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Abstract

In carbonate coastlines, karst studies have traditionally focused on reconstructing
Quaternary coastal uplift and sea level oscillations. However, their potential for
investigating coastal subsidence remains unexplored in regions with limited sedimen-
tary records and scientific monitoring. In line with this, our study delved into the util-
ity of karst research for deciphering the Quaternary evolution of the Granada coast
in southern Spain—a shoreline marked by a conspicuous scarcity of records and infor-
mation regarding recent tectonic movements. The current labelling data and the
absence of evidence for uplift led to the hypothesis that the Granada coast may be
susceptible to subsidence, though this conjecture remained unconfirmed. While sub-
merged marine terraces were clearly identified, they were previously interpreted as
consequences of sea-level oscillations. Our multidisciplinary approach integrated
karst vadose features, biostratigraphy, and the dating of 22 speleothems to address
the potential uplifting or subsiding dynamics of the Granada coast. The findings indi-
cated that the Granada coast experienced emersion between 3.5/2.4 Ma and 650 ka
ago. Notably, this uplift predated similar occurrences in neighbouring coastal regions
to the W and E, which occurred within the last 200-180 ka. These disparities in
timing cannot be solely attributed to sea-level fluctuations, suggesting the involve-
ment of the tectonic activity during the Quaternary. The tectonic likely led to the
emergence of the Granada coast and its karstification, followed by subsidence. Fur-
thermore, we identified the extensional faults that caused the coastal subsidence,
previously documented in studies conducted in nearby regions. However, until now,
their specific impact on the Granada coast had not been comprehensively stated. In
summary, our research introduces a novel application of classical karst investigations
in the understanding coastal subsidence and the extensional active tectonic. By com-
paring vadose cave ages with established chronologies in adjacent coastal areas, this

approach sheds light on the complex tectonic evolution of coastal regions.
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1 | INTRODUCTION

Karst studies have traditionally been carried out for inferring coastal
uplift worldwide (Faulkner, 2018; Smith & Moseley, 2022), with a par-
ticular focus on the Mediterranean coast (Cerrone et al., 2021; Lucia
et al, 2020), the Caribbean Sea (De Waele et al., 2018; Salgado-
Garrido et al, 2022) and SE of Asia (Authemayou et al, 2018;
Woodhead et al., 2022). The coastal karst exhibits abundant indicators
of paleo-sea-levels, encompassing features like flank margin caves
(Mylroie & Mylroie, 2018), paleo-phreatic conduits (Kampolis
et al., 2022), corrosion notches (Kahlert et al, 2021), phreatic
speleothem overgrowths (De Waele et al., 2017) and other karst
deposits (Valera-Fernandez et al., 2022). Their elevation above sea
level, originally formed at the water table (sea level), provides a means
to quantify coastal emersion (Bini et al., 2020; Mylroie et al., 2017).
The ages of these indicators are typically determined through
methods such as U-decay series analysis on vadose speleothems
(Weij et al., 2022), luminescence techniques on detrital sediments
(Andreucci et al., 2017) and radiocarbon or biostratigraphy applied to
fossil assemblages (Dumitru et al., 2021; Fedje et al., 2021).

Subsidence can affect coastal areas following a period of emer-
sion (e.g., Corrado et al., 2022; Kanwal et al., 2022). In such cases,
continental deposits (vadose salt marshes, peat bogs, deltas, lagoons,
soils and Eemian deposits) and other evidence of uplift (marine ter-
races and tidal notches) become submerged and are frequently
concealed by seawater and marine sediments (Figure 1b). This circum-
stance poses substantial limitations on direct observations and subse-
guent interpretations (Mattei et al., 2022).

While the Western Mediterranean coastline boasts numerous
cliffs, marine terraces, raised beaches and emerged marine deposits
(Figure 2a) (Khan et al., 2019; Rovere et al., 2023), the Granada coast
(Figure 2b) stands out due to the absence of clear uplift evidence,
despite its location at the base of the Betic Cordillera (3479 m eleva-
tion). This cordillera exhibits tectonic activity, but its precise under-
standing remains a topic of discussion. Multiple active structures have
been identified in Betic Cordillera through multiple approaches,
including investigations of specific tectonic features (Madarieta-
Txurruka et al., 2022), seismic analysis from inland to offshore (Lépez-
Sanchez et al., 2022), magnetic susceptibility assessments (Anastasio
et al., 2021), electric tomography imaging (Porras et al., 2022), gravity
surveys (Tendero-Salmerdn et al., 2020), Global Navigation Satellite
System (GNSS) data (Galindo-Zaldivar et al., 2022), surface velocity
mapping (Galve et al., 2017), relief index analysis (Medina-Cascales
et al, 2021) and tufa/travertine chronology (Larrey et al., 2020).
Sometimes, these methods yield controversial conclusions, necessitat-
ing the exploration of additional evidence to infer uplifting and subsid-
ing processes.

The Quaternary tectonic history of the Granada coast remains
enigmatic due to limited sedimentary records and the absence of clear
uplift evidence, despite known active faults and folds in neighbouring
areas. Precise levelling data suggested that Granada coast is des-
cending at the present (Giménez et al., 2000), and Sanz de Galdeano
(2006) tentatively suggested the occurrence of emerged marine ter-
races but lacked definitive evidence. In contrast, Martinez-Martos
et al. (2016) identified buried marine terraces at depths of 26 to
110 m below sea level, linked to sea-level oscillations according to

their interpretations. Thus, the Granada coast, characterized by a

marble and schist shoreline, presents a potential case for active tec-
tonics, perhaps uplift or subsidence. This context provides an ideal
opportunity to apply karst records to investigate Quaternary uplift or
subsidence. However, before mentioned karst indicators of paleo-sea
levels are absent along the Granada coast due to their non-formation,
preservation or identification. To address this gap, we conducted an
investigation of vadose karst features in three study areas along the
Granada coast, utilizing cave survey data, geomorphological analysis,
paleontological records and speleothem dating. The applied research
approach utilizes karst deposits for a novel purpose, demonstrating
their potential in elucidating the long-term coastal evolution over a
10°-year temporal scale, particularly in regions where substantial evi-
dence of sea-level fluctuations and coastal sedimentation is lacking.

2 | STUDY AREA

The coast of Granada Province (36°44’N, 3°31'W), located in south-
ern Spain (Figure 2b) exhibits littoral mountain ranges (up to 832 m
elevation) formed during the Alpine orogeny. The coastline is domi-
nated by cliffs up to 150 m high (Figure 3), occasionally interrupted by
fluvial deltas (Fernandez-Salas et al., 2007; Jabaloy-Sanchez
et al., 2010, 2014), pebble-cobble bays associated with Holocene
infralittoral prograding wedges (Fernandez-Salas et al., 2009), and
prodeltaic sedimentary formations (Barcenas et al, 2011; Lobo
et al., 2006). The shelf break is situated at approximately 110 m depth,
marked by the presence of incising submarine canyons (Figure 3),
located within 100-500 m from the shoreline (Cerrillo-Escoriza
et al., 2023; Ortega-Sanchez et al., 2014). The coastal landscape has
been subject to modifications resulting from landslides and human
activities (Barra et al., 2022; Mateos et al., 2017; Notti et al., 2015),
exacerbating local coastline retreat (Bergillos & Ortega-
Sanchez, 2017), within the context of ongoing local sea-level rise
(Serrano et al., 2020).

The climate of the Granada coast is Mediterranean, classified as
Csa according to the Koppen-Geiger climate classification, character-
ized by temperate winters and warm, arid summers (Cunha et al., 2011).
The average annual temperature is 18°C, with an annual precipitation
of approximately 420 mm and very high evapotranspiration rates. The
climate was predominantly dry over the past 200 ka, as indicated by
nearby Quaternary records (Alvarez-Lao et al., 2009; Jordd Pardo
et al, 2011), with a positive precipitation/evapotranspiration balance
during glacial periods (Camuera et al., 2018).

The Granada coast is situated within the internal zone of the
Betics-Rif orogen, an arc-shaped mountain belt surrounding
the Gibraltar strait, formed by the convergence between the
European and African tectonic plates from the late Cretaceous to the
present day (see Gomez de la Pefa et al.,, 2021, and references
therein). In detail, the geological composition of the Granada coast
consists of Palaeozoic-Triassic phyllite, quartzite and schist-, and
Triassic marble (Figure 3) (see Marin-Lechado et al., 2009). The
geological structure comprises recumbent folds, with minor folds
observed in their limbs, influenced by major and local faults, as well as a
high density of joints and tectonic foliations (Azafnén & Crespo-
Blanc, 2000; Simancas, 2018). The Triassic marble is traditionally
regarded as a karst aquifer with significant fissueation and a low degree
of internal karstification (Andreo et al., 2018; Montiel et al., 2018). This
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FIGURE 1 Karst cave features commonly employed as geomorphological indicators of coastal uplift (a) and sea-level rising (b) provide
valuable insights into the Quaternary evolution of coastlines composed of calcareous rocks (after Bini et al., 2020; Mylroie & Mylroie, 2018;
Mpylroie et al., 2017; Van Hengstum et al., 2015). Flak margin caves are mixing dissolution chambers formed in the contact between fresh and
saline groundwaters; phreatic-epiphreatic caves derived from fresh phreatic groundwater flow. Calculation of potential coastal uplifting or
sea-level rising rates would be stated by the combination of geomorphological indicators and chronological data. [Color figure can be viewed at

wileyonlinelibrary.com]

aquifer is bounded by schist, quartzite and phyllite of low permeability
and extends inland (Figure 3), where the primary recharge occurs
through rain infiltration via karst surfaces and depressions (Andreo
et al.,, 2018; Gonzalez-Ramén et al., 2017; Lépez-Chicano et al., 2002;
Martos-Rosillo et al., 2015). Groundwater exchange occurs between
karst and detrital coastal aquifers, constrained by saltwater intrusions
(Calvache et al., 2020) and tidal influences (Blanco-Coronas et al., 2021,
2022). The primary discharge of the karst aquifer occurs through

springs, with some, such as those at Cantarrijan beach and Cerro Gordo
cape outlets (Figure 3), being submarine, as evidenced by the occur-
rence of low-salinity seawater and anomalies in ?2Rn and 224Ra off-
shore (Montiel et al., 2018). Speleological groups (Grupo de Actividades
Espeleoldgicas de Motril and others) have reported the existence of karst
caves within three marble coastal areas, which form the focal points of
this study (Figure 3): (1) Cerro Gordo cape, (2) Punta de la Mona cape

and (3) Calahonda karst. These capes feature promontories at altitudes
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FIGURE 2 (a)Sea-level indicators related to the Betic-Rif orogen in the Western Mediterranean Sea according to the Atlas of Last
Interglacial Shorelines-WALIS (Khan et al., 2019; Rovere et al., 2023). Zones of the Betic-Rif orogen are after Moragues et al. (2021). (b) Southern
Iberian Peninsula showing uplift evidence detailed in many geomorphological studies (Bardaji et al., 2015, 2022; Goy et al., 2003; Goy &

Zazo, 1986, 1989; Hillaire-Marcel et al., 1986; Lario et al., 1993; Zazo et al., 1984, 1994, 1999, 2003, 2008, 2013; Zazo & Goy, 1989, and
references therein) and reported coastal areas affected by uplifting or subsiding (after Galve et al., 2020). [Color figure can be viewed at
wileyonlinelibrary.com]
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of 232 and 126 m, located in the westernmost section of the Granada
coast. To the east, Calahonda karst encompasses minor capes, cliffs,
coves and steep slopes between the Calahonda and Castell de Ferro

villages.

3 | METHODOLOGY

The conventional application of karst studies for deducing the evolu-
tion of a calcareous coastline primarily relies on phreatic cave features
and submerged/phreatic speleothems formed at the water table (sea
level) in the past (see Mylroie & Mylroie, 2018; Van Hengstum
et al., 2015). However, in the Granada coast, such features have not
been identified, at least not within the explored emerged karst. This
absence can be attributed to the extensive fracturing and limited
karstification of the marble aquifer (Andreo et al., 2018; Montiel
et al, 2018) due to the low annual precipitations along the last
200 ka. To bridge this knowledge gap, we have turned to vadose
deposits following Van Hengstum et al. (2015) and Lucia et al. (2020).
The deposits of continental origin (vadose speleothems and land fos-
sils) help us gain insights into areas that have already emerged at dif-
ferent times. This approach enables us to make tentative estimates of
the maximum sea level (Van Hengstum et al., 2015) and the minimum
extent of the vadose zone during different periods using vadose
speleothems ages (Figure 4). The methodological approach relies on
considering only the oldest speleothems at each elevation as refer-
ence points. It is crucial that the ages of all considered speleothems
remain internally consistent, establishing a chronological sequence
that increases in age with altitude. These historical boundaries are
depicted by isochrones, although their positions are approximations

due to inherent method limitations.

3.1 | Cave geomorphology survey

Cave geomorphology analysis was conducted to characterize the karst
cavities along the Granada coast, utilizing speleological survey data
and mapping of vadose features performed during fieldwork. The

karst caves explored and surveyed by the Grupo de Actividades
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FIGURE 4 Conceptual model illustrating the use of vadose karst
deposits to estimate the vertical extent of the vadose zone at
different time intervals. Each time is associated with tentative
isochrones determined by the chronology of the oldest vadose
speleothems for each altitude. Younger speleothems at each altitude
are not considered. Age values are provided solely for illustrative
purposes. [Color figure can be viewed at wileyonlinelibrary.com]
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Espeleolégicas de Motril (Spain) were integrated into ArcGIS to com-

prehensively analyse their geometry and morphology. The workflow,
as detailed in Ballesteros et al. (2015), involved the following steps:
compilation of UTM coordinates for cave entrances; collection of orig-
inal survey cave data generously provided by speleological groups;
restoration of virtual cave survey lines from historical cave maps; and
generation of a shapefile containing cave survey 3D lines within Com-
pass software. This included polar coordinates such as real length,
direction and dip, as well as vertical and horizontal diameters of cave
passages and projection of cave entrances and survey 3D lines within

ArcGlIS for comprehensive analysis and visualization.

3.2 | Vadose speleothem ages

Twenty-two strategically selected karst deposits were sampled and
dated using the U/Th method to establish their chronology. The
objective was to target vadose speleothems formed directly on
the bed-rock to approximate the minimum age of the karst features.
However, the study area caves were rich in speleothems and break-
down deposits, making it challenging to meet our sampling require-
ments. To address this, we opted to sample speleothems from the
exokarst, where the contact between flowstone and bed-rock is
exposed. In total, we collected 15 flowstones from the exokarst sur-
face and four speleothems from the endokarst along the Granada
coast. In addition, three samples have been collected from the Malaga
coast to support the further interpretations. Among these, two flow-
stone samples preserved in the exokarst in Nerja, while the third was
obtained from a tufa deposit near Maro, previously investigated by
Duran (1996). Optical microscopy analysis revealed that all
speleothem samples exhibited columnar textures without any diage-
netic features, such as micritized crystals, lateral overgrowths or cor-
rosion evidence. This suggests that the geochemical system remained
closed after precipitation. The procedures for sampling, sample prepa-
ration, laboratory processes and calculations employed in the
speleothem dating follow Cheng et al. (2000) and are detailed in
Section 1 of the supporting information. Speleothem ages were
reported in years before present (1950), along with associated two

sigma (20) uncertainties.

4 | RESULTS

4.1 | Karstcaves and speleothems

In the Cerro Gordo cape (study area 1), 11 caves with a total length of
330 m are documented (Figure 5a), as well as unroofed and filled karst
cavities preserved at the surface. Here, the sample GOR-11 was col-
lected at 178 m elevation from a speleothem formed within a relict
cave with fracture shape (Figure 5b). Las Palomas cave (Figure 5¢), a
marine cavity measuring 110 m in length with a 35-m vertical range,
was formed by wave action along a local phyllite bed inclined at 40° to
the SW. Within the cave, a ramp of marble boulders is covered by small
flowstone and stalagmites at the upper part (Figure 5d). Samples GOR-
12 and GOR-13 were collected from flowstone and stalagmite forma-
tions directly atop a fallen boulder. Espinosa cave, a fracture-shaped

shaft spanning 128 m in length and with a vertical range of 128 m,
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FIGURE 5 (a) Karst area of Cerro Gordo cape (study area 1 of Figure 3) showing the main karst caves and speleothem dates. (b) View of the
Cerro Gordo cape from the S. (c) Longitudinal section of Las Palomas cave; showing the dated stalagmite (the cave survey is courtesy of Grupo de
Actividades Espeleoldgicas de Motril). (d) Extended longitudinal profile of the Espinosa shaft (surveyed by Comité Départamental de Spéléologie
du val d'Qise), where the dated flowstone is depicted. [Color figure can be viewed at wileyonlinelibrary.com]

developed along a N-S trending fracture. This cave boasts abundant
breakdown deposits and numerous speleothems, including dripstone
and flowstone formations on the cave walls and ceiling. Sample GOR-
16 was acquired from a flowstone within the cavity (Figure 5e).

The Punta de la Mona cape (study area 2) only shows relict caves
with fracture form and filled by speleothems (Figure 6a). A sample of

flowstone PLM-02 was collected from a fracture located at an altitude

of 58 m while flowstone PLM-01 is associated with a 40 m-long frac-
ture located at the southeastern most cape (Figure 6b). The fracture
displays flowstones and stalactites precipitated on the fracture walls
(Figure 6c,d), as well as a cemented detrital infill with gastropods (see
Section 4.2) deposited on speleothems.

Speleological expeditions have recently documented 78 karst

caves within the Calahonda karst region (study area 3), extending over
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FIGURE 6 (a) Karst area of the Punta de la Mona cape (study area 2 of Figure 3) showing the main karst caves (without significant
speleothems) and the position of the studied fracture. (b) Flowstone PL-02 precipitated within a fracture. (c) Fracture examined in the
southeastern most cape, where the speleothem PLM-01 was collected. (d) Top view of flowstone PLM-01 precipitated on fracture walls. (e) Top
view of other speleothems covered by detrital cave deposits. [Color figure can be viewed at wileyonlinelibrary.com]

a cumulative length of approximately 3.8 km. These caves are distrib-
uted across an elevation range from sea level to approximately 600 m
(Figure 7). They exhibit the distinctive form of vadose fracture-shaped
canyons and shafts (see Figure S1A-C for visual reference), with
depths reaching up to 78 m. Within these cave systems, one can
observe straight passages characterized by rectangular transversal
sections, with dimensions typically spanning between 0.5 to 2 m in

width and a height of less than 20 m. Cave passages have partial

fillings composed of breakdown deposits, speleothems (including sub-
stantial flowstones and well-formed dripstones), and detrital sedi-
ments (Figure S1C-F).

The cave formation primarily arose from the expansion of existing
fractures, bedding planes and tectonic foliations. The presence of
speleothems is a prevalent feature within the Calahonda karst, with
these formations cover frequently the entirety of cave walls and

floors. This dense speleothem coverage often complicates the
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FIGURE 7 (a) Calahonda karst area (study area 3 of Figure 3) showing main karst caves. The geology is after Marin-Lechado et al. (2009) and
cave surveys are from Grupo de Actividades Espeleoldgicas de Motril. (b) U/Th dates projected on a NW-SE cross-section whose location is shown
in (a). [Color figure can be viewed at wileyonlinelibrary.com]

4 Geochronology

¢ New U/Th age
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Beach deposit
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ESR age: ca. 120 ka U/Th age: 46 + 7 ka
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FIGURE 8 Nerjaarea (Malaga coast) where three samples have been collected to support the further discussion. The geomorphology and
geology are after Guerra-Merchan et al. (2004) and Marin-Lechado et al. (2009). The location of Figure 8 is shown in Figure 3. [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 9 |Iberus cf. alonensis preserved within karst deposits from the Granada coast: (a, b) fossil remains in Punta de la Mona cape (study
area 2) and (c, d) fossil shells discovered in the Calahonda karst (study area 3). Panel (b) shows the comparison between a fossil shell and a
modern Iberus cf. alonensis from the study area (Frigiliana, Province of Malaga), belonging to the personal collection of D. Moreno. [Color figure

can be viewed at wileyonlinelibrary.com]

collection of direct samples from the flowstone bottom. However,
erosion processes regularly unveil solidified cave infill at the surface,
clearly exposing the juncture between speleothems and underlying
bed-rock. In this specific geological context, vadose flowstones have
managed to endure and persist within the karst caves and infill
deposits. Fourteen flowstone samples were meticulously collected,
spanning from the tidal zone to an elevation of 220 m (Figure 7b).

Furthermore, to enhance our discussion, we carried out three
new U/Th dating analyses along the Malaga coast (Figure 8). Our com-
prehensive research in this coastal region primarily concentrated on
the geomorphology (Guerra-Merchan et al., 2004; Lario et al., 1993,
and references therein), with a particular focus on the Nerja cave, situ-
ated at an altitude of 150 m (Duran, 1996). Within the vicinity of
Nerja village, we extracted two speleothems within excavations at ele-
vations of 75 and 30 m, namely, NER-02A and NER-02B. Additionally,
we determined a new age for the Maro tufa deposit for confirming
the previous chronology carried out by Duran (1996).

4.2 | Paleontological evidence

Gastropod shells have been discovered within karst deposits from
both Punta de la Mona cape and Calahonda karst (Figure 9). The gas-
tropods are pulmonate land snails belonging to the genus Iberus,
which is endemic to the Iberian Peninsula. This discovery confirms

that karst infill is of continental origin. The shells correspond probably

to Iberus alonensis according to their size (3-4 cm diameter), globular
shape without keel (Figure 9b) and geographic and temporal
distribution (Elejalde et al., 2005). It is worth noting that Iberus is a
polyphyletic genus consisting of highly variable and polymorphic spe-
cies, as well as many cases of hybridization. Thus, its taxonomy is cur-
rently being debated based on ongoing molecular polygenic analysis
(Elejalde et al., 2008; Neiber et al., 2021). According to Neiber et al.
(2021), the divergence time between Iberus cf alonensis and other
related taxa would occur between 3.5 and 2.4 million years ago, pro-
viding a maximum reference age for the gastropod fossils found along
the Granada coast.

43 | Speleothem ages

The speleothem samples analysed by U/Th dating (Table 1) exhibit
the requisite content of 2°U for the dating method, ranging usually
between 100 and 300 ppb. Notably, GOR samples stand out with
values reaching up to 2 and 7 ppm, which further substantiates the
robustness of the ages. The possibility of contamination by detrital
230Th is not relevant for most samples as is suggested by high
280Th/2%2Th ratios (>10). Overall, the obtained chronological data are
robust and reliable. Among the samples, 10 are in secular equilibrium
(**°Th/?38U w 1) with low & 2**U measured, and thereby, its precipita-
tion took place prior to 650 ka. The remaining 12 speleothems cover

a wide time range, from recent times to going back near the limit of
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U-Th ages of speleothem collected in Granada coast and surroundings of Nerja (Méalaga coast).

TABLE 1

Sample Altitude  2%%U 2%2Th 230Th/232Th

number (m) ppb ppt Atomic x10~¢

GOR-11 188 240.0 2676 + 54 1488 + 30
+0.9

GOR-12 31 7323.3 601 +12 136 077
+31.5 + 2838

GOR-13 31 2206.3 199 715 7+0
+9.0 + 4062

GOR-16 121 7875.4 21 044 171
+62.2 + 455

PLM-01 4 150.9 3731 +78 661+ 14
+0.2

PLM-02 50 3714 11 871 517 £ 10
+0.8 + 239

MVC-02 112 101.9 9669 + 195 112+ 2
+0.3

FIT-04 71 46.1+0.1 2631+53 2906

FIT-05 99 156.0 8945 + 180 282+ 6
+0.3

ZAM-02 14 2791 58 945 81+2
+1.2 + 1203

ZAM-04 51 123.0 1004 + 20 2050 + 41
+0.1

CRA-01 183 188.9 4007 + 80 777 £ 16
+0.2

LRI-03 1 198.8 33 619 99 +2
+0.3 + 674

LRI-08 39 225.8 312 293 130
+1.2 + 6252

LRI-14 114 165.1 11 280 246 5
+0.1 + 226

LRI-19 158 158.9 27 589 67+1
+0.1 + 556

LRI-22 46 145.0 37 015 66+1
+0.1 + 741

CDF-01 71 1251 3444 + 70 600 £ 12
+0.5

CDF-02 28 269.4 107 521 42 +1
+0.9 +2181

NER-02A 61 353.9 163 346 361
+0.5 + 3274

NER-02B 36 215.2 11 975 257+ 6
+0.6 + 242

MAR-01 26 591.7 859 749 110
+25 +17 557

230Th age 230Th Age©

5 242 230ThH /238y Uncorrected 8 2%, ia”  Corrected

Measured  Activity a Corrected aBP

70+37 1.0057 >650 000
+0.0040

0.5+20 0.6777 123 346 1+3 123 344
+0.0032 + 1193 +1192

15.5 0.0366 4005 + 92 16+7 1309 + 1859

+73 +0.0008

4.9 0.0028 306 + 11 5+ 14 158 + 56

+14.3 + 0.0001

51.2 0.9905 287 540 115+ 6 286 820

+23 +0.0032 + 5883 + 5868

13+1.8 1.0028 >650 000
+ 0.0025

70.4 0.6470 99 723 93+ 6 97 096

+43 +0.0032 + 1080 +2088

49+1.8 1.0043 >650 000
+0.0021

33+19 0.9803 406 035 10+ 6 404 296
+0.0024 + 15585 +15385

35.6 1.0323 449 529 125 + 23 443 852

+4.0 + 0.0066 + 53292 +50 631

10.7 1.0144 >650 000

+15 +0.0016

59+13 1.0001 524 934 26+ 6 524 247
+0.0016 +32 137 + 31953

76+15 1.0135 >650 000
+0.0020

75.2 1.1203 >650 000

+53 +0.0071

44+10 1.0188 >650 000
+0.0020

42 +1.2 0.7027 131 008 6+2 125793
+0.0028 + 1075 + 3782

13.8 1.0249 >650 000

+1.2 + 0.0035

1.3+3.8 1.0022 >650 000
+ 0.0045

12.7 1.0247 >650 000

+39 +0.0068

18.5 1.0179 527 969 79 15 514 690

+1.5 +0.0043 + 65 814 +58 293

724 0.8661 173 481 118 6 171951

+3.3 +0.0128 + 6308 + 6310

69.3 0.9840 255 268 125 15 209 509

+4.6 +0.0090 + 10 408 + 35 905

Note: Error is expressed as two times the standard deviation (20). U decay constants: |35 = 1.55125-10~2° (Jaffey et al., 1971) and |34 = 2.82206-107°
(Cheng et al., 2013); Th decay constant: |30 = 9.1705-10¢ (Cheng et al., 2013). Corrected 23°Th ages assume the initial 22°Th/?32Th atomic ratio of 4.4
+ 2.2 -107%. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/2%8U value of 3.8. Errors are arbitrarily assumed to be

50%.

R 234U = ([234U/238U]activity - 1)1000
B§ 234U, itial Was calculated based on 2%°Th age (T), i.e., d®**Ujnigia) = d23*
“BP stands for Before Present where Present is the year 1950 CE.

the U/Th method, with dates spanning from 1 + 2 ka to 524 + 32 ka.
The uncertainties (20) of seven speleothems represent 1%-4% of the
obtained age, while the error of three datings (samples ZAM-02, NER-
02A and Mar-01) accounts for 11%-17% of the obtained age. These

Umeasured €

1234.T

uncertainties are considered acceptable for the purposes of the study.
Only the most recent two samples exhibit a significant error, with
values of 35% and 142% of the age, respectively. These discrepancies

only indicate that these speleothems are very recent. The 12 dates
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revealed that speleothem formation along the Granada coast predom-
inantly occurred during interglacial marine isotope stages (MIS)
13,11, 7, 5 and 1, with few exceptions during glacial MIS 8 and 6.

5 | DISCUSSION

51 | Long-term subsidence in Granada coast

The geomorphological evidence (Section 4.1) indicates that the karst
caves explored along the Granada coast originated within the vadose
zone, above sea level. Furthermore, paleontological findings
(Section 4.2) suggest a maximum age of 3.5-2.4 Ma for the Granada
coast, while the minimum age exceeds 650 ka based on the oldest
speleothems (Section 4.3). Consequently, it is reasonable to infer that
the emergence and Kkarstification of the Granada coast occurred
within a time period between 3.5/2.4 Ma and 650 ka ago. Notably,

the Calahonda karst contains vadose flowstone older than 650 ka and

preserved within the present tidal zone. As this speleothem cannot
have formed here (Ballesteros et al., 2017), these speleothems should
precipitate during periods of lower relative sea levels.

The evidence of uplifting processes along the Granada coast
(3.5-2.4 Ma to >650 ka) predates those observed in the neighbouring
Malaga and Almeria coasts (Figure 2B). The western Malaga coast was
emerging during the Late Pleistocene (Lario et al., 1993) while the
uplift affected the Campo de Dalias coastal plain in eastern Almeria
shore over the last 180 ka ago (Goy et al., 2003; Goy & Zazo, 1986;
1986; Zazo et al, 1994, 2013; Zazo &
Goy, 1989). Contrastingly, no evidence of coastal uplifting during the

Hillaire-Marcel et al.,
Late Pleistocene has been found in the Granada coast. The
speleothems found in Granada coast, dating back more than 650 ka,
have been reported at altitudes similar to the Upper Pleistocene sedi-
ments extensively documented in the Malaga and Almeria coastlines
(Figure 10). These chronological disparities observed among Malaga,
Granada and Almeria cannot be solely attributed to sea-level fluctua-
tions. Given their proximity, these coastal regions are affected by
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FIGURE 10 Vadose speleothems of the Granada coast (dated within this work), alongside uplift evidence from the Malaga and Almeria
shores, on the maximum relative sea-level oscillation envelope, as determined by relative sea-level (RSL) curves (Rabineau et al., 2006). Malaga
and Almeria coasts exhibit substantial uplift evidence since 200 ka, in contrast to the absence of reported uplift evidence along the Granada

coast. [Color figure can be viewed at wileyonlinelibrary.com]
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similar eustatic influence. Hence, it is implied that tectonic processes
impacted the Granada coast after its emergence and Kkarstification.
The tectonic movement should be a subsidence, which has led to the
gradual descent of the coast, resulting in the repositioning of ancient
speleothems to their current proximity to sea level.

The contemporary placement of vadose speleothems within the
tidal zone of the Calahonda karst (Section 4.1) can be attributed to
the subsidence phenomenon and sea-level oscillation, which combina-
tion is also plausible. These speleothems may have initially precipi-
tated at higher elevations, descending gradually to their current
location. Alternatively, they could have formed during a sea-level
lowstand and later sea level raised up to the position of the
speleothem. This explanation is unlikely because speleothem
deposition typically occurs during interglacial stages (Figure 10), often
coinciding with high sea levels (Aranburu et al., 2015).

The coastal subsidence hypothesis aligns with precise levelling
data obtained by Giménez et al. (2000), spanning from the Almeria

(a) Quaternary geological
- structures
4 - Antiform
~ —= strike-slip fault
~ — Normal fault
Carbonate areas
[0 Tufa deposit
Middle Triassic marble

=

(Cape]
> : Soka oo

Malaga coasti

shore to the eastern Mélaga coast, which indicates a present-day rela-
tive general descent of the Granada coast at a rate of 1-2 mm-a—%. At
a local scale, this subsidence is concurrent with the Holocene marine
transgression observed in the infralittoral and coastal deposits of
Carchuna-Calahonda (e.g., Fernandez-Salas et al., 2009), the pro-
gradation of the Guadalfeo delta (Jabaloy-Sanchez et al., 2014; Lobo
et al., 2006) and the presence of buried shore platforms in Carchuna-
Calahonda (Martinez-Martos et al., 2016). Although these abrasion
platforms are currently situated 26-110 m below sea level, they likely
formed near the mean high tidal mark and the wave base
(Howell, 2005). Martinez-Martos et al. (2016) suggested that these
buried shore platforms may have formed due to sea-level oscillations
over the last approximately 150 ka, based on a comparison between
the eroded platform positions and the relative sea-level (RSL) curve.
However, there is a lack of dating evidence to support this chronol-
ogy. Coastal subsidence may have contributed to the descent of these

platforms after their formation in the nearshore environment.
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FIGURE 11 (a) Quaternary tectonic structures related to the subsidence of the Granada coast (see Section 2 of the supporting information).
Carbonates extension is after Marin-Lechado et al. (2009) and bathymetry model is from visor Cartografiado Marino (www.infomar.miteco.es/
visor.html) of Ministry of Agriculture, fisheries and food of Spain. The location of Figure 11a is shown in Figure 2b. (b) Speleothem ages (obtained
in this work) and other chronological data projected on the cross-section along Méalaga, Granada and Almeria coast. Only the oldest date of Nerja
cave (Duran, 1996) is depicted. Marble areas are represented schematically on the cross-section. The older speleothem isochrone of 200 ka
(which means a past sea-level position) is approximately depicted to illustrate the subsiding processes and the potential effect of the Quaternary
faults. Current vertical velocity recorded by Giménez et al. (2000) using topographic levelling are indicated. Vertical scale is exaggerated 20 times.
[Color figure can be viewed at wileyonlinelibrary.com]
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5.2 | Unveiling the influence of active tectonics on
coastal subsidence

Quaternary tectonic uplift has been observed in the limits among Malaga,
Granada and Almeria coasts (Figure 11a). The eastern boundary of the
subsiding Granada coast aligns with the Balanegra active fault zone (BFZ)
and other normal faults that contributed probably to the gradual sinking
of the coast and the simultaneous uplift of the Campo de Dalias coastal
plain along the Almeria shore (Galindo-Zaldivar et al., 2013; Marin-
Lechado et al., 2005, 2010; Martinez-Diaz & Hernandez-Enrile, 2004)
since approximately 180 ka (Goy & Zazo, 1986).

Figure 11b presents a cross-section along the Granada coastline,
illustrating the speleothem dates obtained in this study along with
other deposits dated in previous research. Additionally, the cross-
section highlights the geological structures that explain the coastal
subsidence. The former sea level is discerned through isochrones,
defined by older speleothems along the coast. U/Th dating of coastal
speleothems (Section 4.3) and previous geochronological data reveal
an increase in age from Nerja (Malaga coast) to the Calahonda karst
(Granada coast), indicating that older speleothem isochrones, such as
the 200-ka isochrone (Figure 11b), are tilted toward the E. This incli-
nation is likely associated with the BFZ and other normal faults along

the Almeria coast, which would displace the isochrone of 200 ka.

w

Malaga coast
(a)
4 74N

Granada coast

-WILEYL*

Unfortunately, the exact vertical displacement caused by these faults
cannot be precisely determined, but it is estimated to be less than
150 m during the Pleistocene, consistent with previous tectonic stud-
ies (Galindo-Zaldivar et al., 2003, 2013; Martinez-Diaz & Hernandez-
Enrile, 2004; Pedrera et al., 2012). At the boundary between the
Malaga and Granada coasts, the 200-ka isochrone was likely
influenced by the SW-dipping Frigiliana and La Herradura faults
(Figure 11b), which exhibit extensional and oblique strike-slip move-
ments (Ruano, 2004; Ruano et al., 2004). Both faults caused the eleva-

tion of Cerro Gordo and Punta de la Mona capes at the coastline.

53 |
deposits

Coast evolution based on vadose karst

The positioning in both space and time of the vadose speleothems,
coupled with the unearthing of paleontological findings, and the dis-
cernment of active geological structures, collectively enable a compre-
hensive reconstruction of the tectonic history of the Granada coast,
as illustrated in Figure 12. Faults become evident in the later stages of
tectonic evolution, as indicated by sedimentary records (see Section 2
of the supporting information). However, faults may have been active

even before their visible manifestation.
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FIGURE 12 Tectonic contribution to the Quaternary evolution of Granada coast: (a) uplifting of Malaga, Granada and Almeria coasts before
650 ka. (b) Coastal uplifting at ca. 200 ka. (c) Uplifting of Malaga and Almeria coasts and subsiding of Granada shore after ca. 200 ka due to
mainly Balanegra fault zone (BFZ). (d) Uplifting of the Malaga and Almeria coasts and subsiding of Granada at present according to Figure 11b.
The evolution of the coast is additionally influenced by minor faults, which are represented only in sections E and D for clarity. These structures
may have been active in earlier stages. Fault vertical slips are tentative and are based on previous works detailed in Section 2 of the supporting
information. Sea-level oscillations are not shown. Vertical scale is exaggerated 20 times. [Color figure can be viewed at wileyonlinelibrary.com]
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Following the coastal emergence prior to 650 ka (Figure 12a) and
subsequent uplift until around 200 ka (Figure 12b), the Granada coast
underwent descent and eastward inclination of ~0.15° due to the
extensional activity of the BFZ. This resulted in an asymmetric subsi-
dence pattern (Figure 12c,d). The BFZ has been active during the Late
Pleistocene, supported by sedimentary and tectonic evidence in the
Campo de Dalias coastal plain (Goy & Zazo, 1986; Hillaire-Marcel
et al., 1986; Marin-Lechado et al., 2010; Pedrera et al., 2012; Zazo
et al., 2003). Additionally, other extensional faults have led to local
vertical displacements along the Granada coast, affecting Upper
Pleistocene-Holocene coastal deposits (Barcenas et al., 2011; Lario
et al., 1995; Ortega-Sanchez et al., 2014). The isochrone of 200 ka
may be impacted by these faults; however, the displacements are ten-
tatively depicted in order to construct a cohesive evolutionary model.
The Frigiliana faults, for instance, caused the uplift of the Cerro Gordo
cape (Figure 11b) at a maximum rate of 0.28 m-a~%, as inferred from
the altitude (35 m) and age (123 + 1 ka) of speleothem GOR-12 found
in Las Palomas marine cave (Sections 4.1 and 4.3). This uplift rate is
comparable with the velocities of uplift reported in the western
Malaga coast during the Quaternary (Figure 3; Duran, 1996). Ulti-
mately, the subsidence of the Granada coast is linked to the westward
displacements of the central Betic Cordillera relative to the stable Ibe-
rian Peninsula, influenced by extensional and strike-slip structures
(e.g., Booth-Rea et al., 2004; de Lis Mancilla et al., 2015; Galindo-
Zaldivar et al., 2022).

5.4 | Application of karst records on coastal
subsiding research

Utilizing karst records to examine coastal subsidence provides valu-
able insights into the processes that have impacted the Granada coast
since its emergence and Kkarstification, driven by Quaternary exten-
sional faulting. Despite the limited availability of onshore sedimentary
records with chronological data, karst studies have yielded significant
findings. Traditionally, flank margin and phreatic-epiphreatic caves are
the go-to sources for inferring ancient sea levels (see Mylroie &
Mylroie, 2018). However, following Van Hengstum et al. (2015) and
Lucia et al. (2020), we took a different approach in our study by inves-
tigating the positions and ages of vadose speleothems and detrital
deposits of continental origin. These data allow for the identification
of previously emerged areas at various points in time, providing esti-
mates of the minimum extent of the vadose zone over time. We have
illustrated tentative isochrones that represent ancient sea levels by
taking into account the age of the oldest speleothem at each eleva-
tion. This approach has also suggested the tilting of isochrones if
speleothem ages are compared with previous chronologies along the
coast, indicating the significant influence of the active Balanegra nor-
mal fault zone in the Campo de Dalias coastal plain.

While this method may not match the effectiveness of identifying
and dating submerged marine terraces, tidal notches, flank margin
caves and continental deposits, it has proven to be a valuable
approach in cases where these features either do not exist or have
not been recognized. Our approach hinges on comparing the timing of
karst records from our study with the chronology of nearby coastal
areas documented in previous research, underscoring the need of

existing geochronological data. Furthermore, the applicability of karst

investigations is constrained by the presence of accessible carbonate
bed-rock along the coastline, which must contain suitable caves with
speleothems and specific fossils. The commonly used U/Th dating
technique does have its limitations, including the potential for detrital
contamination as an additional source of Th; the requirement of a
closed system to prevent post-depositional processes that might alter
the initial concentration of U-series nuclides; and the constraint of
being applicable only within a time range up to approximately 650 ka
ago. It is worth noting that only 55% of the speleothems examined
along the Granada coast yielded absolute dates through U/Th dating
due to the limitations of this method. While the ICP-MS-based tech-
nique allows dating of speleothems younger than 650 ka (Cheng
et al., 2013), other methods like U-Pb or U-U offer the potential to
extend dating further back in time. However, their reliability depends
on factors such as the concentrations of U and initial Pb, as well as
the challenges associated with constraining the initial value of §2%*U
(Wendt et al., 2021; Woodhead et al., 2006).

6 | CONCLUSIONS

Twenty-two new U/Th ages obtained from speleothems, along with
the presence of Iberus fossils within karst infills, and existing geochro-
nological data indicate that the Granada coast experienced subsi-
dence following its emergence and karstification between 3.5/2.4 Ma
and 650 ka. This subsidence is attributed to Quaternary extensional
faults identified in previous tectonic studies. These faults resulted in
the uplift of neighbouring areas while causing a lowering of the
Granada coast, which lies in the hanging wall of faults developed to
the N and E of the studied shore. Notably, the faults, such as the
Balanegra fault zone (BFZ), also caused the paleo-coastlines to tilt
towards the E.

This study demonstrates that karst records can serve as valuable
indicators of subsidence processes in coastal regions. The use of
vadose speleothems and terrestrial fossils enables the identification
of the karst area that emerged over time. This involves establishing
provisional isochrones based on the geochronological data gathered.
These isochrones represent the lower boundary of the vadose zone
for different times, effectively marking the water table and sea level
at those points in time. In conclusion, our work introduces a novel
approach of karst studies to understand the geomorphological evolu-
tion of coastal areas, particularly in areas where evidence of sea levels
and coastal deposits are scarce.
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