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Lithology, bedding, and sedimentary structures of the Gorrondatxe coastal and beach system show an upper
shoreface around the low-water level and containing the coarsest grain sizes; a foreshore in the main intertidal
zone, which is mainly composed of sands with minor gravels and a distinctive low-angle, seaward-dipping,
planar-parallel lamination; and a backshore zone with a mixture of marine-derived sands (washover) and non-
marine sands and muds (aeolian, subaerial ponds) above the high-tide water level. The facies model shows a
wave-dominated, mesotidal, composite beach with a fining-upwards and aggradational trend. Over the 20th cen-
tury, a beachrock developed in this area as a result of heavy-industry waste dumping (steel industry) off the
coast, which later became attached to the coast. There are a variety of cements and degrees of lithification in the
beachrock, suggesting that the beachrock-related processes, although coetaneous, were not similar in all these
zones and that different cements developed at the same time. Sand cementation can beused to recognize such facies
in the stratigraphic record or in well cores, when other kinds of data are not available. The upper shoreface sand-
stones are hard andwell-cemented, with awhitish circumgranular aragonite cement and good intergranular poros-
ity; the foreshore sands are medium-hard, with a brown, irregular, aragonite needle cement, which shows higher
intergranular porosity; finally, the backshore sands are only lightly cemented, with a brown aragonite and rhombo-
hedral calcite cement, with the highest intergranular porosity. SEM images show the presence of Coccus-type bacte-
ria in all the different facies and zones; these are the best proof ofmetabolic activity, probably of ureolytic bacteria, in
the origin of all these cements. Over the course of the 20th century, Gorrondatxe evolved froma formerly dissipative,
ridge and runnel beach to an active, aggrading and prograding, reflective beach, and finally to an inactive beach
prone to erosion. The change to a reflective profile and the cementation of the beachrock indicate that anthropic off-
shore inputs were rapidly recycled into the beachface. Another major change occurred when waste discharges
ended, and the former sediments and beachrock started to be eroded to their current state.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Beachrocks are consolidated coastal beach deposits, which become
bonded together relatively fast due to the precipitation of calcite and/
or aragonite cements (Moore and Billings, 1971; Hanor, 1978; Binkley
et al., 1980; Gischler and Lomando, 1997; Vousdoukas et al., 2007;
Friedman, 2011; and references herein). Usually, the overall importance
of beachrocks is based upon three main points: their significance as
former sea-level indicators (Hopley, 1986; Mauz et al., 2015); their
presence as evidence for the processes of rapid shallow carbonate
a-Hidalgo),

.V. This is an open access article und
cementation on beaches (Taylor and Illing, 1969; Wiles et al., 2018);
and the influence they exert and the changes they undergo related to
their origin and development in coastal areas (Vousdoukas et al., 2007).

Many current beachrock studies, however, are almost exclusively
petrographic and do not consider the facies variations that may occur
within beachrocks, ignoring important elements of the sedimentary en-
vironments. In this sense, because of their rapid cementation, another
important point in the study of beachrocks is precisely the conservation
of beach sedimentary structures and textures during their lithification.
Then, beachrock deposits are sedimentary features, present in modern
coastal systems, that may act as a bridge between them and the past
stratigraphic record. Distinguishing between the different sandy facies
in these systems, deposited in the different beach zones, can be locally
difficult for facies model development. Sedimentary structures are the
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main criteria for facies differentiation, but in zones where different
sandy facies interfinger, a precise interpretation may be challenging
since many sands are parallel-laminated. The presence of a beachrock
and the different processes that give rise to its cements offer a series
of evidence on the sedimentary environment at the time of cementation
(Vousdoukas et al., 2007) and can be useful for the differentiation of fa-
cies in these beach zones. Regardless of the diverse sedimentary struc-
tures preserved in beachrocks and their potential for detailed
sedimentary interpretations (Kelly et al., 2014), comprehensive studies
linking a detailed lithofacies analysis of sedimentary environments and
the kind of beachrock cementation of these environments are scarce
from the scientific literature.

On theother hand, several points regarding the origin and properties
of beachrock are still subject to debate and remain partially unresolved,
mainly the processes controlling the cementation. Thus, the CO2

degassing of shallow groundwater (Hanor, 1978), evaporation (Taylor
and Illing, 1969; Moore and Billings, 1971), the mixing of marine and
meteoric waters (Schmalz, 1971; Moore, 1973), and the direct or
indirect activity of organisms (Webb et al., 1999; Neumeier, 1998,
1999) have all been suggested as the most important processes
responsible for cement precipitation.

In this context, the recent development of beachrock on the
Gorrondatxe wave and tidal coastal system, located on the north coast of
Spain, offers a superb opportunity to study several of the above-
mentioned issues and thereby attain a more precise understanding of
coastal systems and on the origin of beachrock cementation. One of the
main features of the studied beachrock and beach is that they are mainly
composed of amixture of anthropic,man-madematerials and coastal sed-
iments. Human activities and natural processes, as discussed below, were
themain factors in the deposition and the concentration of theman-made
gravels and sands at the beach, and all these scoria clasts canbe considered
Anthropocene technofossils in the sense of Zalasiewicz et al. (2014).

The main objectives of the study are: (a) to document and evaluate
the sedimentary structures, textures, and composition of the facies and
the facies relationships in the Gorrondatxe beachrock and the related,
post-beachrock, surface sediments; (b) to establish and distinguish the
depositional environments of various beachrock outcrops within the
tidal zone, and their modern counterparts along the beach. Particularly,
this study tries to establish a facies model based on these sedimentologi-
cal and stratigraphical relationships; (c) to analyse and compare the
beachrock with modern sediments that have been influenced by the ad-
dition of industrial by-products; (d) to determine the origin and cemen-
tation mechanisms of the beachrock sediments; and (e) to elucidate the
20th-century development of the beach, focusing on a comparison both
between Gorrondatxe and other nearby, present-day beaches and the
beach configuration through time, before and after the anthropic mate-
rials were deposited off the beach in the early 20th-century.

2. Study Area

The Gorrondatxe coastal system is a north-facing beach and
backshore area located on the coast of the Basque Country (NW of Bil-
bao, Spain). Gorrondatxe lies within an embayment located along a
cliff and rocky coastline and is bounded by two large headland promon-
tories composedof Paleogene turbiditic limestone andmarl alternations
(Fig. 1). It is exposed to brief, North Atlantic storm periods and is there-
fore subject to high-energy waves, interspersed between often long pe-
riods of calmwave conditionsmainly in summer.Waves thus reach this
section of the coastlinemostly from thenorth-northwesterly quadrants,
with clear oceanographic seasonality. Climate records throughout the
20th century in the nearby Bilbao town (Fig. 1) show a return to condi-
tions of greater climatic regularity, comparing to 19th century; with
relatively homogeneous temperatures (12.1 °C; annual average temper-
ature) and precipitations (1197 mm; annual accumulated average pre-
cipitation), lacking drier phases or drought periods, although there is a
large gap in precipitation data between 1920 and 1947.
2

Gorrondatxe can be considered an unbarred, reflective beach, with a
clear predominance of wave processes. The reflective part of the beach
is mainly flat and shows a seaward dip of up to 7°; beach cusps develop
temporarily during storms, related to strong wave action. The trans-
verse profile of the beach is flat-concave-flat in shape. Based on near-
shore wave processes, the beach can be subdivided into three well-
defined sedimentary beach zones, related to hydrodynamic zones:
a) a flat backshore with a storm berm, with the development of ponds
and aeolian sediments (Fig. 1); b) a concave, steep and reflective
upper foreshore in the swash-backwash zone; and c) a sharp break
point (plunge step) with a low, flat terrace located in the upper
shoreface, dominated by shoaling, surf and breaker waves. The width
of the foreshore ranges from 40 to 60 m with berm crest elevations of
30 (east)-120 cm (west) above the high-tide water level. The width of
the backshore ranges from 20 (west) to 150m (east). The predominant
process in the beach environment is wave swash and backwash, which
runs up the foreshore and occasionally overtops the berm during high
tides and storms.

An outstanding feature of this coast is the development and disman-
tling of a beachrock, probably within the last 120 years, on the
Gorrondatxe and Arrigunaga reflective beaches, and the Tunelboka,
Punta Galea coastal abrasion platform (Fig. 1). It is noteworthy that
beachrocks developed in this particular part of the coast, but that no
other beachrocks have formed in other, more distant beaches along
the Basque coast, either to the east or the west. The beachrock is made
up of a mixture of anthropic materials and coastal sediments of signifi-
cant volume (>6m thick), and since there is no other beachrock further
along the coast, its origin and development are clearly related to the
presence of slag deposits deposited in nearby open-marine areas,
which were later transported to the shore. Slag, which is a by-product
of the reduction of iron ore to iron and steel, was disposed of in nearby
open-marine areas from 1895 to the mid-1960s. Since that time, many
fragments have reached all the beaches east of Bilbao. Steel industry
wastes consist mainly of slag but also contain casting bricks, foundry
sand, wood, boat lines, ship ropes, tyres, various kinds of plastic (includ-
ing nylon) and other refractory material (Astibia, 2012).

These circumstances have attracted numerous groups of re-
searchers, who have studied the phenomenon with different objectives
and points of view.

Knox (1973) was the first author to recognize the presence of a
beachrock in the Punta Galea-Tunelboka area, considering it to be of
very recent age and composed of volcanic materials and refractory
bricks, all cemented both by aragonite and by diffuse forms of haematite
as an alteration product. His initial confusion regarding the presence of
volcanic materials is rectified in a note at the end of the paper, in which
he points out that the previously mentioned volcanic rocks were in fact
remains of foundry slag from blast furnaces.

Following this initial paper, several further papers dealt with the or-
igin, composition, distribution, and volume of industrial discharges.
Moreover, the presence of aragonite was confirmed as themain cemen-
tation phase of the beachrock, as was the extreme readiness of its for-
mation, and the role of anthropic intervention in its partial removal in
several areas (Aizpiri, 1983; García-Garmilla, 1990; Astibia, 2012;
Pujalte et al., 2015). Geomorphological changes due to the subsequent
(1995–1999) regeneration of the Arrigunaga beach have also been ad-
dressed (Elorza, 2021). Recently, greater attention has been paid to de-
termining the general chemical compositions of the beachrock and its
cements, and in particular the ferruginous cements related to the
weathering of the slags, using conventional analytical techniques and
Raman spectroscopy in combination with SEM-EDX (Iturregui et al.,
2014, 2016; Arrieta et al., 2011, 2017).

3. Methods

Facies analyses were performed using the guidelines provided by
Collinson and Thompson (1982). Studied parameters include lithology,



Fig. 1. Location of the studied beach in the northeast of Spain. a: The Gorrondatxe beach is located on the northeast coast of Spain, near Bilbao, a large industrial town with an important
harbour; also shown are other, nearby locations and beaches mentioned in the study (the Tunelboka, Punta Galea and Arrigunaga beaches to the west; and the Barinatxe and Sopelana
beaches to the east). b: View of the Gorrondatxe beach from the cliffs to the east of the beach, during low tide, showing the location of the sedimentary environments described in the
text (backshore, foreshore and upper shoreface) and the presence of aeolian sands and ponds on the backshore. The location of the Ypresian-Lutetian Global Boundary Stratotype
Section and Point (GSSP) is also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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grain size, texture, sedimentary structures, and the geometry of the
strata.

Lithofacies were studied inmany partial outcrops,with observations
throughout the entire beach, for a complete 3-D study of sedimentary
features. The study was combined with the construction of photomo-
saics in order to recognize the overall lateral and vertical facies variabil-
ity, and the geometry of the strata following detailed bedding contacts.
Digital analysis of imageswas used to increase the amount of datawhile
keeping a high level of consistency across the data.

The various lithofacies were grouped into facies associations based
on their spatial relations, attributed to specific depositional environ-
ments, and integrated into more general depositional settings. The sed-
imentological work was completed with an analysis of the vertical
variability of grain-clast sizes. The type of interconnections among facies
and the vertical stacking pattern of the facies associations revealed the
aggradational and progradational trend for the studied beach as a
whole.

A multi-temporal analysis of coastline changes during the last 65
years (1956–2021) was carried out utilizing historical and recent aerial
photos from open repositories at the Spanish National Geographical In-
stitute (Iberpix, http://www.ign.es/iberpix2/visor/) and the Basque
3

country autonomous government (GeoEuskadi, https://www.geo.
euskadi.eus/webgeo00-bisorea/es/x72aGeoeuskadiWAR/index.jsp).

More than twenty samples were selected to encompass the com-
plete variety of different lithologies present in the beachrock, with at
least one sample from each major beachrock zone for SEM analysis.
The petrographic characteristics of the samples were studied by stan-
dard microscopy methods (both transmitted and reflected light) using
Alizarin Red S and potassium ferricyanide staining (Dickson, 1965).
Oriented thin sections were studied with a Nikon Labophot T2-Pol
microscope coupled to a DS-L1 camera, the Nikon Eclipse E600 POL
and the LeicaMZ16 binocularmagnifier equippedwith a DFC 320 digital
camera. A number of samples were selected and examined under a
scanning electron microscope (SEM) and qualitatively determined (Al,
Si, Fe, P, K, Ca) by energy-dispersive spectrometry (EDX) using a Jeol
JSM 6400 at the University of the Basque Country.

A portion of the sampleswere ground and homogenizedmanually in
an agate mortar, for analysis by powder XRD. The analyses were
performed with a Phillips PW1710 diffractometer using Cu Ka radiation
monochromated by graphitewith generator conditions of 40 kV, 20mA,
a step size of 0.02° (°2θ) and a time per step of 1 s, at the University of
the Basque Country. The specific software PANalytical X'pert HighScore,

http://www.ign.es/iberpix2/visor/
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in combination with the PDF2 database of the International Centre for
Diffraction Data (ICDD),was used for the computer treatment of the ob-
tained diffractograms and the identification of the present phases.

4. Results

4.1. Facies, sedimentary environments and facies model

The beach and beachrock sediments are subdivided into three sedi-
mentary environments, based on lithology, bedding and sedimentary
structures, and their location in relation to the current beach: a) upper
shoreface, around the low-tide mark, and characterized by gravels and
coarse sands with multidirectional trough and planar cross-stratification;
b) foreshore, the area located in the main intertidal zone, mainly com-
posed of sandswithminor gravels; here swash and backwashwave action
give rise to a distinctive low-angle, seaward-dipping, planar-parallel lam-
inationof the sands, but thepresence ofmajor erosive bounding surfaces is
remarkable; and c) backshore, an area with a mixture of marine sands
(washover) and non-marine sands and muds (aeolian, subaerial ponds)
in a topographically higher position, above the high-water level. No trace
fossils were observed during the study, probably due to the severe
environmental conditions (e.g., high-turbulence flows and swash and
backwash processes in upper shoreface and foreshore respectively), con-
tinuously shifting substrates of gravels and coarse sands, the pollution
related to the presence of slag, and their overall lowpreservation potential
(Howard and Frey, 1984).

4.1.1. Upper shoreface
Upper shoreface beachrock deposits correspond to conglomerates

and coarse-grained sandstones. When the beach is totally exposed at
the spring low tide, they are located at or slightly above the lower
water level. Five facies of massive to cross-bedded conglomerates,
pebbly sandstone and coarse-grained sandstones are described and
interpreted in Table 1 and shown in Fig. 2. These sediments do not
show clear boundaries between the different facies; bedding is usually
diffuse and vertical, and lateral gradations among the different facies
are common. All these facies show a characteristic, whitish,
circumgranular aragonite cement. The conglomerates (Facies Gms, Gpl
and Gpc; Fig. 2a–d Table 1) are poorly to moderately-sorted, clast- or
matrix-supported, containing rounded to well-rounded, spherical to
disc-shaped, pebbles to cobbles of variable size and nature. A mixture
of anthropic clasts (mainly derived from carbonate flux and metallic
slag, including anthropic artefacts such as bricks; Fig. 2g) and locally de-
rived clasts is common in these facies.

The sandstones are concave, tangential and sigmoidal cross-bedded,
medium to coarse-grained sandstones (Facies Ssc; Fig. 2e); lamination
is characterized by a centimetric alternation of coarse- and fine-
grained laminae with granule layers and clasts dispersed in different
laminae showing a preferred orientation of the long axes in accordance
with the cross-bedding. Large, outsized clasts of the beachrock are in-
cluded at the base of somebeds (Fig. 2e). Asymmetricmegaripples char-
acterized by biconvex and rounded stoss sides with sigmoidal cross
laminae are also present (Fig. 2f); they show erosive bases, mainly pla-
nar, but locally they can be similar to potholes with steep and vertical
forms. Planar-laminated sandstones (Facies Spq; Fig. 2g), occasionally
showing subtle undulation (quasi-planar lamination, sensu Arnott,
1993), are also found; these sandstones show no evidence of lateral ac-
cretion but only vertical aggradation, and their internal laminae concor-
dantly drape the erosive, lower surface.

The upper shoreface is characterized by waves constantly breaking
throughout each tidal cycle, so it is an area with high-turbulence
flows. Related to these flows, wave winnowing removes all fine-
grained sands and muds, but not the coarser sand fraction, at least
near the boundary with the foreshore. Thus, beachrock upper shoreface
facies are generally a mixture of gravels and sands, and the maximum
clast sizes of the entire beachrock are found here, the sands in this
4

zone being coarser than those in the nearby foreshore. Wave and cur-
rent interactions can be highly complex in this zone, so the sedimentary
structures in sand-dominated sediments aremainly composed of differ-
ent kinds of cross stratification (dipping in all directions) and high en-
ergy parallel lamination. Large erosive surfaces are common between
the different facies of the upper shoreface they aremainly planar, but lo-
cally they can be similar to potholes with steep and vertical forms
(Fig. 2h).

4.1.2. Foreshore
The foreshore is confined to the intertidal zone, which is indi-

cated by a sharp variation in slope, both at the base and top of the
beachface. At the beachrock, five facies of sandstones andminor con-
glomerates are described and interpreted in Table 1 and grouped in
two subassociations: channelled and non-channelled, the latter
being the predominant one (Figs. 3–5).

The non-channelled beachrock subassociation mainly consists of
low-angle planar-laminated sandstones (facies Spl; Figs. 3 and 4). This
facies is composed of granule to fine-grained sandstone, forming later-
ally extensive sheets with wedge to planar, scoured erosive bases
(Fig. 3a) andwithwell-developed parallel lamination (Fig. 3b). The lam-
ination is characterized by a centimetric to decimetric alternation of
coarse- and fine-grained laminae with granule and gravel layers
(Fig. 3c and e), and gently dips uniformly (3°-7°) in a seaward direction,
being parallel to the beach slope, whereas the strike of the lamination is
parallel to the shoreline. Occasionally, the lamination is planar or with a
slight landward dip; in close view it locally resembles cross-bedding, es-
pecially if other foresets dipping seaward are present (Fig. 3c, lower
part; bed 3 in Fig. 4). At outcrop scale and in a wider view, however,
the lamination is mainly planar (beds 3 to 6 in Fig. 4).

Pebbles and cobbles (up to 50 cm in diameter) are scattered
throughout these sand beds (Figs. 3c and 4), including the larger boul-
ders of the beachrock (bed 13 in Fig. 4), and sometimes lags one clast
thick are also present at set boundaries. Additional sedimentary struc-
tures in these sandstones include wave-ripple lamination (Fig. 3d)
and load structures (Fig. 3c).

Large erosive truncation and bounding surfaces are also recognized
at the base of different beds (Fig. 3a and c; Fig. 4). These represent ex-
tensive, outcrop-scale, erosive surfaces, with local sedimentary inter-
ruption and a major sedimentary break; across these surfaces both the
dip of the lamination and the grain sizes are clearly different (Fig. 4).
The relief of these surfaces is up to 1 m in height, and they extend up
to several tens to a hundred metres in length (Fig. 4). Two major
kinds of surface are recognized, although this could be an observational
bias: a) seaward-dipping, planar surfaces with the overlying stratifica-
tion parallel to subparallel to the erosive surface, giving the outcrop a
slightly wedge-shaped form (Fig. 3a); b) large, low-angle, undulating
erosive surfaces, intersecting the lamination at higher angles (base of
beds 7 and 12–13 in Fig. 4).

The beachrock channelled facies mainly consist of erosive, cross-
bedded sandstones (Facies Sc; Figs. 4 and 5) with sharp, erosional
basal boundaries (channels) and flat tops (Fig. 5a); various kinds of
cross-bedding (trough, planar, locally sigmoidal) are themain sedimen-
tary structures (Fig. 5a). Mud drapes (Facies Mm; Fig. 5b) and mud
clasts as lags (Fig. 5c) are locally present.

Foreshore beachrock sandstones are mainly composed of the Spl fa-
cies. Laminations in this facies are interpreted as produced by swash
and backwash processes associated with wave action in the foreshore.
Within the Spl facies, low-angle erosive truncation surfaces clearly reflect
periods of erosion related to subtle changes in the slope of the beachface,
probably due to varying wave conditions during accretionary phases
(Reinson, 1984; Pemberton et al., 2012). Because of their undulated
shape (Fig. 4), they are interpreted as being a result of the presence of
well-developed beach cusps on the foreshore. The development of
beach cusps along the entire length of the Gorrondatxe foreshore has
been observed and documented in aerial photographs and, as in other



Table 1
Facies description, suggested processes and environmental interpretation of studied sediments.

Facies Description Suggested processes and interpretation Environment

Facies Gms: massive,
clast-supported
Conglomerates
(Fig. 2a–b).

Poorly sorted, massive, clast-supported conglomerates. Clasts
are usually rounded to disc-shaped, outsized boulders (up to 40
cm) of Paleogene limestones occur along the entire beach.
Larger long-axis of clasts bear different orientations, even
vertical regarding bedding. Coarse sandy matrix is also locally
present. This facies is massive and ungraded, showing no
internal structure, but crude horizontal lamination is locally
developed. This facies, in the upper shoreface form beds of
about 0.2–1.2 m in thickness; meanwhile in the foreshore,
comprises thinner beds (up to 40 cm thick) and tends to display
a lateral continuity of tens to hundreds of metres, pinching out
laterally. Within a single bed, and laterally, the amount of
gravel-size clasts decreases, locally changing to a pebbly
sandstone deposit and then pebbles and boulders disappear
with only the sandy portion of the bed remaining. Basal
boundaries are diffuse and slightly erosional.

The Gms facies results from rapid gravel deposition from
non-confined and turbulent flows. Its mostly
clast-supported nature indicates that the flows were highly
concentrated and poorly confined, and that the clasts
remained closely packed during deposition, during which
the massive settling of the sediment load prevented the
development of bedforms (Fisher, 1971). “Plunge step”
deposits close to the low-water level on modern
conglomerate beaches (Hart and Plint, 1989, 1995; Hiroki
and Terasaka, 2005).

Upper
shoreface/Foreshore

Facies Gpl:
parallel-laminated
Conglomerates
(Fig. 2a–c).

Moderately sorted, clast- to matrix-supported conglomerates;
when the medium to coarse-grained sand is abundant it can be
considered a pebbly sandstone. Dominant sedimentary
structure is a planar, parallel-lamination; it is ungraded with
alternation of laminae of different sizes; although inverse
grading has been locally observed. Individual clasts show
imbrications and a preferred orientation of the long axes. Basal
boundaries are diffuse or slightly erosional.

The Gpl facies shows a combination of features usually
associated with turbulent-flow deposits (e.g. poor sorting
and a slightly erosive base), as well as features of
stream-flow deposits (e.g. clast subrounding and clast
imbrications). This facies is attributed to high-energy,
shallow-water sheet and tractive flows in the upper
shoreface; inverse-graded units resemble sieve deposition
(Todd, 1989). “Plunge step” deposits close to the low-water
level on modern conglomerate beaches (Hart and Plint,
1989, 1995; Hiroki and Terasaka, 2005).

Upper shoreface

Facies Gpc: planar,
cross-bedded
Conglomerates
(Fig. 2d).

Planar, cross-bedded, clast- to matrix-supported
conglomerates; cross-beds show multiple dipping directions,
but mainly seawards. Planar cross-bedding is sometimes diffuse
and clast orientations in Gpc facies also resemble Gpl facies with
a gradual transition between both facies.

The tabular cross-beds of the Gpc facies record the presence
of gravelly dune bedforms, originated by bedload
sedimentation from unidirectional flows as indicated by
the presence of cross-bedding. Migration of gravel bars
with well-developed slipfaces at the “plunge step” close to
the low-water level on modern conglomerate beaches
(Hart and Plint, 1989, 1995; Hiroki and Terasaka, 2005).

Upper shoreface

Facies Ssc: sigmoidal,
cross-bedded
Sandstones (Fig. 2e–f).

Concave-, tangential- and sigmoidal-cross bedded, medium to
coarse-grained sandstones. Lamination is characterized by a
centimetric alternation of coarse- and fine-grained laminae
with granule layers and clasts dispersed in different laminae
showing a preferred orientation of the long axes according with
the cross-bedding. Large outsized clasts of the beachrock are
included at the base of some beds. Some forms characterized by
biconvex and rounded stoss sides with sigmoidal cross laminae.
Erosive bases are mainly planar, but having locally steep and
vertical, pothole forms.

Facies Ssc are produced by bedload sedimentation from
unidirectional flows as indicated by the presence of
cross-bedding due to the migration of sandy asymmetric
megaripples or small bars. Because of bedform lateral
migration, deposits of the shoreface include erosion
surfaces overlaid by cross-stratified sands.

Upper shoreface

Facies Spq: planar to
quasi-planar
laminated Sandstones
(Fig. 2f).

Planar laminated sandstones, occasionally showing a subtle
undulation; internal laminae concordantly draping the erosive,
lower surface. Lamination is characterized by an alternation of
coarse- and fine-grained laminae with granule layers and
preferred orientation of clasts. Vertical and lateral gradation to
Gpl facies has been locally observed.

No evidence of lateral accretion but only vertical
aggradation (quasi-planar lamination, sensu Arnott, 1993);
Planar or quasi-planar-laminated beds are usually related
to high-energy combined flows produced by large-event
storm sedimentation (Arnott, 1993).

Upper shoreface

Facies Spl: low angle,
planar laminated
Sandstones
(Fig. 3a–d).

Granule to fine-grained sandstone, forming laterally extensive
sheets with flat to planar, scoured erosive bases and with a
well-developed parallel lamination; although occasionally there
are some massive beds. Lamination is characterized by a
centimetric alternation of coarse- and fine-grained laminae
with granule layers and preferred orientation of clasts at the
base of some levels. The low angle planar lamination gently dips
uniformly (3°–7°) in a seaward direction; being parallel to the
beach slope, meanwhile the strike of the lamination is parallel
to the shoreline. Occasionally, lamination is planar or with a
slight landwards dip; in a close view it locally resemble a
cross-bedding, especially if other foresets dipping seawards are
present. Pebbles and cobbles (up to 50 cm in diameter) are
scattered throughout these sand beds, including larger boulders
of the beachrock and, sometimes lags one clast thick are also
present at set boundaries. Additional sedimentary structures in
these sandstones include wave-ripple lamination with a
wavelength of 10–15 cm and a typical height of several
centimetres and load structures. Large truncation and bounding
erosive surfaces have been also recognized at the base of
different bed groups.

Swash stratification marked by variations in the grain size
of sand and related to plane bed sediment transport during
swash-backwash processes related to wave action; this
action is able of selectively sorting and uniformly spreading
sediment into individual layers (McKee, 1957; Clifton,
1969). The presence of bed load structures reflects
wave-induced liquefaction during storm activity
(Pemberton et al., 2012). Low-angle, truncation, erosive
surfaces reflect periods of erosion related to subtle changes
in the slope of the beachface probably due to varying wave
conditions during accretionary phases originated by the
presence of well-developed beach cusps on the foreshore.
As beach cusps are very dynamic forms and change rapidly
over time, the presence of these truncation surfaces
constitutes clear evidence for their erosive origin probably
as cusp mounds, which are characterized by parallel planar
beds representing accretion deposits, whereas scour
appears to be mostly concentrated in the troughs among
cusp mounds (Komar and Holman, 1986; Holland and
Elmore, 2008).

Foreshore

Facies Sc: channelled,
cross-bedded
Sandstones
(Fig. 5a–c).

Medium- to very coarse-grained, moderately sorted,
sandstones. They have sharp and erosional basal boundaries
(channels) and flat tops; different kind of cross-bedding
(trough, planar, locally sigmoidal) are the main sedimentary

High-energy and rapid bed-load deposition of sands and
gravels as channel-bars in channels from unidirectional
currents as indicated by the presence of cross-bedding. The
small thickness of the channels suggests shallow channels

Foreshore.

(continued on next page)
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Table 1 (continued)

Facies Description Suggested processes and interpretation Environment

structures. Laterally they are not very extensive (tens of metres)
with maximum thickness up to 1.2 m. At the base of some sets,
granules are present with scattered small pebbles. Mud clasts
and mud drapes (Facies Mm) are locally present.

filled during waning flows, implying that high flow events
were probably intermittent recording cut-and-fill
processes (Collinson and Thompson, 1982). Gravels, as very
thin deposits or as lags, are common overlying the large
erosional bounding surfaces that form the bases of
channel-fill units. Channelled facies clearly represent the
development of rare, slightly incised channels in the
foreshore. Similar channels have been widely described in
modern beaches with a similar tidal range (Hori et al.,
2002; Dalrymple and Choi, 2003), although they are
uncommon on reflective beaches.

Facies Mm: massive
Mudstones (Fig. 5b).

Massive, light brown, mudstones. The thickness of this facies
varies from some millimetres to 3 cm. They are located at the
base of some sets within the channels as mud drapes, mantling
even the vertical portions of the base of some sets. Erosion of
this facies originates mud clasts embedded within Sc facies.

Mud drapes within channels. They occur as very thin layers
even in the more steep lateral parts of the channels,
probably due to the highly cohesive character of muds. The
presence of a continuous channel-lining mud suggests that
they were deposited in a subaqueous environment in a
momentarily inactive, but flooded channel. The presence of
mudstone drapes within Sc facies suggests a gradual rather
than an abrupt final abandonment of the channels.

Foreshore

Facies Shl: Horizontal
and irregular
laminated Sandstones
(Fig. 6a–c).

Well-sorted, fine to medium (rarely coarse) sands and
sandstones with a well-developed irregular and mainly
horizontal lamination; pebbles (up to 10 cm in diameter) are
scattered throughout these sand beds, plastic remains can be
also found in this facies. They form centimetric to decimetric,
sheetlike sets (10 cm to 30 cm thick), with horizontal
stratification; individual sets have erosive bases having minimal
relief (2–3 cm), and planar, irregular, parallel lamination at the
base and massive tops. Locally, sets with very low-angle
laminations have been also observed. Deformation structures
such as convolute bedding and load casts are very common in
the basal laminated bases. Overall stratification and lamination
is concordant and horizontal, both in strike and in cross-section;
although minor groups of laminae gently dip (<5°), east or
west, in the strike of the shoreline.

The Shl facies are interpreted as being a result of washover
processes, either as laterally extended layers and sheets or
rarely as small, lobate washover fans. Shl facies are
interpreted as sheet floods deposits dominated by traction
flow, giving rise to planar-laminated sediments generated
during larger storm events, when the foreshore is bypassed
and foreshore sands are deposited into a protected
backshore (Hayes, 1967; Allen and Johnson, 2010). As they
form the main facies in this area, they can be considered
likely to represent an extensive washover flat or terrace
(Reinson, 1984; Switzer and Jones, 2008; Allen and
Johnson, 2010) covering the entire length of the back part
of the beach; occasionally, they formed washover fans,
whose ends are recorded by the scarce low-angle
laminations observed. Load structures and convolute
laminae reflect wave-induced liquefaction related to rapid
deposition of sands during storm activity (Pemberton et al.,
2012).

Backshore
(washover)

Facies Sm: fine-grained,
massive Sands
(Fig. 6c–d).

Massive, gray, homogeneous, fine-grained sands at top of
backshore sediments. They can be found as small (western part
of the beach) or large (eastern part of the beach) vegetated
mounds or hummocks, or at the lower part of the cliffs
(climbing sands). The sands are commonly extensively
disturbed by root growth and may contain isolated gastropod
shells.

Sm facies is interpreted as aeolian sand. These sands are
commonly found in the surface at the top of the backshore
terrace, above the high springtide mark, as in other
backshore environments (Hesp, 1999). The small sandy
mounds are usually called nebkhas (Cooke et al., 1993;
Hesp, 1999), which are considered incipient foredunes due
to sand deposition produced by the presence of some rough
obstacles that quickly reduce wind velocities causing sand
accumulation. In the eastern part of the beach, however,
there are some larger forms that can be considered
embryonic foredunes, but these are highly modified by
tracks made by human access to the beach. Finally,
regarding the aeolian influence on the beach, it is worth
mentioning the presence of climbing sands, usually covered
by sparse vegetation, on the Paleogene cliffs in this eastern
area of the beach. Aeolian sediments are of limited
development in this coastal system, despite the strong
winds that prevail throughout much of the year. This
probably reflects both the very short distance over which
the wind can blow and the lower rate of sediment supply
due to the presence of a small cliff at the border of the
backshore.

Backshore (aeolian)

Facies Ml: laminated
Muds (Fig. 6d).

Parallel laminated or massive, millimetric to centimetric thick,
muds with light colour (cream, light brown), intercalated
within Sm facies.

The lower grain size clearly indicates low-energy mud
deposition in a calm and quiet environment. The current
presence of a nearby pond suggests that the Ml facies is
related to pond sedimentation in the backshore area.

Backshore (pond)
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beaches, the reflective slope is important in the development of a cuspate
morphology (Sherman and Bauer, 1993; Roep et al., 1998). It is also im-
portant to note the temporal implications of these surfaces, as laterally
they may be subtle, apparently conformable surfaces in strike view.
Thus, beds 7 and 13 in Fig. 4 are separated by several other beds (8 to
12), but laterally bed 13b rests conformably on bed 7b (see also,
Fig. 12a,which is a lateral viewof Fig. 4), lacking all the intermediate beds.

Within the beachrock channelled association, the predominance of
cross-bedded sandstones (Sc facies) clearly indicates the migration
and accumulation of dunes or 3Dmegaripples within shallow channels.
6

In some channels, mud drapes occur as very thin layers even in the
steeper lateral parts of the channels, probably due to the highly cohesive
character ofmuds (Fig. 5b). Underlying the base of some channels, there
is a thin layer of massive sands (Fig. 5a, b). At first sight, these massive
sands could be related to the formation of the channels. The absence,
however, of a clear erosive surface at the base of the massive sands, to-
getherwith the presence of gravel-sized clastswithin themassive sands
that could be related to single layers of gravel within the Spl facies
(Fig. 5b), suggests that some kind of homogenization or destruction of
the sedimentary structures took place as a result of the channel incision.



Fig. 2. Facies of the upper shoreface (see Table 1 for facies description). a–b: Massive clast-supported conglomerates (Facies Gms) and parallel-laminated conglomerates (Facies Gpl). c:
Parallel-laminated conglomerates and pebbly sandstones (Facies Gpl). d: Planar, cross-bedded conglomerates (Facies Gpc). e: Sigmoidal cross-bedded sandstones (Facies Ssc)with a large,
outsized clast from the beachrock included at the base. f: Sigmoidal cross-bedded sandstones (Facies Ssc) overlaid by planar to quasi-planar laminated sandstones (Facies Spq). g: Detail of
anthropic slag-bricks (m: dark metallic slag, s: flux slag with vacuoles, rb: refractory bricks, b: red bricks and Pb: Paleogene blocks). h: Complex interrelationships between gravels and
sandstones with several erosive surfaces, even vertical (left of the hammer). Hammer for scale in a, c, d, e and h is 33 cm long; stick for scale in b is 24 cm long. Hammer for scale in f
and g is 40 cm long. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J.F. García-Hidalgo and J. Elorza Sedimentary Geology 442 (2022) 106291
4.1.3. Backshore
The backshore corresponds to the supratidal zone. A berm, a change

in slope, separates the backshore from the foreshore. Sedimentation in
the backshore occurs above the mean high-water level, and temporal
fluctuations between fresh and saline water are common. Wave and
storm processes generally predominate during spring tides and storm
surges, whereas aeolian and other sedimentary processes predominate
the rest of the time. Three facies of beachrock sandstones and mud-
stones are described and interpreted in Table 1.

The beachrock backshore is mainly composed of well-sorted, fine to
medium (rarely coarse) sands and sandstones, with well-developed, ir-
regular andmainly horizontal lamination (facies Shl; Fig. 6a–c). Pebbles
(up to 10 cm in diameter) are scattered throughout these sand beds,
and plastic remains can also be found in this facies. The sand beds
form centimetric to decimetric, sheetlike sets (10 cm to 30 cm thick),
7

with horizontal stratification; individual sets have erosive bases with
minimal relief (2–3 cm), and planar, irregular, parallel lamination at
the base andmassive tops. Locally, setswith very low-angle laminations
have also been observed (Fig. 6b). Deformation structures such as con-
volute bedding and load casts are very common (Fig. 6a–c). Overall
stratification and lamination are concordant and horizontal, both in
strike and cross-section, although minor groups of laminae gently dip
(<5°) east or west (Fig. 6b), in the strike of the shoreline. As they
form the main facies in this area, they can be considered likely to repre-
sent an extensive washover flat or terrace (Reinson, 1984; Switzer and
Jones, 2008; Allen and Johnson, 2010) covering the entire length of
the back part of the beach. The upper surface of the washover terrace
is a flat-lying to landward-sloping area, which can be considered the
continuation of the berm crest. This surface is characterized by the pres-
ence of subaerial, predominantly wind-generated mounds and small



Fig. 3.Non-channelled facies of the foreshore (see Table 1 for facies description). a: Seawards (left), low-angle, wedge-shaped bedding characteristic of the Spl foreshore facies. b: Massive
granule and parallel-laminated sandstones (Spl facies). c: Low-angle, planar-laminated sandstones of the Spl facies showing a gentle dip (3°-7°) in a seaward direction (left), with load
structures (black arrow) present at the top of the outcrop. At the base of the outcrop, the lamination shows a slight landwards dip, which, in a close view such as this, locally resembles
cross-bedding, especially if other foresets dipping seawards are present (see Fig. 4 for a more general view of this point). A thin conglomerate layer mantling a large erosive truncation
surface is in themiddle of the image. d:Wave-rippleswithin the Spl parallel-laminated facies. e: Detailed viewof the lamination in panel c; centimetric to decimetric alternation of coarse-
and fine-grained laminae with granule layers and preferred orientation of clasts at the base of some laminae. Hammer for scale in a, b and c is 33 cm long; stick for scale in d is 24 cm long.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ponds (Fig. 1b), whose sediments (Facies Sm and Ml; Fig. 6c–d) can be
seen at top of the Shl facies.

Some massive sandstone sheets intercalated within the Shl facies
might be older aeolian deposits that were later eroded by storm surges
giving rise to the Shl facies (Fig. 6c). This backshore stratification could
thus be the result of wave and aeolian sedimentation with sand accu-
mulation on the upper surface of the washover terrace.

XRD analysis of the muds in the ponds (Fig. 1b), the mud drapes in
the channelled facies of the upper foreshore (Fig. 5b), and Facies Ml of
the backshore (Fig. 6d) revealed a strictly similar composition of illite,
calcite and quartz minerals (Fig. 7), clearly suggesting a similar origin
for these muds, very probably the Paleogene turbiditic sediments of
the nearby cliffs.
4.1.4. Facies model
A faciesmodel was developed for the beachrock at the extremewest

of the beach (Fig. 8), where a complete section of the beachrock can be
seen, showing the presence of the different beachrock zones
superimposed upon each other in a single, composite section. In this
area, Fig. 4 show an almost complete facies sequence of the beachrock.
Only the top of the underlying upper shoreface beachrock deposits is
visible, but they can be studied both laterally and at the rear of the
Fig. 4 point of view, where several outcrops belonging to the upper
shoreface deposits can also be studied and logged.
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Gorrondatxe is characterized bymaximum tidal amplitudes of about
4.3m,withmean tidal ranges of 3m.Wave processes dominate the sys-
tem all year round, with the maximum wave height ranging from 11.9
m (January) to 4.9 m (June) and significant wave heights (i.e., the aver-
age height of the highest one-third of all waves measured; Blavette
et al., 2014) ranging from 6.7 (March) to 2.7 m (June) (data from the
Abra-Ciervana buoy, near Bilbao harbour, from the period 2001–2020;
a table with buoy data for this period can be seen in Elorza, 2021).
Coastal processes are thus dominated by waves crossing the beach-
shoreface with the rising and falling tides. The model shows the aggra-
dational and progradational structure of the different beachrock zones.
Grain size decreases in the landward direction, and the model thus
shows an overall fining-upward trend from the conglomerates at the
upper shoreface at the low-water tide mark to the fine-grained sands
and muds of the backshore area.

The different processes are preserved through the coastal areas,with
the different beach and beachrock zones being dominated by distinct
sedimentary structures (high-angle cross-bedding and quasi-planar-
laminated beds at the upper shoreface; low-angle seaward-dipping
stratification at the upper foreshore; and parallel lamination and low-
angle cross-lamination at the backshore; Fig. 8). Data and sedimentary
structures suggest that this system is more analogous to wave-
dominated beach-shorefaces, probably with some tidal modulation
(Dashtgard et al., 2021), as suggested by themesotidal range.Moreover,
the beach is affected by numerous storms, and this storm influence is



Fig. 4. Panoramic view and sedimentary interpretation of foreshore facies at the eastern end of the beach. Low-angle, planar-laminated sandstones of the Spl facies predominate (see Fig. 3
for detailed views); the lamination is characterized by a centimetric to decimetric alternation of coarse- and fine-grained laminae with granule layers. The low-angle planar lamination
gently dips uniformly (3°–7°) in a seaward direction. Occasionally, the lamination is planar or with a slight landwards dip. Pebbles and cobbles (up to 50 cm in diameter) are scattered
throughout these sand beds, including larger boulders from the beachrock (right), and sometimes lags one clast thick are also present at set boundaries. Large, erosive truncation and
bounding surfaces are clearly recognized at the base of different bed groups (7, 13 and 15). A shallow channel is at the right of the outcrop. Basal upper shoreface facies (base, bed
1) and backshore facies (top) can also be seen in this outcrop. The facies model of Fig. 8 is derived from this outcrop. Large stick for scale is 1 m long. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5.Channelled facies of the foreshore (see Table 1 for facies description). a: Panoramic viewof themedium- to very-coarse-grained channelled sandstones, showing sharp anderosional
basal boundary (continuous yellow line) and flat top (continuouswhite line); different kinds of cross-bedding (trough, planar, locally sigmoidal) and internal erosive surfaces are themain
sedimentary structures (dotted yellow lines). Below the channel, a thin layer of massive sands develops, parallel to the channel base (continuous orange line); this is the Spl facies, lacking
any sedimentary structure. The absence of a clear erosive surface at the base of themassive sands, and thepresence of gravel layers in continuitywith similar layers of gravelswithin the Spl
facies, suggests the existence of sedimentary homogenization or destruction related to the channel incision. b: Detailed view of the upper, right part of panel a; a thinmud drapemantles
the bottom and lateral part of the channel; cross bedding is seen overlying themud drape, andmassive, homogenized sands underlying themud drape. c: Detailed viewof the basal part of
the channel with erosive surfaces and cross bedding; several mud clasts can also be seen at the base of the channel (left of the hammer, which is 33 cm long). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Facies of the backshore (see Table 1 for facies description). a–b: Well-sorted sands and sandstones of the Shl facies, with a well-developed, irregular and mainly horizontal lamina-
tion. They form centimetric to decimetric, sheetlike sets (10 cm to 30 cm thick), with horizontal stratification (a); individual sets have erosive bases showingminimal relief (2–3 cm), and
planar, irregular, parallel lamination at their base and massive tops. Locally, sets with very low-angle laminations have also been observed (b, close to the hammer). c: Sands and sand-
stones of the Shl facies overlaid bymassive, homogeneous aeolian sands (Sm facies) forming vegetatedmounds (nebkhas) at the top of the backshore sediments (a large block of recently
eroded beachrock is also seen). d: Alternation of gray, aeolian sands (Sm facies) and thin, centimetric, whitishmuds (Ml facies). Hammer for scale in a, b and c is 33 cm long; large stick for
scale in d is 1 m long. Convolute lamination is common in this facies (some beds arrowed in a, b and c). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. XRD analysis of mudstone facies in pond (AZK_20) in the Ml facies of the backshore (AZK_21) and in mud drape of channels at the foreshore (AZK_23), showing exactly the same
composition of illite (ill), calcite (ca) and quartz (qtz) as their major minerals.
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Fig. 8.Hypothetical facies model reconstruction of a preserved vertical profile based on the Gorrondatxe beach. The vertical scale is dependent on the tidal range (in this case ~3m). The
model also assumes that the system is aggradational and progradational, as shown in Fig. 4. The names of the beachface zones and the processes identified are also shown. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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evident in the high turbulence associated with the conglomerate facies
and Ssc-Spq facies of the upper shoreface and the presence of large ero-
sive surfaces at the foreshore (Fig. 8), probably related to the develop-
ment of beach cusps in that zone.

4.2. Beachrock cements

Regarding the beachrock development and sediment cementation of
the Gorrondatxe beach, what is remarkable and up to now has not been
considered or described in this particular area, is that the cementation is
environmentally dependent, in the sense that the three beach zones
bear their own features in their carbonate cements. The major compo-
nents of cements, carbonate polymorphs, and the degree of cementa-
tion are different in the upper shoreface, the foreshore and the
backshore zones.

4.2.1. Upper shoreface
In the upper shoreface zone, sediment cementation affects all the

sedimentary facies described in Section 4.1.1. For simplicity and ease
of treatment, only the sandstones of the sandy facies were studied, al-
though the conglomerates and their sandy matrix show the same ce-
mentation pattern. The coarse sands of the Ssc and Spq facies include
moderately sorted clasts and are composed of very coarse to medium
sand sizes (1.5 mm to 0.3 mm). They are pervasively and strongly
cemented, while maintaining a notable intergranular porosity. This ce-
mentation results in all these facies being strongly cohesive, and at
first glance it is distinguished by its light tones compared to the darker
facies of the other zones.

The sandy fraction in this zone (Fig. 9a–c) is composed of the follow-
ing: bioclasts (b in Fig. 9a and c) such as echinoderm spines, bivalves,
gastropods and red calcareous algae (stained with Alizarin Red S;
Fig. 9a–b), with evidence of reworking and high roundness; terrigenous
quartz (q in Fig. 9a and c), as extra clasts with a clearly bimodal size re-
lationship, both monocrystalline and polycrystalline, with undulating
extinction, the larger ones (>2 mm) rounded and the smaller ones
(<0.2 mm) more angular (feldspar fragments are not recognized, al-
though they are detected by XRD); rounded fragments of metallic iron
oxide slag (m in Fig. 9a and c), which, according to the XRD analysis, cor-
respond to goethite (FeOOH), magnetite (Fe3O4), haematite (Fe2O3) and
wüstite (FeO); rounded fragments of slag from the limestone-dolomite
flux (f in Fig. 9a and c) used in the blast furnace, with numerous vacuoles.
The limestone flux has been transformed into pseudowollastonite
(CaSiO3) and gehlenite-akermanite Ca2 (Mg0.5 Al0.5) (Si1.5 Al 0.5 O7)
according to the XRD analysis and, due to its Ca content, is stained in a
11
pink that is clearly different from the more intense red staining observed
in the molluscan bioclasts. There are also clasts that behave isotropically,
which are considered vitrified remains of the fluxes.

The dominant cement is made up of a well-developed drusy
circumgranular aragonite with long, fine needles that surround the sur-
face of all the clasts perpendicularly (Fig. 9a–d). Under SEM, a basal
growth of micritic aragonite (m.a; Fig. 9e) crystals is visible, passing ir-
regularly, without a clear boundary, to well-developed aragonite crys-
tals (a, Fig. 9e–f); in spite of its small size at microscope view, this
basal growth is a characteristic micritic black rim that is visible in con-
tact with the clasts (Fig. 9a–c), passing to the circumgranular aragonite
crystals (m.a to a in SEMview, Fig. 9e). Themicritic aragonite is irregular
in its development, 1–2 μm in length, whereas the aragonite crystals
reach 80–100 μm in length and 2–3 μm in width. Irregular aggregates
of iron oxides, clays and other materials, whose composition is difficult
to determine due to their dimensions, are superimposed on the arago-
nite crystals (Fig. 9f). Under favourable conditions, bacterial forms also
appear as nanometre-sized, spherical Coccus-type precipitates (cc in
Fig. 9g–h), which are never larger than 100 nm, associated with each
other as a bacterial community (clotted micrite) and with a tendency
to become flattened and coated with carbonate. They are arranged in
the protected zones between the surface of the clasts and the beginning
of the micritic aragonite itself (Fig. 9g–h).

4.2.2. Foreshore
The facies of the foreshore zone are mainly sands, with a composi-

tion similar to those previously mentioned in the upper shoreface
(bioclasts, quartz-feldspathic, slags of ores and carbonated fluxes).
They show, however, an overall lower degree of cementation and
greater intergranular porosity, and there are even small differences in
the eastern zone (Fig. 10a–b) compared to the western zone
(Fig. 11a–b) of the Gorrondatxe beachrock.

The recognized cementation is fundamentally meniscus-type
(Fig. 10c), with a predominance of disordered, intercrossed and spaced
needles offibrous aragonite (a1 in Fig. 10c–e) that tend to form fans nucle-
ating at separate points along the grain boundaries (Fig. 10d; Fig. 11c–d).
They arenever perpendicular to the clast surfaces. There are individualized
and dispersed lepisphere-type (lp in Fig. 10d–e) mineral phases of small
size (1 μm) of silicate composition (Fig. 10e), which are superimposed
on the aragonite crystals, but can also cover organic ducts as branching-
type filaments (Fig. 11e–g); they correspond to a magnesian silicate
phase, as its main element, with traces of Al and Ca according to the EDX
analysis. Other types of aggregate are Bacillus-type bacterial cells that are
visible in free spaces (ba in Fig. 10g). Diatoms (Fig. 10f) and calcareous



Fig. 9. Photomicrographs of the upper shoreface zone in the Gorrondatxe beach. a-b: General appearance of the bioclasts (b), quartz (q), flux slag with vacuoles (f), and metallic slag
(m) grain-supported and cemented by circumgranular aragonitic cement; stained with Alizarin Red S; parallel and crossed nicols. c: Detail of the clasts cemented by a small dark micrite
band followed by the growth of fine circumgranular aragonite needles (a); stained with Alizarin Red S; crossed nicols. d: SEM photomicrograph of the clasts (c) surrounded by an intense
cementation of circumgranular aragonite crystals (a). e: SEM photomicrograph of the circumgranular aragonite cements (a) generated from amicritic aragonite cement (m.a), with irreg-
ular growth in contactwith an undetermined clast (c). f: Detail of thewell-developed aragonite prisms (a) with small aggregates of diverse compositions. g: Basal aspect of a cementation
precursor (panel d) occupied by small nanospheres of bacterial origin, Coccus-type (cc). h: Detail of the nanospheres (Coccus-type) fossilized by carbonate. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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algae (coccolithophores) occur as incorporated remains located on arago-
nite crystals (Fig. 10h). As in the upper shoreface, the presence of
nanospherical Coccus-type bacterial forms in the basal clast-cement con-
tact (cc in Fig. 11h) is also confirmed in the upper foreshore zone.

In this zone, the low-angle seaward-dipping lamination is mainly
characterized by its darker tones. However, the presence of lighter lami-
nations among the otherwise darker predominant laminations of the
Spl facies is remarkable (Fig. 12a). Here, the presence of a notable menis-
cus cementation confers a greater resistance to weathering (Fig. 12b–d).
The aragonite crystals (a1* in Fig. 12e–g), with a more compact prismatic
habit different from the fibrous crystals with radial arrangements (a1 in
12
Fig. 11c) (10–15 μm), are foundmixedwith smaller bladed (2–3 μm) cal-
cite crystals (b.c; Fig. 12g) and occupy the spaces left by the predominant
aragonite prisms, without interfering with the growth of the former
(Fig. 12e–f). The core of the radial aragonite prisms corresponds to a
clotted micrite set of nanospheres of bacterial origin (cc in Fig. 12g) that
continues at the beginnings of the well-developed aragonite crystals. A
carbonate patina (Fig. 12g) fossilizes all this bacterial component.

Moreover, the Spl facies locally encloses beachrock blocks (br1 in
Fig. 13b; see also Fig. 4) belonging to the sandy facies of the upper
shoreface that have been eroded, uprooted and transported to the fore-
shore (Fig. 13a–b). These blocks have undergone a double cementation,



Fig. 10. Photomicrographs of the foreshore zone in the Gorrondatxe beach (eastern part). a–b: General appearance of the bioclasts (b), quartz (q), flux slag (f), andmetallic slag (m)with large
empty spaces (v), supported by imprecise cement. c: Clasts covered by aragonitic cement of acicular habit (a1), formingmeniscuses and highlighting themaintenance of high porosity. d: Detail
of the fine aragonite needles (a1) irregularly arranged with aggregates of lepispheres (lp). e: Groups of lepispheres (lp) of silicate composition, analysed by EDX, superimposed onwell-devel-
oped aragonite prisms. f: Remnant of diatom frustule on aragonite crystals and silicate lepispheres. g: Set of bacterial organisms, Bacillus-type (ba), associatedwith each other forming elongated
masses. h: Remains of calcareous coccolithophoric algae among the aragonite prisms. (For interpretationof the references to colour in thisfigure legend, the reader is referred to theweb version
of this article.)
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superimposed and spaced in time, since they were first cemented in the
upper shoreface, then eroded and deposited together with loose sands
and other clasts in the foreshore (Fig. 13a) and cemented again. In these
blocks, the first cementation of micritic aragonite (m.a in Fig. 13d) and
circumgranular aragonite (a in Fig. 13d) distinctive of the upper
shoreface, as already mentioned, is superimposed by the growth of
other, finer aragonite prisms (a1 in Fig. 13d), arranged on top of the
first ones and intergrown with each other, occupying empty spaces
(Fig. 13c–d); the first fringe around beachrock clasts is totally preserved,
as observed by SEM and conventional microscope. In addition, there is a
precipitation of fine carbonate plates (p in Fig. 13e) (<5 μm)with no de-
fined habit that belong to the cementation of this second stage. Apparent
13
bacterial activity iswidely representedbyBacillus-typebacterial cells (ba1
in Fig. 13g–h), which are clearly related to the strong corrosion observed
in the first-generation aragonite prisms, where these rod-shaped forms
seem to settle and develop intensively (Fig. 13f–h).
4.2.3. Backshore (washover facies)
The washover facies (Facies Shl) of the backshore is mainly com-

posed of moderately to poorly sorted sands, close in composition to
the sands in other studied zones. In this zone, however, there is a higher
concentration of opaque, metallic ores; these opaque ores (goethite,
magnetite, haematite and wüstite) are arranged in lamellae, which



Fig. 11. Photomicrographs of the foreshore zone in the Gorrondatxe beach (western part). a–b: General appearance of the different types of clasts cemented by aragonite from a dark band of
micrite. High porosity is maintained; parallel and crossed nicols, stained with Alizarin Red S. c–d: Different edges of flux slag cemented by fine aragonite needles arranged irregularly in a fan
shape (a1). e–g: Simple lepisphere forms (lp), which go on to cover branching organic filaments. These filaments are unprecedented, unlike the bacterial assemblages found. h: Aggregates of
Coccus-typenanospheres (cc) similar to thosepreviously seen inFig. 9g–h. (For interpretationof the references to colour in thisfigure legend, the reader is referred to thewebversionof this article.)
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confer more intense, darker tones upon the sands and give a spongy ap-
pearance to the beachrock (Fig. 6a–b).

Its fabric is much less tight, with weak cementation produced on
the grain edges (they can reach 150 μm in length along the grain con-
tacts), thus maintaining a high porosity (Fig. 14a–b). This partial ce-
mentation shows a meniscus pattern, with two clear polymorphs;
the more abundant one is formed by intercrossed aragonite needles
(a2, Fig. 14c–d), slightly different from those found in the upper fore-
shore (a1 in Fig. 11c–d), whereas the less abundant one is formed by
well-developed rhombohedral calcite crystals (r.c, Fig. 14e–f). The
calcite crystals are euhedral and equigranular, and form individual-
ized and/or grouped rhombohedrons in the flat areas of the clasts,
with an average size of 7 μm, arranged on crystals of small aragonite
14
prisms (Fig. 14g). The bacterial community is recognized by the
presence of nanospheres (Coccus-type) (cc in Fig. 14h) of very simi-
lar size (100 nm) to the other zones. It is evident, then, that bacterial
activity is also important in the washover deposits of the backshore
(Fig. 14h).

5. Discussion

5.1. Cementation, facies and facies model

There are major differences in the facies cementation of the sands
within the three zones of the beach. These differences are useful as a
tool for distinguishing the sands in the presence of similar sedimentary



Fig. 12. Gorrondatxe foreshore zonewith white laminations (western part). a: Foreshore appearance of dark toneswith alternating laminations of lighter tones. Hammer length is 33 cm.
b–c: View of the arrangement of clasts of varying nature with meniscus cementation; stained with Alizarin Red S; parallel and crossed nicols. d: Detail of several completely cemented
clasts, but not circumgranular; stained with Alizarin Red S; crossed nicols; f, flux slag with vacuoles. e–g: At different scales, view of the basal surface of the cement in contact with the
now detached clasts. The radial arrangement of the well-developed aragonite prisms (a1*) can be seen, together with small, bladed calcite crystals (b.c). The core of the aragonite prisms
maintains nanospheres (cc) of bacterial origin as cementation triggers. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this
article.)
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structures dominated by parallel-laminated sands. The upper shoreface
sands show hard and well-cemented sandstones, good intergranular
porosity, and whitish aragonite cement, whereas the foreshore sands
showmedium-hard and cemented sandstones, higher intergranular po-
rosity, and brown irregular aragonite needle cement. The backshore
(washover) sands show light cemented sandstones, the highest inter-
granular porosity, and brown aragonite together with rhombohedral
calcite cements. At the upper shoreface-foreshore boundary, the
sands of the Ssc and Spq facies (Fig. 2e–f) with whitish aragonite
cement are considered to have been deposited in the upper
shoreface, whereas the brown sands of the Spl facies (e.g.
15
Fig. 3e) are considered to have been sedimented at the foreshore.
In this case, the Spq and Spl facies show a very close and similar
parallel lamination, at first sight, being distinguishable mainly by
their different cementation. At the foreshore-backshore boundary,
the differences are even more subtle because both have brownish
colours. However, the parallel lamination of the Spl facies (fore-
shore) is more homogeneous (Fig. 3a and b), the rock being
more consistent and harder due to its stronger cementation,
whereas the parallel lamination of the Shl facies is more irregular
(Fig. 6a–b), the rock being more friable and softer due to its ligh-
ter cementation.



Fig. 13. Foreshore zone with a block accumulation in the Gorrondatxe beach (western part). a–b: Front view following the foreshore erosion front with large slag fragments, refractory
bricks and turbidite blocks. The inclusion of beachrock blocks (br1) from the upper shoreface zone occurs. c:Microphotograph of part of block (br1) formed by bioclasts and flux slag clasts
strongly cemented by a small dark crown of micritization followed initially by circumgranular aragonite crystals and completed by other disordered aragonite crystals; crossed nicols;
stained with Alizarin Red S. d: SEMmicrophotograph with the clasts (c) cemented with a marked difference between the micritic aragonite (m.a), followed by fine circumgranular ara-
gonite crystals (a) and highly disordered aragonite prisms arranged on the latter (a1). e: Calcite plates (p), according to EDX, superimposed on the previous aragonitic prisms (a1). f: Ara-
gonitic prisms (a) from the first cementation, which are being corroded by Bacillus-type activity (ba1). g–h: Details of this Bacillus-type activity (ba1) on the rest of the corroded aragonite
prisms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Another distinctive feature in the foreshore sands (Spl facies), espe-
cially in the lower part, close to the upper shoreface, is the general ap-
pearance of the lamination (Fig. 3e). Apparently, it is a low-angle,
slightly concave and tangential lamination, which looksmore “regular”,
with lateral, systematic differences in grain size, tending to bemore par-
allel and planar as the point of view changes from lateral (Fig. 3e) to
more frontal (Fig. 4).

The lamination consists of couplets of coarser-grained and finer-
grained laminae (Fig. 3e). These couplets seem to represent two sepa-
rate modes of sorting among the laminae, since the fine and coarse
16
fractions are found in different laminae, with a separation of different
grain sizes in distinct laminae. The thickness of single lamina ranges
from 5 to 20 mm. A pair of laminae ranges up to 40 mm in thickness,
which is in the upper values for lamination given the average thick-
nesses (30 ± 10 mm; Reesink and Bridge, 2009).

The basal, coarse-grained lamina in a couplet is erosionally based,
which enhances the striping pattern of the lamination. The lamination
thickness along the outcrops is not constant and homogeneous.
Coarse-grained laminae rest sharply over a basal, slightly erosive sur-
face. Locally, the coarsest granules accumulate at the base of the



Fig. 14. Gorrondatxe beach backshore (washover). a–b: General appearance with clasts of the same nature as the above-described ones, with extraordinary porosity (v) and very little
cementation; stained with Alizarin Red S; parallel and crossed nicols. c–e: Clasts with hardly any meniscus cementation, limited to the contact areas among grains. The small aragonite
prisms are intercrossed (a2). f–g: Over short distances there are well-formed rhombohedral calcite aggregates (r.c). The presence of these two polymorphs indicates that the sediment
undergoes alternating stages where marine and/or meteoric waters predominate. h: View of the presence of Coccus-type nanospheres (cc), indicating that there is also bacterial activity
in the washover zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coarse-grained laminae (Fig. 3e), and within these laminae the sedi-
ment is often sorted vertically. The finer-grained lamina in a couplet is
massive. The lower, coarse-grained in the couplet was probably depos-
ited by grainflow, and the upper, finer-grained lamina reflects subse-
quent deposition by grainfall (e.g. Passalia et al., 2016). This
alternation also suggests that the sediment was delivered in pulses
(Kleinhans, 2004).

The origin and development of this kind of lamination is often re-
latedwith grain-size sorting due to the presence either of superimposed
bedforms or flow unsteadiness (Reesink and Bridge, 2007, 2009;
Kleinhans, 2004). In this case, as there are no superimposed bedforms,
the lamination is considered to have been produced by flow unsteadi-
ness. The grain size of the bedload is expected to decrease as the flow
17
stage decreases (Kleinhans, 2001; Bridge, 2003); thus, the coarser sedi-
ments are sedimented at the high-flow stage, and the finer ones at low-
flow stages (Bridge, 2003; Kleinhans, 2004). These changes reflect flow
unsteadiness linked with cyclical variations in discharge, such as those
caused by tides or storms. The variations in current speed that take
place either in tidal environments or with the occurrence of a storm
may be organized as systematic variations in the grain size of contigu-
ous laminae, with medium to coarse sand sedimented by the stronger
currents (at maximum tidal strength or in the storm pulse) and finer
sand sedimented by the slower currents (at minimum tidal strength
or as the storm recedes).

Although an in-depth discussion of the subenvironment boundaries
is beyond the scope of this paper, some observations are worth making.
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In this paper, we follow the division of the beach proposed in Dashtgard
et al. (2009) and Dashtgard et al. (2021), including the breaker and surf
zones in the upper shoreface, an area that can be partially exposed dur-
ing the lower parts of the tidal cycles. The upper shoreface is preferred
for the lower part of the currently exposed beach due to its topography
and the sediments and sedimentary structures present in this zone. Ob-
servations on the beachrock along the Gorrondatxe beach are restricted
to those parts above the low-tide level, and along the exposed beach
there is a gradation in grain sizes and sedimentary structures from the
low-tide level to the high-tide level and beyond in the backshore area.
The upper part of the shoreface and the lower part of the foreshore
share some common features. However, the topography, sediment
sizes and cementation of the are different from those of the foreshore,
and are used here to distinguish the two zones (see above).

The boundary betweenwhat is here considered the upper shoreface
and the lower part of the foreshore is thus a clear breakpoint step
(plunge step), but this step is not necessarily related to the low-water
level, but to the breaker zone, which can be located at the upper
shoreface (e.g. Dashtgard et al., 2021). In the current beach there is a
change in slope between the upper shoreface, where gravels accumu-
late, and the foreshore, where seaward laminated sands predominate.
At the foreshore-backshore boundary, there is another change in
slope, in this case related to themeanhigh-tidewater level and a change
from the seaward laminated sands of the foreshore to the horizontal
laminated sands of the backshore.

5.2. Beach structure and sedimentary evolution

Gorrondatxe shows similarities and differenceswith respect to other
nearby beaches, where the sedimentological features should be similar
given their location and exposure to tides and waves (Fig. 1). The
beaches to the west (e.g. Tunelboka and Arrigunaga) show a similar de-
velopment of beachrock. However, they do not shed any further light on
the sedimentary evolution of this part of the Basque coast. By contrast,
Fig. 15.Views of the studiedbeach and other nearby beaches for comparisonof the length of the
a steep-slope shoreface and short surf zone (55 m); b: Barinatxe beach, the closest beach to th
sipative beacheswith longer surf zones (all about 200m ormore). All images are taken at the sa
colour in this figure legend, the reader is referred to the web version of this article.)
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there are major differences between Gorrondatxe (Fig. 15a) and the
other nearby beaches to the east (the three beaches closest to
Gorrondatxe eastwards are Barinatxe, Sopelana and Barrika from west
to east; Fig. 15b to d respectively).

Themajor differences are the presence of a beachrock in Gorrondatxe
and its absence in the other beaches, as well as the particular structure of
the beach, especially the slopes and lengths of the subtidal, intertidal and
supratidal zones. Moreover, the other beaches are ridge and runnel dissi-
pative beach systems, lacking backshore except in Barinatxe, where a
short area, strongly modified by human impact, is located at the toe of
the cliffs. The length of the surf zone common to the three other beaches
lying eastwards contrasts strongly with Gorrondatxe (Fig. 15a). The surf
and breaking areas are longer, ranging from 180 to >250 m (Fig. 15b to
d), with a low depositional slope (2–3°). By contrast, at Gorrondatxe the
surf and breaking zones are narrow, little >50 m, about a third of the
length, and with a high slope in this area (up to 7°). Another difference
is the extension of the backshore areas above the mean high-tide water
level. The backshore is longer (along the entire beach) and wider (about
100 m) in Gorrondatxe, with vegetated aeolian sands and ponds near
the cliffs. By contrast, it is shorter (restricted to some parts of the beach)
and narrower (with a maximum width of 50 m) at Barinatxe, lacking
ponds, and it is completely absent at Sopelana and Barrika, where almost
the entire length of the coast is covered with water at the highest tides.
Furthermore, no aeolian sediments are in evidence in the other beaches.

Regarding the evolution of the beach over time, aerial photographs
show that this pattern has been constant since the 1950s. The oldest ae-
rial photograph, dating back to 1956, shows that the beach exposed at
the low-tide level is coincident with the surf zone both in Gorrondatxe
and Barinatxe; a comparison of the aerial images from 1956 and 2020 at
low tide shows a similar maximum extension of the sands in the
foreshore. During these times the other beaches remained stable.
Gorrondatxe, however, shows important changes with time (Fig. 16).
In the 1956 image (Fig. 16a), Gorrondatxe seems to be stable, with no
erosion taking place on this beach, as shown by the absence of any
shoaling, surf and breaker zones: a:Gorrondatxe beach, a non-barred, reflective beachwith
e NE; c: Sopelana beach; d: Barrika beach. Barinatxe, Sopelana and Barrika are barred, dis-
me scale. Source http://www.ign.es/iberpix2/visor/. (For interpretation of the references to

http://www.ign.es/iberpix2/visor/


Fig. 16. Thewestern end of theGorrondatxe beach at various times in the 20th and 21st centuries. a: 1956, the beach is in a stable sedimentary condition, and beachrock is under development;
human industrial slag discharges are active; loose sand is themain sediment at the beach surface at this year. The continuous line indicates the base of the cliffs and is kept in the other images
for reference. b: 1965, The beach still remained stable and undisturbed except for a human-made trench excavated along the backshore (right), the “Mari Feli mining concession” in search for
themetallic ores contained in the beachrock. Thewhitish areas in the image represent sand removal for the same purposes. The dotted linemarks the foreshore-backshore boundary. c: 1977,
by this timehuman industrial slag discharges ended someyears ago (Fig. 18); a clear erosive cliff has developed between the foreshore and the backshore (dashes anddots line),which is being
actively eroded; gravels and sands are themain sediments. d: 2021, backshore erosive processes are continuously active on the beach, and foreshore-backshore recession is clear (dashed line);
gravels are the main sediment on the beach. An average recession rate of about 55 m in 56 years (1965–2021) can be considered (about 1 m/year.) (Orthophotos source: https://www.geo.
euskadi.eus/webgeo00-bisorea/es/x72aGeoeuskadiWAR/index.jsp). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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erosive structure or of an erosive cliff along the beach in this image; the
beachrock must be under active development below a thin veneer of
loose sand. Similarly, in the 1965 image (Fig. 16b) the beach remained
undisturbed except for a trench excavated in the backshore area in
search for themetallic ores contained in the beachrock (“Mari Feli min-
ing concession”) and the removal of surficial sands at the toe of the cliffs
(whitish areas in the image) for the same purpose. Nevertheless, in the
1977 image (Fig. 16c) the development of an erosive cliff at the
foreshore-backshore boundary,which did not exist previously, is clearly
shown along this part of the beach. Since then, this cliff has been actively
eroded and retreating, as can be seen in the image from 2021 (Fig. 16d).
The currentmean high-tidewater level is located on this cliff. The storm
high-water level can even surpass this cliff, and from this point of view it
can be considered the berm of the beach. A comparison of the starting
point in 1965 (Fig. 16b) and the most recent view from 2021
(Fig. 16d) clearly shows the foreshore-backshore boundary recession
(Fig. 16 b, c and d) in the beach. Although the rates of recession are dif-
ferent in several areas of the beach and over time, a general average rate
of about 55 m in 56 years (1965–2021) can be considered; that is a re-
cession average rate of approximately 1 m/year.

These differences are interpreted as being due to the presence of the
human-derived sediments, which have caused aggradation on the
beach and beachrock development at Gorrondatxe, i.e. a result of the sed-
iments deposited in the sea off the beach over the course of the 20th cen-
tury (Fig. 17). This was unlike the other eastern beaches, which were not
reached by the man-made sediments and thus maintained their original
ridge and runnel structure, and similar to the western beaches, where a
beachrock also developed.
19
It is supposed, therefore, that the previous, original stage at
Gorrondatxe (pre-20th century) was that of a dissipative, ridge and run-
nel beach, like the other nearby beaches to the east (Fig. 17a). This is also
suggested by a study of benthic foraminifera in borehole cores along this
beach (Martínez García et al., 2013). Three different foraminiferal associ-
ations have been found: the deepest assemblage represents natural, open
beach sediments clearly deposited prior to the slag discharges. The over-
lying assemblage represents an anthropized beach. The upper assem-
blage, from the topmost part of the cores obtained in the backshore,
suggests a reduced tidal influence, culminating in a presumably aeolian
accumulation of littoral foraminifers (Martínez García et al., 2013).

Later, at the onset of the 20th century, huge amounts of man-made
debris started to be deposited on the sea bottom off Gorrondatxe (and
other western areas of the coast) (Fig. 18). These debris were composed
of sands, gravel and slag, and its deposition continued throughout the
century, in an area that was hitherto more or less stable, giving rise to
a major change in the sedimentary conditions. Once deposited, these
sands, gravels and slag produced a large submarine sediment bank.
Much of the sediment was subsequently moved and accreted onto
Gorrondatxe, but not the other eastern beaches, resulting in a major
change from a dissipative to a reflective beach (Fig. 17a–b). Coastal ac-
cretion and aggradation took place due to the onshore migration of
the bank, which was welded onto the coast, serving as an important
subtidal sand reservoir for the beach (Fig. 17b).

This change involved a change in foraminiferal assemblages fromthose
characteristic of a natural, open beach to an anthropized beach (Martínez
García et al., 2013), and also sedimentary adjustments in the different
beach zones. Thus, the foreshore zone is generally steeper than in the

https://www.geo.euskadi.eus/webgeo00-bisorea/es/x72aGeoeuskadiWAR/index.jsp
https://www.geo.euskadi.eus/webgeo00-bisorea/es/x72aGeoeuskadiWAR/index.jsp


Fig. 17. Evolutionary model for the Gorrondatxe beach over time (19th to 21st centuries). a: pre-20th-century beach based on other nearby beaches (see Fig. 15); the Gorrondatxe beach was
probably a ridge and runnel dissipative beach. The presence of a natural association of open-beach benthic foraminifera is characteristic of these sands (Martínez García et al., 2013). b: 20th-cen-
tury beach (pre-1966); the huge discharge of anthropic deposits and slag in openwaters off the beach resulted in a change in the slope of the beach, the accretion and aggradation of part of these
anthropic sediments, and the subsequent and progressive cementation of the beach sediments, below the surface; as they were constantly buried by new fresh, anthropic sediments, with the
development of beachrock. The benthic foraminiferal association changes to an association dominated by an anthropized assemblage (Martínez García et al., 2013). c: current state of the
beach (post-1966), thebeachandbeachrock areunder activeerosion, causing a return to theprevious state. (For interpretationof the references to colour in thisfigure legend, the reader is referred
to the web version of this article.)
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other eastern beaches (Figs. 15 and17b), and showsa change in slopeboth
seaward, to the upper shoreface, with the development of a low-tide ter-
race and plunge step (with the maximum grain size of the beach), and
landwards, to the backshore, with the development of a relatively flat sur-
face where active aeolian winnowing of sands is common, also allowing
the development of small ponds on this surface (Fig. 17b–c). Notwith-
standing the important accretion of sand onto the beach over the first
part of the 20th century (pre-1966; Fig. 17b), the main change in the
beach was the beachrock development as a self-sustained process due to
the subsequent and progressive cementation, below the surface, of the
loose beach sediments as they were constantly buried by new fresh, an-
thropic sediments. (Fig. 17b), which is clearly related to the presence of
these sediments (Figs. 16–18) since the eastern beaches lack beachrocks.

While the human source of sediment remained stable and more or
less constant throughout the first half of the 20th century, the new reflec-
tive profile and beachrock development were also stable, suggesting that
these sedimentary inputs were rapidly recycled to the beachface. When
the human discharges ended in 1966, the sourcing of sediment and slag
to the beach was cut off. As a result, the equilibrium of erosion and sedi-
mentation changed to favour erosive processes,which started to predom-
inate both in this part and the rest of the beach (Figs. 16c–d and 17c),

The location of beachrock sedimentswithin the current beach also sug-
gests two further points. Firstly, the overall sedimentary system remained
more or less stationary during the development of the beachrock
(Fig. 17b), while the sources of sediment were active (until 1966;
Fig. 18). Beachrock and current beachface zones are found in almost ex-
actly the same relative location on the beach and nearby cliffs. Secondly,
this location clearly suggests a rapid, vertical aggradation and a
20
progradation during the beachrock development (Fig. 17b). Aggradation
and progradation are suggested by the presence of foreshore facies on
top of the upper shoreface facies (Fig. 4). Washover deposits were pro-
duced when storm surges overtopped the foreshore sediments, creating
sheet deposits that extended into the backshore (Fig. 17b). With time,
thesewashover processes increased thewidth of the backshore, providing
environments favourable to the stabilization of aeolian sediments
(Fig. 17b–c), as seen in the present beach (Figs. 15a and 16d).

Several phases of cementation and beachrock development are
clearly indicated by the presence of large beachrock fragments in the
form of clasts within any beach zones (upper shoreface, foreshore and
backshore). The beachrock was eroded, then resedimented within
loose sands and gravels, and cemented again. Along the best-exposed
section of the beachrock (Figs. 2e, 4, and 13a–b), there are three super-
posed bedswith beachrock clasts, which is consistentwith the presence
of several major erosive surfaces along the exposed cliffs (Fig. 4). The
beds with beachrock clasts are beds 7a-7b (with a large erosive surface
at the base), beds 13–14-14b (erosive surface) and beds 17-18-18b
(erosive surface) (Fig. 4). Each of these beds also shows an increase in
grain size, with the presence of gravels at the base.

The causes and origins of these several phases are not well under-
stood. They are clearly visible due to the presence of beachrock clasts em-
bedded in newly formed beachrock. Beachrock clasts are also related to
erosive surfaces. A major sedimentary change thus occurred, either in
the energy of the processes or in the source of sediments. Large storms af-
fect this coast yearly, but this probably causeswhat can be considered the
“normal” lamination discussed in Section 5.1. There are no records of ex-
treme events in the course of the 20th century; such extreme events can



Fig. 18. “Pig Iron” produced by the “Altos Hornos de Vizcaya” from 1902 to 1966 (tons). There is a general trend toward an increase in production over time, with two important minimums in
1917–1922 (related to the end of the 1stWorldWar) and in 1931–1937 (amajor period of political change in Spain, including the start of the Spanish CivilWar). These decreases in production
resulted in a lower contribution of anthropic sediments to the beaches and in beach and beachrock erosion. Large, eroded blocks of beachrock were then included within newly formed loose
sediments and cemented again later. Each ton of pig iron generates 300–600 kg of slag (Apraiz, 1978, p. 351), which produces a final amount of approximately 6–12 million tons. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thus only remain a possibility for beachrock erosion and resedimentation
of large beachrock clasts. Another cause could be the lack of newly pro-
duced human sediments on the marine bank, later to be sourced to the
beach (mainly sand-sized sediments). Currently, it is interpreted here
that the absence of sediments from 1966 onwards caused a change in
the state of the beach from active sedimentation (pre-1966, Fig. 16a–b)
to active erosion (post-1966, Fig. 16c–d). Such a pattern might have oc-
curred in the 20th century related to the decrease in human-derived sed-
iments. There are twomajor periods of sediment depletion in the curve of
sedimentary supply (1917–1922 and 1931–1937; Fig. 18). The periods
where sediments were only partially available to the beach can be pre-
sumed to have caused the occurrence of major sedimentary erosive
events, and the new arrival of fresh and loose sediments to have caused
sediment reactivation; since many active beachrock form in a matter of
less than a year (Frankel, 1968; Friedman, 2011; Wiles et al., 2018).

5.3. Beachrock: its origin and development

Beachrock can be produced by four cementation routes, which
may be complementary: 1) the physicochemical precipitation of a
21
high Mg-calcite content and aragonite from seawater as a result of
high temperatures, CaCO3 supersaturation and/or evaporation;
2) the physicochemical precipitation of a low Mg calcite content
and aragonite, by mixing meteoric water and fresh groundwater
with seawater; 3) the physicochemical precipitation of a high Mg-
calcite content and aragonite by CO2 degassing of water from the
pores of the beach sediment; 4) the precipitation of micritic
calcium carbonate as a by-product of microbiological activity
(Krumbein, 1979; Turner, 2005; Vousdoukas et al., 2007 and refer-
ences herein; see also Khadkikar and Rajshekkar, 2003; Erginal
et al., 2008).

Modern beachrocks are generally restricted to warm climatic belts
between latitudes 35°N and 35°S (Friedman, 2011). In temperate lati-
tudes, seawater is slightly undersaturated in CaCO3, and the presence
of beachrocks is thus rarely recorded in the literature. However, the
contribution of carbonate-enriched meteoric waters seems to trigger
cementation in calcite with a lowMg content (Rey et al., 2004). Initially,
in a water-mixing zone, the higher the temperature reached, the lower
the percentage of seawater required to achieve the supersaturation and
precipitation of carbonate cement (Mauz et al., 2015).
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In this case, the main cementation, with well-developed, drusy,
circumgranular aragonite surrounding all the clasts in the upper
shoreface, is characteristic of a marine phreatic zone, even though it
has not completely filled all the pores, being typical of a saturated ma-
rine environment. Prior to the growth of this cement, very fine micritic
aragonite lamellae were arranged in contact with clast surfaces, show-
ing irregular boundaries with the better-developed, later aragonite
crystals (Fig. 9e). One or both of these types are what were recognized
in previous studies of the area (Knox, 1973; Aizpiri, 1983; García-
Garmilla, 1990; Iturregui et al., 2014; Arrieta et al., 2011, 2017).

However, these earlier papers lack any recognition of the presence of
bacterial activity in the origin and development of the beachrock. Thus,
the triggering, biologically induced carbonated precipitation in the
beachrock seems to be related to metabolic, ureolytic bacterial activity,
such as that of Myxococcus xanthus or other smaller bacteria such as
Brevundimonas diminuta, whose presence is suggested at high magnifi-
cations (Fig. 9g–h).

It should be borne inmind that during the yearswhen the beachrock
was being formed (1902–1966), all the domestic and industrial waste-
water was being discharged into the Bilbao estuary without undergoing
anywater treatment. It was only from 1979 that the “Integral Sanitation
Plan of Metropolitan Bilbao” (Plan Integral de Saneamiento de Bilbao
Metropolitano) was approved by the city council, and from 1990 that
the “Galindo water treatment plant” started working, and the sewage
of 850,000 people was treated and purified (about 350,000,000 l a
day; https://culturacientifica.com, 2020/06/01).

Without the need for light, therefore, the metabolic activity of the
bacteria present in the sediment triggered a significant rise in pHduring
the hydrolyzation of the urea, due to the emission of NH3 and CO2, with
the transformation of NH3 to NH4

+ and the formation of OH−. This
promoted carbonate supersaturation and calcification around the
bacteria, as experimentally demonstrated by Rodríguez-Navarro et al.
(2003) and Rodríguez-Navarro et al. (2007) and confirmed by other
authors (Neumeier, 1998, 1999; Dhami et al., 2013; Ge et al., 2021).

NH3 gð Þ þH2O↔NH4 aqð Þ
þ þ OH aqð Þ

� :

The increase in pH allowed a subsequent rise in the concentration of
CO3(aq)

2− in cultures according to:

CO2 gð Þ þ H2O lð Þ↔H2CO3 aqð Þ↔HCO3 aqð Þ
� þ H aqð Þ

þ↔CO3 aqð Þ
2 �

þ 2H aqð Þ
þ:

In the presence of Ca(aq), some areas might have reached
supersaturation with respect to a carbonate phase (aragonite, vaterite,
calcite), resulting in precipitation following the equilibrium formula:

CO3 aqð Þ
2 � þ Ca aqð Þ

2þ↔CaCO3 sð Þ:

The source of Ca in temperate latitudesmay be bothmarine andme-
teoricwaters, in our casewith an additional supply from the presence of
Ca and Mg silicate slags (pseudowollastonite and gehlenite-
akermanite) in the sediment, derived from the limestone-dolomites
used as fluxes in blast furnaces.

Moreover, the bacteria commonly recognized in karst caves
(Altamira, Tito Bustillo, Candamo in Spain; Grotta dei Cervi in Italy), in
the catacombs of Malta, and with volcanic substrates (Saint Callixtus
Catacombs, Rome, Italy) are usually covered and fossilized by
hydromagnesite Mg5(CO3)4(OH)2 .4H2O and calcium carbonate
polymorphs such as vaterite and aragonite (Cañaveras et al., 1999;
Groth et al., 2001; Sánchez-Moral et al., 2003; Cuezva et al., 2009;
Zammit et al., 2011).

Even so, microbially induced calcium carbonate precipitation via
urea hydrolysis is the simplest and most widely used method for the
precipitation of carbonates in several technical applications pertaining
to the durability of buildings, remediation of the environment, and the
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sequestration of atmospheric CO2 filler material in rubbers and
plastics (Dhami et al., 2013; Bibi et al., 2018).

In the foreshore zone of Gorrondatxe, the different facies are
cemented by fibrous-radial aragonite (c1), with their intercrossing
needles indicating that the environmental conditions have changed
with respect to the upper shoreface zone, although it seems that seawa-
ters are still predominant, with a smaller contribution of meteoric wa-
ters in a vadose environment (Figs. 9; 11). However, the contribution
of the meteoric waters has enough influence to change the habit of
the aragonite. The presence of diatom frustules and coccoliths provides
further evidence of the activity and supply ofmarinewaters (Fig. 10f, h).

The predominance of dark tones in these facies is occasionally mod-
ified by lighter-toned laminations. In these clearer laminations, there is
a meniscus cementation of radially shaped aragonite crystals mixed
with smaller bladed calcite crystals. This suggests that these areas re-
ceived an occasional, but locally important, contribution of seawater,
which was sufficiently retained between the layers to generate a differ-
ent cementation than usual. The loci of nucleation, from which the
growth of the radial aragonite prisms started, correspond to a set of
nanospheres of bacterial origin, fossilized by a carbonate patina in the
form of a clotted micrite (Fig. 12e–g).

Likewise, the beachrock blocks (br1) belonging to the upper
shoreface that have been eroded and included in the foreshore
(Fig. 13a–b) show a more complete diagenetic behaviour over time.
The new environmental conditions have maintained the previous ara-
gonite cements (a), and have precipitated, in favourable empty spaces,
intercrossed aragonite needles (a1) as well as irregular calcite plates
(p) (Fig. 13c–e). Local episodes of corrosionwith intense bacterial activ-
ity (ba1), albeit with different, rod-shaped bacterial cells from those
found in the upper foreshore facies, are also noticeable (Fig. 13f–h).
This indicates the strong sensitivity and rapid response of the cements
to slight changes in the proportion of marine versus meteoric waters
when passing from one beach zone to another.

The simplest explanation for the dissolution of a carbonate cement
without bacterial intervention is contact with CaCO3-undersaturated wa-
ters. All marine, hypersaline and slightly brackish waters are saturated
with respect to aragonite; dissolution always results from the action of
fresh water incorporated in a meteoric vadose environment (Neumeier,
1998; p. 47). This seems to occur in these eroded blocks (br1, Fig. 13),
but the bacterial presence leads us to suggest that the bacteria generated
a drop in pH with a greater contribution of H+ (Konhauser, 2007).

In the supratidal (washover) sediments of the backshore, with
hardly any compaction, a very weak cementation occurs in a vadose en-
vironment with a spongy appearance, which easily breaks down by
mere hand pressure. The clasts are cemented in meniscus, both by acic-
ular aragonite crystals and by rhombohedral calcite crystals, which indi-
cates a mixture of waters conditioned by the successive minor
contributions of marine waters in a supratidal environment with a pre-
dominance of meteoric waters. Depending on whether it occurred in
times of storms or of heavy rains, the washover deposits acted as an
open aquifer, favourable to the development of weak cementation
(Fig. 14c–g). The presence of Coccus-type bacteria fossilized in the
washover sediments of the backshore indicates that metabolic activity
also had a clear impact on the cementation of the sediments in this
zone (Fig. 14h).

6. Conclusions

Data and sedimentary structures alike suggest that Gorrondatxe is a
wave-dominated, mesotidal coastal system and beach. It can be consid-
ered an example of a tidally-modulated shoreface (Dashtgard et al.,
2021), with a clear storm influence evidenced by the presence of
high-turbulence facies and large erosive surfaces probably related to
beach cusp development.

Lithology, bedding and sedimentary structures, and their location in
relation to the current beach reveal upper shoreface, foreshore and

https://culturacientifica.com
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backshore zones within the beachface. The upper shoreface is located
around the low-water level and contains the coarsest grain sizes
(gravels and coarse sands with multidirectional trough and planar
cross-stratification). The foreshore is located in the main intertidal
zone, being composedmainly of sands withminor gravels. A distinctive
low-angle, seaward-dipping, planar-parallel lamination resulting from
swash and backwash wave action is the main facies. Large erosive sur-
faces and channels have also been recognized at the foreshore, the for-
mer representing major sedimentary breaks and the latter the
development of scarce incised channels. The backshore is an area with
a mixture of marine sands (washover) and non-marine sands and
muds (aeolian, subaerial ponds) in a topographically higher position,
above the high-tide water level.

The beach contains a mixture of sand- and gravel-sized sediments.
Of the different types ofmixed sand/gravel beaches, it can be considered
an extreme example of a composite beach (Jennings and Shulmeister,
2002). The facies model represents a fining-upward aggradational and
progradational beach in which the upper shoreface contains the coars-
est grain sizes, being dominated by gravels; coarse to fine-grained
sands and minor gravels occupy the foreshore; and medium to fine-
grained sands with rare layers of gravel predominate at the backshore.

The development of the beachrock is related to blast furnace waste
disposal (Altos Hornos de Vizcaya) off the coast of Bilbao from the be-
ginning of the 20th century. Over the following decades, a large amount
ofwastewas deposited, creating a submarine bank that later became at-
tached to the coast and probably triggered the onset of beachrock ce-
mentation. Eventually, this waste deposit altered the coast so much
that no natural shoreline existed in several places.

Our sedimentological study of the beachrock has further allowed the
beachrock itself to be characterized and provided important informa-
tion regarding the facies relationships and the organization of themod-
ern sediments on the beach. Visual observations of the beachrock along
a transect from the upper shoreface to the backshore clearly indicate
that there are different cements, grain sizes, and degrees of lithification
of the beachrock across the different zones of this transect, suggesting
that the beachrock-related processes, though coetaneous, were not
the same in all these zones and that different cements developed at
the same time. This raises the question of whether previously described
differences in the origin and interpretation of the beachrock could be re-
lated to wider sedimentological aspects of beaches rather than specific
aspects of the beachrock.

There are major differences in the facies cementation of the sands
within these three zones, which can be used as a tool for recognizing
these facies in the stratigraphic record or in well cores when other
kinds of data are not available. The sandstones at the upper shoreface
are hard and well-cemented, with a whitish circumgranular aragonite
cement and good intergranular porosity. The sands at the foreshore
are medium-hard, with an irregular aragonite needle cement, and
show a higher intergranular porosity. The sands at the backshore are
slightly cemented with brown irregular aragonite and rhombohedral
calcite aggregates, and show the highest intergranular porosity.

On the origin of cements, firstly, SEM images showing the presence
of Coccus-type bacteria (cc) in all the different facies and zones of the
beach are the best proof of metabolic activity, probably of ureolytic bac-
teria, in the origin of all these cements. During the hydrolyzation of urea,
there is a significant rise in pH due to the emission of NH3 and CO2 with
the transformation of NH3 to NH4

+ and the formation of OH−, which
favours carbonate supersaturation. On the other hand, most of the
precipitation of the aragonitic cement, with different habits (a; a1;
a1*), is triggered by changes in the percentage of dominant seawater
versus meteoric water. These changes are even capable of redirecting
a second, differentiated cementation in the previously cemented
beachrock blocks (br1) when they are eroded and dragged to the
foreshore. When the cementation occurs in a backshore environment
(washover facies), small aragonite prisms (a2) are also visible, but the
difference is evident with the incorporation of well-developed
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rhombohedral calcite aggregates (r.c), indicative of the important pres-
ence of meteoric waters.

Over the course of the 20th century, Gorrondatxe evolved froma for-
merly dissipative, ridge and runnel beach, like other nearby beaches, to
an active, aggrading and prograding, reflective beach and to an inactive
beach prone to erosion. The anthropic deposition of huge amounts of
man-made debris at the sea bottom off the beach gave rise to a major
change in the sedimentary conditions. A large submarine bank devel-
oped and later accreted to this beach and other nearby ones, resulting
in the change from a dissipative to a reflective beach. Coastal aggrada-
tion and progradation took place due to the onshore migration of this
bank. While the human source of sediment remained stable and con-
stant throughout the first half of the 20th century, the new reflective
profile and the development of the beachrockwere also stable, suggest-
ing that these sedimentary inputs were rapidly recycled to the
beachface. Another major change occurred when the waste discharges
ended in 1966, and the former sediments and beachrock started to be
eroded to their current state.
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