appendix S1: Fig. S27) is associated
with the increasing energy of the systems associ-
ated with waves (Kirschbaum & Hettinger, 2004;
Clifton, 2006). The widespread occurrence of
trough and planar cross-stratification indicates
that alongshore-drift currents and waves trans-
ported sediments forming 2D and 3D megarip-
ples between the fair-weather wave base
(FWWB) and the lower wave base (LWB)
(Coe, 2003). The occurrence of HCS is inter-
preted as related to storm currents above the
SWB in the offshore transition zone (Duke
et al., 1991; Ito et al., 2001). Intra-shoreface
shales are commonly reported in similar shore-
face successions in areas dominated by wave
currents (Haug Eide et al., 2014). The scarcity of
bioturbation suggests a rapid migration rate of
shoreface bedforms under high-energy condi-
tions that prevented colonization of the upper
shoreface (Plink-Bj€orklund, 2005; Veiga
et al., 2005). AE2 is interpreted to represent the
lower shoreface where HCS and wave ripples
formed together with swaley cross-bedding, just
above the FWWB.
The tidal bar deposits (FA3.8) show clear fron-

tal accretion surfaces and a coarsening-upward
trend (Appendix S1: Fig. S28), as the upper
parts of the tidal bars are associated with
higher-energy currents compared to the sur-
rounding troughs (Dalrymple et al., 2012; Olariu
et al., 2012). The erosive base is related to the
migration of the tidal bar and the convex tops
resulted from the migration of superimposed
bedforms (Yang & Nio, 1989; Dalrymple &
Rhodes, 1995; Longhitano, 2011; Olariu
et al., 2012). Both the frontal progradation direc-
tion towards the north-west and the palaeocur-
rent towards the south-west from superimposed
forms indicate migration in the same direction
as the parent tidal bedform (Dalrymple &
Choi, 2007; Olariu et al., 2012). The occurrence
of HCS with bioclastic (oysters) sandstones is

evidence of storm-related currents that affected
the lower troughs of these tidal bars
(T€orok, 1998). Bases of the barrier island sand-
stones constitute wave ravinement surfaces
(wRs) (e.g. Cattaneo & Steel, 2003).

DISCUSSION

Depositional model and temporal evolution

Stage 1. Tide-dominated estuary
Stage 1 represents sedimentation in a tide-
dominated estuary (13–249 m thick), with a
depocentre located in the Camarillas Graben
(Fig. 9). Stage 1 is spatially restricted to the Jor-
cas area showing a limited extent over the
underlying El Castellar Formation. It is com-
posed of 71% mudstone, 28% sandstone, and
2% carbonate and marlstone. The sandstone
accumulation occurs in the hanging wall of the
Miravete Fault (22–90% of total sandstone thick-
ness) and in the Galve area, where the sandstone
percentage reaches 42% of the total section. By
contrast, the Camarillas and Jorcas areas show
lower percentages of sandstone (9% and 15%,
respectively). Stage 1 is comprised of two well-
differentiated but coeval depositional systems, a
fluvial system that transitions laterally and verti-
cally to a tide-dominated system (Fig. 9B).
At the base of the northern and central sectors of

the sub-basin, the fluvial system includes three
subenvironments (Fig. 9A to C): fluvial channel
(FA1.1), tide-influenced tidal channels (FA1.2)
and floodplain (FA1.3). In the early part of Stage 1,
a fluvial system was active with dominant palaeo-
currents towards the south-east (Fig. 9B). Merging
laterally and covering these fluvial channels, tide-
influenced channels are observed with the first
evidence of tidal mud drapes, tidal bundles and
north-west and east bipolarity. These tide-
influenced channels are located in the northern
sections and the El Bat�an Fault sector (Fig. 9B).
The tidal system of Stage 1 is formed by seven

stacked progradational parasequences (1 to 7 in
Fig. 9B) that define a general aggradational–retro-
gradational pattern. This tidal system contains five
FAs including muddy intertidal flats with crevasse
splays (FA1.5), intertidal and subtidal flats
(FA1.6), carbonate ponds (FA1.7), tidal channels
(tidal creeks, FA1.8) and subtidal sandbars
(FA1.9) (Fig. 9A). The spatial distribution of sub-
environments is characterized by retrograding flu-
vial channels in section 5 merging laterally to the
tidal system. Muddy intertidal flats (FA1.5)
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occupied a widespread area (sections 6–16) and
among subtidal sandbars in section 9. Intertidal
flats are interbedded with carbonate ponds
(FA1.7) and subtidal to intertidal mixed tidal flats
(FA1.6) and with muddy supratidal flats with
marshes (FA1.4). These tidal flats are interbedded
with tidal channels (FA1.8) in the areas near the
Miravete Fault, where these tidal creeks locally
erode underlying subtidal sandbars (FA1.9)
(Fig. 9B). Tidal channels show palaeocurrents
towards north-east and WSW. The subtidal sand-
bars of FA1.9 in section 9 (Miravete area) represent
the outermost area of tidal sedimentation (open
marine). Tidal sandbars retrograde in the two
upper parasequences reaching the northern pro-
files of the sub-basin (section 5, Fig. 9B) showing
main palaeocurrents towards north-east and
south-east, which represented flood and ebb tidal
currents, respectively (Fig. 9C).

Stage 2. Mixed-energy, wave-dominated, tide-
influenced estuary
Stage 2 represents sedimentation in a wave-
dominated and tide-influenced estuary (Figs 10,
11 and 12). This stage is recognized across the
entire Galve Sub-basin, and its development
indicates an expansion of the depositional area.
There are, however, significant variations of pre-
served total thickness. Similar to the previous
stage, Stage 2 has maximum thicknesses in the
Camarillas Graben (418 m thick) and thins
towards the north (133 m thick) (Fig. 11).
Deposits formed during this stage are made up
of 79% mudstone, 20% sandstone, and 1%
limestone and marlstone. Depocentres of sandy
lithofacies are located in the northern and
southern sectors of the basin (23–33%), whereas
the central part of the basin contains lower per-
centage of sandstones (8–19%).
During Stage 2, a sandy bayhead delta, a muddy

central section, and an outer sandy part accumu-
lated (Figs 10 and 12). The proximal estuary area
is located in the northern parts of the sub-basin

(Figs 11 and 12) and shows five genetically
related facies associations: inner tidal bars
(FA2.1); bayhead delta (FA2.2); supratidal and
intertidal mudflat with crevasse splays and ponds
(FA2.3); inner heterolithic intertidal flat (FA2.4);
and inner estuary tidal channels (FA2.5).
Deposits in the central part of the sub-basin are
central bay mudstones (FA2.6). Deposits in outer
zone areas of the estuary, located towards the
south, contain seven facies associations, includ-
ing deposits of outer estuary tidal channels
(FA2.7), outer heterolithic tidal flats with ponds
(FA2.8), outer estuary tidal sandbars (FA2.9),
flood-tidal delta in the mouth of the estuary
(FA2.10), washover fans (FA2.11), tidal inlets
(FA2.12) and the open marine shoreface
(FA2.13).
Stage 2 is organized into 12 parasequences (1 to

12 in Fig. 11). This stage initially shows a regres-
sive pattern (parasequences 1 to 3) towards the
south of the Galve Sub-basin leading to the south-
eastward progradation of the inner tidal bars of
the estuary over intertidal flats surrounding the
estuary margins in the central sector (section 7;
Figs 11 and 12). At the north, sections 3 and 14
record several bayhead deltas, with south-east and
east palaeocurrents, interbedded with supratidal
and intertidal flats. The southernmost section 16
shows central bay mudstones interbedded with
outer estuary tidal channels with palaeocurrents
to the north-west and south-east indicating strong
flood and ebb tidal currents.
This basal prograding interval of the estuary is

overlain regionally by a complex retrograding
estuarine interval (parasequence 4), by which
the bayhead deltas are covered by retrograding
intertidal flats interbedded with tidal channels
and heterolithic tidal flat deposits. Abundant
coal fragments and carbonaceous plant frag-
ments are evidence of tidal salt marshes in the
estuary. Palaeocurrents in the tidal creeks are
variable, but they show a dominant SSW and
north-west direction. The central bay of the

Fig. 8. Barrier island–tidal inlet and open marine facies associations (FAs) distinguished in the barrier island–
lagoon system of Stage-3 of the Camarillas Formation in the Galve Sub-basin. (A) Drone imagery and line drawing
of the stratigraphic architecture of a tidal inlet FA (FA3.5). Lateral accretion surfaces continue laterally for more
than 80 m. The top of the tidal inlet deposit shows, again, a positive tip associated with the lateral migration of
the tidal channel on which back-barrier tidal mudflats (FA3.1) and carbonate lagoon (FA3.2) deposits onlap. (B)
Field photograph and (C) Close-up view of very large lateral accretion surfaces due to the tidal inlet migration
(yellow ellipse encircles geologist for scale). (D) Drone imagery and line drawing of the stratigraphic architecture
of ebb-tidal delta deposits (FA3.6) and related FAs showing two parasequences of ebb-tidal deltas sharply covered
by eroding tidal inlet facies. Ebb-tidal deltas are prograding to the Tethys (south-east). Sedimentological sections
(i) and (ii) can be seen in the Fig. S26.
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estuary shows thick muddy facies interbedded
with outer tidal channel and outer hetherolitic
tidal flat deposits (section 15) with dominant
flood tidal currents towards the north and show-
ing marine bioturbation (Figs 11 and 12). In the
outer area of the estuary for this same interval,
central bay mudstones are interbedded with
tidal inlet sandstones and washover fans that
pinch out to the north, indicating that the bar-
rier island of the mouth of the estuary was
located to the south.
Next, the estuary system shifted towards the

south concurrent with a significant period of ver-
tical aggradation (parasequences 5 to 10), for
which every parasequence is regressive. The
long-term evolution of the system led to deposi-
tion of central bay mudstones interbedded with
flood tidal deltas (section 16) and prograding
towards the north, and outer estuary tidal bars
that show bidirectionality (south-east and north-
west) and reach central sections (section 6) in the
estuary. The uppermost two parasequences (11
and 12; Fig. 11) define a marked retrogradational
pattern. The outer sector of the mixed estuary
was characterized by complex transitions
between coeval FAs, including intertidal and
subtidal flats, carbonate ponds and washover fans
(retrograding to the north-east and east). Similar
coexistence of estuarine systems and barrier-
islands as those of the Camarillas Formation have
also been described previously from depositional
systems in the Upper Cretaceous Sego Sandstone
Member, in Colorado USA (Painter et al., 2013),
and similar outer estuarine sandbars have been
also described by Steel et al. (2012) in the tide-
dominated estuarine system of the Campanian
Chimney Rock Sandstone (Plink-Bj€orklund, 2008)
and by Allen & Johnson (2010, 2011) and John-
son et al. (2017) in the Late Cretaceous John
Henry Member in Utah.

Stage 3. Barrier island systems
Two sub-stages (3a and 3b) are recognized
(Fig. 13). Sub-stage 3a deposits are 62%

sandstone, 30% mudstone and 9% carbonate
and marlstone. Sub-stage 3a deposits vary in
thickness from 19 to 149 m, with a depocentre
in the Camarillas Graben (Fig. 14). Thickness
variations are due to the synsedimentary activity
of the extensional faults associated with the
basin, especially the Remenderuelas, El Bat�an,
Camarillas and Jorcas faults (Navarrete
et al., 2013a; Navarrete, 2015). The Miravete
Fault was characterized by less activity relative
to stages 1 and 2.
Sub-stage 3a deposits are interpreted to be

from a mixed-siliciclastic–carbonate barrier
island–back barrier lagoon system (Navarrete
et al., 2013b) comprised of eight facies associa-
tions, organized within six parasequences
(Fig. 13). Facies associations include those asso-
ciated with the back-barrier lagoon (tidal mud-
flats with tidal creeks and marshes, FA3.1;
carbonate back-barrier lagoon, FA3.2), the inter-
action among the back-barrier lagoon and the
barrier island system (washover fans, FA3.3;
flood-tidal delta, FA3.4), those properly related
to the barrier island dynamics (tidal inlet/barrier
island, FA3.5) or resulting from the interaction
of the barrier island and the open marine system
(ebb-tidal deltas, FA3.6), and coeval open
marine environments (shoreface, FA3.7; and
tidal bars, FA3.8) (Figs 14 and 15). A similar
spatial distribution of coeval depositional sys-
tems is observed from the Holocene to Recent
Rømø barrier island in the Danish Wadden Sea
(Johannessen et al., 2008) and the occurrence of
barrier islands retrograding over back-barrier
marshes has been reported from Chesapeake Bay
deposits (Cooper, 2013; Cooper et al., 2018).
Although sub-stage 3a deposits record higher-

order cycles of progradation and retrogradation
(parasequences 1 to 7 in Fig. 14), the system
shows a general retrograding pattern to the north
and east of the sub-basin. In this way, the barrier
island system of stage 3a retrogrades over the
underlying mixed-estuary system, so that the first
shoreface associated with the barrier island is

Fig. 9. Facies associations (FAs), stratigraphic architecture and palaeogeography of tide-dominated estuary of
Stage 1. (A) Spatial distribution and common associations of FAs. See Table 1 for FA descriptions and interpreta-
tions and Fig. 3 for legend of sedimentological logs. (B) Stratigraphic–sedimentological architecture of FA showing
the boundaries between parasequences (white discontinuous lines and white numbers) and the changes in thick-
ness. See Fig. 2B for location of correlation panels and text for discussion. (C) Basin-scale genetic model showing
the spatial distribution of the Barremian tide-dominated estuary. Tethys Sea is towards the south-east and the Ibe-
rian Massif to the north-west. Main synsedimentary extensional faults are indicated. Letters refer to geographical
references (villages): Ali, Aliaga; Jo, Jorcas; Ga, Galve; Mi, Miravete; Vi, Villarroya de los Pinares.
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Fig. 10. Facies associations (FAs) of the mixed-energy estuary of Stage 2. (A) Spatial distribution and common
associations of FAs. See Table 2 for descriptions and interpretations of FA. (B) Associations of FA in the inner
estuary. (C) Associations of FA in the central bay and outer estuary. See legend of sedimentological logs in Fig. 3.
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Fig. 11. Stratigraphic–sedimentological architecture correlation of facies associations (FA) of mixed-energy estu-
ary of Stage 2. See Table 2 for descriptions and interpretations of FA, and Fig. 2B for location of correlation
panels. Parasequence boundaries are marked by discontinuous black lines and numbers. Central and outer sector
of the estuary to the south, and inner zone to the north.
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recorded for the first time in section 5 (parase-
quence 3). After this initial retrogradation, the
barrier island depositional system and associated
subenvironments prograded towards the south
and west of the basin (sections 12 and 13) creat-
ing an extensive back-barrier lagoon to the north
and east of the sub-basin (parasequences 4 and 6).
This lagoon was characterized by an extensive
back-barrier muddy tidal flat (FA3.1) with inter-
bedded coal seams due to the presence of back-
barrier marshes and tidal creeks. Lagoonal car-
bonates appear in four successive intervals and
are characterized by a low diversity of biota,
including bivalves, charophytes, ostracods and
gastropods. The first carbonate interval is the
most extensive (parasequence 4), being recorded
in the whole basin from sections 3 to 12 (in the
north and south), and from section 11 to 14 (east
and west) where it is eroded by flood-tidal delta
deposits (FA3.4) (Fig. 14); the successive three
back-barrier lagoonal intervals show more
restricted areas (sections 13 and 15 to the north
and east, respectively). Lagoonal marlstones
appear between tidal flats and carbonate lagoons

in areas towards the north, with a major input of
siliciclastic sediments. These back-barrier car-
bonates contain tempestite intervals and wash-
over fan deposits (FA3.3) that pinch out into the
back-barrier system to the north, north-east and
south-east, corroborating the existence of a silici-
clastic barrier island to the south and west of the
basin (Figs 14 and 15). The upper back-barrier
system (parasequence 6) contains a thin, basin-
wide tsunamite (Navarrete et al., 2014).
The sandy barrier island generated by the lat-

eral migration of tidal inlets formed the outer
zone of the barrier system (Figs 13 and 14). It
passes laterally to the back-barrier lagoon to the
north and to open marine waters of the Tethys
to the south (Fig. 15). Flood tidal currents
moved siliciclastic sediments of the barrier
island into the back-barrier lagoon with a disper-
sion of palaeocurrents from north-west to south-
east, suggesting again the location of the barrier
islands to the west and south of the basin. The
recurrent retrogradations of the barrier islands
and associated flood-tidal and ebb-tidal deltas
(for example, parasequences 3 and 6; Fig. 14)

Fig. 12. Basin-scale genetic model showing the spatial distribution of the Barremian mixed-energy estuary of
Stage 2. Tethys Sea is towards the south-east and the Iberian Massif to the north-west. Letters refer to geographical
references (villages): Ali, Aliaga; Jo, Jorcas; Ga, Galve; Mi, Miravete; Vi, Villarroya de los Pinares. Main synsedi-
mentary extensional faults are indicated. The spatial distribution of facies associations (FAs) and zones of the
estuary are indicated. See Table 2 for descriptions and interpretations of FAs.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology

30 A. R. Soria et al.

 13653091, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13097 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [16/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



led to the development of tidal ravinement sur-
faces that eroded underlying back-barrier
deposits. Tidal inlets migrated to the south-east
and north-east. The net aggrading stacking pat-
tern of sub-stage 3a causes the barrier island
successions to be sharply covered by aggrading
back-barrier depositional systems, contrary to
the frequent ravinement of barrier islands by
shoreface deposits in stacked parasequences in
these depositional systems (e.g. Allen & John-
son, 2011; Mulhern et al., 2019).
Sub-stage 3b deposits are thinner than 3a

deposits (4–26 m) and represent a regional trans-
gression leading to an increase in carbonate depo-
sition within the basin (reaching 68% versus 20%
sandstone and 12% mudstones; Figs 13, 14 and

15). The thickness of this interval is remarkably
consistent compared with earlier stage deposits
(Fig. 14), suggesting a decrease in extension
rates associated with synsedimentary faulting.
Although sub-stage 3b depositional environments
were similar to those of the barrier island system
that accumulated during sub-stage 3a, more
restricted back-barrier lagoon deposits suggest that
there were a smaller number of tidal inlets.
Sub-stage 3b begins with a barrier island sys-

tem, oriented north–south, following the strike
of the NNW–SSE Ca~nada Vellida and WSW–
ENE Jorcas faults (Fig. 15). This barrier island
was located in sections 13, 15 and 16 in Galve–
Camarillas–Jorcas and lateral facies change to
back-barrier carbonates (FA3.2) to the north-east

Fig. 13. Spatial distribution of facies associations (FAs) showing the common associations of FA of the barrier
island–tidal inlet system of Stage 3, separating sub-stages 3a and 3b. See Table 3 for descriptions and interpreta-
tions of FAs.
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and to open marine tidal bars (FA3.8) to the
south (Figs 14 and 15). During this sub-stage,
tidal inlets migrated to the south-east/ESE with
a subsidiary component to the east/west. Open
marine tidal bars moved to the south-east with
bipolarity to the north. During this interval the
back-barrier lagoon (FA3.2) and its associated

washover fans (FA3.3), flood-tidal deltas (FA3.4)
and ebb-tidal deltas (FA.3.6) prograded. The sys-
tem experienced abrupt retrogradations whereby
open marine deposits (condensed carbonates in
parasequence 8; Fig. 14) abruptly covered both
flood tidal delta deposits and back-barrier
lagoonal deposits, defining transgressive

Fig. 14. Stratigraphic–sedimentological architecture of facies associations (FAs) of barrier island–lagoon system of
Stage 3 (sub-stages 3a and 3b). See Table 3 for descriptions and interpretations of FAs and Fig. 2B for correlation
panels location. Parasequence boundaries are marked by discontinuous black lines and numbers.
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surfaces containing glauconite, serpulid and
phosphate accumulations (Amorosi, 1995;
Dreyer et al., 1999; Navarrete et al., 2013b). Fol-
lowing these brief retrograding events, back-
barrier lagoon progradation is restored along
with flood tidal deltas, which is evidence for the
restoration of active back-barrier systems after
regional transgressive events. Recurrent retrogra-
dations of tidal inlets/barrier island-derived

flood-tidal deltas led to reworking of back-
barrier marshes that formed extensive lags of
carbonaceous plant fragments at the base of
flood tidal deltas. The flood tidal delta located
in section 5 with palaeocurrents to the east and
north-east corroborates the location of a system
of barrier islands to the south. Sand wave
deposits can be correlated with these flood tidal
delta systems.

Fig. 15. Basin-scale genetic model showing the spatial distribution of the Barremian barrier island–tidal inlet
Stage 3 (sub-stages 3a and 3b). Tethys Sea is towards the south-east and the Iberian Massif to the north-west. Let-
ters refer to geographical references (villages): Ali, Aliaga; Jo, Jorcas; Ga, Galve; Mi, Miravete; Vi, Villarroya de los
Pinares. Main synsedimentary extensional faults are indicated. The spatial distribution of facies associations
(FAs) and zones of the estuary are indicated. See Table 3 for descriptions and interpretations of FAs.
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Overall evolution
The vertical evolution of the three siliciclastic
depositional stages described in the Lower–
Upper Barremian Camarillas Formation of the
Galve Sub-basin is retrogradational. This general
transgressive trend supports a significant
eustatic sea-level rise during the Early Barre-
mian, which has been interpreted to reach 160
to 170 m above present sea level (Haq, 2014).
During this period, Haq (2014) also inferred
short-order cycles of eustatic variations in sea
level that correlated with the development of
major sequence boundaries and sea-level events.
The three distinct stages in the present study
may be related to these sea-level events, but
additional analyses need to be done to provide
age constraints for the sediments in order to cor-
relate them.

A thick muddy coastal succession in a rift
basin

The Camarillas Formation includes an unusually
thick accumulation (300 to 1000 m) of paralic
deposits. Muddy deposits account for up to 70%
of the total thickness of estuarine stages 1 and 2,

decreasing to 30% during the barrier island Stage
3. The great thickness of the unit and its thickness
changes are attributed to high subsidence and sed-
imentation rate associated with extensional fault-
ing in a rift basin setting (Figs 9B, 11 and 14).
Navarrete et al. (2013a) and Navarrete (2015) relate
the structural controls on sedimentation to two
sets of normal faults trending NNW–SSE and
ENE–WSW (Fig. 2B). Based on cyclostratigraphy
analysis, Navarrete (2015) infers a time span of
0.7, 0.5 and 0.7 Ma for stages 1, 2 and 3, respec-
tively, and a mean sedimentation rate >200 m/Ma
for the entire unit (based on cyclostratigraphic
analysis and total compacted thickness; Navar-
rete, 2015). In the thickest section (profile 5; Figs 9,
11 and 14), sedimentation rates reached 184, 830
and 224 m/Ma for stages 1, 2 and 3, respectively.
This paralic system had three main sources of sed-
iments: (i) fine-grained fluvial sediments derived
from distant source areas to the west that accumu-
lated in the central bay and associated lateral tidal
marshes and mud flats; (ii) sand-dominated sedi-
ments derived from coastal drift currents reworked
by the combined action of waves and tides; and
(iii) windblown dust that may have been a primary
contributor to the fine-grained fraction of these

Fig. 16. (A) Western Tethys palaeogeography showing the location of Iberia (modified after Blakey, 2014). (B)
Detailed Hauterivian–Barremian palaeogeography showing the location (red star) of the studied area (Galve Sub-
basin) (modified after Salas et al., 2001). BB, Betic Basins; CaB, Cameros Basin; CB, Cantabrian Basin; LB, Lusita-
nian Basin; MB, Maestrazgo Basin; SB, South Iberian Basin.
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coastal sedimentary environments (e.g. Brook-
field, 2004), considering the long-term arid climate
setting that governed Barremian sedimentation on
the Iberian plate (e.g. Rodr�ıguez-L�opez et al., 2006;
Navarrete, 2015; Dinis et al., 2020).
The preferential accumulation of sandy facies

was governed by the synsedimentary activity of
normal faults that controlled the location of
sandy barrier islands in uplifted footwall fault
blocks characterized by high-energy sedimentary
environments (Navarrete et al., 2013b). This ulti-
mately formed a preferential trap for back barrier
fine-grained sediments, which accumulated
within central bays in areas of high subsidence
and low energy leading to thick synrift mud-
stone intervals. Similarly thick syntectonic bay-
estuary mudstones accumulated in the Sanriku-
oki forearc basin, north-east, Japan, where
muddy facies are up to 110 m thick (Takano &
Tsuji, 2017).
The long-term aggradational to retrograda-

tional trend of the Barremian paralic succession
in the Galve Sub-basin was punctuated by
regressive parasequences, the bases of thick
sandy barrier island parasequences constituting
wave ravinement surfaces (wRs), and the bases
of tidal flat parasequences and tidal inlets repre-
senting tidal ravinement surfaces (tRs) (sensu
Cattaneo & Steel, 2003). The vertical stacking
pattern of tidal and barrier-island parasequences
in Stages 2 and 3 (Figs 11 and 14) attests to
rapid and recurrent transgressive–regressive
cycles (Navarrete et al., 2013b). Although the
long-term aggrading nature and the exceptional
preserved thickness of the succession confirm
an active role of tectonic subsidence, the parase-
quence stacking patterns point to a superim-
posed high-order allogenic control on the
paralic succession. Cretaceous glacioeustasy can-
not be ruled out as an allogenic control (Pero-
padre et al., 2013), because recent work
demonstrates an active early Cretaceous cryo-
sphere during the supposed archetypal Creta-
ceous super greenhouse (Rodr�ıguez-L�opez
et al., 2022).

Siliciclastic sediments and source area:
Barremian Iberia microplate, palaeoclimate
forcing and palaeoceanic response

A peculiar feature of the Galve Sub-basin is the
intercalation of siliciclastic units, the most
important being the Barremian Camarillas Forma-
tion, in the dominantly carbonate basin fill that
characterized the latest Jurassic–Early Cretaceous

synrift transitional to shallow marine sequence.
Palaeogeographical reconstructions for the Barre-
mian (Dercourt et al., 1986, 2000; Favre & Stamp-
fli, 1992; Stampli & Borel, 2002; Blakey, 2008,
2014) show emerged continental areas (Iberian
Massif) in the central and western sector of the
Iberian microplate (Fig. 16). During the Barre-
mian, Iberia was bounded by extensional mar-
gins: the Betic margin to the south-east, the
Central Atlantic to the north-west, and the Bay of
Biscay to the north-east. Several authors have
suggested that this palaeogeography could lead to
significant flexural uplift of the Iberian crust dur-
ing the Early Cretaceous (Rodr�ıguez-L�opez
et al., 2010; Peropadre, 2012). This uplift could
have been particularly significant on the north-
western margin (Lusitanian Basin) due to exten-
sion rates (2 cm/yr) associated with the Central
Atlantic rift that triggered a first phase of counter-
clockwise rotation of the Iberian microplate (Oli-
vet et al., 1984; Ziegler, 1988; Favre &
Stampfli, 1992; Vissers & Meijer, 2012; Frasca
et al., 2020).
Lithospheric thinning coupled with thermal

uplift of the rifted (shoulder) margin in western
Iberia (e.g. Winterer et al., 1988) likely created a
major uplifted source area for both the peripheral
Cretaceous basins in Iberia (Lusitanian, Cantab-
rian and Betic basins) and intraplate basins
(Cameros, Maestrazgo and South Iberian) (e.g. Mas
et al., 1993; Vilas et al., 2002; Dinis et al., 2008;
Liesa et al., 2019). This uplifted Iberian Massif
hosted the headwaters to a drainage network feed-
ing depositional systems of the Tethys Sea. The
Palaeozoic plutonic and metamorphic rocks of the
massif (Fig. 1A), located 300 km west of the study
area, acted as the main sediment source for the
Barremian siliciclastic coastal depositional sys-
tems of the Camarillas Formation, as suggested by
provenance analysis (Caja, 2004; Caja et al., 2005)
and the distribution of palaeocurrents (Soria, 1997;
Navarrete, 2015).
The large volume of clastic sediments

recorded in the Camarillas Formation of the
Galve Sub-basin, and nearby sub-basins of the
Maestrazgo Basin (Liesa et al., 2019), suggests
increased denudation rates of the Iberian Massif,
as described by Winterer et al. (1988). These
high rates of erosion could have been facilitated
both by tectonic uplift of the terrane and by
favourable climatic conditions. Tectonically
induced uplift was probably an important factor
because, during the Barremian, most of the
basins in Iberia (Maestrazgo, South Iberian,
Cameros) recorded the phase of greatest
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subsidence (>200 m/Ma) of the syn-extensional
stage of the Latest Jurassic–Early Cretaceous
(Salas & Casas, 1993; Salas et al., 2001; Liesa
et al., 2006, 2019; Omodeo Sal�e et al., 2014).
The authors interpret that extensional tectonism
controlled basin subsidence at different scales,
as well as differential uplift of basin margins
and sediment source areas, as suggested by
extensive rotation of blocks and differential ero-
sion associated with recognized faults in the
peripheral zones of such basins (Capote
et al., 2002; Liesa et al., 2019, and references
therein).
The high erosion rates of the Iberian Massif dur-

ing the Barremian would imply scarce vegetation
(e.g. Dalrymple et al., 1992; Zaitlin et al., 1994),
with a predominance of xerophyte species such as
Classopollis (Jarzen & Nichols, 1996). Classopollis
has been recorded in the coastal systems studied
here, with abundance in the range of 60 to 90% in
the upper levels of Stage 2 (Navarrete, 2015),
which clearly suggests arid palaeoclimate condi-
tions (Vakhrameev, 1991). Although the Barre-
mian climatic interpretation of Iberia at a
subtropical latitude (e.g. Scotese et al., 2021) is
still under discussion, this and other evidence
points to a dry and warm climate. A dry and warm
climate is suggested by fossil records
(M�edus, 1970), mudstone compositions (Dinis
et al., 2020) and palaeosols (B�ardossy, 1982;
Wright et al., 2000; Godet et al., 2008;
F€ollmi, 2012), and is supported by palaeoclimate
models (LAM; Haywood et al., 2004) that predict
relatively high surface temperatures and low pre-
cipitation rates for the Early Cretaceous.
The palaeogeographical location of the basin in

tropical latitudes under a prevailing arid climate
would have implied torrential rains concentrated
during the rainy years, causing the discharge of
large sediment volumes into the basin, irregularly
distributed across sequential years. The elevated
massif under a prevailing arid climate with strong
seasonality would have been affected by a moun-
tain climate regime receiving significant precipita-
tion, as occurs in the Atlas Ranges in Morocco
(Cecil, 1990).
The scarcity of carbonate deposits in the stud-

ied succession could be related to the calcifica-
tion global crisis that occurred during the Early
Cretaceous, as suggested by carbon isotope
anomalies in both pelagic environments and car-
bonate platforms of northern Tethys (e.g. F€ollmi
et al., 1994, 2006; Weissert & Erba, 2004). The
scarcity of carbonates in the Barremian Iberian
Basin could also be related to palaeoceanic

conditions after the Faraoni Event (Oceanic
Anoxic Event, OAE) in the late Hauterivian (ca
131 Ma), close to the Hauterivian–Barremian
boundary (ca 130.6 Ma) (e.g. Bodin et al., 2006;
Baudin & Riquier, 2014). The occurrence of
minor carbonate ponds in the inner estuaries
could be related to the upwelling of phreatic
waters in coastal areas. After the Faraoni event,
Tethys also experienced a significance influx of
nutrients (Bodin et al., 2006). During this
period, the palaeoceanic record of d13C
remained stable based on the compensation pro-
duced by the increment of dissolved inorganic
carbon to the ocean basin (Godet et al., 2006).
At the early Barremian–late Barremian bound-
ary, there was an increase in positive values of
the d13C related to the widespread carbonate fac-
tory, leading to thick Urgonian carbonate plat-
forms in France and Switzerland as well as in
Iberia, where the clastic estuarine and barrier
island systems of the Camarillas Formation are
covered by the Urgonian platforms (Godet
et al., 2006).

CONCLUSIONS

The global scarcity of well-preserved successions
of (i) barrier island systems and (ii) continental
and paralic Barremian records make the Cama-
rillas Formation a key target for Lower Cretaceous
palaeoclimate studies and for improving the
understanding of the sedimentology and strati-
graphic architecture of paralic depositional sys-
tems. The Barremian Camarillas Formation
records synrift sedimentation in a coastal setting
that produced a highly aggradational pattern of
repeated progradational–transgressive deposi-
tional systems leading to exceptional preserva-
tion of tidal environments.
Based on combined field and drone surveys,

this study identifies key stratigraphic markers
that allowed for correlation of depositional sys-
tems at the basin scale. Three main evolutionary
stages have been interpreted for the Camarillas
Formation. During the first stage, an estuary dom-
inated by tides was established in the Galve Sub-
basin, with a north-west/south-east general orien-
tation. Proximal fluvial channels were coeval
with tidal estuarine deposits leading to a stacking
of seven parasequences bounded by tidal ravine-
ment surfaces. A mixed-energy, wave-dominated,
tide influenced estuary system characterized
Stage 2, with a well-defined barrier island in its
mouth that interacted with a back barrier lagoon
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to form washover fan deltas penetrating the
lagoon, as well as flood-tidal deltas entering the
back-barrier system. Tidal inlets connected the
open waters of the Tethys with the restricted sec-
tors of the back-barrier lagoons. Ebb tidal currents
and reworking by waves formed ebb-tidal deltas
that retrograded over the underlying back-barrier
lagoonal facies. In Stage 3, a barrier island system
was coeval with a carbonate back-barrier lagoon.
The Camarillas Formation constitutes an excel-
lent field analogue for the study of compartmen-
talization processes in coastal and paralic
reservoirs of interest for subsurface reservoirs in
these depositional systems.
The depositional systems of the Camarillas For-

mation show a general transgressive trend that cor-
responds to global eustatic sea-level rise that
occurred during the Barremian. The large volume
of clastic sediments delivered to the basin is attrib-
uted to two main factors: (i) tectonic uplift of the
Iberian Massif associated with extensional tecto-
nism that affected Iberian plate margins; and (ii)
arid climatic conditions that favoured the erosion
of basement granitic rocks that composed the
highlands.
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