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Abstract 8 

We analyse the drainage network in a depressed area within the western Betics fold-and-9 

thrust belt (southern Spain) to investigate the Atlantic-Mediterranean water divide 10 

evolution after the Messinian Salinity Crisis (last 5 My). To do that, we made a hydro - 11 

geomorphic evaluation of streams and endorheic basins together with a detailed field-12 

based analyses of post-Serravallian structural features. Results from the analysis of stream 13 

profiles and the application of SLk and χ indexes showed that Mediterranean streams 14 

present a higher incision capacity than Atlantic streams, tributaries of the Guadalquivir 15 

river. Moreover, several rivers captures of Atlantic river watersheds and of endorheic 16 

basins have been described and quantified. Although the Atlantic-Mediterranean water 17 

divide will probably move NW-ward, endorheic basins will still endure, hosted in a 18 

depressed area located between two active transpressive zones (the Algonales-Badolatosa 19 

and Torcal shear zones). Our results confirm that active tectonics have reshaped the area 20 

more intensively than previously considered, and that this modification had significant 21 

hydrological implications. 22 

 23 
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1. Introduction 27 

The topography of active mountain belts results from the competing interplay 28 

between internal and external geodynamic controls. Thus, mantle convection, tectonics 29 

and isostasy interact with climate and surface processes to shape the evolving landscape 30 

of these regions (e.g., Bahadori et al., 2022, and references therein). 31 

In this regard drainage networks are particularly sensitive to transient topographic 32 

signals, undergoing changes in stream long-profiles and flow-directions, as well as 33 

topological reshape of basins by means of stream captures or basin divisions.(e.g. Babault 34 

et al., 2012; Giletycz et al., 2015; Winterberg and Willett, 2019). Afterward, drainage 35 

networks equilibrium is achieved in relatively short time, from 1000 to 100,000 yr., 36 

although the lithology, the climate or the watershed size may change this timespan 37 

(Whipple and Tucker, 1999; Korup, 2006). 38 

It is for this reason that both qualitative and quantitative analysis of drainage systems 39 

have often been used for the characterization of active tectonics (e.g. Pérez-Peña et al., 40 

2010; Azañón et al., 2015). Nevertheless, endorheic basins have been rarely analysed for 41 

such purpose, despite the fact that tectonics often governs topographic barriers that 42 

enclose such basins, both favouring their inception and conditioning their subsequent 43 

evolution. These internally drained systems are identified in a great variety of tectonic 44 

scenarios such as rift systems (Río Grande and East African Rifts; Repasch et al., 2017; 45 

Berry et al., 2019), foreland basins (Duero basin; Anton et al., 2014), intramontane basins 46 
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(Giano and Schiattarella, 2023) and contractional belts (Puna-Altiplano and Tibetian 47 

Plateau; Sobel et al., 2003). These endorheic basins usually host wetlands, playa-lakes 48 

and ponds that depend on their water balances to be ecologically functional. The ratio 49 

between the average flooded surface (AFS) and its watershed surface (W) is relevant in 50 

the endowment of the hydrological functioning of such ecosystems (Rodríguez-51 

Rodríguez et al., 2012). Active tectonics may modify the watershed area, and, as a 52 

consequence, the absolute water input, which results in AFS variations (Jiménez-Bonilla 53 

et al., 2023). 54 

In the case of the Betic chain of southern Spain, endorheic areas cover much of both the 55 

internal zones (Mather, 2000; Stokes et al. 2019), and the fold-and-thrust belt, as well as its 56 

transition to the foreland basin, since the Pliocene (Medina, 1991; Rodríguez-Rodríguez et al., 57 

2009; 2012; Jiménez-Bonilla et al., 2023). Our case study focuses on a depressed area related to 58 

the current Atlantic-Mediterranean divide within the western Betics fold-and-thrust belt (Figs. 1 59 

and 2). This area is characterized by a particularly dense cluster of playa-lakes and ponds (e.g. 60 

Rodríguez-Rodríguez, 2007; Rodríguez-Rodríguez et al., 2016). Because of their location near 61 

the headwater of highly energetic Mediterranean rivers, their existence is often ephemeral (ca. 62 

1000 yrs.; Rodríguez-Rodríguez et al., 2016).  63 

Before the Atlantic-Mediterranean water divide inception, this area included one of 64 

the upper Miocene Atlantic-Mediterranean corridors: the Guadalhorce gateway (Martín 65 

et al., 2001; 2014). During this age, shallow marine sediments deposited in this area, 66 

which are currently uplifted more than 100 m. a.s.l. The Guadalhorce gateway closure, 67 

which is not yet fully understood, contributed to the isolation of the Mediterranean Sea 68 

and the subsequent Messinian Salinity Crisis (MSC), responsible for the significant drop 69 

of the Mediterranean Sea level. Previous works have proposed that the huge erosion 70 

volume associated with this event was compensated by an isostatic rebound of the 71 
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Mediterranean watershed, thus uplifting the topographic relief associated with the post-72 

Tortonian Atlantic-Mediterranean divide (Elez et al., 2016; 2020). Nevertheless, this 73 

assumption is not supported by the characterization of structures potentially compatible 74 

with this mechanism. Interestingly, the current Atlantic-Mediterranean divide, coincides 75 

with the NW-ward migrating front of the Betic fold-and-thrust belt, dominated in our 76 

study area by right-lateral transpression (Díaz-Azpiroz et al., 2014; Barcos et al., 2015; 77 

Jiménez-Bonilla et al., 2015). In this regard, it is worth noting that recent works have 78 

suggested that the permanence of the above mentioned playa-lakes seems to depend on 79 

the ongoing tectonic activity in the area (Rodríguez-Rodríguez et al., 2009; Jiménez-80 

Bonilla et al., 2023). 81 

Thus. our first, broad objective is to explore the nature of the main factors that control the 82 

evolution of the Atlantic-Mediterranean divide, as well as the inception and later development of 83 

the endorheic systems from the MSC to the Holocene. To do that, we zoom into this time frame 84 

to analyse in detail the evolution of the late Quaternary playa-lake systems: timing, reshaping and 85 

fluvial captures. We explore the drainage network of both exorheic and endorheic watersheds 86 

combining the characterization of streams (stream profile, stream length-gradient index and χ 87 

index) with the analysis of the change in both shape and distribution of endorheic systems. We 88 

combine these geomorphic tools with the kinematic analysis of the recent to active tectonic 89 

structures, and we estimated the differential post-Tortonian uplift. 90 

 91 

2.  Main geological and geomorphological features of the study area 92 

The Neogene collision between the Alboran domain and the Iberian and Maghrebian 93 

paleomargins built up the Gibraltar arc, which is composed of two branches: the Betics to the N 94 

and the Rif to the S (e.g., Vera, 2004; Fig. 1A). Between both paleomargins and the Alboran 95 

domain, Flysch Trough units were deposited. Both paleomargin-derived and Flysch units were  96 
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deformed into the Betics and Rif fold-and-thrust belts. At the concave side of the arc, a marine 97 

back-arc basin developed (Comas et al., 1999; Fig. 1A).  98 

 99 

 100 

Fig. 1. (A) Tectonic map that shows the main structures (GG: Guadalhorce gateway) and (B) 101 

ortorphoto that includes the Atlantic-Mediterranean water divide and main rivers of the Betics 102 

chain (TSZ: Torcal Shear Zone; ABSZ: Algodonales-Badolatosa Shear Zone)  © Google Earth 103 

image from 2021.  104 

 105 

     The Betics fold-and-thrust belt records two main deformation events: a lower to middle 106 

Miocene main deformation related to the external orogenic wedge accretion (Balanyá et al., 2007; 107 

Expósito et al., 2012) and a post-Serravallian deformation responsible for the current major relief 108 

features (Barcos et al., 2015; Jiménez-Bonilla et al., 2015; 2017). The post-Tortonian uplift is 109 

heterogeneous along and across the Betics, reaching the highest values (ca. 1,600 m) in the 110 

Eastern Betics, and more than 700 m in the Western Betics (Sanz de Galdeano and Alfaro, 2004; 111 

Jiménez-Bonilla et al., 2015; 2017). 112 

During this post-Serravallian event, the second-order, the western Gibraltar arc became 113 

individualized as the westernmost salient of the Gibraltar arc (west of 4º30, Fig. 1). The 114 

individualization of the western Gibraltar arc has been accommodated in the northern branch, i.e., 115 
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the Betics, by two dextral, transpressional shear zones (Jiménez-Bonilla et al., 2015; Díaz-116 

Azpiroz et al., 2014; Barcos et al., 2015): the Torcal Shear Zone and the Algodonales-Badolatosa 117 

Shear Zone (TSZ and ABSZ, respectively; Fig. 2). This kinematics sharply contrast with that 118 

observed in the frontal part of the western Gibraltar arc, characterized by arc–parallel shortening 119 

structures and arc-perpendicular stretching structures (Balanyá et al., 2007; 2012; Jiménez-120 

Bonilla et al., 2015; 2017; Figs. 1 and 2). 121 

The post-Serravalian structures provoke a significant structural and topographic relief 122 

compartmentation where mountain ranges are interrupted by depressions along and across the 123 

fold-and-thrust belt (Fig. 2). Our study is focused on a  roughly triangular depressed area, hereafter 124 

called as the Antequera Depressed Area (ADA), limited by the two above-mentioned post-125 

Serravallian, dextral transpressive zones (Fig.2), located close to the contact with the Alboran 126 

domain. 127 

The ADA shows a low-lying relief at about 400 m.a.s.l. and it is characterized by the 128 

development of endorheic basins since the Pliocene (Medina, 1991; Höbig et al., 2016). It is 129 

surrounded by areas rising over 100 m above this topographical depression, being the sharpest 130 

relief drops found in its NW, SE and SW boundaries (Fig. 2). 131 

The ABSZ spatially coincides with the NW limit of the ADA. It is 90 km long and builds 132 

up SW-NE oriented mountain ranges that can be higher than 800 m (Fig. 2). It can be divided into 133 

three main segments, which are connected by NW-SE relay zones (Jiménez-Bonilla et al., 2015; 134 

Díaz-Azpiroz et al., 2020). To the SE of the ADA, the TSZ constitutes a 70 km long topographic 135 

high (up to 1,500 m), oriented approximately W-E (Fig. 2). The TSZ western segment (wTSZ in 136 

Figs. 2 and 3),  has been interpreted as the tip zone of the TSZ. It consists of two WNW-ESE 137 

dextral strike-slip fault zones connected by a compressive bridge (Jiménez-Bonilla et al., 2013; 138 

Barcos et al., 2015).        139 

The rocks involved in our study area  are mainly derived from the South-Iberian 140 

paleomargin. They belong to the Subbetic units (Vera et al., 2004), which are composed of: (1) 141 

https://doi.org/10.5194/egusphere-2025-538
Preprint. Discussion started: 25 February 2025
c© Author(s) 2025. CC BY 4.0 License.



7 
 

Triassic clays, gypsum and marls, with isolated hm-scale dolostone bodies, (2) Jurassic 142 

dolostones and limestones and (3) Cretaceous to Paleogene marls and marly-limestones that 143 

generally form isolated outcrops. Recent works have pointed out that the scarce hills that interrupt 144 

the ADA flat topography are controlled by pop-up structures that uplift Jurassic limestones 145 

underlain by  a major allochthonous Triassic canopy (Flinch and Soto, 2017; 2022; Fig. 2B). 146 

Upper Miocene sediments unconformably lie over the Subbetic units (Martín et al., 2001; Fig. 147 

2B). Tortonian sedimentary rocks in the study area consists of calcirudites and calcarenites with 148 

shallow water fossils (pectinidae, ostreidae, sea urchins) and syn-sedimentary structures pointing 149 

to a moderate to high energetic deposition medium (cross bedding). Therefore, these formations 150 

may be a good proxy to the upper-Miocene sea level (Sanz de Galdeano and Alfaro, 2004). 151 

Continental sediments were deposited unconformably during the Pliocene to Quaternary. 152 

Pliocene sediments include clasts from the Alborán domain, located to the S.  Quaternary deposits 153 

mainly correspond to alluvial terraces, associated with the main rivers, alluvial fans and 154 

pediments. Lacustrine dark quaternary sediments are well represented, being often useful to 155 

identify paleo playa lakes. Some of these outcrops are larger than 1,000 hm2.  156 

The Quaternary Atlantic-Mediterranean water divide runs parallel to the Betics main 157 

trend. In the ADA, it is highly diffuse because of the presence, near the divide, of several 158 

endorheic systems (Fig. 2). The watersheds of these systems are located within the Atlantic or the 159 

Mediterranean watersheds. The Mediterranean and Atlantic watersheds are drained by 160 

Guadalhorce and Guadalquivir tributaries, respectively (Fig. 2).  161 

 162 
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  163 

 164 

Fig. 2. (A) Relief map of the western Betics showing the main post-Serravallian structures 165 

and the Atlantic-Mediterranean water divide in the Pliocene and in the Quaternary (Junta de 166 

Andalucía, 2016). (B) Geological cross-section across the western Betics that shows the main 167 

structures of the Betics fold-and-thrust belt. TSZ: Torcal Shear Zone; ABSZ: Algodonales-168 

Badolatosa Shear Zone; ADA: Antequera Depressed Area. See location in Fig. 1A.  169 

 170 

3. Methodology 171 

This work is an interdisciplinary study that combines structural and geomorphologic 172 

analyses, also including hydrogeological data and analytical modelling related to uplift.  173 
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3.1. Uplift estimates 174 

One of the main topics of this work is estimating the differential surface uplift from the 175 

Tortonian onwards and its possible linkage with upper Miocene deformation at specific shear 176 

zones. The former is obtained from a map that includes the current altitude of all marine, shallow 177 

water, upper-Miocene sediments in the study area (Fig. 3). The possible contribution of upper 178 

Miocene transpression at the TSZ to this differential uplift is evaluated by kinematic modelling. 179 

From a mathematical point of view, transpression is a combination of simple shearing parallel to 180 

the shear zone and a coaxial component that produces shortening across the shear zone and 181 

extrusion parallel to it (e.g., Sanderson and Marchini, 1984). Fernández et al. (2013) expanded 182 

the model of Schulmann et al. (2003) to calculate the vertical uplift U(dt) produced by coaxial 183 

extrusion in transpressive systems as follows: 184 

𝑈(𝑑𝑡) =  𝑧(𝑡1)  −  𝑧(𝑡0)  = 𝑧(𝑡0) 𝛿 [𝑠𝑖𝑛2 𝜐 +  𝑐𝑜𝑠2 𝜐 ⋅  𝑒𝑥𝑝 (𝜀̇𝑡)]  −  𝑧(𝑡0)  =185 

  𝑧(𝑡0) { 𝛿 [𝑠𝑖𝑛2 𝜐 +  𝑐𝑜𝑠2 𝜐 ⋅  𝑒𝑥𝑝 (𝜀̇𝑡)]  −  1}      (Eq. 1) 186 

 187 

where z(t0) and z(t1) are vertical distances to a reference level of zero extrusion (Rigid Floor Depth 188 

RFD, Schulmann et al., 2003) for times t0 and t1, respectively; δ is the true dip of the shear zone; 189 

υ is the angle between the extrusion direction of the coaxial component and the dip direction of 190 

the zone; 𝜀̇ is the coaxial strain rate and t is the time deformation has been acting (see Appendix 191 

A1 for a detailed reasoning).  192 
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  193 

Fig. 3. Hillshade map that shows the altitude of upper Miocene shallow marine outcrops in the 194 

study area and main post-Serravallian structures. The area includes the ADA (Antequera 195 

Depressed Area), the ABSZ and TSZ (Algodonales-Badolatosa Shear Zone and Torcal Shear 196 

Zone, respectively). It should be noted that the lowest altitudes are located within the ADA, whilst 197 

the highest ones are located close to the main shear zones. The map also shows Atlantic streams 198 

(Albina, La Fuente and Gaén streams), Mediterranean streams (Venta, Guadalhorce and Tinajas 199 

streams) and main endorheic basins. See location in Fig. 2A (Junta de Andalucía, 2016).  200 

 201 

3.2. Drainage network analyses and geomorphic indexes 202 

For the analysis of the drainage network, we have interpreted key features of both the 203 

plan view geometry and the long profile of selected streams that cross the ABSZ. Within the 204 

Atlantic watershed, we have explored the Gaén stream, a Guadalquivir tributary that flows to the 205 

N (Figs. 2 and 3). Other Guadalquivir tributaries that have been studied in previous works have 206 
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been also added to our interpretation: La Fuente and Albina streams (Fig. 3; Jiménez-Bonilla et 207 

al., 2023). For the Mediterranean watershed, we have focused on the la Venta and Tinajas streams, 208 

which are tributaries of the Guadalhorce river, which finally discharges into the Mediterranean 209 

Sea (Figs. 2 and 3). We displayed post-Serravallian structures on stream profiles to investigate 210 

the relationship between knick-points and recent structures. To better identify knick-points, we 211 

used the Stream Length-gradient index (SL), but normalized by the graded river gradient (k): We 212 

applied the SLk index, which quantifies differences in the gradient on profiles generated to either 213 

lithological or tectonic contrasts (Pérez-Peña et al., 2009).  214 

SL = (dh/dl) * L (eq. 2) 215 

Where dh/dl is the slope and L the channel length. This index is normalized by k, graded 216 

river gradient: 217 

k = (C-hf) / ln Lt (eq. 3) 218 

Where C is the river head elevation, hf elevation in the river mouth and Lt the total length 219 

(Pérez-Peña et al., 2009). We fixed a horizontal distance of 250 m.  220 

3.2.1. Analysis of playa-lakes and captures 221 

 The Fuente Piedra playa-lake and the Campillos endorheic system are studied in relation 222 

to their drainage network evolution, geometric changes and stream captures, which are potentially 223 

controlled by active tectonics. To do that, we delimited the average flooded surface (AFS) and 224 

the endorheic watershed (W) using a 5-m DEM from Junta de Andalucía. Paleo watershed (p-W) 225 

can be delimited by the presence of knickpoints along stream profiles, which are used as a part of 226 

the water divide (Fig. 4A). However, p-W are sometimes measured indirectly by the relationship 227 

between W and AFS. AFS and W, together with the average runoff estimated in each location are 228 

related, such that we use the ratio W/AFS as an approximation to the water balance of playa-lakes 229 

(e.g. Rodríguez-Rodríguez et al., 2012). Most playa-lakes in the Betics present similar W/AFS 230 

ratios (10-25), with slight variations attributed basically to differences in effective rainfall 231 

(ranging from 70 mm/year in the driest central part of Andalusia to 270 mm/year near the western 232 
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Atlantic coast) and to local factors such as human modifications of the W, suggesting these 233 

systems share their main controlling parameters: permeability of the substrate, climatology and 234 

average runoff (Rodríguez-Rodríguez et al., 2007). Assuming a constant climate, W/AFS ratio 235 

should be maintained for each playa-lake. The DEM also allowed us to delimitate the paleo-236 

Average Flooded Surface (p-AFS) of several playa-lakes that have reduced their size and even of 237 

those that are currently desiccated (Fig. 4A). Because of the flat topography of the playa-lakes, 238 

we have identified such p-AFS as a flat surface currently perched over the recent AFS. Once the 239 

p-AFS is calculated, the size of the p-W can be easily estimated. 240 

3.2.2. χ index and divide migrations 241 

Additionally, the Atlantic-Mediterranean water divide stability has been evaluated by 242 

means of the χ index, which permits to predict water divide movements by comparing the shape 243 

of streams long profiles situated on both sides of the water divide (Harkins et al., 2007; Perron 244 

and Royden, 2013; Willett et al., 2014). χ maps yield a measurement of the disequilibrium of 245 

stream channels in opposite basins respecting a divide given that the χ index depends inversely to 246 

the drained area. The χ-transformed profile of a river is defined by the following equation when 247 

uplift rate (U) and erodibility (K) in time and space are considered as constant: 248 

𝑧(𝑥) = 𝑧𝑏 (𝑥𝑏) + (
𝑈

𝐾 𝐴0
𝑚)

𝑙/𝑛
𝜒   (eq. 4) 249 

With 250 

𝜒 =  ∫
𝑥

𝑥𝑏
(

𝐴0

𝐴(𝑥)
)𝑚/𝑛 𝑑𝑥     (eq. 5) 251 

 where z(x) is the elevation of the channel, x is the longitudinal distance, zb is the elevation 252 

at the river’s base level (distance xb), A is the drainage area, A0 is a reference drainage area, and 253 

exponents m and n are empirical constants.  254 

Thus, χ mapping allows us to elucidate divide migrations when χ is compared across 255 

drainage divides: similar values on both sides of the divide suggest that two opposite streams are 256 
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near equilibrium. If not, the stream with larger χ value for a given altitude tend to be captured by 257 

basins with lower χ (Willett et al., 2014; Fig. 4B). We made a χ map for the study area and we 258 

considered the discharge point at the sea level.  259 

 260 

 261 

Fig. 4. (A) Methodology applied to study the evolution of playa-lake systems (AFS: Area 262 

Flooded Surface; p-AFS (paleo-Area Flooded Surface). (B) Diagrams of χ map showing the 263 

drainage network evolution when the water divide is in disequilibrium, stream profiles in χ space 264 

and water divide profiles changes from a disequilibrium to a steady state (A: Stream aggressor 265 

and V: Stream victim). Modified from Willett et al., 2014. 266 

 267 

4. Results I: Post-Serravallian structures 268 
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On the basis of previous works on the structure and kinematics of the TSZ and ABSZ, we 269 

have completed the structural record of these shear zones in the study area (Fig. 5). Additionally, 270 

we include for the first time kinematic data within the ADA. 271 

 272 

4.1. Structures related to main shear zones (the ABSZ and the 273 

TSZ) 274 

Our new structural data from the ABSZ come from the central ABSZ segment, which is 275 

the N boundary of the ADA (Figs. 2 and 3). To the SW, the central ABSZ oversteps the western 276 

ABSZ segment, being both linked by a restraining bend characterized by NW-SE oriented reverse 277 

faults (Figs. 5A and 5B). All these structures limit and deform WSW-ENE elongated sedimentary 278 

depocenters, upper Miocene to Quaternary in age (Figs. 3 and 5A). The deformation within the 279 

central ABSZ is partitioned into: (1) WSW-ENE to SW-NE dextral-normal faults (Fig. 5C) 280 

dipping up to 80º to the SE, (2) NW-SE dextral faults (Fig. 5C) interpreted as Riedel, which are 281 

particularly localized between the central and the eastern ABSZ. 282 
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 283 

Fig. 5. (A) Geological map of the study area showing the main post-Serravallian 284 

structures of the ADA, the central ABSZ and the wTSZ. See Fig. 2A for location. (B), (C) and 285 

(D) Stereoplots related to structures of the ABSZ. (E) and (F) Stereoplots of structures in the W 286 

tip of the TSZ. (G) and (H) Stereoplots of structures within the ADA (Modified from Jiménez-287 

Bonilla et al., 2023).  288 

  289 

Within the TSZ, we collected new data from structures that deform the upper Miocene 290 

rocks located in the western TSZ (Figs. 3 and 5). At this site, Miocene rocks are gently folded by 291 

km-scale, WNW-ESE folds, and their limits are significantly determined by faults. Thus, normal 292 

faults often developed in the contact between the Miocene rocks and the Jurassic limestones 293 

(western TSZ, Figs. 3 and 5) as well as in its SE limit. They are defined, respectively, by WNW-294 

ESE and NE-SW fault planes that usually dip between 50º and 80º (Figs. 5A and E). The high 295 

pitch of slickenlines (>60º) together with kinematic indicators, such as S-C structures, show a 296 
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dominant normal dip-slip component. The WNW-ESE fault system also hosts Miocene rocks 297 

within grabens surrounded by Jurassic limestones. The NE boundary of the Miocene outcrop is 298 

controlled by steeply dipping, WNW-ESE left lateral faults, interpreted as a positive transpressive 299 

flower structure because of the subordinate reverse-slip component (Figs. 5F and 6A). The 300 

bedding within its deformation zone is nearly vertical or even overturned up to 60º (Fig. 5A). 301 

Gentle slickenlines pitch angles, lower than 10º, together with kinematic indicators show a left-302 

lateral strike-slip movement (Figs. 5F and 6A). This fault zone also involves Jurassic limestones.  303 

  304 

Fig. 6. Pictures of (A) vertical view of a left-lateral strike-slip fault zone that affect upper-305 

Miocene rocks in the wTSZ, (B) a normal fault sealed by Pliocene sediments within the ADA, 306 

(C) aerial photographs to show the disappearance of a playa-lake due to human modifications 307 

(playa-lake is shown by discontinuous yellow line). PNOA images from 1943 and 2022 and (D) 308 

picture of the Venta stream deeply incised into the bed rock when it crosses the wTSZ. See 309 

location on Fig. 5A. 310 

 311 
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4.2. Structures within the ADA      312 

In the ADA, Jurassic limestones crop out as tectonic windows in scattered topographic 313 

highs (Fig. 5A). Moderately deformed upper Miocene rocks overlie Jurassic limestones and 314 

Triassic evaporites and claystones. The deformation observed in upper Miocene rocks within the 315 

ADA is less pervasive than in the  TSZ and the ABSZ and it is localized in deformation bands.  316 

The main post-Serravallian structure is a transverse zone formed by three different 317 

segments: two NNE-SSW left-lateral strike-slip fault zones linked by a WNW-ESE restraining 318 

bend (Fig. 5A). NNE-SSW deformation bands are more than 2 km long. They form semi-brittle, 319 

damage zones, more than 1 km wide, where they affect Triassic clays and evaporites, whilst they 320 

develop as discrete faults where they affect competent rocks (i.e. Jurassic limestones; Fig. 5A). 321 

Within the damage zones, dolostones bodies reorientate their long-axis to become parallel with 322 

the fault zone, as it occurs in other deformation bands within Triassic rocks (e.g. in the eastern 323 

ABSZ; Díaz-Azpiroz et al., 2020; Fig. 5A). Fault planes within the damage zones are highly 324 

dipping and slickenlines between 5º and 20º (Fig. 5G) indicates a dominant lateral movement. 325 

The western fault zone constitutes the SE boundary of the Fuente de Piedra playa-lake basin and 326 

separates it from another small playa-lake to the E, which is at the uplifted block in this sector 327 

(Fig. 5A). The restraining bend between both sinistral fault zones develops as a pop-up structure 328 

uplifted by WNW-ESE, kilometric-scale tight folds and NNE/SSW-dipping fault planes. Its 329 

eastern tip is dragged by the western sinistral fault zone (Fig. 5A). Some of the faults related to 330 

this transverse zone affect quaternary sediments.  331 

In addition to the transverse zone, some dip-slip dominated, normal faults affect upper-332 

Miocene and younger formations. These faults are not concentrated in long fault zones, but they 333 

are usually discrete faults up to 1 km long (Fig. 5A). Vertical throw related to these faults is 334 

estimated to be smaller than 200 m using upper Miocene markers. These faults show two 335 

orientations: NW-SE faults that throw down the SW block and WSW-ENE faults that descend 336 

the N block. Slickenlines show pitch angles higher than 45º and, together with kinematic 337 
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indicators such as slickenfibers or S-C-like structures, indicate the downthrow of their hanging 338 

wall (Fig. 5H). The Fuente de Piedra playa-lake is in the N downthrown block of one of these 339 

WSW-ENE faults (Figs. 5A).  340 

Additionally, some hm-hectometric-scale, open folds (interlimb angle larger than 120º) 341 

have been locally recognized (Fig. 5A). They are non-cylindrical folds, and their fold axis (NNW-342 

SSE to NNE-SSW) are oblique to the Betic local regional orogenic grain (i.e., WSW-ENE).   343 

 344 

5. Results II: Estimates of post-Tortonian differential surface uplift 345 

As shown in section 4, faulting involves Tortonian formations. Additionally, these 346 

formations show noticeable altitude differences between the ABSZ, TSZ and the ADA, (from 250 347 

m a.s.l to 850 m a.s.l.; Fig. 3). Main features are as follow: 348 

(1) Upper Miocene deposits altitude varies generally between 450 and 550 m along the 349 

ABSZ. The highest altitudes are found in the restraining bend between the central ABSZ 350 

and the western ABSZ (728 m a.s.l.; Figs. 2A, 3 and 5B). 351 

(2) In the TSZ, these sediments are located between 550 and 850 m. In the TSZ western 352 

segment, the highest altitudes are found in those affected by left-lateral strike-slip faults 353 

that build up a positive flower (up to 610 m a.s.l.; Figs. 3, 5A, 5F and 6A). Towards the 354 

E, in the central segment (north of the TSZ, see Fig. 3 for location), these deposits reach 355 

their maximum altitudes within this shear zone (850 m a.s.l.). A paleo erosional surface 356 

dated as upper Miocene (Lhénaff, 1977) is correlated with this Tortonian sea level and 357 

located at 1,200 m a.s.l. (Barcos et al., 2015; Fig. 3). 358 

(3) The highest altitudes in the ADA are found in the restraining bend of the above-described 359 

transverse zone (upper Miocene sediments up to 500 m a.s.l.), whereas undeformed areas 360 

would be at 350 m a.s.l. (Fig. 3).  361 

Therefore, the post-Tortonian differential surface uplift (in the sense of England and Molner, 362 

1990) at the main shear zones compared to the endorheic basins in the less deformed areas would 363 
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reach around 200 m at the ABSZ, whereas at the TSZ is more than 350 m. Considering their 364 

spatial relationship and differences on Tortonian deposits altitude, we hypothesize that the recent 365 

deformation at these two shear zones is responsible for the observed differential uplift. 366 

To test this hypothesis, we estimated the theoretical surface uplift produced by post-367 

Tortonian transpressional deformation at the TSZ, following the approach of Schulmann et al. 368 

(2003) and Fuentes et al. (2019). The data needed for these calculations were obtained from 369 

previous detailed studies on the kinematics of this shear zone (Díaz-Azpiroz et al., 2014; Barcos 370 

et al., 2015) and are presented as follows (see also Table 1): (1) According to geophysical data, 371 

the base of the Triassic layer, where the main detachment (i.e., rigid floor depth, RFD, in 372 

Schulmann et al. ,2003) would be located, is between 4500 and 6000 m (see also Medialdea et 373 

al., 1986 and Torné et al., 1992). We assume that the vertical distance of the analyzed formations 374 

to the RFD at the onset of deformation z(t0) equals these values. (2) The true dip of the shear zone 375 

(δ) is 73ºN. (3) Coaxial deformation is assumed to be pure shear and the extrusion angle (υ) is 0º 376 

± 5º, thus we consider up-dip pure shear (υ = 0º), such that Eq. 2 simplifies to the Schulmann et 377 

al (2003) specific case: 378 

 379 

𝑈(𝑑𝑡) = 𝑧(𝑡0) [(𝜀̇𝑡)  − 1]      (Eq. 6) 380 

 381 

The pure shear strain rate (𝜀̇) is obtained from the total contraction accommodated orthogonally 382 

to the shear zone along a specific time interval (t) 𝑒 =  
𝜀̇

𝑡
, which results in 𝜀̇  =  𝑒 𝑡. The onset of 383 

transpressional deformation at the TSZ needs to be younger than chevron folds that affected 384 

Upper Cretaceous-Paleogene reddish marly limestones of the Subbetic units, since these are 385 

interfered by transpressional structures (Díaz-Azpiroz et al., 2014). The age of these folds spans 386 

from 20.4 Ma (Aquitanian-Burdigalian boundary), since the youngest deposits affected by these 387 

folds are Aquitanian in age, to 11.6 Ma (Serravalian-Tortonian boundary; Expósito et al., 2012). 388 

The total contraction produced at the inner domain of the Torcal de Antequera massif of the TSZ 389 
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along this interval ranges from 0.2 (obtained from cross-sections) to 0.27 (calculated from 390 

asymmetrical fold geometry). From these values, the resulting average pure shear strain rate 391 

related to transpression that acted in the TSZ in the last 11.6-20.4 my ranges between 3.2 ∙ 10-16 392 

s-1 and 7.4 ∙ 10-16 s-1. (4) The transpressional deformation that affected the upper Miocene 393 

calcirudites and calcarenites should have begun after the Tortonian, say in the Tortonian-394 

Messinian transit, 7.3 my ago. If we assume the strain rate remains roughly constant, we can 395 

calculate the total contraction (e), which is equivalent to the product 𝜀̇ 𝑡 = 0.07 – 0.17. By 396 

substituting all these data into Eq. 2, we obtained the range of the tectonic uplift U(dt) due to 397 

transpressional deformation at the TSZ in the last 7.3 my (167 - 868 m, Table 1 and Fig. 7), 398 

depending on the RFD depth and the total contraction (e). Our differential uplift estimations based 399 

on the current altitudes of the post-Tortonian marine sediments are better reproduced considering 400 

a total contraction value (e) between 0.09 and 0.11 (for any RFD value).  Different combinations 401 

of RFD with e = 0.07-0.09 (large RFD) or e = 0.11-0.15 (small RFD) may also produce reasonable 402 

correlations. Contraction values larger than 0.15 or lower than 0.07 would not explain the 403 

observed uplift results.       404 

 405 

Table 1. Input data used for the modelling of post-Tortonian tectonic uplifting due to transpression 406 

at the TSZ (from Díaz-Azpiroz et al., 2014 and Barcos et al., 2015) and results of this model. z(t1) 407 

is the vertical distance to the RFD for time t1 (after deformation) and U(dt) is the corresponding 408 

uplift. See the main text for further details. 409 

Factor Input data 

z(t0) 4500 – 6000 m 

δ 73º 

υ 0º 
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𝜀̇ 3.2 ∙  10−16 −  7.4 ∙  10−16 s-1 

t 7.3 my 

e = 𝜀̇𝑡 0.07 – 0.17 

 Results 

z     (t1) 4615 – 7368 m 

U(dt) 167 – 868 m 

 410 

 411 

 412 

Fig. 7. Theoretical post-Tortonian tectonic uplift due to the coaxial component of 413 

transpressional deformation at the TSZ versus the RFD for different possible total contraction 414 

values (e), as calculated from kinematic models. The range of differential uplift measured between 415 

the current altitude of Tortonian deposits at the TSZ and at the neighbouring undeformed area 416 

(Dz) is also shown for comparison. 417 

 418 
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6. Results III: Geomorphic results 419 

Geomorphic results are derived from the analysis of streams (stream long profile together 420 

with SLk index) that drain part of the ADA and flow to the Mediterranean Sea or to the Atlantic 421 

Ocean (Figs. 1 and 2) or the playa-lakes located at the centre of some endorheic areas (Figs. 8 and 422 

9). Table 2 compiles the information of changes of AFS and watersheds area and the relationships 423 

between both. We have identified 17 endorheic basins with playa-lakes at their centre that 424 

developed during the last 3,000 years. Three of them (numbers 14, 15 and 16 in Table 2) were 425 

discarded from the analysis because their water balances are influenced by human modifications 426 

of the AFS and W, such as drainages (AFS) and/or the construction of roads through them (W). 427 

 428 

Table 2. Watershed (W), Average Flooded Area (AFS) and the W/AFS relationship of 429 

the 17 endorheic basins detected in the studied area currently and in the past (p-W, p-AFS and 430 

pW/AFS). Playa-lakes are located in Fig. 9 by numbering.       431 

  W AFS W/AFS p-W p-AFS p-W/p-

AFS 

1 1198.7 hm² 43.3 hm² 27.7 3328.1 hm² 135.2 hm² 24.6 

2 0 hm² 0 hm² - 4786.4 hm² 878.34 hm² 5.5 

3 14116.4 hm² 1271.6 hm² 11.1 15846.26 hm² 1918.46 hm² 8.3 

4 573.9 hm² 50.7 hm² 11.3 1271.4 hm² 95.7 hm² 13.3 

3,2 26.2 hm² 1.3 hm² 20.2 0 hm² 0 hm² - 

5 153.9 hm² 39.9 hm² 3.9 264.4 hm² 39.9 hm² 6.6 

6 26.4 hm² 1.5 hm² 17.6 322.1 hm² 33.4 hm² 9.6 

7 82.7 hm² 9.3 hm² 8.9 82.7 hm² 9.3 hm² 8.9 

8 53.8 hm² 5.6 hm² 9.6 53.8 hm² 5.6 hm² 9.6 

9 241.5 hm² 12.1 hm² 20.0 181.2 hm² 12.1 hm² 15.0 

10 65.7 hm² 8.9 hm² 7.4 125.2 hm² 8.9 hm² 14.1 
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11 19.6 hm² 5.1 hm² 3.8 359.1 hm² 15.2 hm² 23.6 

12 0 hm² 0 hm² - 174.5 hm² 15.6 hm² 11.2 

13 172.5 hm² 16.2 hm² 10.6 0 hm² 0 hm² - 

14 0 hm² 0 hm² - 7456.7 hm² 421.6 hm² 17.7 

15 0 hm² 0 hm² - 9310.0 hm² 549.6 hm² 16.9 

16 797.5 hm² 22.9 hm² 34.8 797.5 hm² 42.3 hm² 18.9 

17 0 hm² 0 hm² - 7661 hm² 987 hm² 7.8 

 432 

 433 

     The χ map shows significant contrasting values across the Atlantic-Mediterranean 434 

water divide (Fig. 8). Guadalhorce tributaries are characterized by very low values at their 435 

headwaters (χ < 12.5 m) whilst Guadalquivir tributaries always show χ > 20 m at their headwaters.  436 
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 437 

 438 

Fig. 8: χ map together with the DEM showing the main playa-lake systems and post-439 

Serravallian structures (Junta de Andalucía, 2016; modified from Jiménez-Bonilla et al., 2023). 440 

See location in Fig. 2.   441 

Regarding the Atlantic watershed, previous studies analysed the captures of basins 1 and 442 

2 by the Albina stream and La Fuente stream (Jiménez-Bonilla et al., 2023; Figs. 8 and 9). In 443 

order to complete the analysis of this watershed, we have performed the long profile and the  SLk 444 

index for the Gaén stream (Figs. 9 and 10A). The long profile shows two different stream 445 

segments: a concave segment, which extends for approximately 5 km from the source, and a 446 

slightly convex profile with a higher gradient, located downstream. Both stream segments are 447 

separated by a knick-point, higher than 20 m, that is related to a SLk value greater than 15 (Fig. 448 

10A).  449 
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 450 

 451 

Fig. 9. Relief map of the ADA that shows the development of the studied playa-lakes and their 452 

related watershed. Location is the same as Fig. 5A. (Junta de Andalucía, 2016).  453 
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  454 

Fig. 10. (A), (B), (C) and (D) stream and SlK profiles of main rivers of the Atlantic (Gaén stream) 455 

and Mediterranean (Guadalhorce, Venta and Tinajas stream) watersheds within the studied area. 456 

(F) and (G) topographic profiles parallel to the Tinajas stream. See Fig. 9 for location of streams.  457 

 458 

In general, Mediterranean streams frequently show steeper gradients than Guadalquivir 459 

tributaries. In the studied area, the main Guadalhorce river exhibits an elbow geometry in plan 460 

view (Figs. 1 and 2). Two kilometers downstream of the elbow there is a knick-point and an SlK 461 
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value of more than 75, which is related to the capture of the upper Guadalhorce watershed (at 85 462 

km from the source; Fig. 10B). The Guadalhorce segment that runs through the ADA, upstream 463 

of the Guadalhorce capture, shows a flat stream long profile and it flows on thick alluvial deposits 464 

(Figs. 5A and 10B). Downstream of the knickpoint, the stream profile shows a steeper gradient, 465 

and the river is deeply incised into the limestones of the TSZ. 466 

More in detail, we also analyse the Tinajas and the la Venta streams (Figs. 10C and 10D), 467 

which discharge in the Guadalhorce river upstream of its capture (Figs. 1, 2 and 9). 468 

The La Venta stream is an antecedent river that crosses perpendicularly the western TSZ 469 

(Fig. 2A, 6D and 9). Its long profile is characterized by the presence of two knickpoints, located 470 

at 13 and 19 km, which show SLk values higher than 10 (Fig. 10C). The La Venta stream shows 471 

a concave profile from its source down to the first knick-point. This knick-point spatially 472 

coincides with two post-Tortonian fault zones (Figs. 5A, 6A and 10C). The stream segment 473 

between both knick-points shows a higher slope and it is characterized by a gorge deeply incised 474 

into the Jurassic limestones of the western TSZ (Fig. 6D). The knick-point located at 19 km is 475 

related to a post-Tortonian dextral strike-slip fault. This knick-point builds up a waterfall > 10 m 476 

high (Fig. 10C) with an associated 5-10 m thick tufa outcrop, located at 420 m a.s.l., and dated at 477 

9,000 BP (Comino and Senciales, 2012). Additionally, there are many cavities in the Peñarrubia 478 

range that worked as phreatic conducts. These conducts are currently preserved upper than 100 m 479 

from the phreatic surface, within the vadose zone, thus supporting the hypothesis of the recent 480 

uplift of the western TSZ.  481 

To the E of the La Venta stream head there are 9 playa-lakes (endorheic basins 4 to 12; 482 

Fig. 9 and Table 2) that constitute the Campillos endorheic system. Playa-lakes 4, 6, 11 and 12 483 

show a significant decrease on their AFS during the Pleistocene to Holocene, which is related to 484 

water input reduction because of W reduction, as suggested by roughly constant W/AFS ratios 485 

(Table 2). Other playa-lakes increased their W and AFS (e.g. playa-lake 9: Fig. 9 and Table 2). 486 

By contrast, W and AFS pairs of playa-lakes 7 and 8 remained steady during the last thousands 487 

https://doi.org/10.5194/egusphere-2025-538
Preprint. Discussion started: 25 February 2025
c© Author(s) 2025. CC BY 4.0 License.



28 
 

of years (Fig. 9 and Table 2). To the W of the La Venta stream we have mapped the paleo playa-488 

lake 17. It is a depressed area with a flat topography and filled by moor sediments.  489 

From headwater to mouth, the Las Tinajas stream changes its trend from W-E to NW-SE 490 

and finally to N-S close to the mouth (Fig. 9). The stream profile also shows two knickpoints 491 

close to the mouth: at 19 and 24 km, which show SLk values higher than 15 (Fig. 10D). As the 492 

La Venta stream, it shows a concave geometry from the source down to the first knick-point (Fig. 493 

10D). This stream segment is characterized by low erosion rates (concave stream segment) and 494 

thick quaternary alluvial terraces. The biggest playa-lake in this area, the Fuente de Piedra playa-495 

lake, is only 800 m to the N of this stream segment (playa-lake 3). Although the W sector of this 496 

playa-lake seems to remain steady during the Holocene, its AFS was likely reduced (from approx. 497 

1900 hm2 to 1300 hm2; Fig. 9 and Table 2). From 19 to 24 km the stream profile shows a flat 498 

geometry and alluvial terraces were deposited during the Holocene. Close to this stream segment 499 

the playa-lake 13 developed (Table 2 and Fig. 9). The knick-point located at ca. 24 km spatially 500 

coincides with normal faults previously described (Figs. 5A, 5E and 9). This knick-point is also 501 

associated with a gorge, > 5 m high (Fig. 10D). When topographic profiles are drawn parallel to 502 

the stream profiles, we observe that this knick-point is associated with a topographic escarpment 503 

SW-NE (Figs. 9, 10E and 10F).  504 

Endorheic basins 14 and 15 developed along the Guadalhorce river right bank, upstream 505 

of the Tinajas stream outlet (Fig. 9 and Table 2). Although they are currently drained by a channel 506 

network used for agriculture purposes, endorheic basin 14 was captured by the Guadalhorce 507 

during the Holocene whilst endorheic basin 15 was not.  508 

 509 

7. Discussion 510 

To understand the birth of internally drained basins and the Atlantic-Mediterranean watershed 511 

divide migration is important to identify the mechanisms that controlled the upper Miocene 512 

differential surface uplift and how it controls the recent evolution the Western Gibraltar Arc. Our 513 
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results will be put in context together with data from previous works that account for some of 514 

these processes. 515 

 516 

7.1. Role of transpressional tectonics on the ADA inception      517 

First evidence of emersion in the study area dates from the upper Miocene. The upper 518 

Miocene coastline has been mapped in previous works by detecting Tortonian and Messinian 519 

abrasion platform borders (Elez et al., 2016; Braga et al., 2003; Fig. 11). Its current position shows 520 

that the central TSZ was probably uplifted at the late Tortonian more than 500 m above the sea 521 

level. This uplift was probably favoured by the transpressional activity at this zone. However, 522 

depressed parts of this barrier, associated with relay zones between shear zone segments, likely 523 

allowed to localize the Atlantic-Mediterranean communication through the Guadalhorce gateway 524 

(Figs. 1 and 11). The activity of the TSZ along the Messinian continuously raised this topographic 525 

barrier, finally closing the Guadalhorce gateway at 6.2 My (Fig. 11). This, together with the 526 

closure of the other gateways between the Atlantic Ocean and the Mediterranean Sea, isolated the 527 

latter (Roveri et al, 2014). Because of its negative water balance, the sea level in the 528 

Mediterranean Sea sharply dropped more than 1000 m, giving place to the Mediterranean Salinity 529 

Crisis (MSC; Martín et al., 2001; Blanc, 2006; Madof et al., 2019), whilst the sea level in the 530 

Atlantic watershed maintained. This is illustrated by the Mediterranean stream incision on upper 531 

Miocene outcrops that originated deep gorges in the Messinian (Elez et al., 2016; 2020). Despite 532 

the high stream power erosion of Mediterranean streams, this divide remained stable at the TSZ 533 

until the Pliocene (Elez et al., 2016 and this work), probably due to the Messinian tectonic activity 534 

of the TSZ as we have observed in this work. Instead, the Mediterranean Sea reopened to the 535 

Atlantic by means of the Gibraltar strait, which provoked the Zanclean flood at 5.33 My (Roveri 536 

et al., 2014) and the levelling of both watersheds. This opening was probably favoured by the 537 

existence of E-W trending faults located in the strait area (Luján et al., 2011).  538 

https://doi.org/10.5194/egusphere-2025-538
Preprint. Discussion started: 25 February 2025
c© Author(s) 2025. CC BY 4.0 License.



30 
 

There is consensus about the importance of post-Tortonian uplift in the western Betics. 539 

Previous works , based on geomorphology models, attributed 50-55% of the upper Miocene uplift 540 

(or all post-Messinian uplift) observed in the Guadalhorce watershed to an isostatic rebound, 541 

produced by differential erosion rates between Atlantic and Mediterranean watersheds provoked 542 

by the sea level drop in the Mediterranean watershed, a direct consequence of the MSC (Farines 543 

et al., 2015; Elez et al., 2016, 2020). However, according to the model assumptions, these 544 

estimations are valid in the orogen-scale but do not consider differential uplifting at different 545 

sectors and/or specific structures within the Atlantic-Mediterranean divide area. The results 546 

presented here in combination with some of our previous works (Díaz-Azpiroz et al., 2014; 547 

Barcos et al., 2015) fill this gap. In the study area, Tortonian-Messinian sediments, deposited 548 

close to the sea level, were uplifted up to 610 m in the western segment of the TSZ and up to 850 549 

in the central TSZ (part of the current Mediterranean watershed; Fig. 3). These are 200-450 m 550 

higher than the same sediments in the ADA. This range contains theoretical post-Tortonian 551 

uplifting values calculated through a transpressional kinematic model using specific combinations 552 

compatible with the TSZ activity (Fig. 7). Therefore, our results indicate that transpression at the 553 

TSZ with moderate strain rate values (likely resulting in total contraction between 0.09 and 0.11), 554 

roughly constant since the Messinian, would suffice to explain the observed differential uplift 555 

with respect to the depressed sector of the study area. Moreover, our structural results do not 556 

account for the elongate domal structure required by Elez et al. (2016, 2020) models. 557 

In contrast with irrelevant uplift values reported previously for the Atlantic watershed 558 

(Elez et al., 2016; 2020), we also observed significant uplift in this watershed, especially related 559 

to the ABSZ. The differential surface uplift of the ABSZ compared to less deformed areas in the 560 

ADA would reach around 200 m. Unlike the TSZ, which partially emerged during the Tortonian, 561 

there is no evidence of ABSZ emersion until the Messinian (Elez et al., 2016). There are indeed 562 

Messinian sedimentary depocenters within the ABSZ (Fig. 5A, see also Jiménez-Bonilla et al., 563 

2015). However, the current relief shows that some segments of the ABSZ reach 750 m (Fig. 9). 564 

These arguments suggest that the ABSZ tectonic activity, although kinematically similar to that 565 
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of the TSZ, would start later. This is congruent with a diachronic migration of the deformation 566 

towards the foreland during fold-and-thrust belts evolution (e.g. Davis et al., 1983). Once the 567 

ABSZ emerged, the ADA individualized (Fig. 11). The age of the complete emersion of the ADA 568 

is not completely constrained. First homogeneous continental deposits (Pliocene conglomerates) 569 

overlay Messinian sediments, so emersion should have occurred at some point within the Pliocene 570 

(from 5 to 2.5 My). Moreover, first lake sediments, which are probably related to endorheic 571 

basins, are Pliocene in age (Medina 1991).  572 

Both the TSZ and ABSZ accommodate the western Gibraltar arc protrusion, which is still 573 

active (Balanyá et al., 2012). The presence of earthquakes close to the ABSZ (e.g. Ruíz-Costán 574 

et al., 2012; Díaz-Azpiroz et al., 2022) and geomorphic analyses in the ABSZ and TSZ (e.g. 575 

Barcos et al., 2015; Jiménez-Bonilla et al., 2015 and this work) suggest that both shear zones are 576 

still active.  577 

Consequently, although we do not discard a moderate post-Messinian uplift on the 578 

Mediterranean watershed, especially south of the TSZ, due to an isostatic rebound, our work 579 

highlights the importance of dextral transpressional bands on the generation of differential uplift 580 

within the fold-and-thrust belt (even in the Atlantic watershed).  581 
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 582 

Fig. 11. Block diagram of the ADA inception and evolution (same area as in Fig. 3). We show 583 

the drainage network, water divide, mountain building and endorheic watershed evolution from 584 

Messinian to Quaternary (Junta de Andalucía, 2016).  585 

 586 

7.2. Atlantic-Mediterranean water divide migration and the development of endorheic 587 

watersheds 588 

The Atlantic-Mediterranean water divide originated during the Messinian Guadalhorce 589 

gateway closure, and was coincident with the TSZ (Figs. 2 and 11). This water divide must have 590 
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been maintained close to the TSZ during the ADA continentalization as indicated by the Pliocene 591 

sediments north of the wTSZ: The source of these Pliocene conglomerates is the Alboran domain, 592 

which is farther S nowadays. It means that during the Pliocene, the flow direction was from the 593 

Alboran domain to the N, thus suggesting that this area was drained by Atlantic rivers. Nowadays, 594 

this area belongs to the Mediterranean watershed (From 5 to 1 My; Figs. 1, 2 and 5A). To the E 595 

of the ADA, there are some Pliocene lacustrine deposits (Medina, 1991; Vera, 2004). 596 

Consequently, endorheic watersheds were probably established since the ADA formed and they 597 

were close to the Atlantic-Mediterranean water divide at the Pliocene (Fig. 11).  598 

The water divide would have therefore migrated NW-ward during the Quaternary (Figs. 599 

2 and 11). This migration coincides spatially and temporarily with the outward propagation of the 600 

transpressive deformation front, accommodated by the ABSZ and TSZ. The Mediterranean 601 

capture of the ADA by the Guadalhorce river and its tributaries was probably favoured by the 602 

ABSZ related surface uplift, that blocked other northward possible captures, and the coeval NW-603 

SE normal faults within the TSZ that depressed specific, narrow zones, such as those near the 604 

Guadalhorce course (Barcos et al., 2015).  605 

Going to the recent evolution of the ADA, a crucial question is the evolution of current 606 

playa-lakes close to the Atlantic-Mediterranean water divide. Playa-lakes stricto sensu, as we 607 

described in sections 1 and 2, probably developed during the Early Pleiostocene, but due to their 608 

ephemerous lifespan, they disappeared or/and were reshaped and their sediments probably 609 

eroded. The earliest age obtained for current playa-lakes associated with endorheic basins is of 610 

30 ky in the Fuente de Piedra playa-lake (Late Pleistocene; Höbig et al., 2016). Previous works 611 

have pointed out that since endorheic systems were formed, they were strongly conditioned by 612 

climatic changes and human modifications because of their weak equilibrium between water 613 

inputs and outputs (Rodríguez-Rodríguez et al., 2007; 2012). As we observed, the large number 614 

of playa-lakes preserved in the ADA is probably favoured by the most recent uplifts caused by 615 

both the TSZ and ABSZ and their respective tip zones, which shaped a roughly triangular closed 616 

zone that contains all the studied cases (see sections 4 and 5; Fig. 2) and act as relief barriers that 617 
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prevent erosion from the Atlantic and Mediterranean streams (Fig. 2). Additionally, active 618 

tectonics in this sector may also influence the shrinkage or disappearance of some endorheic 619 

watersheds hosting playa-lakes because of the reduction of the overall water input due to stream 620 

captures (Figs. 3, 9 and Table 2; Jiménez-Bonilla et al., 2023). 621 

 The long lifespan of some playa-lakes such as Fuente de Piedra (30 Ky; Höbig et al., 622 

2016) is probably conditioned by active tectonics. The dip-slip movement of the left-lateral 623 

dominated fault of the transverse zone within the ADA (see section 4.3) located at the E boundary 624 

of this playa-lake could have prevented this playa-lake capture, despite being located only about 625 

1 km away from the upper course of the Las Tinajas stream, a tributary of the Guadalhorce (Table 626 

2 and Fig. 5A; see also χ values on Fig. 8 and Fig. 9). Moreover, the Fuente de Piedra paleo-AFS 627 

would be bigger and it would include playa-lake 3B and 3 (Fig. 9 and Table 2). This left-lateral 628 

dominated fault would have splitted the playa-lake into two. The eastern one (playa-lake 3B) is 629 

separated by a topographic high with respect to its parental lake and it is located at 5 m higher 630 

than the current Fuente de Piedra bottom lake (Table 2 and Fig. 9).             631 

In contrast, some playa-lake systems are the result of this recent activity, as the playa-632 

lake 13, nucleated on the downthrown, northern wall of a WSW-ENE normal fault intersecting 633 

the lower course of the Las Tinajas stream (Fig 9). This stream is deeply incised into the bedrock 634 

in the uplifted southern wall of that fault. 635 

 Regarding the Campillos endorheic system (playa-lakes 4 to 12),  its evolution seems to 636 

be conditioned by the balance between the western TSZ segment uplift and the headward erosion 637 

capacity of the La Venta stream. Although the La Venta stream is an antecedent river, as indicated 638 

by its strong incision (Fig. 6D), its upper course could have been transiently disconnected from 639 

the drainage network due to the uplift of western TSZ during the Quaternary. This disconnection 640 

probably formed an endorheic area where the Campillos endorheic system and paleo playa-lake 641 

17 developed (Fig. 9 and Table 2). The age of this endorheic basin development is not well 642 

constrained. Nevertheless, the age of the travertine associated with the wTSZ uplift (9,000 years 643 

old, see section 6) must pre-date the recapture of playa-lake 17 as well as part of the paleo-playa-644 
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lakes of the Campillos endorheic system (Table 2). The partial preservation of this system would 645 

be due to the recent activity of a left-lateral dominated transpressive fault, located to the NE of 646 

the western TSZ. This fault together with all the structures related to this tip generate a relief 647 

barrier which slows down the migration of the knick-point upstream (Fig. 10C). It is also 648 

congruent with the relative uplift observed in the upper Miocene rocks of the western TSZ with 649 

respect to the ADA (Fig. 3). If the tectonic activity stopped at the western TSZ, the Campillos 650 

endorheic system would likely be captured in some hundred years. Other partial or complete 651 

captures of endorheic watersheds have been observed N of the Campillos endorheic system during 652 

the last 2,000 years (playa-lakes 1 and 2; Table 2; Recio-Ruíz and Ruiz-Somavilla, 1990; 653 

Jiménez-Bonilla et al., 2023). In this case, an Atlantic watershed river completely captured playa-654 

lake 2 and partially playa-lake 1 because of the active tectonics of central ABSZ (Jiménez-Bonilla 655 

et al., 2023; Table 2; Fig. 9). 656 

Although predictions of the future development of playa-lakes is speculative, some 657 

guidelines can be made. Mediterranean streams are aggressor streams, so they should capture part 658 

of endorheic basins and even Atlantic streams according to their lower χ values (Fig. 8). However, 659 

Mediterranean streams show really low incision capacity at their headwaters showing thick river 660 

terraces, open valleys and poor development of their drainage networks. The presence of knick-661 

points along stream profiles is frequently favoured by active discrete faults that provoke relative 662 

uplift. Thus, although the Atlantic-Mediterranean water divide will probably move NW-ward, 663 

endorheic basins will develop, hosted between the ABSZ and the TSZ, within the ADA (Figs. 5, 664 

8. 9 and 11). This work shows the study of a water divide movement and drainage integration of 665 

endorheic basins settled in a transpressional tectonic setting, which is complementary with 666 

previous works made in other tectonic settings: extensional settings (Repasch et al., 2017; Berry 667 

et al., 2019), foreland basins (Anton et al., 2014), intramontane basins (Giano and Schiattarella, 668 

2023) and contractional belts (Sobel et al., 2003; Willett et al., 2014).  669 

 670 

8. Conclusions 671 
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 In this work, we study a depressed area (ADA), limited by the TSZ and the ABSZ, to the 672 

S and to the N, respectively, within the Betics fold-and-thrust belt to delve into the Atlantic-673 

Mediterranean water divide evolution from the Messinian to the Quaternary. This water divide is 674 

currently diffuse, and it is characterized by the presence of many endorheic watersheds. We 675 

combined structural and hydro - geomorphic analysis: we collected kinematic data from faults 676 

active during the last 5 My and we analysed the drainage network and endorheic watersheds using 677 

geomorphic indexes such as SLk and χ.  678 

 We observed differences on the post-Tortonian surface uplift within the study area that 679 

are congruent with the tectonic activity of both the TSZ and the ABSZ. Consequently, structures 680 

must be considered in studies of orogenic uplift in the Betics. The relative uplift built up by these 681 

shear zones condition the relief evolution and the drainage network development: 682 

- The early uplift of the TSZ probably conditioned the Guadalhorce gateway closure and it 683 

did not reopen even though the high erosion power of Mediterranean streams during the 684 

Messinian Salinity Crisis (MSC). The TSZ uplift controlled the location and geometry of 685 

the Pliocene Atlantic-Mediterranean water divide.  686 

- The ABSZ tectonic activity would start later than the TSZ, which suggests a migration of 687 

the deformation towards the foreland at this fold-and-thrust belt segment. This migration 688 

of the deformation probably conditioned the Quaternary migration of the Atlantic-689 

Mediterranean water divide. 690 

- The tectonic activity of both transpressive zones (the TSZ and the ABSZ) generated the 691 

ADA, where many endorheic watersheds develop from the Pliocene to Holocene. The 692 

recent tectonic activity of faults associated with TSZ and ABSZ prevents the capture of 693 

these endorheic watersheds from streams, especially those draining to the Mediterranean 694 

Sea. The kinematics of active faults may condition the evolution of playa-lakes 695 

(movement, split, diminution or increase of its average flooded area). 696 
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