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Abstract

The Utrillas Formation represents clastic wedges that accumulated in relation to continental-coastal areas of Iberian Basin during the
worldwide Late Cretaceous sea-level rise. At the Tamajon outcrop the Late Cenomanian Utrillas wedges are composed of four facies as-
sociations (FA1 to FA4), which unconformably overlay Triassic deposits. Basal sediments (FA1) are interpreted as high energy, braided
fluvial deposits, characterized by coarse-grained (conglomerate—sandstone) facies; which grade upwards to tide-influenced, estuarine sedi-
mentation (sandstones and mudstones with inclined heterolithic stratification, FA2), and then to high-energy, coastal sheet and channelled
sandstones with different tidal features (FA3); and finally, to fine-grained (mudstones and minor burrowed sandstones) of an offshore
marine associations (FA4). The depositional architecture based in the presence and hierarchy of several ranks of bounding surfaces and
the overall upward-fining succession show the long term retrogradational trend of these facies associations. Peculiar sedimentary features
of these sediments are 1) the presence of large-scale, single sets of cross beds infilling large erosive channels, which are tidal in origin. 2)
The size and length of the cross-bedding defined by couplets of different grain size; here interpreted as originated by flow unsteadiness in
relation to changing tides. And 3) an unusual association of ironstones, wrinkle structures and vertebrate tracks with microbial mats and
penecontemporaneous iron encrusting allowing track preservation in the sedimentary record.

Keywords: continental-coastal facies, large-scale channels, ferruginous crusts, wrinkle marks, vertebrate tracks, Cenomanian.

Resumen

La Formacion Utrillas estd compuesta por una serie de cufias clasticas que se depositaron en las areas continentales y costeras de la
Cuenca Ibérica durante el ascenso eustatico global del Cretacico Superior. En el afloramiento de Tamajon las cufias del Cenomaniense Su-
perior de la Formacion Utrillas estdn compuestas por 4 asociaciones de facies (FA1 a FA4), que se disponen discordantes sobre materiales
tridsicos. Los sedimentos basales (FA1) se interpretan como depositos de sistemas fluviales de tipo braided, de alta energia, caracterizados
por facies de grano grueso (conglomerados y areniscas); que pasan hacia techo a facies estuarinas con influencia mareal (areniscas y lutitas
con estratificacion heterolitica inclinada, FA2), y estas a areniscas tabulares y canalizadas costeras de alta energia que presentan diferentes
caracteristicas mareales (FA3); y, finalmente la sucesion da paso a una asociacion marina somera (FA4), de grano fino y baja energia (lutitas
con areniscas bioturbadas subordinadas). La arquitectura deposicional se basa en la presencia y jerarquia de varios rangos de superficies
erosivas y la tendencia granodecreciente general de la sucesion, que caracteriza la tendencia retrogradacional general de esas asociaciones
de facies. Los materiales estudiados presentan una serie de caracteristicas sedimentarias peculiares tales como: 1) la presencia de grandes
canales fuertemente erosivos rellenos con un unico set de estratificacion cruzada de gran escala, de origen mareal. 2) El tamafio y longitud
de las propias estratificaciones cruzadas, definidas por parejas de laminas de diferente tamafio de grano, interpretadas como originadas
por variaciones en el flujo de la corriente en relacion con el sistema mareal. Y 3) una asociacion poco frecuente de costras ferruginosas,
estructuras de tipo wrinkle y huellas de vertebrados, que suponen el desarrollo de laminas microbianas y encostramientos ferruginosos
penecontemporaneos los cuales permitieron a su vez la preservacion de las huellas en el registro sedimentario.

Palabras clave: facies continentales-costeras, grandes canales, costras ferruginosas, wrinkle marks, huellas de vertebrados, Cenomaniense




292 Garcia-Hidalgo et al. / Journal of Iberian Geology 42 (3) 2016 291-310

1. Introduction

Continental and coastal sedimentary environments were
widespread developed in epi- and intracontinental basins
during high sea level periods, such as the Late Cretaceous,
because large areas of the continents were flooded by shal-
low seas, as sea level rose during these times. Description
of the controls on continental and marine facies and facies
associations in these systems involves thorough analysis of
continuous, laterally extensive outcrops that allows for the
reconstruction of 3D geometries and trends of architectural
elements together with their mutual relationship. Several
problems can be undertaken in these environments mainly
related to the own sedimentary environment development
and interpretation.

At these environments, the distinctions between different
environments and stream processes are difficult to distin-
guish, especially where continental—coastal transitions occur.
Besides, both the absence of fossils and the lack of definite
sedimentary structures, that could serve as diagnostic of ma-
rine reworking (either tidal, waves or currents), are important
problems in the analysis of ancient successions.

Here, we studied continental-coastal, coarse-grained sedi-
ments of the Utrillas Formation (Guadalajara province, cen-
tral Spain) that provide a good example of these continental-
coastal transition, as they were deposited in a coastal area at
the western part of the Iberian Basin (Fig. 1a). The Utrillas
Formation is a highly heterochronous unit composed of a pile
of clastic wedges that ranges in age from the Albian to the
Campanian (Gil et al., 2004). In this study we concentrate on
the Late Cenomanian clastic wedges of this unit.

The principal aim of our study is to reconstruct the particu-
lar palacoenvironments of the Utrillas Formation by means of
lithofacies and sedimentological analysis. Along this study, the
presence either of: 1) peculiar cross-bedding and large channels
(up to 4 m thick) locally filled up with a single set of coarse-
grained, cross-bedded sandstones and conglomerates, 2) cross-
bedding defined by long and thick couplets of different grain
sizes and 3) ironstones, wrinkle structures (probably micro-
bially-induced sedimentary structures, MISS) and vertebrate
tracks, and their mutual relationships were proven as interesting
examples, not described previously (3, ironstones, wrinkle and
vertebrate tracks) or that can lead to sedimentary environment
misinterpretation (1, large-scale, cross bedded sands).

2. Geological setting

The late Cenomanian siliciclastic sediments of the Utrillas
Formation represent a pile up of thick clastic wedges (Fig.
1b), that accumulated in relation to the linear western margin
of Iberian Basin along the Late Cretaceous (Fig. 1a). This is
an intracontinental basin developed since the Late Permian
(Gonzalez-Casado et al., 1996). Its tectonic history is related
to complex breakup of the Pangea supercontinent with two

phases of rifting and post-rifting sedimentation (Salas and
Casas, 1993).

The Utrillas Formation constitutes the continental-coastal
sediments of the Late Cretaceous sedimentary successions
in the Iberian Basin (Fig. 1a) and, in the studied area, rests
unconformably on a thick succession of red sandstones and
mudstones of Triassic age (Portero et al., 1990) (Fig. 1b).
Biostratigraphic study of this interval was carried out in the
more central areas of the Basin (east of the study area; Ib-
des and Nuévalos, Fig. 1b) by Wiedmann (1975), Mojica
and Wiedmann (1977), and Segura and Wiedmann (1982);
based on these works, the Cenomanian/Turonian boundary is
located at the top of the studied interval. The Utrillas Forma-
tion is conformably overlaid by the Picofrentes Formation;
the common presence of Ammonites in the marls of this unit
indicates an Early Turonian age for this unit (Garcia-Hidalgo
etal., 2007).

The Utrillas Formation consists of continental to marginal
marine, unfossiliferous sandstones with some intercalated
mudstones and conglomerates. The conspicuous presence
of large-scale cross-bedding, the own cross-bedding com-
posed of an alternation of laminae of different grain sizes,
and ironstones related to wrinkle marks and an isolated bed
with abundant tetrapod tracks and other trace fossils (Segura
et al., 2016) are also peculiar.

Previous studies on the Utrillas Formation in this area re-
garded the Late Cenomanian environments as a low-sinuos-
ity fluvial unit (Portero et al., 1990), with muddy floodplain
deposits and some meandering channels predominating at the
top of the unit (Hernaiz et al., 2005). More recently, it has
been interpreted as continental alluvial and coastal plain (es-
tuarine) deposits (Garcia-Hidalgo et al., 2007).

Palynological data on the Upper Cenomanian in the Ibe-
rian Peninsula are scarce. Studies from the northern Iberian
Basin, Portugal and other European outcrops are summa-
rized by Diéguez et al. (2010). These authors suggest the
presence of subtropical open forest communities dominated
by angiosperms, with an abundant gymnosperm component
dominated by Classopollis and, to a lesser extent, by conifers
such as Taxodiaceae—Cupressaceae, Pinaceae and Araucar-
iaceae; Pteridophytes, however, seem to have played a less
significant role in the plant communities of this interval. In
the wettest areas an understory possibly composed of vascu-
lar cryptogams was also important; meanwhile, the probably
most arid or saline coastal vegetation would be Araucariaceae
and Cheirolepidiaceae forests (Peyrot et al., 2008).

In the nearby Somolinos section, the palynological data of
the overlying sequences (uppermost Cenomanian-Turoni-
an), whose marginal sediments resemble those studied here
(Garcia-Hidalgo et al., 2007), suggest that the Iberian hinter-
land was dominated by an open forest of angiosperms, with
scarce, small-sized conifers, and a forest understory not well-
developed (Gil-Gil et al., 2013), similar to those described
for the Late Cenomanian.
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Fig. 1.- a) Late Cenomanian paleogeography of the Iberian Basin, based and modified from Segura et al. (2004); b) Cross-
section showing location of the studied outcrop and main stratigraphic units and sections.

Climate modelling suggests a much less pronounced sea-
sonality in the Northern Hemisphere during the Cenomanian
than in previous periods (Fluteau et al., 2007). According
to these authors, the flooding of vast continental areas of
North America and Eurasia, related to the Late Cretaceous
sea-level rise, provided warmer and milder summers and in-
creased rainfall in North America and on the margins of the
Tethys. Based on their climatic simulations, the Iberian and
other Tethyan islands had a tropical humid climate during the
Cenomanian (see Fig. 15 in Fluteau et al., 2007).

3. Methods

Facies analyses were performed using the guidelines pro-
vided by Collinson and Thompson (1982). Studied param-
eters include lithology, grain-size, texture, sedimentary struc-
tures, geometry of the strata, and trace fossils. The various
lithofacies were grouped into facies associations on the ba-
sis of their temporal-spatial relations. The sedimentological
work was completed with the collection of paleocurrent data
and the analysis of vertical variability of grain-clast sizes.

Lithofacies were logged with a Jacob stick and comple-
mented with many partial sections and observations through-
out an entire area of up to 6 km long, showing different
orientations allowing a complete 3-D study of sedimentary
features. The study was combined with the construction of
photomosaics in order to recognize the overall lateral and
vertical facies variability, and sand body geometry following
detailed bedding contacts.

In order to study the mutual relationships between facies
and facies associations and the overall depositional architec-

ture, an analysis of bounding surfaces was completed. The
Tamajon outcrop was selected because its great lateral conti-
nuity (about 6 km long), the presence of different face-outcrop
orientations along section and accessibility. Several orders of
bounding surfaces have been recognized (Miall, 1985; 1996).
The minor order surfaces (1% to 3™-order) are appropriate
for facies description (Table 1), and interpretation. The 8-
order surfaces, at the base of the different facies associations,
represent major sedimentary breaks and/or erosive surfaces;
across these surfaces channel architecture and coarser/finer
grained facies ratios (mainly sand/mud ratio) are clearly dif-
ferent. 7h-order surfaces represent extensive, outcrop-scale,
erosive surfaces within facies associations, with local sedi-
mentary interruption. Further work in wider areas, on their
lateral extent and regional significance, will help to precise
the hierarchy of these higher-rank surfaces. Finally, there are
minor erosive surfaces (4"- 6"-order) that can be interpreted
in relation to single channel and main channel belt system de-
velopment, which were probably originated by events such as
single channel avulsion and changes in the depositional style
of the belt systems within a single facies association.

The type of interconnections among facies and the vertical
stacking pattern of the facies associations allowed for the rec-
ognition of the transgressive trend for the Utrillas Formation
as a whole (Fig. 1b).

4. Facies and facies associations
Twelve clastic sedimentary facies are recognized in the

studied Cenomanian Utrillas Formation (Table 1). These
facies are grouped, from base to top, in four facies associa-
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Fossils and

Facies Description Ichnofossils Suggested processes Environment
Gm. Massive Cobble to pebble-grade, clast-supported conglomerates. Massive. Wood remains. | Rapid gravel deposition from poorly confined flows within Channel
conglomerates Sub-rounded to rounded extrabasinal clasts (quartzite and vein channels, in which massive settling of the sediment load mainly in

and pebbly quartz, minor rock fragments). Poorly sorted, no grading to weak prevented the development of bedforms. braided fluvial.
sandstone normal or inverse grading. Lens-shaped beds from decimeters to

meters thick and up to tens of meters wide. Erosional, bases and
sharp tops.

Gh, Horizontally | Clast-supported, horizontally stratified, granule-pebble conglomerate | Wood Upper-flow regime, plane-bed conditions and deposition on Channel
stratified and coarse sandstone. Horizontal to gently inclined stratification fragments. low-relief longitudinal bars. mainly in
conglomerate (<10°) and poor imbrication. Beds extend laterally for tens of metres braided fluvial.
and have subplanar, slightly erosional to nonerosional boundaries.
Rare, normal or inverse grading.
Sc. Cross-bedded | Coarse- to medium-grained sandstone and pebbly sandstone; Bed-load sedimentation from unidirectional flows as indicated | Channel in
sandstone moderately to well sorted. Medium to very-thick bedded; tabular to by the presence of cross-bedding; recording the migration of braided river or
lenticular geometry with flat to concave erosive bases with granule/ dune to bar-scale bedforms Amalgamated channel deposits estuarine.
pebble lags; and planar upper surfaces. Planar and trough (minor) common. Channel-bars in multi-story channels prone to rapid
cross-bedding. Reactivation surfaces are common. Large sandy channel avulsion.
bodies, channelized morphology with cosets up to 2 m thick.
Sm. Massive Thick- to thin-bedded, coarse- to fine-grained sandstone. Massive Bioturbation. Deposition by hyperconcentrated flows. Rapid settling of sand, | Braided fluvial

sandstone

with scoured bases and flat tops. Thick-bedded massive sandstone

are related to Gh and Sc facies No grading, no stratification, outsized

granule-pebble clasts. Locally, weak horizontal lamination. Related
to ironstones.

Wrinkle
structures.

deposited directly from turbulent suspension with insufficient
time for bedform development. The presence of common
burrows suggests large periods without sedimentation allowing
wrinkle development, bioturbation and iron encrusting.

or Estuarine.

Slp. Large-scale,

Cross bedded sandstones, pebbly sandstones and minor

Bioturbation

High-energy and rapid bed-load deposition from unidirectional

High-energy,

planar, cross- conglomerates as lag deposits. Large-scale erosionally based with (rare). currents as indicated by the presence of cross-bedding; tidally-
bedded channeled | channelized geometry. Inclined bedding, planar cross-stratified recording the migration of bars. Subaqueous lateral acretion influenced
sandstone in large scale sets (up to 2-4 m thick), grading upwards to thin to foresets related to high energy, deep incised channels. coastal
thick-bedded; tabular or wedge-shaped beds. Reactivation surfaces. channel.
Overall normal grading, mudstone rip-up clasts. Directly related to
Ssc facies.
Ssc. Cross- Granule to fine-grained sandstone, forming laterally extensive Bioturbation Accumulation of small to medium-sized dunes and bars. High-energy
bedded sheet sheets up to 4 m thick with flat to planar, scoured erosive bases. (rare). Continuous reworking and movement of sand by variable intertidal-
sandstone Planar cross-bedding with normal grading and superimposed bidirectional flow regime. Tidal bedding, probably controlled | subtidal,
minor-scale lamination within the cross beds, as rhythmically by semi-diurnal cycles. Suspended sedimentation in mud tidally-
interstratified of granule and sandy laminae resulting in decimeter drapes during slack water periods. Sediments locally have influenced
scale to metre-scale tangential foreset bundles. Reactivation surfaces undergone liquefaction immediately after sedimentation of the | coastal bars.
common. Herringbone cross bedding. Mudclasts and mud drapes overlying sandstones; making sediments prone to liquefaction,
in the foresets. Water escape structures up to 0.4 m high. Trimodal developing water escape structures. Palacocurrents and
palaeocurrent distribution. herringbone indicate bidirectionality in flow directions.
Sr. Rippled Thin bedded, fine- to medium-grained sandstone locally inter bedded Deposition by weak unidirectional subaqueous flows under Tidally-
sandstone with thin-to-very thin siltstone beds. Sandstone - current rippled lower-flow regime conditions. In-channel sedimentation based | influenced,
or small-scale planar cross bedded; Siltstone - thickly laminated to on the overall channeled geometry. Final channel infill. coastal
rippled; exposures are bound and internally partitioned by channel channel.
scours. Overall channeled geometry. Related to Ssc and Slp facies.
Ssb. burrowed Fine- to coarse-grained sandstones. Sharp bases. Massive Burrowing The type and degree of bioturbation suggests a marine Offshore
sandstones probably due to bioturbation, which largely obliterated the original | common, environment and indicates that sedimentation rate was marine.
sedimentary structures. Size of trace fossils highly variable and mainly relatively low at times, allowing burrowing organisms enough
common, small burrows. Planolites- and | time to keep pace with sedimentation and rework any sediment
Teichichnus- deposited.
Type traces
IThs. Inclined Thin- to medium-bedded sandstones interbedded upwards with Meandering channel with point bar development. The sandy Estuarine.
heterolithic strata | mudstones and minor siltstones in inclined beds. The inclined beds basal portion represent the lower point bar, and the heterolithic | River-
are bounded by erosional surfaces; these surfaces are mantled by upper portion represents the upper point bar deposits. The dominated,
sandy sediments towards the basal part, and become heterolithic final mudstones and siltstones infill represent clay plugs in mixed river
in their upper part. Sandstones are massive or small-scale planar abandoned channels; sedimentation is controlled by mud and tide, or
cross bedded; scours locally below sandstone beds. Mudstones and settling during long periods in which silty layers result from tide-dominated
siltstones are thickly laminated. These Ihs sediments are clearly overbank floods. meandering
erosive over underlying sediments; beds have a depositional dip of channels.
approximately 10-20°, being parallel to the basal erosive surface.
Inclined units are separated by inclined surfaces indicative of non-
deposition or erosion with thin ferruginous sandstones.
SsM, Siltstone Massive to laminated mudstone and siltstone. Dominantly massive | Burrowing Deposited from suspension or variable very low energy Estuarine
and mudstone but weakly laminated in some places. In-channel deposits with (rare). deposition, within a quiet, low energy water body, final infill of | and tidally
lenticular trend. estuarine or tidally-influenced channels (mud plug). influenced
coastal
channels.
Mm. Massive Mudstones. Massive; occasionally thinly laminated and diffuse Burrowing Primary depositional processes related to the settlement of finer | Estuarine.
mudstone mottling. Occasionally lenticular channel final infill. Related to (absent to sediments carried in suspension by water flows in different Flood plain.
many different other facies. The exposure of this facies is usually common). environments: Overbank flood deposits on a flood plain. Low-energy
poor due to the style of weathering, being usually covered by talus Dominance of fine-grained facies in marine environments; in offshore
scree deposits, which impedes detailed observations. this case bioturbation is more common representing the activity | environment.
of substrate-feeding organisms.
Fe. Ironstones, Ferruginous, thin-bedded, massive or laminated sandstones. Muddy, | Vertebrate Sedimentary breaks at top of sedimentary units or related Several
ferruginous red iron mm crusts at consolidated top of the beds and base of tracks. Wrinkle | non-sedimentation surfaces. Synsedimentary iron precipitation. | environments.
crusts channels, and nucleated around trace fossils as burrow coatings. structures. Low sedimentation rates.
Burrows.

Table 1.- Sedimentary facies and their interpretations distinguished in the present study.
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tions (FA 1 to FA4) that are assignable to distinct depositional
environments (braided fluvial, FA1; tidal-fluvial estuarine,
FA2; high-energy, tidally coastal bars and channels, FA3; and
offshore, FA4). The distribution of the different facies recog-
nized is summarized in Table 1, figures 2 to 7, and discussed
below.

4.1. Facies Association 1 (FA1): Braided fluvial (Facies Gm,
Gh, Sc, Sm, Fe,; Table 1)

Description

Dark brown or reddish sandy facies are dominant, except in
the basal part of the association, where conglomerate facies
are discontinuously found, but common (Fig. 2a and b). The
most common facies are cross-bedded and massive sands (Sc
and Sm, Fig. 2c and d) and, at the base, clast-supported strati-
fied (Gh, Fig. 2a and b) and massive conglomerates (Gm, Fig.
2a and b). The coarse fraction is well to poorly sorted, the
variation of which generally defines the planar stratification
or cross-bedding of all these facies. Lags and reactivation
surfaces are common. Wood fragments are abundant on lags,
and in some basal beds (fragments up to 15 cm long are pre-
served; Fig. 2d). Minor facies are very thin millimetric, red

ferruginous, muddy tops (Fe) with wrinkle marks and biotur-
bation. There is an overall fining upwards trend, from coarse
gravel to sandstones, pebbly sandstone being common.

This facies association is composed of channel-shaped
conglomerates and sandstones. There are some differences in
the aspect of the channel-shaped bodies at the lower and at
the upper part of this association. Channels 5-20 m wide and
1-2 m thick, crosscutting one another laterally, are the most
abundant architectural element of at the base of FA1 (1.1 in
Fig. 8). Channels in the upper part of FAl are made up of
individual channels stacked together to form wider, channel
complexes (1.2 in Fig. 8), which slightly cut into underlying
strata. Individual channels are 2—5 m thick and 40 to 100 m
wide. Inclined, slightly erosive planar surfaces, rather than
concave channelized surfaces, are common.

Interpretation

The channeled lithosomes of this facies association are
stacked to form multi-lateral channel complexes in a braided
fluvial environment. Coarse-grained facies show evidences
of strong, erosive channelized flows, as indicated by the ero-
sive bases and the coarse-grained facies (facies Gh, Gm, Sc,
and Sm). Units of Gh represent upper plane-bed sedimenta-

b v

Fig. 2.- Main facies of FA1 (see Table 1 for a detailed description). a and b) Gm, Gh and Sm facies interpreted as in channels sediments de-
posited in a braided environment, at the base of the Utrillas Formation; the underlying red sandstones are Triassic sandstones. ¢) Sc facies
representing bar sediments in braided channel. d) Very large wood fragment in Sm facies. Hammer for scale is 32 cm long in all cases.
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tion in relation to the growth and development low-relief lon-
gitudinal bars, implying rapid flow and (or) shallow depth;
the abundance of gravels indicates high flow competence at
the base of the succession. The predominance of cross-bed-
ding in facies Sc indicates the migration and accumulation
of dunes by tractional flows within channel bottoms (Fig.
2¢). Gm and Sm facies represent rapid gravel or sand deposi-
tion directly from turbulent suspension within channels, with
insufficient time for bedform development. The thicknesses
of the different facies suggest shallow channels filled during
waning flows, implying that high flow events were probably
intermittent. The high numbers of channels record repeated
cut-and-fill processes (Collinson and Thompson, 1982) with-
in a long-lived, large scale channelled system where repeated
avulsions were common.

The location of this facies at the base (unconformable) of
the Cretaceous sediments, the presence of wood fragments
(Fig. 2d), and sudden grain-size changes support sedimen-
tation in braided fluvial settings. The presence of ventifacts
suggests, at least partially, re-elaboration of underlying Trias-
sic conglomerates (Segura and Elorza, 2013). In this sense,
it is important to point out that only a very small fraction
of the clasts are ventifacts; being the vast majority, however,
rounded or subrounded clasts of the same lithology and size
than the ventifacts.

Due to the predominance of channelized deposits and the
absence of lateral flood plain deposits, FA1 represents dep-
osition of sands and gravels as channel-bars in multi-story
channels, which are usually characterized by a low sinuos-
ity pattern (Benvenuti and Del Conte, 2013). These features
and the style of sedimentation suggest deposition by channels
dominated by stream floods in a low-sinuosity channelized
environment, within a braided fluvial system (Cant and Walk-
er, 1978) or a braidplain prone to rapid channel avulsion (e.g.,
Ashworth et al., 2007) (Fig. 9a). Available palaeocurrent data
suggest that sediment was supplied from the west and south-
west, in agreement with source area location (Fig. 1a). Due to
the known paleogeography (Fig. 1a) of the continental-basin
transition in the Iberian Basin (Garcia-Hidalgo et al., 2007),
the sedimentary environment probably consisted of a longi-
tudinal braided paleovalley related to a punctual source area
from the hinterland (Fig. 9a).

4.2. Facies Association 2 (FA2): Tidal-fluvial (Estuarine)
(Facies Sc, Sm, Ihs, SsM, Mm, Fe; Table 1)

Description

FA2 is characterized by near-equal proportions of coarse-
grained (Sc, and Sm) and fine-grained facies (SsM and Mm).
The geometry of sandstone beds is mainly lenticular, chan-
neled, with high erosive bases; but locally, they also form
small and thin (up to 0.8 m thick) tabular to lateral accre-
tion, sigmoidal sets, with relatively low erosional bases,
that are laterally continuous for several tens of meters. Both

sandstone channels and beds pinch out laterally into muddy
sediments. Maximum grain size of sandy facies is, however,
smaller than in FA1l. Channelized elements extend tens of
meters wide. The most distinctive feature of this association
is the presence of isolated, inclined heterolithic lateral accre-
tion strata (lhs; Thomas et al., 1987). They are up to 3 m
thick and about 50 m wide, being composed of alternating
sandstones, siltstones and mudstones with a final muddy in-
fill of the channel (Fig. 3a). The large-scale inclined beds are
bounded below and above by two erosional surfaces; these
surfaces are mantled by sandy sediments towards the basal
part, and become heterolithic in their upper part. Fine-grained
mudstones and siltstones, however, are more common than in
the underlying association, being the only facies present in
some areas. In some points a relatively thick, red ferruginous
mudstone is found at top of the association (Fig. 3b).

FA2 represents a change both in sand/mud ratio and in
channel architecture. Flood-plain elements (Fig. 3b) are al-
most as common as channelized ones (Fig. 3a) in this associ-
ation (sand/mud ratio is approximately equal); but as this as-
sociation is relatively thin (up to 5 m thick), it can be entirely
sandy or muddy at local points of the section (Fig. 3a, b).

Interpretation

Channeled deposits have a clearly incised base and ex-
hibit abrupt pinch-outs with clear cut-banks (Fig. 3a); they
rarely connect to the tabular sandstones laterally. Inclined
heterolithic stratification (lhs) is the dominant geometry of
channel infill (Fig. 3a); these features are clearly seen when
outcrop change in orientation to a NE-SW trend, suggesting
that outcrop orientation probably bias some sedimentary ob-
servations. These inclined beds and surfaces are interpreted
to have arisen via dominantly lateral accretion. They are usu-
ally considered as originated by meandering channels with
sedimentation in the inside part of the meander, related to
the fluvial-tidal transition (Dalrymple and Choi, 2007; Choi,
2010; Johnson and Dashtgard, 2014). These lateral-accretion
bedding are formed by the migration of attached and point
bars, and they are erosively based, because of the migration
of the basal part of the channel. The resulting displacement
of the entire channel generates the lateral-accretion deposits
characteristics of the Ihs. The basal sandy beds represent the
lower point bar deposits; meanwhile, IThs truly characterizes
upper point bar deposits. Finally, homogeneous or laminated
mudstones are often recognized as abandoned channel (“mud
plug”) sediments (Thomas et al., 1987).

On the other hand, tabular sandstones are considered over-
bank deposits, being largely attributed to rapid deposition
of sand from unconfined flows on the floodplain in crevasse
splays and channels (e.g., Shiers et al., 2014).

Point bars represent a typical feature of meandering rivers
(Bridge, 2006) and tidally influenced meandering channels.
(Thomas et al., 1987; Sisulak and Dashtgard 2012; Shiers et
al., 2014). Modern examples of Ihs are recorded from river-
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Fig. 3.- Main facies of FA2 (see Table 1 for a detailed description). a) view of Inclined heterolithic stratification (Ihs facies) in a channel
with sandy beds (1) parallel to the basal erosive surface, sandy ferruginous crusts (2) and final muddy and silty (3, SsM facies) infill,
interpreted as an estuarine channel deposit; hammer (encircled) is 32 cm long. b) Photocomposition showing purple (1, base) and
whitish (2, top) mudstones (Mm facies) interpreted as flood-plain elements related laterally to the main channels (showed in Fig. 3a).

dominated (Smith et al., 2009), mixed river and tide (Sisu-
lak and Dashtgard, 2012), and tide-dominated channels (e.g.,
Dalrymple and Choi, 2007; Choi, 2010). This facies associa-
tion is thus related to tidally-influenced fluvial deposits in an
estuarine environment, where the alternating sandstone and
finer sediment beds are attributed to alternations in the energy
of the system (Johnson and Dashtgard, 2014).

4.3. Facies association 3 (FA3): High energy, tidally coastal
bars and channels (Facies Slp, Ssc, Sr, SsM, Mm, Fe, Table 1)

Description

This association consists predominantly of sandy facies
(Ssc, Slp, Sr; Fig. 4a to f and Fig. 5); minor finer-grained
facies (SsM and Mm) and ferruginous crusts (Fe) are also
present. Main facies correspond to erosively-based, sheet
sandstone bodies (Ssc; Fig. 4a to c¢). These sheet sandstones
mostly comprise planar, cross-stratified sandstones. Internal
erosional bounding surfaces are less than a few decimetres
in relief and extend for less than several tens to hundred me-

ters (Fig. 5b); quartz and quartzite gravel lags are commonly
found here (Fig. 4a). Herringbone cross stratification (Fig.
4b), tidal bundles and mud drapes (Fig. 4c) are common in
the sheet sandstones. Ichnodiversitiy is low and bioturbation
is reduced or even absent.

FA3 is also characterized by the presence of large, U-
shaped, channel-shaped bodies with basal erosive surfaces.
These channel-shaped lithosomes are tens of meters wide
and up to 5-6 m deep (Fig. 5). The channel fills are mainly
composed of a single set of large-scale cross-bedding (Slp;
Fig. 5a). Sets are usually 20 cm up to 4 m thick, formed by
avalanching on the foresets of sandy unit bars. Coarse to
pebbly-sandstones with normally graded foresets, presenting
centimetre-thick planar to tangential cross-bedding, are very
common (Fig. 5a).

These cross-bedded sands may entirely fill up the channel
(Fig. 5a). In other cases, however, final channel fill may be
either rippled sandstones (Sr; Fig. 4d) or, more frequently,
fine-grained facies, which are mostly composed of laminated
siltstones and mudstones or massive mudstones (SsM and
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Fig. 4.- Main facies of FA3 (see Table 1 for a detailed description). a) Cross-bedded Ssc facies with; hammer for scale is 32 cm long
(as in b and c). b) Ssc facies with herringbone cross bedding characteristic of tidal facies. c) Ssc facies with green mud drapes in the
foresets (arrows), also typical of tidal environments. d) Sr facies representing the final infill of a sandy channel; pen for scale is 13.5
cm long. e) water-scape structures in Ssc facies suggesting rapid sedimentation. f) Laminated mudstones and siltstones (SsM facies)
representing the final muddy infill of a channel (mud plug); visible hammer tip is 4 cm long.

Mm; Figs. 4e and 5b). No bioturbation was observed within
these fine-grained deposits (SsM or Mm).

Gravels as very thin deposits or as lags are common overly-
ing the large erosional bounding surfaces that form the bases
of channel-fill units (Fig. 5). A peculiar and unusual feature
of these surfaces is that they are related to the development
of ferruginous crusts (Fe facies, Fig. 5a; see also section 5.4
and Fig. 11). These ferruginous surfaces are concave-up or
inclined surfaces within the channel (Fig. 5a and 11d). They

do not line, however, the entire bottom of the channel, be-
ing located only in its inactive part. Besides, crusts can be
traced out of the channel, on their relatively flat margins, and
extend laterally throughout the entire outcrop, for more than
thousands of meters, separating tabular sheets bodies (Fig.
11d), suggesting a short, related period of non-deposition.
The presence of sporadic bioturbation in the underlying sand-
stone layers is marked by the reddish sandy infill of the bur-
rows (Fig. 11e); wrinkle marks and vertebrate tracks (mainly



Garcia-Hidalgo et al. / Journal of Iberian Geology 42 (3) 2016: 291-310 299

-g-\----h'--‘---'—---‘

Fig. 5.- Large erosive surfaces and channels in FA3. a) sandy-infilled channel with a large scale, single set of cross bedding (2); the basal
bed is a thin, ferruginous sandy level (1, left). b) muddy-infilled channel (1) eroded on sheet sandstones (2, Ssc facies); the base of the

channel is a conglomeratic lag with ferruginous crust development.

crocodile tracks and fish traces) are locally found and related
to Fe facies (Fig. 11c and f).

Mud intraclasts and water scape structures (Fig. 4e) within
Slp and Ssc facies are locally found. Palacocurrents data,
mainly from tabular bedforms of relatively thick sets in both
sheet sandstones and channels, present three main orienta-
tions (tridirectional pattern; E, W and SW; Fig. 6), with a
relatively high degree of dispersion.

Interpretation

Predominant facies consist of lateral extensive sheet sands
(Ssc), which point to sedimentation in high-energy, intertidal-
subtidal coastal environment, with complex shifting and rap-
id accumulation of dunes in distributary mouth bars separated
by distributary channels (Facies Slp). The size of the sedi-
ments, types and sizes of sedimentary structures, and over-
all lack of fine-grained material suggest relatively continual
reworking of sediment by high-energy currents. The impli-
cations of the different styles of cross-bedding, identified in

this association, are discussed in section 5.3. The presence
of low-sinuosity braided channels is suggested by the coarse
grain size and sandy nature of the in-channel deposits (Slp),
together with the lack of inclined heterolithic stratification.
Evidence of tidal process is recorded by the presence of a tri-
directional paleocurrent pattern in the sheet and channel de-
posits (reflecting the complex networks of tidal channels and
bars), and herringbone cross stratification, tidal bundles and
mud drapes in the sheet sandstones; features usually consid-
ered as typical of tidal bars (Darlymple, 1992; Willis, 2005;
Olariu et al., 2012). Given the known paleogeography, pal-
aeocurrent directions towards the E probably reflected flood
flows; meanwhile, directions towards W and SW reflected
ebb flows, with the ebb directions being dominant (Fig. 6).
Rapid sand accumulation is shown by the presence of water
escape structures and thus, sediments must have undergone
liquefaction immediately after sedimentation of the overlying
sandstones. Extremely low ichnodiversitiy and reduced, or
even absent bioturbation suggest that these facies were peri-
odically influenced by freshwater discharge.
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Fig. 6.- Rose diagram showing 62 palacocurrent measures of planar
cross bedding in Slp and Ssc facies in FA3. There is a wide disper-
sion with three main maxima. E directions probably reflected flood
directions in a tidal environment, based on the paleogeography of the
Iberian basin (see Fig. 1); W and SW directions probably reflected
ebb floods.

Facies related to the final channel infills may be current-
ripple cross-laminated sandstone (Fig. 4d), but laminated
silty mudstone are also common (Fig. 4f); no bioturbation
was observed in these muddy deposits. The common pres-
ence of channel-lining sandstone related to iron crust de-
velopment, and wrinkle and vertebrate (crocodile and fish)
tracks in some parts of the channels, but not along the entire
channel, suggests that they were originated in a subaqueous
environment (see section 5.4). These parts of the channels
were neither an active sedimentary area nor an erosive one;
they were temporary abandonment, with the channel only
rarely emergent. The final laminated mudstone infill (Fig. 4f),
suggests a gradual rather than an abrupt final abandonment.

The style of sedimentation and sedimentary features sug-
gest sedimentation in tide-influenced coastal areas and/or es-
tuaries (Fig. 9¢), where sandy mouth bars and channels have
been widely described, both in modern (e.g., Dalrymple et
al., 1990; Fenies and Tastet, 1998; Hori et al., 2002; Dalrym-
ple et al., 2003), and ancient examples (Harris, 1988; Mel-
lere, 1994; Schwartz and Graham, 2015).

4.4. Facies association 4 (FA4): Offshore siliciclastic
(Facies Mm, Ssb; Table 1)

Description

FA3 grade upwards to FA4 with a gradational, but rapid,
transition (Fig. 7a). The exposures of this association are usu-
ally poor due to the style of weathering, being usually cov-
ered by talus scree deposits, which impedes detailed obser-

vations. It is mainly composed of massive mudstones (Fig.
7a), grading laterally to non-channelled massive or burrowed
sandstones (Ssb) (Fig. 7b). Bedding is usually discontinuous
and unclear; being the sands laterally continuous for hun-
dreds of meters and having subplanar, nonerosional bound-
aries. In general, sandstones and mudstones of this facies
association lack sedimentary structures; the main feature is
the local presence of bioturbation (mainly Planolites- and
Teichichnus-types).

Interpretation

Thick and extensive muddy units reflect the dominance of
settlement of finer sediments from suspension, suggesting
a low-energy environment. The wider lateral extension and
the dominance of mudstones, with the absence of tractive
sedimentary structures and channels in the sandstones, to-
gether with the presence of bioturbation suggest, in opposi-
tion to the underlying association, deposition under open,
shallow-marine conditions in an offshore siliciclastic set-
ting (Fig. 9d) (e.g., Heinberg and Birkelund, 1984). In this
case bioturbation is more common than in underlying facies
associations, representing the activity of substrate-feeding
organisms.

5. Discussion
5.1. Depositional architecture

The Cenomanian clastic wedges of the Utrillas Forma-
tion were deposited during a major transgressive period at
the Late Cretaceous (Gil et al., 2004); the studied sediments
show a long term retrogradational trend (Fig. 1b) emphasized
by its depositional architecture. The overall upward-fining
succession shows a rapid up-section change from higher en-
ergy, braided deposits, characterized by the coarse-grained
(conglomerate—sandstone) facies, to estuarine first and to
tide-influenced sedimentation then and finally to muddy-rich
offshore facies as shown in the stacking of the different facies
associations (Figs. 8, 9).

The basal surface of the studied succession is a major ero-
sive surface (and a cartographic unconformity) at the base
of the late Cretaceous sediments (Fig. 8). No traces of any
paleosol developed on the underlying Triassic sediments sug-
gest, at least, an erosion period previous to the onset of Cre-
taceous sedimentation. The basal associations (FA1 and FA2)
are confined to a several thousand meters wide area (2-3 km
along-strike width), and representing an up to 25-meter thick
unit that laterally wedge out, being FA3 resting locally on the
underlying Triassic sediments (Fig. 8). Cretaceous basal inci-
sion on the Triassic sediments, however, is apparently slight.
The lateral disappearance (pinch out) of the basal Cretaceous
sediments suggests that this association probably represents
the infill of a wide valley on a very gentle, inherited palae-
orelief (Fig. 8).
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Fig. 7.- Main facies in FA4. a) Massive mudstones (Mn facies), at the upper part of the figure, are the dominant facies in this association;
hammer encircled for scale. b) Massive sandstones (Ssb facies), interpreted as marine, offshore sediments.

Multiple, laterally nested channel cuts at the lower part of
FAT (1.1 in Fig. 8) represent common episodes of cut-and-
fill, probably at high discharge, and then deposit sediments
on the channel bed during and after subsequent waning flows.
The dominant lateral shifting and the size of channels suggest
channel migration probably due to fluctuations in discharge
in a braided multi-channel belt system (Fig. 9a). The bed-
forms preserved in the nested channel fills reflect thus mainly
basal channel-fill processes. 1%- through 3™- order surfaces
bounded by 4™-order nested channel cuts record nested chan-
nel filling by bedform and bar migration processes.

Based on 6" to 7%-order bounding surfaces, channels were
longer and wider in the upper part of FA1 (1.2 in Fig. 8). Low
relief on 2™- and 3™-order surfaces within these channels ar-
gue that these bedforms tended to fill channel as component
of sand sheets and low-relief in-channel bars. The absence of
fining upward sequences suggests energy maintenance in rel-
atively high levels as infilling of the channel progressed. The
presence of inclined bounding surfaces might also suggests
the presence of lateral accretion geometry of the channel fill,
but this is probably more apparent than real and related to
channel belt aggradation.

A major bounding surface (8"-order) occurred at the top of
FA1 (Fig. 3b). It is represented by the top of a relatively thick
ferruginous crust suggesting a period of sedimentary inter-
ruption. Locally, channels at the base of the overlying FA2

erode this surface and cut deeply into the underlying FA1
sandstones (Fig. 3a).

The change in channel architecture (with Ths development;
2.1 1in Fig. 8) and the presence of larger floodplain areas (2.2 in
Fig. 8), probably suggest a progressive shallowing, broaden-
ing and downstream channel network termination, regarding
the underlying braided-fluvial environment (FA1), and a tran-
sition probably to a tidal-fluvial estuarine area with a low top-
ographic gradient (Fig. 9b). The smaller grain size regarding
the underlying association also suggests smaller overall trans-
port energy. Estuaries frequently show a seaward-fining trend
in their fluvially dominated areas, and a landward-fining trend
in their seaward parts (Dalrymple and Choi, 2007). Besides,
channels are common in tidal environments, with a prepon-
derance of laterally accreting channel margins (Ihs common).

Another bounding surface with a thick ferruginous crust is
located at the top of flood plain deposits of FA2 (Fig. 3b), rep-
resenting the top of FA2 in these proximal areas. This crust
is locally eroded in relation to the base of the overlying FA3.

A major change in facies architecture occurs at FA3. There
is a major change both in sand composition (ferruginous,
iron cemented, brownish sands in FA1-FA2 change to whit-
ish, caoliniferous sands in FA3) and in sand/mud ratio with a
predominance of sandy sediments on muds; besides, there is
a broad predominance of sheet on channelled sandstones (3.1
in Fig. 8). Channels at FA3, however, are even more deeply

[l FA 1 Braided fluvial
[ FA1 Distal Braided fluvial
[23] FA2 Estuarine, Ihs channel

FA3 Tidally-influenced coastal plain (sand sheets)
FA3 Tidally-influenced coastal channels (sandy infill)

——— minor order surface
= 7th order surface
= 8th order surface

[ FA4 Offshore sands
[22] FA2 Estuarine muddy coastal plain [BB]FA3 Tidally-influenced coastal channels (muddy - silty infil)  [#2] FA4 Offshore mudstones = = = Basal unconformity (paleorelief)

Fig. 8.- Depositional architecture with a stratigraphic cross section (not to scale) showing the main bounding surfaces interpreted from
the different facies associations along the studied area, which is about 6 km long (N-S).
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Fig. 9.- Palacogeographic sketches of the different facies associations showing environmental interpretation for the different facies as-
sociations: a, FA1 interpreted as a fluvial braided environment; b, FA2 interpreted as a fluvial-estuarine environment with meandering
channels (Ihs facies); ¢, FA3 interpreted as a tidal environment with channels (continuous line) and bars (dots); d) FA4 interpreted as

an offshore environment.

incised (3.2 and 3.3 in Fig. 8), and cross-bedding showing
important differences regarding the underlying FA1-FA2 (see
section 5.3 below) (Fig. 5a and b). Together with all these
architectural changes, the sandstones also show a coarsening
trend in maximum clast size regarding the underlying FA2.

The abundance of quartz and quartzite, extrabasinal clasts
indicates that the sedimentary environment was connected to
an extrabasinal provenance and were not isolated tidal chan-
nels (Fig. 9c). Considering the vertical stacking pattern of
the different facies associations, a reasonable interpretation
is that sediment was supplied first by bedload-dominated,
fluvial systems, similar to the underlying FA1, during flood-
ing events, and then by tidal-fluvial estuarine systems as FA2
(Fig. 9a and b). Sediment was deposited as bars and reworked
by tidal currents into a series of coalescing bars and channels.

Tidal and estuarine facies models are characterized by
complex networks of tidal channels and bars (Fig. 9c). This
originates a complex sedimentary architecture since the mi-
gration and stacking of small and large channels, and succes-
sive simple and compound bars produce the development of
erosive bounding surfaces of several different orders (Fig. 8).
In this case, the erosional combination of channels and sheet
sediments also makes it difficult to recognize any larger-scale
stratigraphic trends that might originally exist. It is worth not-
ing that, the described environment differs from most tidal
facies models by the lack of the low-energy, mud-flat depos-
its characteristic of these environments.

Finally, the disappearance of channelled deposits and the
predominance of muddy facies at the top of the studied sec-

tion involve another major change in depositional architec-
ture (Fig. 8) with a transition to an offshore marine environ-
ment (Fig. 9d)

5.2. Large-scale, very thick sets of planar (solitary) cross-
beds in FA3

The presence of fine to coarse-grained sandstones, and even
conglomerates in large-scale and very thick sets of planar
(solitary) cross-beds (Fig. 5a), are the most striking feature
of FA3. These large-scale cross-beds are up to 4 m thick and
may extend across several hundred meters long (up to 150
m wide), with a single individual set of uniform thickness
apparently accreting laterally. Given the related environment
(see above), they might resemble sand-waves, delta foresets
or aeolian dunes.

Very thick beds composed of a large scale, single set of
cross-bedded sands or sandstones and conglomerates are
commonly described in ancient and modern environments.
With the exception of deep sea environments, they have been
described in tidal environments, where considering their sizes
(Iength and height), the original bedforms have been termed
sand-waves, giant dunes or very large tidal dunes (Ashley,
1990; Smith, 1992); with heights up to 40 m high (e.g., Ar-
naud, 2004; Martin et al., 2009).

Simple dunes can form in high-energy, deep water tidal en-
vironments (Olariu et al., 2012). In most estuarine and deltaic
settings they commonly have a fining upward trend from bio-
turbated muddy sands to sandy ripples, and to stacked simple
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dunes (Olariu et al., 2012); their lower bounding surfaces are
planar (at outcrop scale) and mainly horizontal or dipping at
a low angles (Arnaud, 2004). In these environments they are
not solitary, single sets of cross-beds; they, however, are usu-
ally part of composite, compound dunes with reverse cross-
bedding directions and abundant reactivation surfaces (Ar-
naud, 2004; Martin et al., 2009; Olariu et al., 2012).

The large-scale sets of cross-bedded conglomerates and
sandstones also resemble the coarse-grained Gilbert-type
deltas or tidal deltas (e.g. Limarino ef al., 2002; Longhitano,
2008; Breda et al., 2009; Leren et al., 2010), although these
show slightly thinner cross-bedded sets than tidal dunes, they
are in the range of the beds described in this paper.

Finally, in aeolian dunes the large-scale cross-stratifica-
tion mostly forms a single set and is laterally discontinuous.
These sets of large and very large-scale tabular planar cross-
stratification usually reach up to 15 m high (e.g., Ahlbrandt
and Fryberger, 1982; Limarino and Spalleti, 1986; Garcia-
Hidalgo et al., 2002).

In cither case, however, the main difference with all these
environments is that in this case these large-scale cross sets
filled entirely up a single channel. Channel forms are com-
monly 1 to 5 m thick and 10 to 150 m wide (Fig. 8). Channels
are predepositional sedimentary structures, initiated by local-
ized linear erosion by a fluid flow with the aid of bed load.
Once a channel is established, usually, a lateral component of
erosion develops in a margin and a component of sedimen-
tation also develops in the opposite margin. Many channels
described in this paper are cut-and-fill structures, but they are
small-scale channels; or channels with a later infill by sandy
bedforms (Fig. 5a).

The large-scale cross sets are confined in U-shaped con-
cave-up channel forms, which erosionally cut into adjacent
strata (Fig. 5a). When the entire channel and bedform are ob-
served the geometric disposition of cross beds are strictly par-
allel to the erosive margin of the channel. Then, the cross set
seem to be developed from lateral accretion, but with a single
prograding foreset. The entire channel was probable eroded
also in a single event, because the opposite margin usually
develops a thin bed with a ferruginous crust. The presence in
the crusts of wrinkle structures and vertebrate track suggests
that channels were open, but with water along enough time
to allow these features to form (see section 5.4 for a further
description and discussion). Final channel infill may corre-
spond either to cross-bedded sands apparently with shorter-
scale beds and smaller dips or with siltstones and mudstones
(mud plug, Fig. 4f).

The absence of bottomset and topset deposits suggests that
these large-scale cross sets are not delta foresets; besides del-
ta foresets are not channelized. Such large cross-sets are com-
monly found as sand waves in deep water, tidal environments
or in aeolian environments, but they are not channelized ei-
ther. They are consequently interpreted as distributary chan-
nels in intertidal-subtidal coastal environments (see section
4.3 for a further discussion).

5.3. Implications of cross-bedding styles

A further distinctive feature in FA3 is the overall aspect of
the cross bedding (Fig. 10). Firstly, laminae in the cross-bed-
ding are very thick, in the range of bedding. Laminae thick-
ness of 20-60 mm and up to 80-100 mm are common (Fig.
10). Secondly, they are locally very large; although the norm
is several cm to dm long, they can reach up to 3-4 m in length
(Fig 5a). Moreover, there is a predominance of a rhythmic
cross-bedding, which appears to be more “regular” with lat-
eral, systematic variations in grain size and tends to be more
planar—tabular that characterises the cross bedding in under-
lying deposits or other sediments (Fig. 10). In cross-stream
view, the overall cross strata are planar or slightly concave
(Fig. 10). The contact between the cross strata and the basal
bedform surface is angular or slightly tangential.

Cross-bedding in FA3 apparently consists of couplets of
related of coarser-grained and finer-grained laminae (Fig.
10a). These couplets seem to be two different modes of sort-
ing along the cross beds, because the fine and coarse fractions
are found at different laminae, with segregation of different
grain sizes along the lee face. Mud drapes and conglomerate
lags are also present along these cross-bedded deposits. The
thicknesses of the coarse-grained cross strata ranged from 5
to 45 mm; finer cross strata without visible internal structures
ranged in thickness from 15 to 55 mm. Considered as a sin-
gle cross-bed lamina, both pair of laminae range from 20 to
100 mm, which is very thick considered common cross bed-
ding thickness, which averaged 30 (+10) mm (Reesink and
Bridge, 2009).

The basal, coarse-grained laminae of a couplet is erosion-
ally-based, which enhance the striping pattern parallel to
lee face (cross-stratification). The thickness of these cross
laminae along the lee face is not constant and homogeneous
(Fig. 10b). Some laminae thicken upwards along slip face
and groups of thick laminae are followed by groups of thin-
ner laminae (Fig. 10b). Several coarse-grained laminae may
merge downward the lee face, forming a basal wedge of ho-
mogeneous coarse-grained sediments. There, cross bedding
is not as clearly seen as in the middle or upper part of the bed-
form (Fig. 10b), due also to the absence of the finer-grained
laminae in these wedges. Coarse-grained wedges rest sharply
on the basal erosive surface; being, in this case, the basal sur-
face more erosive than when no wedges are present. Coarsest
grains accumulate at base of the cross-set forming a gravel
lag (Fig. 10a). When no lags or wedges are present, coarse-
grained laminae rest with a sharp, angular contact directly on
the basal erosive surface (Fig. 10a). Within coarse-grained
laminae the sediment is often sorted vertically. The coarsest
grains usually are mainly deposited on the lower part of the
lee slope, whereas the finer grains are predominantly depos-
ited in the upper part (Fig. 10a). The result is that laminae
becomes coarser grained down slope (fining upward sorting)
and towards its inclined, basal surface (normally graded).
Isolated, larger grains also rest on the inclined, basal surface
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Fig. 10.- Main features of cross-bedding in FA3. a) Cross-bedding is
mainly planar with very thick lamina alternation composed of coars-
er-grained (a) and finer-grained (b) laminae (pen for scale is 13.5 cm
long); coarse-grained laminae are normally graded (white triangles)
with granules (encircled) at the base with their longer axis parallel-
oriented to the base of the lamina; finer-grained lamina shows a
smaller-scale lamination (black arrows). b) Ocasionally, coarser lami-
nae show some thicker beds towards the upper part of the bedforms
(white arrow); several laminae merge to granule wedge at the base
(circles), where the basal erosive surface show a sligthly major incis-
sion. Minor silty drapes occur at the top of the finer-grained laminae
(seen as thin, black stripes; black arrows).

of the cross laminae, with their longer axis aligned parallel to
this inclined surface (Fig. 10a).

The upper, finer-grained laminae of a couplet apparently
is internally massive as if the individual processes do not
cause sufficient grain-size sorting to be identified as individ-
ual layers, but when laminae are thicker, they occasionally
have subtle internal layering (Fig. 10a). The striping pattern
of cross-bedding is not as clear in these laminae as in the
coarser-grained ones.

Cross bedding is a common sedimentary structure in many
depositional environments, being largely defined by internal
grain size variations and sorting from fine sand to granules.
Usual interpretation suggests the lower part of the couplet
were probably deposited by grainflow (grain avalanche)

along lee slopes, and the latter reflect subsequent deposi-
tion by grainfall (e.g., Passalia ef al., 2016). Nevertheless, in
sandy gravel sediments of subaqueous dunes, the cross-strat-
ification mainly consists of grain flow deposits with little or
no grain fall deposition on most of their lee faces (Kleinhans,
2004), suggesting that the sediment was delivered in pulses;
rolling grain deposits for the coarsest sediments, however,
are also common (Kleinhans, 2004). Kinetic sieving during
grainflows (Makse et al., 1998; Dasgupta and Manna, 2011)
causes the grainflow deposit to become coarser-grained
down-slope and towards its outer edge (inversely-graded).
When common and multiple grainflows are involved, howev-
er, the larger grains that are “pushed” upwards to the surface
of the flow, have more occasions to reach the lower part of
the lee face developing an overall net vertical fining upward
trend. Thus, the largest grains end at the toe forming a wedge
of coarser grains (Fig. 10b), grading upwards to relatively
fine-grained sediments. In addition, the result is a normally
graded lamina (Fig. 10a). Grains may also roll down indi-
vidually and the largest grains may stay on the basal surface
of the lee face (Fig. 10a).

Commonly, the cross strata formed in sandy gravel have
an angular contact with the base (Fig. 10), which is usually
attributed to the lack of significant deposition from suspen-
sion and the lack of reworking of the lee slope by turbulence
(Reesink and Bridge, 2009). This feature also suggests that
grain flow rather than grain fall dominates the deposition on
the lee faces (Reesink and Bridge, 2007).

Nevertheless, grainflows did not commonly form cross
strata with mixtures of different grain sizes, only grain-size
segregation took place (Reesink and Bridge, 2007). In fact,
with grain mixtures and coarser deposits the origin and de-
velopment of the typical cross bedding is often related with
grain-size sorting due to the presence either of superimposed
bedforms or flow unsteadiness (Reesink and Bridge, 2007,
2009; Klienhans, 2004).

In the first case, the sediment within the overlying bed-
form is responsible for the formation of a relatively thick
and coarse-grained cross stratum on the lee side of the host
bedform (Reesink and Bridge, 2007, 2009). Deposition from
suspension during the passage of the superimposed bedform
troughs results in the formation of thin drapes of finer-grained
sediments that define the coarse-grained body of the stratum.
In the second case, the grain size of bedload is expected to
decrease as flow stage decrease (Klienhans, 2001; Bridge,
2003; Klienhans, 2004); thus, relatively coarser sediments
are deposited at high flow stage, and finer sediments at low
flow one (Bridge, 2003; Klienhans, 2004). These changes in
the grain size reflect then flow unsteadiness linked with cycli-
cal variations in discharge, such as caused by tides.

The presence of subtle cross-bedding in the finer-grained
part of the couplets seem to support this second case. Moreo-
ver, the presence of muddy drapes is generally thought to be
formed by changes in the flow strength, with alternating tidal
periods of flow and slack water (e.g. Darlymple, 1992; Olariu
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etal.,2012). These drapes are thin and scarce probably due to
the relatively low suspended-sediment concentration.

The variations in current speed that take place in tidal en-
vironments may be expressed as regular variations in the
grain size of adjacent laminae: medium to coarse sand in the
laminae deposited by the stronger currents; finer sand in the
laminae deposited by the slower currents. Such coarse—fine
alternations can be considered as tidal, due to the presence of
opposite paleocurrent pattern, tidal bundles and mud drapes
in these facies. The presence of mud drapes represents an
extreme case, with sedimentation from suspension during
slack water periods. Finally, the largest grains that are in mo-
tion during the peak discharge will be deposited in the dune
troughs during falling discharge, while the smaller grains re-
main in transport, resulting in the genesis of lag deposits, pro-
duced during a waning flow by peak flows (Klienhans, 2004).
Some percolation of finer-grained sediments within the larger
grains also occur while these grains are partially mobile or
immobile during cross-bedding development.

5.4. Ferruginous crusts (ironstones), wrinkle structures
and vertebrate tracks

The presence of ironstones, wrinkle structures and different
kind of trace fossils (including vertebrate tracks) (Fig. 11),
in the same beds, represents an uncommon and undescribed
(up to date the authors do not know any paper describing it),
combination of sedimentary structures whose mutual rela-
tionships help to understand different synsedimentary proc-
esses that occurred more or less at the same time, related to
the development of these structures.

Ferruginous crusts described in this paper should be strictly
considered ironstones, a term that can be used related to any
iron-enriched sedimentary strata, irrespective of the mode of
ferruginous enrichment (Tanner and Khalifa, 2010; for a dis-
cussion on terms such as ferricretes and laterites see also that
paper). The lack of recognizable vertical pedogenic profiles
suggests that these ironstones were not related to pedogenic
process.

Some of the ironstones are clearly of secondary, diagenetic
origin since they occur as thin ferruginious levels cutting
across primary sedimentary structures, such as cross-bed-
ding. In fact, there is abundant evidence of iron mobiliza-
tion and recycling including extensive zones of bleaching and
secondary ferrugenization within both basement and overly-
ing sedimentary rocks in the region.

In other cases, however, they are related to thin sandstone
beds composed of fine-grained, mainly quartzitic sandstones
(>90% quartz grains). In this case, it is important to note that
these ironstones are related to the presence of other sedimentary
features, such as wrinkle structures (Fig. 11a, b), bioturbation
(Fig. 11e), and vertebrate tracks (Fig. 11f) as discussed below.

“Wrinkle structures” (also named “wrinkle marks”) are a
group of sedimentary structures, characterized by the pres-
ence of more or less irregular, mm- to cm-scale ridges and

hollows that can occur on top of, or as casts at the sole of]
beds (Hagadorn and Bottjer, 1999; Banerjee and Jeevanku-
mar, 2005). They have been commonly described related to
sandstones, both from marine and terrestrial settings (Noftke
et al., 2002; Fedo and Cooper, 1990; Hagadorn and Bottjer,
1997; Pruss et al., 2004). Currently, in order to explain the
formation of wrinkle structures, practically all authors sug-
gest the presence of a cohesive microbial mat at the surface
of the sediments (e.g., Hagadorn and Bottjer, 1997; Noftke et
al., 2002), being commonly regarded as a “Microbially In-
duced Sedimentary Structure” (MISS, Noffke, 2009; see also
this paper for a wide revision of this structure).

In the studied succession, wrinkle structures are related to
thin bedded sandstones and comprise two main types. In the
first type, the sandstone is covered by a thin muddy lamina
(up to 1 mm thick), in which tiny clasts are only exception-
ally visible (Fig. 11b). The surface can be either a slightly
undulated, smooth surface with small, isolated millimetric
knolls on bright red claystone, or a surface with rounded to
subrounded bulges, commonly 0.5-2 cm in diameter, pre-
served as convex epirelief on the surface of the laminae, and
depressions aligned in an irregular way (Fig. 11a, b). This
kind of structures can be considered as “elephant skin” wrin-
kle structures (after Porada and Bouougri, 2007; Lan and
Chen, 2013). The second type corresponds to small domal
structures developed on sandstone bed tops, which are pre-
served as positive epirelief (Fig. 11c). The domes are mainly
hemispherical, ranging from 0.8 cm to 2 cm in diameter and
project up to 0.5-1 cm from bed surface. Distribution of the
domes on the bed top is very irregular and some trace fossils
(Planolites-type) are also present among and cross-cutting
them. They have been termed “domal sand buildups” (Bottjer
and Hagadorn, 2007) or gas domes (Lan and Chen, 2013); the
first authors suggested that they originated as biofilm bind-
ing quartz sand grains in vertical direction (Bottjer and Haga-
dorn, 2007), meanwhile Lan and Chen (2013) suggested that
they were originated by accumulation of gas, possibly CO,,
CH, and H,S generated during organic decay, whose pressure
to certain extent will eventually cause the upward movement
of sand grains in the bed.

Wrinkle structures, similar to those presented here, have
been widely described in siliciclastic peritidal environments.
In these settings, cohesive microbial mats grow in the tidal
zones, where energy is low; the most favourable conditions
take place when sediment is not moved for some time, al-
lowing initial settlement and establishment of microbial
communities (Noftke, 2009). Thus, bedding planes are well
preserved because, after deposition, MISS protected the bed
surfaces against erosion (Noftke, 2009). Besides, sandy sedi-
ments have good capillarity capabilities providing mats with
capillary water in short periods of subaerial exposure (Porada
and Bouougri, 2007). Finally, the lack or reduced presence of
predators (mainly gastropods) is also necessary, which com-
monly occur in hypersaline or tidal environments.
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Fig. 11.- Ferruginous crusts, wrinkle marks and vertebrate traces. a) and b) two different kind of wrinkle marks, with small circular bulges (a)
or with an undulated surface (b) on millimetre-thick red, ferruginous laminae; hand lens for scale in a) is 4 cm long, coin for scale in b). ¢)
Domal structures in epirelief on a sandy ferruginous surface (hammer for scale). d) Base of a channel lined with a thin sandy ferruginous bed
crowded with vertebrate traces (see f); the channel is eroded into sheet, cross-bedded sands (Ssc facies); the sandy bed was originally rippled
and spilled out of the channel as shown by the change in dip towards the upper and right part of the picture (person and hammer for scale);
the final infill of the channel is muddy at the feet of the person (Fig. 5e represents this channel infill). e) Planar ferruginous surface on sheet
sandstones with burrows (white arrows) in the underlying sandstones filled with red sand of the crust. f) crocodile claws on the ferruginous bed
surface; the trace show a deformed rim suggesting plastic behaviour of sand at the time of trace formation; the sand of the trace is dark red on
the rim, ligther red immediately below and yellowish at the bottom of each claw suggesting that ferruginization was previous to the claw mark.

In one of the studied ironstones, ferruginous crusts and
domal structures are also related to vertebrate tracks (Fig.
11f). The site is the lateral margin of a channel in FA3 (Se-
gura et al., 2016). There, the lateral part of the channel is cov-
ered by a thin, up to 5 cm-thick, fine-grained sand bed which

also spilled out laterally from one of the banks of the channel
(Fig. 11d). The local presence of a faintly lamination within
this thin bed suggests that, in origin, this bed was rippled, al-
though even when the sediment was still soft, the surface was
smoothed and extensively covered with tracks and traces left
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Fig. 12.- Interpretation, origin and development of channels with association of ferruginous crusts and vertebrate tracks in FA3. A
tidal channel is eroded into sheet sands of FA3 (a). Start of channel infill by sands in lateral accretion cross beds (b). A thin, sandy
rippled layer cover the channel and spill laterally out of the margins of the channel (c). Wrinkle marks, ferruginous crust develop-
ment and vertebrate tracks formation, the channel remained open but was not an active site for sediment accumulation (d). Final

muddy infill of the channel (mud plug, e).

by several vertebrate types, including fishes, crocodiles and a
theropod (Segura et al., 2016). The domal structures are only
located in the part of the bed located out, in the margin, of
the channel. Nevertheless, although domal structures are only
located at the margin of the channel, the overall impression is
that the bed lining the channel was covered by a cohesive and
sticky, soft lamina capable of plastic deformation, being local-
ly corrugated and micro-folded, as commonly happen to wrin-
kle structures (Porada and Bouougri, 2007; Noffke, 2009).

This basal bed is extensively covered with tracks and traces
as concave epirelief, sometimes with detailed morphology,
bearing different orientations and morphologies, from entire
manus and pes to only claws (Fig. 11f), suggesting that the
channel was semi-permanently flooded at least, and that the
time of track formation was long enough to cover the bed
with many different traces and tracers.

Despite the low potential preservation of tracks in these tidal
coastal systems, many different vertebrate tracks are found in
this association. Preservation of vertebrate tracks in the strati-
graphic record depends on taphonomic processes. Preserva-
tion is low if erosion is common or there are long periods of
exposure and no-sedimentation; which is not the case, because
tracks were preserved. On the other hand, preservation is high
if the track were buried rapidly, lacking significant erosion on
the substrate (Marty et al., 2009; Dai et al., 2015), which is
neither the case because track density might also point out the

existence of a prolonged period of time between the different
events recorded in the bed (Segura et al., 2016). Several re-
lated processes might help then to traces preservation.

The sediment was water-saturated, since both desiccation
cracks are completely absent, and well-defined displacement
rims were formed, suggesting that the sediment still had a
relatively high yield strength at the time of track formation.
The 1-2 cm top part of the sandy bed is red, with a ferrugi-
nous crust, but the lower part is yellowish (Fig. 11f); which
can be seen in some claw marks, in which the displacement
rim is the darker red part of the bed, the sediment immedi-
ately below is dark red and the sediment at the bottom of the
claw-mark is yellowish (Fig. 11f). These features indicate un-
ambiguously that reddening and iron accumulation occurred
soon after deposition of the host sediment and previous to the
track formation, and that the iron was not a later diagenetic
process. Or, conversely, all the sediment within the track
would be reddish.

The preservation of these tracks is herein interpreted as relat-
ed to two connected processes. Firstly, bed surface consolida-
tion due the existence of algal biofilms (wrinkle structures), as
previously described in similar cases by Avanzini (1998) and
Carvalho ef al. (2013) among others. Secondly, immediately
after or at the same time, biostabilization of the sediments was
followed by early or synsedimentary cementation (ironstone
development), which prevented tracks from disintegration.
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The proposed succession of processes involved in the gene-
sis of this association is then (Fig. 12): 1) channel erosion and
start sandy channel infilling (Fig. 12a to b). 2) A sandy bed
is formed along the channel and spread laterally out of the
channel, probably related to higher tides (Fig. 12¢); 3) Chan-
nel is abandoned as an active sedimentary channel, channel is
permanently flooded, however; start MISS development and
early ferruginous crust development (Fig. 12d). 3) Vertebrate
tracks and other traces are produced (sediment is still soft)
(Fig. 12d). 4) Channel is definitively abandoned, start gradu-
al channel infilling by fine-grained facies (“mud plug”) (Fig.
12e), tracks and traces preserved.

6. Conclusions

At the Tamajon section, the Utrillas Formation, shows a
rapid up-section change at the onset of the Late Cretaceous
transgression that flooded this part of the emerged Iberian
Massif. Facies and architectural channel elements allow a
clear distinction between the different facies associations
(FA1 to FA4). FA1 is interpreted as a braided fluvial system
by coarse grained facies, sedimentation of bedload bedforms
and amalgamated channel systems. FA2 is interpreted as a
distal fluvial-estuarine deposits because it is composed of
large channel with inclined heterolithic stratification (Ihs)
within overbank fine-grained sediments; lhs is characteristic
of meandering channels in these environments. FA3 is inter-
preted as tidal deposits based in the presence of paleocurrent
pattern, herringbone cross stratification and mud drapes. The
presence of channels, large-scale single set cross stratifica-
tion, wrinkle structures and vertebrate tracks also support
such interpretation. Finally, FA4 is interpreted as shallow off-
shore marine sediments because of the absence of channels
and the common presence of burrowed fine-grained sand-
stones and mudstones.

The FA3 contains several peculiar sedimentary features.
Firstly, the presence of large-scale cross sets infilling large
erosive channels; these facies, if not considered the entire
aspect of channels and related facies can be improperly in-
terpreted as other, different facies (such as tidal deltas, sand
waves or, even, aeolian deposits). Secondly, the presence of
cross-bedding defined by couplets of different grain size are
interpreted as originated by flow unsteadiness in relation to
changing tides. The presence of mud drapes and gravel lags
also suggests changes in flow strength. Finally, there is also
an unusual association of ironstones, wrinkle structures and,
burrows and vertebrate tracks. Some of the ironstones are
of secondary, diagenetic origin. Nevertheless, thin ferrugi-
nous sandy beds and very thin, mm muddy ironstones are
related to the presence of wrinkle structures and vertebrate
tracks suggesting that iron encrusting was primary and syn-
sedimentary. Wrinkle structures, are a kind of MISS, having
been described in siliciclastic peritidal environments, where
cohesive microbial mats may grow in favourable conditions.
Despite the low potential preservation of tracks in these tidal

coastal systems, vertebrate tracks are found in this facies. In
this case, bearing in mind the local paleoenvironment, it is
important to consider the different limiting factors on track
preservation. Firstly, the consistency of the substrate at the
time of track formation; the substrate was soft with an appro-
priate grain size. Secondly, after the track formation, tracks
were not degraded, nor eroded or reworked during successive
depositional events, even being found within a channel. Fi-
nally, the time between footprint formation and burial affects
their preservation; but in this case it should be long enough to
meet the features observed in the bed. Thus, the join presence
of MISS structures (wrinkle marks) and early ferruginous sta-
bilization of the sediment were probable the causes for track
preservation.
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