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ABSTRACT

During the early Pliocene, subaqueous delta-scale clinoforms developed in
the Aguilas Basin, in a mixed temperate carbonate-siliciclastic system. The
facies distribution is consistent with the infralittoral prograding wedge
model. Stacking patterns and bounding surfaces indicate that the clinoforms
formed during the highstand and falling sea-level stages of a high rank cycle.
Twenty-two prograding clinothems were recognized over a distance of
>1 km. Biostratigraphic data indicate a time span shorter than 700 kyr for
the whole unit (MP13 biozone of the Mediterranean Pliocene). Cyclic skeletal
concentrations and occasional biostromes of suspension feeders (terebratulid
brachiopods, modiolid bivalves and adeoniform bryozoan colonies), slightly
evolved glauconite and occasional Glossifungites ichnofacies formed on the
clinoforms during high-frequency pulses of relative sea-level rise. During
such stages, increased accommodation space in the topsets of the clinoforms
caused a strong reduction of terrigenous input into the foresets and bottom-
sets. This provided favourable conditions for the development of these sus-
pension feeder palaeocommunities. During stillstand stages, however,
reduced accommodation space in the topsets eventually resumed prograda-
tion in the foresets. There, the abundance of Ditrupa tubes indicates frequent
siltation events that extirpated the terebratulid populations and other epifau-
nal suspension feeders in the foreset and bottomset subenvironments. The
occurrence of shell beds on the clinoforms suggests that this case study rep-
resents lower progradation rates than standard examples where shell beds
bound the clinobedded units at their base and top only. Importantly, the dis-
tributions of biofacies and ichnoassemblage associations contribute signifi-
cantly to the understanding of the effects of relative sea-level fluctuations on
the evolution of subaqueous delta-scale clinoform systems.

Keywords Brachiopods, clinoforms, high-frequency sea-level changes,
mixed carbonate—siliciclastic systems, sequence stratigraphy, shell beds.

INTRODUCTION cycle duration (Drummond & Wilkinson, 1996;
Schlager, 2004, 2010). Many authors advocate
analyzing hierarchy based on the relative scale

and magnitude of sequences (Embry, 1993, 1995;

The duration of cycles is the traditional criterion
to discriminate the hierarchical order of strati-

graphic sequences (Mitchum & Van Wagoner,
1991; Vail et al, 1991). The assignment of
sequences to orders, however, can be difficult
and arbitrary because the structure of the sedi-
mentary record conforms to a continuum rather
than to distinct modes of abundance classes of

Catuneanu, 2006; Neal & Abreu, 2009; Catuneanu
et al., 2011). Accordingly, high rank (low fre-
quency) and low rank (high frequency) sequences
are established on a case by case basis using
observations from the rock record. For example,
the sequence of largest magnitude in a particular
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basin can be designated by the generic rank ‘N’,
and successively lower rank sequences can be
designated by ranks ‘N-1’, ‘N-2’, etc. (e.g. Massari
& Chiocci, 2006). Such hierarchical systems can
serve as a template for comparison with other
study areas and, if good chronological control is
available, these ranks can be evaluated in light of
cycle duration to reconcile both approaches (Sch-
lager, 2010). The physical expression of
sequences can include the relative extension of
unconformities, depth of incision of fluvial val-
leys, geometric relationships between the build-
ing blocks of composite sequences, magnitude of
facies shifts, relative scale of clinoforms (Thorne,
1995; Helland-Hansen et al., 2012; Patruno et al.,
2015), or the development of onlap, backlap,
downlap and toplap shell beds (Kidwell, 1991;
Abbott, 1997; Naish & Kamp, 1997; Kondo et al.,
1998; Di Celma et al., 2005; Hendy et al., 2006;
Zecchin & Catuneanu, 2013). Except for large-
scale outcrops, however, where the relationships
between the rank of sequences and the distribu-
tion of shell beds can be directly traced (Beckvar
& Kidwell, 1988; Massari & D’Alessandro, 2012;
Zecchin & Catuneanu, 2017) (Fig. 1A), exposures
with limited spatial extent hamper the observa-
tion of clinoforms. In such cases, the rank of
sequences defined by the position and geometric
relationship of condensed shell beds with the
sequence building blocks can be difficult to eluci-
date (Fursich et al., 1991; Ruffell & Wach, 1998).

This study documents the distribution of cycli-
cally arranged brachiopod shell beds in the Aguilas
Basin (south-east Spain) in extensive outcrops of
Pliocene sediments. These pavements formed on
the distal part of lower rank delta-scale (i.e. tens of
metres high) clinoforms (Fig. 1B and C). Impor-
tantly, this contrasts with other examples where
onlap and backlap shell beds bound lower rank
delta-scale clinoforms (e.g. Massari & D’Alessan-
dro, 2012) (Fig. 1A). Determining the scale of clino-
forms in the current study area enables the
identification of low rank onlap and backlap shell
beds. Moreover, the development of condensed
shell beds on clinoforms implies lower prograda-
tion rates than those where clinoforms of compara-
ble scale/rank lack such hiatal concentrations.

NOMENCLATURE

Clinoforms, clinothems and scale

Clinoforms are sloping depositional surfaces
commonly associated with prograding strata
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(Pirmez et al., 1998; Patruno et al., 2015, and ref-
erences therein). These surfaces consist of gently
dipping topset and bottomset parts bounded by a
basinward steeper-dipping portion termed the
foreset (Gilbert, 1885) (Fig. 2A). The sedimentary
deposits (or stratal packages) bounded by two
successive clinoforms of the same hierarchy/rank
are termed ‘clinothems’ (Rich, 1951; Anell &
Midtkandal, 2015; Patruno et al., 2015) (Fig. 2A).
In short, clinoforms are surfaces and clinothems
are the deposits between them. Depending on the
geometry of the clinoform, there are one or two
slope break points of maximum curvature, known
as ‘rollovers’. An ‘upper rollover’ connects the
topset with the foreset and a ‘lower rollover’ con-
nects the foreset and the bottomset (Walsh et al.,
2004; Mitchell, 2012; Patruno et al., 2015)
(Fig. 2A). The rollover separating the topset and
foreset has also been referred to as shoreline
break, breakpoint, brinkpoint, offlap break or
shelfbreak, depending on the scale of the clino-
form and the sedimentary environment (Vail
et al., 1991; Herndandez-Molina et al., 2000; Soria
et al., 2003). Concerning the spatial scale, clino-
forms are fractal structures that display a huge
vertical range, in the order of centimetres to thou-
sands of metres (Thorne, 1995; Pirmez et al.,
1998; Patruno et al., 2015). Accordingly, in a
proximal to distal transect, large clinoforms have
been classified as subaerial delta and subaqueous
delta clinoforms (both tens of metres high), shelf
prisms (ca 100 to 500 m high) and continental
margin clinoforms (thousands of metres high)
(Helland-Hansen et al., 2012; Patruno et al.,
2015) (Fig. 2B).

In rare cases, all four types are found to pro-
grade synchronously in the same basin, forming
a compound clinoform system (Patruno et al.,
2015) (Fig. 2B and C). In physical-accommoda-
tion dominated systems (sensu Pomar & Ken-
dall, 2008), the relative progradation rates
decrease from subaerial and subaqueous deltas,
to shelf prisms and then to continental margin
clinoforms (Patruno et al., 2015) (Fig. 2B). This
is important because the relative progradation
rates can help to reconcile the duration of rela-
tive sea-level cycles and their physical expres-
sion in the rock record.

Delta-scale clinoforms

Both subaerial and subaqueous delta-scale clino-
forms display a vertical range of tens of metres.
Subaerial and subaqueous deltas should not be
confused, because the former have a topset
entirely or partially above sea-level (Postma,
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Fig. 1. Idealized sketch of the sequences with the location of condensed shell beds and the conceptual framework
for a hierarchical classification of ranks based on geometry and scale. (A) Rank N sequence with indication of rank
N onlap, backlap, downlap and toplap shell beds (adapted from Zecchin, 2007). (B) Rank N sequence indicating
the position of both rank N and rank N-1 shell beds as described in this study. (C) Outcrop example of rank N-1
shell beds on a Pliocene subaqueous delta-scale clinoform (low rank) in the Aguilas Basin (from proximal to dis-
tal: Schizoretepora — rhodolith debris, Schizoretepora and Terebratula facies).

1990), whereas the latter have the whole clino-
form (topset, foreset and bottomset) submerged
(Fig. 2C). Moreover, the rollover in subaerial
deltas can be coincident with or very close to
the shoreline, whereas in subaqueous deltas the
rollover is on average several kilometres away
from the shoreline.

In a meta-analytical study of clinoform geome-
try and scale, Patruno et al. (2015) differentiated
two types of subaqueous delta-scale clinoforms:
sand-prone and mud-prone. This distinction is
relevant because the former display higher fore-
set gradients and their rollovers are closer to the
shoreline than in the latter (Patruno et al., 2015).
The terminology of Patruno et al. (2015) focuses
on the geometric description of clinoforms. Simi-
lar terms related to geometric aspects include
‘distally steepened ramp’ (Read, 1985) for car-
bonate environments (see also Pomar, 2001).

Other terms have been proposed following a
genetic approach. For example, Hernandez-
Molina et al. (2000) introduced the term

‘infralittoral prograding wedge’ (IPW) for a mor-
pho-sedimentary system characterized by narrow,
shore-parallel, sigmoidal-shaped sedimentary
bodies that prograde below the wave base in the
offshore transitional zone of wave-dominated
coasts. Geometrically, this system belongs to the
category of sand-prone subaqueous delta-scale
clinoforms of Patruno et al. (2015). Such a dis-
tinction is helpful because prograding reef plat-
forms also produce subaqueous delta-scale
clinoforms (Franseen & Mankiewicz, 1991; Pomar
& Ward, 1994; Braga & Martin, 1996; Cuevas-Cas-
tell et al., 2007; Kleipool et al., 2017) but the
genetic factors and resulting facies are quite dif-
ferent from those of an IPW (Pomar & Kendall,
2008).

Mixed carbonate-siliciclastic ‘hybrid’
deposits

For mixed carbonate-siliciclastic systems, the
term ‘hybrid’ is often used in the literature to
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quickly convey the mixed character of sediments
with fractions of both carbonate and siliciclastic
components (Mount, 1984; Fliigel, 2004; Tomas-
setti & Brandano, 2013; Nalin et al., 2016; Zec-
chin & Catuneanu, 2017). Nalin et al. (2016)
used this term for mixed deposits with a silici-
clastic fraction, in particular, between 20% and
50%.

Synthem

A synthem is an unconformity-bounded unit
(Ruban, 2015). In this study, the term refers to
the units bounded by the local high rank uncon-
formities.

‘Pristine’ preservation

This study uses the term ‘pristine’ as a shortcut
to refer to bioclasts that barely display any signs
of biostratinomic alteration. These bioclasts are
articulated and complete, with well-preserved
ornamental features, and have not been subject
to macrobioerosion and/or encrustation by epi-
zoan organisms.

GEOLOGICAL SETTING

The Aguilas Arc (south-east Spain) (Fig. 3A),
which belongs to the Inner Zones of the Betic
Cordillera, is a tectonic megastructure that
extends onshore over a distance of 60 km along
a south-west/north-east axis. The megastructure
resulted from a north-south or north-west/
south-east rigid-plastic indentation of a crustal
block that began in the Early Miocene due to
collision of the African and Eurasian plates in
the Western Mediterranean and is still active
today (Coppier et al., 1989; Griveaud et al,
1990). This arc is delimited to the south-west
and north-east by systems of left-lateral and
right-lateral strike slip faults (Palomares, Cocén-
Terreros and Moreras fault systems) (Coppier
et al., 1989; Silva et al., 1993). The internal sec-
tor of this arc comprises five small basins that

are open to the Mediterranean (Bardaji et al.,
1999); their opening was probably caused by an
important collapse of the southern margin of the
arc, associated with transtension (Coppier et al.,
1989). These basins probably acted as rias (i.e.
estuaries encased in high-relief fluvial valleys)
and then as coastal embayments during the early
Pliocene (Dabrio et al., 1991; Garcia-Ramos
et al., 2014). This study focuses on the south-
western sector of the Aguilas Basin (Fig. 3B and
C), located some 5 km south-west of the town of
Aguilas, where the succession of Pliocene mar-
ine sediments is most complete (Montenat et al.,
1978).

STRATIGRAPHIC FRAMEWORK

Pliocene deposits in the current study area can
be attributed to three synthems: SP0 (MPl1-
MPI2 pro parte biozones), SP1 (MPI13 biozone)
and SP2 (possibly MPl4) (Fig. 3D). The focus
here is on the prograding succession of synthem
SP1. The topmost part of SP1 consists of carbon-
ates of an isolated platform abutting a volcanic
ledge, that is an entirely different morpho-sedi-
mentary system and therefore beyond the scope
of this study (Fig. 3C and D). To provide a strati-
graphic framework, SP0O, SP1 and SP2 are briefly
outlined.

The SPO synthem is represented by glaucony-
rich condensed deposits. At the 14 m thick El
Barcelén section (Fig. 3C), beds are oriented
N79°E/8°SE. A sharp transgression over meta-
morphic rocks of the Palomas Unit (Alpujarride
Complex, Inner Betic Zones) (Alvarez & Aldaya,
1985) is recorded at the base. Planktonic forami-
nifera from SPO indicate the MP11 and MPI2 bio-
zones of the Mediterranean Pliocene (Montenat
et al.,, 1978; Garcia-Ramos et al., 2012). Based
on benthic and planktonic foraminifera, Garcia-
Ramos et al. (2014) proposed a shallowing
upward trend evolving up-section to assem-
blages of shallow-water benthic foraminifera,
devoid of planktonic foraminifera. In this sec-
tion, the top of SPO is truncated and overlain by

Fig. 3. Location of the study area in south-east Spain. (A) Tectonic Aguilas Arc (modified from Bardaji et al.,
2001). (B) Detail of the Aguilas Basin with indication of outcrops of Pliocene age. (C) Cartographic sketch of the
studied sector in the Canada Brusca area, including Pliocene synthems (SP0, SP1 and SP2), the main facies asso-
ciations in SP1 (FA1 to FA4), and location of the studied sections or those mentioned in the text. (D) Schematic
cross-section of the studied sector to show the relationship of the identified Pliocene synthems, with indication of
the studied sections (CA, Cabezo Alto; CBr W, Canada Brusca W; CBL, Canada Blanca). Biostratigraphically rele-
vant planktonic foraminiferan taxa indicate the MPI3 biozone (Zanclean) for the whole synthem SP1. Vertical

scale exaggerated.
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Quaternary conglomerates, and the transition
from SPO to SP1 is not exposed. An angular, ero-
sive unconformity is inferred because of the dif-
ferent strike and dip of the two synthems and a
conspicuous shift in benthic and planktonic for-
aminiferal assemblages from shallow-water to a
relatively deep-water, offshore environment
between the top of SPO and the base of SP1.
This unconformity crops out in a section north-
east of Castillo de Terreros (Montenat et al.,
1978) (Fig. S1).

Synthem SP1 consists of a succession of
clinobedded units that prograded over a dis-
tance of about 2 km starting from the hillock of
Cabezo Alto across the area of Canada Brusca
and the Cuatro Calas coves (Fig. 3D). In SP1, cli-
noforms have a strike of N57°E with a variable
dip (a few degrees to over 14°SE) along a north-
west/south-east transect. The unconformity
between SP1 and SP2 eroded part of the upper
interval of SP1, which is either missing on the
surface or covered by colluvial deposits. The
uppermost part of SP1 crops out again, however,
in the Cuatro Calas coves sector (Fig. 3C); there,
the top of SP1 is also truncated and overlain by
Quaternary conglomerates. The SP2 synthem
was described and interpreted as a wave-domi-
nated Gilbert-type delta system (Dabrio et al.,
1991): SP2 is also truncated at the top by an
unconformity and covered by Quaternary marine
and terrestrial units, one of which has been
dated to the oxygen isotopic stage 5e based on
the occurrence of the gastropod Persististrombus
latus (Bardaji et al., 2001).

Biostratigraphy

The co-occurrence of Globorotalia puncticulata
and G. margaritae from the base to the top of
the synthem SP1 (Fig. 3D) indicates that it was
deposited entirely during the MPI3 planktonic
foraminiferal biozone of the Mediterranean Plio-
cene (4-52 to 3-81 Myr) (laccarino et al., 2007;
Violanti, 2012; Corbi & Soria, 2016). Because of
truncation at the base and the top of the syn-
them, the exact duration of SP1 is uncertain, but
must be <700 kyr.

MATERIAL AND METHODS

Fluvial incision has revealed laterally continu-
ous outcrops oriented subparallel and subper-
pendicular to the depositional strike that
enabled the stratal geometries and stacking

patterns to be studied. Clinoforms and clin-
othems were mapped using outcrop panoramic
photomosaics while stratigraphic contacts and
facies were checked in the field. Two main sec-
tions (Figs 3C, 3D and 4), 44 m thick (Cabezo
Alto) and 77 m thick (Canada Blanca), were
logged in detail, for lithology, sedimentary struc-
tures, macrofossil composition, biofabrics and
ichnoassemblages to evaluate the vertical varia-
tion and stacking of facies. These sections were
complemented by smaller sections to show
details of stratigraphic features. The macrofauna
was identified to species level whenever possi-
ble, except for most bryozoans, for which only
the zooarial morphology was noted. The abun-
dance of macrofaunal taxa was estimated in the
field by distinguishing between dominant (26 to
100%), common (11 to 25%) and rare (1 to 10%)
categories. This qualitative approach was con-
ducted by visually inspecting each sampling site
for 30 min (cf. time-picking of Ceregato et al.,
2007). Skeletal concentrations were described
using qualitative criteria (Kidwell et al., 1986),
while biofabrics follow the semi-quantitative
charts of Kidwell & Holland (1991). Macroscopic
descriptions of lithofacies were complemented
with representative thin sections. Some bulk
samples of uncemented sediment were sieved
through 500 pm, 125 pm and 63 pm meshes to
explore qualitatively the content of benthic and
planktonic foraminifera in the 125 pm fraction,
to aid in a palaeoenvironmental interpretation
and biostratigraphic characterization of the stud-
ied synthem. For 26 samples of the Cabezo Alto
section, >200 benthic foraminifera were identi-
fied and counted. Taxa with >3% proportional
abundance are reported.

Magnetic susceptibility, a proxy of terrigenous
input (Davies et al., 2013), was measured in the
field, with a SM-20 magnetic susceptibility
meter (Gf Instruments, Brno-Medlénky, Czechia)
for the Cabezo Alto (34 sampling sites) and
Canada Blanca (68 sampling sites) sections. Five
to six replicate measurements per sampling site
(ca 1 sec measuring time) were taken on flat
rock surfaces, and the mean value reported.

Carbonate content was quantified at the Insti-
tute of Geography and Regional Research
(University of Vienna) with a Scheibler calcime-
ter for 34 samples in the Cabezo Alto section
and 48 samples at the Canada Blanca section.
The procedure specified in ISO 10693:1995 has
been followed (ONORM L 1084, 2006).

Glauconite maturity has been categorized into
four stages, based on the K,O content (Amorosi

© 2018 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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et al., 2007; Amorosi, 2012): (i) nascent (K,O = 2
to 4%); (ii) slightly evolved (K,O =4 to 6%);
(iii) evolved (K,O =6 to 8%); and (iv) highly
evolved (K,O > 8%). Glauconite K,O content
and colour are correlated: nascent to slightly
evolved glauconite is light green — yellowish,
mature glauconite is dark green. Glauconite
composition was examined in one sample to
determine its maturity. About 80 to 100 grains
were picked from the 125 to 500 pm fraction,
embedded in resin and polished on a slide.
Glauconite analyses were performed at the
Department of Lithospheric Research (University
of Vienna) using a Cameca SXFive FE Electron
Probe Microanalyzer (EPMA; CAMECA, Gen-
nevilliers Cedex, France) equipped with five
wavelength-dispersive and one energy-disper-
sive spectrometers. Well-characterized homoge-
neous natural and synthetic minerals were used
as standards. All analyses were performed at
15 kV accelerating voltage and 20 nA beam cur-
rent. Due to the K migration a defocused beam
with 5 pm diameter and 10 sec counting time
on peak position were used. For matrix correc-
tions, the PAP method (Pouchou & Pichoir,
1991) was applied to all acquired data. The rela-
tive error of the laboratory internal standard is
below 1%.

DESCRIPTION OF FACIES

Four main facies associations and one facies
were recognized in the studied synthem. These
are described in detail in Tables 1 to 4. Facies
distributions are shown in stratigraphic logs and
outcrop photomosaics to highlight vertical and
lateral changes. In general, the facies grade into
one another along a proximal-distal gradient.

Facies Association 1

The common feature of Facies Association 1
(FA1) is the occurrence of coarse-grained silici-
clastics. Three facies are distinguished based on
sorting, carbonate matrix and packing of
macroinvertebrates.

Coarse-grained friable sandstone — F1.1

This facies was observed in only two clinothems
of the Canada Brusca W area. It consists of fri-
able sandstone composed of well-sorted, coarse,
angular grains (mainly of quartz and schists)
(Fig. 5A and B). This sandstone is poorly
cemented and pervasively bioturbated, therefore

no physical sedimentary structures are pre-
served. In proximal parts it displays an inten-
sely bioturbated ichnofabric dominated by
vertically oriented Macaronichnus and sub-
sidiary Ophiomorpha (Fig. 5A and D to H). It
yields abraded and fragmented microfossils in
low abundance, including ostracods (for exam-
ple, Aurila) and benthic foraminifera, most nota-
bly Elphidium crispum and Ammonia inflata
(Table 1).

Hybrid rhodolithic sandstone — F1.2

This facies mainly occurs in the Canada Blanca
section and the Canada Brusca W sectors (Fig. 51
and J), in more distal positions than F1.1. It con-
sists of poorly sorted coarse sandstone with a
carbonate matrix. Granule-sized debris of coral-
line red algae is characteristic, albeit in varying
proportions. The fabric in general is massive;
locally, well-defined trace fossils are identifiable
(Table 1).

Shell-rich hybrid sandstone — F1.3

This facies occurs in the Canada Blanca section
(clinothem 12). The matrix resembles that of
F1.2 but it is distinguished by thick (>1 m), den-
sely packed skeletal concentrations dominated
by pectinids (Aequipecten scabrellus). It also
displays a complex biofabric, with large gutter
casts infilled with pectinids, and overlies an
irregular erosive surface.

Interpretation of Facies Association 1

The well-sorted and winnowed texture of the
coarse sands, selectively enriched in detrital
quartz (Fig. 5B), suggests proximal environments
affected by tidal and wave currents above the
fair-weather wave base (Blomeier et al., 2013).
This interpretation is supported by the lateral
facies change, in which beds displaying proxi-
mal facies F1.1 evolve distally into poorly-sorted
and unwinnowed coarse sandstone facies F1.2
(Fig. 5I and J). The association of Ophiomorpha
and dominant Macaronichnus in similar lithofa-
cies (Fig. 5D to F) has been interpreted as either
foreshore or upper shoreface environments
(Frébourg et al., 2012; Mayoral et al., 2013; Uch-
man et al., 2016). This is compatible with the
impoverished benthic foraminiferal assemblage,
with the poorly preserved shallow shelf species
Elphidium crispum and Ammonia inflata (Sgar-
rella & Moncharmont Zei, 1993; Fiorini &
Vaiani, 2001; Rasmussen, 2005). The low spe-
cies richness, abundance and high taphonomic
alteration of these microfossils can be
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interpreted as an indication of onshore trans-
portation (Davaud & Septfontaine, 1995). The
dominance of Flabellipecten bosniaskii in some
patches of facies F1.2 (Table 1) is consistent
with proximal sandy environments (Aguirre
et al., 1996). The lack of physical sedimentary
structures is most probably due to thorough bio-
turbation and/or cryptobioturbation (Pemberton
et al., 2008).

Facies Association 2

The main characteristic of Facies Association 2
(FA2) is the fine-grained carbonate-rich matrix
(CaCOg3 ca 40 to 80%) (Fig. 4) and the frequent
presence of coralline algae, either in the form of
complete rhodoliths or rhodolith debris.

Calcarenite — F2.1

In contrast to other facies, this was found only
in the upper two clinothems (Fig. 6A and B).
The coarse-grained, well-sorted fabric is similar
to F1.1 but is composed of carbonate lithoclasts.
Small casts, probably of comminuted aragonitic
shells, are visible. This facies is locally crudely
stratified and can contain pavements of Flabel-
lipecten and Ostrea (Table 2; Fig. 6). It has vari-
able proportions of rhodolith debris and is
pervasively bioturbated, with poorly defined
trace fossils, except for intervals with well-
defined Thalassinoides (Fig. 6B).

Hybrid rhodolithic calcirudite — F2.2

This facies only occurs locally, associated with
F2.3. It consists of calcirudite mostly composed
of rhodolithic debris and pectinids. It is often
found infilling pods (like the ray pit trace Pisci-
chnus waitemata). In clinothem 8, it forms a
wedge, laterally interdigitating with facies F3.1.

Hybrid rhodolithic floatstone — F2.3

This facies is characteristic of the whole study
area. The matrix consists of fine-grained silici-
clastic material and micrite in variable propor-
tions (up to 80% carbonate content). The
dominant bioclastic material is rhodolith debris,
which varies from coarse-grained to gravel size,
but complete rhodoliths also occur and one
locality exhibits pavements (Fig. 7). It is perva-
sively bioturbated with variable ichnoassem-
blages (Table 2); hence only one example of
swaley cross-stratification (SCS) has been identi-
fied (Fig. 5K). In clinothem 21, however, it dis-
plays a crude stratification, forming tabular beds
about 30 to 40 cm thick. The most characteristic

Shell bed cycles and delta-scale clinoforms 1495

macroinvertebrates are Clypeaster cf. aegyptia-
cus (often as complete tests), Spondylus crassi-
costa (often articulated), Ostrea edulis f.
Iamellosa and Gigantopecten latissimus (juve-
niles and adults). In some samples, coralline
algae attributable to lithophylloid and melobe-
sioid taxa were identified (Fig. 7D to F).

Shell-rich hybrid rhodolithic floatstone — F2.4

This is similar to F2.3 but contains densely
packed concentrations of pectinids (Aequipecten
opercularis) and rhodoliths and locally also
Ostrea and Spondylus. This facies usually forms
very thick (several metres) beds, often overlying
an erosive or irregular surface. Coralline algae
are sometimes present as rhodoliths or repre-
sented by small proportions of rhodolith debris.

Interpretation of Facies Association 2

The well-sorted, winnowed texture and coarse
grain-size of F2.1, together with the dominance
of Flabellipecten and Ostrea, points to high-
energy proximal environments (Aguirre et al.,
1996; Blomeier et al., 2013). The reduced grain-
size of siliciclastics in F2.3 and F2.4 points to
lower energy levels compared to FA1. The abun-
dance of rhodoliths (Fig. 7) suggests background
low-moderate energy conditions, good oxygena-
tion, low sedimentation rates and low turbidity
enabling suitable light penetration; the assem-
blage of melobesioids and lithophylloids
(Fig. 7D to F) suggests depths in the order of
several tens of metres (Aguirre et al., 2012,
2017). Moreover, the characteristic macroinverte-
brate species in this facies (Table 2; Fig. 5A) are
common in shoreface environments (Malatesta,
1974; Ben Moussa, 1994; Mancosu & Nebelsick,
2017).

Swaley cross stratification (Fig. 5K) indicates
storm deposition events (e.g. Myrow, 2005) in
the offshore transitional zone (Dumas & Arnott,
2006). The occurrence of sporadic densely
packed lenticular shell beds (Fig. 5), probably
the product of ‘cut and fill’ structures, also
points to major storm events (Zecchin et al.,
2017). The ichnoassemblage of F2.3 (Ophiomor-
pha nodosa, Skolithos linearis and Planolites
montanus) (Table 2), combined with the features
discussed above, is interpreted here to indicate
an opportunistic response associated with
storms or other high-energy disturbances (Pem-
berton et al., 1992; Gani et al., 2009; Buatois
et al., 2015), although individual ichnotaxa can
occur under normal marine conditions. In the
first scenario, Palaeophycus can be characteristic
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(continued)

Table 1.

Sedi-

mentary

Interpretation

Biofabric

Macrofossils and taphonomy

structure Ichnology

Lithology

Facies

purpureus, Echinocyamus pusillus,
Echinolampas sp. Cosmopolitodus

proximal-distal

gradient

encrusting echinoids, large bones, or
large oysters in clusters of a few

hastalis/Isurus oxyrinchus, Sparus sp.,
individuals

Pinna sp. Large acorn barna-cles
(Concavus concavus) occasionally

Concentration of shoreface

Densely packed,
often infilling

May contain poorly Dominated by diarticulated Aequipec-

defined traces attri-

Massive
fabric

Matrix similar to

F1.3

shells by storm-reworking and
winnowing during forced

ten scabrellus, often complete valves.

F1.2 but rich in
pectinids

small channel-

like

Different degrees of encrustation. Low

butable to Thalassi-

noides isp

regression. This facies is found
only in clinothem 12 at the

CBL section

bioerosion. Additional subsidiary taxa
include Cubitostrea frondosa and

Spondylus crassicosta

structures,

gutter casts

and pods
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of the fair-weather assemblage (Pemberton et al.,
1992). Finally, the rhodolith—pectinid rudstone
infilling Piscichnus traces suggests trapping in
burrows by passive filling when coarser particles
are entrained during storm traction-transport
(Wanless et al., 1988; Zuschin & Stanton, 2002;
Yesares-Garcia & Aguirre, 2004).

The complex biofabric of thick, densely
packed skeletal concentrations (facies F2.4) over-
lying erosive surfaces, together with the observa-
tion that they overlie FA1 (Fig. 5C to E) or F2.1
(Fig. 6), suggests that this facies formed under
conditions of sediment bypass or starvation, pro-
moting the amalgamation of event beds during
transgressive phases (Kidwell, 1991; Abbott,
1997; Dattilo et al., 2008; Zecchin et al., 2017).
They are therefore interpreted as onlap shell
beds in line with conclusions drawn by Kidwell
(1991) and Zecchin et al. (2017) elsewhere. The
absence of physical sedimentary structures is
interpreted here to be a result of thorough biotur-
bation. According to Zecchin (2007), this trait is
typical of sheltered embayments.

Facies Association 3

The characteristic feature of Facies Association
3 (FA3) is the occurrence of the serpulid poly-
chaete Ditrupa arietina in a fine-grained hybrid
matrix. The carbonate content varies between
about 30% and 50% (Fig. 4).

Hybrid packstone with Ditrupa and rhodolith
debris — F3.1

Facies F3.1 is transitional between Facies Asso-
ciations 2 and 3. It consists of hybrid fine-
grained packstone to grainstone with small frag-
ments of rhodolith debris. The main feature is
the much smaller proportion of rhodolith debris
compared to FA2. Locally it contains Ditrupa,
pectinids or fragments of adeoniform zooaria
(Schizoretepora sp.). Because of the high carbon-
ate content (ca 50% CaCO3), cementation locally
defines beds varying from 30 to 40 cm to over
1 m in thickness. The fabric is massive.

Hybrid packstone with Ditrupa — F3.2

This is the most characteristic facies of FA3.
Ditrupa is the dominant macroinvertebrate, often
passively infilling pods (Fig. 8A) or forming
loosely to densely packed concentrations. The
grain-size of terrigenous particles is fine-grained
and poorly sorted. Macaronichnus — Teichich-
nus and other traces are characteristic (Table 3).
The bedding is completely disrupted by
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bioturbation and the fabric is massive. This

9 g -
S © L . . .
g 455585 facies is rich in benthic (Fig. 9) and planktonic
] o - -‘::1 — f . .f
5 EEZ B o oraminifera.
= 5 &%=<c®
a, 2B %X o
@ o 8D . ,
p SCE 35 Shell-rich hybrid packstone — F3.3
2 |3 - 3 EQE The matrix, which is similar to F3.1 or F3.2,
o . .
= = gﬁ 2 % 52 contains densely packed concentrations of
B |2 4 23 S ° % @ macroinvertebrates, either fragments of adeoni-
© < oo = . P
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Fig. 5. Stratigraphic motif of low rank cycles from the CBr W sector. (A) Partial stratigraphic log with interpreted sys-
tems tracts (both high rank and low rank sequences), facies, clinothems and semi-quantitative abundance of traces and
macrofossils. (B) Well-sorted, winnowed, coarse sandstone (F1.1) (clinothem 14). (C) to (E) Contact between clinothems
14 and 15 (red line), interpreted as a low rank transgressive ravinement surface (TRS). The shell bed overlying the TRS
(facies F2.4) is interpreted as a low rank onlap shell bed (OSB). (E) Densely bioturbated Macaronichnus ichnofabric (clin-
othem 14). (F) Ophiomorpha burrow corresponding to the inset in (E). (G) to (H) Ophiomorpha ichnofabric (clinothem
14), ca 20 m basinward from the location shown in (C) to (F). (I) Irregular contact between clinothems 13 (facies F2.3)
and 14 (black bold line), interpreted as a regressive surface of marine erosion. Hammer for scale is 33 cm long. (J) Detail
from inset in (I), showing Thalassinoides burrows (Glossifungites ichnofacies) passively infilled with material from the
base of clinothem 14 (facies 1.2). (K) Swaley-cross stratification (SCS) in facies F2.3, truncating two examples of Diplocra-
terion parallelum. (L) Detail of D. parallelum from inset in (K).
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Fig. 6. Partial stratigraphic log of the Canada Blanca section for clinothems 20 to 22. (A) Example of low rank sequence
(clinothem 21). (B) Calcarenite (F2.1) with fragmented molluscs and tubes of Ditrupa (top of clinothem 21). (C) Hybrid
coralline algal floatstone (F2.3) with branched coralline algae embedded in a fine-grained matrix (lower interval of clin-
othem 21). (D) Shell-rich rhodolithic floatstone (F2.4) with densely packed pectinids, rhodoliths and subsidiary oysters
(middle of clinothem 21), interpreted as a low rank backlap shell bed. (E) Contact (red dashed line) between the cal-
carenite (top of clinothem 21) and the pectinid floatstone (F2.4) (base of clinothem 22), interpreted as a low rank onlap
shell bed. (F) Detail of the pectinid floatstone of clinothem 22.
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Fig. 7. Example of rhodolithic facies (FA2) in clinothem 16 (rollover zone) from the Canada Brusca W sector. (A)
Oblique view to depositional strike of clinothem 16, partially highlighted. (B) Rhodolith pavements in outer topset
facies of clinothem 16. (C) Detail of a rhodolith pavement of (B), showing spheroidal growth forms (white arrow-
head). Note the fine-grained hybrid carbonate matrix. (D) to (F) Thin sections of samples of FA1-FA2 facies dis-
playing examples of coralline red algae. (D) Uniporate conceptacles of Lithophylloideae (clinothem 18). (E) and
(F) Multiporate conceptacles of Melobesioideae (clinothem 17).

although there are variations in a proximal to
distal gradient, with increasing ichnodiversity
and density of traces towards distal positions. In
general, facies F3.2 is dominated by Maca-
ronichnus, which is the product of vagile, detri-
tus-feeding worms (Bromley ef al, 2009;
Pearson et al., 2013). Such trace fossils are
rarely reported from offshore settings (Aguirre
et al., 2010; Rodriguez-Tovar & Aguirre, 2014;
Giannetti et al., 2018) and their producers cope
well with high sedimentation rates (Taylor
et al., 2003). In distal positions (the base of the
Canada Blanca section), other common ichno-
taxa include Teichichnus rectus, attributed to a
deposit-feeder in nutrient-rich sediments, which
can re-equilibrate to the sediment-water inter-
face (MacEachern et al., 2012a). The intense bio-
turbation in distal positions (Table 3), however,

suggests long colonization windows (Buatois
et al., 2015) under background fair-weather con-
ditions, because the effects of siltation and/or
gravity flows decrease both in intensity and fre-
quency in these settings. The occurrence of the
traces Teichichnus, Diplocraterion and Scalich-
nus in distal F3.2 (Table 3) points to re-equili-
bration in the aftermath of such sporadic,
exceptional events (MacEachern et al., 2012a).

Facies Association 4

The major characteristic of Facies Association 4
(FA4) is the presence of fine-grained hybrid
packstone distally and the reduced carbonate
content (ca 13 to 40%) (Fig. 4), characteristically
dominated either by Costellamussiopecten or
Terebratula (Figs 10B and 11).
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Fig. 8. Details of the main features
in FA3 and F5. (A) A Ditrupa pod
concentration in hybrid packstones.
(B) Densely packed mollusc
concentration (Gibbomodiola bed).
(C) Contact (red dashed line)
between F5 (Glossifungites
ichnofacies; below red line) and the
overlying Ditrupa rich friable
hybrid packstones (F3.2) at the
Cabezo Alto section. (D)
Glossifungites ichnofacies (F5) with
well-developed networks of
Thalassinoides suevicus (marked
‘Tha’) in the Canada Brusca sector.

Hybrid packstone with Costellamussiopecten —
F4.1

Facies F4.1 consists of hybrid packstones with
poorly sorted fine-grained sands to coarse silts
(variable proportions of micrite and sparite
depending on the locality). The terrigenous par-
ticles comprise angulose grains of quartz, schist
and abundant mica flakes. Planktonic and ben-
thic foraminifera (Fig. 9) are abundant, the latter
including centimetre-sized tests of Pyramidulina
raphanistrum and Lenticulina spp. As in the
other facies, the fabric is massive and structure-
less. Macrofossils, most notably Costellamus-
siopecten  cristatum, occur as dispersed,
complete, disarticulated valves (Fig. 10B). The
density of identifiable traces varies. Outsized,
angular floating clasts of metamorphic material
from the basement are very rare (Fig. 10C). Some
of them are pebble-sized, rounded and bio-
eroded black dolostones (Fig. 10D).

Paraconglomerate of outsized floating clasts —
F4.2

This facies occurs only at the base of the Cabezo
Alto section (clinothem 1) (Fig. 10A). The
matrix is similar to that of F4.1. It is character-
ized by a paraconglomerate of outsized, angular
floating clasts and loosely packed to dispersed
bioclasts (Fig. 10E). The richness of vertebrates
and macroinvertebrates is the highest in the
whole study area (including fish vertebrae, elas-
mobranch teeth, crustacean dactyla, wood
remains bioeroded by Nototeredo sp., plant

Shell bed cycles and delta-scale clinoforms 1509

detritus and others; Fig. S2). Most shells are dis-
articulated, consisting of a mixture of pristine,
fragmented and bioeroded/encrusted specimens
of many species; some of them occur typically
in FA1 and FA2 (Table 4; Fig. 10F). This facies
is densely bioturbated (mostly indistinct mot-
tling) and the richness of identifiable ichnotaxa
is relatively high in comparison to other facies.
The density of floating lithoclasts and bioclasts
peaks at the base of clinothem 1 and decreases
progressively upward (Fig. 10A and F). In the
125 to 500 pum fraction, yellowish to light-green
glauconite grains (often preserved as foraminif-
eral casts) are frequent.

Terebratula pavements — F4.3

This facies is characteristic of the Cabezo Alto —
Canada Brusca area, where 13 outcrops were
identified. They consist of ca 5 to 20 cm thick
beds in which brachiopods appear embedded in
a fine-grained matrix (Fig. 11A and B). Two out-
crops showed two pavements separated by about
20 cm. These are referred to in this study as
‘twin pavements’ (Fig. 11C). No erosive or pla-
nar surfaces, either at the base or at the top of
the skeletal concentration, were observed
(Fig. 11A, B and G). No normal grading is visi-
ble in the matrix; the sediment is indistinguish-
able from that underlying and overlying the
pavements; the shell orientation varies from ran-
dom to umbo-down; bioclasts are well-preserved
and only a few specimens show minor tapho-
nomic alterations; more than 50% of the
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Fig. 9. Most abundant benthic foraminifera from the Cabezo Alto section in 26 samples encompassing FA4 and
FA3. The position of the samples in the stratigraphic log is indicated in Fig. 4. Only peaks >3% are represented.
Blue indicates FA4 (different grades for each clinothem) and yellow FA3.

specimens are articulated. Some pavements
yield small juveniles. The packing of specimens
is variable, from dense in the centre to loose
towards distal and proximal positions of the
pavement (Fig. 11G). In some cases, disrupted
biological clumping occurs (Fig. 11B and F). All
of the pavements studied yield yellowish to
light-green glauconite grains. Chemical analysis
of two glauconite grains from one sample
showed a K,O content of 4-4% and 4-3%. This
facies is distributed cyclically, most often alter-
nating with F4.1.

Terebratula biostrome — F4.4

This is one thick bed (>1 m) dominated by
loosely to densely packed terebratulids
(Fig. 12A). It contains a mixture of well-pre-
served, articulated specimens (Fig. 12B), some-
times devoid of sediment infill (Fig. 12C), and
disarticulated valves (Fig. 12E and F). Many of
the latter are fragmented, abraded, heavily bio-
eroded and encrusted by bryozoans, anomiid
bivalves (Fig. 12D), serpulids and craniid bra-
chiopods. The biofabric is variable and com-
plex, with examples of in situ Terebratula

clumps, pod concentrations and gutter casts
(Fig. 12G). Outcrops of this single interval are
recognizable for 850 m parallel to the strike,
whilst at Canada Brusca, a low abundance of
additional brachiopod species (Table 4) was
observed.

Interpretation of Facies Association 4

This facies association crops out in the more
distal positions of the depositional profile,
where the fine-grained sediment composition
indicates low-energy background conditions.
This is supported by the occurrence of C. crista-
tum, characteristic of F4.1, which is an extinct
pectinid with delicate valves, frequently
reported from offshore environments (Aguirre
et al., 1996; Robba, 1996; Yesares-Garcia &
Aguirre, 2004; Ceregato et al., 2007). Extant spe-
cies of the homeomorphic genus Amusium (Wal-
ler, 2011) inhabit quiet waters on fine sandy and
muddy substrates of the Indo-Pacific region, at
depths of 10 to 100 m (Fréneix et al., 1987; Min-
chin, 2003). The benthic foraminiferal assem-
blage (Fig. 9) is also typical of offshore
environments (Rasmussen, 2005). The massive
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Fig. 10. Sedimentological and palaeontological features of FA4. (A) Stratigraphic log of the base of the Cabezo
Alto section (clinothems 1 and 2). (B) Juvenile valve of Costellamussiopecten cristatum. (C) Example of cobble-
sized angular, metamorphic floating clast. (D) Rounded and bioeroded dolostone clast. (E) Floating clast paracon-
glomerate at the base of clinothem 1 (examples with arrowheads). The dashed line highlights the base of the para-
conglomerate. (F) Detail of the bioclasts in the paraconglomerate of clinothem 1 (Flabellipecten bosniaskii and
Cubitostrea frondosa). (G) R-sediment model, adapted from Kidwell (1985) and Tomasovych et al. (2006). It
explains the fabric pattern with an upward decrease in density of floating clasts by a concomitant increase in bur-

ial rates.

fabric can be explained by intense bioturbation
and deposition by suspension fall-out (Garcia-
Garcia et al., 2006; Longhitano, 2008). The bar-
ren to dispersed packing of F4.1 suggests high
sedimentary dilution and/or low shell produc-
tivity (Tomasovych et al.,, 2006). The good
taphonomic preservation of the autochthonous

(and some allochthonous in F4.2) macrofossils
(Table 4) fits the outer-shelf taphofacies model
of Yesares-Garcia & Aguirre (2004). The ichno-
fabrics also point to low-moderate background
sedimentation rates probably affected episodi-
cally by high sedimentation rates, as in distal
F3.2. Stable background conditions are
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Fig. 11. Examples of facies F4.3 (Terebratula pavements; bounded by red dashed lines). (A) Terebratula pavement
between clinothems 3 and 4 in the Cabezo Alto area. (B) Detail of the pavement shown in (A). Most specimens
are articulated and distributed in small clusters of two to three specimens (possibly representing a disrupted bio-
logical clumping or patchiness). (C) ‘Twin pavements’ between clinothems 5 and 6. (D) and (E) Densely packed
concentrations in the pavement between clinothems 9 and 10 in the Canada Brusca sector. Hammer for scale is 33
cm long. (F) Possible Terebratula cluster. (G) Loosely packed pavement in more distal positions. The red circle

pinpoints a juvenile specimen.

suggested by the dominance of lined burrows:
such lining helps to stabilize burrows (con-
structed as permanent domiciles) in soft sub-
strates (Bromley, 1996; Buatois & Madngano,
2011). The dominance of Domichnia therefore
indicates well-oxygenated substrates and stable
background conditions (Buatois & Mangano,
2011). The local occurrence of Trichichnus isp.
at the CA section (clinothem 2) might be related
to longer periods of stable conditions and a low
food content at the sediment—water interface
(Pervesler et al., 2008). An event-bed suite can

be interpreted based on the occurrence of some
Taenidium and backfilled, unidentified menis-
cate traces (possibly Scolicia isp.), indicating the
activity of deposit feeders. They probably
reacted opportunistically to sporadic high-den-
sity gravity flows or siltation events associated
with storms or other disturbances (de Gibert &
Goldring, 2007).

The occurrence of outsized floating clasts
(Fig. 10) across the depositional profile is inter-
preted as the product of storm-induced high-
density gravity flows (Postma et al, 1988;
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Fig. 12. Main features of FA3 and F4.4 at the Canada Blanca section. (A) Detailed stratigraphic log for clinothems
9 to 14. (B) Clump of in situ Terebratula specimens. Note the articulated specimens, umbo-down orientation, pres-
ence of juveniles. (C) Void Terebratula displaying the brachidium (geopetal structure). Hammer tip for scale is 2
cm long. (D) Pod concentration filled with coarse siliciclastic grains, Ditrupa tubes and two articulated Terebrat-
ula specimens. Note the sharp-walled, unlined large burrow and numerous anomiid bivalves (Monia squamma)
encrusting Terebratula. (E) Detail of imbricated, strongly altered Terebratula valves. Note the abraded foramen
and right hinge-tooth in a fragmented ventral valve. Pen tip is 19 mm long. (F) Detail of gutter cast filled with dis-
articulated Terebratula shells. Concave-up, disarticulated ventral valves predominate. (G) View of the basal bed,
overlain by gutter casts and the erosive surface separating clinothems 11 and 12. BSFR, basal surface of forced
regression. Hammer is 33 cm long.
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Mulder & Alexander, 2001; Talling et al., 2012).
This is consistent with source areas dominated
by schists and phyllites, such as in the Aguilas
Basin. In particular, according to Garcia-Garcia
(2004), the sensitivity of these lithologies to ero-
sion favours the production of high volumes of
fine fraction, which in turn enhances the forma-
tion of cohesive debris flows. The angularity of
these clasts (some of which have weak litholo-
gies) (Fig. 10C) suggests that they bypassed the
depositional profile directly from the river or
ephemeral stream mouth to reach the distal
positions where FA4 was deposited, probably by
hyperpycnal flows that transformed into cohe-
sive debris flows. The roundness and the pres-
ence of Gastrochaenolites traces on the
dolostone clasts suggest that the latter were
stored in a delta plain, a beach or a cliff-toe
(Uchman et al., 2002; Garcia-Garcia et al., 2011)
and were incorporated into the flows during
flash floods. The storage area would have been
no further away than a few kilometres (Fig. 13),
judging from the distribution and structure of
the Palomas Unit (Alvarez & Aldaya, 1985). A
possible alternative explanation for their occur-
rence is kelp or seaweed rafting as a main trans-
portation means (Bennett et al., 1994; Garden
et al.,, 2011; Frey & Dashtgard, 2012) but co-
occurrence of the floating clasts with other
allochthonous elements [out of habitat molluscs
(Table 4), plant debris, Teredolites isp. and
Calpensia bryoliths (Fig. S2)] supports the first
hypothesis (MacEachern et al., 2005; Ghinassi,
2007; Moissette et al., 2010; Nalin et al., 2010;
Buatois et al., 2011).

In facies F4.3, the frequent pristine preserva-
tion of terebratulids, the occurrence of juveniles
and disrupted patchiness (Fig. 11A and B),
together with the absence of diagnostic features
for hydraulic reworking (e.g. Roetzel & Pervesler,
2004), suggest that these pavements probably
represent obrution deposits of autochthonous
palaeocommunities (Brett & Seilacher, 1991;
Firsich, 1995; Brett et al., 2003). They can be
interpreted as mixed assemblages, in part
within-habitat time-averaged, and in part census
death assemblages (Kidwell, 1998). The occur-
rence of glauconite in the terebratulid pave-
ments points to conditions of very low
terrigenous input (Odin & Fullagar, 1988; Hard-
ing et al, 2014). Preservation of glauconite
grains (often as well-preserved casts of foramini-
fera) points to their autochthonous or parau-
tochthonous origin (Amorosi, 1997, 2012).
Therefore, compared with F4.1, the Terebratula

pavements (F4.3) indicate conditions of notably
reduced sedimentation rates. The taphonomic
traits and biofabric of these pavements suggest
that the Terebratula palaeocommunities in the
study area were extirpated by siltation events
(Emig, 1989; Tomasovych & Kidwell, 2017)
because fine terrigenous particles clog the lopho-
phore and smother these animals (He et al.,
2007). These siltation events probably represent
the onset of the next cycle of F4.1 sedimenta-
tion. The interpretation here is, therefore, that
the pattern of alternating F4.3 and F4.1 facies
represents cyclical changes of decreased and
increased sedimentation rates.

The ‘Terebratula biostrome’ (F4.4) shares the
dominance of terebratulids with F4.3 (Fig. 12).
The variable taphofacies (Table 4) suggests com-
plex taphonomic pathways of mixed biogenic—
sedimentological origin (Kidwell et al., 1986).
The occurrence of in situ clumps (Fig. 12B)
indicates that the terebratulids were autochtho-
nous to the biotope where FA4 was being depos-
ited. The dominance of Terebratula points to
high shell productivity [high hard-part input
rates sensu TomaSovych et al. (2006)]. In con-
trast, pod concentrations, pristine void
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Fig. 13. Proposed palaeogeographic map of the
Aguilas Basin during deposition of synthem SP1
(Zanclean, MPI13 biozone). The exact position of the
palaeocoastline in the western sector is tentative due
to the paucity of shallow-water outcrops, and uncer-
tainty as to their attribution to SP1. The indented
black line indicates the rollover of the infralittoral
prograding wedge and is shown with estimation of
approximate inferred palaeobathymetry at the time of
deposition of the oldest clinothems. The palaeocur-
rent direction is inferred from outcrops of stacked
sandwave fields at the Terreros and La Carolina sec-
tors (see Fig. 3), migrating seaward.
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specimens (geopetal structures) and gutter casts
infilled with highly altered and densely packed
terebratulid shells, are all characteristic of epi-
sodes of rapid burial and hydraulic reworking
in situ (Fig. 12C to F) (Baeza-Carratald et al.,
2014). Hydraulic disturbances are also demon-
strated by the occurrence of a few disarticulated
valves of Spondylus, a typical element of FA2
(where it is often articulated), which suggests an
allochthonous origin.

The abundant fragmented, abraded, bioeroded
and encrusted shells (assemblage-level alter-
ation) are typical for prolonged exposure at the
sediment-water interface, which, together with
the loose to dense packing (shelliness), points to
reduced sedimentation rates (Kidwell, 1985,
1989). The rich ichnoassemblage of bioerosion
traces (Table 4) is strongly uneven, dominated
by Entobia isp. (clionaid sponges), highlighting
strong hydrodynamics and background sedimen-
tation rates between <1 gm ? and ca 7 g m 2
(Carballo et al., 1994). The rare occurrence of
echinoid rasping traces Gnathichnus pentax
coupled with the absence of Radulichnus
(scratch marks by herbivorous gastropods and
polyplacophorans) (de Gibert et al., 2007) point
to dim light or aphotic conditions (Bromley,
2005). The co-occurrence of the above tapho-
nomically altered brachiopod bioclasts, together
with abundant pristine specimens, demonstrates
that the Terebratula palaeocommunity was able
to recover from multiple episodic disturbances,
where background conditions of strong hydrody-
namics and low sedimentation rates were envi-
ronmentally optimal for these brachiopods
(Emig & Garcia-Carrascosa, 1991; Reolid et al.,
2012). The co-occurrence of lined and sharp-
walled, unlined burrows (Fig. 12D) suggests that
the substrate within F4.4 evolved from a soft-
ground to a stiffground, indicating a decrease in
sedimentation rates (Taylor efal, 2003;
MacEachern et al., 2012b).

Facies 5

Cemented burrowed hybrid packstone
(Glossifungites ichnofacies)

This facies cannot be attributed to any particular
facies association because in some places it
adjoins FA4 but elsewhere adjoins FA3. It is
treated here as a separate type. The matrix con-
sists of a fine-grained hybrid packstone that is
cemented (ca 40% CaCOj3) and completely bio-
turbated (Fig. 8C). In general, traces are poorly
defined but some are attributable to non-
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compacted Thalassinoides burrows, except for
one locality, where many well-defined, non-com-
pacted Thalassinoides suevicus occur (Fig. 8D).
The material infilling the burrows is similar to
the surrounding matrix. In some localities, this
facies displays loosely to densely packed skeletal
concentrations, but Ditrupa is absent.

Interpretation of Facies 5

This facies, interspersed between either FA4 or
FA3, is interpreted as the formation of stiff-
grounds during phases of low sedimentation
rates, which favoured cementation of the sea floor
(Taylor et al., 2003; MacEachern et al., 2012b).

GEOMETRIC AND STRATIGRAPHIC
STACKING PATTERNS

Geometry

The Cabezo-Alto and Canada Brusca W sectors
enable delta-scale clinoforms sensu Patruno et al.
(2015) to be identified (Figs 1C, 14A and 14B).
For example, the clinoform separating clino-
thems 5 and 6 extends for about 250 m from the
toeset-point to the upper rollover (Fig. 1C). The
clinoforms display a sigmoidal profile (sensu
Adams & Schlager, 2000) where, in general, FA2
and facies 3.1 occur in the upper rollover, FA3 in
the foreset and FA4 from the lower rollover bas-
inward, in the bottomset. FA1 is best observed in
the Canada Brusca W sector where it occurs in
the topset (Fig. 14D to F).

Stacking patterns

The mapping of stratigraphic surfaces on photo-
mosaics, the outcrop study of bed surfaces and
the facies distribution show that SP1 displays a
south-east prograding and offlapping stacking
pattern of sigmoidal clinothems. Twenty-two
clinothems were identified in SP1 (numbering in
Figs 4 and 14). In the Cabezo Alto (CA) sector,
clinothems 1 to 6 display a forestepping pattern
(progradation plus aggradation), evolving verti-
cally from FA4 at the base to FA2 at the top; the
latter is truncated and overlain by Quaternary
deposits (Fig. 14A and B). The aggrading pattern
is present in clinothems 5 and 6, which display
facies 3.1 at the top of the sections; this contrasts
with the adjacent clinothem 4, with facies 2.3 at
the top (Fig. 14A and B). The contacts between
these clinothems in distal positions consist of
facies F4.2 (only at the base of the CA section),
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F4.3 (red lines in Fig. 14A and B), or F5. Starting
with clinothem 7, a downstepping pattern is visi-
ble, with strong shifts from facies F2.2 and F2.3 to
F3.2 (Fig. 14A and B). The contact between these
latter clinothems is erosive in the upper part of
the sections (Fig. 14C). The offlapping trend is
modulated by clinothem 11, which displays the
more distal facies F3.1 at the Canada Brusca W
sector compared with adjacent older clinothems
(Fig. 14D and E). Clinothem 11 is followed by
strong shifts with facies F1.1 and F1.2 in clino-
thems 12 and 14, alternating with facies F2.3 in
clinothems 13 and 15 through prominent erosive
surfaces (Figs 5 and 14D to F). Clinothems 11 and
14 are very distinctive and make up marker beds
recognized in the Canada Brusca E, Canada
Brusca W and Canada Blanca sectors. The Canada
Blanca section is characterized, in general, by
alternating facies associations FA1 and FA2 and
erosive contacts in between (Fig. 4). This pattern
holds except at the base of the section which dis-
plays facies associations FA3 and FA4 up to clin-
othem 11, sharply overlain by facies association
FA1 through an erosive surface (Figs 4 and 12).

MAGNETIC SUSCEPTIBILIY AND
CARBONATE CONTENT

The overall carbonate content ranges from 13 to
80% (Fig. 4). Maximum values are attained in the
rhodolith dominated facies of FA2; they decrease
proximally and distally from this facies. In the
CA section no cyclicity in CaCOgj is recognizable,
whereas in the CBL section the variation appears
to roughly coincide with variation trends in mag-
netic susceptibility. Both the CA and CBL sec-
tions display very low magnetic susceptibility
(MS) values, increasing only near the clinothem
boundaries identified by sedimentological -
palaeontological criteria. The maximum value in
the whole studied area is recorded in the para-
conglomerate interval at the base of section CA
(Fig. 4).

DISCUSSION

Depositional model

Clinoforms of SP1 have the diagnostic features
of sand-prone subaqueous delta-scale clinoforms
(Patruno et al., 2015), in particular: (i) steep
foresets (>7°, up to 14°) (Fig. 1C); (ii) a sigmoidal
profile; (iii) development on a narrow shelf (an

embayment about 14 km wide) (Fig. 13); and
(iv) close proximity to the palaeocoast (indicated
by bioeroded dolostone clasts of the Palomas
Unit). Furthermore, the Pliocene Molino del Sal-
tador delta occurs 6 km north-east from the base
of the CA section. This implies that La Serrata
and Los Melenchones (Fig. 3B), adjacent to
where this delta developed, were already above
sea-level during the early Pliocene (Fig. 13).

In general, the facies distribution in SP1 shows
a proximal-distal energy gradient with decreas-
ing grain-size distally, especially basinward,
beyond the upper rollover (FA3 and FA4). This
grain-size distribution matches systems domi-
nated by physical accommodation in which
facies belts reflect the hydraulic competence of
the sedimentary particles (Pomar & Kendall,
2008). The geometry of the clinoforms is consis-
tent with a prograding distally steepened ramp
(Pomar, 2001; Pomar et al., 2002; Martin et al.,
2004) or an infralittoral prograding wedge (IPW;
Herndndez-Molina et al., 2000; Pomar et al.,
2015). In both cases, the rollover zone represents
an energy threshold above which episodic high-
energy conditions affect the topset and below
which overall quiet conditions prevail offshore
(seaward of the rollover). According to these
genetic models, the upper rollover corresponds
to the mean storm-weather wave base (SWWB),
fostering sediment bypass at the topset and sedi-
ment shedding down on the foreset (Hernandez-
Molina et al., 2000; Pomar et al., 2015), the latter
in the form of siltation/suspension fall-out and
as sediment gravity-flows (Massari & Chiocci,
2006). Immediately offshore of the upper rollover
zone, sedimentation rates peak (upper foreset)
and gradually decrease distally, both in fre-
quency and intensity (in the lower foreset and
bottomset) (Walsh et al., 2004; Mitchell, 2012).
In the original example of an IPW from off Cabo
de Gata (southern Spain) described by Hernan-
dez-Molina et al. (2000), the rollover lies at
about 25 m water depth coincident with the
mean SWWB. This bathymetry is compatible
with the coralline algal assemblages in the study
area (outer topset) (Fig. 7), although, during the
early Pliocene, the storm intensities at this lati-
tude were presumably stronger due to warmer
sea-surface temperatures (SST) (Emanuel, 2005;
Beltran et al., 2011). A conservative depth of 25
to 30 m for the upper rollover zone of the
Aguilas subaqueous delta-scale clinoforms is,
therefore, proposed. The location of the SP1 IPW
in the south-western corner of the basin (Fig. 13)
implies that it was probably the area most
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the stratigraphic logs in (C). (B) Clinothems and facies indicated with colour code. Blue lines indicate beds identi-
fied in the field, red straight lines are Terebratula pavements, and dashed lines are the interpreted connection
between beds in the topsets—foresets and terebratulid pavements at the toeset-bottomsets. Clinothems identified in
the CA sector are indicated by encircled numbers. The topsets of clinothems 4 to 7 are truncated, and overlain by
Quaternary conglomerates. (C) Synthetic stratigraphic logs (not composite; indicating dominant biofacies, strati-
graphic contacts and correlation between adjacent sections). (D) The Canada Brusca (CBr) sector viewed obliquely
to depositional strike. Inset indicates the position of sector for details in (F). (E) Numbered clinothems and facies
contacts as in (D). Colour code for facies as in (B) and (C). (F) Detail of the CBr sector from a view subparallel to
depositional strike, with indication of clinothems 10 to 15.

© 2018 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 66, 1486—1530



1518 D. A. Garcia-Ramos and M. Zuschin

exposed to easterly storms, as opposed to the
laminated silty marls occurring in the north-east-
ern part of the basin, interpreted as a sheltered
bay (Montenat et al., 1978).

Sequence stratigraphy

Two hierarchical sequence ranks were here
interpreted for the early Pliocene (late Zanclean,
MPI3 biozone) SP1 synthem of the Aguilas
Basin. The low rank sequences (LRS) are the
basic building blocks of the high rank sequence
(HRS). In particular, the systems tracts of the
HRS are defined both by the LRS stacking pat-
terns and their bounding surfaces (Zecchin &
Catuneanu, 2013). The LRS are represented by
the identified outcropping clinothems (1 to 22);
older ones were eroded, younger ones truncated
or covered by colluviums.

Architecture of the high rank sequence

The interpreted HRS is bounded at the top by an
extensive unconformity described by Dabrio
et al. (1991). The basal unconformity is inferred
at the Cabezo Alto sector based on changes in
facies, strike, dip and micropalaeontological
assemblages between the top of SPO and base of
SP1. This basal unconformity, however, crops
out at the Terreros section (3-35 km to the south-
west) (Fig. S1). Further work is necessary to con-
firm its presence throughout the study area.

The transgressive systems tract (TST) is inter-
preted here to crop out at the base of the CA sec-
tion (only the youngest LRS) (Figs 4 and 10).
Since the contact between synthems SPO and
SP1 in the Cabezo Alto does not crop out, the
high rank transgressive ravinement surface has
not been observed. The highstand systems tract
(HST) is interpreted from the forestepping
stacked clinothems 1 to 6 (Fig. 14A and B).
These clinothems overlie the paraconglomerate
at the base of the CA section (facies 4.2, clino-
them 1) (Fig. 10), which is interpreted here as
the maximum flooding zone (MFZ) (see below).
Evidence for the falling stage systems tract
(FSST) is shown by the generally downstepping
facies stack of clinothems 7 to 22 (Fig. 14). The
high rank lowstand systems tract (LST) has not
been identified and is thought to occur in a dee-
per part in the basin, below the present-day sea-
level. The general offlapping stacking pattern of
the LRS in synthem SP1 (Fig. 14) indicates an
overall regressive trend, typical for subaqueous
deltas, which form during relative stillstands
(highstands or lowstands) (Hernandez-Molina

et al., 2000; Pepe et al., 2014; Patruno et al,
2015), or during falling stages of relative sea-
level (RSL) (Hansen, 1999; Massari et al., 1999).

High rank transgressive systems tract and
maximum flooding zone

The high rank MFZ is interpreted to correspond
to the paraconglomerate interval at the base of the
CA section (facies 4.2) (Fig. 10), implying that
most of the high rank TST does not crop out.
According to Zecchin & Catuneanu (2013), the
maximum flooding surface (MFS) may corre-
spond to: “a ‘cryptic’ conceptual horizon within
condensed deposits during the time of maximum
transgression, without a clear physical expres-
sion”. Condensation is interpreted here from the
pattern of the dispersing upward packing of litho-
clasts and bioclasts (Fig. 10), which can be
explained by the R-sediment model of Kidwell
(1985) (Fig. 10F). This model argues that clasts
are increasingly dispersed upward concomitant
with an increase in burial rates or higher sedi-
mentary dilution (Dattilo et al., 2012) at the onset
of the HST, when sedimentation rates outpace
accommodation space. This interpretation
assumes a relatively constant frequency of the
high-density gravity flow events that deliver
allochthonous clasts to these depths (bottomset).
In the rest of the synthem, floating lithoclasts in
FA3-FA4 are rare and isolated, as expected from
higher burial rates during the high rank HST and
FSST (Neal & Abreu, 2009). Furthermore, the
paraconglomerate interval is densely bioturbated
(Zecchin & Catuneanu, 2013) and yields the deep-
est assemblage of benthic (Fig. 9) and planktonic
foraminifera (Leckie & Olson, 2003). This
includes frequent or common outer shelf taxa,
such as Planulina ariminensis and Uvigerina
peregrina. The high species richness of macrofos-
sils also implies a longer window of time-aver-
aging. Moreover, the position of this interval at
the base of the prograding low rank clinothems
reinforces its interpretation as the MFZ. Thus the
paraconglomerate interval of clinothem 1 is here
interpreted as a high rank backlap shell/clast bed.
The paraconglomerate interval also coincides
with the strongest magnetic susceptibility in the
whole study area (Fig. 4).

High rank highstand and falling stage systems
tracts

The forestepping stacking pattern (progradation
plus aggradation) of clinothems 1 to 6, coupled
with gradual facies changes, indicates a normal
regression and are attributed to the high rank
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HST (Catuneanu & Zecchin, 2016). In contrast,
clinothems 7 to 22 display a general downstep-
ping stacking pattern with strong shallowing-
upward facies shifts and sharp erosional con-
tacts. These traits are diagnostic for forced
regression, and hence are interpreted as the
FSST (Massari et al., 2002; Massari &
D’Alessandro, 2012). Forced regression is like-
wise indicated by frequent ‘internal unconfor-
mity surfaces’ (IUS) such as those reported by
Massari & D’Alessandro (2012). The IUS in the
study area are interpreted here to essentially
represent low rank regressive surfaces of marine
erosion (RSME) (Plint, 1988; Plint & Nummedal,
2000) (Figs 4 and 5). The contact between clin-
othems 13 and 14 in the outer topset and roll-
over zone is a good example of a surface
interpretable as a RSME (Figs 5I and 14D to F).
This surface records a strong facies shift from
F2.3 (lower shoreface) to F1.2 (middle to upper
shoreface), the latter prograding to F1.1 (upper
shoreface to foreshore). The material of F1.2 pas-
sively filled truncated Thalassinoides burrows
(Glossifungites ichnofacies) in clinohem 13
(Fig. 5]) (MacEachern et al., 1992, 2012b). A
subsequent low rank RSL rise partially eroded
the upper shoreface—foreshore facies of clin-
othem 14 (F1.1) forming a low rank onlap shell
bed (F2.4) (e.g. Zecchin, 2007). The lithofacies
and biofacies F2.3 of clinothem 15 (Fig. 5) sug-
gest an amplitude of about 15 to 20 m of sea-
level rise with respect to clinothem 14.

The erosive surfaces at the CBL section (Figs 4,
6 and 15) are interpreted here to have formed by
scouring associated with high-frequency varia-
tions of base level (Massari & D’Alessandro,
2012). However, the ‘master RSME’ or high rank
RSME, which represents the onset of forced
regression in the high rank sequence, is not the
most prominent interpreted RSME in the study
area. This can be explained by gradually stronger
shoreface erosion at increasingly lower sea-levels
(when the amplitude of the RSL fall of the low
rank cycles is enhanced by the falling sea-level
trend of the high rank cycle). In the Cabezo Alto
sector, the erosive surfaces disappear distally
and these distal portions are interpreted here as
basal surfaces of forced regression.

Architecture of proximal low rank sequences

In the context of hierarchical sequence stratigra-
phy, Schlager (2004, 2010) recognized ‘S-
sequences and P-sequences’. The P-sequences
have only TST and HST, while S-sequences also
contain FSST and LST: P-sequences are
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equivalent to the small-scale cycles (metres to
decametres in thickness) of Zecchin (2007),
where R, T-R or T cycle types were recognized
based on the predominant development of trans-
gressive (T) or regressive (R) deposits. In general,
the clinothems of SP1 can be interpreted as R
and T-R cycles, with variations in the architec-
ture depending on the position in the deposi-
tional profile and the systems tracts of the HRS.
In the Canada Blanca sector, the most common
motif of LRS associated with the high rank FSST
consists of R cycles bounded by erosive surfaces
overlain by thick skeletal concentrations and a
coarsening upward trend (Figs 4, 6 and 15).
Some skeletal concentrations can be attributed to
shelly tempestites because the texture and grain-
size of the matrix is similar to or coarser than
that of the material underlying the erosive sur-
face (Figs 5A, 15A and 15B). Distinguishing low
rank onlap shell beds (OSB) in shoreface envi-
ronments from bedsets, which display tempestite
amalgamation unrelated to shoreline shifts, is
difficult (Zecchin et al., 2017). This is because
high-frequency, low-amplitude RSL fluctuations
result in subtle facies variations in shoreface
environments (Zecchin, 2007). Onlap shell beds
form under low sedimentation rates when trans-
gression creates accommodation space further
onshore. Skeletal material then accumulates in
the shoreface, producing loose to dense packing
due to low sedimentary dilution (Fig. 15F). The
resulting biofabric of the OSB thus reflects a
complex history of multiple events of biotic
(bulldozing organisms) and/or hydraulic rework-
ing, along with differential winnowing by storms
and tidal currents (Kidwell, 1991; Zecchin et al.,
2017). In the Canada Blanca sector, erosive sur-
faces carved on coarse-grained F1.2 (Fig. 15C
and D) and mantled by thick, shell-rich facies
with fine-grained matrix (F2.4) (Fig. 15E) are
interpreted to reflect RSL fluctuations (Massari
et al., 2002; Cattaneo & Steel, 2003). The abun-
dance of complete rhodoliths in many of these
shell beds (F2.4) (Fig. 6C) indicates low sedi-
mentation rates (Aguirre et al., 2017).

Architecture of distal low rank sequences

The interpretation here is that the internal archi-
tecture of the clinothems in FA4 consists of low
rank TST formed by Terebratula pavements
(F4.3) and the overlying hybrid packstone, with
dispersed to barren packing (F4.1), represents
the low rank HST. These cycles therefore con-
form to the structure of R cycles. In more proxi-
mal positions, the Terebratula pavements are
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occasionally replaced by the Glossifungites ich- During stillstand stages of the low rank RSL,
nofacies (F5) or shell beds (F3.4). A genetic sediment aggraded in the topset until reaching
model of these R cycles is presented below. the base level. Accommodation space thus
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became unavailable at the topset and prograda-
tion in the foreset resumed, eventually forming
a new clinothem (Rich, 1951; Swift & Thorne,
1991; Pomar & Kendall, 2008; Pomar et al.,
2015) (Fig. 16A). Background conditions with
frequent siltation events and high-density grav-
ity flows in the foreset (F3.2) are indicated by
opportunistic faunal responses, including the
dominance of Ditrupa, infaunal benthic forami-
nifera and ichnoassemblages of vagile deposit
feeders. During these stillstand stages, F4.1 was
deposited at the lower rollover and bottomset.
During stages of low rank RSL rise (Fig. 16B),
progradation in the foreset switched off and

clinoforms developed as omission surfaces in the
bottomsets and foresets, and often as transgres-
sive lags or low rank OSB in the upper foresets
and topsets (Massari et al., 1999) (Fig. 5). This is
because the base level rose concomitantly with
the RSL, creating accommodation space in proxi-
mal settings of the topset. This was accompanied
by reduced fluvial gradients and sediment trap-
ping in nearshore environments, while more dis-
tal settings (mainly, foreset and bottomset) were
left starved (Brett, 1998; Embry, 2009; Dattilo
et al., 2012). Compared with other examples of
subaqueous delta-scale clinoforms (Pomar et al.,
2002), low rank RSL rise stages in the study area
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did not result in aggrading clinothems. Rather,
they were non-accretionary, forming only hiatal
skeletal concentrations. This implies lower sedi-
mentation rates of the Aguilas subaqueous delta-
scale clinoforms compared to those at Migjorn
(Pomar et al., 2002). The conditions of low-sedi-
mentation rate fostered: (i) the colonization of
the bottomsets—toesets and foresets by palaeo-
communities of siltation-sensitive suspension
feeders (Brett, 1998), in this case from proximal
to distal: Schizoretepora, Gibbomodiola and Ter-
ebratula (Fig. 1C); (ii) the formation of authi-
genic minerals such as glauconite (Kidwell,
1991; Catuneanu, 2006; Amorosi, 2012); (iii) the
development of densely packed shell beds in the
middle—upper parts of the foresets (Fig. 8B) due
to sediment starvation and differential winnow-
ing (R-sediment model of Kidwell,1985); and (iv)
the formation of firmgrounds associated with
cementation, enabling colonization by callianas-
sid shrimps and development of the Glossifun-
gites ichnofacies (Taylor et al., 2003;
MacEachern et al., 2012b) (Fig. 8C and D).

Hypotheses about the formation of the
Terebratula pavements

Three main hypotheses are considered here to
explain the genesis of the Terebratula pave-
ments (Fig. 17):

1 The allochthonous concentration hypothesis
(Kidwell et al., 1986) envisages that the terebrat-
ulids were deposited at the lower rollover and
bottomsets after being entrained in high-density
gravity flows induced by storms or other distur-
bances (for example, internal waves). Their auto-
chthonous habitat would be located in more
proximal environments (for example, the upper
rollover and outer topset) (Fig. 17A). This
hypothesis is rejected because of: (i) the lack of
diagnostic physical sedimentary structures for
shelly tempestites (Einsele & Seilacher, 1991;
Einsele, 2000; Fliigel, 2004; Roetzel & Pervesler,
2004; Myrow, 2005); and (ii) the absence in
nearly all pavements of other taxa that are abun-
dant or dominant in more proximal environ-
ments of the depositional profile. An
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allochthonous concentration would consist of a
mixture of taxa entrained and mixed up from
different habitats (Leighton & Schneider, 2004).
Furthermore, to produce an allochthonous bra-
chiopod-dominated concentration at the bottom-
sets, there should be high brachiopod
productivity in the presumably autochthonous
habitat in more proximal environments, which
was not observed in the study area.

2 The storm-winnowing model (Dattilo et al.,
2008, 2012) considers that the Terebratula pave-
ments are concentrated autochthonous shell lags
that result from differential winnowing of the
fine-grained sediment during storms (Fig. 17B).
This hypothesis is rejected because, to produce
such a dominance and abundance of terebrat-
ulids, high brachiopod productivity should
occur throughout the stratigraphic intervals of
FA4, between terebratulid pavements. These,
instead, are barren or are characterized by dis-
persed Costellamussiopecten.

3 The episodic starvation model (Dattilo et al.,
2008, 2012) considers that the Terebratula con-
centrations are the result of biological processes
during stages of low sedimentation rates
(Fig. 17C). This hypothesis is supported by the
disrupted biological patchiness, the presence of
juveniles, the dominance of articulated, pristine
shells and by the occurrence of glaucony, a typi-
cal proxy for condensed deposits. The occur-
rence of Terebratula clumps (sensu Kidwell
et al., 1986) in F4.4 demonstrates that Terebrat-
ula is autochthonous to FA4 (Hallam, 1961;
Middlemiss, 1962; Fiirsich, 1995).

Magnetic susceptibility and carbonate content

Quartz, calcite and organic compounds yield
very weak to negative magnetic susceptibility
(MS) values (diamagnetic minerals). In contrast,
paramagnetic minerals such as clays (smectite,
illite and chlorite); ferromagnesian minerals
(biotite, tourmaline, pyroxenes and amphiboles);
iron sulphides (pyrite and marcasite) and iron
carbonates (siderite and ankerite), yield MS val-
ues several orders of magnitude higher than
those of diamagnetic minerals, which dominate
the signal when present in bulk samples (Davies
et al., 2013; Sullivan & Brett, 2013). Magnetic
susceptibility in marine sedimentary rocks is
usually considered as a proxy for the proportion
of iron-rich sediments derived from terrestrial
sources (Ellwood et al., 2000; Sullivan & Brett,
2013). High MS values are considered to be
attained during regressive stages, when
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increased erosion delivers proportionally higher
amounts of terrestrial iron-rich sediments into
the marine basin (Sullivan & Brett, 2013). This
argument has been contradicted by the report of
distinct MS peaks associated with surfaces of
maximum starvation (Ellwood et al., 2011). This
can be explained by concentration of paramag-
netic particles derived from aeolian sources
(Reuter et al., 2013). Likewise, very low to nega-
tive MS values, as in the Aguilas Basin, SP1,
may be explained by a very low terrigenous
input and/or dilution of terrigenous particles in
biogenic carbonate (Reuter et al., 2013). When
distinct positive MS peaks are the result of
increased terrigenous input, MS trends anticor-
relate with those of CaCO; (Davies et al., 2013;
Rothwell & Croudace, 2015). At the CA section,
distinct MS peaks are coincident with a relative
increase in CaCOj content (Fig. 4), suggesting
that the MS values in such cases are associated
with condensation. These peaks occur at the
clinothem boundaries that were interpreted as
omission surfaces (Glossifungites ichnofacies) or
condensed intervals (paraconglomerate and Ter-
ebratula pavements) based on sedimentological
and palaeontological features. The weak MS val-
ues are also potentially influenced by the
slightly evolved glauconite content, which is
paramagnetic (Amorosi, 1997).

Progradation rates of the lower rank cycles

Biostratigraphic data constrain the maximum
possible duration of the HRS to somewhat less
than 700 kyr. The yellowish to light green col-
our of the glauconite grains that separate the
LRS in facies 4.3 suggests that, in terms of matu-
rity, this is a slightly evolved stage. This was
confirmed in one sample, where glauconite
grains had a K,O content of ca 4%. According
to Amorosi (2012), the slightly evolved glaucony
would indicate sediment-starved periods lasting
about 10* years, implying that the LRS in the
study area can be interpreted as high-frequency
cycles in the Milankovitch band. The cyclicity
in variation of terrigenous input is also recorded
in the patterns of magnetic susceptibility and
calcium carbonate content (Fig. 4). These pat-
terns of magnetic susceptibility are similar to
those reported by Davies et al. (2013) for the
high-frequency cycles of the Llucmajor platform
(Miocene, Spain), reinforcing the above interpre-
tation. If this is true, the time-span encompassed
by the HRS is considerably less than the 700 kyr
suggested by biostratigraphic proxies.
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CONCLUSIONS

The Aguilas Basin records subaqueous delta-
scale clinoforms that prograded during the early
Pliocene (MPI13 biozone) in mixed temperate car-
bonate-siliciclastic environments. The sedimen-
tological and palaeontological features of these
clinoforms are compatible with the infralittoral
prograding wedge model. The prograding units
formed during the highstand and falling stages
of a high rank relative sea-level cycle, and the
biostratigraphic data indicate that this prograda-
tion lasted for less than 700 kyr. The basic
building blocks of this sequence are clinothems
whose internal architecture generally consists of
skeletal concentrations overlain by a strati-
graphic interval with a more disperse packing.
In distal positions of the depositional profile,
the skeletal concentrations consist of terebrat-
ulid brachiopod pavements. These pavements
are distributed cyclically; they are interpreted
here to have formed during high-frequency rela-
tive sea-level rise pulses that led to sediment
starvation in these distal environments. During
stillstand stages, accommodation space eventu-
ally became unavailable in the topset of the
clinoforms, leading to a resumption in the
progradation of the clinoform system, extirpat-
ing the brachiopod communities until the next
cycle of relative sea-level rise. In other examples
of subaqueous deltas, similar brachiopod assem-
blages bound the clinobedded unit at the base
and the top, but did not occur on the clino-
forms, as seen in the Aguilas Basin. This implies
lower progradation rates of the Aguilas Basin
clinoforms, allowing enough time for these ben-
thic communities to develop. The occurrence of
slightly evolved glauconite in the Aguilas Basin
suggests that these high-frequency cycles fall
within the Milankovitch band, probably preces-
sion.
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Supporting Information

Additional information may be found in the online
version of this article:

Fig. S1. Photomosaic of the base of the Terreros sec-
tion, showing the cyclically bedded synthem SPO
(Zanclean, MP11-MP12 biozones) and the overlying
calcirudites of SP1 (MPI3 biozone fide Montenat
et al., 1978) on top, resting on an erosion surface
(SP0-SP1 unconformity).

Fig. S2. Some examples of allochthonous elements
in FA4 and FA3.
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